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How First National City Bank 
helps mining companies to 
develop financial strategies, 
conserve their capital, 
evaluate acquisitions ... 

.. . and get 9 other services that may give you some ideas for your company. 

1. Develop financial strategies 

Worldwide borrowing: where, when, 
how, how much? First National City 
Bank's detailed, up·to·date information 
about the resources and policies of gov· 
ernment and private lenders gives min· 
ing company managements an overall 
strategic view of the financial opportu· 
nities open to them in the U.S. and all 
over the world. And the bank itself acts 
as a lender in project financing, from 
drawing·board stage to production. 

As a result, mining companies are 
able to use funds from diverse sources 
in global, long·range financial planning. 

2. Conserve capital 

Developing new mines, and buying com· 
plex new machinery and equipment, has 
meant sharply increased capital expen
ditures for mining companies. Citibank 
has worked out many different types of 
equipment leasing plans to help these 
companies conserve capital. 

3. Evaluate acquisitions 

Specialists of Citibank's Minerals and 
Mining Department analyze financial 
pros and cons for companies consider
ing acquisition of mining properties or 
other companies. The bank has designed 
financing plans and provides substantial 

funds for such purchases. Where it is 
secured by the ore reserves acquired, 
the loan is often on a non-recourse basis 
to the buyer. 

4. Expedite overseas loans 

Mining companies often make substan
tial loans to their overseas subsidiaries. 
Sometimes, however, the bank has been 
asked to refinance these loans on short 
notice, and has set up a loan for the sub
sidiary within hours, repaying the parent 
company. 

5. Maintain pension trusts 

Citibank is a trustee for pension plans 
for salaried and hourly employees of 
several mining companies. 

6. Transportation 

The mining industry has made dramatic 
improvements in transportation of ore 
and concentrates. First National City 
helps finance new and improved bulk 
carriers, barges, hopper cars and trucks 
for many companies. We even helped a 
foreign airline active in serving the min
ing industry to get aircraft and spare 
parts. 

7, Transfer stock, etc. 

Citibank is transfer and diVidend-paying 

agent and registrar for the preferred and 
common stock of many companies in the 
mining industry. 

8. Find money sources overseas 

Mining is international, and so is First 
National City. Our unique organization 
of branches, affiliates and correspondent 
banks around the world matches the 
mining industry's need for sources of 
local information and on-the-scene bank
ing assistance. 

For example, a Citibank overseas 
branch knew that a U.S. company had 
recently received a large payment in 
local currency for the sale -of a subsidi
ary. The bank promptly brought together 
the company and a mining firm that 
needed funds in the foreign currency. 

9.-12. Important routine services 

Citibank supplies Travelers Checks on 
consignment; holds company securities 
in safekeeping; handles foreign ex
change; invests company funds in C.D.'s, 
Treasury Bills, bankers' acceptances, 
commercial paper, etc. 

We welcome inquiries about the 
many ways your company can 

use First National City Bank. 

FIRST NATIONAL CITY BANK 
399 PARK AVENUE, NEW YORK, N. Y. 10022· MEMBER FEDERAL DEPOSIT INSURANCE CORPORATION 
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Texas Instruments 
challenges traditional thinking 

about materials. 

You have an example of our 

challenge in your pocket. A new 

dime or 25-cent piece. Take it out 

and look at it. It's a metal sand

wich : cupronickel, a copper core, 

cupronickel again. 

That sandwich is helping ease 

a major economic problem-the 

short supply of silver. 

And it's only one of TI's new 

materials systems-combinations 

of materials that promise to revo

lutionize the old ways of using 

monolithic metals. 

Clad vs. monolithic 

Ever since man melted copper 

and tin to make bronze, he has 

solved materials problems with 

monolithic alloys. The world's 

appetite for alloys that use high 

proportions of strategic metals 

has caused recurring shortages 

and higher metals costs. 

Copper-clad aluminum wire uses 90% less copper. 

But there's another way to 

combine metals for optimum 

properties. It's cladding, the 

metallurgical bonding of two or 

more metals at the atomic level. 

Clad metals have revolutionary 

advantages. They can be engi

neered to use just enough critical 

material-and reduce the use of 

high-cost metals like gold and 

silver. They can significantly 

stretch the utilization of a metal 

in short supply, like copper. They 

can even be made to solve costly 

assembly problems. And they can 

behave like wholly new materials, 

with a set of useful properties 

not otherwise available. 

Markets worth billions 

Metal cladding experience at 

TI goes back 50 years. Now, new 

technical breakthroughs and ex

panding facilities allow us to 

tackle materials markets worth 

billions. Here are a few examples: 

Copper-clad aluminum wire. 

Competitive in the whole spec

trum of copper-wire products. 

Costs less. Joins, runs the same as 

solid copper, has a comparable 

flexlife. Can be redrawn on same 

equipment as solid copper. 

Architectural clad metals. An 

entire family of clad metal mate

rials systems; copper-clad stain

less steel, stainless steel-clad alu

minum, and copper-clad alumi

num to replace solid copper and 

stainless in roofing applications. 

Also bronze- and brass-clad steel 

for w i n dows, do ors, c u r t a i n  

walls, architectural fittings and 

lighting fixtures. 

Rotary printing plates. Zinc

clad aluminum. Combine printing 

surface of zinc with light-weight 

and non-stretch properties of alu-

minum, and cut press stoppages 

for plate changing. 

A utomotive materials. Stain

less-clad aluminum trim, brass

clad steel radiator tanks and fins, 

clad metal specialty products in 

electrical and mechanical sub

systems. 

Wearing surfaces. Silicon car

bide or titanium carbide on wear

ing surfaces. Only diamond sur

passes these materials in density 

and hardness. 

Clad metal coins stretch world supply of silver. 

Coinage. New materials for 

any free-world treasury. 

Potential almost untapped 

Texas Instruments is built on 

new ways to do things better. 

This one-a way to create new 

materials-makes us a primary 

materials supplier with a market 

potential still almost untapped. 

Contact us for the answer to 

your materials problem. Write 

Marketing Manager, Materials 

Division, Texas In

s t r u m e n t s  Incorpo

rated, Attleboro, Mas

sachusetts 02703. 

TEXAS INSTRUMENTS 
INCORPORATED 
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THE COVER 

The photomicrograph on the cover symbolizes the theme of this issue of 
SCIENTIFIC AMERICAN: materials, with special reference to their funda
mental nature and the properties shared by all of them in various degrees. 
The photomicrograph shows the grain structure of brass, enlarged some 250 

diameters. It was made with the Zeiss camera microscope "Neophot 2." 
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There must be 
a hundred thin gs 
you and Warren 
can do with it. 

, 
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Bendix is the kind of 
company that explores 
nevv vvorlds to 
improve the old one. 

We're involved in a good share of the scientific ex
ploration going on these days. Take a look at what 
Bendix is doing in aerospace, oceanics, automotive, 

electronics and automation. It won't take you long 
to discover that the real heart of our business is 
creating ideas and developing them to maximum 
usefulness-whether we're serving as basic manu

facturers ... creative engineers ... or professional 
problem-solvers for industry and government. 

The BendiK Corooralion/Fisher Bldg. /Oetroit, Michigan 4S202 

© 1967 SCIENTIFIC AMERICAN, INC



On the beam. The new Bendix Laser/TOF 
Microprobe Mass Spectrometer holds great 
promise for diagnosis of lung diseases. 
analysis of metal films and other analytical 
applications. It combines great accuracy with 
the energy-focusing ability of the laser. 

With a show of warmth. By capturing extremely 
small heat differences on film. an airborne Bendix ther
mal mapping system can pinpoint diseased plants in 
fields far below. It can also spot water pollution. 
smoldering fires. insect infestation and animal habitats. 

In a moon car. It's the LSSM (Local 
Scientific Survey Module). designed for 
NASA by Bendix as one means of trans
porting U.S. astronauts on the surface of 
the moon. After landing. spacemen would 
convert the vehicle from a retracted posi
tion to its 14-ft. length. as shown. and 
travel up to 8 mph on wheels of titanium 
rings. Behind the LSSM is the door to 
the giant Bendix vacuum chamber where 
the vehicle can be tested under lunar 
environments. 

In a fluid state. Here is a digital 
computer that performs its functions 
with fluidic-instead of electronic
circuits. Bendix developments like 
this in the new field of fluidics might 
someday lead to such things as a 
"kitchen computer" for the home. 

From the sea. Bendix oceanographic studies are helping 
in the conceptual design and location of the world's first 
large-scale sea water conversion plant to use nuclear power. 
This dual-purpose structure. to be built on a man-made island 
off southern California. will supply enough water for a city 
the size of San Francisco and more power than Hoover Dam. 

Where ideas unlock the future 
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After they got the tree 
into the test tube, 

our chemists discovered how to stabilize soil, 
strengthen cellophane, clarify plastics, 

aid crops a comfortable. 

Take a few minutes to read about five major 

chemical products recently developed by 

Rayonier through the diversity of natural reo 

sources chemistry. 

Terranier® A chemical grouting agent for soil engi· 

neering in the heavy construction field, Terranier 

strengthens unstable ground formations, prevents 

water seepage, controls erosion. 

Rayofilm ® One of many Rayonier cell uloses, Rayo· 

film enables cellophane manufacturers to produce 

thinner yet tougher sheets of cellophane econom· 

ically. 

Placetate® In direct competition with cotton linters 

as a basic raw material for clear acetate plastics, 

Placetate is the new chemical cellulose that offers 

better clarity and color than previous wood celluloses. 

Rayplex® A low·cost micronutrient carrier for zinc, 

iron, manganese, copper and magnesium, Rayplex 

provides farmers with an economical natural plant 

food for healthier, more proficient crops. 

Supranier® One of several specialized grades of 

cellulose developed for high performance rayons. 

Supranier contributes to the comfort and ease·of· 

care advantages important to modern fabrics. 

For more information on Rayonier chemical 

products or career opportunities in chemical 

manufacturing, research, engineering and 

sales, please write. 

R.A.Y"ONIER 

Rayonier Incorporated, Executive & General Sales Offices, 161 East 42nd Street, New York, New York 10017, (212) MU 7·7880 
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Around today's world, UOP does the job ... 
Procon Incorporated, the construction subsidiary of UOP, in 
seventeen brief years has become a leading international builder 

of all types of petroleum and chemical process facilities. Procon 
and its global network of nine affiliated firms active on six 
continents are now building more than sixty major installations, 

from individual process units to complete refineries and chemical 

plants. The Procon organization is well known for performing 

to specification, within budget, on time. Performance that up

holds the UOP reputation for technical excellence. 

Universal Oil Products Company, Des Plaines, Illinois 60016 

the better ideas are at l.t.l� 
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He is learning to read from a computer. Someday 

a single computer will give individual instruction 

to scores of students - in a dozen subjects at 

the same time. 

(The steels are ready whenever you are) 

The computer will very probably 

revolutionize teaching - and learning 

- within a decade. It is already hap

pening in its early stages. 

Computerized i n s t r u c t i o n  can 

practically (and pleasurably) allow 

each student to learn more, faster, but 

always at his own pace. Individual

ized instruction, the ultimate dream 

of effective education, is well within 

the range of possibility. And, by spur

ring students to think experimentally, 

computers may eventually spark 

imaginative, independent thinking. 

Computerized education will re

quire huge tonnages of steel. In addi

tion to computers themselves, this 

method of education will necessitate 

construction of new buildings, special 

communication systems, new steel 

furniture, movable interior steel walls 

and partitions. Required will be im

proved sheet and bar steels, and un

told miles of highly dependable steel 

pipe and tubing. 

Republic Steel has anticipated the 

steel needs of the future. New mills, 

new processes, and intensified re-

Pupil at Brentwood School, East Palo Alto, California, 
points to the word on right screen that matches 

picture on left screen. The teacher monitoring 16 
pupils' stations has just praised him for his good work. 

search and development will assure 

that the new weight-saving, more du

rable steels will be ready when needed. 

At this moment, the long reach of 

steel from Republic is probing into 

every area where man's imagination 

needs it - from schoolroom to satel

lite, from the heartbeat of man to the 

drumbeat of defense. Republic Steel 

Corporation, Cleveland, Ohio 44101. 

You Can Take the Pulse of Progress at 

REPUBLIC STEEL 
CLEVELANO, OHIO 44101 
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Ford Motor Company 
research leads 
to breakthroughs in 
materials development 

RADIATION·INDUCED 

POLYMERIZATION 

Polymerization initiated by high-energy electrons is 
being explored by Ford Motor Company scientists. 
Results reflect the unique mode of interaction between 
high-intensity. high-energy 
electrons and organic mole
cules. 22 
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Optimum reaction 
rates at a given radiation 
intensity are noted for solu
tions containing 65% ester 
(Figure 1). The overall rate 
depends both on the reac
tivity of the components 
and the steric constraints 
imposed on the system by 
the rigid network produced. 
Since the reaction occurs at 
room temperature. below 
the glass transition point of 

0
0 0.4 08 1.2 

the network. the growing ESTER CONC .• moles ,., 

chai ns are not sufficiently Figure 1. Rate of polymerization as 
mobile to accommodate the a function of ester concentration: 

configuration predicted by commercially useful systems are in 

h 
the 65% ester range (Burlant and 

t e established copolymer- Hinsch. J. Polymer Science. 2.2135 

ization theory. The structure (1964).) 

depends instead on the concentration of double bonds 
at the instant of radiation. 
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Figure 2. �ate of P?lymerization as a function of radiation intensity for 65% 
ester solu�lons; optimum rat� occurs with an electron beam intensity of 40 
MRAD-mln-1 (Burlant and Hinsch. J. Polymer Science. 3.3587 (1965).) 

As the beam intensity becomes greater (Figure 2). 
the rates Increase linearly; network formation occurs 
within small isolated volume elements swept out by 
the incident electrons. At higher intensities. volume 
elements overlap. and efficiency of the reaction is 
reduced. These studies led to a major innovation in 
paint-curing technology. Chemical structures exhibiting 
maximum sensitivity to radiation were designed and 
synthesized. The result is a coating that cures in 
seconds. And at room temperature. 

ADVANCED THERMIONIC 

EMISSION MICROSCOPE 

I n order to eliminate the mechanical problem associated 
with thermionic emission microscopy. our Scientific 
Research Staff designed and built a new thermionic 
emission microscope. This instrument has two lenses. 

a combination electro
stati  c-e I ectro mag n eti  c 
objective lens and a mag
netic projector lens. It is 
capable of magnifications 
of from 78 to 6000 diam
eters with a resolution in 
the order of 300A over 
the entire magnification 
range. and can be used 
to study reactions in the 
temperature range of from 
450° to 2300°C. 

Figure 1. View of the thermionic The vacuum system 
emission microscope. Console con-
tainsthe microscopechambeLvacuum has an ion-getter type of 
system lens power supplies and the high vacuum pump and is 
high voltage power supply. capabl f t· t

· 
e 0 opera Ing a 

1 O-Storr with the specimen at room temperature and at 
1 0-7torr with the specimen at 1600°C. Also available 
is a temperature measurement and control system 
capable of measuring specimen temperature to better 
than :I: 5°C. The specimen at a potential of 50 KV 
required designing a system which is floating and 
Isolated at this voltage. Specimen movement is con
trolled electronically and a measuring system devised 
so that the exact area of the specimen which is being 
viewed on the microscope can be determined. 
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With an instrument of this kind, it is possible to 
study phase transformations, recrystallization and 
sintering mechanisms, as well as fundamental studies 
of electron emission. 

Studies made with this microscope should lead 
to a better understanding of the mechanism of the 
allotropic transformation in steel and should eventually 
lead to production of better alloys. 

DEVELOPMENT OF 
AUSFORMED STEELS 

Research in strengthening mechanisms resulted in the 
introduction of ausformed steels. Mechanical working 
of metastable austenite prior to transformation to 

UJ 
0:: 
::J 
I
U 
::J 
0:: 
l
(/) 

STRENGTH (PSI) 

Ausform steels. reflecting the fine martensitic grain size. are stronger in bulk 
samples and have better engineering properties for many applications than 
conventionally treated steels. 

martensite resulted in tensile strengths over 450,000 
psi with high ductility. The discovery of a stable 
dispersion of fine alloy carbides in the austenite after 
deformation was an important contribution to the 
understanding of the strengthening mechanisms. 

These steps are required in ausforming : 1. Aus
tentize to dissolve carbides; 2. Cool austenite rapidly 
to 800-1 200°F. to avoid transformation; 3. Deform 
with 50-90% reduction in area by forging, rolling or 
extrusion; 4. Quench and temper. The process is 
applicable to any steel with austenite sufficiently 
stable to allow heavy deformation without transforma
tion. This opens the way to commercial applications 
and the use of lower alloy, more economical steels, 

NEW CUTTING TOOLS WITH 
10 TIMES LONGER LIFE 

The problem of forming a strong bond between dis
similar materials such as metals and ceramics, led to 
extensive study of the wettability in liquid-solid systems. 

. In the case of metal-ceramic composites, wetting 
IS studied at Ford Research by placing a piece of metal 
on a flat ceramic and heating the combination until the 
metal melts. When molten, the metal forms a specific 
drop shape, governed by gravitational and surface 
forces. The extent to which the liquid will wet the 
solid IS a measure of the adhesion between the two 
materials. 

Working with many metals and ceramics in the 
course of these wettability studies, Ford scientists 
developed an exceptional material. This synthetic 
composite consisted of titanium carbide bonded with 
nickel and molybdenum. 

Further testing and studies showed that this 
material had a high hardness and strength which 

Bright central area is metal metting on a ceramic base in Sessile Drop Furnace .. 
Photo taken at Ford Research Laboratories. 

seemed very well adapted to use as tool bits for metal 
cutting. 

In comparison with the hardest tool bits pre
viously developed, this new material offered a service 
life approximately 1 0  times longer. 

DEVELOPMENT OF NEW TYPE SOLID STATE 

SPECTROMETER 

Physicists from the Scientific Research Staff recently 
developed a device to demonstrate a new phenomenon 
in solid state physics. 

The device, called a Solid State Spectrometer 
represents a significant development in our ability to 
detect microscopic amounts of chemical materials. 

The phenomenon, known as inelastic electron 
tunneling, is capable of seeing minute amounts of 
molecular material which are in the adsorbed state. 

·In the experiment, a spectrum was obtained that 
was characteristic of the particular molecular species, 
The spectra reflect the internal molecular vibrations. 

Traditional methods of obtaining this information 
have used infrared light of varying wave length to 
probe the sample. In this new method, electrons take 
the place of light waves and the voltage applied to 
drive current through the insulating film takes the 
place of wave length. 

Compared to infrared absorption, electrons are 
effected more than a thousand times more efficiently 
in this method, which accounts for its high sensitivity. 

Besides providing a new analytical tool. the 
Solid State Spectrometer permits experimentation on 
molecules in the adsorbed state, which will be of im
portance to the field of surface chemistry. It also 
represents an advance in understanding the basic 
processes related to electron tunneling in the solid state. 

PROBING DEEPER 
FOR BETTER IDEAS 

15 
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Papers 
that say "go" 
to air and "stop" 
to fire? 
They're sophisticated papers for au-· 
tomotive air filters; they effectively 
trap impurities in air without being a 
fire-trap themselves. Special treat
ments make it po�sible. Riegel 
makes them. 

Now, here's an added thought: cer
tain Riegel filter papers can be 
electrically conductive as well as 
fire-retardant. Start you thinking? 
Other filter papers are specialized 
for oils, for jet-engine hydraulic sys
tems, for gas aerosol filters to trap 
atomic fallout and cooking oils. 

Ideas? Besides filter papers, Riegel 
has hundreds of provocative papers 
born of an extraordinary family of 
fibers-natural and synthetic-from 
jute to ceramics. Why not put them 
to the test? 

Riegel's capabilities and imagination 
in functional coatings, impregna
tions, and specialty papermaking
plus facilities for economical experi
mentation-can help your inventive
ness find new materials. For your 
products, processes and packaging, 
just bring us ideas and objectives. 
In confidence. Riegel Paper Corpo
ration, Box 250, Murray Hill Station, 
New York, N.Y. 10016. 

RIEGEL 
PAPERS 
FOR 
MEN 
WITH 

CREATIVE PURPOSE 

LETTERS 
Sirs: 

In connection with your article "Geo
logical Subsidence" [SCIENTIFIC AMERI
CAN, June] it may interest you to know 
that in Germany such a subsidence is be
ing induced on purpose. Near the great 
port of Duisburg-Ruhrort the water level 
of the Rhine has sunk gradually by sev
eral meters because of erosion, so that the 

, level of the water at the port has sunk 
accordingly. Now, under the port there is 
a coal mine. By letting the galleries of 
the mine collapse as they are worked out, 
the entire port, including its piers and 
buildings, is being made to sink appro
priately. 

WILHELM H. WESTPHAL 

Technische Universitat 
Berlin 

Sirs: 
You may be interested to hear that the 

algorithm published in your department 
"Mathematical Games" [May] for find
ing the day of week, given the date, has 
been incorporated into the Federal Avia
tion Agency's semiautomated air traffic 
control system. 

Previously the computer operator was 
required to supply the day, along with 
the date, at start-up time. The simplicity 
of the algorithm has made it practical to 
relieve the operator of this small burden. 

HENRY S. WARREN 

JOHN E. MIGNOSA 

International Business Machines 
Corporation 

Atlantic City, N.J. 

Sirs: 
Billy P. Glass and Bruce C. Heezen 

are to be warmly congratulated for add
ing an important new weapon to the 
geological detective's kit for unraveling 
the mysteries of Lady Earth's enigmatic 
past ["Tektites and Geomagnetic Rever
sals," SCIENTIFIC AMERICAN, July]. They 
present, however, a stratigraphic puzzle 
of their own, which they leave unan
swered. The puzzle is that in four of the 
five cores of deep-sea sediments they ex
hibit, the micro tektites all lie above the 
layer that marks the magnetic reversal-

in two of the cores by a considerable dis
tance. Shouldn't this mean that the event 
that distributed the micro tektites oc
CUlTed after the magnetic reversal, per
haps by a period of tens of thousands of 
years? If the microtektites were deposit
ed in a single event and then subsequent
ly diffused through the sediments, should 
they not appear to be diffused on both 
sides of the magnetic reversal layer? 

If, on the other hand, the fall of micro
tektites covered a rather wide range of 
years, as would appear from the dia
grams presented, is it not strongly sug
gested that they should cover considera
bly more than a tenth of the earth's 
surface-that, indeed, they should be 
global in extent? Have similar cores tak
en, say, from the West Coast of America, 
or from the Atlantic, failed to show the 
presence of these intriguing crystal balls? 
It is clear that the geographical extent of 
such a field cannot be described entirely 
by where the samples are found, without 
also knowing where they are not found. 

LEO L. BAGGERLY 

Professor of Physics 
Texas Christian University 
Fort Worth, Tex. 

Sirs: 
We agree with Professor Baggerly that 

the occurrence of the microtektite layer 
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Howmet Howmet's recent technical success in developing 

the MONO GRAF® process for casting titanium 

now makes it possible to produce the cast titan-

can sur Illll� l ' 
iU

: �;:�:�:��e;:::;:�i:! 
p P J aIrcraft and Jet engmes. 

Titanium Components- ;::::��;�r'::� 
C WJ h chined - from Howmet, a as+ rou' d t leader in titanium casting 

/;, (5 , 
technology. And to further as-

M h · d sure quality from raw material to finished part, 

or ac /lne Howmet is constructing a new plant to produce 

II' their own titanium ingot. 

Howmet is producing this 48 
pound titanium casting for General 
Electric's TF39 turbofan engine. 

If titanium's outstanding strength-to-weight ratio 

has application in your field, we'll be glad to show 

you where Howmet's knowhow in metals can help 

solve your problems. Write Howmet Corporation, 

277 Park Avenue, New York, N.Y. 10017 

KNOWHOW 
IN METALS 

19 
© 1967 SCIENTIFIC AMERICAN, INC



If Rhenium 
costs over 

$600 a pound ... 

How come it's the 
metal used in so many everyday products? 

Because, even at that price, rhenium can be the biggest value in the metal 

market. Nothing else can do the many jobs that rhenium and its alloys can do. 

Now manufacturers can guarantee flashbulb performance. Just a small 

percentage of rhenium in the tungsten flashbulb igniter gives the optimum 

resistivity-ductility relationship for a flash every time. Yet the price of flash 

bulbs remains extremely low. 

Rhenium is one of the least expensive catalysts oil companies can use 

the production of gasoline. This is because rhenium has extreme resistance 

to poisoning while maintaining good activity and selectivity. As a catalyst 

rhenium performs as a precious metal, but at one-third the cost. Rhenium 
also finds application as a catalyst in chemical and plastic industries. 

Leading manufacturers of television and receiving tubes specify rhenium, 
rhenium-molybdenum and rhenium-tungsten alloys because they keep elec

tronic components from becoming brittle even after repeated heating and 

cooling cycles. 

Rhenium as an electric contact material has superior wear resistance and 

corrosion resistance even under sulfide or salt spray conditions. And it costs 

less than platinum, rhodium and other precious metals which it replaces. 

Hardness, ductility, weldability and formability are just a few of the qualities 

that make rhenium and its alloys indispensable to the modern way of life. 

20 

That's why so many people use it every I"rCJ � day. It's one of today's biggest metal 

�� values ... even at $600 a pound. 

Cleveland Refractory Metals 
DIVISION OF CHASE BRASS & COPPER CO INCORPORATED 

28850 AURORA ROAD • SOLON OHIO 44139 
SubsldlOry 01 Kennecott Copper Corporation 

above the reversal does seem to indicate 
at first glance that the microtektites fell 
later than the reversal of the geomag
netic field. But if one were to assume that 
the microtektites did indeed fall later 
than the reversal, then one would expect 
the distance between the center of the 
microtektite layer and the reversal 
boundary to be a function of sedimenta
tion rate. This is not observed. For exam
ple, in core V 19- 153 from the Wharton 
Basin the sedimentation rate is nearly 
three times as great as in core RCS-53 
from the Australia Basin; however, the 
microtektite layer in V 19- 153 is as close, 
if not closer, to the reversal as it is in 
RCS-53. Therefore one must look for 
another reason to explain the extension 
of the microtektite layer above the re
versal. 

The sediments near the sediment
water interface are unconsolidated. Fol
lowing a reversal of the earth's field the 
top 10 to 30 centimeters of sediment may 
acquire a magnetic polarity opposite to 
that prevailing at the time of deposition. 
In other words, there is a depth at which 
the magnetic polarity of the sediment 
becomes fixed. This causes the entire 
magnetic stratigraphy to be slightly 
shifted down in the core by some depth 
that varies from core to core depending 
on sedimentation rate, lithology, bottom 
currents and so on. 

There is other evidence for the down
ward shift in the magnetic stratigraphy. 
First, the top 10 to 50 centimeters of 
nearly all cores are unstable. Second, if 
one plots reversal depth against time of 
reversal for cores with long magnetic 
stratigraphies, one finds that the best
fitting line through the points falls short 
of the origin (zero depth) by about 10 to 
50 centimeters, which again indicates 
that the magnetic stratigraphy is shifted 
down in the cores. 

Professor Baggerly's second comment, 
that the geographical extent of the mi
crotektite field cannot be determined 
only by where the microtektites are 
found without knowing where they are 
not found, is well taken. More than 30 
cores penetrating the 700,000-year-old 
sediment layer have been examined. Of 
these only nine contain the micro tektites 
and all nine are within the microtektite 
field outlined in the illustration on pages 
34 and 35 of our article. The remaining 
cores are from outside this area (from the 
North Pacific and South Pacific, Indian 
and Antarctic oceans and the South At
lantic) and do not contain any microtek
tites near the 700,000-year-old level. The 
geographical extent of the 700,000-year
old micro tektites is therefore fairly well 
known, although additional cores will 
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What's an ad for softwood plywood doing in a magazine full 
of information on far-out space age materials? 

Maybe it's to remind you of a lot of useful properties you've 
either forgotten about or never even knew. 

Like its ancestor, good old wood, 
plywood has certain desirable quali
ties that many plastics and metals 
lack. Such as: predictable strength 
under stress. Resistance to chem
icals. Natural insulation. Easy 
fastening. And absolute refusal to 
rust or corrode. 

But in plywood, man and 
technology have improved on 
nature, to give this surpris-

., ingly"versatile material its own 
set of unique advantages. You 
know the splendid job plywood 
does in construction. But have 
you seriously considered its 
suitability for hundreds of de
manding applications in the 
industrial sector? From acid 
tanks to mock-Ups of the SST, 
it's worth considering. So, in 
345 words, here's plywood: 

Strength: Astonishing. Pound 
for pound, actually stronger 
than steel. Thanks largely to 
its cross-laminated construc
tion, plywood excels in impact 
resistance, stiffness, compres
sion and flexural strength. E.g.: 
ultimate load on a 3/4" panel, 
supported on 16" centers, and 
through a typical forklift wheel, 
is 5,200 pounds. For more on 
plywood's strength and test 
descriptions, see Product De
signer's Guide, offered below. 

Corners: Square. ng 
about plywood is square and 
true. It's designed by engi
neers for engineers. 

St andard panel size: B i g .  
Width, 48". Length, 96". Thick
ness, from 1/4" to 1-1/8". Over
sized panels to 72" by 144" avail
able. Theoretically, a scarfed panel 
may be made a mile long - if you 
can figure out how to carry it away. * 

Surfa'ce: Yo u r  c h o i c e ,  a m o n g  
some 5 0  textures, patterns, o r  spe
cial coatings impervious to natural 
and unnatural hazards. Including: 

Sanded. Unsanded. Prep rimed. Pre
painted. Hardboard faced. Medium 
Density Overlaid (smooth, flat, paint
able). High Density Overlaid (hard
surfaced, abrasion-resistant, espe
cially resistant to acids). Aluminum
faced. Vinyl coated. Fiberglassed. 

IE------ 4' to 6' ------71 

Epoxy coated. Polyvinyl fluoride 
overlaid. And many, many more. 

Species: Used to be mostly Doug
las fir. Now, improved knowledge of 
wood properties and how to com
bine and balance them permits use 
of some 30 species, grouped accord
ing to stiffness. (Group number ap
pears on every panel.) 

Glue: Exterior or Interior. Interior 
type plywood, made with highly 
moisture resistant glue, is used 
where the product won't encounter 
prolonged dampness or exposure. 
Exterior type is made with 100% 
waterproof glue and with a higher 

grade of inner plys. It simply 
will not delaminate even if left 
exposed or submerged for years 
on end (or on its side). 

1/4" to 1-1/8" 
(3 ply to 7 ply) 

DFPA gr ade-trademark: 
Back-stamp on all plywood man
ufactured under the American 
Plywood Association testing 
and inspection program. (Same 
information is edge-branded on 
panels which for appearance 
purposes do not have stamps 
on faces.) 

Designates type of plywood (see 
"glue", above) 

Species Group Number 

Grade of veneer on panel face 

Grade of veneer on panel back 

Product Standard and Mill number 

Symbol of testing agency indicating 
that plywood was made in accordance 
with the industry's oldest. most reli
able testing and inspection program, 

There is, of course, more to 
tell. Such as actual examples 
of ways many firms have used 
plywood to good advantage. 
And more on plywood itself: Its 

gas permeability (low), hygroscopic 
and thermal changes (minimal), 
dielectric properties (when dry), 
chemical resistance (superb). But 
you'll find it all in these publica
tions: "Guide to Plywood for Prod
uct Designers" and "U. S. Product 
Standard PS 1-66 for Softwood Ply
wood." Yours by writing us at Ta
coma, Washington 98401, Dept. SC. 

""�I!I!!I!II!I!II!���� AMERICAN PLYWOOD ASSOCIATION 

t;i:IJ�I', ::i,�,"',O, Plywood quality-tested by the Division For Product Approval �3;I 
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THE MOST ACCURATE 
VOLTMETER EVER MADE 

W ith an accuracy of ±0.0025% and no last digit uncertainty, 

the new Fluke 885 DC Differential Voltmeter is the world's most 
accurate voltmeter. It is also the first truly portable laboratory 

standard. 
Other features include maximum meter resolution of 0.1 ppm. 

Thirty seconds after turn-on, the voltage reading is within 
0.0002% of final reading. Peak-to-peak reference stability is 15 
ppm for 60 days. Ground loops are completely eliminated when 
the battery powered version is used. Price is $965 for the line 

powered instrument and $1095 for the battery powered unit. 
Uncommon standards laboratory performance in portable 

instrumentation should surprise no one familiar with Fluke. 

Surprised or not, if you'd like to know more about the new Model 

885 as well as other advanced solid 

state differential v oltmeters, we 
would be pleased to forward com- IFLU KEI 
plete data. Please address Box 7428, _ _ 

Seattle, Washington 98133. 

help to determine the details of the dis
tribution. 

BILL GLASS 

BRUCE C. HEEZEN 

Lamont Geological Observatory 
Palisades, N.Y. 

As a computer manufacturer, we read 
Jan A. Rajchman's article "Integrated 
Computer Memories" in your July issue 
with considerable interest. We feel the 
article is a lucid survey of the computer
memory field, with one notable excep
tion. We were surprised to find in the 
author's discussion of plated-wire mem
ories no reference to the National Cash 
Register Company's plated-wire magnet
ic thin-film rod-memory work. 

NCR is a pioneer in the field of cy
lindrical, that is, "plated wire," thin-film 
magnetic-memory elements. The first 
public disclosure of this work was in a 
technical paper presented to the Novem
ber 1958 Magnetics Conference in Phila
delphia. (See Meier, Donal A. "Milli
microsecond Magnetic Switching and 
Storage Elements," Journal of Applied 
PhysiCS, Vol. 30, pages 45S-46S; April, 
1959.) Coincident with the conference 
NCR held a press conference on the 
new rod-memory developments that re
sulted in widespread national and inter
national publicity. Since then numerous 
additional technical papers have been 
published documenting NCR's progress 
in plated-wire-memory technology. 

In September, 1965 (a year prior to 
the announcement of the rod memory 
discussed in the article), NCR delivered 
the first 315 RMC (rod-memory com
puter) to Rich's department store in At
lanta. This represented a historic first, 
since the 315 RMC was the first com
mercial computer to use an all-magnetic 
thin-film plated-wire internal memory. 
Since then more than 60 of the 315 RMC 
systems have been installed in a wide 
variety of commercial applications do
mestically and abroad. Obviously the 
economy of such systems is not open to 
question, as Dr. Rajchman suggests. 
Also, in July of 1963 NCR delivered to 
Raytheon a very-high-performance plat
ed-wire rod memory. This memory was 
subsequently incorporated into a mili
tary system that is in operation today. 

ROBERT G. CHOLLAR 

The National Cash Register Company 
Dayton, Ohio 
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Look what you can 

do with paper! 
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PROPERTIES 

Porosity • • • • 
Absorbency • • • • • 
High Wet Strength • • • • • • 

High Burst Strength • • 

High Tear Strength • • • • 

Filtration Capacity • • • 

Saturation Capacity • • • • 

Surface Smoothness • • • • 
Controlled Fiber Orientation • • • • 
Controlled Filtration Efficiency • • • • 
Controlled Flow Rate • • 
Heat Sealability • • 
lint Freeness • • • • • 
Pleatability • • 
Flame Retardancy • 
Thermally Insulative 

Sound Dampening 

Bacteriostatic • • 
Biodegradable 

Impact Resistance • • 
Chemical Purity • • • 
Corrugatable • • 
Thermoformable • • 
Inorganic Fibered 

Stitch ability • • 
Washability 

Adsorbency 

With every passing day, Dexter's specialty 
papers and webs-we call them "Pliables*"
are solving more and more unique problems 
in the industrial world. These "materials 
systems" are literally designed and manu
factured to meet specific design needs ... to 
perform precise and critical functions. 

Up to the present time, over 1,500 dis
tinctly different Dexter pliables have been 
engineered and active work is under way on 
scores of new products. The table above lists 
only a few of the properties which can be 
incorporated-in virtually any combination
int o specialty paper products. Some of 

• 
• 

• 

• 
• 

• 

• 

• • • • • • • • • 
• • • 

• • • • • • • 
• • 

• • • • 
• • • • 

• • 
• • • • 

• • • • • • 
• • • • 

• • 
• • 

• • 
• • • 

• • • • • 
• • 

• 
• • • 

• 

• • • • • • • 
• 

• • 
• • • • • 

• • • • 
• 

• 

Dexter's current pliables are shown, with 

their principal properties checked off. 

We'd like to try to solve your materials 

problems, too. We thrive on unique problems 

because we have the capabilities to make 

unique materials-quickly and economically. 

Drop a letter to Glenn L. Werly, Jr., Vice 

President. Tell us about your materials or 

process requirements. You can count on a 
quick response. If we can help, we'll have 
some firm ideas or suggestions. If we can't, 

we'll tell you that, and even offer suggestions 

about who can help you. 

*DEXTER Pliables-Web materials that are flexible in properties and characteristics. 

1767-Bicentennial-1967 

JDEXTER] C. H. DEXTER & SONS COMPANY 
_ ... ONE ELM STREET, WINDSOR LOCKS, CONNECTICUT 

DIVISION OF THE DE XTE R CO R PORA TION 
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"Cheese cutter" 
uses diamond dust 
to dice silicon wafers 

Now the unmachinable can be machined. 

You're looking at a device so new it still 
bears an unpretentious name-the Sea-Saw. 
Developed by Geoscience Instruments 
Corporation, Mt. Vernon, New York, 
the Sea-Saw cuts and laps silicon wafers in one 
fast operation instead of two slow ones. 

Thin tungsten wires seesaw on spools at speeds 
of 50 inches per second. Through the 
lower spool, the wires pass through a slurry 
containing block-shaped diamonds 
1 micron in size. The fine diamond paste 
adheres to the wires and cuts through the 
Va" wafer in minutes, at which point the work 
is rotated 90° and sawed again into minute dice. 

But you don't have to mince the unminceable 
to take advantage of diamond tools. 
Manufacturers and metal fabricators all over 
the world are finding that diamond tools 
make tough jobs easy, expensive ones cheap. 
That's why diamond grinding wheels, 
dressing tools and lapping compounds are being 
used more and more widely. 

Are you frightened by the cost of diamond tools? 
Forget it. If you cut, sharpen, grind or 
smooth anything, you can probably use diamond 
tools profitably. Your tool and wheel maker 
can show you how. 

"The Industrial Diamond Revolution" -A Technical 
Conference sponsored by The Industrial Diamond 
Association of America at Battelle Memorial Institute, 
Columbus, Ohio, November 13-14-15, 1967. 
Papers will be presented on applied research, 
technology, use and new applications of diamonds. 
For information, write to: "Diamond Conference," 
3305. Wells St., Chicago, III. 60606. 

De Bee*s World's leading source 

of natural and synthetic diamonds 

for industry ... backed by 

the Diamond Research Laboratory 

Shannon, Ireland JIl 
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Although nickel has many important uses in the com
mercially pure state, it is in association with other 
metals that it finds its widest application. In over 3,000 
alloys, nickel is used to impart added strength, toughness, 
resistance to corrosion and abrasion, high-magnetic or non
magnetic characteristics and low or high thermal expansion. 

Because of this unusually wide range of useful contribu
tions, nickel is a fundamental alloying element in composi
tions ranging from cast irons, alloy and stainless steels to 
non-ferrous copper-nickels, nickel silvers and high-nickel 
alloys. It is also used extensively for electroplating and other 
finishing systems. Some of these properties to which nickel 
contributes are highlighted here: 

9 MECHANICAL PROPERTIES 6 Nickel is a widely used alloying element in steel, and 
is added in amounts ranging from V2 per cent to 20 
per cent. The tensile strength of low carbon steel, 
about 50,000 psi, can be greatly increased by alloying 
and proper heat treatment. Nickel-containing alloy 
steels are available with tensile strengths ranging from 
about 70,000 psi, without heat treatment, to as high as 
350,000 psi with proper alloying and heat treatment. 
Nickel not only contributes to the increased strength 
but also permits steels to retain toughness and ductil
ity at high strengths. Examples are: the AISI 4300 
alloy steels and the 18% nickel maraging steels. 

300 

Nickel added to copper also results in increased 
strength, such as in the 90-10 and 70-30 copper-nickel 
alloys. 

� 250 
o 
o 
o - 200 " 
g; 
� 150 in 
� .� 100 
� 

50 

o 
Relative tensile strength of nickel and certain nickel·containing alloys. 

Z Nickel is a friendly metal. 
Mfable. A joiner. A good mixer. 

9 CHEMICAL PROPERTIES 6 Nickel is a major alloying element in metallic mate
rials used to resist corrosion in a wide variety of media. 
The chromium-nickel stainless steels are widely used 
because of their superior corrosion resistance. They 
are especially useful in oxidizing media, ranging from 
ordinary atmospheres to strongly oxidizing acids, such 
as nitric. Modified stainless steels or nickel base alloys 
containing chromium and molybdenum are available 
to resist corrosion by practically all acids. 

In media which contain high amounts of chlorides 
and low amounts of oxygen, such as sea water, alloy 
combinations of copper and nickel are often used. 
These alloys perform well under reducing conditions. 

Commercially pure nickel is outstanding in resist
ing strong caustic solutions. 

4 6 9 10 II 12 13 14 15 
TIME-YEARS 

Time-corrosion curves of three steels in industrial atmosphere, 
Kearny, N. J. 

ELECTRICAL PROPERTIES 
The most widely used alloys for electrical resistance 
heating elements are 80 Ni-20 Cr and 60 Ni-16 Cr-bal 
Fe. These elements are used in appliances because 
they are efficient, durable and readily fabricated. 
Commercially pure nickel finds wide use in electronic 
applications because of its desirable combination of 
electrical properties, strength and fabricability. 

Nickel finds many uses in batteries for such things 
as hearing aids, rechargeable cordless appliances and 
industrial applications. 

60 

50 
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20 
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Z THERMAL PROPERTIES 
Nickel is the most important metallic element known 
for developing alloys with controlled thermal expan
sion characteristics. By the proper additions of nickel 
to iron, alloys can be produced to match the expan
sivities of most other materials. Invar (36% Ni-bal Fe) 
has practically no thermal expansion at ordinary tem
peratures (0.8 x 10.6 per degree F.). This is much less 
than ordinary steel (6.7 x 10.6 per degree F.) and alu
minum (13.1 x 10.6 per degree F.). Other nickel alloys 
are available to match the expansivity of various kinds 
of glass and even to make the high expansion elements 
in temperature control devices. Nickel is added to 
steel to prevent brittleness at low temperatures. Even 
at temperatures approaching absolute zero (-459.6 F.), 
the chromium-nickel stainless steels are not brittle. 

. � : 

Most of the high temperature-high strength alloys 
which are used at temperatures up to 2000 F. contain 
nickel as a major alloying element. 

Low-Expansion Alloys 

11 
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Nickel,O/o 

Effect of nickel on the coefficient of linear thermal expansion 
of iron-nickel alloys (0.4% Mn, 0.1 %C) at 20C. 

o 

Z MAGNETIC PROPERTIES 
Among the best permanent magnet materials are the 
Alnico family of alloys, which contain nickel ranging 
from 14 to 28 per cent. Many of the magnetically soft 
alloys contain as much as 79% nickel. The chromium
nickel stainless steels are non-magnetic in the an
nealed condition and some are slightly magnetic when 
heavily cold worked. Precipitation hardening stainless 
steels are ferromagnetic. Nickel itself is ferromagnetic 
at room temperature and when alloyed with copper 
can be either non-magnetic or ferromagnetic. 
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Effect of single alloying elements on the Curie point of nickel. 

OPTICAL PROPERTIES 
Nickel is a prime alloying element to whiten other 
metals such as in copper to produce the nickel silvers, 
in gold to make white gold and to whiten even alumi
num. Sunglasses are frequently made by vapor coat
ing glass with nickel-chromium-iron alloys. This thin 
coating reRects most of the light and gives the glass 
the appearance of having been darkened. The thin 
coating is corrosion resistant and long lasting. 

Alloys of nickel and copper exposed to natural at
mospheres develop patinas, ranging from brown to blue 
green. The exact color will depend on the nature of 
the atmosphere, as well as the alloy composition. Such 
patinas can produce interesting architectural effects. 

Nickel compounds are also used as a coloring agent 
in the glass industry. 

It would be easy to specify a metal for a job if you 
had to consider only one property ... but this is seldom 
the case. The variety of property combinations avail
able in nickel-containing materials is extensive. If you 
have a problem and would like further data on nickel, 
its alloys, or compounds, our engineers will be avail
able to discuss it with you personally. 

To meet the world's ever increasing demand for nickel, 
International Nickel has been accelerating its mine and 
plant expansion. Within three years, our annual capacity at 
Canadian mines will increase by some 100 to 150 million 
pounds of nickel. Our exploration activities to further in
crease nickel supplies for industry are being carried out on 
a worldwide scale. We are active in areas as far afield as 
Minnesota and Guatemala, Australia and the British Solo
mon Islands. 

As a developer of mineral resources and a leader in metals 
research, International Nickel is helping to shape tomorrow 
... today. 

INTERNATIONAL NICKEL 
The Interna tional Nickel Company, Inc., New York, N. Y. 10005 
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Helping the 
Federal Aviation 
Administration 

scuttle its 
"shrimp boats" 

What does it take to control an estimated 
9,000 aircraft taxiing, taking off, flying, and 
landing within the U.S. at any given moment? 
For the FAA -overseer of all flights operat
ing under instrument flight rules (IFR) in the 
U.S. -it takes 14,000 highly trained men, ex· 
tremely sophisticated electronic equipment, 
and ... a large supply of small plastic mark
ers called "shrimp boats". 

Today, skilled controllers at FAA enroute 
air traffic centers use these "shrimp boats" 

13MILLIONS 

1966 1976 
U.S. IFR FLIGHTS 

300BILLIONS 

250i----i----iH 

200t-----i---iH 

150i----i----iH 

1966 1977 
U.S. COMMERCIAL 
PASSENGER MILES 

to record the altitude and identity of each 
flight under control. In practice, the con· 
troller places a "shrimp boat", with its hand
written information, on his CRT display next 
to each radar target that represents an 
"IFR" aircraft. He then must update the in
formation and constantly reposition each 
"shrimp boat" to match the progress of the 
flight it identifies. 

The FAA, in anticipation of the air traffic 
control needs of the future (see chart), is 
rapidly developing its automated National 

Airspace System (NAS) which will scuttle 
the "shrimp boats" and free both pilots and 
controllers from tedious repetitive actions, 
permitting them to devote most of their atten
tion and energy to their primary tasks -
flying the planes and keeping flights safely 
separated. 

CDC In - "Shrimp Boats" Out 

A key element in the NAS is the Computer 
Display Channel (CDC), being developed 
and produced by Raytheon, which will pro
vide the interface between the controller and 
an enormous amount of data being proc
essed by a central computer complex. 

The CDC will replace the old fashioned 
"shrimp boat" markers with electronically
generated alpha·numeric tags that will ap
pear automatically on the controller's CRT 
display. Most of the vital flight information, 
formerly recorded manually, will be displayed 
and updated electronically as each tag fol
lows its target across the scope. The elec
tronic tags can supply the controller with 
current information about the identity and 
altitude of each flight, so he will have what 
amounts to an accurate "3-D" picture of air 
traffic in his area. 

Greater Information Display Selectivity 

The new CDC system gives the controller 
extraordinary selectivity in the type of infor
mation he can extract from the computer and 
how it is displayed. For example. When traffic 
is light, a few consoles can be used to display 
large control sectors. During peak periods, 
more displays can be brought into action to 
"zoom·in" on smaller areas for closer sur
veillance. Because input data is relayed 
simultaneously to all displays from a com
mon refresh memory (see diagram), informa
tion appearing on separate consoles may be 
compared accurately, regardless of range 
scales used. In addition, the "electronic" 
center of each display can be positioned any
where on the map, allowing the controller to 

........ ' ................................ . 
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FAA air route traffic controllers continu
ously monitor all "I FR" aircraft in flight. 
Radar returns from surveillance radar an
tennas are displayed on a CRT to indicate 
the range and bearing of aircraft within a 
given area. Altitude, now, is determined 
by radio contact with each flight. Soon, a 
new display system, developed by 
Raytheon, will combine this information 
automatically, giving the controller a 
"3-dimension al" picture of aircraft 
under control. 

monitor an entire air corridor or to select a 
particularly dense air traffic area for special 
attention. 

The displays themselves represent a radi
cal improvement over similar equipment in 
operation today. Because all information is 
digitally generated, the image is always 
sharp and flicker·free. Resolution is five 
times greater than that presently achieved 
by conventional displays. Each flight with its 
identifying tag is clearly defined at all times. 

What About Flight "Hand-Ofts"? 

Today, when an aircraft leaves one FAA 
regional control sector to enter another, the 
controller "hands-off" the flight to the ad
jacent area by direct-wire telephone. The re
ceiving controller must make positive identi
fication of the approaching aircraft by radio 
before clearing the flight to enter. The CDC 
system, working in conjunction with other 
NAS equipment, allows this hand·off to be 
accomplished electronically, without tele
phone or radio contact, and without delay. 

Applied Systems Management 

The ultra-modern CDC equipment is being 
produced by Raytheon under the largest con
tract ($44 million) ever awarded by the FAA 
for air traffic control equipment. The system 
will utilize the very latest advances in elec
tronic technology, including monolithic in
tegrated circuits and high·speed core mem
ories developed by Raytheon to help insure 
greater accuracy and reliability. Result: a 
highly efficient and effective system requir
ing less space and less power at lower cost. 

Solving complex problems by "systematic" 
thinking and utilization of the company's 
wide range of technical skills is typical of the 
way Raytheon works to assure complete cus
tomer satisfaction ... in defense and other 
govern ment systems and in such commercial 
markets as education, home appliances, nat
ural resources development, electronic com· 
ponents, marine products and communica
tions. Raytheon Company, Lexington, Mass. 

�AYTHEO� 
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Aerosol' 
Particle a significant form 

of many materials 
Producing precisely controlled aerosol particle sizes, patterns and delivery 
rates is the major concern of Precision Valve Corporation ... 
has been since 1950. 
Take any particle in the size-range above-liquid or dry fluid - we can match 
it- accurately; distribute it- uniformly; pattern it-consistently. 
We can meter it, mix it, modify it . . .  make it chemically and physically 
compatible with other components in a system. 

Whatever you're doing-in basic research, engineering R&D, testing, quality 
control or production -consider the aerosol particle as a consistently, 
economically available form of your materials. 

Looks promising? Write to: Research Division, Precision Valve Corporation, 
700 Nepperhan Avenue, Yonkers, N. Y.10703 . 

... .-WI • . PRECISION VALVE 
C O R  P 0 R A T l O oN 

® YONKERS, NEW YORK 10703 

UNITED STATES· UNITED KINGDOM· FRANCE • GERMANY • AUSTRALIA· CANADA • ITALY • MEXICO· NETHERLANDS· CHILE· JAPAN· FINLAND ·ARGENTINA· NEW ZEALAND 

© 1967 SCIENTIFIC AMERICAN, INC



30 

It's just an ordinary airmail stamp. 
Until you put it under ultraviolet 
light. Then it turns into a glowing 
super stamp that lets the Post Office 
sort 30,000 letters an hour! 

Sylvania phosphors did the trick. 
After seven years of research. Several 
thousand were tested before two were 
selected from Sylvania. 

N ow, the phosphors are simply 
added into the stamp ink. A red-orange 
for airmail, a green for the rest. When 
the letters come in, they are fed 
through special electronic equipment 
that cancels and sorts them automati
cally. 

Sounds simple, but it took some do
ing. The phosphors not only had to 
luminesce brightly under ultraviolet, 

but had to be as fine as confectioner's 
sugar (normally antagonistic char
acteristics ). 

. Altogether, we offer hundreds of dif
ferent phosphors. Some detect counter
feiting, some illuminate safety devices, 
some coat fluorescent tubes, some trace 
air currents, some make plastics glow, 
some brighten your TV picture. 

Maybe we can solve your materials 
problems too. After all, we've been a 
leading phosphor producer for over 25 
years. We're also a leader in tungsten, 
molybdenum,specialty industrialinor
ganic chemicals, and semiconductors. 

For information, write to Sylvania 
Electric Products Inc., Chemical & 
Metallurgical Division, Towanda, 
Pennsylvania 18848. 

SYLVANIA 
C;'E'NERAL TELEPHONE & ELECTRONICS 
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Don't think of 
SCOTT Open- Pore Foam only as t9am. 
It limits your thinking. 
Don't think in terms of foams you 
know. SCOTT Open-Pore Foam is 
something else. It's the creative 
foam - the only foam that's 
100% open pore, 97% void 
volume. It has been developed 
into 20 different foam products 
- replaces metal, paper, fiber 
glass, aspenwood, felt, velvet, 
plush, wood, vinyl foam. Scott 
is ready to develop a new foam -
a foam designed to solve a prob
lem that's facing you right now. 
Contact William Fachet, Scott 
Paper Company, 1500 East 
Second Street, Chester, 
Pennsylvania 19013. 
He'll find out what 
SCOTT Open-Pore 
Foam can do for you. 

Industrial 
Foam Air Filters 

Dielectric Heat-Sealing Foams 

SPECIALISTS IN URETHANE FOAM TECHNOLOGY 

Flocked Foam� 

SCOTr 
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We decided to eliminate some 

limitations of Metallurgical Microscopes. 

Now there's the Wild M50 
Unprecedented versatility for investigating surface structures in incident light. 

The stability to assure vibration·free observation even in photomicrography. 

Combine these MSO features with 1. The world's finest optics and mechanical precision. 
2. A complete range of accessories for photomicrography, projection, and discussion. 
3. Fingertip switching from darkfield to brightfield. 4. Polarizing feature. S. Inverted con· 
struction for all size specimens. 

You'll conclude that in Metallurgical Microscopes, there's the Wild MSO. 

Write or call for Booklet MSO. 

WILD HEERBRUGG INSTRUMENTS, INC. 
FARMINGDALE, NEW YORK 11743 

HEERBRUGG 

50 AND 100 
YEARS AGO 

SEPTEMBER, 1917: "Possibly no 
fortified place in history has ever ex
acted the number of human lives from 
the assailants and defenders that Ver
dun has in the past 18 months. It is 
believed that not less than one million 
men have been killed, wounded or 
captured since the assaults on Verdun 
began in February, 1916." 

"So much has been written of French, 
English and German progress in the air 
that the work of Italy in aeronautics 
has been overshadowed, believes Avia
tion. Reports now reaching this country 
indicate that Italy has produced the 
fastest aeroplane, the best climber, the 
largest machine and a Heet of dirigibles 
that have perfonned marvelous work 
along the seacoast. The secret of Italy's 
success in aviation is the powerful 
and reliable engines that have been 
developed. It is asserted that the large 
Italian engines of 500-700 horse-power 
have proved that larger aeroplanes than 
have been thought possible from an 
engineering standpoint can be built and 
Hown successfully. To demonstrate this 
point there is under construction an 
aeroplane using 3,000 horse-power and 
designed to carry 50 passengers." 

"The many speculations that have 
been published concerning the origin of 
life on the earth and on any other bodies 
in the universe where it may pOSSibly 
exist usually assume that, in some way 
or other, 'life germs' are transported 
across the gulfs of space from one 
planet to another. Thus it has been sug
gested that life may have been brought 
to the earth in meteors. One of the most 
recent suggestions is that minute 'life 
germs' may escape from the atmosphere 
of a planet in which life exists, just as 
molecules of the atmospheric gases are 
believed to escape from our terrestrial 
atmosphere, and may be driven by 
light-pressure to some world where 
physical conditions have become suit
able to support life. While there is 

I nothing essentially absurd in these hy
----------------------------------' potheses, it is not clear why their au-

Wild of Canada, Ltd. 
881 Lady Ellen Place 

Ottawa 3, Ontario 

Wild de Mexico, SA 
Londres 256 

Mexico 6, D.F. 
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Report from 

. BELL 
LABORATORIES Inside Solidifying Metals 

MICROSCOPE 

HOLLOW 
SLIDE 

Experimental setup in which photographs such as that below were taken. 

The glass slide or cell-containing a liquid which freezes like a metal-is placed 

between hot and cold blocks of brass. This produces a temperature difference 

along the slide. A solid-liquid interface then forms between the two blocks. By 

moving the slide toward the cold block at a constant rate, one can observe the 

steady growth of the crystal under the microscope_ 

Bell Laboratories' model (200x) permits physical simulation of a eutectic phase 

diagram for an alloy such as lead-tin. Diagram relates liquid proportions (horizonta I 
scale) to temperature (vertical). 

Two different liquids were put into a single slide • • •  hexachloroethane on the left and 

carbon tetra bromide on the right. After a brief period, the liquids formed a graded 

mixture, from 100% of one at the left to 100% of the other at the right. The mixture was 

partially frozen, then photographed with the slide stationary. The SOlid-liquid interface 

(arrows) then showed the freezing point for every possible composition. 

The "grid" under the solid-liquid interface is made up of alternate solid layers of the 

two chemicals (the eutectic region). 

As one facet of the materials research 
going on at Bell Telephone Labora
tories, metallurgist Kenneth A. Jackson 
has devised transparent models of 
solidifying molten metals. With these 
models,  we can now s t u d y  w h a t  
happens inside a metal a s  i t  freezes. 
This gives us a tool which promises to 
improve existing alloys and will perhaps 
help us find new and better ones. 

The models are hollow microscope 
slides (diagram) containing such or
ganic liquids as camphor or carbon 
tetrabromide. These compounds are 
among the few transparent su bstances 
whose molecules freeze without having 
to rotate into a specific orientation. 
Metal atoms act the same way, hence 
the similarity in freezing behavior. 

Various modes of metal-crystal 
growth-planar, dendritic (tree-like 
branching) and cellular-have been 
studied' in detail with this technique. 
Also, the solidification of alloys has 
been simulated (photo). To do this, 
liquids with freezing characteristics 
corresponding to those of two metals 
are mixed and cooled. With this pro

cedure, Jackson and J. D. Hunt (now at 
the University of Oxford) observed, for 
the first time, the process by which the 
"equiaxed" zone forms in alloy cast
ings. This is a zone of relatively small 
crystals, usually found in the center of 
an alloy casting. The new technique 
shows that the equiaxed zone results 
from "branches" melted from dendritic 
crystals. As the alloy cools, freezing 
begins at the outer surface, producing 
dendrites which project inward toward 
the hotter, liquid center. Branches, 
melted from these growing dendrites, 
are carried to the center of the casting 
to form the crystals of the equiaxed 
zone. 

Until now, the only methods for study
ing metal freezing were laborious ... 
cutting, polishing and etching, for 
instance. The new technique is not 
only simpler but also reveals hitherto 
unknown details of crystal growth. 

@ Bell Telephone Laboratories 
• Research and Development Unit 01 the Ben System 
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THOMAS EOISO""S OESK IS EXHIBITED AT THE EDISON NATIONAL HISTORIC SITE, COURTESY NATIONAL PARK SERVICE, U.S. DEPT. 01' INTERIOR. 

Why was there a samPle 01 lithium metal 
on Thomas Edison's desk the day he died? 
It is historic fact that an unopened container of lithium metal lay on 
Thomas Edison's desk in his West Orange laboratory at the time of his 
death in 1931. Through his earlier work on the alkaline storage battery, 
Edison had become deeply interested in the properties of lithium. Might 
he possibly have been speculating on an electrical energy system involving 
lithium metal? The question remains unanswered. 

Today, high energy lithium batteries are the subject of numerous investi
gations. Foote, a basic lithium supplier, contributes to these developments 
by supplying lithium metal in almost any desired form-not only ingot, 
sheet, strip and wire, but also the more complex forms. We have evolved 
techniques for cladding other metals (steel and copper, for example) with 
lithium metal. Or we can provide you with bimetallic strip. Or (through 
powder metallurgy techniques) composites in which two or more phases 
are intimately intermingled. 

Part of our deep commitment to lithium and its compounds includes the 
provision of a broad line of standard inorganic and organometallic lithium 
products. Our product list describes these and is yours for the asking. 
Another part of our commitment is the provision of non-standard products 
for worthwhile causes. Try us. Foote Mineral Company, Route 100, 
Exton, Pennsylvania 19341, (215) 363-6500. 

FOOTE 
MINERAL COMPANY 

thors should take it fur granted that life 
cannot originate de novo on a cooling 
planet." 

"A practical application of anthro
pology is noted in the last annual report 
of the u.s. National Museum. Dr. Ales 
Hrdlicka, curator of physical anthro
pology, was employed for three months 
by the Department of Justice in making 
an examination of Chippewa Indians 
for the purpose of determining which 
shall be classified as full-bloods. The 
undertaking was noteworthy from a 
scientific point of view because it defi
nitely puts on record the present racial 
status of the Chippewa. This people, 
which is historically important and still 
very numerous, will before long be com
posed entirely of mixed bloods and will 
no longer afford the material for such 
investigations as those just made by 
Dr. Hrdlicka." 

SEPTEMBER, 1867: "A cable dis
patch announces the death of Michael 
Faraday on the 25th of August. For 
nearly half a century Faraday has been 
one of the most eminent of men devoted 
to science. Learned societies and sover
eigns vied with each other to do him 
honor. He bore his great eminence with 
childlike gracefulness. In his intercourse 
with men his artlessness and his love of 
truth won the admiration and esteem of 
all. No one ever felt jealous of his repu
tation, and no one ever disputed his 
title to his discoveries. As a lecturer he 
was charming by his earnest simplicity 
of action and expression. His weekly 
lectures were one of the most attractive 
features of the London winter season. 
Faraday has left an impress on human 
affairs that will endure forever. When 
our kings and presidents are forgotten, 
his name may still be a household 
word, for he has a place in history with 
Archimedes, Newton and Franklin." 

"Mr. McCormick having accepted an 
invitation from Emperor Napoleon to 
give a private exhibition of the working 
of his reaping machine, a trial was 
made a short time since on the Imperial 
farm near Chillons. The trial was a 

complete success and gave so much sat
isfaction to the Emperor that he im
mediately gave orders for the purchase 
of three of the machines for use on his 
private farms and earnestly expressed 
the intention of encouraging the adop-
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Survivability of materials in outer space is being studied at Hughes under a NASA 
contract. A special environmental chamber was designed to investigate the effects 
of high vacuum, extreme temperatures, and radiation on typical space-vehicle 
materials. Up to Z5 specimens at a time can be mounted on its "Lazy Susan" turn
table, and special experiments can be made to discover the "failure mechanism" 
when damage occurs. 

A major breakthrough in ablative polymers for spacecraft heat shields is the re
cent development of a thermosetting polyphenylene resin that is stable at 5000C 
and retains 80 percent of its initial weight at 1000oC. Hughes chemists are con
tinuing their ultra-stability search among the pyrrone, quinoxaline, and ferrocene 
polymers. 

Two new dielectric materials for encapsulating repairable high-voltage electronic 
components in spacecraft have been developed by Hughes. One is a lightweight 
polyurethane foam-in-place that has proved its long dielectric life aboard Hughes 
communications satellites. The other is a granular, ceramic-filled polymer with 
a very high filler-to-binder ratio. It is especially useful for high-voltage space 
and airborne networks that require dissipation of high thermal energy. 

Career opportunities at Hughes include immediate openings for magnetic compo
nents and electro-optical engineers, circuit designers, and weapon systems ana
lysts. Requirements: at least two years of applicable experience, accredited 
engineering or scientific degree, U. S. citizenship. Please send your resume to: 
Mr. J. C. Cox, Hughes Aircraft Company, Culver City, California. Hughes is 
an equal opportunity employer. 

Large, ultra lightweight structures for space are getting special attention at 
Hughes. Structures would be compactly packaged for stowage in the launch ve
hicle. In space, they'd be unfurled and inflated, then chemically rigidized. 
Hughes chemists have developed vapor-catalyzed and ultraviolet- and infrared
activated systems. One particularly promising system uses the vacuum of space 
to cause automatic rigidization of fiber-reinforced structures that have been im
pregnated with gelatin -- such as precision antenna parts, gravity gradient booms, 
radomes, parabolas. System is reversible: structures can be erected on the 
ground (preferably in a dry climate), tested, and then softened and repackaged. 

A new photographic technique developed by Hughes scientists is based on light
induced polymerization. Photopolymer pictures can be taken, developed, fixed, 
and projected in l/Z-second. The continuous tone photographs have excellent 
contrast and high resolution. Process uses only light or light and heat • • •  needs 
no developing or fixing solutions. Potential uses: data-storage and large-screen 
displays. 

Creating a new world with electronics 
r------------------, 
I , 

: HUGHES: I I 
L _ _ ________________ J 
HUGHES AIRCRAFT COMPANY 
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Want a microfilm memory that!fremembers" 

by any index technique? Come to Kodak. 

Machine memory uses various types of signals
indexes if you will-that trigger the information reo 
trieval function. 

The simplest are sequential-numbers or letters 
used in the same way that you dial your telephone. 
Kodak makes a number of RECORDAK Microfilm Sys
tems that retrieve information by sequential indexes. 

Kodak also makes the RECORDAK MIRACODE System, 
a far more sophisticated approach which is not lim
ited to retrieving information that has been indexed 
sequentially. 

36 

We mean that it can also "remember" as you do
by association. In the language of the trade, this means 
it can select data by boundary conditions. For exam
ple, you might locate a chemical compound by its 
chemical properties. Or arrive at a fresh relation of 
facts for a demographic survey. 

For details on the RECORDAK MIRACODE System, 
contact Eastman Kodak Company, Business Systems 
Markets Division, Dept. PP-9, Rochester, N.Y. 14650. 
" RfCOROAK" AND " MIRACODE" ARE: TRADEM .... RKS OF EASTMAN KOO .... K COMPANY. 

-l?�CIJ/(IJI1� Microfilm Systems by Kodak 
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tion of the invention throughout France, 
on account of its great labor-saving 
properties." 

"The first practical example of the 
Pneumatic Railroad ever constructed in 
this country has just been completed 
by the Holske Machine Company and 
will form one of the prominent features 
at the exhibition of the American Insti
tute in this city, now just opening. The 
pneumatic tube is six feet in diameter, 
composed of 15 thicknesses of wood 
veneers, wound and cemented one on 
the other in alternate spirals. The blow
ing apparatus consists of a wheel 10 
feet in diameter, made on the principle 
of the screw propeller. The pneumatic 
car consists of an open vehicle with a 
valve or disk at one end, which fits the 
tube. The car seats 12 passengers. The 
tube is over 100 feet long. The railroad 
is made from designs by Mr. A. E. 
Beach of SCIENTIFIC AMERICAN." 

"At the 16th annual meeting of the 
American Association for the Advance
ment of Science, held this year in Bur
lington, Vt., Prof. Newcomb read a 
paper on a new determination of the 
distance of the sun, the calculations 
having been made at the Naval Ob
servatory in Washington. Ten years ago 
astronomers began to suspect that the 
value of the sun's distance found by 
Encke from the transits of Venus ob
served in 1761 and 1769 was largely in 
error. This distance, 95,300,000 miles, 
had long been received as the standard. 
But all the modern tests that could be 
applied to it indicated that it was about 
three millions of miles too great. In the 
year 1862 circulars were issued inde
pendently from the observatories in 
Washington and Pulkowa (the Russian 
national observatory) inviting the co
operation of astronomers everywhere in 
a general attempt to determine the 
parallax of Mars at opposition that 
year. Through the pressure of other 
duties and the illness of the astronomer 
who had proposed the work, the 
Pulkowa observatory had not been able 
to undertake the discussion of this great 
mass of observations, so that for five 
years their result remained unknown. 
Last winter an arrangement was made 
between the observatories in Washing
ton and Pulkowa, by which this dis
cussion was placed in possession of the 
speaker, to be executed and published 
by authority of the Naval Observatory. 
It is now complete, and the sun's dis
tance is determined to be 92,340,000 
miles, and the velocity of light is thus 
reduced to 185,500 miles per second." 

In initial tests using a rhesus monkey, two memOers of the research team at Stanford con· 
trol the blue-green beam from a Model 140 continuous wave argon laser by means of a 
shutter mechanism and an optics aiming device. 

Laser medical researchers 
get green light 

The first laser retinal "spot-welding" was done with a red light, from 

a ruby laser. The technique was successful, but it was only a begin

ning. In new research -aimed at a more fundamental understand

ing of the effects of laser energy on ocular tissue -a team of 

ophthalmologists and scientists at Stanford Medical School and 

Stanford Research Institute is exploring many new directions. In 

the process the team is using a new gas laser which can emit light 

of varying colors. 

In laser photocoagulation, for example, one of the problems has 

been that the red light of the ruby is not well absorbed by the red 

color of hemoglobin, thus limiting its effectiveness in treating blood 

vessel diseases of the retina. Now the researchers have the use 

of green light from Spectra-Physics' Model 140 argon laser, light 
which is absorbed more completely than the red, and which per

haps will prove useful in treating these blood vessel problems. 
In other tasks, the researchers hope to (1) determine if any par

ticular laser beams or wavelengths have advantages over others 

in treating eye diseases with light; (2) photograph -with cameras 

capable of exposing up to 9,000 frames per second-the actual im
pact of the laser beam on ocular tissues; and (3) create a hologram 

of the inside of the human eye, to provide a 3-D image they can then 

study at leisure. 

For medical applications, as well as for other scientific, indus

trial, geodetic, and military uses of laser energy, Spectra-Physics 
gas lasers have illuminated nearly every significant advance. Per

haps a look at our product line will suggest some of the reasons 
why. Write or call us at 1255 Terra Bella, Mountain View, California 

94040; (415) 961-2550. In Europe, ____ ----------, 

Spectra-Physics, S.A., Mellinger- (§J Spectra-Physics 
strasse 6, 5401 Baden, Switzerland. ______________ ---l 

© 1967 SCIENTIFIC AMERICAN, INC



New beryllium-aluminum alloys cut weil;lht 50% 
over mal;lnesium - Superplasticity is openinl;l new 

avenues of hil;lh-strenl;lth metal fabrication - An 

advanced helicopter rotor hub I;lains performance 

from composite construction -A way to toul;lhen ce

ramics may lead to structural applications-Graph
ite fibers can add I;lreatly to strenl;lth of metals. 

Knowledg� being gained from Lockheed's search for ways 
to increase payloads-of air, space and even undersea 
vehicles-promises to produce "educated" new materials 
with higher strength- or stiffness-to-weight ratios. 

Here are a few of the materials programs presently 
under way at Lockheed. 
New lil;lhtweil;lht beryllium-aluminum alloys. 

Solving a long-elusive problem, Lockheed scientists re
cently have succeeded in developing a practical beryllium
aluminum alloy suitable for aerospace applications. By 
caref ully controlling microstructure, fine dispersions of 
aluminum in beryllium have been achieved, providing a 
series of workable, serviceable alloys. These possess ex
treme lightness without the brittleness characteris ic of 
unalloyed beryllium. One, a 62% Be- 3 8 %Al material 
called Lockalloy, is now being produced comme rc By. 
It provides a 50% weight saving over commonly used 
magnesium alloys, while haying three times the stren th 
and four times the ductility of earlier developed berylliu -
aluminum alloys. 
Superplasticity. Generally, increases in strength of 
metals are obtained at the expense of ductility , making 
fabrication into complex shapes much more difficult. 

To solve this problem, Lockheed is researching an un
usual method of deforma tion called su perplastici ty . Both 
basic and applied studies are being conducted involving 
aluminum and titanium alloys. With one alloy, using the 
proper applications of thermal-mechanical treatment, 
elongations of 1400% have been achieved. 

Defined as "an enhanced ductility associated with a 

microstructural change during application ot stress," 
superplasticity, as far as the actual mechanism of de
formation is concerned, is not yet fully understood. It 
appears to be associated with a fine, interlocked 2-phase 
microstructure where there is pronounced curvature of 
the interphase boundaries. Surprisingly, even when cer
tain alloys are elongated enormously, there is no evidence 

Teaching materials 
to carry 

bigger payloads. 

LOCKHEED 
LOCKHEED AIRCRAFT CORPORAT I ON 
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of directionality in the 
microstructure. Transmis
sion electron microscopy 
reveals it to be remarkably 
free of dislocations. None 
of the usual d isloca tion 
networks or tangles in plas
tically deformed metals can 
be detected. These results 
suggest that diffusional 
processes operate during 

This schematic representati on 
superplastic deforma tion. shows the types oj phase changes 
Possibly, the key to the associated with superplastic effects. 

mechanism involved lies in a unique process of vacancy 
formation and migration inside the metal during stress. 

Current investigations include commercial titanium 
alloys. Some, for example, Ti-8AI-1Mo-IV, can be elon
gated 400 % at very low loads when kept within narrow 
temperature ranges. 

Methods of deformation such as superplasticity may 
see extensive use in the next generation of aircraft. 
Composites for Rigid Rotor helicopter hub. The 
recen tly developed Lockheed Rigid Rotor helicopter, be
cause of its unique design, also presents some unique 
materials requirements. For example, the rotor hub. The 
hub arms must be flexible enough to provide proper 
dynamic characteristics, yet flexibility must be confined 
within narrow limits to avoid degrading the Rigid Rotor's 
outstanding stability and control qualities. 

Today, titanium meets these exacting design condi
tions. But within a few years, composite materials now 
under development by Lockheed may offer signal advan
tages over metals in fulfilling the needs of new generations 
of rotary-wing vehicles. This is because a composite con
struction made with large-filamen t glass or metal fibers 
in a nonmetallic matrix permits superior control of flex
ibility due to a directionality of stiffness. A rotor hub 
made of such composites also meets fatigue life specifica
tions while affording a high level of damage tolerance. 
A material of this type resists small nicks or scratches 
and is almost completely corrosion-resistant, providing 
long, safe, trouble-free service life. In addition, it is 
substantially lighter than a metal hub material and would 
further increase the helicopter's performance. 

Ceramic composites. Ceramics have been tempting as 

materials to meet high strength-to-weight, temperature
resistance and corrosion-resistance requirements. But the 
inherent brittleness of ceramics has led to their rejection 
in previous investigations. New research at Lockheed, 
however, promises a solution. Using an unusual process 
involving special techniques and equipment, composite 
ceramics are being grown from the melt. The resulting 
laboratory product is a conventional ceramic matrix in 
which ultra-high-strength single-crystal fibers of either 
metal or ceramic material are imbedded. Presence of 
these fibers considerably toughens ceramics -to where 
they may find application as vehicle fabrication materials. 
Graphite fibers in metal matrices. Graphite fibers 
recently have been developed with tensile strengths over 
250,000 psi and moduli over 60 x 106 psi. Lockheed 
currently is investigating the compatibility of these high
modulus carbon fibers with metal matrices. Studies in
volve the temperatures and times required for composite 
preparation as well as potential fabrication applications. 
Compatibility is being tested by determining the wetting 
behavior of liquid-state metal matrix materials on the 
graphite substrate. Also, kinetic parameters are being 
established corresponding to possible interface reactions 
between fiber and matrix. 

Because of their low density, graphite fibers are ex
pected to play a significant role in developing lightweight, 
high-strength composites for many aerospace applications. 

.........,j 
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A longitudinal section oj sapphire fibers in an aluminum titanate 
matrix. This section was produced by electron beam zone melting. 

The activities described here are only a few of Lockheed's 
current R&D projects in materials. If you are an engineer 
or scientist interested in this field of work, either in 
California or Georgia, Lockheed invites your inquiry. 
Write: K. R. Kiddoo, Lockheed Aircraft Corporation, 
Burbank, California. An equal opportunity employer. 

© 1967 SCIENTIFIC AMERICAN, INC



© 1967 SCIENTIFIC AMERICAN, INC



can help develop a better material, 
improve our physical well-being ... 
and catch a hit-run killer. 
A motorcyclist was killed by a hit-run driver, a suspect 
car located. Police found traces of grey and red plastic 
on its bumper. The problem: how to establish whether 
the plastic on the automobile came from the motorcycle. 
Gas chromatography was used to analyze the scrapings 
from the suspect car and the wrecked motorcycle. The 
chromatograms, showing exact chemical composition of 
the plastics, provided comparable chemical "fingerprints" 
of the two samples. They matched ... and these "finger
prints" were used as admissible evidence in court to estab
lish the car's role in the accident. 

How it works: Gas chromatography (GC) is a proc
ess whereby a vaporized material is separated into its 
constituent compounds as it passes through an adsorptive 
column. The output of sensitive detectors at the end of 
the column provides a graph, or chromatogram, showing 
both the identity and exact quantity of the separated 
compounds. This efficient analytical tool, combining 
quantitative analysis with qualitative identification,makes 
a positive contribution to our lives today ... from the 
purity of the water we drink to the ability of our auto
mobile to stop quickly and safely. 

Health-guard: By developing the temperature-pro
grammed gas chromatograph, Hewlett-Packard made 
practical the detection of harmful pesticide residues in 
foodstuffs ranging from human milk to raspberry pre
serves. HP GC instrumentation can detect the presence of 
as little as a picogram (10-12 gram) of a pesticide. Be
cause of the toxicity of these chemicals, this 1000-time 
improvement in sensitivity is of significant importance to 
pesticide manufacturers, biomedical researchers, and 
government agencies concerned with public health. 

GC in laboratory and factory: In industrial research, 
GC is an important tool for improving both product 
quality and manufacturing economy. As an example, 
brake lining material, by design highly resistant to de
composition, was analyzed by combining two HP-de
veloped techniques: pyrolysis GC (where the sample is 
burned to obtain the test gas) and temperature-pro-

HEWLETT 

grammed GC (allowing separation from a mixture of 
compounds with widely separated boiling points) . Several 
brake lining formulations were analyzed; their chroma
tograms showed a direct correlation between the presence 
of a new compound formed during curing and the actual 
stopping-ability of the linings. A new brake lining formu
lation was devised that improved performance with less 
cost. GC became the quality control specification test for 
this manufacturer to assure consistency of formulation 
and, thus, the stopping-ability of the brake lining. 

Making pure chemicals: Beyond the anal ysis of small 
samples, gas chromatography has proved to be a uniquely 
efficient technique for producing useful liter-quantities of 
highly pure chemicals. By increasing the volume capacity 
of "preparative" GC more than 100 times, Hewlett
Packard has added further to the practicability of prepa
rative gas chromatography for industrial use. 

Other Hewlett-Packard analytical instruments: 
Vapor pressure osmometers, $2800. 
Membrane osmometers, $4225 to $5550. 
CHN analyzers, $6000. 
Microwave spectrometers, $40,000 to $60,000. 
Gas chromatographs, $1095 to $5400. 

Hewlett-Packard laboratories are at work in applied elec
tronics, solid-state physics and physical electronics to 
develop new analytical techniques, while contributing to 
the automatic operation and increased efficiency of pres
ent techniques. 

Software behind the hardware: Analytical instru
ments are among the more than 1500 Hewlett-Packard 
instruments for chemical, electronic and medical applica
tions. From Hewlett-Packard sales and service offices our 
engineers and specialists provide customers with help in 
application, installation and maintenance of these instru
ments. Through these 107 offices extensive customer 
training programs and a continuing flow of helpful in
formation are available-on a local basis-to meet the 
immediate and long-term needs of those whose progress 
depends on measurement. 

Measuring inst1·uments 
for science and industry 00714 
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Traveling can take the fun 
out of going anyplace. 

For 44 years now, we've been wa tching 
the frazzled traveler drag himself in and 
out of cars and trains and planes. 

We've seen him arrive in his itchy 
tweeds when the temperature was pushing 
80 degrees. 

We've seen him without a hotel room 
to call his own. 

We've seen him looking a little green 
from something he ate. 

We've seen him broke, wet, lost, and 
befuddled. 

And if nothing else, we've sympathized 
with him. At least our girls at the counters 
have. So much so, in fact, that an unwritten 
and slightly haphazard company policy 
has developed here at Hertz. 

It sort of says, "Give the poor guy a 
break." If he doesn't have a place to sleep, 
help him find one. If he doesn't know his 
way around the area, give him a map and 
show him the way. If he's in a hurry, help 
him hurry. 

What all this has resulted in is that our 
customers find traveling a Ii ttle less miser
able. Our girls find their jobs considerably 
more interesting. And we as a company 
find ourselves doing alright too. 

Now it struck us that if our girls could 
give you all this help pretty much on their 
own, they could do a lot more if we gave 
them some tools to do it with. Which we 
have now done. 

From now on when you come up to a 
Hertz counter in any large city, you can 
expect to get more than a set of keys. 

If you're a stranger in any one of 
America's 28 largest cities, we'll give you 
the world's most complete guide on how to 
survive in that city. It not only tells you 
where to eat and sleep, it also tells you 
where to get a haircut, pawn your watch, 
and have a night on the town. 

If you know where you're going, but 
don't know how to get there, we'll give you 
a special map of the area and diagram it to 
make it absolutely clear. 

If you run out of money and you have 
a Hertz charge card, we'll give you $10cash 
on your IOU, and tack it on to your rental. 

If you know you're going to be la te get
ting to your hotel, we'll call and tell them 
you're coming and to hold your room. 

If it's raining and you left your rain
coat home because the weatherman told 
you it was going to be sunny, we'll give you 
a raincoat. 

If you're running to catch a plane, we 
won't make you stand in line behind people 
who aren't. Starting now-if you're charg
ing your car-all you have to do is stuff 
your keys inside your rental envelope, 
write your mileage on the back, drop it on 
the counter and take off. 

If you're going on vacation, we'll give 
you tour maps that describe the most in
teresting places to see and the most inter
esting things to do along the way. 

Now all this is not to say that we're 
overlooking the main reason we're in busi
ness. To give you a Ford or another good 
car with a minimum of nonsense. 

We'll still let you pick up a regular 
sedan at any Hertz office and drop it 
off at any other Hertz office-in 
practically any major city in the 
United States-with no drop-off 
charge. 

We'll still give you a choice of 
more different kinds of cars than 
any other rent a car company. 
(If you ever get bored renting plain 

four-door sedans, that's a nice thing 
to know.) 

We'll still have our yellow Hertz 
phones in the lobbies of most major hotels 
and motels. They're direct lines, so you 
don't have to spend a dime to get a car. 

We'll still pay for all the gas you use. 
(Unless you'r.e getting one of our special 
rates, in which case we'll still buy the first 
tank. ) 

And when 
you reserve 

one of our 
cars, we'll still 

confirm your reservation in seconds. 
After all, we know that without all 

these things, the extra help we give you 
wouldn't help. 

Hertz 
We can help a little. 
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What's a sophisticated 
software firm like us doing 
in the shoe business? 

We've been in it since last November 
when we got together with USARPAC to 
help refine that command's logistic 
system. It serves a network of major Army 
sub-commands throughout Southeast Asia 
across a 10,000 mile supply line. 
We're working closely with the Army in 
the overhaul of data processing procedures 
to increase supply system efficiency and 
speed up turn-around time for probably 
the largest military inventory in the 
world. But this is just one of many 
logistics systems we're involved with. 

Our depth of experience covers every" 
phase of even the most far-reaching 
system; analysis, design, programming, 
documentation, implementation, and 
operation. By combining these software 
techniques with an indepth knowledge 
of advanced military logistics system 
concepts, we provide complete supply 

Computer Sciences 
Corporation 

system know-how, from manufacturer to 
field user-and back through the loop. 

Being in the shoe business has really 
kept us on our toes. So if you've got 
a logistics problem, write and tell us. 
We'll let you know how we can help you 
solve it. Computer Sciences Corporation, 
650 North Sepulveda Boulevard, 
El Segundo, California 90245. 
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What happens 
when you apply 
near-instantaneous 
heat and stress 
to aluminum? 

Alcoa tests 
can tell you. 

Change for the better with 
Alcoa Aluminum 

To more efficiently design a rocket, 

one of our customers had to know how 

much tension could be applied sud
denly to an Alcoa® Aluminum Sheet 

Alloy after it had been heated in 15 
seconds and then held at elevated 

temperatures for periods ranging from 

30 to 300 seconds. Alcoa furnished 

substantial data based on laboratory 

tests that closely simulated the dE:sign 
conditions. 

To meet the desired strain rates and 

other conditions, an accurate and un

usually controllable tensile system 

was needed. At Alcoa Research 

mALCOA 

Laboratories, we are equipped to 

accurately apply strain at rates from 

0.00001 to 0.375 in.lin.lsecond. A 
complete stress/strain relationship, 

right up through 1 OO-percent strain, 

can be measured and recorded. One 

important finding of this test program 

is that strength can be as much as 30 
percent greater at high strain rates. 

This represents another of Alcoa's 

extensive research activities on the 

properties and applications of alumi

num. Aluminum Company of [ A 1 
America, 950-J Alcoa Building, .'"m'�m 

Pittsburgh, Pa. 15219. 
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Historic moon-spectaculars, shot close-up by 

Lunar Orbiter 
The Lunar Orbiter spacecraft is a flying laboratory 
designed to photograph the moon's surface. Its dual 
mission: help NASA select the best landing sites for 
America's Apollo astronauts, and provide new scientific 
information about the moon and its origin. Four Orbiters 
have already made flights to and around the moon. 
While in lunar orbit, these spacecraft respond to 
commands from earth-240,OOO miles distant-with 
remarkable precision. Orbiter II's path, for example, was 
within two-tenths of a mile of its planned perilune (low 
point). Lunar Orbiters have provided NASA scientists 
with vast new knowledge of the earth's only natural 
satellite. They have also scored a number of historic 
firsts. Lunar Orbiter I was the first U.S. spacecraft to 
orbit the moon, to photograph the earth from the 
vicinity of the moon, and to photograph the far side of the 
moon. Boeing scientists, working with NASA personnel, 
controlled the Lunar Orbiter flights. NASA's Langley 
Research Center manages the Lunar Orbiter program. 

Designed and built for NASA 
by Boeing. 

Dark areas above indicate potential 
lunar landing sites explored photographi
cally by Lunar Orbiter I. Texas outline 
gives scale. Orbiter I transmitted to earth 
photographs of 150,000 square miles of 
moon's near side, plus 2 million square 
miles of moon's far side. 

I 
Historic picture below is first view of 
earth from vicinity of the moon. Picture 
below it is first U.S. photo of the far 
side of the moon. Astronomers report 
that during its first week in orbit, Lunar 
Orbiter I sent back more information on 
the moon than had been learned in the 
past 50 years. Besides photos of surface, 
Orbiter I measured radiation levels in 
moon's vicinity and helped determine 
moon's exact gravitational characteristics. 
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In outline above are the 13 primary 
targets scouted by Lunar Orbiter II. In 
addition, Orbiter II photographed 17 
areas of secondary interest. Shooting 
from 28-mile altitude, Orbiter's telephoto 
shots show objects three feet in diameter 
-exceeding mission requirements. 

II 
"Photo of century" below is man's 
historic first look into crater Copernicus. 
Picture shows 17-mlle wide section, with 
1000-foot mountains rising from crater 
floor. Analysts have found evidence of 
erosion, quakes and volcanic-type activity 

"in··picture. Photo below Copernicus 
pictures crater Marius, and, for first time 
in detail, nearby lunar domes (1000 to 
1500 feet high). Domes confirm the 
moon's long history of volcanic activity. 

Orbiter Ill's NASA assignment was 
confirmation of 12 primary and 32 
secondary Apollo sites. Orbiter III sent 
back telephoto coverage of 2,200 square 
miles and 11,500 square miles of wide 
angle coverage. Photos also pinpointed 
location of Surveyor I on moon. 

III 
Orbiter Ill's spectacular shots included, 
below, crater Hyginus (about 6'/2 miles 
in diameter) centered in branches of its 
valley. Picture below Hyginus shows 
crater Kepler, about 20 miles in diameter, 
located in Ocean of Storms. Smaller 
crater, right, is Kepler A, about 9 miles 
across and '/2 mile deep. First three 
Orbiters, NASA reported, met all primary 
Apollo requirements for photographic 
information from orbiting spacecraft. 

Lunar Orbiter IV's mission was acquisi
tion of scientific knowledge. From near
polar orbit, Orbiter IV shot lunar surface 
on near and far side using both tele
photo and wide-angle systems. Rectangles 
indicate size and shape of areas shot by 
telephoto system during each photo pass. 

IV 
Orientale Basin, below, pictured for first 
time from overhead. Cordillera Moun
tains, ringing Basin, rise as high as 20,000 
feet. Picture at bottom revealed, for first 
time, a ISO-mile trough, on hidden side 
of moon near south pole. Altogether, 
Lunar Orbiters photographed 99% of the 
moon's near side, and more than 75% of 
the far side ... a picture survey described' 
as "THE definitive source of lunar 
surface information for many years." 
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TIN NEWS II THE AUTHORS 
TIN/MATERIAL '67: No other 
metal has such a wide variety 
of uses. This is because of 
tin's unique physical and 
chemical properties. 

Soft, pliable--tin is 
adaptable to many types of 
processing ... cold working, 
drawing, extruding ... or as 
a coating on other materi
als, as a component in nu
merous alloys. Its melting 
point, 231.9°C, is low com
pared to those of structural 
metals. Range between 
melting point and boiling 
pOint, 2270°C, exceeds that 
of nearly every other metal. 
Atomic weight: 118.69 

Tin as a material component: 
imparts hardness, strength, 
and corrosion resistance to 
alloys ... bronzes containing 
tin provide high strength, 
superior elastic properties, 
resistance to stress and cor
rosion fatigue, excellent 
resistance to attack by sea 
water, good bearing proper
ties, and pressure tightness. 
High-tin, white metal alloys, 
used as bearings, provide good 
friction characteristics, oil 
film retention, conformability 
and embeddability ... perfect 
die reproduction as die-cast
ing alloys. Small amounts of 
tin promote a uniformly 
machinable structure in gray 
irons. A tin-columbium alloy 
becomes superconductive-
without electrical resistance 
--at cryogenic temperatures. 
Solder and fusible alloys 
provide reliable low-tempera
ture joining and sealing. 

Inorganic tin chemicals are 
used in electroplating 
processes, as intermediate 
chemicals, as additives to 
glass and ceramics, and in 
dentifrices for preventing 
tooth decay. Organic tin 
chemicals serve as: heat and 
light stabilizers for 
plastics; and as powerful 
fungicides and biocides. 

Tin coatings--easily applied 
to many metal surfaces ... 
protect and improve the 
appearance of basis metals. 
Being non-toxic, tin, plated 
on steel, safely protects 
beverages and food products. 

Free world's tin--well over 
40% comes from Malaysia. 
This is STRAITS TIN: minimum 
purity, 99 . 89% . "Straits is 
to Sn as Sterling is to Ag." 

To keep posted on tin supply, 
prices, and new uses--write 
today for free subscription to 
our monthly newsletter, 
TIN NEWS. 

THE MALAYAN TIN BUREAU 
2000 K St. , N.W. Dept. 39-J 
Washington, D.C. 20006 

CYRIL STANLEY SMITH ("Materi
als") is Institute Professor at the Mas
sachusetts Institute of Technology, at
tached to both the department of 
metallurgy and the department of hu
manities. Born and educated in Birming
ham, England, he came to the u.S. in 
1924 as a graduate student and received 
a doctoral degree from M.LT. in 1926. 
From 1927 to 1942 he was research met
allurgist with the American Brass Com
pany. In 1946, after three years at the 
Los Alamos Scientific Laboratory, he 
went to the University of Chicagu to es
tablish the Institute for the Study of 
Metals, which was the first academic 
laboratory for interdisciplinary research 
on materials in the U.S. He took his pres
ent position in 1961.  Smith was an origi
nal member of the General Advisory 
Committee of the Atomic Energy Com
mission and has served on the President's 
Science Advisory Committee. He writes 
that his "main interests are structure, of 
ali things at all levels, and the history of 
technology and science." 

SIR NEVILL MOTT ("The Solid 
State") is Cavendish Professor of Experi
mental Physics at the University of Cam
bridge and a Fellow of the Royal Society. 
A Cambridge graduate, he began his aca
demic career as a lecturer at the Univer
sity of Manchester in 1929. From 1930 to 
1933, after a period of work with Niels 
Bohr, he was a lecturer at Cambridge; 
for 21 years after that he was professor 
at the University of Bristol. His appoint
ment as Cavendish Professor at Cam
bridge took place in 1954. In addition to 
his work at the Cavendish Laboratory he 
served from 1959 to 1966 as Master of 
Gonville and Caius College at Cam
bridge. Sir Nevill writes: "My research 
interests were in nuclear physics before 
I went to Bristol and since then they 
have been in solid state, particularly in 
the physics of metals and semiconduc
tors and in the theory of photographic 
emulsions. My present research interest 
is in electrical conduction in noncrystal
line solids, a subject that is rapidly open
ing up." Sir Nevill has served on various 
committees concerned with science edu
cation and is now chairman of a com
mittee set up by the Nuflield Foundation 
to frame new methods of teaching phys
ics and chemistry to students between 
the ages of 15 and 18. He adds: "I am 
also interested in disarmament and stra-
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tegic studies and have been present at 
some of the Pugwash conferences on sci
ence and world affairs." 

A. H. COTTRELL ("The Nature of 
Metals") is Chief Scientific Adviser 
(Studies) in the British Ministry of De
fence. He writes: "Most of my work on 
the theory of dislocations in metals was 
done at the University of Birmingham, 
of which I am a graduate and where I 
was professor of physical metallurgy. 
After 1955, when I moved to the Atomic 
Energy Research Establishment at Har
well, my interests turned toward prob
lems of nuclear radiation damage in sol
ids and later to the theory of fracture, a 
subject that I continued when I moved to 
the University of Cambridge in 1958 as 
the Goldsmiths' Professor of Metallurgy. 
I have become increasingly interested in 
recent years in the role of science in na
tional affairs." That interest has led Cot
trell successively to membership on the 
United Kingdom Atomic Energy Author
ity and the Advisory Council for Scien
tific Policy, to the Ministry of Defence 
and to membership on the recently 
formed Central Advisory Council for Sci
ence and Technology. 

JOHN J. GILMAN ("The Nature of 
Ceramics") is professor of physics and 
metallurgy at the University of Illinois. 
He took bachelor's and master's degrees 
at the Illinois Institute of Technology in 
1946 and 1948 respectively and received 
a Ph.D. from Columbia University in 
195 1. He worked in industry until 1960 
and then spent three years as professor of 
engineering at Brown University before 
taking up his present work. His research 
centers on the mechanical behavior of 
solids; he writes that he "had the good 
fortune to be the first (together with my 
then colleague W. G. Johnston) to devise 
methods for measuring the velocities of 
dislocations in crystals." 

R. J. CHARLES ("The Nature of 
Glasses") is at the General Electric Re
search and Development Center in Sche
nectady. He writes: "Originally a Cana
dian, I was attracted by the open life of 
the mining engineer and took a B.S.  in 
mining in 1948 and an M.S. in metal
lurgy in 1949, both at the University of 
British Columbia. Astonished by the total 
disaster of a gold-mining venture I sub
sequently embarked on, I returned to my 
long-standing interest in metals and min
erals." He did further graduate work at 
the Massachusetts Institute of Technol
ogy, where he received a doctorate in 
1954 and served on the faculty until join-
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Albrecht Diirer 
(1471.1528) 

Woodcarving by William Ransom 
Photographed by Max Yavno 

"DUrer's Unterweisung der Messung, published in Latin in 1532, served, so to speak, 
as a revolving door between the temple of mathematics and the market square. While 
it familiarized the coopers and cabinetmakers with Euclid and Ptolemy, it also famil
iarized the professional mathematicians with what may be called 'workshop geometry.' 
It is largely due to its influence that constructions 'with the opening of the compass 
unchanged' became a kind of obsession with the Italian geometricians of the later 
sixteenth century, and DUrer's construction of the pentagon was to stimulate the imag
inations of men like Cardano, Tartaglia, Benedetti, Galileo [and] Kepler . . . .  "1 

1 Wilhelm Waltzoldt, DUrer and His Times, trans. R. H. Boothroyd, London, Phaidon 

Press Limited, 1950, p. 257. 

INTERACTIONS OF DIVERSE DISCIPLINES 
DUrer applied his knowledge of geometry to problems of perspective in his engravings. 

This use of one discipline to reinforce another has applications today to the profit 

potential of business. 

Since 1954, Planning Research Corporation has employed multidisciplined teams 

to find solutions to problems, particularly those whose complexity requires the tech
nique of total systems analysis for solution. The Planning Research professional staff 

of more than six hundred members represents twenty-eight separate disciplines in the 

classical sciences, the new behavioral and management sciences, economics, most 

branches of engineering, and mathematics. The largest number of staff members are 
engaged in work on problems related to computer systems. 

Planning Research is a prime (and unbiased) source for the design, implementa

tion, and installation of large, automated, real-time management information systems. 

One such system, management-oriented in all respects for your business, can give you 

a competitive edge in world markets into the 1975 time period. Write to Mr. John N. 
Graham, Jr., Vice President and General Manager, Computer Systems Division. 

PLANNING RESEARCH CORPORATION 
Home office: 1100 Glendon Avenue, Los Angele s, California 90024 
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Specific investment suggestions 
- For any given amount 
- For any specific objective 

That's what our Research Division offers to anyone with extra money 

they want to invest in stocks and bonds. 

There isn't any charge. You're not obligated to us in any way. 

If you'd like to see what Research would say about your situation, 

simply fill out this form and mail it back to us. 

Yes, I am interested in seeing your Research Division suggestions for 

investing about $ , and I have checked my investment 

objective below: 

o I am most interested in securities that provide relative safety of 

capital coupled with a liberal income return. 

o I can afford to assume a little more risk and am interested in com

mon stocks that are attractive for income and capital appreciation. 

I would like to realize a current return of about '10. 

o I can afford more risk and am primarily interested in good quality 
growth stocks that have the potential of increasing in value over 

the years. 

o I am interested in attractive speculations and can afford to assume 

the risks involved. 

I understand there is no charge for this service, and that you will mail 

your answers-in complete confidence and without any obligation of 

any kind-to me: 

NAME,--------------------------------------------

55·20 

STREET----------------------------------------_ 

CITY------------------ST ATE __________ ZIP ______ __ 

YOUR PHONE NO.--------------------------______ __ 

All filled out? Then for the very best help we can give you, simply put 

this in an envelope addressed direct to Harold F. Wiley, Manager, 

Portfolio Analysis Department. 

9 
MERRILL LYNCH, 

PIERCE, 

FENNER & SMITH INC 
MEMBERS NEW YORK STOCK EXCHANGE AND OTHER PRINCIPAL STOCK AND COMMODITY EXCHANGES 

70 PINE ST REET, NEW YORK, N. Y. 10005 
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ing General Electric in 1956. He writes: 
"By personal choice my research inter
ests are divided between a long-term in
terest in theoretical aspects of silicate 
and oxide systems and shorter-term pur
suits selected from an overflowing reser
voir of industrial scientific problems." 
Charles, now a U.S. citizen, says his ma
jor outside interest is "the experimental 
and computer analysis of two-fluid loco
motion (sailing)."  

HERMAN F. MARK ("The Nature of 
Polymeric Materials") is director emeri
tus of the Polymer Research Institute at 
the Polytechnic Institute of Brooklyn. He 
has long been a leading figure in the field 
of polymer chemistry, which he entered 
more than 40 years ago at the Kaiser Wil
helm Institute for Fiber Chemistry in 
Germany. Mark was born in Vienna and 
distinguished himself as an athlete as 
well as a scholar; he played in the Am
trian national soccer league as a young 
man and also was an excellent skier. In 
1921 he received a Ph.D. summa Cllm 

laude from the University of Vienna. He 
taught at the University of Berlin for a 
year before going to the Kaiser Wilhelm 
Institute; in 1926 he joined the research 
laboratories of L G. Farbenindustrie, 
where he worked on studies of cellulose 
and other polymeric materials. He re
signed from the firm when the Nazis took 
power; leaving Germany, he became di
rector of the First Chemical Institute of 
the University of Vienna. When the Na
zis invaded Austria, he left Europe and 
worked for two years with a Canadian 
pulp company before going to the Poly
technic Institute of Brooklyn. Mark 
wishes to acknowledge the collaboration 
on his article of his colleague and suc
cessor as director of the Polymer Re
search Institute, Murray Goodman. 

ANTHONY KELLY ("The Nature of 
Composite Materials") has been a lec
turer in metallurgy at the University of 
Cambridge for the past eight years; in 
October he will join the National Physi
cal Laboratory as superintendent of a 
new division concerned with inorganic 
and metallic materials. Kelly was gradu
ated from the University of Reading in 
1949 and obtained a Ph.D. from Cam
bridge in 1953. Although most of his 
work has been done in Britain, he has 
had several associations in the U.S. He 
was at the University of Illinois from 
1953 to 1955 and at Northwestern Uni
versity from 1956 to 1959; earlier this 
year he was for a time at the Carnegie 
Institute of Technology. He often spends 
summers working in industrial and gov-
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If an engineer has special needs, 
Schweber gives him special service. 

When an engineer speaks ... Schweber jumps! 
If you have a technical question, it's the responsibility of our prod

uct managers to know the answer ... or to get it for you fast. 
If you need a special component to complete an 

experimental prototype model, Schweber Electronics will 
assemble and deliver it within twenty-four hours. 

If you need one or 100 capacitors with specific 
parameters not offered in any catalog, the Schweber 
Electronics laboratory will test until they find 
the ones you need within twenty-four hours. 

If you request a catalog or technical publication 
from the vast Schweber library, Schweber will 
send it to you free within twenty-four hours. 

And, if you decide you want a com-

S ponent painted like a totem pole, 
Schweber will arrange that. But not 
necessarily within twenty-four hours. f8:'c1�'E,��� 
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There's so much that phenolics can do. 
And so much that PLENCO can do with phenolics. 
Can do, and does .. . in appealing 
"see me" or hidden workhorse ap
plications that meet industry's most 
critical demands. 

Who uses Plenco compounds and 
Plenco service? The Who's Who of 
American manufacturers, designers 
and molders, that's who. Fine big 
companies and fine small ones. They 
specify from a wide, wide range of 
ready-made or custom-formulated 
phenolic,  melamine and epoxy 
thermoset molding compounds, and 
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industrial resins ... produced through 
Plenco research. 

A short talk with our service peo
ple can take you a long way toward 
answering your product molding 
problems. For more and more appli
cations, only phenolics will do-and 
Pienco phenolics at that. 

PLENCO 
PHENOLIC MOLDING COMPOUNDS 

PLASTICS ENGINEERING COMPANY 
Sheboygan. Wis. 53081 

ernment laboratodes; he says he thinks 
that "is an ideal way to learn what ap
plied science means." 

JOHN ZIMAN ("The Thermal Prop
erties of Materials") is professor of theo
retical physics at the University of Bris
tol. Although he was born in England, he 
lived for many years in New Zealand and 
received much of his education there. 
Returning to England for graduate 
study, he obtained a doctorate from the 
University of Oxford. In 1954 he became 
a lecturer at the Cavendish Laboratory 
of the University of Cambridge. Since 
going to the University of Bristol three 
years ago he has been concerned mainly 
with the theory of the electronic struc
ture of solid and liquid metals. Ziman 
was recently elected a Fellow of the 
Royal Society. 

HENRY EHRENREICH ("The Elec
trical Properties of Materials") is Gordon 
McKay Professor of Applied Physics at 
Harvard University. Born in Germany, 
he came to the U.S. in 1940 and did all 
his college work at Cornell University, 
from which he received a Ph.D. in 1955. 
From then until 1963 he was at the Gen
eral Electric Research Laboratory in 
Schenectady. His research activities have 
involved electron systems, transport 
properties of semiconductors, optical 
properties of solids, and the band struc
ture and magnetic properties of noble 
and transition metals. 

HOWARD REISS ("The Chemical 
Properties of Materials") is director of 
the North American Aviation Science 
Center in Thousand Oaks, Calif., and a 
vice-president of North American Avia
tion, Inc. After being graduated from 
New York University in 1943 he worked 
for two years in the Manhattan project. 
He then began graduate work in chemis
try at Columbia University, from which 
he received a Ph.D. in 1949. Among his 
associations since then are Boston Uni
versity, where he was a member of the 
faculty for two years; the Bell Telephone 
Laboratories, where he was a member of 
the technical staff from 1952 to 1960, 
and Atomics International, a division of 
North American Aviation, Inc., where he 
was successively associate director and 
director of the research division before 
taking his present position in 1962. 

FREDERIC KEFFER ("The Magnet
ic Properties of Materials") is professor of 
physics and chairman of the department 
of physics at the University of Pitts
burgh. He did his undergraduate work 
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COMPUTER-AIDED DESIGN 
Today's Answer to Yesterday's 
"Impossible" Engineering Hurdles 

Data Is Fed To Computer 

Engineer Optimizes Preliminary Display 

Automatic Pen Produces Intricate Final Integrated Circuit Mask 

Today, virtually every field of economics and technology 
depends heavily on the computer to expand its present rate of 
progress - and at Motorola's Semiconductor Products Division, 
engineers and computers are teaming up to design the very com� 
plex integrated circuits that will make future computers infinitely 
smarter and more versatile. 

How smart can computers get? That depends on how much 
circuitry can be crammed into a practical amount of space and 
on how much money we can afford to spend. With a large enough 
memory and logic system, computers will not only be able to solve 
problems but they'll be able to figure out the methodology for solv
ing complex problems and to direct their own activities. 

But it will take many millions of transistors and dollars to build 
machines with this type of sophistication. That's why top priority 
today is on the development of a new technology known as large 
scale integration. 

Large scale integration is a step-function advance over today's 
integrated circuits technology. Where we can now fabricate and 
interconnect the equivalent of dozens and even hundreds of individ
ual electronic components on a chip of silicon small enough to fit 
comfortably into a transistor package, LSI technology will permit 
us to place dozens or even hundreds of complete circuits within a 
similar size package. And, because of batch processing techniques, 
such an LSI circuit will eventually cost little more than the price of 
single transistors only a few years ago. With LSI, therefore, we ex
pect to meet both the size and price requisites to make tomorrow's 
computers literally "think" for themselves. 

The sheer complexity of LSI circuits, however, places them be
yond the realm of practical achievement with human labor alone. 
For example, it would take many months for a team of skilled drafts
men to generate only the masks through which the thousands of 
necessary components would be diffused into a silicon chip. And 
the probability of error would make any such effort prohibitive. 
That's why we're turning to computers to help us with an otherwise 
insurmountable task. And the method which we are using to imple

ment this new technology is as unique as it is promising. 
Into the labyrinth of a computer memory is fed all of the elec

trical and topographical data for many of the simpler integrated 
circuits which We can already make with high production yields. 
This information is supplemented with instructions that will permit 
the computer to call forth and display, in any desired sequence and 
position, any required number and types of simpler circuits to form 
a more complex array. Basically, the engineer determines what kind 
of array he wants; the computer assembles it from the information 
stored in its infallible memory and displays it on an associated 
cathode-ray-tube screen. 

The engineer now has the option to make changes, additions 
and deletions in the array, and the computer will make correspond
ing changes in its own program. And when the engineer is satisfied 
with the final design, he presses a button and walks away. 

Now the computer takes over completely-with a sequential 
series of electrical impulses, unerringly and tirelessly guides the 
pen of an automatic drafting machine to produce the mask master 
for the desired array. It does so with an accuracy unchallenged by 
the most experienced draftsman and in a compressed time span so 
vital to the practical implementation of the LSI concept. 

At Motorola, millions of dollars have already been invested to 
initiate the computerized design system. Millions more will be re
quired to work out the details. But the groundwork has been solidly 
established and in an era where breakthroughs have become routine, 
the advent of LSI promises to become one of the most significant. 
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MONROE 
ELECTRIC CALCULATOR 

$ 

Electric Short Cu t Multip l icat ion  
Automatic Division 
This MONROE calculator is ideally suited for 

standard deviations and all statistical calcula· 

tions, every computation arising in science 

and commerce. 

• The most acclaimed calculator in the 
Monroe line. 
• The phrase - operators who know 
prefer Monroe - was coined on this 
model MA7·W. 

• 
-

• + -

PHONE COLLECT 212·784·7791 
Completely reconditioned and Fully Guar
anteed For One Year against mechanical 
defects of any kind including replacement 
parts and labor. Dust cover. written guar
antee and operating instructions are in
cluded with each machine. 

AAA ADDING MACHINE CO. 26·09 Jackson Ave., Long Island City, N. Y. 11101 
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this coupon; save 

15%-40% 
using our 431 office Budget® Rent-A-Car System. 
Makes your expense account look great! 
Cars like 1967 Chevrolet Impalas cost 
but $7 a day + 7¢ a mile" • . •  cars like 
1967 Chevrolet Chevelles cost but $6 
a day + 6¢ a mile." You pay for only 
the gas you use. Power, convenience, 
safety features and proper insurance 
are included. How do we do it? No 
expensive airport counters I Call us 
when you fly in-we'll be waiting for 
you while you get your bags. Major 
credit cards honored, 
including our own! 
Bring your kids 
something nice 
with the money 
you save-or, 
make your expense 
account look good I 

beeau •• 

I'm 10 little. 

NAME ______________________ ___ 

I 
I ADDRESS ______________________ _ 

I 
I CITY STATE--ZIP __ __ 

I Fr.. Re.ervations Coast· To • Coast Continental 
I U.S.A. & Canada . Alaska. HawaII. Mexico. 

I PUerto Rico • British III •• • Europe 

L ___ �!:u��������2!!�r.!;a _____ 1 

at the State College of Washington, 
which is now Washington State Univer
sity; he writes that "between my desul
tory senior year in 1939-1940 and the 
award by the college of a B.S. in 1945 I 
served for five years in the infantry, tour
ing Europe from Brittany to Leipzig with 
the Sixth Armored Division." Keffer ob
tained a Ph.D. from the University of 
California at Berkeley in 1952 and since 
then has been at Pittsburgh. His re
search, he says, "has centered on the 
theory of magnetism and has included 
studies of microwave resonance absorp
tion by ferromagnets, ferrimagnets and 
antiferromagnets; relaxation processes; 
magnetocrystalline anisotropy; the na
ture of the short-range coupling force, 
and types of magnetic ordering." 

ALI JAVAN ("The Optical Properties 
of Materials") is professor of physics at 
the Massachusetts Institute of Technol
ogy. A native of Iran, now a U.S. citizen, 
he received a Ph.D. in physics from Co
lumbia University in 1954 and remained 
at Columbia for five years as a research 
associate. From 1958 to 1961,  when he 
went to M.LT., he was a member of the 
technical staff of the Bell Telephone Lab
oratories. 

W. O. ALEXANDER ("The Competi
tion of Materials") is professor of metal
lurgy and head of the department of 
metallurgy at the University of Aston in 
Birmingham, England. He is a graduate 
of the University of Birmingham, where 
he studied metallurgy from 1928 to 
1937. From 1937 to 1961 he was en
gaged in metallurgical work at Imperial 
Chemical Industries. He writes: "So far 
as my leisure-time pursuits go, I suppose 
I can be considered first of all a sports
man since I played Rugby football for 
some 15 years and in my early days 
played a lot of tennis and in more recent 
years have swum regularly." He is also 
interested in the organization of various 
types of amateur sport. These activities, 
he says, "only leave me time to take a 
reasonably intelligent interest in drama 
and painting and whenever possible the 
wide-open spaces." The principal con
tent of Alexander's article was originally 
presented in Contemporary Physics; the 
permission of that journal to repeat it in 
SCIENTIFIC AMERICAN is gratefully ac
knowledged. 

DENNIS SCIAMA, who in this issue 
reviews The Measure of the Universe, by 
J. D. North, is lecturer in applied mathe
matics and theoretical phYSics at the Uni
versity of Cambridge. 

© 1967 SCIENTIFIC AMERICAN, INC



VERITRON 
WEST 

ALLOYS 
UNLIMITED 

MONTVALE 

On the road to better products 
you o.ten see signs o. Alloys Unlimited 

Firmly established as the number one supplier of component 
materials for the semiconductor and microelectronics indus
try, Alloys Unlimited has evolved to become a leading pro
ducer of a broad spectrum of materials and precision parts 
for a wide range of industrial uses. These include chemical 
milled parts and titanium products for the aircraft and aero
space industry - electrical contacts, assemblies and precision 
stampings for the computer, relay, switch, appliance and au
tomotive fields-and ceramics for wear-resistant applications. 

Perhaps these unique technological skills can help make your 

products even better. At your disposal are metallurgical lab
oratories, precision stamping facilities, tool and die makers, 
ceramicists and an experienced team of scientists and engi
neers who can work with you to solve design hang-ups. 

If you'd I ike to know more about the many ways we can assist 
you, write Gregory S. Coleman, Vice President-Marketing, 
Alloys Unlimited, Inc., 320 Long Island Expressway South, 
Melville, New York 11746, or call (516) 694-7900. 

We may be just the company you've been looking for. 

IMPROV I NG THE PRODUCTS OF OTHERS-THROUGH MATERIALS TECHNOLOGY 

HIGH PURITY ALLOYS Alloys Unlimited, Inc. / Melville, New York 

SEMICONDUCTOR & IC PACKAGES Veritron West, Inc. / Chatsworth, California 

CERAMIC PARTS Frenchtown / CFI, Inc. / Frenchtown, New Jersey 

ETCHED METAL PARTS Micro Science Associates / Mountain View, California 

PRECISION STAMPINGS Montvale Customtool, Inc. / Montvale, New Jersey 

ELECTRICAL CONTACTS Contacts, Inc. / Wethersfield, Connecticut 

TITANIUM Universal Titanium Co. I nc. / Los Angeles, California 

CHEMICAL MILLED PARTS Chemical Energy Co. Inc. / San Diego, California 
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Available 
Immediately: 

laterials 
Besearcb Assistant 

IrDmluPDnt 
Expert in the powerful techniques of thermal analysis. 

Experienced in discovering materials for special uses ... 

and in detecting and documenting subtle differences 
among competitive materials in terms of composition, 
physical properties, purity and structure. 

Adept at providing precise data on thermal stability, 

crystallization, polymerization, phase change, glass transi
tion, decomposition, curing, mass or dimensional change. 
And in probing many other aspects of materials be

havior which can lead to major advances in materials 

development. 

Provides information important to your decisions about 

materials selection, research direction and competitive 

activity. Skilled in all five thermal analysis techniques: 

differential thermal analysis, differential scanning calo
rimetry, thermogravimetric analysis, thermomechanical 

analysis and electrical thermal analysis. 

These five techniques are provided in modular form in 
the compact Du Pont 900 Thermal Analysis System. 

A booklet explains thermal analysis and the Du Pont 
900 Thermal Analysis System. For a copy, just write on 

your letterhead to Du Pont, Instrument Products Division, 
Rm. 5300, Wilmington, Del. 19898. 

([(JPotfr) 
u�. U. s.,.\f. 0"· 

:INSTRU�ENTS 
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Safe, precise braking for rapid transit. 
Copper disc brakes are used in a new 
approach to rapid transit braking 
being tested in San Francisco. Trains 
do not screech and jerk when stop
ping. Precision control makes it pos
sible to match car doors with plat
form locations smoothly and reliably. 

ONLY COPPER 
AND ITS ALLOYS COMBINE 

THESE ADVANTAGES ... 

Best electrical and therm al 

conductivity· Very good spring 

properties· Superior corrosion 

resistance · Excellent joining. 

plating, polishing and finishing 

• High ductility · Outstanding 

machinability , Wide range of 

colors • High salvage value. 

copper developments 

New interest in metal roofing. Flat roofs are making way for more inter
esting configurations utilizing copper. In addition to esthetic advantages, 
there's an impressive case for the economics of copper due to its long life 
and freedom from maintenance. And copper's relatively light weight, 
strength, formability, ease of joining and rich color give architects greater 
flexibility in developing their designs . 

More hydronic heating in new homes. Hydronic (baseboard) heating with 
efficient copper tube continues to increase its share of the market. Knowl
edgeable buyers are insisting on the superior comfort and lower operating 
costs provided by hydronics. Easier zoning of temperatures plus the use of 
fast heating copper boilers are also factors in the growing preference for 
hydronic systems. 

Copper Deve l opment Association I nc., 405 lexington Avenue, New York, N.Y. 10017 
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New"supersole"makes 
Army boot jungle-proof. 

Tough, flexible soles of Ozo are molded directly to boot tops. There are no longer any stitches to rot. 
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Uniroyal blends synthetic rubber 
with vinyl plastic to create Ozo, 
possibly the toughest material 
available today for military 
and industrial shoe soles. 

You expect a tough boot sole to resist wear, abra
sion, moisture and rot But this new rubber-plastic 
blend from Uniroyal does more. 

It literally holds the boot together. 
Two years ago Army combat boots often fell apart 

in three weeks or less of rugged jungle service. Today 
they last more than ten times longer. 

The chief difference is the new sole material de
veloped by Uniroyal and sold under the registered 
tradename Ozo . 

Ozo can be directly molded to the top of the boot, 
eliminating stitching that used to rot in jungle humid
ity, allowing top and sole to separate. 

Fortunately we've managed to combine in Ozo the 
. flexibility of rubber plus the resistance to weather

ing and abrasion contributed by polyvinyl chloride. 
The result is a boot which meets the severest 

requirements of tropical combat No longer are heels 
ripped off by the suction of thick jungle mud: sole 
and heel are one piece. 

No longer are sole cleats worn off by the sharp 
stubble and briars, the jagged cutting stones of Viet 
Nam. This new sole is tougher than rubber. 

Shoe and boot soles face comparable challenges 
in many other areas, both military and civilian: 
Destructive attack by oil and grease on aircraft carrier 
decks, in machine shops, oil refineries, service sta
tions. By acids and caustics in chemical plants. 

Not to mention abrasive wear of the tread in quar
ries, mines, steel mills, and on farms. 

Ozo can be tailored to shrug off any kind of wear. 
And look good doing it Soles made of Ozo may be 
stitched or direct molded to the shoe or boot. They 
may be sponge or solid, translucent or opaque, per
mitting a wide range of permanent colors from light 
to dark. Furthermore, they are non-marking. 

Ozo has superior toughness and resistance to 

NIRoVA 
The new worldwide 
nameof U.s. Rubber 

Ozo soles are built for hard work in mining, quarrying, farm
ing and industry. Their unique rubber-plastic blend resists 
abrasion, weathering, oil, caustics and acids. 

abrasion and oil, making it the natural choice for fuel 
hose jacket, wire and cable jacketing and hundreds 
of oil- and weather-resistant molded parts. If you have 
a problem with resistance to oil, ozone, weather or 
abrasion, Ozo may be your answer. 

We try to be as helpful as we are inventive, and 
that's saying a lot because we have almost 1,500 
active patents. And we're still inventing. 

Just write to Uniroyal Chemical, Naugatuck, 
Connecticut 06770. 

Uniroyal holds more patents 
than any other rubber company. 
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New and available from ANACONDA ... 
B-D® cu ... Boron Deoxidized Copper for 

high temperature electro-electronic applications. 

Boron Deoxidized Copper opens a new era in design possibilities. Particularly wherever grain growth 
and embrittlement have been limiting factors. 

Developed by Anaconda research, B-D cu possesses the high conductivity of oxygen-free copper ... 
plus an inherent resistance to oxygen penetration and a superior joinability. In fact, this rare com
bination of properties is so unique, B-D cu is already used in applications as diverse as aircraft multiple 
disc brakes, welded communications cable shield, glass-to-metal seals, transistor bases and composite 
metal coins. 

For all its superiority, Boron Deoxidized Copper from Anaconda costs no more than oxygen-free 
coppers. Which may explain why so many manufacturers are showing an increased preference for 
B-D cu. Anaconda American Brass Company, Waterbury, Connecticut 06720. 

For High Performance Alloys Think ... ANACONOIl. 
AMERICAN BRASS COMPANY 
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Computers and 
Instruments: Unite! 

Marrying computers to scientific instruments is relatively 
new. The truth is, the advantages of doing so were known a 
long time ago - but, implementation awaited computers that 
made sense economically, as well as scientifically. 

Computers are now frequently justified on a one-computer 
for one-instrument basis. We know. DIGITAL has sold 
hundreds of PDP-S and PDP-SIS computers that way - to 
manufacturers who buried the computer inside their instru
ments - spectrometers, diffractometers, gas chromato
graphs, blood analyzers. 

And to scientists in their laboratories, as well. To run one 
instrument, like a C-H- N analyzer. Or to run several instru
ments, one at a time. Computer prices have come down 
that far. 

But servicing several different instruments simultaneously -
integrating a laboratory full of instruments - takes a larger 
computer. A PDP-9, for example, or a PDP-10. If you are run

ning investigations where data from one instrument condi
tions the data of another - or where several of you want to 
time-share a computer to service several instruments - then 
these larger computers are a practical necessity. 

The capabilities, at the price, are what make sense. PDP-9 
is an SK, lS-bit word machine at $35,000. The PDP-10, with 
SK basic memory and a 36-bit word, comes in an expandable 
configuration from $113,000. 

PDP-S and PDP-SIS are 4,096-word 12-bit core memory 
machines. The 1.5!-,sec PDP-8 sells for $18,000. The PDP-SIS 
is only $10,000. All speak FORTRAN and are general purpose 
computers. 

DIGITAL also has a whole line of compatible logic modules 
and hardware for interfacing the instruments to the com
puter. For instrument:;; that don't need the computer, the 
modules combine into Simpler controls. 

Get those instruments under control. Write for free literature. 

COMPUTERS · MODULES 

DIGITAL EQUIPMENT CORPORATION, Maynard, Massachusetts 01754. 
Telephone: (617) 897-8821 • Cambridge, Mass . •  New Haven. Washington, 
D. C . • Parsippany, N. J . •  Rochester, N. Y . •  Philadelphia. Huntsville. 
Pittsburgh. Chicago. Denver. Ann Arbor. Houston. Los Angeles. 
Palo Alto. Seattle. Carleton Place and Toronto, Ont. • Reading, England 
• Paris, France. Munich and Cologne, Germany. Sydney and West Perth, 
Australia. Modules distributed also through Allied Radio 
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LOOKWHO'S DRIVING 
A ROLLS-ROYCE 

World's fastest corporate aircraft-the new Grumman Gulfstream II powered by Rolls-Royce fan-jets. 

In 1958 Grumman Aircraft revolutionized corpo# 
rate travel with Gulfstream I -a fast, comfortable, 
reliable plane that was powered by Rolls#Royce 
prop#jets. Now Grumman is ready with a succes# 
sor-Gulfstream II. Its powerful Rolls#Royce fan# 
jets will make cross#country busin,ess trips as 
matter#of#fact as the commuter's special. 

Ask a busy executive for his version of the perfect corpo
rate aircraft. It will undoubtedly have the speed and range 
of a commercial airliner. The economy and ease of handling 
of a small, private plane. And be able to carry 15 to 20 people. 

Grumman's own Gulfstream I met most of these require
ments at speeds up to 355 mph. Planes that could go faster 
than this lacked in other ways. They had limited range and 
could carry only a handful of passengers. 

A big engine for a small plane 

Then the breakthrough came. Rolls-Royce started building 
a new fan-jet engine called the Spey, The Spey developed 
surprising power for its size-at first glance, perhaps more 
power than was actually needed for a purely corporate air
craft. But that suited Grumman just fine, From the outset, 
they intended Gulfstream II to outperform other corporate 
planes. And they made full use of the Spey's extra power 
to do it. 

New York to L.A. in 5 hours 

First off, they used it to carry a full load-up to 19 passengers, 
a crew of three and almost two tons of interior furnishings. 

Second, they used it for fast takeoff. The extra power 
gets Gulfstream II into the air quickly. It can use local 
airports. 

Third, they used it for fast climb. Gulfstream II takes just 
15 minutes to get up to 40,000 feet, far above the weather. 

Fourth, they used it for range. Gulfstream II can fly non
stop from coast to coast. New York to Los Angeles, for exam
ple, in just 5 hours-with 90 mph headwinds all the way. 

And last but not least, they used it for speed. Gulfstream II 

can cruise at 585 mph-making it the fastest corporate jet 
in the world. 

So far, 70 orders have been placed for Gulfstream II, even 
though deliveries have just begun. 

In good company 

Grumman Aircraft is not the only manufacturer to put the 
Spey to work. It powers the BAC One-Eleven used by Amer
ican, Braniff, Mohawk and Aloha Airlines. It substantially im
proves the performance of the McDonnell Douglas F-4 Phan
tom ordered by the British Government for the Royal Navy 
and Royal Air Force. Versions of the Spey also power the 
Hawker Siddeley Trident, the Fokker F-28, the U.S. Air 
Force's new A-7D and the Royal Navy's Hawker Siddeley 
Buccaneer. 

All in all, the Spey powers more different aircraft than 
any other fan-jet engine. The Grumman Gulfstream II 
couldn't be in better company. 

Look who else is driving a Rolls#Royce 

Most people think of the Rolls-Royce Silver Shadow as the ulti
mate motor car. 

But did you know that Rolls-Royce also builds the diesel en· 
gine that powers this heavy-duty excavator? 

That Rolls-Royce industrial engines generate electricity, 
pump gas, power hydrofoils and run chemical processing plants? 

That Roils-Royce reactor cores power all of Britain's nuclear 
submari nes? 

That Rolls-Royce builds multifuel engines that run equally 
well on gasoline, kerosene, jet fuel or diesel fuel? 

Rolls-Royce. One of the world's great engine builders, 

Rolls-Royce limited, Derby, England 
Sales representative: 551 Fifth Avenue, New York, N, Y. 10017 
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( Advertisement ) 

Ever wonder about what a 
steel research man wonders about ? 

Some notes on work in progress 
or recently completed in the research labs of one 
of the big steel companies. 

By Dr. K a rl L. Fette rs 

Vice President,  Research a n d  Deve l o p m e n t  for 

You n gstown Sheet a n d  T u b e  Co. 

T
he curious cats in the research 
department of our company are 
continually on the prowl in ex
amination of the thousands of 

problems and opportunities that surround 
steel-the most basic of all the basic 
commodities. 

Simply to show you the range of our re
search activities I have set down here a 
dozen headings under which we are mak
ing investigations, with a few words 
about what's happening in each. 

B e n ef i c i a t i o n  a n d  I ro n  M a k i n g  

Sinter Studies. Sinter mixes consisting 
of varying proportions of concentrates, 
fines,  and mill scale with and without 
flux additions, are being tested to deter
mine the conditions for making high iron, 
low silica sinter having a high bulk den
sity suitable for use in the open hearth. 

C a r b o n i z a t i o n  

Petrographic Studies of Coal. Float-sink 
studies have been initiated on column 
samples of coal to determine the response 
to gravity separation of pyrite associated 
with light and heavy gravity petrographic 
entitles. The results will be used to de
velop data whereby predictions can be 
made on the washability characteristics 
of the coal by petrographic association 
analyses. 

M e lt i n g  

Study o f  the Effect of Ingot Mold Size 
and Steelmaking Practices on the Qual
ity of Rimming and Bottle Top Steels. 
A program has been established to in
vestigate the quality of rimming and bot
tle top steels. This program includes a 
study of deoxidation practices, teeming 
speeds, and mold practices. 

R efracto r i e s  

Pouring Pit  Refractories. Work continues 
with ladle nozzle inserts. Initial trials of 
several inserts looked very promising. 
Work in progress now is in new nozzle 
sizes. 

P roce s s i n g  

Continuous Casting. Samples of blanks 

from an AK con cast steel run have now 
been sheared into tensile specimens for 
evaluation of detailed mechanical prop
elties of cold strip rolled from AK con
cast steel. Work continues on the deter
mination of oxygen in AK concast steel 
at various locations in the slabs. 

C o r ro s i o n  

Corrosion o f  Carbonated Beverage Plate . 
Results of a blue dye test on nitrogen 
annealed tin plate from experimental in
gots containing varying sulfur concentra
tions to determine relationship between 
corrosion resistance and sulfur content. 

Coati n gs 

Corrosion Resistant Tin Plate . To deter
mine the extent of improvement in cor
rosion resistance of tin plate attainable 
by duplex plating, experiments were 
conducted on the halogen line by initially 
depositing tin coatings of .01  and .09 
Ib. /BB; alloy ing  same to  FeS n or 
FeSn,; and subsequently recoating both 
FeSn and FeSn, coatings to .25 Ib./BB, 
.50 Ib./BB, and 1.35 Ib./BB tin. 
Laboratory tests will compare corrosion 
resistance of this material with conven
tional tin plate of equivalent tin coating 
weight. 

Physica l  M eta l l u rgy 

Experimental Tin Plate - Properties of 
Quenched and Tempered Low Carbon 
Strip. Several coils of .0088" black plate 
were processed with electron beam guns 
mainly for setting up the beam gun pa
rameters. And to adapt the equipment to 
specific tests on quenched and tempered 
low carbon strip for experimental tin 
plate. 

M ec h a n i c a l  M e ta l l u rgy 

Formability. Inverse pole figure deter
minations were carried out on the low
carbon aI-killed steel given various per 
cent cold reduction. Studies have been 
conducted in the presence of recrystalli
zation components leading to low and 
high Ro and R.o and Maximum R values 
at 45 °  directions. 

O p e ra t i o n s  R e s e a rc h  a n d  
A p p l i e d  M a t h e m at ics 

Seamless Round Yield Analysis. To help 
analyze seamless round yield data on 
5,000 keypunch cards, computer pro
grams have been written and run to sum
marize and group the data in any man
ner desired. The purpose of the analysis 
is to determine the effect various factors 
such as conditioning practice, ingot type, 
size, have on the yield of seamless rounds. 

R esea rch S e rv ices 

Boron Steel. Forgings have been made 
of a heat of boron steel, grade AISI 
lOB48 and these are being tested for 
automotive application. This steel would 
be used as a replacement for 5150 steel. 

R e s e a rch L a b o rato ry S e rv ices 

Im pact Properties of TempeTed and Un
tempered Weld Zone.  Samples of 20-
inch O. D. by 0.234" wall, Grade X-60 
electric weld pipe are being tested. 
These samples consisted of one which 
was processed normally, and two which 
had the weld zone left untempered. The 
impact properties are being determined 
and compared. 

This is the first of a series of articles in 
which we'll bring you news of what's go
ing on in steel research at Youngstown. 
It is a fact that almost all of our research 
is "inspired" or motivated by customers' 
needs and we make quite a thing of of
fering our research knowledge to the 
service of our customers. It's all part of 
a new spirit at Youngstown, expressed 
in the word Steelability. 
Steelability simply stated is Youngstown's 
capacity plus desire to meet the most 
strenuous demands of our customers. Re
search across a wide range and in depth, 
is a part of Steelability. If you think our 
researchers might be able to help you, 
give us a call or Write Dept. 251A6. 

Youngstown , Steel 
THE YOUNGSTOWN SHEET A N D  T U B E  COMPANY · YOUNGSTOWN ,  OH IO  44501 
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Living Under the Sea: A report from General Dynamics 

The pub l ic address speaker screams, 
"Dive, dive! "  In the flickering light of 
a dank interior, sweaty bearded sailors 
tumble to battle stations . . . .  

This Hollywood image of a subma
riner's l ife was, even during World 
War II ,  largely stereotype. It  is  a far cry 
from life in today's United States Navy 
nuclear submarines. 

Even though about three-fourths of 
the ship's interior is taken up by ma
chinery, weapons and stores, there's also 
room for up to 1 3 6 men to eat, sleep, 
relax, work efficiently and remain alert. 
The sailors who man these submarines 
on continuously submerged patrols for 
two months at a time lead a surprisingly 
comfortable life. 

Here's a fairly typical day for nuclear 
submariner Bi l l  Reilly, Electronic Tech
nician Third-Class. 

0700 hours. ET / 3  Reilly is awakened 
by a shipmate. Along his bunk's 6'6" 
length - long, wide and deep enough for 
comfortable sleep-recessed fluorescent 
fixtures dispel the night. Another "day" 
has begun. 

30,000 meals : 
07 1 5  hours. Rei lly's baritone bounces 

around the private stall  shower. He 
need not worry about quick sudsing and 
rinsing; nuclear submarines can distil l  
an ample supply of fresh water. 

073 0  h ours. Breakfast time. More 
than 30,000 individual meals will be 
served during the ship's extended pa
trol- prepared in a galley smaller than 
the kitchen of an average suburban 
home. The galley has been laid out to a 
careful time-space-motion plan. Provi
sions are stored for easy accessibility in 
planned sequence. Meat is pre-trimmed ;  
chicken deboned to s a v e  precious 
space. Ice cream cones - by the thou
sands - are tucked into odd crannies. 

0800 hours. Reilly's first four-hour 
watch begins. His job : monitoring a 
navigation computer. 

All around him the ship stirs with 
action as crew members go about daily 
chores (just as Reilly will between his 
regular watches) - inspecting, cleaning, 
maintaining. 

"Scrub, burn and filter": 
Nuclear submarines do not need to 

surface to get air for their engines, but 
Reilly's sti l l  a deep breather. Carbon 
dioxide, exhaled by the crew at the rate 
of 1 1 0 cubic feet each hour, is removed 
by "scrubbers" before it can build into 
a dangerous concentration. Oxygen, 
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manufactured by water electrolysis, is 
fed back to the ship's atmosphere. Over 
3 00 potential contaminants are removed 
by filtration, electrostatic precipitation 
or catalytic burning. 

Revitalized air,  purer than that 
breathed by city dwellers, is recirculated 
throughout the submarine, conditioned 
to a comfortable humidity and 70° tem
perature. 

1 200 hours. Lunch. On today's menu: 
chicken cacciatore. 

Off-watch : 
1 250 hours. At the ship's laundromat, 

Reilly drops off his coveralls, made of 
lint-free polyester to eliminate one po
tential irritant from the atmosphere; he 
stops at the 2, 000-volume l ibrary to 
pick up an electronics textbook he's 
studying for college credit. 

1 3 1 5  hours. A larm signal ! Rei l l y  
double-times t o  his duty station. This 
time it's a fire dril l .  It might have indi
cated a potential enemy's presence or a 
dozen other contingencies. Alarms are 
sounded at unscheduled times, day or 
night, throughout the patrol to keep the 
crew on its toes. 

1 4 1 5  hours. He routinely checks one 
of his alternate drill stations, then works 
off some lunch calories with a session 
on the exercise bicycle. 

1 600 hours. Reilly spends the next 
hour making some minor adjustments 
to one navigation computer that is tem
porarily "down." Each man on a nu
clear submarine is responsible for the 
performance and maintenance of the 
equipment that he operates. 

As he moves about the ship he con
tinues to study its 1 1 0 miles of complex 
wiring, a requirement for many crew 
members so a fault can be quick ly 
traced if necessary. 

Versatile mess : 
1 700 hours. At one end of the mess, 

a checkers tournament is going on. At 
the other, Reilly - with one shipmate 
posing and two others kibitzing - is fin
ishing off a watercolor. 

The mess is the most versatile room 
on the submarine. At various times it 
becomes movie theater , gym, game 
room, lecture hall and music room. Two 
days from now, Sunday, it will become 
a chapel. 

1 800 hours. Dinner; lobster - a re
minder that today is Friday. Last night 
the cooks surprised everyone with a 
Hawaiian luau. The night before, it was 
roast beef. Food on a submarine is a 

major morale factor for the crew. 
Leftovers are inevitable. Garbage is 

compacted into a container, weighted, 
and blown into the sea, where it sinks 
to the bottom. 

1 900 hours. The mess has now be
come a movie theater - tonight Reilly 
and some of his shipmates enjoy a new 
J ames B ond picture, well before it's 
been released to the general public. 

In the unseen world above the sur
face it is dusk. On extended submerged 
patrol, every effort is made to make life 
as comparable as possible to surface 
duty. The control room is "rigged for 
red," that is, switched to a dull red il
lumination; ordinary l ights are dimmed 
to remind the crew that another day is 
passing into night. 

Shhh ! :  
Despite OOTs noisy battles - or later 

the sound of hi-fi music-nuclear sub
mariners live in a quiet world. Sounds 
are muted by vinyl tile decks and acous
tic tile overheads. Vibrations are mini
mized. Turbines, fans and other moving 
equipment are surrounded by special 
sound-deadening material. 

2 000 h ours. B ill Reilly begins his 
second four-hour watch. Others, who 
are now off-watch, are relaxing, read
ing, getting ready to bunk down - and 
some are stil l  sleeping before being 
awakened later. 

2400 hours . Midnight. The ship is 
quiet. His  watch over, Reil ly bunks 
down, draws the curtains for privacy, 
turns on the overhead fluorescent and 
reads for a while. He yawns, adjusts the 
air vent at the head of his bunk, switches 
off the light. He is asleep. 

In building almost 300 submersibles 
- in c l uding the prototypes of m ost 
American nuclear submari nes - habita
bi l ity has b een a prime concern of 
General Dynamics designers and engi
neers since 1 900 when the company de
livered the United States Navy's first. 

G e neral  Dynamics is a company of 
scientists, engineers and skilled workers 
whose interests cover every maj or field 
of technology, and who produce: air
craft; marine, space and missile systems; 
tactical support equipment;  nuclear,  
electronic, and communications sys
tems ; machinery ; b u i l d i n g  supp l ies ; 
coal , gases. 

Reprints of this series are available . 

G E N ERAL DYNAM IC:S 
O n e  Rockefeller Plaza , N e w  York, N e w  York 1 0020 

©1967 G e n e r a l  Dyna m ic s  
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B EN Z Y L I  D E N  E M A L O N O N  I T R I  L E  

3 -D Diagrams now produced 
automatically by computer-plotter 

Crysta l structu re a n a lys is  p i c ks up a l ot of s peed with  the u se of the com puter
p l otter com b i nat ion to turn out 3-d i mens ion  d i agra m s  a utomat ica l l y .  

These three d i agra m s  were prepa red with  the Ca l Com p P l otter for the Defe nce 
Sta n d a rds  Laborator ies ,  V i ctor i a ,  Austra l i a .  

D .  A .  Wr ight o f  DSL reports : 

"The three crystal structures plotted in 3-dimension diagrams are 
(1 ) Hydrogen B ond (2) Titanium Tetramethoxide, and (3) Benzyli
denemalononitrile. 

"They will be used as illustra tions to papers in Acta Crystallographica 
to be published shortly. 

"All the plots look superb when viewed through prisms. "  

For i nformat ion on t h e  Ca lComp P l otti ng Syste m s  ava i l a b l e  for t h i s  a n d  s i m i l a r  sc i e n
t i f ic  a na l ys i s ,  wr i te : Dept.  N-9,  Ca l i forn ia  Com puter Prod ucts, I n c . ,  305 M u l le r ,  
Ana he i m ,  Ca l iforn i a  92803 . Phone ( 7 1 4) 774-9 1 4 1 . 

T I TA N I U M  TET RA M ET H OX I D E  H Y D R O G E N  B O N D (Ca COT) 

ceeeCi®e_ 
Standard of the Plott ing I n d u stry 
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The men of steel a re \Ni n n i ng 
You are about  to find yoursel f  on the 
r i ght s ide of radical changes in steel mak
ing. Tomorrow's steel s  wi l l  take new 
shapes, do new j obs, last longer, cost 
less. T h i s  year the steel industry is in
vesting $2 bi l l ion to revolutionize stee l 
making. By 1 970 they wi l l  have com m i t
ted nearly $1 0 bill i on in a l l, to the 
growing struggle for world markets. 

The weapons in thi s  steel making rev
olut ion are new technologies. B as ic  
oxygen furnaces - ore concentration 
automated ki lns - continuous casting 
- computerized rol l ing m i l l s .  New ways 
of doing things that wi l l  a lter the indus
try beyond recogni t i on. 

A l l i s-Cha l mers part in creating the 

new wor l d  of steel extends from the 
m ine to the m i l l . Al l i s-Chal mers construc
t ion, electrical,  and process eq u i pment 
helps cut the cost of wresting ore from 
the ground. Al l i s-Cha l mers au tom ated 
rol l ing stands shape and f inish it more 
efficientl y. 

Surpr is ing to find thi s uni que comb i 
nation o f  capabi l i t ies in a s ingle com 
pany ? Expect i t  when you 're working with 
Al l i s-Cha lmers .  Thi s i s  j ust  one more 
example of how progress-making com
binations of Al l i s-Chal mers sk i l l s  are 
working world wide in industry, agricu l 
ture, construction and space expl orat ion. 
Al l i s-Chal mers General Offices, M i lwau
kee, Wi sconsi n  53201 . ALLI S - CHALM ERS 
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Materials 

Presenting an lssue on materials In two aspects: (1) the fundamental 

nature of metals, ceranlics, glasses, polYlners and composite materials 

and (2) the properties that all lnaterials possess in \Jarying degrees 

I
n acknowledging the importance of 

materials in human culture (and con
ceding that earlier times must have 

been better than the present) the Creeks 
posited four ages of man-Cold, Silver, 
Bronze and Heroic-before their own 
Iron Age. For all that, materials have 
been pretty much taken for granted, and 
their diversity and adaptability has rare
ly been consciously considered. This lack 
of interest came about, I believe, mainly 
because man discovered at an early 
period a variety of balanced materials 
that were available without further study 
for a wide range of uses. The designer 
simply did not think of applications that 
required more than stone, fired clay, 
cement, the common biological materials 
and the alloys of the ancient seven 
metals. Moreover, although the phi
losophy and science of matter is virtually 
coeval with philosophy and science in 
general, the science of materials is quite 
recent. The most useful properties are 
the structure-sensitive ones with which 
the classical physicist was utterly inca-

by Cyril Stanley Smith 

pable of dealing and therefore did not 
consider to be physics. 

In a way it is the merging of two op
posing schools of Creek philosophy of 
matter that gave rise to the modern sci
ence of materials. The elemental quali
ties of Aristotle are seen to arise in the 
geometric forms of the Pythagoreans. 
Now that the ultimate structure and 
gross properties can be related funda
mentally, it is seen that there is less dif
ference between different kinds of ma
terials than had been supposed when 
they were the basis of totally separate 
crafts and industries. Properties can now 
be designed, not just selected. With each 
new design, however, the materials sci
entist and the engineer must still seek 
the optimum compromise between work
ability in the shop and durability in use. 

One of the great stages in man's de-
velopment was the discovery that he 

could change the very nature of materi
als. It must have given early man an 
almost godlike feeling of control over 

IRANIAN JEWEL BOX is decorated by hutam.bandi, an ancient tecbnique of inlaying 

that has been kept alive by the Islamic fondness for intricate geometric patterns. The inlay 

worker began with hand·drawn brass wire hammered into a triangnlar cross section in a 

grooved block, and with strips of camel bone and colored woods sawed to the desired section 

and dressed by filing in grooved blocks. The wire and the strips were glued together into 

composite rods in five separate stages of assembly, pressed into rectangular blocks and 

finally sawed transversely into slices. The detail of hatam·bandi work ou the opposite page 

is enlarged four times. There are more than 400 pieces per square inch in work of average 

quality. The beauty of the pattern arises not only from geometry but also from the implica. 
tion of a sectioned three·dimensional structure. In this respect the hatam·bandi pattern reo 

sembles the microscopic cross sections that illustrate many of the other articles in this issue. 

nature as he turned clay to stone by 
heating it. The nearly unlimited form
ability in one state is replaced by high 
stability in the other because of changes 
in the complicated relation (on both the 
atomic scale and a larger one) between 
the microcrystals of the clay substance 
and water, and the chemical change and 
complete recrystallization that occurs on 
firing above a red heat. 

Ceramics, the earliest inorganic ma
terials to be structurally modified by 
man, exemplify the diversity of struc
ture-related properties better than any 
other. Except for electrical and magnetic 
effects, almost all the properties of solids 
that are the concern of modern solid
state physicists were exploited by early 
ceramists. Shaping involved moisture
dependent plasticity and thixotropy; 
decorative textures were derived from 
vitrification and devitrification, the nu
cleation of various gaseous and crystal
line phases, and local variations of ex
pansivity, viscosity and surface tension; 
colors depended on various states of 
oxidation, on abnormal ionic states, on 
excitons and on structural imperfections 
in crystals. All these phenomena were 
discovered for sheer aesthetic pleasure, 
not utility. 

The earliest glazing technique is in 
many ways the most interesting. This 
was a Sumerian invention made famous 
after 4000 B.C. as Egyptian blue faIence. 
It was not, like later glazes, a melted 
premix of glass-forming materials but 
was made in a kind of cementation proc-
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ess during which potash was drawn by 
capillarity to react with the surface of 
a preformed body of siliceous particles 
to form a glassy coat of copper-colored 
eutectic silicate that did not "wet" the 
powder in which it was embedded. The 
process is still in use in Iran, where it 

was recently discovered by Hans E. 
Wulff of the University of New South 
Wales. Its implications for the history of 
sand-cored glass-vessel technology and 
in various metallurgical cementation 
processes have yet to be explored. 

The earliest use of metal followed not 

BELLOWS ARE WORKED at a large smith's hearth in Vannoccio Bil'inguccio's Pirotech
nill. This book, which was published in Italy in 1540, was a pioneering work on materials. 

long after the first wide use of fire
hardened clay. Metals owe their main 
utility to the fact that they are rigid be
low a certain stress (high enough for 
most service uses) but become quite 
plastic above a certain stress (low 
enough to be surpassed locally by the 
concentrated action of a tool). Above a 
certain temperature they become liquid 
and can be shaped by casting. 

lV Ietals began, as did ceramics and 
many other technological innova

tions, somewhere in the region that to
day comprises eastern Turkey, northern 
Iraq and northwestern Iran. Hammered 
copper objects in the form of dress orna
ments, necklace beads and the like are 
known from the eighth millennium B.C. 
They are made of unmelted, unannealed 
native copper, simply hammered and cut 
to shape. Native copper seems to have 
been used in the Middle East mainly for 
decorative purposes, and no large pieces 
were fabricated. Conversely, the arti
sans of the Old Copper Culture in the 
Great Lakes region of North America 
(3000-1000 B.C.) hammered sizable 
pieces of native metal into knives, spears 
and agricultural implements. The micro
structure of these objects shows that the 
metal had been worked hot or frequent
ly annealed at a red heat in the course 
of the shaping operation. 

In the Middle East cold-hammered 
native metal was largely displaced 
around 4000 B.C. by copper smelted 
from ores. Because copper ores are far 
more abundant than the native metal, 
this was a development of vast economic 
significance. Alloying soon followed. The 
first copper alloys came from the smelt
ing of ores that contained arsenic and 
antimony as naturally occurring impu
rities. These alloys not only are harder 
than pure copper but also have a lower 
melting point and give castings with a 
much better surface and internal sound
ness. About 3000 B.C. came the bronzes. 
For two millenniums thereafter the al
loys of copper and tin dominated metal
lurgy in spite of the scarcity of the ores 
of tin; they combined ease of shaping, 
beauty and general serviceability better 
than any other metallic material. 

Melting was probably first used to 
convert copper scrap into lumps that 
could be hammered into shape, then for 
casting shaped objects directly. Artisans 
first used open molds of clay or stone, 
then molds in two or more pieces assem
bled to produce objects with more com
plicated shapes, and eventually clay 
molds made around a wax pattern that 

CAKES OF COPPER·LEAD ALLOY ARE HEATED to get silver from copper in a book by could be burned out, and so removed 
Lazarus Ercker published in Prague in 1574. Silver was contained in molten lead (center). most restraints in design. 
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By the time bronze was discovered, 
elaborate methods of shaping and join
ing the precious metals-gold and silver 
-had appeared. Jewelry from the royal 
graves at Ur in Mesopotamia (around 
2600 ll.C.) exhibits higher standards, 
both aesthetic and technical, than most 
objects made today, and shows that their 
makers could reproducibly exploit most 
of the properties of metals that only now 
are being scientifically explained. 

It was economics rather than the in
herent qualities of the metal that gave 
rise to the Iron Age. Unless iron is al
loyed with carbon to make steel and is 
then hardened by heat treatment (for 
some curious reason it was rarely hard
ened by cold work) it is weaker and 
in every way inferior to cold-worked 
bronze. It is also more difficult to make 
and more variable in its properties. But 
iron ores are far more common, and 
1,000 inferior iron swords would out
weigh 10 good swords of bronze. 

Once steel could be reproducibly heat
treated, of course it became supreme. 
The early metallurgy of iron was quite 
different from that of copper. Pure iron 
was un meltable in any furnace available 
prior to the 19th century. If iron is 
heated in a fire long enough to absorb 
carbon from the charcoal fuel, it changes 
its properties greatly, becoming first 
steel, then cast iron, which is not much 
more difficult to melt than copper. The 
cast product, however, is relatively 
brittle. Before A.D. 1400 it was little ap
preciated except in China, where it was 
early used for making agricultural tools, 
stoves and minor works of art. Farther 
west iron remained for millenniums the 
smith's metal. The iron sponge resulting 
from the reduction of a pure ore with 
charcoal in a hearth was unmeltable, 
but it was malleable and easily consoli
dated by hammering when white-hot. 
Shaping was done entirely by the skillful 
use of the hammer. Such "wrought iron" 
always contained residual inclusions of 
slag and rocky matter that greatly weak
ened it. 

Steel was easy to discover, but the 
recognition that it was an alloy was 

long delayed. Unlike bronze, which was 
consciously made by mixing things, the 
alloying of carbon with iron occurred 
invisibly as it was absorbed inCidentally 
to the processing of the metal. The all
important presence of carbon in steel 
and cast iron was not discovered until 
1774, the same year the chemical role of 
atmospheric oxygen was discovered. Be
fore this both philosophers and black
.�miths had thought that steel was a purer 
form of iron-J10t illogically, because iron 

GLASS IS MADE in Georgius Agricola's De Re Metallica, published in Germany in 1556. 
The men around the beehive·shaped furnace afC holding blowpipes for blowing the glass. 

turned to steel after prolonged heating 
in a fire that did purify most things. 

Heat treatment is, after work-harden
ing and alloying, the third basic way of 
modifying the properties of a metal. 
Heating most nonferrous metals removes 
the strain-hardening that results from 
cold work and causes recrystallization, 
which puts the metal into a soft state 
ready for further deformation. In steel 
the effect is more drastic. At a cer
tain critical "transition" temperature the 

crystal form of iron changes, and carbon 
can go into solid solution in the crystal 
lattice of the iron. On cooling iron rap
idly, as by quenching in cold water, an 
intensely hard metastable phase results. 

The date by which men had learned to 
control the heat treatment of steel rea
sonably well is still uncertain. The best 
of the ancient smiths were those of 
Luristan, in the ninth and eighth cen
turies B.C. Yet their beautifully forged 
swords have a microstructure clearly 
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FOUR SWORD BLADES in New York's Metropolitan Museum of 

Art reflect three stratagems used by medieval smiths to improve the 

properties of iron. At top left is an eighth·centurY·A.o. Carolingian 

blade. The laminations running down the middle arise from a com· 

plex hammer.welding and forging operation that served to break 

up slag inclusions and give a composite metal that was both tough 

and decorative. At top right i. a Turkish "Damascus" blade. It was 

forged from a cast high.carbon steel ingot that had been slowly 

cooled to precipitate iron carbide in a form that remains visible 

after intensive forging. Tbe curly pattern on the surface is produced 

showing that the metal, usually fairly 
high in carbon, was hot-worked at a 
temperature indiscriminately above and 
below the transition temperature and 
was not quenched. The weapons of the 
Greeks and the Romans were sometimes 
quench-hardened, but rarely and under 
poor control. To achieve the desired 
temper directly by quenching was a criti
cal and difficult operation, particularly 
when failure could as often be due to a 
wrong carbon content as to a wrong cool
ing rate. There was no way to measure 
either. The modern two-stage process
quenching followed by low-temperature 
reheating to let down the hardness to an 
appropriate degree-is much easier to 
control. It is small wonder that the few 
sword blades of antiquity that were per
fectly heat-treated became legendary. 
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Yet the early Near Eastern empirical 
discoverers of materials did their work 
well. They found nearly all alloy com
positions that could have been made by 
charcoal reduction from recognizable 
natural minerals and that were fit for 
general service. The tools, guns, gadgets 
and cathedrals of the Middle Ages, the 
instruments for the rise of modern sci
ence, the machines and structures of 
the 19th-century engineers-all were 
made of materials that had been known 
centuries before the rise of Greece. Met
allurgists had been busy in the interim, 
increasing the scale and the economy of 
production and the reliability of the 
products, but neither they nor the user
smiths felt the need for new composi
tions. Development much beyond the 
old required new attitudes, new knowl-

edge and new needs, all of which came 
together not much before the beginning 
of the 20th century. 

The earliest recorded speculations on 
the nature of matter are those of the 
Greek philosophers, whose writings re
Hect appreciable contact with the arti
san's knowledge of the behavior of mat
ter. The atomism of Democritus was 
a natural-almost inevitable-deduction 
from an examination of the graded tex
tures of stones and ceramics and from 
the obvious relation between the prop
erties of bronze and steel variously 
treated and the texture on the fractured 
surface of a broken piece. Aristotle could 
specify in a litany of 18 opposites the 
qualities that a craftsman would observe 
and exploit: meltable or unmeltable, 
viscous or friable, combustible or incom-
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by local varIatIOns in deformation. At bottom left is a Persian 
scimitar, also made of forged high.carbon steel. The regular verti· 
cal markings were made by local hammering that distorted the 
grain of the metal. AI bottom right is a Japanese blade. Part of its 
pattern is the forged·in grain of mechanically heterogeneous metal. 

The whitish areas are the result of differential heal treatment. The 

blade was coated with a refractory material that was locally reo 

moved to expose the blade and other parts that were to be hard· 

ened; the whole blade was then heated and quenched in water. This 

procedure was unique with Japanese blades, which excel all others. 

bustible and so on. The three familiar 
states of the aggregation of matter and 
their relation to energy gave him his four 
elements: earth, water, air and fire. This 
was, in a way, good physics, but the 
"chemistry" that arose in the attempt to 
account for various substances by the 
combination of the associated qualities 
ended in nonsense. 

The alchemists sought a relation be-
tween the qualities of matter and the 

principles of the universe. One of their 
goals-transmutation-was to change the 
association of qualities in natural bodies. 
In the days before the chemical elements 
had been identified it was a perfectly 
sensible aim. What more proof of the 
validity of transmutation does one need 
than the change in the quality of steel 

reproducibly effected by fire and water? . 
Or the transmutation of ash and sand 
into a brilliant glass gem, or mud into a 
glorious Attic vase or Sung celadon pot? 
Or the conversion of copper into golden 
brass? Of course today we know that it is 
impossible to duplicate simultaneously 
all the properties of gold in the absence 
of atomic nuclei having a positive charge 
79. One way to secure a desired property 
is still to select the chemical entities in
volved, but much can also be done by 
changing the structure of the substance. 
Modern alchemy is more solid-state 

physics than it is chemistry, but it could 
not have appeared until chemists had 
unraveled the nature and number of the 
elements. 

In the 16th century the principles of 
Paracelsus-salt, sulfur and mercury-

displaced the elemental qualities of Aris
totle, expressing an intuitive awareness 
of the distinctly different properties 
associated with ionic, molecular and me
tallic bonds, but this was soon displaced 
by a chemistry based solely on analytical
ly determined composition. For two cen
turies chemists were relatively uninter
ested in properties. The overthrow of 
caloric and phlogiston in the 18th cen
tury represented a similar turning away 
from physical concepts to a more precise 
chemistry. Chemists were rightly excited 
by the demonstration that the reduction 
of copper or iron from these ores repre
sented the subtraction of oxygen, not the 
addition of phlogiston. Nevertheless, in 
to day's quantum theory of solids the re
duction of a metal can be considered as 
the boosting of a valence electron into 
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HYDROGEN SODIUM CARBON OXYGEN CHLORINE 

ATOMS ARE REPRESENTED schematically (top) and more re

alistically (bottom) _ In the schematic representation the dots are 

the valence, or outer, electrons. The gray area is the inner-electron 

"core." In the more realistic representation the electrons are shown 

as a cloud around a nucleus (black). The atoms at bottom are drawn 

to scale according to their size when they are electrically neutral. 

the conduction band. The electron is a 
small thing, as insubstantial as phlogis
ton itself, yet it is the return of the elec
tron from the oxygen ion to the metal 
that confers all the properties that make 
metals interesting or useful. In a way the 
phlogistonists were right, and the very 
real advance that came with the chemi
cal revolution was paid for by the loss of 
an important viewpoint. 

In physics the situation was somewhat 
the same. The great advances of the 17th 
century concerned mainly mass and 
other aspects of matter that were not 
sensitive to structure. The corpuscular 
philosophers, both the Cartesians and 
their rival atomists, spelled out explana
tions of plasticity, ductility and strength 
based on ad hoc assumptions about the 
manner in which particles were shaped 
and stacked in contact with one another, 
to slide, distort and change neighbors 
under mechanical stress or change in the 
chemical environment. These were in
genious and often right (if the corpuscles 
are appropriately and flexibly inter
preted) but quite incalculable. Such cor
puscular philosophical speculation van
ished under the impact of Newton's 
mathematical methods, and physics 
could not seriously return to questions 
about the solid state until our own time. 

The first three significant printed 
books on materials summarized a sub
stantial accumulation of empirical 
knowledge. Vannoccio Biringuccio's Pi
rotechnia (1540) presents a comprehen
sive account of the operations of the 
foundryman and the smith in alloying 
and shaping materials for diverse end 
uses. GeOl'gius Agricola's De He Metal-
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lica (1556) gives superb detail on the 
mining of ore and smelting of ores, with 
disproportionate emphasis on the non
ferrous metals and near neglect of iron. 
Lazarus Ercker's book of 1574 (with the 
resounding title Beschreibung Allerfur
nemisten Mineralischen Ertzt ,unnd 
Berckwercksarten) presents the quanti
tative laboratory approach of the as
sayer. 

These three approaches to metals-
production, utilization and analysis 

-have moved forward but have re
mained somewhat distinct ever since. 
For geological and economic reasons the 
production of metals has been conducted 
on a large scale, whereas end-product 
fabrication was the work of multifarious 
smiths and small enterprises. Something 
approaching professional metallurgy de
veloped, therefore, first in the service of 
the princely capitalists or others who 
controlled the large mines and smelters. 

The production of materials other than 
the metals contributed rather little to 
the growth of their science. Producers 
of stone, cement and wood operated on 
too small and local a scale. For a while, 
early in the 18th century, the desire of 
European potters to duplicate Oriental 
ceramics gave drive to the beginnings of 
analytical chemistry, but thereafter the 
science of ceramics lagged; the success
ful ceramic body had too fine a structure 
to be seen microscopically and was too 
complex in composition to yield to sim
ple analysis. 

Analytical chemistry owes its origins 
largely to the methods of the as sayer. 
Economics inspired him to develop ways 

to recover trace amounts of gold from 
ores and alloys. He did this quantita
tively, exploiting his knowledge that the 
mass and identity of the metals were 
preserved through many stages of so
lution, partition and precipitation in a 
variety of solvents, mostly nonaqueous 
ones. The first table of chemical affinity, 
laid out by Etienne Franc;ois Geoffroy 
in 1718, was essentially a putting in or
der of the separatory reactions long 
known to the assayer. Assayers knew a 
lot about oxides, although they did not 
know oxygen. They had measured the 
increase in weight that occurred when 
lead was turned into litharge to leave 
behind the shiny bead of gold or silver 
on their cupels, but to see the theoretical 
significance of this needed a difFerent 
kind of curiosity. 

The structural side of the science of 
materials, in spite of its early start in 
fracture tests and corpuscular philoso
phy, was slower to blossom. In 1772 
Rene Ferchault de Reaumur published 
an outstanding work on iron, based on 
observed and hypothetical changes of 
structure on the level that today we 
associate with the microstructure. In the 
best scientific tradition he designed lab
oratory experiments aimed at checking 
and improving the theory, and from 
these he developed an important indus
trial material, malleable cast iron. His 
work came, however, at the very end of 
the period during which Cartesian cor
puscular theories could be taken serious
ly by scientists. Newtonian rigor dis
placed this kind of structural specula
tion; microcrystalline grains came back 
into science only at the end of the 19th 
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century, following the discoveries of the 
microstructure of steel b), Henr)' Clifton 
Sorb), in 1864. 

Mineralogists meanwhile had been 
studying the symmetries of the external 
shapes of crystals, and the mathematics 
of the crystal lattice had been developed 
without the nature of the units being 
generally recognized: Johannes Kepler's 
and Robert Hooke's insight showing how 
the stacking of spheres in contact gave 
rise to crystalline polyhedrons was for
gotten, and the unit had become pris
matic boxes in which molecules were 
placed. Molecular composition rather 
than crystal structure was the basis of 
almost all 19th-century physical and 
chemical discussions of solids. The dom
inance of the molecule (so supremely 
justified in organic chemistr), and in the 
kinetic theory of gases) was replaced by 
today's structural-atomistic viewpoint 
largely as a result of a new experimental 
technique. 

In 1912 X-ray diffraction was discov
ered and soon applied to the study of 
the structure of solids by Lawrence 
Bragg and his followers. It at once gave 
a measurable physical meaning to struc
ture on an atomic scale, and made this as 
real as the larger-scale structures that 
had been revealed b), Sorby's micro
scopic methods half a century earlier. It 
was a physicist's method par excellence, 
and a fundamental one, which served to 
relate much of the unconnected data of 
the chemist and metallurgist. 

For a time the X-ra),-diffraction results 
led to the construction of too idealized 
a picture. Then the role of imperfections 
was perceived, first chemical, then elec
trical, then mechanical errors in the 

FIVE TYPES OF BOND that hold all ma-

terials together
' 

are shown schematically. 

In the ionic bond the atoms have either 

lost an electron or gained one, so that their 

outer electron shell is complete. Thus they 

cannot share electrons, but since they are 

electrically charged by virtue of having 

gained or lost an electron they are attracted 

to atoms of the opposite charge. In the 

covalent bond pairs of atoms share their 

outer electrons in filling their outer shells. 

In the metallic bond all the atoms share 

IONIC BOND 

SODIUM CHLORIDE 

COVALENT BOND 

DIAMOND 

METALLIC BOND 

SODIUM 

MOLECULAR BOND 

all the valence electrons. The molecular HYDROGEN BOND 
bond, also known as the van der Waals bond, 

arises from the displacement of charge with· 

in electrically neutral atoms or molecules, 

which produces a weak attmction between ICE 
them as they approach each other. The hy. 

drogen bond, also a weak one, is mediated 

by the hydrogen atom and is possible only 

because of the atom's small size and the ease 

with which its charge can be displaced. 

All these bonds are idealized; most rna· 

terials involve some combination of them. 
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building of crystals. The last served to 
explain the deform ability of metals as 
well as the nature of the interface be
tween crystal grains, the old grain 
boundary about which practical metal
lurgists had long speculated because of 
its great practical importance. 

Although still dominant, metals there
after lost their unique position in sci
entific studies of materials. Ceramics 
combined all the interesting crystalline 
complexity of metals with the electri
cal interest of semiconductors. Organic 
chemistry had been developing rapidly 
in the 19th century as analytical meth
ods became available. The awareness 
that many compounds with the same 
composition have different properties 
engendered the organic chemist's partic
ularly fertile concept of structure. Mo
lecular architecture began almost as a 
notational device but soon became a cen
tral part of organic chemistry and was 
ready to join with X-ray crystallography 
in guiding the development of the com
plicated structures that endow synthetic 
polymers with their properties. 

Foremost in the new understanding of 
materials is the realization that the 

properties of all types of material arise 

H 1 

li 3 Be 4 

Na 11 Mg 12 

K 19 Ca 20 Sc 21 

Rb 37 Sr 38 Y 39 

from their structure, from the manner in 
which their constituent atoms aggregate 
into hierarchies of molecular or crystal
line order or into disordered amorphous 
structures. Moreover, the properties of 
bulk matter of all kinds depend strongly 
on the structure of imperfections, either 
purely architectural or chemical, in the 
main array. Most of the properties ob
served and exploited in materials are co
operative properties of the aggregate 
rather than of the constituent atoms and 
simple molecules that had perforce been 
overemphasized by 19th-century investi
gators. It is the arrangements of the 
outer electrons of the atoms that are of 
prime importance, and these are strongly 
modified by the configuration of neigh
boring ones. 

The 93 species of stable atoms, or 
even the 10 most common ones in the 
earth's crust, allow for almost innumer
able combinations. All materials depend 
6n the five types of bonding in solid
state physics [see "The Solid State," by 
Sir Nevill Mott, page 80]. Each bond 
type is in essence a specific structural 
framework for electron interaction. The 
commonest structural materials depend 
either on the behavior of the valence 
electron in a relatively free state in a 
crystal (which accounts for all metals 
with a close-packed crystal structure), on 
the unique behavior of the hydrogen 
atom (so important in many organic 
ma terials) or on the rather special prop
erties of two atoms that form highly 
directed bonds in the tetrahedral config
uration recently popularized by Buck
minster Fuller as the simplest basis 
for stable three-dimensional structures. 
From the carbon atom come all organic 
compounds, in which atoms are tightly 
linked to their neighbors in close con
figuration to provide polyhedral or linear 
molecules that themselves can be 
bonded in ever larger hierarchies. The 
silicon atom, with a similar outer-elec
tronic configuration, gives rise to the 
silicon dioxide (Si02) tetrahedron that 
is the basis of all silicates and hence the 
majority of stones, cements, glasses and 

ceramics. It is indeed a fortunate circum
stance that these two elements, which 
happen to be present on the earth in 
great abundance because of their nu
clear and geochemical properties, should 
have the configurational requirements 
of their outer electrons such that they 
give rise to such interesting effects. 

If today there is a distinguishable 
materials science and engineering, it is 
partly owing to the users' preoccupation 
with physical properties rather than 
chemical constitution. But it is even 
more owing to the fact that there is unity 
in the rules by which atoms and mole
cules join together in groups and groups 
of groups. Once the principles of inter
action and the possible aggregative ge
ometries have been outlined they wiII 
seem to be almost universally applicable. 
This understanding is not only effective 
in guiding the development of useful 
materials; it is also curiously satisfying to 
the scientist, because it makes him at 
home in strange landscapes. Of all ap
proaches to nature, a science based on 
structure seems most able to unite the 
microscopic and the macroscopic, theory 
and practice, intuition and logic, beauty 
and utility. Perhaps it was not chance 
that involved aesthetics in the early dis
covery of materials. 

Materials, of course, have been as 
necessary in the scientific laboratory as 
in the studio or workshop. Those with 
which to build the first scientific instru
ments were ready to hand. Astronomers 
found their materials for telescopes, even 
achromatic ones, in common brass and 
in the crown and flint glasses developed 
for domestic use. There was little need 
to improve on the magnetism of iron, 
steel and the lodestone until the electri
cal industry developed. However, many 
properties now of the greatest impor
tance were discovered only through 
scientific research. The whole approach 
to materials began to change as a result. 

In developing improved electrical and 
magnetic properties the laboratory 

scientist far outpaced the artisan. The 

�<----- RARE EARTHS ------3» 

Cs 55 Ba 56 La 57 Ce 58 Pr 59 Nd 60 Pm 61 Sm 62 Eu 63 Gd 64 Tb 65 Dy 66 Ho 67 Er 68 Tm 69 Yb 70 

Fr 87 Ra 88 Ac 89 Th 90 Pa 91 U 92 Np 93 Pu 94 Am 95 Cm 96 Bk 97 Cf 98 Es 99 Fm 100 Md101 No 102 

PERIODIC TABLE lists the chemical elements from hydrogen (H) 
to lawrencium (Lw l. The key to the abbreviations is at top right. 
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In this table the metals are in color and the nonmetals in white. 

The light·colored elements can be regarded as metals in some 
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only practical precursors to the discov
ery of voltaic electricity were some elec
trochemical replacement reactions (the 
as sayer's recovery of silver from spent 
parting acids, and the large-scale win
ning of copper from mine waters with 
iron) and the observation of the acceler
ated corrosion of iron rudder brackets 
on ships sheathed with lead. A great 
impetus to the study of electrical proper
ties of materials came in 1857, when it 
was found that some good Spanish cop
per used in the transatlantic telegraph 
cable had a conductivity only 14 percent 
that of the best copper available. There
after measurements of resistivity be
came one of the principal tools in the 
study of materials of all types. The later 
discovery ot the electron not only led to 
theories of conductivity, but also when 
seen in the light of quantum mechanics 
it became the very cause of the aggrega
tion of matter and the basis of all its 
properties. 

Every use of materials, however trivi
al, involves selection. It is possible 
through understanding or experiment to 
maximize any one property but-and 
this cannot be overemphasized-in no 
application is it possible to select a ma
terial for one property alone. It is pre
cisely in the balance of one factor against 
another that the materials engineer finds 
his challenge and his satisfaction. He 
must produce a material with the desired 
compromise of properties, and the sci-
entist must tell how to achieve the struc-
ture that gives it. In a way the qualities 
of Aristotle have returned to be the cen-
ter of attention, but they are now prop-
erties to be desired and designed, not 
elements to be combined. 

I'IIechanical properties have been the 

main criterion for the selection of ma
terials from the first use of sticks, and 
they still limit the size of a building and 
the cost of an automobile. To under
stand the basis of strength and ductility 
was long the main aim of the scientific 
metallurgist. For many centuries steel 
has provided the standard of strength. 
The development of heat-treatable alloy 
steels that enable high strengths to be 
achieved in large sections coincided with 
their need in the first automobiles, and 
incited a new wave of metallurgical re
search that is not yet over. 

In recent years an increasing diversity 
of materials has come into competition 
with steel in satisfaction of mechanical 
requirements set by the entire frame
work of the economy of production and 
use. The electric-power and communi
cations industries in particular have set 
up a constant pressure of innovative de
mand. It is not only that designers in 
these industries are interested in a whole 
new range of electrical, magnetic and 
optical properties formerly only of lab
oratory interest; they have also ap
proached their tasks with little ingrained 
bias toward one or another class of ma
terials in service. Unlike traditional met
allurgists, who perforce concentrated on 
the perfection of one material, they were 
ready to see all materials in the new con-
ceptual framework of materials scicnce. 

That approach to mechanical proper-
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circulll>tanees and nonmetals in others. The inert gases (jar right) 
are shown in gray. Here again the valen('e electrons of each elenlent 

are dots, and the gray area is the inner.electron core. The valence 

electrons of the last seven elements listed are not definitely known. 
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ties is evidenced in the articles that 
describe the major present classes of 
materials in this issue of SCIENTIFIC 
AMERICAN. It is in itself a compelling 
indication of recent progress in materials 
science and technology that these arti
cles should be five in number, because 
two of them deal with kinds of material 
hardly known before the beginning of 
this century. Yet Herman Mark shows 
how the designers of high polymers are 
now mounting campaigns of research 
and development on two major markets 
of the steelmaker, the construction and 
automobile industries. And Anthony 
Kelly describes composite materials that 
harness the high strengths of perfect 
crystals found in metals and ceramic 
"whiskers." 

The realization of mechanical proper
ties is perhaps the central line of mate
rials development. It is wrong, however, 
to overemphasize it, because other prop
erties have been equally improved once 
the need for them was recognized. As 
the articles in this issue devoted to these 
properties show, each of them may 
be sought and developed effectively in 
more than one of the major families of 
materials. 

Excellent electrical conductors were 
found even in the days of frictional elec
tricity by testing the common metals, 
but years of development were necessary 
to achieve the oxidation resistance 
needed for high-temperature electrical 
service. (The nickel-chromium alloys so 
developed contributed to the develop
ment of high-temperature materials for 
mechanical service.) The development of 
ductile tungsten filaments needed for 
the incandescent lamp led in turn to 
more fruitful studies of grain-boundary 
behavior than had any scientifically in
spired research beforehand. Alloying in
variably increases the resistance of a 
metal at ordinary temperatures; super
conductivity has changed all of this and 
has opened a whole new field of com
pounds. 

The discovery of a wide range of ma
terials for "solid state" electronic devices 
involved a fine mixture of technology 
and science. First the scientific but em
pirical discovery of the photoconductiv
ity of selenium, then the electric lamp to 
exploit the properties of carbon, then the 
early crystal-and-whisker radio sets and 
at last radar to bring out that prince of 
semiconductors, silicon. This was fol-

MORE REALISTIC PICTURE, based on 

quantum mechanics, of the five types of 

chemical bond on page 75 shows the elec

trons as clouds around and between atoms. 

lowed by the invention of the transis
tor, which forced the development of 
both better theory and better practical 
schemes for producing materials of fan
tastic purity and controlled impurity. 
Only slightly less glamorous is the story 
of the development of new magnetic 
materials, both "hard" and "soft." 

Although every engineering decision 
adds up to an economic choice, econom
ics often enters on its own as an inde
pendent variable. An attractive surface 
quality may disproportionately increase 
sales; a slightly greater working stress 
may win an entirely new market. Even 
the old property of strength is no long
er evaluated straightforwardly; instead 
of overdesign to ensure permanently 
against failure, design is now for an ex
pected life. 

The demand for different kinds of 
performance by the various parts of a 
device or structure is usually met by the 
use of members made of different mate
rials, each doing the best for its local 
function: a hard steel journal and a 
bronze bushing in a wooden machine, 
paint on the surface for corrosion resist
ance, drawn and heat-treated steel wire 
combined with a cast-steel shoe in a 
suspension bridge, a resistor welded to 
a conductor, a wooden handle on a silver 
teapot. Some of the more interesting 
ancient objects, however, are those in 
which the properties are made to vary 
from one part to the other within a 
single continuous mass. Glazed ceramics 
provide the earliest examples, but the 
most notable are steel objects with a 
variable carbon content and variable 
hardness in different parts. In the old 
Japanese sword differential heat treat
ment produced extreme hardness on the 
cutting edge backed, by means of a 
graded interface, by the toughness and 
mass of the unhardened steel in the body 
of the blade. 

Damascus steel had an overall hetero
geneity on a scale just visible to the 
unaided eye. All materials have some 
microscopic or submicroscopic heteroge
neity that is more or less natural to them. 
An exciting new field is the production 
of composite materials with synthetic 
heterogeneity. 

W ithout chemical stability in the en-
vironment no other property of a 

material can be utilized. From the first 
use of gourds and clay pots as cooking 
vessels to the latest reactor of stabilized 
stainless steel, the chemical industry has 
grown symbiotically with the discov
ery of new corrosion-resistant materials. 
These are effectively homogeneous on 
the scale at which they are used. Per-

haps the next stage will be to make large 
members or entire structures with heter
ogeneity locally responsive to the differ
ent service requirements. The engineer 
will design the local microstructure of 
the material at the same time that he de
signs the machine; the whole will be 
intricately interwoven with no sharp in
terface between the corrosion-resistant 
surface and the stress-resisting inside, 
with variations of elastic modulus be
tween the ends of the beams and the 
middle, with gradual transitions from 
parts made of material so that they can 
easily be welded to others designed for 
maximum strength. Electrical circuits 
designed and assembled from separate 
units are already being challenged by 
semiconductor microcircuits in which 
the resistor, capacitor, rectifier and mag
net are hardly distinguishable from one 
another. Such circuits are at present hard 
to design but not difficult to make, and 
they are very easy to use. 

The habits of thought engendered by 
these developments may prove to be 
more important than the devices them
selves. It is the limitations of our past 
unitary scientific theory that has forced 
the conceptual separation of functions. 
There is no reason why this should al
ways be so. In a biological organism it 
is hardly possible to separate the materi
als of structural function from the mate
rials of electrical and chemical ones. In 
such an approach lies, I think, the ad
vancing forefront of materials science in 
the future. 

There is a continuous hierarchy of 
structures and interactions. Nucleons, 
nuclei, atoms, molecules, crystals, cells, 
rocks, plants and animals, societies, 
mountains, continents, planets, stars, 
universes. Each has its recognizable 
structure. For study we divide them 
down into simple categories, one scale at 
a time, yet the validity of all lies in the 
fact that there is interplay between 
scales. As desirable properties are seen 
to come from the structure as well as 
from the unit, new methods of thinking 
will inevitably develop. In the past al
most all advance has been in terms of 
analysis to find units that could be ex
actly specified; synthesis has been rudi
mentary. The alchemist's crucible with 
its complex compositions of matter and 
changes of structure and qualities was 
indeed to some degree a symbolic model 
of the complex structure and action of 
the universe. If the principles of hier
archical structure can be adequately de
veloped to aid the science of materials, 
they may in some degree apply also to 
biological organisms and even to human 
society. 
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THE SOLID STATE 

Nlaterials are solids, and solids are divided into two general 

categories: crystalline, in which the atoms are stacked in more 

or less regular arrays, and amorphous, in which they are not 

I
f you take a paper clip and bend it, 

it stays bent; it doesn't spring back 
and it doesn't break. The metal of 

which the clip is made is said to be duc
tile. Some other materials are not ductile 
at all. If you try to bend a glass rod (un
less you are holding it in a flame), it will 
simply break. It is said to be brittle. In 
this respect, as in many others, glass be
haves quite differently from a metal. The 
difference must lie either in the particu
lar atoms of which metals and glass are 
made up or in the way they are put 
together-probably both. There are of 
course many other differences between 
metals and glass. Metals conduct elec
tricity and are therefore used for electri
cal transmission lines; glass hardly con
ducts electricity at all and can serve as an 
insulator. Glass is transparent and is used 
in windows, whereas a sheet of metal 
more than a millionth of an inch thick 
is quite opaque. 

Students of such matters naturally 
want to understand the reasons for these 
differences in behavior. They want to 
study in detail the mechanical, electrical 
and optical properties of every kind of 
solid, and many other properties as well. 
Moreover, they want to provide the basis 
for choosing materials with desired prop
erties in every branch of technology. 
During the past 20 years studies of this 
kind have been called solid-state physics, 
or sometimes, since the subject includes 
a great deal of chemistry, just "solid 
state." It is a major branch of science 
that has revealed new and previously 
unsuspected properties in materials. An 
example is the properties of semicon
ductors, knowledge of which has given 
rise to a Hood of technological devices 
such as the transistor. Indeed, solid
state physics has become one of the most 
important branches of technology. To
day engineers freely use expressions such 
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as "valence band" and "conduction 
band," which are terms of quantum me
chanics as it is applied to solids. In solid 
state perhaps more than anywhere else 
quantum mechanics has ceased to be re
stricted to pure science and has become 
a working tool of technology. 

O f course, solids were the subject of 
experimental investigation long be

fore quantum mechanics was invented. 
I shall begin with the fact-known since 
the earliest studies of electric currents
that metals conduct electricity well and 
most other materials do not. With the 
discovery of the electron at the begin
ning of this century and the realization 
that it was a universal constituent of 
matter, it was assumed that in metals 
some or all of the atoms had lost an elec
tron and that in insulators such as glass 
they had not. The electrons in a metal 
were thus free to move about and con
duct electricity, whereas the electrons in 
an insulator were not. 

Why this happened in metals had to 
await the discovery of quantum me
chanics, and even now the answer is not 
quite clear. It has been known for some 
time, however, how to find the num
ber of free electrons in a metal. The 
simplest way is based on the Hall effect: 
in the vicinity of a magnet the electrons 
carrying a current in a wire are pushed 

sideways, so that a voltage-the Hall 
voltage-is set up across the wire. This 
voltage can be measured, and since it 
depends only on the speed with which 
each electron is moving down the wire, 
whereas the current depends both on the 
speed and on how many electrons there 
are, the measurement of both Hall volt
age and current enables us to estimate 
the number of free electrons in a wire. 
It turns out that in a good conductor 
such as copper each atom has lost just 
about one electron. There must be in the 
metal a very dense gas of electrons, more 
than 1022 of them in a cubic centimeter. 

The next question is: How are the 
atoms themselves arranged? Since 

the introduction of X-ray crystallog
raphy by William Bragg and his son 
Lawrence in 19 11, this has been known 
for the simpler materials. Solids can be 
divided into two classes: crystalline and 
amorphous. In the crystalline group, 
which is the largest and includes the 
metals and most minerals, the atoms are 
arranged in a regular way; in many 
metals (for instance copper and nickel) 
they are packed together just as one 
would pack tennis balls into a box if one 
wanted to squash in as many as possible. 
In other metals (for instance iron) the 
structure is called body-centered cubic; 
there are four atoms at the corners of a 

ETCH PITS IN CADMIUM SULFIDE, a semiconductor widely used in photocells, are 

shaped like hexagons, reflecting the geometric pattern of the atoms that compose the material. 

In thi. photomicrograph the etched surface of a single crystal is viewed along the hexagonal 

axis. The colors arise from the interference of incident and reflected light. The concentric 

hexagons provide a contour map of the pyramidal pits and can be used to calculate their 

depth. The pit with most concentric bands (top) is the deepest. It is depressed about 10,000 
atomic layers and measures about IOO,OOO atoms across. Such pits are formed by treatment of 

the material with hydrochloric acid. The pits mark defects in the crystalline structure of 

the material. The photomicrograph was made by Carl E. Bleil and Harry W. Sturner of the 

General Motors Research Laboratories. The magnification is approximately 800 diameters. 
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cube and one in the center. The arrange
men t of atoms in all crystalline solids 
falls into 14 such categories [see illustra
tion on opposite page]. 

The commonest of the amorphous 
group of solids is glass. Its atoms are put 
together in a more disordered way than 
those of a metal [see lower illustration on 
next page]. The structure of an amor
phous material is much more difficult to 
discover than that of a crystalline solid, 
and considerable effort is now being 
made to learn more about the arrange
ment of atoms in such materials. 

The crystalline structure of a metal 
such as iron presents to the eye a for
midable array of atoms. How does an 
electric current manage to Row through 
such a material? One would think that 
no electron could get farther than from 
one atom to another without a collision, 
and that the electrons must percolate 
through the crystal the way hailstones 
sift through the leaves and branches of a 
tree and fall on someone taking shelter 
below. If this were the case, it would 
mean that the rate of drift of an electron 
gas, and therefore the current for a given 
voltage, would depend little on whether 
the arrangement of the atoms was regu
lar or haphazard. That is far from being 
the truth. One of the most marked char
acteristics of metals is that they conduct 
much better at low temperatures than at 
high ones. For example, the amount of 
energy wasted by resistance in an elec
tric cable is about 10 percent less in a 
typical Temperate Zone winter than in 
summer. At the very low temperatures 
obtainable in cryogenic laboratories an 
electron can go straight through millions 
of planes of atoms without being de
flected from its path. 

Electrical resistance occurs only if the 
atoms are not in a regular array. One 
such irregularity arises as the tempera
ture increases; the atoms then start to 
swing around their average positions, 
each one being displaced up to as much 
as 10 percent from its normal position. 
Other evidence is provided by the fact 

FOURTEEN CRYSTAL SYSTEMS on the 

opposite page encompass all crystalline 

solids. The number of ways in which atomic 

arrangements can be repeated to form a 

solid is limited to 14 by the geometries of 

space division. Any one of these arrange

ments, when repeated in space, forms the lat

tice structure characteristic of a crystalline 

material. For example, cadmium sulfide, the 

crystal shown in color on page 81, has a lat· 

tice formed of hexagonal units. The shadows 

indicate the tilt away from the vertical. 

that most metals conduct worse when 
they melt, and also by the fact that an 
alloy such as brass (a mixture of copper 
and zinc) conducts much worse than 
pure copper. A really good conductor is 
one in which atoms all of the same kind 
are arranged in a perfect crystalline 
array. 

This was completely incomprehen
sible before the invention of quantum 
mechanics. Between 1924 and 1926 
Erwin Schrodinger, vVerner Heisenberg 
and Max Born showed how to set about 
explaining a host of phenomena that had 
formerly been mysterious, and in the five 
years that followed the foundations were 
laid for the understanding of solids and 
of much else besides. One learned to say, 
when asking anything about electrons in 
atoms, molecules or solids: If you want 
to know what an electron does, forget 
about it and pretend there is a wave 
there. Calculate where the wave goes, 
and there you will find electrons. 

It is a well-known property of waves 
that they can go through a regular array 
of obstacles of any kind. At first this 
seems surprising. It is easier to grasp that 
waves do not go through an irregular 
array of obstacles. That is wh)' the head
lights of a car cannot penetrate very far 
into a fog; the droplets of water scatter 
the light out of the headlight beams. If 
the droplets were arranged in some regu
lar way, as the atoms in a crystal are, this 
would not happen; the light would go 
straight through. 

This property of waves, which could 
be proved by quite simple mathematics 
and had been known long before quan
tum mechanics, showed in principle wh), 
good conductors of electricity have to be 
pure, crystalline and cold. Another prop
erty of waves enabled us to understand 
in the early 1930's why some materials 
were insulators and some conductors. 
The explanation was first given by A. H. 
Wilson of the University of Cambridge. 
The argument did not, as one might ex
pect, seek to tie the electrons to the 
atoms in nonconducting materials. For 
both kinds of materials Wilson started 
by thinking of the electrons as being free 
to pass through the crystal as waves. The 
theory went on to show, however, that 
in some materials there cannot be an)' 
current because there will always be just 
as man)' electrons moving one wa), as 
the other. 

The argument is a sophisticated one; 
it is based primaril), on Wolfgang Pauli's 
exclusion principle, which says that no 
two electrons can ever move on exactly 
the same path with exactly the same 
speed. It is this principle that gives rise 

A 

B 

A 

HEXAGONAL CLOSE-PACKED structure, 

a lattice arrangement common to In3ny met� 

aIR, is built of tightly nested layers of atoms. 

Three layers of hexagons provide the 17 

atoms that form a crystal unit. Atoms in the 

layers labeled A fall directly over oue an

other. Three atoms in layer B nest between. 

ALTERNATIVE CLOSE·PACKED struc· 

ture can be built from layers of hexagons 

stacked in the sequence ABeA. In this 

arrangement 12 atoms can be selected that 

form a face·centered cube with the same 

packing density as the hexagonal close· 

packed structure. Metals commonly crystal

lize in either the hexagonal or the face·cen

tered configuration. A less common form of 

metal crystal is the body·centered.cubic one. 

to the electron shells of atoms; there it 
is expressed by saying that no two elec
trons can have the same quantum num
ber. Applied to metals, the exclusion 
principle means that electrons in a metal 
will have velocities lying between zero 
and some maximum velocity. For an in
sulator it happens that the limiting veloc
it)' has a value that is extremel), awk
ward in view of the mathematical rela
tion that exists between an electron's 
velocity and its wavelength. This rela
tion is given b), Louis de Broglie's formu
la in which wavelength equals Planck's 
constant divided by the mass times the 
velocity of the particle (A = h/mv). The 
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wavelength of electrons in an insulator 
is awkward because it has a dimension 
that just fits into the distance between 
the atoms of which the material is com
posed. Under these conditions the wave 
will become a standing wave, and such a 
wave describes a situation in which the 
movement of electrons in one direction is 

exactly offset by the movement of oth
er electrons in the reverse direction. 

is not balanced by the movement of an
other electron. The needed energy is 
gained, of course, if the material is heat
ed to a temperature that is high enough. 
All solids will conduct electricity to a 
certain extent if they are hot; they can 
also be made to conduct by energetic 
radiation such as ultraviolet or X rays. 

In many crystalline materials one finds 
this situation in which there can be no 
electric current. To overcome it a con
siderable amount of energy is required; 
an electron must be hit rather hard to 
put it in a position where its movement 

TWO FORMS OF CARBON exhibit markedly different properties 

owing to their different crystal structure. Diamond (left) consists of 

pairs of carbon atoms in a face·centered·cubic array. Each carbon 

TWO FORMS OF SILICA demonstrate how molecules of the same 

composition can exist either as a crystal or as a glass. Cristohalite 

(left), a high.temperature form of quartz (SiO.,), is similar to dia· 

mond in that it has a face·centered·cubic stru�ture. Silicon atoms 

(color) occupy the sites filled by carbon atoms in the diamond lat· 
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atom is bound to four others. This tightly joined lattice contributes 

to diamond's hardness. In graphite (right), a soft material, carbon 

atoms are arranged in layers that are bound by weaker forces. 

tice. In addition an oxygen atom sits between every two silicon 

atoms. A conceivable glass structure (right) resemhles a cristoha· 

lite structure that has heen distorted. Also the three rings, each con· 

taining six silicon atoms, found in the cristobalite cell bave been reo 

connected to form two rings with four silicons and one with eight. 
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No material can be a good insulator 
while it is exposed to X rays. 

The theory I have just described 
makes use of difficult concepts of 

quantum mechanics, but the mathemat
ics of it is not very complicated. It is the 
kind of theory a physics student learns 
in his final undergraduate year or first 
graduate one. The same cannot be said 
of the theoretical work that is currently 
being done in an effort to correct a grave 
omission in the theory. In the electron 
gas of a solid material the electrons are 
moving about all the time and bouncing 
off one another. To describe this bounc
ing mathematically is a formidable 
problem; it is very difficult to solve prob
lems involving even three interacting 
bodies. Many-body theory is a subject of 
intensive research in many leading labo
ratories; it may be that when it is further 
along the m�tal-insulator problem will 
look rather different. 

Meanwhile the simple model I have 
described has proved perfectly adequate 
for understanding the part of solid-state 
physics that is most important to tech
nology, namely the semiconductors. 
These are materials that will carry an 
electric current but only a small one com
pared with a metal. Basically semicon
ductors should be classed as nonmetals; 
when they are pure and at low tempera
tures, they do not conduct electric cur
rent. One makes them conduct by adding 
electrons to them. The s'mplest way to 
do this is to dissolve in the crystal of a 
semiconductor traces of some chemically 
different material, each atom of which 
easily gives up an electron. Germanium, 
a common raw material of transistors, 
becomes quite a good conductor when 
very small quantities of phosphorus (one 
part in a million) are added to it. The 
germanium atom has four outer electrons 
it can easily lose; the phosphorus atom 
has five. It is the extra electron of phos
phorus that does the trick. When it is 
free of the atom, it can move about quite 
easily, like an electron in a metal, and its 
motion is not offset by the motion of any 
other electron. Germanium that has been 
"doped" with phosphorus is a semicon
ductor of the n type, the n standing for 
the negative charge contributed by the 
additional electrons. 

The technological importance of semi
conductors arises mainly from the fact 
that the contact between a semiconduc
tor and a metal (or between two semi
conductors) acts as a rectifier. This 
means that the material will pass electric 
current much more easily in one direc
tion than in the other. A crude form of 
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ELECTRICAL CONDUCTIVITY in a metal can be thought of as the movement of valence, 

or free, electrons (color) in a preferred direction. In the absence of an external electdc 

field (left) the movement of any one electron is offset by the movement of anuther in the op· 

posite direction. Within an electdc field electrons move toward the positive plate (right t. 

QUANTUM VIEW OF CONDUCTIVITY substitutes a wave for the motion of electrons. In 

an insulator (top) electron velocities correspond to a standing wave, one that does not move 

in any particular direction. In conductors electron velocities correspond to a fUnning wave 

(bottom). The lines in the drawings show the form of the waves at successive moments. 

semiconductor rectifier was used in the 
earliest radio receivers; it was sup
planted by the vacuum tube. The re
placement of the vacuum tube by the 
transistor represents the return of the 
semiconductor rectifier in refined form. 

In the n type of semiconductor I have 
described free electrons will flow from 
the semiconductor to a metal but not in 
the reverse direction. This is hardly sur
prising. A cold metal does not emit elec
trons; it must be heated until it glows to 
do so in a vacuum tube. In the semicon
ductor, however, the extra electrons do
nated by foreign atoms can move into 
the metal without undue difficulty. The 

barrier (more exactly the change in po
tential energy) that keeps electrons from 
going from the metal to the semiconduc
tor helps them to go the other way. 

The important properties of semicon-
ductors, then, depend on the pres

ence in the crystal of minute quantities 
of some impurity. This brings me to an 
important point about solids. They are 
never quite pure and their crystal lattices 
are rarely quite perfect; they have what 
we call defects. Such defects determine 
many significant properties of materials, 
particularly the mechanical ones. 

One can obtain materials with im-
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purities present in less than one part in 
10 million, but even in such materials 
the impurity atoms will be only 10-5 cen
timeter apart, a distance shorter than a 
wavelength of light. Thus quite a small 
speck of even a very pure material will 
have plenty of impurities in it. Usually 
the impurity atoms simply replace an 
atom of the surrounding crystal. This is 
what happens when germanium is doped 
with phosphorus; four of the five outer 
electrons of a phosphorus atom pmtici
pate in bonds with germanium atoms, so 
that the phosphorus atom is taken into 
the structure of the crystal. 

Other forms of impurity can impart 
color to a crystal, and indeed the system
atic study of colored rock salt and other 
salts such as potassium chloride by R. W. 
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Pohl and his colleagues at the University 
of Giittingen before World War II makes 
Pohl one of the founders of solid-state 
physics. It takes only a trace of blue ink 
to color a glass of water, and in the same 
way traces of potassium in an initially 
transparent potassium chloride crystal 
will make the crystal dark blue [see "The 
Optical Properties of Materials," by Ali 
Javan, page 238]. The potassium is 
added by heating the crystal in alkali 
vapor. How is the extra potassium ac
commodated? It turns out that some of 
the sites that ought to be occupied by 
chlorine are empty, so that adding po
tassium makes the crystal expand by a 
readily calculable amount; this has been 
verified by experiment. But potassium 
chloride is a mem ber of the class of ionic 
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crystals, and one cannot have such a 
crystal in which a large number of 
chlorine sites are empty. It is not an atom 
that normally occupies any one of the 
sites but an ion, in this case a chlorine 
atom with an extra electron stuck to it. 
A crystal with all those vacant sites 
would have an enormous electric charge. 
What happens is that each of the vacant 
sites has an electron in it. It is these elec
trons that give the crystal its color, by 
absorbing certain wavelengths of light. 
Vacancies with an electron in them were 
named by Pohl F centers, from the Ger
man word Farbe (color). 

It is not only impurities that make a 

crystal deviate from perfection. In metals 
at high temperatures, for instance, a 
number of sites-perhaps one in a mil-
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THEORY OF ELECTRICAL CONDUCTIVITY involves the he

havior of an atom's outermost shell of electrons, the valence 

electrons. Sodium, for example, has 11 electrons arranged in four 

shells (l eft). The three inner shells are filled, but the valence shell 

could hold another electron. The electrons in each shell occupy 

specific energy levels (middle). As atoms are brought close together 

and begin to influence one another, the electrons are forced to have 

slightly different energies, since only two electrons can occupy pre· 

cisely the same quantum state. The vertical line indicates the spac· 

ing of atoms in a crystal of sodium. Within a crystal containing 

some lO�o or more atoms the energy levels become densely filled 

bands (right). Since sodium has only one valence electron, only 

half of the energy states in the valence band are filled. As a result 

negligible energy is required to raise a valence electron to an empty 

state, where it is free to move inside the crystal and to conduct elec· 

tricity. This is not true of nonconductors (see illustration below). 
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METAL SEMICONDUCTOR INSULATOR 

ELECTRICAL CONDUCTIVITY of a solid depends on the spacing 

and state of occupancy of the energy bands within its crystals. 

Many metals (left) resemble sodium in having a valence band that 

is only half·filled with electrons and therefore can readily act as a 

conduction band. Other metals have more complicated band struc· 
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tures but the net result is the same. In semiconductors (middle) 

there is a small energy gap between a filled valence band and the 

first permissible conduction band. It is not too difficult, however, 

for some of the electrons to acquire the energy needed to jump 

across the gap. In an insulator (right) the gap is not easily bridged. 
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lion-will be empty. Such sites are called 
vacancies. They arise because at high 
temperatures the atoms are vibrating, 
and now and then a vibration is so vig
orous tbat a vacancy is produced at the 
surface; then it can move inward. Of 
course, vacancies will also move to the 
surface and disappear, and eventually 
a balance is set up, the number formed 
and the number disappearing being 
equal. 

Vacancies move around in a crystal, 
much as molecules move in a gas but 
much more slowly. It is believed that 
when one metal mixes with another, 
which is what happens when two mate
rials are welded together, atoms change 
places by jumping into vacancies, so that 
vacancies play an extremely important 
part in all the arts of metallurgy. It 
would be interesting if we could see 
vacancies, but that is beyond the pow
er even of present-day electron micro
scopes. What we can see is little clusters 
of vacancies. vVhen a metal is quenched 
(cooled quickly), any two vacancies that 
acdden tally meet will stick together; the 
vibrations of the atoms are not vigorous 
enough to make them move apart. Little 
cavities form that have curious shapes 
varying from one material to another, 
some of which are shown in the illustra
tions on page 89. 

The technique by which these pictures 
are made is transmission electron 

microscopy, and it turned out to be one 
of the most important techniques of 
solid-state physics. The electron micro
scope has the advantage that one can 
see objects much smaller than the wave
lengths of light, which is of course 
not possible with the light microscope. 
Moreover, electrons will penetrate thin 
specimens of metals. 

One of the great successes of this thin
film electron microscopy was the obser
vation of another form of defect, namely 
the dislocation. This brings me back to 
the question of why a metal paper clip 
bends and a glass rod breaks. I remem
ber discussing many years ago with 
Lawrence Bragg, the codiscoverer of 
X-ray crystallography, the possibility 
that this had something to do with the 
presence in metals of free electrons. It 
doesn't, except that metals usually have 
rather simple crystal structures; their 
atoms, having lost their outer electrons, 
don't form bonds with some specific 
number of atoms. It turns out that mate
rials with simple crystal structures are 
often ductile and those with complicated 
ones are rarely so. Those that are amor
phous are never ductile unless they are 
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IMPURITY ATOM in the structure of germanium, a semiconductor, increases its conduc

tivity. Each atom in a germanium crystal shares four valence electrons (color) with adjacent 

atoms. A phosphorus atom ("P" at le/t) has five valence electrons. The extra electron 

cannot fit into the regular structure. It is in a high-energy position like the free electrons 

of a metal. An impurity of aluminum ("AI" at right) also enhances germanium's conduc

tivity. Aluminum, with only three valence electrons to contribute to the germanium 

structure� creates a vacant site, or electron hole, into which a nearby electron can move. 
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COLOR CENTER arises when electrons are trapped in certain crystals. The transparent 

crystal of potassium chloride (le/t) turns blue when potassium is added to it. A potassium 

atom (black arrow) attaches itself to the surface of the crystal and subsequently loses an 

electron (broken arrow at right). The electron trades places with a negatively charged 

chloride ion that has migrated outward to pair with the newly arrived potassium. The elec· 

tron, which is held by adjacent positive ions, absorbs light, producing the color change. 

so hot that their atoms can change places 
quite easily. The key to the understand
ing of such behavior is the dislocation. 

This concept was introduced in 1934 
by Geoffrey I. Taylor of the University 
of Cambridge. The question Taylor 
asked himself was: ''''hen a crystalline 
substance is deformed, do the atoms all 
slip over one another together? Does the 
crystal pass suddenly from the unde
formed state to the deformed one? For 
various reasons he thought that it would 
not, that it would instead deform 
through the motion of a kind of wrinkle 
in its structure-a dislocation in the regu
lar array of its rows of atoms. 

One of the reasons that led Taylor to 
put forward this hypothesis is that very 
pure metals are normally much softer 

than alloys and impure materials. The 
dislocation model makes it clear why 
impurities make a metal harder: the 
impurities collect in the dislocation and 
keep it from moving. In complicated 
crystal structures the dislocation itself is 
a complicated structure and cannot move 
easily. In glasses one cannot have dislo
cations at all. 

Taylor's hypothesis explained facts 
known since the Bronze Age, but no one 
had actually seen dislocations in motion 
until 10 years ago. At that time some of 
my colleagues in the Cavendish Labora
tory were examining thin metal films by 
transmission electron microscopy, and 
somewhat to their surprise they found 
that dislocation lines were visible. More
over, the screen of the electron micro-
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VACANT LATTICE SITES are created by shifting atoms. In a hot metal atoms can vibrate 

so vigorously that some at the surface leave their positions. From the row of atoms 

below one will move into the vacant site, called a vacancy. As a result of the sequence of 

events ("ll" through "<I") a vacancy moves inward. When two different metals are welded 

together, their atoms probably change places by jumping into each other's vacant sites. 

scope showed the little lines darting for
ward; doubtless the metal film was buck
ling as the electron beam heated it up. 
I well remember our excitement the day 
one of our graduate students came into 
my office and said: "Prof, come and see 
some moving dislocations!" 

Thus far I have described some of 
the main properties of solids that are 
important to the solid-state worker, par-

• • • • • 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

ticularly the electrical and mechanical 
properties. I have emphasized the great 
difference between the properties of one 
solid and another. There is another way 
of looking at these differences, namely 
the mechanisms by which the atoms or 
molecules of various materials stick to
gether. 

Perhaps the simplest of all solids are 
the frozen inert gases: helium, neon, 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

argon and so on. These chemically un
reactive gases do not form molecules; at 
any rate, if two atoms stick together, 
they stick so weakly that they will quick
ly be knocked apart by collisions with 
other atoms in the gas. But if you cool 
an inert gas, it will first liquefy and 
then solidify, and this shows that there 
is some kind of weak attraction be
tween even the most inert atoms. The 
force between such atoms is called 
the van der Waals attraction. It is ex
plained by quantum mechanics, but the 
explanation is not simple. In general it 
can be said that the negatively charged 
cloud of electrons surrounding the posi
tively charged atomic nucleus can slight
ly shift its position, so that the center of 
negative charge does not quite coincide 
with the center of positive charge. As a 
result of this electrical imbalance a weak 
force is established that can attract other 
atoms. 

The chemically inert atoms are those 
in which the electrons form what is 
called a closed shell; such shells are 
found in atoms with two electrons (he
lium), 10 (neon), 18 (argon) and so on. 
Certain ions have this property too. If an 
electron is removed from a sodium atom, 
10 electrons are left and so the remaining 
negatively charged ion is inert like neon. 
By the same token, if one adds an elec
tron to chlorine, which has 17 electrons, 
one gets 18 electrons and a positively 
charged inert ion. An important class of 
solids is the ionic salts, of which sodium 
chloride is the best known; it is made up 
of inert positive and negative ions and 
holds together simply because the posi
tive and negative charges attract each 
other. 

There are solids made of atoms that 
are not chemically inert. Most atoms 
consist of an inert shell and a number of 
electrons in addition that can help the 
atom stick firmly to another atom. Car-

• • • • • 

• • • • • 

• • • • • 

• • • • • 

• • • • • 

DEFORMATION OF METAL, in which dots represent atoms, 

takes place in successive steps: before deformation (left), follow

ing an elastic deformation such that the atoms will spring back 

(center) and after permanent bending (right). The atoms do not 

jump to their final positIOns all at once but move through the 

wrinkling process called a dislocation. The malleability of ma

terials depends on the presence of dislocations in the crystal struc

ture. A discussion of dislocations appears in the following article. 

88 

© 1967 SCIENTIFIC AMERICAN, INC



bon, silicon and germanium have four 
electrons outside an inert shell, and each 
of them can take part in forming a bond 
to another atom of the same kind. This 
kind of bonding is called "homopolar" or 
"covalent." The covalent bond involves 
the sharing of electrons between pairs of 
atoms. 

These divisions are not hard and fast. 
Most of the minerals that make up the 
rocks of the earth's surface fall in neither 
one nor another. They are compounds, 
and the different atoms are to some ex
tent charged; therefore they stick to
gether partly like ionic substances such 
as salt. But there is a lot of electron
sharing too, and the simple classifications 
are not always useful. 

Then there are molecular crystals. 
Hydrogen is the simplest example, al
though solid hydrogen can be obtained 
only at very low temperatures. The hy
drogen atom has only one electron and 
can form a very strong bond with one 
other hydrogen atom, resulting in the 
molecule H2. In solid or liquid hydrogen 
the molecules stick weakly together be
cause only the van der Waals force holds 
them. Another example is water or ice, in 
which the H�O molecules stick through 
a mechanism (the hydrogen bond) that 
seems to be halfway between ionic and 
covalent. Many organic materials are of 
this kind-wood and cotton, for instance. 
These are made up of polymer mole
cules, which have the form of long 
chains; covalent bonds link the atoms in 
each chain, and something like van der 
"'/aals bonds attract adjacent chains to 
each other [see "The Nature of Poly
meric Materials," by Herman F. Mark, 
page 148]. 

F inally there are the metals. Here the 
outer electrons have left the atoms 

and can contribute to a current. The 
matter is discussed in the following arti
cle ["The Nature of Metals," by A. H. 
Cottrell, page 90]. Here we need only 
say that to obtain an adequate theoreti
cal description of cohesion in metals is 
complicated; the electrons are free, they 
repel one another but they are attracted 
by the ions. Of course attraction must 
win-otherwise no solid metal could ex
ist. Detailed calculations have been car
ried out for only a few metals, although 
research in this area is very active, par
ticularly with respect to accounting for 
the crystal structures observed in alloys. 
What one might say is that it is not 
surprising that one can form so many 
alloys; metal atoms are not particular 
about what other metal atoms they stick 
to. If all the electrons come off in any 

case, stron g cohesion exists whatever 
the strength of the charge is on the ion 
and however many electrons there are. 

Reflecting on solid-state science in 
1967, one perceives the following 

main lines of advance. In theoretical 
physics and in fundamental physics gen
erally the many-body problem-the inter
action of all the electrons in a metal
continues to be of great interest and 
abounds in unanswered questions. Allied 
to this subject is our recent understand
ing of superconductivity, the complete 
disappearance of electrical resistance at 

very low temperatures. Then the study 
of surfaces and of the interface between 
metals and semiconductors has moved 
into the center of the picture, partly be
cause of its extreme importance for elec
tronic devices and partly because new 
techniques for investigating them have 
been introduced. Finally, many solid
state physicists are looking over their 
shoulder at biology. Since solid-state 
science deals main Iv with the movement 
of charge and energy through relatively 
simple solids, it ought to have a lot to 
say about these processes in the vastly 
more complicated living tissues. 

• 

VACANCY CLUSTERS can assume different shapes in different metals. In aluminum (top) 

they are like disks; in gold (bottom) they are shaped like tetrahedrons. A single vacancy 

is too small to be visible. These electron micrographs were made by John Silcox of the Uni

versity of Cambridge. The metals had been rapidly cooled. Magnification is 30,000 diameters. 
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THE NATURE OF METALS 

The gas of electrons that binds metal atoms together n1akes Inetals 

hehave as they do. Their n1echanical properties in particular flo\v 

from the close-packed crystal structure favored by the Inetallic bond 

M
etals are opaque, lustrous and 

comparatively heavy. They are 
strong, but they can be rolled or 

hammered into shape and can be alloyed 
and welded. They are good conductors 
of heat and electricity. All these proper
ties of metals Row from the metallic 
bond. The basis of the bond is that in a 
metal each atom is closely surrounded by 
many similar atoms, each with only a 
few electrons in its outer electron shell. 
In this situation the electron clouds over
lap and the loosely held outer electrons 
are so completely shared as to be no 
longer associated with individual atoms. 
Leaving the metal atoms in place as ions, 
they form an electron gas, a pervasive 
glue that moves freely among the ions 
and binds them together. 

Because the electrons are free to move 
in an electric field, metals conduct elec
tricity. Because free electrons absorb and 
then radiate back most of the light 
energy that falls on them, metals are 
opaque and lustrous. Because free elec
trons can transfer thermal energy, metals 
conduct heat effectively. The thermal, 
electrical and optical properties, which 
are responsible for many of the most 
advanced uses of metals, will be taken 
up by subsequent articles in this issue. 
Here I shall be primarily concerned with 
the mechanical properties of metals. 

The metallic bond is nonspecific, 
which explains why different metals can 
be alloyed or joined one to another. It is 
also nondirectional, pulling equally hard 
in all directions. It therefore binds the 
metal atoms tightly, so that their cores 
(nuclei and inner-shell electrons) fit 
closely among one another. The close 
packing favored by the metallic bond is 
best realized in certain regular crystal
line structures. These structures, al
though resistant to tension, offer less re
sistance to shearing forces, and thus they 
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explain the ductility of metals. They are 
by definition dense, and thus they ex
plain the comparative heaviness of 
metals. The mechanical properties of 
metals, then, derive from their crystal
line structure, which is favored by the 
free-electron metallic bond. 

k early as 1665 Robert Hooke simu-
lated the characteristic shapes of 

crystals by stacking musket balls in piles, 
but it was 250 years before anyone could 
know that he had exactly modeled the 
crystal structure of familiar metals, with 
each ball representing an atom. Al
though the crystallinity of some sub
stances with complex structures was rec
ognized centuries ago, the simple crys
tal structures of the common metals 
remained doubtful until recent times. 
There were hints of crystallinity, such as 
the solidification of molten metals at a 
precise temperature and the bright facets 
sometimes seen on a fractured metal sur
face. Other features, however, suggested 
an amorphous structure. Molten metals 
can be cast and set in any shape, solid 
metals can be plastically deformed by 
beating them, and a polished metal sur
face appears to be quite featureless. 

The door to the structure of metals 
was opened in 1864, when Henry Clif
ton Sorby of England developed a meth
od for viewing metals under the micro-

scope by reflected light instead of by 
light transmitted through thin speci
mens (the traditional biological and 
mineralogical technique). Apart from his 
new optical method, the key to his suc
cess lay in the removal of the polished 
surface layer by a careful etching treat
ment with a weak and nonstaining chem
ical reagent. 

This procedure reveals an irregular 
honeycomb of boundaries that partition 
the metal into small polyhedral cells 
called grains, typically about .01 inch 
across [see top illustration on page 93]. 
Some reagents etch deep grooves along 
the grain boundaries; others reveal the 
microstructure by their attack on the 
grains themselves. At a given angle of 
illumination some grains appear bright 
and others dark. The distribution of light 
and shade among the grains changes rap
idly, rather like the image in a kaleido
scope, as the angle is varied, showing 
that the etched surface of each grain con
sists of small, Rat, reflecting terraces all 
set at the same inclination to the surface 
of the metal. Clearly each grain, how
ever irregular in shape, is a single crys
tal, and a piece of metal consists of a mass 
of differently oriented crystals joined to
gether along common boundaries. 

This metallographic technique of Sor
by's has proved to be of lasting value 
for determining grain shape and size 

MICROSTRUCTURE OF ALUMINUM is seen in the photomicrograph on the opposite 

page, made by Heraldo Biloni of the National Atomic Energy Commission of Argentina. 

The sample, aluminum more than 99.99 percent pure, was first polished by immersion in an 

electrolytic solution. Then the current was reversed to lay down on the metal a film of oxide 

only some 25 millionths of a centimeter thick. The precise thickness of the film varied ac· 

cording to the orientation of the grains, or individual crystals, in the metal and the concen· 

tration at each point of the dissolved impurity atoms. The variations in thickness produced 

interference effects in the "dark field" microscope, and these show in the photograph as dif· 

ferent colors. The large areas of color delineate the grains and their boundaries. The den· 

dritic pattern traces concentrations of impurity atoms. The magnification is 200 diameters. 
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GRAIN BOUNDARY between metal crystals is only a few atoms 

wide, as seen in a field ion micrograph. Here the tip of a tungsten 

needle is enlarged some five million diameters. Each bright spot 

represents a tungsten atom; their pattern, which depends on the 

way the curved surface of the tip intersects successive crystal planes, 
changes ahruptly at the grain boundary (bottom left to top right). 
The micrograph was made hy J. J. Hren and R. A. Newman of 

the University of Florida, who used a new fiber·optical technique. 
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(which influence many engineering prop
erties of metals), for identifying foreign 
particles and unwanted films of impuri
ties along grain boundaries and for un
raveling the microstructures that result 
when different metals are dissolved in 
one another to make alloys. Optical met
allography was not able to determine the 
structure of the grain boundaries them
selves, however. Gradually people came 
to the view that when a metal was cooled 
below its melting point, adjoining grains 
would crystallize as many as possible of 
the atoms that lay between them and so 
reduce the boundary to a mere interface, 
only about one or two atoms thick, across 
which the crystallographic orientation 
changed abruptly from that of the one 
grain to that of the other. 

This view has been confirmed'recent
ly by the field ion microscope. In this 
instrument, invented by Erwin W. MUl
ler of Pennsylvania State University, the 
sharp tip of a needle-shaped metal speci
men is viewed end on. The tip is held in 
vacuum at a high positive voltage, so 
that lines of electrostatic force radiate 
from it to a fluorescent viewing screen. 
A trace of a gas such as helium is let 
into the chamber. When a helium atom 
touches an atom of the tip, it becomes a 
positive ion and then flies down the par
ticular line of force from that metal atom 
to the screen. A visible image is pro
duced by the impact of the ions on 
the screen. The geometry is such that 
an area of one atom on the tip diverges 
to about one square millimeter on the 
screen; in this sense we "see" the atomic 
structure of the tip. When metal crystals 
with grain boundaries that bisect the tip 
are examined by this technique, the con
tinuation of crystal structure right up to 
the boundary itself, only one or two at
oms thick, is clearly seen [see illustra
tion on opposite page J. 

In 1900 James A. Ewing and Walter 
Rosenhain reported to the Royal So

ciety of London that when a metallo
graphic specimen was slightly deformed 
-for example by having its sides 
squeezed in a vise-its surface became 
crossed with fine lines. The lines general
ly ran straight and parallel across each 
grain in well-defined directions that 
were different in different grains [see 
bottom illustration at 1'ight J. Careful 
study showed that these lines were the 
traces of steps formed where neighbor
ing thin sections of the crystal had slid 
past one another like sliding cards in a 
deck. Later investigations, particularly 
studies of large single crystals of metals, 
showed that sliding occurred in certain 
planes of atoms in the crystals and along 

///////////!/ 

GRAINS IN ALUMINUM are revealed in 

rellected light in a photomicrograph made 

hy G. C. Smith, S. Charter and S. Childerley 

of the University of Camhridge. The sample 

was electrolytically etched and oxidized. 

As shown schematically (left), some grains 

have crystal orientations that rellect most of 

the incident light and therefore appear to be 

bright; others rellect less light and appear 

darker. The magnification is 60 diameters. 

PLASTIC DEFORMATION reveals the slip 

planes in the crystals of a metal. The photo· 

micrograph, taken by the same investigators 

who made the one at the top of the page, 

shows a deformed sample of alumiuum. The 

parallel lines within each grain are steps 

formed, as with a pack of cards (left), when 

the metal was stressed and slip occurred on 

certain crystal planes in each grain. The 

sample has been magnified 60 diameters. 
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CLOSE PACKING of atoms is characteristic of most metals. The two close·packed struc· 
tures are shown ill the illustration on page 83. Here they are modeled by layers of close· 

packed spheres. On a fi .. st layer of spheres at sites A, a second layer (gray triangles) is 
placed at sites B. There are two sets of sites for a third layer: either at A (above the first 

layer), or at C. If the layers are stacked ABCABC, face·centered cubes are formed (top 

right). If the layers are stacked ABABAB (bottom), hexagonal close.packed structures are 

formed (these would have seven atoms in the third layer, only one of which is illustrated). 

a > 

< 

b > 

< 

PLASTIC FLOW occurs when planes of atoms slip past one another. Close·packed planes do 
this more easily (a) than planes aligned in another direction (b). The atoms in a row are 

closer and the rows are farther apart in a than they are in b, and so less force is required for 

a given horizontal displacement, as sugge.ted by the pitch of the colored bars. Moreover, 

less displacement is required to move atoms into unstable positions, from wbich they will 
be pulled forward into stable ones, when these stable positions are closer together (a). 
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certain crystal axes in these planes. The 
mechanism by which a metal is plastical
ly deformed was thus shown to be a new 
type of flow, vastly different from the 
flow of liquids and gases. It is a flow that 
depends on the perfectly repetitive struc
ture of the crystal, which allows the at
oms in one face of a slip plane to shear 
away from their original neighbors in the 
other face, to slide in an organized way 
along this face, carrying their own half 
of the crystal along with them, and final
ly to join up again with a new set of 
neighbors as perfectly as before, there
by restoring the original properties and 
internal structure of the crystal. 

If plastic slip is a consequence of the 
regular structure of a crystal, why does 
it occur in metal crystals rather than in 
nonmetallic crystals such as diamond 
and sapphire, which generally prefer to 
break instead? Why, that is to say, are 
metals so ductile and most nonmetals so 
brittle? To understand this we shall have 
to go more deeply into the nature of 
metals. 

Three kinds of crystal pattern are 
common in metals. In the body-cen
tered-cubic structure an extra atom is 
packed into the center of a simple cubic 
cell. The alkali metals, such as sodium, 
and also iron at room temperature, 
chromium, tungsten and molybdenum 
have this structure. In the face-centered
cubic structure there are atoms at the 
center of each face of a simple cubic 
cell. Iron at high temperatures, copper, 
silver, gold, aluminum, nickel and lead 
have the face-centered-cubic structure. 
In the hexagonal close-packed structure 
three extra atoms are located in alter
nate interstices of a simple hexagonal 
cell. Among the hexagonal close-packed 
metals are zinc, magnesium, cobalt and 
titanium. 

In both the face-centered-cubic and 
the hexagonal close-packed structures 
the atoms are packed as close as possible. 
Both can be built up from close-packed 
planes laid one on top of the other [see 
top illustration at left]. Each trio of 
neigh boring spheres in a close-packed 
layer provides one hollow in which a 
sphere of the next layer above can rest. 
There are two different sets of such hol
lows, each providing all the sites for a 
close-packed layer. If the sites of the first 
layer are labeled A and those of the two 
sets of hollows are labeled Band C, the 
face-centered-cubic structure is formed 
when the layers are stacked in the se
quence AB C ABC and the hexagonal 
close-packed structure when the stack
ing is ABABAB. 

In metal crystals slip occurs in direc
tions in which the atoms are most closely 
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DISLOCATIONS cause metals to flow more easily than the mech

anism outlined in the preceding illustration would predict. Dis

locations move through a metal crystal in effect one line of atoms 

at a time. The diagrams illustrate plastic flow in a close.packed 

crystal (1). Under a shearing stress (arrows), a plane of atoms 

POINT DEFECTS, like dislocations (which are line defects), are 

imperfections in a crystal. There are three categories (left to 

right): vacancy, in which an atom is missing; substitutional, in 

4 

5 

6 

(black spheres) moves (2) and a bond is broken (broken black 

line). The extra plane (black) continues to move; bonds break and 

then re-form (solid black lines) as it passes (3-5). When the disloca· 

tion (region of broken bond at edge of extra plane) has traversed 

the crystal, the crystal is deformed by one atomic spacing (6). 

which a different atom is present; interstitial, in which an extra 

atom is present. Each type distorts a cubic crystal lattice in a charac

teristic way (bUick). Point defects often interact with dislocations. 
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SINGLE DISLOCATION in cadmium is visualized in an electron micrograph made by J. 
W. Menter and D. W. Pashley of Tube Investments Research Laboratory in Cambridge. 

A thin cadmium crystal was grown on a substrate crystal of molybdenum sulfide. The mis· 

match between the two crystal orientations produced a moire effect that reproduced, on a 

larger scale, the pattern of a dislocation in the cadmium. The extra planes and region of dis· 

order associated with the dislocation are seen at a magnification of 2.4 million diameters. 

DISLOCATION LINES in a thin film of stainless steel are enlarged 70,000 diameters in an 
electron micrograph made by P. B. Hirsch and M. J. Whelan of the University of Cambridge. 
The dislocations, which extend from the upper to the lower surface of the film, are seen as 
arrays of dark, curved lines that run out from a grain boundary along various slip planes. 
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packed. It is easy to see why this should 
be so: Close-packed rows necessarily lie 
farther from each other than other rows 
do, so they can slip past each other with 
less interference. Moreover, as we shall 
see, atoms sliding along close-packed 
rows pass through stable positions most 
frequently. Because of their high sym
metry, cubic crystal structures have 
close-packed rows running in many di
rections and can therefore slip in many 
directions. This has an important effect 
on ductility. By slipping simultaneously 
in several directions a crystal can change 
into any shape that has the same volume. 
It can adjust its shape exactly to fit its 
neighboring grains without having to 
open up holes or cracks at the grain 
boundaries, and so the entire mass of 
grains can be reshaped arbitrarily with
out breaking up. The hexagonal struc
ture, because of its lower symmetry, does 
not have this property to the same ex
tent, and so the hexagonal close-packed 
metals tend to be more brittle and less 
easy to work mechanically. 

The plastic properties of metal crys
tals thus depend largely on the simplicity 
of these crystal structures, which provide 
close-packed directions and planes suit
able for slip. ''''hy are such structures 
formed? To answer this question we 
must turn to the electronic structure of 
metals. 

In 1900 the German physicist Paul Karl 
Drude proposed that a metal con

tains free electrons-free to move any
where throughout the entire piece of 
metal-and that the Row of these elec
trons under an applied electric field 
gives rise to the high electrical conduc
tivity of metals. The theory \vas later 
greatly improved by the application of 
quantum mechanics, but the basic pic
ture remained unchanged: A gas of mo
bile electrons, being negatively charged, 
acts as a kind of mobile glue that holds 
the positive metal ions together by its 
electrostatic attraction to them. The elec
tron gas and the spherical ions pull each 
other together into a compact mass, the 
structure and volume of which are gov
erned largely by the geometry of close
packed spheres. When the spheres are 
of equal size, as they are in a pure metal, 
the simple crystal structures we have 
been discussing result. In some alloys the 
difference in atomic size makes for differ
ent structures and even denser packing. 

Because the free electrons act as a 
universal glue for all the atoms, metallic 
crystals are largely free from the restric
tions of chemical valence that are so im
portant in most nonmetallic substances. 
Different metallic crystals can be bonded 
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readily by their free electrons, so that the 
cohesive strength of grain boundaries in 
metals is very high; in fact, it is extreme
ly difficult to break a cold metal along its 
grain boundaries unless the boundaries 
have been contaminated by impurities. 
This same un selectivity of the metallic 
bond makes it possible to join one piece 
of metal to another by simply bringing 
their clean surfaces together, as ill weld
ing and soldering. On an atomic scale it 
allows metal atoms of different kinds to 
intermingle in various distribu tions and 
proportions on a common set of atomic 
sites in a crystal, which explains why al
loys can fbrm over wide ranges of com
position. 

How does the free-electron structure 
determine the strength and ductility of 
metals? \t\le have already seen one effect: 
It produces in the common metals (and 
also in many alloys in which the atoms 
are of roughly equal size) simple crystal 
structures with close-packed directions 
and planes that are geometrically suit
able for slip. 'We might also expect, since 
the atoms are not bonded directly to
gether but are merely held together by 
the free-electron gas, that these close
packed rows of atoms could slide past 
each other particularly easily, without 
coming apart. This is so, but the argu
ment turns out to be surprisingly subtle. 

If there were no resistance to the 
close-packed rows' sliding along one an
other, the material would have no rigid
ity at alL A solid is a substance that has 
some rigidity, however, and its modulus 
of rigidity is a measure of the amount of 
shearing force required to attain a given 
small amount of deformation. Consider 
two situations involving sliding planes of 
atoms [see bottom illustration on page 
94]. In one case (a) the atoms in each 
row are more closely packed horizontal
ly (and the two rows are therefore more 
widely spaced vertically) than in the 
other case (b). It is clear that a given 
amount of deformation (lateral displace
ment of the top row) requires less force 
(less "climb" in terms of the illustration, 
less distortion of the atom's electron 
clouds in reality) in a than in b. In other 
words, the modulus of rigidity is lower 
for shear along close-packed planes. 

To know the strength of a material, 
however, we must know not only its ri
gidity but also the amount of deforma
tion required to initiate plastic How-to 
make the atoms slip. In the case of slid
ing planes of atoms plastic How begins 
when the atoms of the upper layer reach 
an unstable position where there is the 
maximum difference between the elec
tronic forces holding the atoms back and 
those pulling them forward to the next 

crystal sites. The amount of deformation 
that brings the atoms to that point is 
clearly less for a than for b. Thus for two 
reasons-the lower modulus of rigidity 
and the smaller deformation required to 
reach the point of plastic How-slip is 
more likely along close-packed planes of 
atoms. 

This argument shows why cubic met
als such as aluminum and copper are par-

ticularly ductile, but it fails by orders of 
magnitude to account accurately for the 
shear strength of metals. Calculations of 
the ideal shear strength, based on this 
line of reasoning, long ago indicated 
that a metal should deform elastically 
some 3 to 10 percent before beginning 
to How. In practice, however, a crystal 
of pure metal usually Hows at deforma
tions as low as .01 percent. This thou-

IMPURITIES may act to "pin" a dislocation line, sometimes arresting it and sometimes mak
ing it bow out or cross into a different plane and thus keep moving. In the electron micro

graph, made by Gareth Thomas and Jack Washburn of the University of California at Berke
ley, dislocations pinned by impurities in magnesium oxide are enlarged 90,000 diameters. 

TANGLE OF DISLOCATIONS acts to strengthen a metal by obstructing subsequent dis

locations. The electron micrograph, made by Thomas and R. L. Nolder, is of a film of nickel 

that has been cold-worked by rolling to strengthen it. The dislocations are concentrated 

in certain areas, creating a system of small dislocation-free "cells," or subgrains, in the metal. 
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THREE DISLOCATIONS are simulated by the "bubble raft" technique, in which a layer 

of bubbles models a layer of close.packed atoms. The dislocations, each involving an extra 

row of atoms, are arrayed from bottom left to top right. They form a "Iow.angle grain bound· 

ary"; tbe angle between grains can be seen by sighting along rows from the lower right. 

CRYSTAL GRAIN is simulated with the bubble raft. The roughly circular grain boundary 

is made up of a number of dislocations. This photograph and the one at the top of the page 

were made by William R. O'Day, Jr., of the Mitron Research and Development Corporation. 
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sandfold discrepancy between ideal and 
real strengths is of great practical as well 
as scientific interest. 

When the discrepancy was first dis-
covered, it was thought that the 

theory of ideal strength might be wrong. 
It is not wrong; metal crystals grown in 
the form of thin "whiskers" do in fact 
have strengths near the ideal value. The 
softness of large crystals of pure metals is 
not due to any change in the laws of 
atomic forces but to the presence of dis
locations in the crystals: irregularities of 
crystal sh"ucture that allow atomic planes 
to slip much more easily than they would 
in a perfect crystaL 

Sir Nevill Mott has likened slip to the 
sliding of a large, heavy rug across a 
floor. If you try to slide the entire rug as 
one piece, the resistance is too great. 
vVhat you can do instead is make a 
wrinkle in the rug and then slide the 
whole thing a bit at a time by pushing 
the wrinkle along, thereby enlarging the 
slipped region behind it at the expense 
of the unslipped region in front of it. 

Such a process is directly analogous 
to plastic flow caused by a dislocation. 
When the part of a crystal above a slip 
plane slides over the part below, it does 
not do so all at once as in the theoretical 
examples we have been considering but 
a bit at a time. During slip there is neces
sarily a boundary line-the dislocation
between the slipped and the stilJ-un
slipped regions. In the case of an "edge" 
dislocation the dislocation is the edge of 
an extra vertical plane of atoms crowded 
into the upper, slipping part of the crys
tal. The dislocation line lies at right 
angles to the direction of slip [see top 
illllstmtion on page 95]. When the direc
tion of slip is parallel to the dislocation 
line, the result is called a "screw" dislo
cation. Most dislocations are actually 
combinations of the two and tend to take 
the form of loops. 

Dislocations are almost inevitable in 
a crystal, if only because of irregularities 
in the process of crystal growth and the 
fact that every grain boundary is in ef
fect an array of dislocations. When a 
crystal is subjected to a shearing force, 
dislocations in it are made to move along 
slip planes. If a crystal contained a single 
dislocation line and no other imperfec
tions, under stress the line would move 
right out of the crystal, deforming the 
crystal by one atomic spacing at most. 
In reality crystals usually contain com
plex networks of interconnected disloca
tion lines as well as other defects and 
impurities in the crystal lattice. When 
the dislocations begin to move, their 
ends remain tied to other parts of the 
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network or to other defects. Because the 
ends are anchored, the active slip planes 
can never get rid of their slip disloca
tions. In fact, the dislocations in a plane 
multiply when the plane slips. 

The important question with regard to 
the strength of a metal therefore be

comes: How easy is it to move a dis
location? In the slip process the disloca
tions are of course pushed along by the 
shear stress acting on the slip planes, 
which comes from the applied forces
tension, compression and torsion-on 
the material. How much shear stress is 
needed to move a dislocation in a slip 
plane? This is really two questions, one 
about the natural resistance of an ideal 
crystal to the passage of dislocations and 
one about the effect of blocking the 
paths of dislocations with foreign parti
cles and other obstacles in real crystals. 

Let us consider the natural resistance 
of the crystal lattice. The atoms immedi
ately ahead of a dislocation resist its ap
proach, since it forces them out of their 
stable crystal sites. The atoms immedi
ately behind the dislocation push the dis
location forward, since the farther away 
it gets the more completely they can fall 
into the new stable sites to which they 
have been brought by the slip process. 
Since the dislocation is thus pushed both 
forward and backward, the natural re
sistance of the crystal to its movement is 
approximately zero! This spectacular 
property of the crystalline state of mat
ter holds when the region of dislocation 
is wide, that is, when the transition from 
the slipped to the unslipped areas of the 
slip plane occurs gradually over a width 
of many atoms; there are then so many 
atoms on both sides to exert this reverse 
tug-of-war on the dislocation that they 

are always in almost perfect balance. On 
the other hand, when the region of dislo
cation is narrow, there are too few dis
placed atoms to maintain a good bal
ance and an applied shear stress is 
needed to move the dislocation. In the 
limiting case of a dislocation only about 
one atom wide, this stress can be nearly 
as large as the ideal shear strength of the 
material. 

One expects narrow dislocations in 
crystals such as diamond, where the 
highly directional covalent bonds hold 
the atoms at definite angles to one an
other and there is great resistance to 
shear. In agreement with this, such ma
terials are very hard, even with disloca
tions. By the same token, one expects 
wide dislocations in metals, where the 
close-packed structure and free-electron 
bonding allow the atoms to slide over 
one another with relative ease. This ex-

COLD·WORKING is an important method of strengthening and 

hardening metals. It multiplies the number of dislocations and also 

reorients the grains. These metallographs were made at the IIT 

Research Institute. They show (at the same magnification) two 
samples of the same stainless steel, one before (left) and one after 

(right) a 40 percent reduction in cross section by cold.rolling. 

GRAIN SIZE is related to the strength of a metal because a fine 

microstructure pins dislocations more completely than a coarse 
one. Grain size is affected by the heat treatment given a metal, as 

in annealing. In these photographs from lIT a sample of high.speed 
tool steel treated at 2,200 degrees Fahrenheit (left) is compared 

with a sample of the same steel treated at 2,267 degrees (right). 
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HIGH-SPEED CRACK moving into a metal may cause atoms to 
break apart or merely to slide past one another_ In a brittle material 

(top) the bonds stressed in tension fail first; the crack propagates 

rapidly and the metal breaks apart_ In a ductile material (bottom), 

the bonds stressed in shear fail first; the bonds break and re-form, 

allowing the atoms to slip, and the crack is blunted and stopped. 

plains the extreme softness of pure close
packed cubic metals such as copper, gold 
and aluminum_ 

The practical problem with such met
als and many others, of course, is not 
how to make them more ductile but how 
to make them harder. Metallurgists do 
this by putting various obstacles in the 
way of the dislocations_ Since disloca
tions pile up at grain boundaries, metals 
can to some extent be hardened by re
ducing the size of their grains_ Alloying 
introduces foreign atoms that distort the 
crystal locally around themselves, and 
these local distortions offer resistance to 
a nearby dislocation_ If the alloy atoms 
are gathered into clumps, their effect is 
enhanced, and this can be accomplished, 
as it is in the alloy Duralumin, by heat 
treatment. 

In the hardening that is produced by 
various processes of plastic-working such 
as hammering or rolling, the obstacles 
are paradoxically the dislocations them
selves_ When the number of disloca
tions in the worked metal becomes large 
enough, those moving along intersecting 
slip planes obstruct one another's move
ment-an effect readily appreciated by 
anyone who has been held up at a road 
junction in dense traffic_ 

We have seen that in metals disloca-
tions in close-packed planes are in

trinsically mobile and that this makes 
for softness and ductility_ What happens, 
however, when a metal is attacked by a 
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high-velocity crack? This is not an idle 
question. Commercial metals and alloys 
usually contain particles of brittle for
eign substances; when such a particle 
suddenly splits, the metal nearby is at
tacked by a crack that comes out of the 
particle at high speed. Experience has 
shown that face-centered-cubic metals 
such as copper resist such a crack, which 
is blunted and changed to a wide notch 
by plastic deformation. The body-cen
tered-cubic "transition" metals, such as 
iron, usually behave in the same way 
when they are warm, but they allow the 
crack to run through them in a brittle 
manner when they are cold. 

Why do the face-centered-cubic met
als blunt the crack? If the crack passed 
through the metal slowly, the disloca
tions already present could be moved 
about by the stresses accompanying the 
crack, and the plastic work done by their 
movement might drain away the crack's 
energy and so halt it. But what if the 
metal is being attacked by a high-speed 
crack? To understand the consistent 
ductility of the face-centered-cubic met
als, we have to consider whether in a 
given specimen the atoms at the lead
ing edge of a sharp crack are likely to 
pull apart, propagating the crack in a 
brittle manner, or to slide past one an
other, starting a slip process [see illustra
tion above J. 

Anthony Kelly, Bill Tyson and I have 
recently looked at this problem. We cal
culated that the tensile forces on the 

atoms directly ahead of a sharp crack 
are about five to six times larger than tlle 
shear forces. With the approach of the 
crack these forces grow, but they stay in 
the same ratio until the failure point of 
the atomic bonds, either by tension or by 
shear, is approached. If the ratio of ten
sile strength to shear strength in these 
bonds is less than the ratio of tensile 
forces to shear forces, the failure should 
occur by cracking; if it is greater, the 
failure should be by slip. It is possible to 
estimate the approximate tensile and 
shear strengths of the bonds in various 
types of materials. When this is done, 
the comparison of the ratios of strengths 
to stresses shows quite clearly that mate
rials such as diamond must be brittle. 
The issue is finely balanced for the body
centered-cubic transition metals, which 
agrees with the fact that these are some
times brittle and sometimes ductile. For 
the face-centered-cubic metals the shear 
strength is so low compared with the 
tensile strength that these metals must 
always be ductile. 

The low shear strength of face-cen
tered-cubic metals follows directly from 
the low modulus of rigidity and the small 
deformation required to initiate plastic 
flow on their closely packed planes. 
These qualities, as we have seen, are 
implicit in the geometry of close-packed 
spheres that is so characteristic of the 
structure of metals and that is a direct 
consequence of the nature of the metal
lic bond. 

© 1967 SCIENTIFIC AMERICAN, INC



The hope of doing each other some good prompts these advertisements 

The Visua l  maker  

Teachers who refuse t o  act like teaching machines have their 
place, and it is a place of honor for men and women who count 
it a duty to use eyes, ears, and mind continually to fish for ma
terial that makes teaching an act of life-sharing. If an outfit 
priced slightly over $ 1 1 0  can help, the price is very low indeed. 

This man is using a KODAK EKTAGRAPHIC Visualmaker for 
his students back home. In years to come, any allusion to the 

Aya r i ,  Bardawi l ,  Gomes, H ayren ,  I m bert, S idek 
People i n  this country o r  any other country who seek employ
ment and can't find it are tragic figures. Our particular contri
bution to the solution of the problem is to offer jobs. Job
holders, however, expect payment for their work. This is pos
sible only to the extent that our products are wanted at prices 
customers are willing to pay. Last year the arrangement 
worked out well enough to create Kodak jobs for some 1 0,000 
more people around the world. Many of these differ in ap
pearance and other respects from the folks in the house across 
the way from your house, whoever you are. Nor are they all 
Americans, or want to be. Among the non-Americans : 

�lias Ay�ri, member of the Luo Tribe, citizen of Kenya, na
tive of Kisumu where he made Standard VII[ at Ramba [n
te!ffi.ediate School, skilled employee of Kodak (East Africa) 
Llffil!ed. After your next camera safari drop off your 1 26 
cartrIdges at one of the many photo dealers in Nairobi who 
offer Kodak's Color Photo finishing Service. You will like 
the quality of the KODACOLOR Prints from the electronic 
color printer he operat,es. It  is considerably more complex 
than the black-and-white darkroom equipment with which 
he learned photographic technology before becoming a 
Kodak man in October, J 966. 

Miss Odette Bardawil, already promoted from telephone op
e.rator at �odak (Near East) Inc. to secretary for an execu
tIve. Evenmgs find her at a course in English literature at 
Beirut's American Language Center. At Adventists High 
School, .  her alma mater, Arabic and English get equal 
emphasIs. 

The i nfra red look of th i n gs 
Direct photography in the infra
red has been making progress of 
late in two quite different direc
tions : 1) exploitation of color 
perception to see infrared as red 
red as green, green as blue, and 
blue as black ; 2) luminescence 
recorded when infrared is filtered 
out of a/l light striking the subject 
while over the camera lens another 
filter passes only infrared. 

Hessians will bring an image to mind of the slide he is making. 
Beneath the 8 x 8-inch copy stand is a document "relating to 
the Hanau and Anspach Troops 1 776- 1 778." The slide of the 
roster of Major Martens' company will show how the name of 
Henry Lehberg (umlaut over the y? Lekberg?) was written at 
the time by someone dealing with the affair in North America. 

For smaller subjects, a 3 x 3 copy stand that similarly elimi

nates all problems of lighting, focusing, and parallax is part of 

the Visualmaker as we furnish it  in its attache case. If the user 

teaches geology instead of history, the 3 x 3 frame might have 

been held against a rock. Then, switching in a moment to the 

8 x 8 frame, he might have shown the interesting mineral in its 

lithological context. Then with the KODAK INSTAMATlC® 304 

Camera alone, he might have stepped back a few feet from the 

rock face for the larger pattern, then 1 00 feet away, then from 

a neighboring rise of ground, and finally from a bend half a 

mile up the road. At the first letterbox he would have dropped 

the film cartridge in the A VP- l KODAK Prepaid Processing 

Mailer sold by the Kodak audiovisual dealer. Even if his 

classroom were at the opposite corner of the U.S.A., we'd 

have those color slides there mounted for his projector within 

three days after we got the cartridge. 
Eastman Kodak Company, Education Division, Rochester, N. Y. 

14650, can direct you to the dealer. For what detail is worth in 18th 
century penmanship or grain alignment in minerals, the quality of the 
camera lens you are buying in the outfit will be appreciated. 

As an exa m ple 
of the 
l um i nescence 
techn i que ,  
observe these 
ga l lstones. 

By ord i na ry 
panchromatic 
photography 
they look 
l i ke th is .  

Jose Fernandes Gomes, salesman w h o  joined Kodak .Bra
sileira at Sao Paulo in October last year and is proud to have 
already sold two automatic x-ray processing machines, aside 
from other products. Not only does he sell the processing 
machines, but he also installs them and sees to it that they 
keep turning out highest-quality radiographs at a speed 
such that the radiologists need not keep the crowds waiting 
as long as before at the Clinica Roaldo Amundsen Koehler 
in Curitiba and the Clinica Dr. Jose Silva Villela in Ara�atuba. 

Kaarlo Hayren, who last year changed his profession from 
the chemistry of aniline dyes, high polymers, and edible oils 
to a new career with Kodak Oy, our Finnish name that is 
bursting far beyond an identification with family snapshots. 
He is busy feeding all kinds of professional photographic 
materials into scientific, industrial, and government activi
ties of his country as well as into its studios (portrait, movie, 
and TV). His present career really had its start when his 
home town of Viipuri became Soviet territory and he turned 
his thoughts at 1 8  to learning how to process his own colorfilm. 

Christian fmbert, chemical engineer who finds himself at 27 
responsible for quality control of the polyester that Kodak
Pathe started manufacturing for film base last year at 
Chalon-sur-Saone, a town 200 miles southeast of Paris which 
had been better known for the magnificent vineyards which 
surround it. Despite the substantial investment we have al
ready made in the plant, most of its 2oo-acre expanse looks 
as though it were still available for rugby, a sport that great· 
ly interests M .  Imbert. 

Mohammed Sidek bin Mohammed Nor, driver o f  Kodak 
(Malaya) Limited trucks in and around Kuala Lumpur. 
formerly peon (which means general messenger) at Head
quarters of the 1 7th Gurkha Division in Seremban, capital 
of one of the t t states of West Malaysia. Where other mem· 
bers of our Malay staff have an average of six children - one 
with 1 3 - Sidek and his wife have only one to lavish affec
tion on. 

Medical In/rared Photography, a $2 book 
we have just published, tells about the films 
needed, exposure, processing, and easing the 
strain of tuning up for the new perceptions. 
Their significance is yours to determine for 
your own game, in the event that the 
medical language in the book is 
wasted o n  you. 

Send check with order for 
"Publication N-l " to Department 
454, Eastman Kodak Company, 
Rochester, N. Y. 14650. 
Prices subject to change 
without notice. 

1 0 1  
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TMI Tubing Can 
Help You Make 
a Brighter 
Tomorrow 

� This is the secret of TMI suc�_� cess. Its customers never stop 
'�nHOO working on the research trail. 

They are never satisfied with today's 
progress. They are always seeking and 
finding new applications for their crea
tive abilities ... exchanging today's 
products for tomorrow's surprises. 
Keep it up ... for every time you make 
some of "today" obsolete you increase 
the need for TMI's kind of specialized 
tubing drawmanship. 

Go right ahead thinking up tougher 
ways to use stainless and special alloy 
tubing in small sizes .050" to 1.250" 

O.D. Remember, if it is hard-to-make 
tubing you need, you've come to the 
right source. Let's work together for 
that bright brand llew tomorrow. 

�TMI=sa 
�1iJbi"g 

Phone 215-279-7700, Telex TWX 510-
660-0140 for immediate action. Tube 
Methods Inc., Engineers, Metallurgists, 
Manufacturers. Serving the best with 
the best since 1941. Bridgeport, Penn
sylvania 19405. 
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Technology and the Negro 

T
he technological revolution that 
has doubled the U.S. gross nation
al product in the past 20 years, 

providing 18 million new jobs, increas
ing real personal income per capita 49 
percent and reducing the average work 
week into the bargain, has had other 
effects: it is one of the primary causes of 
unemployment, social dislocation and 
hopelessness among Negro Americans. 
It is not just that Negroes have been 
"left behind" by the soaring U.S. econ
omy; to a large extent they have been 
its victims. 

The primary problem is the changing 
equation between jobs and training. This 
was pointed out by Herbert Bienstock, 
YIiddle Atlantic Regional Director of the 
U.S. Bureau of Labor Statistics, in a 
recent interview with The New York 
Times. In brief, vVorld War II, fair em
ployment practices legislation and years 
of dramatic technological change in ag
riculture combined to move Negroes 
north off the farm. They got a foothold 
on the bottom rung of industry. Then 
technological change in industry largely 
chopped off that rung. Now millions of 
Negroes are untrained for the jobs that 
are available and find no demand for the 
work they can do. 

In 1940, 77 percent of American Ne
groes lived in the South; now about half 
of them do. In 1940, 41.5 percent of all 
Negro men worked on farms; now only 8 
percent do. Half of the Negroes in large 
Northern cities are "immigrants, " mainly 
from the South. The jobs immigrant Ne
groes got were chiefly as unskilled and 
semiskilled workers. Since 1953 there 

SCIENCE AND 
has been an absolute decline in the total 
number of such jobs in the U.S. econ
omy, and the new factory jobs are mov
ing away from the central cities where 
Negroes live. ?vleanwhile other occupa
tions are expanding: professional and 
managerial, white-collar and skilled 
worker. These are precisely the occupa
tions in which the Negro is underrepre
sented, barred either by discrimination 
or by lack of training and even lack of 
the basic education and motivation to 
make the required training possible (see 
"The Social Power of the Negro," by 
James P. Comer; SCIENTIFIC AMERICAN, 
April). 

Young Negroes have been the hardest 
hit of all. In 1948 the unemployment 
rates for white and Negro boys and girls 
from 16 to 19 were all about 9 percent. 
Now the rates are about 16 percent for 
whites, 26 percent for Negro boys and 
37 percent for Negro girls. Forty-six 
percent of Negro youngsters drop out of 
high school before graduation. Un
trained, they find it difficult to break 
what Bienstock calls the "first-job bar
rier." On the other hand, the motivation 
for Negroes to stay in school is low: 
among nonwhites the unemployment 
rate for graduates is not much better 
than it is for dropouts-and it is higher 
than for white dropouts. 

Bienstock sees some hope for the fu
ture. He pOints out that the post-vVorld 
War II baby boom has by now dumped 
its added population on the labor mar
ket. The next major demographic effect 
has now set in, that of the decrease 
in births during the depression of the 
1930's. By 1970 there will be a decrease 
of 700,000 in the U.S. w'Ork force in the 
economically important age group from 
35 to 44. At the same time there will be 
increasing demand for white-collar and 
technical workers. There will be real 
pressure on employers to seek out Ne
groes and other marginal workers and 
give them on-the-job training. The com
bination of a manpower shortage and in
creased demand may provide an oppor
tunity, Bienstock says, "to overcome a 
century of neglect." 

Subatomic Relativity 

O ne of the cornerstones of Einstein's 
theory of relativity is the principle 

of microscopic causality, which assumes 
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THE CITIZEN 
that signals do not travel faster than the 
speed of light even at subatomic dis
tances. This principle has now been veri
fied for distances less than 10.15 centi
meter in an experiment performed with 
the giant alternating-gradient synchro
tron at the Brookhaven National Labora
tory. The distances involved correspond 
to between a hundredth and a thou
sandth of the radius of a single proton. 
The measurements were arrived at by 
studying the effects of high-energy pion
proton collisions inside the accelerator. 
On-line computers connected directly to 
the experiment were used to record and 
analyze several million such interactions 
per hour. The eight-member experi
mental team was headed by S. J. Linden
baum of Brookhaven. 

Smallest Copy 

W hat may be the smallest self-dupli-
cating entity has been created in an 

"extracellular Darwinian experiment" by 
D. R. Mills, R. L. Peterson and Sol 
Spiegelman at the University of Illinois. 
In the Proceedings of the National Acad
emy of Sciences they explain how they 
subjected a self-duplicating molecule of 
ribonucleic acid (RNA) to a test-tube en
vironment in which "selection pressure" 
favored the molecular species that could 
replicate the most quickly. After 74 
transfers from one test tube to another 
the surviving molecular descendants 
were only a sixth as big as the original 
molecule and replicated 15 times faster. 

The original RNA molecule was ob
tained from a bacterial virus called Qf3. 
Such viruses, which can multiply only 
inside a host cell, consist of nothing but a 
molecule of RNA encased in a protein 
jacket. The RNA contains all the instruc
tions for producing a new virus particle, 
including the instructions for making an 
enzyme, termed a replicase, that carries 
out the replication of the RNA itself. 
Spiegelman and his colleagues learned 
how to isolate the Qf3 replicase and 
found that it would produce infectious 
RNA molecules when provided with a 
template of viral RNA, together with the 
necessary chemical building blocks. 

It occurred to the group that the mo
lecular sequences in the RNA that code 
for the proteins forming the jacket of the 
virus, as well as for components of the 
replicase, might be dispensable. This led 

You'd expect Gaertner to build an 

ellipsometer that measures just 

how thin a thin film is, and we do' 

Do you work with thin films? A number 
of scientists and engineers engaged in 
scientific research, product development, 
and quality control use the. tool of elliptically 
polarized light for investigation and meas
urement. We supply the versatile, precise 
instrumentation such work requires. May 

we tell you about how Gaertner Ellipso
meters and other Gaertner measuring 
instruments can help you? Write for the 
comprehensive index to Gaertner Instru
ments and for Ellipsometer Bulletin 203. 
Gaertner Scientific Corporation, 1236, 
Wrightwood Ave., Chicago, Illinois 60614. 

Angstroms, microns 
or arc-seconds - -

you can measure 
almost anything 
with Gaertner 
instruments. 

G> 
GAERTNER" 
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There are 45 Ph.D.'s working at 
Sprague Electric's headquarters. 
They are among the more than 600 

people employed in Sprague's 
research and engineering activities. 

Our modern 45.000 square foot 
Research Center, located in the 
Berkshire Hills of northwest 
Massachusetts, is one of the 
industry's most completely equipped 
facilities devoted to research. 
It houses a large Research Library, 
spark and infra-red spectrography 
equipment, electron microscope, 
electron probe and diffraction 
equipment, extensive analytical 
facilities; a 1620 IBM electronic 
digital computer system particularly 
suitable for scientific work; and 
an outstanding mathematical 
services department. 

The management of Sprague Electric 
has long recognized that its 
continued leadership in the 
development and manufacture of 
electrical and electronic components 
is dependent upon continued 
research. 

At this time, general areas of interest 
include thin film work; investigations 
into seeking control of electrical 
properties of all types of materials, 
ranging from metallic conductors 
to semi-conductors to insulators; and 
studies of the chemical properties 
of materials. 

A substantial number of scientific 
personnel housed in the new Center 
are doing basic materials research 
and advanced developmental work 
on silicon epitaxial planar technology, 
silicon-based microcircuits, and 
other sophisticated solid state device 
theory and technology, such as 
"hot electron devices". 

We invite your inquiry concerning 
positions available at the Research 
Center and at other Sprague facilities 
throughout the U.S.A. 

Reply in confidence to Mr. John F. 

Miller, Corporate Manager, Recruit
ment and Staffing, 1059 Marshall 
Street, North Adams, Mass. 01247. 

An equal opportunity employer. 

them to ask: "What will happen to the 
RNA molecules if the only demand made 
on them is the Biblical injunction 'Mul
tiply: with the biological proviso that 
they do so as rapidly as possible?" To 
answer this question they devised an 
experiment that allowed the viral RNA 
to multiply for 20 minutes, after which 
a small amount of RNA was transferred 
to another test tube to prime a new gen
eration of RNA molecules. After 13 such 
transfers the replication time was re
duced to 15 minutes and maintained for 
the next 15 transfers. Transfers No. 30 
through No. 38 were incubated for 10 
minutes; transfers No. 39 through No. 
52 for seven minutes, and transfers No. 
53 through No. 74 for five minutes. The 
experiment showed that 83 percent of 
the original RNA molecules was expend
able and therefore presumably associ
ated with the coding of coat protein and 
other functions not essential for self
duplication. 

Loused-up Lice 

Synthetic juvenile hormone has proved 
effective in killing the human body 

louse and therefore holds the promise of 
curbing epidemic typhus, which is one 
of the diseases transmitted by the lice. 
Experiments in which the hormone not 
only killed lice but also prevented lice 
eggs from hatching are reported in the 
Proceedings of the National Academy of 
Sciences by J. W. Vinson of the Harvard 
School of Public Health and Carroll M. 
Williams of the Harvard Biological Lab
oratories. The authors write that the 
findings "are of special interest because 
in many parts of the world the human 
body louse-vector of epidemic typhus, 
trench fever and epidemic relapsing 
fever-has become virtually resistant to 
all presently known insecticides." 

Juvenile hormone, secreted by all in
sects, is vital at certain stages of growth 
but at other stages must be absent or 
the insect will develop abnormally. The 
synthetic juvenile hormone used by 
Vinson and Williams was made by bub
bling hydrogen chloride gas through an 
ice-cold solution of farnesenic acid. Ap
plied to small pads of wool or nylon on 
which lice and eggs were maintained, 
the synthetic hormone was lethal to 
adult lice at a concentration of 10 milli
grams per pad. Nearly all eggs on pads 
with one milligram or less failed to 
hatch, and larvae on such pads failed to 
mature. 

The synthetic hormone had already 
proved effective against the mosquito 
that transmits yellow fever. Williams has 
expressed the hope that various ana-

logues of juvenile hormone can be found 
that will be effective only against par
ticular species of insect pests and will 
not have the broad toxicity of pesticides 
now in use (see "Third-Generation Pes
ticides," by Carroll M. Williams; SCIEN
TIFIC AMERICAN, July). 

Crystalline Ribosomes 

Ribosomes, the particles in the living 
cell where proteins are made, are 

themselves composed of some 35 pro
tein chains (all of which may be differ
ent) and two chains of ribonucleic acid 
(RNA). It has now been shown that 
these complex bodies can arrange them
selves into lattices that form sheets, cyl
inders and even three-dimensional crys
tals. Electron micrographs of these 
structures made by Breck Byers of Har
vard University are published in a recent 
issue of the] OllTnal of M olecltlaT Biology. 

The crystalline arrays of ribosomes ap
pear within the cells of chick embryos 
when chick eggs are cooled to the region 
between five degrees and 15 degrees 
centigrade for periods ranging from sev
eral hours to two days. Briefer periods 
and lower temperatures lead to the pro
duction of crystalline sheets, which fre
q LlentIy form dense stacks. Prolonged 
cooling at around 10 degrees C. tends to 
yield sheets that curl up into cylinders 
and pack together in parallel arrays. Al
though these ribosome crystals would 
not normally appear in chick eggs incu
bated at the customary temperature (37 
degrees C.), eggs that have been chilled 
to 10 degrees can survive. Thus it is ap
parent that the crystallization of ribo
somes is not harmful to the cell. 

The crystallization provides convinc
ing evidence that the internal structure 
of the ribosome is itself highly regular. 
Byers is now trying to separate the ribo
some crystals from the cellular material 
in which they are normally embedded 
in the hope that they can be studied by 
X-ray crystallography. If they can, they 
will be by far the most complex crystals 
ever investigated by this technique. 

Oldest Reptile 

J\'.l incomplete skeleton found embed-
ded between two seams of coal in 

Nova Scotia is evidently the oldest 
known representative of the reptiles, the 
animals that dominated land and sea 
during the Mesozoic era, 230 to 70 mil
lion years ago. Donald Baird of Prince
ton University and Robert L. Carroll of 
iVIcGill University presented this con
clusion recently in Science. The rep
tile's fossilized remains were discovered 
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ALLOY STEELS 

The interaction of solute elements, their thermodynamic relationships with each other and 

with iron ... how these interactions control subsequent solid state transformations to produce 

a microconstituent which determines the properties of the alloy. 

A
lOY steel studies were once meas

ured in terms of "the state of the 
art." Not so now. Steel research 
activity is moving forward so 

rapidly it now includes such sophisti
cated concepts as atomic scale interac
tions, solid state reactions and micron 
scale defect measurements. 

This rapid advance in alloy steel de
velopment can be attributed to the in
teraction of physicists, chemists and en
gineers-often working as a team. Sep
arately as well as together, they make 
careful studies of the intimate structure 
of metals and the mechanisms by which 
the structure controls engineering prop
erties of steel, such as strength, tough
ness, ductility and joinability. 

True, iron is the backbone of steel. 
But it is only that until researchers work 
to develop in it properties many times 
superior to those inherent in iron. 
Strength is an important example. The 
yield strength of iron is approximately 
4,000 psi. But research has developed 
commercial steels with strengths two or
ders of magnitude greater. 

Research studies begin with the peri
odic table. Here is where the researcher 
makes a finite choice of those elements 
that may be alloyed with iron. 

The treatment the alloy then receives 
ultimately determines what engineering 
properties the steel will develop. 

Alloy studies delve into the interac
tion of these (alloying) solute elements. 
Their thermodynamic relationships with 
each other, as well as with the iron are 
investigated. These interactions control 
subsequent solid state transformations 
to produce a micro constituent which can 
enhance the properties of steel. These 
transformations are also studied. The in
ternal structure or atom array within the 
microconstituent is examined by elec-

by James Smith 

tron microscopy, electron and/or X-ray 
diffraction and by microstraining tech
niques. This examination can reveal the 
presence of dislocation networks which 
determine the deformation characteris
tics of the alloy steel. 

These tools are useful in observing the 
contribution made by the clustering of 
solute atoms. Also, the precipitation of 
intermetallic compounds to the strength
ening by coherency binding and strain 
hardening mechanisms. 

Through these observations, new con
cepts are being introduced. Concepts 
such as the interaction of precipitates or 
foreign particles with dislocation struc
tures and vacancy concentrations. These 
new concepts permit the interpretation 
of why and how steels can be made 
tougher, stronger and more ductile. The 
way these mechanisms operate to form 
the microconstituents which comprise 
the composite microstructure determines 
the engineering properties of the steel. 

Youngstown 6 Steel 
THE YOUNGSTOWN SHEET AND lUBE COMPANY· YOUNGSTOWN, OHIO 44501 

Just as chemistry determines what is 
to be alloyed with the steel, the treat
ments which can be given to the steel 
are determined by the variables of pres
sure, temperature and time. These alter 
the thermodynamics and kinetics of the 
solid state transformations in alloy steels. 

Every time steel is heated or cooled, 
compressed or stretched, squeezed or 
expanded, its properties are changed. 
Science and engineering are combined 
to exercise a control over these variables 
under conditions where the research in
vestigator can examine the contribution 
of each variable. And where he can opti
mize the combination of variables to pro
duce steels with superior properties. 

Recently this type of investigation has 
resulted in a physical simulation of hot 
rolling steel through experiments in the 
laboratory - experiments in which the 
steel is not even rolled! 

Greatly enhanced thermal transfer sys
tems used in cooling steels provide an 
excellent example of advances in engi
neering. This kind of advancement has 
enabled steel production to make use of 
the thermal-mechanical treatments. Pre
viously, this treatment could be per
formed only in the laboratory. 

Alloy steels which take advantage of 
these increased capabilities are now 
evolving. Concepts are developing from 
a combination of chemistry, physics and 
engineering, and will produce the engi
neering properties required by an ad
vancing technological age. 

This article gives you a glimpse of just 
a few developments in alloying steels. It's 
only a small part of the continuing, wide
spread research effort that is going on 
24 hours a day at Youngstown's research 
center. If you think our researchers might 
be able to help you, just give us a call or 
write Department 251B6. 
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NEW! Direct reading 
punched tape 
programmers control 
22, 42 or 82 circuits. 

Less than 

$600 
(82 channels 115V) 

Expressly designed for multiple circuit in
dustrial control applications. this new Tape 
Reader combines the durability of toggle 
switches, the flexibility of a patchboard, 
the repeat accuracy of a cam timer, with 
the advantages of punched tape program
ming. 

It is a direct-reading tape programmer 
in which sustained switch closure is pro
vided without memory or lock-up relays. 
Through the action of make-before-break 
contact brushes. two or more successive 
holes in each tape channel still sustain a 
switch closure. 

The tape is driven through the reader 
either from. an external switch closure. 
stepping from position to position, or at a 
sustained speed of 25 lines per second. 
Stepping and sustained advance programs 
are easily mixed. 

Three basic tape drives are available; 
synchronous motor in many speeds (lines 
per second), stepping/fast advance (ad
vancing the tape line by line from the re
ceipt of an external switch closure), and a 
variable speed drive. 

Current applications include: sequenc· 
ing targets on a rifle range, medical anal· 
ySis equipment, automated plating, loom 
programming, automatic coil winding, 
water temperature control for injection 
molding, durability testing of automatic 
transmissions, tire manufacturing, food 
batching, and many others. 

Series Prices 
Number of Drive Type Channels 

112 $300.00 12 Synchronous motor 

222 $390.00 22 Stepping/Fast advance 

242 $465.00 42 Stepping/Fast advance 

282 $595.00 82 Stepping/Fast advance 

Write for a demonstration, or our 8 page 
catalog, it will be sent by retu rn mail. 

INDUSTRIAL 
TIM E R CORPORATION 

Interstate Hignway #287, Parsippany, N.J. 07054. 
An Amercon Company 
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by Baird and F. W, Take of the Nova 
Scotia Museum in 1959. Subsequent an
alysis indicated that it belongs to the or
der of cotylosaurs, the "stem" reptile 
lineage that evolved from amphibian 
forebears of reptiles more than 300 mil
lion years ago, early in the Carboniferous 
period_ 

The fossil reptile from Nova Scotia 
is about 300 million years old. Only 
four other representatives of its family
the Limnoscelidae-are known; three of 
these come from formations of the Per
mian period, 280 to 230 million years 
ago. The new find (named RomerisGtts 
in honor of the veteran U.S. paleontolo
gist Alfred S. Romer) is therefore the 
oldest both of its family and of its kind. 
In spite of its great antiquity RomerisGtts 
shows a specialized anatomy that pre
vents its being ancestral to the several 
families of reptiles that appeared during 
the next few million years. The earliest 
ancestral reptile therefore remains un
discovered. 

Hard Faces 

A technique of diffusing atoms of one 
material into the surface of another, 

thereby obtaining surface properties 
radically different from those of the bulk 
material, has been developed by the 
General Electric Company. The tech
nique has been given the name "metal
Iiding." The company foresees the proc
ess as a means of meeting some of the 
demands of space and nuclear technol
ogy by shielding various metals and al
loys against corrosion and erosion. Other 
potential applications include the forma
tion of extremely hard surfaces for bear
ings and dies; the solving of difficult 
problems of lubricating certain metals, 
and the creation of decorative finishes 
on base metals. 

Metalliding, invented by Newell C. 
Cook of the General Electric Research 
and Development Center, is a high-tem
perature electrolytic technique. The bulk 
material, serving as a cathode, and the 
diffusing material, serving as an anode, 
are suspended in a bath of molten fluo
ride salts. When a direct current is 
passed from the anode to the cathode, 
the anode material diffuses into the sur
face of the cathode, producing a coating 
that is an alloy. By thus coating molyb
denum, which is a fairly soft metal, with 
boron Cook has produced a surface 
with a hardness second only to that of 
diamond. He has given copper im
proved strength, flexibility, hardness 
and resistance to oxidation-without 
significantly impairing its electrical con
ductivity-by diffusing beryllium into it. 

Silicon can be diffused into tungsten, 
rhenium, niobium and molybdenum to 
produce a surface with greatly enhanced 
resistance to oxidation. The company be
lieves metalliding will prove superior to 
such present techniques as gaseous dif
fusion and dipping a bulk material into a 
molten bath of coating material. 

Twentieth-Century Adobe 

M an has been mixing earth with as-
phalt for one reason or another 

since the days of Babylon. Now a means 
of combining a petroleum-based binder 
with any of a variety of soils to produce 
a light, inexpensive building block has 
been developed beyond the experimen
tal stage by the Esso Research and En
gineering Company. The product, called 
BMX block, has physical properties 
somewhat superior to lightweight con
crete block. It is manufactured by mix
ing screened soil in a 10-to-l proportion 
with the asphaltic binder, shaping the 
blocks at a pressure of some 2,000 
pounds per square inch and "curing" 
them for 10 hours or so at a temperature 
of 400 degrees Fahrenheit (clay brick 
must be fired at a temperature of 1,400 
degrees F. for 40 hours). 

The process for making BMX, pat
ented by its developers, has been li
censed to two U.S_ manufacturers and 
the prospect of additional licenses, both 
foreign and domestic, is being examined. 
The developers estimate that, starting 
from the ground up, a plant with an an
nual capacity of 15 million BMX blocks, 
eight by eight by 16 inches in size, could 
produce them at a unit cost of less than 
10 cents, or 15 to 30 percent below the 
cost of similar concrete blocks. 

(Laughter) 

What is the social function of humor? 
Around the turn of the century 

Henri Bergson and Sigmund Freud con
sidered the question, but they were 
handicapped by the fact that little was 
known about the subject in cultures 
other than their own. Now Frank C. Mil
ler of the University of Minnesota has 
examined the role of "ribbing" and 
"wisecracks" in an American Indian 
tribal council. 

Writing in Ethnology, Miller notes 
that the council at a Chippewa reser
vation in Minnesota where he worked 
for four summers is modern in its politi
cal structure. Of its 11 members, the 
three executive officers (chairman, secre
tary and treasurer) are elected at large, 
and four reservation districts each elect 
two representatives. Hereditary chiefs, 
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Materials Systems Bulletin 
Stress environments, where unusual and extreme corrosive, erosive and abrasive forces are at 

work, demand new solutions to the materials problem. Union Carbide is delivering solutions in the form of 

new materials and systems of materials. The systems capability includes: physical working of selected ma� 

terials into fabricated products; transforming materials to provide wholly different and more useful properties 

and physical forms; physically or chemically combining materials to produce systems with enhanced char

acteristics. Here are some examples: 

Huge distillation tower made of corrosion-resistant alloy keeps product pure. In one of the 
largest applications of HASTELLOY Alloy C to date, a distillation tower section 6 feet in diameter and 40 feet 
long, weighing some 11 tons, was fabricated of this high-performance nickel-base alloy. Not only does the 
corrosion resistance of the alloy protect the tower against the deteriorating attack of the chemicals being 
processed, but this same internal integrity provides assurance of the highest possible product purity. The 
tower section was fabricated at Union Carbide's Materials Systems Division facilities in Kokomo, Indiana. 

Titanium upgraded for wear resistance. Titanium parts can now be given the high-temperature 
fretting wear resistance and other high-performance qualities of tungsten carbide. Detonation-plating a pre
cise 0.010-inch shield of UCAR tungsten carbide onto critical wear areas is accomplished without distorting 
the parts or adding noticeably to their weight. Useful service life of titanium compressor blades and com
pressor hubs has been increased dramatically by the use of UCAR coatings. Also, the successful soft landing 
of the 620-pound Surveyor spacecraft on the moon was accomplished with the assistance of titanium shock 
absorbers that had been coated by the detonation process. Over 60 different coatings-refractory metals, 
ceramics, and cermets-are in use today sol_ving the toughest wear problems in the aerospace, electronics, 
textile, chemical and other industries. 

Chemical process equipment combines both HASTELLOY alloy and KARBATE impervious graphite. 

Heat exchangers that handle corrosive fluids on both the shell and tube sides were fabricated by physically 
combining two high-performance materials to achieve a system with the highest possible performance rating. 
The tube bundles contain 139 KARBATE impervious graphite tubes. Each tube is 16 feet long, with an outer 
heat transfer area of 726 square feet. The shells were made of HASTELLOY Alloy B .  The inter-changers are de
signed to operate at a pressure of 75 psi on both the shell and tube'sides, and at a temperature limit of 338°F. 
HASTELLOY Alloy B and KARBATE impervious graphite were used because of their excellent corrosion resistance. 
Combining the materials took maximum advantage of the fabricating economies inherent in the production 
of the HASTELLOY Alloy B shell and a KARBATE tube bundle. 

For additional information about any of the above materials systems write to: Union Carbide 
Corporation, Materials Systems Division, 270 Park Avenue, New York, N.Y. 10017. 
HASTE llOY. KARBATE and UCAR are registered trade marks of Union Carbide Corporation . 

• MATERIALS 
SYSTEMS 
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What happens 
whep you attach 

a Beseler Topcon Super D 
to any 

scientific instrumentation? 

You'll see! 

You'll see as though the camera 

weren't there. You'll see why Questar 

has approved the Super D. 
You'll aim, focus and take exposure 

readings with a precision never be

fore possible. 

What makes it possible? Many 

things that are exclusive with the 

Beseler Topcon Super D. 
First and foremost, 

t h e  me t e r  o n  t h e  

mirror i s  independ

ent of the finder 

system making it 

possible for you to 

use special high mag

nification waist level finders, 

a wide range of focusing 

screens ... or whatever accessory is 

best for a particular application. 

e 
Beseler Topcon 

SuperB 
AUTHORIZED QUESTAR SLR CAMERA 

The Super 0 holds the mirror up 

and out of the way during exposure, 

then returns it automatically upon 

shutter release without wasting an 

exposure. 

Not so incidentally ... the meter on 

the mirror takes 532 light sampling ... 

by far the most exact way to deter

mine accurate exposures. 

Try it. You'll see! 

Charles Beseler Co., 219 South 18th Sireet. East Orange, N. J. 07018 

once all-powerful in tribal affairs, may 
still speak at council meetings but have 
no vote. Meetings are conducted almost 
exclusively in English; the pace of busi
ness is slow and, on occasions when 
unanimity of agreement is not achieved, 
the discussion usually continues until 
dissenters at least acquiesce. 

Among Miller's observations are the 
following: 

Some nonmembers of the tribe who 
occupied reservation land had been in 
constant trouble with their neighbors, 
the law or both. One of the trouble
makers, a woman named Alice, was no
torious for promiscuity. A resolution to 
evict the group came before the council; 
some of the squatters attended the 
council meeting, and the situation was 
tense. The council passed the resolution 
and recessed for lunch in an atmosphere 
of gloom. Leaving the room, one council 
member said: "See you guys later-I've 
got a date with Alice." The remark re
stored everyone's good spirits. 

A Protestant fundamentalist, the only 
authorized missionary in the most tradi
tional community on the reservation, 
circulated an open letter complaining 
about the "illegal" activities of a visiting 
Episcopalian. His final complaint was 
that the intruder "does not see anything 
wrong with the use of alcoholic bever
ages ... uses them himself [and] smokes 
like a diesel engine. How can you expect 
a man like that to lead you to heaven?" 
The council chairman, who was reading 
the letter aloud, added satta voce: "Fol
low his smoke, I guess." The council sub
sequently revoked the fundamentalist's 
lease. 

One summer a television program fea
tured opportunities for fishing and other 
recreation on the reservation. Discussing 
the tourist trade, the council chairman 
reported that one visitor, drawn by the 
program, had been able to recognize the 
council secretary on arrival because "he 
was still wearing the same shirt." In a 
similar vein of joking self-deprecation 
another council member reported that 
when some tourists asked him where 
they could get souvenirs, he suggested 
that they buy hamburgers. 

Miller notes that, in terms of formal 
analysis, the council's humor can be said 
to "promote group solidarity," to make 
"indirect comment on sensitive matters" 
and to "relieve tension." He considers it 
much more to the point that, whatever 
their formal category, the jokes allow 
council members to communicate to one 
another what would be difficult to say in 
any other way. "Through humor," Miller 
concludes, "human contacts, always 
problematical, become less fragile." 
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The Most Advanced Metals Are 
Now A vailable Commercially From 
Cameron, World's Largest Inte
g r a t e d  Pr o duc e r  of Va c uum 
Melted Alloys. 

In the middle and late 50's vacuum 
melting of high temperature, high 
strength alloys was generally limited 
to the laboratory or pilot plants. The 
development of high performance 
gas turbine engines precipitated a 
substantial requirement for metals 
beyond even the highest state of 
the art of electric furnace steel 
making. To meet this demand for 
high strength, highly consistent me
tals for critical components, Cameron 

designed and erected facilities for 
volume production with the con
sumable electrode vacuum remelt 
process. Using material produced 
in vacuum induction furnaces, this 
process produces the purest, most 
segregation-free ingots commercially 
available. 

In responding to these primary de
mands and recognizing the potential 
of the wider market, Cameron has 
become, in four years, the world's 
largest fully integrated manufacturer 
of vacuum melted specialty alloys. 

As Cameron has built beyond the 
needs of these applications, the gen
eral demand for these advanced 
metals in primary form has also ex
panded. Cameron has answered this 
challenge as well, and now produces 
specialty metals in billets, bars, sheet, 
plate, and closed-die forgings for 
aircraft, aerospace, nuclear installa
tions, petrochemical and chemical 
plants, refineries and general in
dustry. 

The latest addition to Cameron 
facilities is a company designed roil
ing mill capable of producing specialty 

Illustrated is a billet micro structure in etched condition and sixteen of 
Cameron's twenty consumable electrode vacuum remelt furnaces 

plate and sheet to 60 inches in width 
and a minimum thickness of .010 in
ches. Located on a new 1600 acre 
site, this mill with its hot and cold 
lines incorporates the latest innova
tions in heat treating and finishing. 

Today Cameron is producing high 
strength, high temperature, corrosion 
resistant metals - including nickel 
and cobalt based alloys - which 
meet the most rigid industry specifi
cations. Cameron customers are now 
being provided with known quality 
and reliable deliveries for a wide 
variety of the most advanced metals. 

Your own plant or operation may 
now be purchasing or producing 
p r o d u c t s  t h a t  c a n  be i m p r o v ed 
through the utilization of the inte
grated melting and conversion facili
ties available at Cameron. 

World Headquarters, Houston, Texas 
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This geologist wants to 
improve the wildcatter's chances 
of tapping a gusher. 

What's he doing at IBM? 

"Thousands of people have dreamed of striking oil," says IBM's Bob 
Hodgson, "but just a few know what's actually involved." 

Bob Hodgson knows. Before joining IBM, he was an oil company 
geologist. 

"Some wells cost a million dollars to drill," he says, "and never hit 

anything but hard rock. In fact, your chances of tapping a gusher are 
roughly one in eight." 

Oil exists in underground layers of porous rock-trapped there, 
perhaps, by some ancient convulsion of the earth. The best way to find 
those traps is to analyze data obtained from wells that have already 
been dug, and from the results of seismic exploration. Literally, millions 
of pieces of information. The oil industry spends $500,000,000 a year 
just collecting this information. To analyze it can take months. That's 
where computers come in. 

This mass of information-words, numbers, even graphs and charts 
-can be stored in the computer's memory, retrieved instantly and pro
jected on IBM's TV-like graphic display units. 

Bob Hodgson and his IBM associates are working on computer 
techniques for displaying any information the oil hunter needs, 

the moment he needs it-from geologic information on a 
ten-thousand-foot well to a contour map of an oil field. 

Analysis time can be cut drastically-and the chances 
of being on the money vastly improved. 

You may not have the occasion to look for 

IBM oil. But IBM computers are helping solve 
problems in almost every business-stack-

ing the odds in your favor. ® 
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THE NATURE OF CERAMICS 

They usually consist of metallic and nonmetallic atoms joined by 

bonds that are partly ionic and partly covalent. This gives them 

properties such as hardness, brittleness and resistance to heat 

O
A� of the first solid materials, if 
not the very first, that man learned 
to use was a ceramic, natural 

stone. It was suited for a variety of ap
plications because of the characteris
tic properties of a ceramic: hardness, 
strength, imperviousness to heat, resist
ance to chemical attack and brittleness, 
which makes it comparatively easy to 
shape the material by chipping it. This 
natural ceramic provided man with tools, 
durable containers and even a roof over 
his head (in caves). 

It is not surprising that man turned to 
creating ceramics of his own: pottery, 
bricks, concrete, glass. These products 
continue to be major industries to this 
day. Few people realize, however, how 
richly the field of ceramics has developed 
in this century. Ceramic materials have 
now been extended to a wide spectrum. 
They range in appearance from dull clay 
to lustrous ruby, and in technical service 
from the refractory linings of steelmak
ing furnaces to delicate electronic con
trol devices. New understanding of the 
chemical and physical attributes that de
termine the nature of ceramics has ex
panded our view of the possibilities in
herent in this class of material. Just as the 
understanding of structural principles 
and of the elements that go into the con
struction of a building (stone, mortar, 
steel, wood, glass and so on) gives an 
architect wide scope for the design of 
structures to suit particular purposes, so 
the ceramist's understanding of how at
oms and crystals can be put together to 

by John 1. Gilman 

form the architecture of a ceramic now 
provides a wide range of opportunities 
for obtaining specific properties. The ar
chitectural analogy is a pertinent one, be
cause the properties of ceramics depend 
crucially on their microscopic structure. 

What is a ceramic? Essentially it is 
defined as a combination of one or 

more metals with a nonmetallic element, 
usually oxygen. The comparatively large 
oxygen atoms serve as a matrix, with the 
small metal atoms (or semimetal atoms 
such as silicon) tucked into the spaces be
tween the oxygens [see illustrations on 
next page J. A cardinal characteristic of 
the construction of ceramic crystals is 
that the atoms are linked by bonds that 
are primarily ionic but also to a signif
icant extent covalent. These firm bonds 
are primarily responsible for the stability 
and strength of ceramic materials. In the 
combination of oxygen atoms with metal 
atoms the ionic bonds are particularly 
strong, because each oxygen, with two 
electronic vacancies in its outer shell, 
borrows two electrons from its metal 
neighbors; thus both kinds of atom be
come strongly ionized-one negatively, 
the other positively-and are held togeth
er by a correspondingly strong electro
static attraction. In this sense ceramic 
compounds resemble salts, which are 
characterized, however, by more purely 
ionic bonds. The bonds are stronger in 
ceramics, which therefore dissolve in 
water only under high pressure. 

As highly oxidized compounds the ce-

URANIUM CARBIDE, a nuclear reactor fuel, is a ceramic: a combination of a metal 

(uranium) and a nonmetal (carbon). The photomicrograph on the opposite page, made by 

William E. Bruce of the Battelle Memorial Institute, shows uranium carbide stained by an 

acid etchant. The etchant stains different crystal faces differently and therefore delineates 

the variously oriented crystals of the compound. The sample is magnified 300 diameters. 

ramics are strongly resistant to attack by 
nearly all chemicals. This accounts for 
many of their uses-in plumbing, house
hold utensils and so forth. They are in
dispensable where a structural material 
must withstand very high temperatures, 
at which the ravages of oxygen will de
stroy the strength of a metal. Indeed, the 
making of steel depends on the use of 
ceramic bricks to line the inside of the 
container. 

Since the art of ceramics-making has 
a long history, it is of interest to review 
its evolution briefly before we examine 
the present state of the art and its future 
prospects. The first man-made ceramics 
probably were simple mud pots, some
times reinforced with straw, that were 
dried and baked in the sun. Gradually 
the ancients learned to improve the prod
uct by selecting suitable clays and baking 
their pottery at higher temperatures, at 
first in open fires, later in crude kilns. 
These early earthenware pots must have 
been disappointingly porous, and it was 
a large step forward when some clever 
artisan in Egypt learned to seal the sur
face by firing a glassy material onto it. 
With this step, and the addition of natu
ral stains to color the glaze, ceramics be
came an aesthetic art as well as a useful 
one. The art grew in beauty and utility 
as people gained increasing control of it 
by grinding rocks into powder to pro
duce more uniform clays and built kilns 
that provided higher firing temperatures, 
making possible the production of a 
wider variety of ceramic materials. 

Scientific knowledge of ceramics be
gan with chemical analysis of the com
ponents that make up these materials. 
Chemists found that the principal ele
ments in natural clays were oxygen, sili
con and aluminum, forming the com
pounds known as aluminosilicates. The 
precursor of common clay is feldspar, a 
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mineral found in rocks such as granite. 
It usually contains potassium and has the 
chemical formula K10' AI203 . 6Si02. 
Rain and carbon dioxide in the atmo
sphere convert the feldspar crystals into 
potassium carbonate (which dissolves 
and is washed away) and silica and alu
minum oxide. These combine with water 
amI usually form kaolinite, whose basic 
formula is AI20a' 2Si02 • 2H20. This 
material is often mixed in the soil with 
small amounts of iron oxide, which gives 
it the reddish color of common clay (pure 
kaolinite is white and is the basis of fine 
china). 

The crystals of kaolinite are very 

small-thin platelets only about 5,000 
angstrom units (.00005 centimeter) wide 
and about 300 angstroms thick-and 
have an irregularly hexagonal shape. 
When wet, they cling together like wet 
sheets of paper, and with water acting as 
a lubricant the crystals readily slide over 
one another; this accounts for clay's plas
ticity. As the clay begins to dry, the crys
tal platelets tend to become interlocked, 
and the clay object becomes rigid 
enough to be removed in one piece from 
the potter's wheel or mold. The firing of 
the clay in a kiln evaporates most of the 
remaining water, and during the process 
some of the silica (Si02) combines with 

OXYGEN AND METAL ATOMS (or semimetals such as silicon) are the hasis of most 

ceramics. In the simplest ceramics equal numhers of oxygen (color) and metal (gray) 

atoms are packed together in arrangements that depend largely on the relative sizes of the 

ionized atoms. In beryllium oxide (le/t) the "coordination number" is four; each beryllium 

atom is surrounded by four oxygens (and each oxygen atom by four beryllium atoms, al

tbough only one is shown). In magnesium oxide (right) each atom has six nearest neighbors. 

The ceramic bond is primarily ionic: each metal atom gives up two electrons to each oxygen_ 

MAGNESIUM OXIDE, or periclase, is a good refractory material because it withstands high 

temperatures. The ball·and-slick model (le/t) shows the relative locations of the atoms in 

the magnesium oxide crystal lattice, which is face-centered cubic: it consists of inter

penetrating face-centered-cubic structures, one of magnesium and one of oxygen (right)_ 
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impurities to form a liquid glass that 
glues the crystal platelets together. Thus 
a clay ceramic becomes a kind of micro
scopic concrete, consisting of a "gravel" 
of aluminum silicate particles held to
gether by a glassy cement. 

Not all ceramics are crystalline. Glass, 
of course, has a noncrystalline structure, 
and that distinctive form of ceramic is 
discussed in a separate article in this 
issue [see page 126]. Nor are all ceramics 
compounds of oxygen; certain other sub
stances, among them graphite, diamond, 
silicon carbide (Carborundum), tungsten 
carbide and uranium carbide, also have 
ceramic properties, such as high mechan
ical strength and resistance to heat and 
chemicals. For illustration of the basic 
nature of ceramics, however, we shall 
confine ourselves here to the crystalline, 
oxygen-containing compounds, which 
are the typical and by far the most com
mon ceramic chemicals. 

The secret of these ceramics' properties 
lies as much in the internal structure 

of their crystals as in their chemical com
position. A ruby and a rough brick may 
both be made of the same substance
aluminum oxide-yet how different they 
look and how differently they behave! 
The difference is in the fact that a ruby 
consists of one large crystal with its 
atoms arranged in a periodic pattern, 
whereas the brick consists of a collection 
of many crystals cemented together. 

A giant step forward in ceramic sci
ence came when crystal structures were 
analyzed by means of X-ray diffraction. 
The find;ngs led to detailed calculations 
by the physicist Max Born of electrostatic 
forces in crystals. He showed that the at
oms in crystals, in particular those in ox
ides, are bound together in accordance 
with Coulomb's law: the electrostatic at
traction, or binding force, between two 
ions of opposite charge increases in in
verse proportion to the square of the dis
tance between them. Consequently the 
more closely the atoms are packed, the 
greater will be the crystal's elastic 
strength and resistance to alteration by 
heat or chemical assault [see illustration 
on opposite page]. 

It follows, then, that in the construc
tion of a ceramic material much depends 
on how the atoms are stacked. If the 
growth of a crystal is closely controlled, 
layers of tightly packed oxygen atoms 
form with small metal ions in the crev
ices between the oxygen atoms; then an
other closely packed oxygen layer forms 
above the first, and the process contin
ues. In this way a highly stable structure 
can be built. The simplest structural 
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forms are produced during the growth of 
crystals consisting of equal numbers of 
oxygen and metal atoms, such as beryl
lium oxide, magnesium oxide or zinc ox
ide. \Vhen the metal atoms are outnum
bered by oxygen atoms, as in aluminum 
oxide (AI20a), the holes between the oxy
gens are not all filled; in this particular 
case the aluminum atoms occupy only 
two-thirds of the available spaces. 

The most interesting and important 
structures are generated by silica (Si02). 
The silicon atom, like carbon, has four 
valence electrons, and it forms a tetrahe
dral grouping with oxygen: four oxygen 
atoms surrounding each silicon atom. 
These groups can link together in various 
ways [see top illustration on next page]. 
Attached only end to end (by way of one 
of the oxygen atoms), they form a fiber
like chain, such as appears in asbestos. 
Built up in sheets, they produce layered 
minerals such as talc or mica. They can 
also be linked to produce a three-dimen
sional network-the quartz crystal. The 
versatility of the silica tetrahedrons in 
forming bonds with one another and with 
other groups explains how silica serves as 
the glue that cements the clay particles 
in bricks and earthenware and bonds the 
glaze to porcelain. 

When the silica tetrahedrons link up 
in a three-dimensional structure, the 
structure may have holes large enough 
to accommodate atoms of various kinds. 
By filling the holes with sodium and sul
.fur atoms one can produce the beautiful 
blue stone known as lapis lazuli (which 
in powdered form is the pigment ultra
marine). The holes in a silica layer can 
also serve to bind it to an entire layer 
of a quite different but complementary 
structure. This is how kaolinite clay is 
organized. In kaolinite the water is dis
sociated into hydrogen and hydroxyl 
ions. The hydroxy Is, bound together by 
aluminum ions, form a rather loosely 
packed layer, and a set of its nearly 
spherical ions mesh into the pattern of 
holes in a silica layer, thus putting the 
two layers in intimate contact. The alu
minum ions nestle into cavities between 
these layers; as a result each aluminum 
ion is surrounded by six closely adjacent 
oxygen or hydroxyl ions [see lower two 
illustrations on next page]. It would be 
difficult to design a more sophisticated 
atomic architecture. 

I f the ceramic structures were perfectly 
organized and uniform, ceramic mate

rials would be a great deal stronger than 
they are. They are greatly weakened by 
the irregularities that occur at crystal 
boundaries-much more so than metals. 
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ATOMIC SPACING (ANGSTROM UNITS) 

PACKING of atoms in a ceramic affects its elastic strength. Here the spacing between 

atoms is correlated with the resistance to compression of a number of compounds of metals 

and oxygen (0), sulfur (S), selenium (Se) and tellurium (Te). Experimental findings are 

plotted, along with the theoretical curves based on computation of electrostatic forces 

between atoms, In the compounds on the black curve each atom has four neighbors and 

in those on the gray curve each atom has six; the number of neighbors affects the strength. 

These irregularities are of three kinds. 
Local separations, or voids, may occur 
between the crystals, with the result that 
atoms can wander through the spaces, 
gases can permeate the material and the 
crystals can slide past one another. Be
cause of this ceramics tend to flow at very 
high temperatures like wet sand. A sec
ond cause of weakness at a boundary is 
that if one crystal is out of line or twisted 
with respect to its neighbor, the bonds 
between them may be stretched or other
wise disrupted. The third source of 
trouble is that ions with the same charge 
(positive or negative) may be brought 
close together; the consequent electro-

static repulsion produces strain in that re
gion of the material and may generate 
cracks. 

Because boundaries between the crys
tal particles are a highly characteristic 
feature of ceramic materials, ceramists 
have given careful study to their prop
erties, and much current research is di
rected toward eliminating the internal 
boundaries or minimizing their effects. 

To complete our summary of the basic 
structural features of a ceramic we need 
to consider another type of imperfection. 
As other articles in this issue point out, 
all solid materials are marked by struc
tural imperfections that affect their dy-
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SILICATE UNIT is a primary building block of many ceramics. It 

consists of a silicon atom surrounded by four oxygen atoms. This 

is the same tetrahedral arrangement as in beryllium oxide (see 

upper illustration on page 114). Since each of the silicon atoms 

SILICATE SHEET formed by linked chains is the basis of many 

minerals (le/t). Each silicon atom (gray) is surrounded by four 

oxygens; each tetrahedron shares three of its oxygens with three 

other tetrahedrons. Notice the hexagonal pattern of "holes" in the 

KAOLINITE SHEET, here seen from the side, is a "laminate" of 

the silicate and aluminate sheets shown in the middle illustra· 
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has four valence electrons to give up, each of the surrounding oxy· 

gens gets one, leaving its outer shell one electron short. It can get 

that electron from another silicon atom by linking two· groups 

(le/t). In this way a chain of silicate groups can be built up (right). 

sheet. An aluminate sheet (right) consists of aluminum ions 

(gray) and hydroxyl (OR) ions (color). The top layer of hydroxyls 

has a hexagonal pattern. If the two sheets are superposed (as if 
they were facing pages of a book), they mesh, forming kaolinite. 

tion on this page. In kaolinite each of the aluminum ions becomes 
surrounded by six close neighbors: oxygen ions and hydroxyl ions. 
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namical properties, that is, the flow of 
heat, electricity, mass, magnetism and so 
forth within the solid. An important class 
of these imperfections is atomic vacan
cies, or holes, in the crystal structure. In 
the case of a ceramic such holes are es
sential for the consolidation of the mate
rial in the hardened form, as the patti
cles must change their shape (which 
involves a movement of atoms) in order 
to become tightly packed in the firing 
process. 

The presence of vacancies in ceramic 
crystals can be demonstrated experimen
tally by placing crystals in an electric 
field. Because they have no free electrons 
most ceramics are insulators-highly re
sistant to the flow of electricity. They 
can, however, conduct electricity to 
some extent by movement of their ions, 
and this occurs when a hot ceramic is 
placed between two electrodes connect
ed to a battery [see illustmtion on page 
120]. Metal ions in the crystal (which are 
usually more mobile than the larger oxy
gen ions) may jump to the surface near 
the negative electrode; the jumps are 
made possible by the normal thermal agi
tation of atoms in a hot crystal. Other 
metal ions can then jump into the vacant 
sites left behind. Thus the holes move 
toward the positive electrode and the 
crystal gradually becomes polarized, with 
a preponderance of metal (positive) ions 
near the negative electrode and a surplus 
of oxygen (negative) ions left near the 
positive electrode. 

If the battery is then disconnected, the 
ions will gradually diffuse back to a bal
anced distribution in the crystal. On the 
other hand, if the battery is left on and 
its voltage is high enough, some of the 
metal will become completely separated 
from the oxygen and will be concen
trated near the negative electrode. Note 
that the behavior of the metal ions in the 
ceramic is like that of the positive ions of 
a salt dissolved in water, which also trav
el to a charged negative electrode. There 
is an important difference, however. In 
the salt solution the negative ions mi
grate just as readily as the positive ions, 
whereas in most ceramic crystals the 
metal ions are much more mobile than 
the oxygens. This means that a ceramic 
is differentially permeable to one species 
and can therefore be used to separate 
charged particles. This property of ce
ramics promises to make them useful in 
fuel-cell devices. 

The basic knowledge that has been 
gained about the microstructure and 

the physical and chemical behavior of 
ceramic materials not only has provided 

QUARTZ is a three·dimensional structure of silicate units. In this electron micrograph 

quartz crystals are enlarged 1l,000 diameters. Since such crystals are opaque to the electron 

beam, a "replica" technique is used: the specimen is first shadowed by evaporating platinum 

vapor onto it at a shallow angle. Then a layer of carbon is deposited, forming a replica 

of the surface. Finally the clay is dissolved away in acid and the replica is micrographed. 

KAOLINITE CRYSTALS are enlarged 19,000 diameters in this electron micrograph made, 

as was the one at the top of the page, by Joseph J. Comer of the Sperry Rand Research 

Center. The technique was the same, but in this case the image was printed as a negative. 
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BOUNDARY between two crystal grains disrupts tbe ordered structure of a ceramic. Tbese 

two crystals (which have the structure of magnesium oxide) are rotated 10 degrees with 

respect to each other; the boundary leaves vacancies in the lattice, distorts bonds between 

ions and brings together ions of like charge, which tend to repel each other (colored bars). 

DISTORTIONS at boundaries in aluminum oxide are seen in micrograpbs made by D. J. 
Barber and N. J. Tigbe of the National Bureau of Standards. A boundary between tilted crys· 

tals is seen edge on, magnified 220,000 diameters (top), and from the side, at 130,000 diame· 

ters (middle). A boundary between twisted crystals is magnified 100,000 diameters (bottom). 
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a set of principles for their construction 
but also has led to the development of 
new techniques for making them. By 
careful attention to the control of chemi
cal composition, particle sizes, uniform
ity, purity and the arrangement and 
packing of atoms it has become possible 
to synthesize high-perfOlmance ceramics 
in almost limitless variety. Electric kilns 
have been developed to provide preci
sion in the firing process. Several new 
methods have been devised to synthesize 
ceramics in special forms. Among these 
are the use of very high pressure to 
squeeze and consolidate fine particles 
prior to firing; the decomposition of ce
ramic chemicals at high temperature to 
deposit a coating or shell on a back
ground material; the use of a plasma gun 
that liquefies fine particles at high tem
perature and sprays a paintlike ceramic 
coating on objects; the precipitation of 
ceramics from aqueous solutions at high 
pressure and temperature (called hydro
synthesis); the slow solidification of liq
uids to form individual ceramic crystals 
with ideal properties. 

To illustrate the potential versatility of 
ceramic materials one need only enlarge 
a little on the case of aluminum oxide, to 
which I have already referred. I have 
mentioned gem rubies, which are high
quality crystals of aluminum oxide con
taining a small amount of chromium ox
ide, which colors them red. The same 
basic substance (AI203), with titanium 
atoms added, yields blue sapphires. In
dividual crystals of aluminum oxide have 
great utility as watch bearings, phono
graph needles, pressure-resistant win
dows and other products. In transparent 
form multicrystalline alumina ceramics 
are employed in place of glass as enve
lopes for lamps and electronic devices. 
A thin film of aluminum oxide is often 
formed electrochemically on aluminum 
metal to protect it. As a loose powder (co
rundum) it is a hard, heat-resistant abra
sive. In the form of fine particles bonded 
together by silica glass, aluminum oxide 
is the basis of spark-plug insulators, re
fractory bricks and crucibles for molten 
metals. Consolidations of aluminum ox
ide powder are also employed as electric 
insulators and windows or radomes trans
parent to microwaves. 

Without attempting to survey the en
tire voluminous catalogue of ceramic 
materials now available, I shall indicate 
their range by mentioning examples of 
various groups that can be classed ac
cording to their salient properties. 

One large group exemplifies properties 
in the field of optics. In that area, as we 
have already seen, ceramic techniques 
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Are you travelling 
on business, Mr. Tannen? 

Mr. Tannen may be nine 
years old to his mother but he 
looks like a professional travel
ler to us. 

And a pretty big spender 
when it comes to plane tickets. 

So we've put in any number 
of services he won't find down 
the street. 

A 30-million-dollar reserva
tions computer, for instance. 

Just to keep people from 
wandering around our termi
nals muttering. 

This computer keeps track 
of every seat we have and every
body with a ticket and every
body on standby. 

And the bowl of chili you or
dered. And the rental car you 
want waiting. And even the air
line you're connecting with. 

We run this airline with the 
heavy traveller in mind. 

The "full treatment" is the 

only treatment we have. 
So the moment a Travel 

Agent booked Mr. Tannen on 
American, he looked big for 

American Airlines 

his age to us. 
All right, Mr. Tannen, put 

down that cocktail list and 
drink your ginger ale. 

The airline built for professional travellers. (Y ou'lllove it.) 
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Tens of thousands 
of dissertations 
have been written. 
That's not news. 

But we can find 
the one you want 
in seconds. That is. 

Finding the right dissertation at the 
right time is a problem. Compiling a 
bibliography of relevant titles means 
days-even weeks-of searching. It's a 
formidable, time-wasting problem for 
researchers and librarians. 

Now there's a way that greatly re
duces the time needed to put together 
a bibliography of pertinent disserta
tions. It's a way to quickly and inex-

• pensively get actual research started 
sooner. 

It's a service named DATRIX. 
A computer is the core of DATRIX. 
Here's what it does: 
It performs a thorough search of the 

more than 126,000 post-1938 disserta
tions we have in our files (ineluding 
95% of those written last year at U.S. 
and Canadian universities); retrieves, 
with computer speed, titles of desired 
dissertations; and prints out the de
sired bibliography. Positive microfilm 
or bound xerographic copies of the 
completc dissertations can be ordered. 

DATRIX is another new service of 
University Microfilms, a pioneer in 
making the library a more efficient re
search tool. 

Using DATRIX is simple and direct. 
With our order form and descriptive 
words selected from a key-word list 
supplied, the reseal-cher defines his 
specific area of interest. 

When this request is transmitted to 
a computer, a bibliography of relevant 
titles is printed and mailed to the 
library or individual so that they'll 
have what they need in working days 
instead of waiting weeks. 

For the DATRI X brochure, write: 
University Microfilms Library Services, 
Xerox Corporation, 300 N. Zeeb Road, 

Ann Arbor, Michigan 48106. 

XEROX 
EDUCATION DIVISION 

UNIVERSITY MICROFILMS LIBRARY SERVICES 

DATRIX IS A TRADEMARK OF XEROX CORPORATION. 
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IONS MOVE through a schematic oxide, conducting electricity. The crystal is in an electric 

field. Positive ions (black) jump toward the negative electrode; other ions fill successive va

cancies until there is an excess of metal ions 011 one side and of oxygen ions on the other. 

are notably useful for the coloring of 
materials, including paints and plastics. 
A ceramic pigment is exceptionally dura
ble because it is completely oxidized and 
hence not subject to chemical attack or 
deterioration. Various metallic oxides can 
serve as the pigments, each yielding a 
specific color because of the metal's se
lective absorption of light. (The cobalt 
ion, for example, absorbs red light, there
by giving a bluish tint to glass.) Colora
tion can be introduced into a ceramic in 
various ways. A salt containing the cho
sen metal can be dissolved in molten 
glass and applied to ceramic objects as 
a colored glaze. Alternatively) the color 
can be incorporated in the form of very 
small colored crystals embedded in a 
glasslike matrix. These crystals are often 
spinels (normally compounds of magne
sium, aluminum and oxygen) in which 
metal atoms producing the desired color 
are substituted for the magnesium or the 
aluminum. The color sometimes depends 
on the concentration: a small amount of 
chromium, in place of aluminum, colors 
spinel red, but a larger concentration of 
chromium will color it green. Still an
other way to color is to precipitate col
loidal particles of a metal in a glass. The 
particles selectively scatter light to yield 
rich colors. For example, gold particles 
about 400 angstroms in size provide the 
color in the ruby glass of stained-glass 
windows. 

There are many other optical appli-

cations of ceramics; three examples will 
illustrate their diversity. Calcium tung
state (found in the mineral scheelite) is 
Huorescent and has long been used to 
make blue screens for oscilloscopes; in 
the form of individual crystals it has now 
been found to be, like ruby, an excellent 
material for lasers. In the field of decOl'a
tion, thin films of metal oxides are coated 
on glazes to produce an iridescent effect, 
and objects so coated are called luster
wares. And not the least interesting of the 
optical ceramics is a new material (called 
Yttralox) that is as transparent as win
dow glass and can resist far higher tem
peratures. It is the product of a new 
technique based on the microscopic 
study of ceramic structure. Ceramics are 
generally opaque because of the pres
ence of tiny pores within them that scat
ter light, and the new technique serves 
to eliminate these pores during the firing 
stage. 

� ![ethods have also been developed to 
1 V_ - improve the refractory quality of 
ceramics, one for which they have tradi
tionally been famous. One of these ad
vances is the fabrication of beryllium ox
ide (a highly toxic material), which has 
an exceedingly high melting point and 
serves as a useful material in some nu
clear reactors. It has also become possi
ble to reduce the brittleness of ceramics
a traditional shortcoming. By prestressing 
them, particularly at the surface, ceramic 
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It may pull into a gas station every now and then, but 
only to ask for directions. That's because it's electri
cally powered by a modern lead-acid battery. This 
model is keyed to the short haul requirements of urban 
living. It runs for about a penny a mile. 

Lead makes it possible. 
Lead makes a lot of things possible. Like effective 

soundproofing when it's interposed as plenum barriers 
or partitions. Or modern architecture when it's used to 
make totally leakproof pools and bright, durable porcelain 
enamel facades. In electronics, tin-lead solder is in
val uable for breadboardi ng and circuitry. Not to mention 
terne-coated steel chassis for television and other 
electronic gear. 

• 

Lead and its compounds are at work on the fron
tiers of contemporary technology, in ultrasonics, 
piezoelectrics, hard ferrites, and special leaded 
pigments. 

Find out more about the great advances in the scien
tific applications of lead. Our staff will be glad to assist 
you. Call 212 OR 9-6020, Lead Industries Association, 
Inc., 292 Madison Avenue, New York, N. Y. 10017 

81 

IJiiI LE'UJ INDUS�ES ASS<>CIATION, INC, 

ook Ahead with Lead 
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NUMBE�1 
IN NUMBERS , 

(Little does he know he's already ) 
sharing his remarkable scientific 

calculator with three other ergineers. 

Wang Laboratories' powerful Model 
320 Programmable scientific calcu
lator does tend to bring out an oc
casional selfish streak. 
Fortunately Wang has devised a 
neat, economical solution to such 
problems. Up to 4 inexpensive key
board consoles may operate simul
taneously and autonomously from a 
single electronics package. They 
may be card-programmed ... each 
provides unmatched flexibility, with 
single-keystroke functions like: I ! x, 
X2, v!x. log.x, ex, sin 0, cos fJ, sin-1x, 
tan-1x. 

Get the full story. Write today to: 

WANG 
LABORATORIES. INC. 

DEPT.BK-9,836 NORTH ST., TEWKSBURY, MASS. 01876, TEl. (617) 8S1-731i 
IN MAJOR CITIES lElEPHON[: (203)666-9433;(206)622·2466;(212)682·5921; 
(213)27S.3232; (214)3614351; (215) 839·3345; (216) 333-6611; (301) 589-2848; (303) 364·7361, 
(305) 841·3691; (312) 456-1542; (313) 278-4744; (314) 647·2266; (317) 63HI909; (319) 365·2966; 
(402) 341·6463; (412) 366-1906; (41514�140; (416) 429'()261; (505) 255·9042; (51l) 531·2729; 
(514) 320531; (60J) 882·J842; (604}684-4411; (61Z) 881·5324; (614) 488-975 3;(702)322.4692; 

(713) 663-0275; (716)381·5440; (717) 391·3212; (808) 510484; (817) 834·1433; (919) 288-1695. 
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materials can be made resistant to break
age. Among the products of this im
provement are "unbreakable" dishes and 
stronger structural materials. 

In the field of electronics and magnet
ism ceramics are launched on a new 
career. They have long served, of course, 
as electrical insulators. Now they play 
more active roles based on certain un
usual electrical and magnetic properties. 
One of these is the piezoelectricity of 
quartz crystals: the electric fields pro
duced when the crystals are compressed. 
This property makes it possible to excite 
and detect the mechanical oscillations of 
the crystals elecb·ically. The crystals are 
therefore used for precise control of the 
frequencies of oscillators and for the gen
eration of high-frequency sound waves. 
The precise electrical measurement of 
the frequencies of mechanical oscilla
tions in quartz crystals is the basis of 
sensitive thermometers and weighing 
balances. Crystals related to magnetite 
(iron oxide) are useful as components in 

HEAVY CLAY PRODUCTS 

ABRASI VES 

WHITEWARE 

PORCELAIN ENAMELS 

ELECTRONIC MATERIALS 

CARBON AND GRAPHITE 

RESEARCH MATERIALS 

SEMICONDUCTOR DEVICES 
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high-frequency electronic elements and 
memory devices in computers. 

Ceramics may become a much more 
significant factor in the electronics field 
than they are at present. They have many 
properties in common with well-known 
semiconductors such as germanium and 
silicon. Further technical development 
may reduce the distinction between 
them. Some engineers already regard 
semiconductors and ceramics as prov
inces of the same industry. 

The proliferation of ceramic products 
is dramatically reflected in the current 
production figures for the industry [see 
illllstmtion below J. If we exclude glass 
and cements, which are major industries 
in themselves, the total production of 
the new ceramic products in money val
ue already outweighs the manufactures 
of the more traditional materials-essen
tially building materials and pottery 
wares. 

This trend is certain to continue. The 
advances in theoretical understanding of 

.5 1.5 

DOLLARS (BILLIONS) 

2 

CERAMIC PRODUCTS have found increasing applications in recent years, with new prod

ucts overtaking the conventional ones. Semiconductors are considered by some to be a part 

of the industry. (Glass and cements, which are actually industries in themselves, are exclud· 

ed from the chart, which is derived from 1967 production estimates made by Ceramic Age.) 
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New Sylvania microwave 
• • 

receiver gives you 
higher dynamic range, 
greater stability-
over 1 to 18 GHz. 

Our new Model R-31 is an electronically tuned su
perheterodyne receiver with an 80 db typical dy
namic range. It uses a YIG discriminator to control 
the frequency of a BWO. With this design, we've 
achieved frequency accuracy, sweep linearity and 
stability levels unusual in a microwave PAN /MAN 
receiver. 

It's a state-of-the-art unit-with high spurious
free dynamic range and low incidental FM. 

Available in five RF bands, this receiver can 
sweep the entire band of a tuner-or any sector 
within that band. The Control-Demodulator unit, 
shown here, contains all IF and demodulator cir
cuits, as well as tuner selection and other controls. 
You can select any one of the RF bands, the tuning 
mode (panoramic or manual), the IF bandwidth 
and detection mode, and get complete 1 to 18 GHz 
receiver control from this one unit. 

A companion junction box, DVM and the five RF 
units are unattended. 

The amplifier-demodulator provides the neces
sary IF gain in bandwidths ranging from 30 MHz 

to 100 kHz-to provide AM, FM and CW demodula
tion. We also make similar devices that extend fre
quency coverage from 250 MHz to 40 GHz. 

We've used modular packaging throughout these 
units. So they're readily serviceable. And we'll de
sign the packaging configuration to fit your needs. 

What's your receiver requirement? Write Mar
keting Manager, Sylvania Electronic Systems, P. O. 
Box 188, Mountain View, California 94042. Or call 
(415) 966-2163. We can solve a wide range of re

ceiver problems. 
Sylvania Electronic Systems, Division of 

Sylvania Electric Products Inc., 40 Sylvan Road, 
Waltham, Massachusetts 02154. 

SYLVANIA ELECTRONIC SYSTEMS 

SYLVANIA 
SUBSIDIARY OF am E GENERAL TELEPHONE & ELECTRONICS . .1& 
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What do you expect trom 

THE COMPANY YOU KEEP 
. . . or buy, or sell? 

o STRONG PRICE 
PERFORMANCE in the year ahead 

o WIDE APPRECIATION 
POTENTIAL 3 to 5 years from now 

o HIGH YIELD in the next 12 months 

o DEPENDABILITY beyond 5 years 

If these are what you look for in your 
stocks and you can rank these objec
tives in order of importance to you at 
this time, The Value Line Investment 
Survey should prove helpful to you when 
you want to put your hard-earned capi
tal to work and keep it working effi
ciently for you. 

Value Line systematically rates 1100 
widely held stocks every week in terms 
of these four universally desirable at
tributes. 

Utilizing objective determinations of 
probability, Value Line classifies the 
1100 stocks into five groups and indi
cates-with unequivocal numerical rat
ings, not ambiguous adjectives-the fu
ture price change probabilities of each 
stock relativp- to the others in three de
fined time periods: (1) the next 12 
months ... (2) three to five years from 
now ... (3) beyond five years. 

·The future can only be discerned in 
terms of probability, so not every one 
of the stocks will perform in accordance 
with its ratings. But such a high per
centage have in the past, for reasons 
that are logical, that you owe it to your
self to consult the current Value Line 
ratings periodically throughout the year 
to keep the probabilities in your favor. 

PUT VALUE LINE TO YOUR OWN TEST 
under this money-back guarantee: If, 
for any reason, Value Line should fail 
to meet your expectations, return the 
material within 30 days for a full and 
prompt refund of your payment. 

USE THE COUPON or write to Value 
Line, Dept. AA70-11 to start your sub
scription to the complete weekly Value 
Line service. 

You will receive the full weekly edition, in· 
cluding full-page reports on about 85 stocks 
and their industry groups; the 8·page Weekly 
Summary of Advices .. Index, listing alphabeti
cally all 1100 stocks and their latest Value Line 
ratings; the 8· to 12-page Selection" Opinion 
editorial section ... plus the monthly Special 
Report on insider transactions and the quar· 
terly SpeCial Report on mutual fund trading, 
as issued. 

AS A SPE C IAL BONUS, without additional 
charge, Value Line will ship to you the 1500· 
page Investors Reference Library, containing 
Value Line sections published during the 13 
weeks preceding the start of your subscription. 

,..---------------. 
DONE YEAR-$l56 0 3-MONTH TRIAL-$42 

(52 EDITIONS) (13 EDITIONS) 
-for the complete serviee PLUS the 2-volume 
Investors Reference Library as a bonus. 

o Payment enclosed 0 Bill me 
(Subscription fees are tax deductible. N.Y.C. 
residents, please add 5% sales tax; other N.Y. 
State residents, add applicable sales tax.) 

Name' ______ ��--��---------
(please print ) 

Address. _________________ AA70·11 

City State __ Zip ____ _ 

THE VALUE LINE 
INVESTMENT SURVEY 
Published by Arnold Bernhard & Co., Inc. 
S EAST 44th STREET, NEW YORK, N.Y. 10017 

No assignment of this agreement will be made 
without subscriber'S consent . 

... --4 VALID UNTIL DEC. 31, 1967 � -_ ... 
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the solid state and in engineering manip
ulation of materials are giving rise to an 
ever increasing diversity of new ceram
ics. The movement in this field is toward 
increasing simplicity and more rigorous 
control of the materials: toward purifica
tion of the component elements, simplifi
cation of the internal structure and re
finement of the production techniques. 
At the same time research is going for
ward on combining the refined building 

blocks into composites with desirable 
properties. What began as the syntheSiS 
of rocks and gems by men has developed 
far beyond the achievements of nature. 
The elements can now be fabricated into 
superior materials that have the heat re
sistance to transport us to the planets, 
the strength to explore ocean depths and 
a response to electric fields that can con
dense the world through the medium of 
optical communications. 

STRUCTURE of brick used iu copper production is magnified 240 diameters in a photomi. 
crograph made by H. A. Freeman of Harbison-Walker Refractories Company. Constituents 

Un order of increasingly light gray) are magnesium oxide, spinel, copper oxide and copper. 
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If a turtle can live for 138 years, 
why can't you? 

No one wants to exist l ike a turtle. But who 
wouldn't l ike to know the secrets of its long 
and healthy survival ? 

I s  it a matter of diet ? The turtle's slow 
pace ? H i s  protective armor ? Or what ? 

If scientists knew, perhaps they could use 
the knowledge to help prolong man's years 
of good health. 

Consider the human heart. 
Some authorities believe i t  has the 

potential to last  for perhaps ISO years. Yet, 
the heart often falters or fails in 

mid-years.  So do other vital  parts of the 
body, e specially the arteries.  

Can the body's resistance or reserve 
capacity be s trengthened or conserved ? 
If so,  perhaps many of the diseases 
and disabilities we now attribute to 
aging can be delayed, or even avoided. 

Problems l ike this are a chal lenge 
to more than 400 scientists in the research 
laboratories of Parke-Davis.  Their goal : 
to add more years to your life and 
more l i fe to your years.  

PA R K E-DAV I S  
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THE NATURE OF GLASSES 

The geometry of glass structure is the geonletry of disorder on the 

,yay to order. The art of the glasslnaker can be explained in tenns 

of thennodynanlics, chelnical bonding and nl0lecular architecture 

The study of solids is largely a mat
ter of geometry. This is so because 
the geometric arrangement of the 

building blocks of solids is simply an 
expression of the binding forces between 
the assembled units. It is these forces 
that determine physical and chemical 
properties. The building blocks of a 
solid can be considered as arrays of 
atoms, clusters of molecules or simply 
single atoms or molecules. The proper
ties of the solid depend on the place
ment or arrangement of these units over 
distances that vary from atomic dimen
sions to perhaps several centimeters. 
Many precise techniques are available 
for studying the atomic arrangement of 
matter in crystalline solids. These tech
niques generally depend on the scat
tering, diffraction or refraction of ener
getic radiation. In order for the resulting 
pattern of radiation to convey informa
tion about atomic positions the structure 
must be periodic, or regular, over dis
tances that are large compared with the 
wavelength of the radiation. ,,ye are 
concerned here with glasses, a class of 
solids that do not crystallize when they 
are cooled from a melt and thus do not 
exhibit long-range periodicity of atomic 
structure. These materials yield their 
atomic configurations only slowly to the 
usual methods of structure analysis. 

The structure of a glass is often in
ferred f�'om the analysis of some crys
talline modification of the material that 
forms it. Information on the disordered 
structure of glass itself, however, can be 
obtained by thermodynamic measure
ments. Such information cannot be spe-

by R. J. Charles 

cific since it is expressed in terms of a 
few simple variables that are themselves 
averages. The approach is nonetheless a 
useful one because in a system as com
plex as a glass average characteristics 
should have unusual significance. 

Since a glass is distinguished from 
other solids by its lack of crystallinity, it 
is pertinent to examine how crystalliza
tion normally takes place when a liquid 
is cooled. Initially let us consider a pure 
liquid, that is, a liquid whose composi
tion will not be changed by the freezing 
process. As a further restriction we shall 
require that the cooling be sufficiently 
slow for no changes in the liquid to occur 
if the cooling is halted for some period 
of time. 

The main effect observed in cooling 
is that the change from a liquid to a crys
talline solid is usually abrupt and occurs 
at a particular temperature. One might 
reasonably ask: Why that temperature 
and no other? Close observation will re
veal not only that heat is passed con
tinuously from the liquid to its surround
ings during cooling but also that at the 
freezing temperature the surroundings 
receive a sudden burst of heat from the 
liquid. 

This burst of heat is a consequence 
of the process by which atoms or mole
cules, initially in some state of chaos in 
the liquid, form the geometric arrays 
found in the crystal. One can appreciate 
that if there are attractive forces be
tween particles in an assemblage, then 
energy, as heat or work, may be released 
if the particles relax into a closer and 
less random association with one an-

GLASS-CRYSTAL MIXTURE (opposite pagel was produced by melting ordinary soda 

lime window glass in a crucible and then holding it at several hundred degrees centigrade 

for a period of days while crystal needles grew inward from the slightly cooler edges of the 

crucible. In tbis color micrograph, which was taken through crossed polarizing filters, the 

crystal needles are predominantly yellow and blue. The glass matrix shows up as magenta. 

The micrograph was made by the author at the General Electric Research Laboratory. 

other. Even though one can see no par
ticularly marked change in the liquid 
during the initial stages of cooling, it 
must be assumed that the steady con
traction of the liquid and the release of 
heat indicate that the molecules forming 
the liquid are engaged in a continuous 
ordering process. This ordering consists 
of many factors, such as the formation of 
new molecular aggregates and the de
velopment of a more geometric organi
zation of atoms or aggregates of them, 
together with a reduction in the amount 
of random oscillation of atoms around 
mean positions. 

}\t this point one might ask: Is there 
a simple means of measuring the 

amount or degree of ordering of atoms 
or molecules in a process such as freez
ing? Certainly the amount of heat given 
off is related to the amount of ordering 
that occurs on crystal formation, and 
one might expect a simple proportion
ality between the two. There is, how
ever, an important difference between 
the heat transferred at a high tempera
ture and the heat transferred at a low 
temperature: the first is a much rarer 
and more useful commodity. Assuming 
that the geometric arrays produced by 
freezing are fairly independent of tem
perature, a suitable measure of the 
amount of geometric ordering that oc
curs on crystallization can be provided 
by the ratio of the quantity of heat trans
fen'ed to the temperature at which trans
fer takes place. This ratio, which can be 
put on a firm thermodynamic basis, is 
the measure we seek. Physicists will rec
ognize it as entropy. 

In applying this measure one can im
mediately see that the heat received by 
the surroundings on the freezing of a 

liquid must produce a degree of struc
tural change in the surroundings equal 
and opposite to the change that occurred 

1 27 
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TWO·PHASE GLASS can be contrasted with the mixed system of 

glass and crystals illustrated on page 126. This electron micrograph 

shows a sodium borate glass that has separated on cooling into two 

continuous and interpenetrating phases, each of them a glass. The 

128 

two phases differ markedly in chemical composItIon and proper· 

ties. The character of the resulting product depends not only on 

these differences but also on the manner in which one phase is dis· 

tributed in the other. The photograph was made by the author. 
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in the liquid. Thus the net ordering (or 
disordering) that occurred in the total 
system composed of the liquid and its 
surroundings suffered no change during 
freezing. It is a consequence of the sec
ond law of thermodynamics that this is 
so for a system that changes yet has no 
capability for doing useful work during 
the change. If a net change in order had 
taken place in the freezing process, then 
we could say with confidence that the 
change could only have been in the 
direction of decreased order, because 
processes that might give rise to a net 
increase in the state of order of the uni
verse are, as far as we know, impossible. 
These are the thermodynamic require
ments that establish the temperature at 
which a particular liquid can freeze; at 
no other higher temperature can the ge
ometric ordering required for crystal for
mation occur and leave the order of the 
universe undisturbed. 

Let us now consider how the freezing 
process is affected when foreign atoms 
or molecules are added to a liquid. Let 
us suppose these foreign atoms are rela
tively inert in that they interact with the 
atoms of the original liquid in much the 
same way that they do with one another. 
When the solution is cooled to produce 
the same crystals as before, the atoms 
that form the crystal not only must be
come organized in the same geometric 
fashion but also must undergo an addi
tional degree of ordering by first being 
unmixed from the foreign atoms. Al
though the total ordering in the solution 
that is forming crystals is thus greater 
than it is in the pure liquid, the amount 
of heat passed to the surroundings at the 
freezing temperature (per unit weight of 
crystal formed) remains the same. 

The only way for the ordering in the 
surroundings to be equal and opposite 
would be for crystals to form at a lower 
temperature than the one needed to 
freeze the pure liquid and for the liber
ated heat to pass to the surroundings at 
the lower temperature. This follows be
cause a lower transfer temperature 
means a smaller number in the denomi
nator of the fraction, or ratio, men
tioned earlier that indicates how much 
ordering can occur on crystallization. 
Since the amount of heat transferred (the 
numerator) is unchanged, reducing the 
size of the denominator yields a larger 
value for the amount of ordering (or 
equivalent disordering) that can be pro
duced. This argument illustrates the im
portant phenomenon of freezing-point 
depression, which governs the freezing 
of seawater and the melting of road ice 
by salting and aids greatly, as we shall 
see, in the formation of complex glasses. 

What I have just described are the 
conditions necessary for a liquid to be 
converted into a crystalline solid. Cool
ing to or below the freezing point is not, 
however, a suffiCient condition for crys
tallization. I have simply dealt with the 
characteristics of assemblages of atoms 
before and after solidification. The 
mechanism for bringing about such a 
transformation is another matter. 

Before a liquid can crystallize it must 
have in it a seed-a tiny crystal. A 

seed often consists of atoms or groups 
of atoms that have become attached to 
foreign particles or to irregularities on 
the surface of the container holding 
the liquid. Under certain circumstances, 
however, small numbers of atoms will 
spontaneously aggregate to form a tiny 
crystal nucleus on which other atoms 
can then deposit. In much the same 
fashion that energy is stored in the sur
face of a bubble, energy is stored by 
those atoms on crystal surfaces that find 
themselves in an environment that is 
partly liquid and partly solid. If the 
growing nucleus is small, the energy 
(per unit weight of nuclei) may be ap
preciable, because the exposed surface 
of the nucleus is so large with respect to 
its mass. This energy, which is stored on 
nuclei surfaces and is in excess of the 
heat energy that must be evolved for 
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solidification, can be obtained only if 
the temperature of the liquid is lowered 
somewhat below the thermodynamic 
freezing temperature. In other words, a 
certain amount of supercooling is needed 
to form the nuclei that trigger the proc
ess of crystal growth. 

Now let us turn our attention to time 
factors, which often play a crucial role 
in determining whether or not such nu
clei, even under supercooled conditions, 
can form and grow. The reader will re
call that so far the discussion has been 
limited to a situation in which the freez
ing process takes place so slowly that the 
molecular configurations attained are de
termined only by temperature and not 
by the time elapsed in reaching any 
given temperature. Because molecules 
must slide past one another to change 
their configuration, it is evident that the 
time required for molecules to assume 
new relations depends on the ease or 
difficulty of the sliding. For most com
mon liquids, which are composed of in
dividual atoms or molecules that are 
more or less spherical, sliding proceeds 
easily and the attractive forces devel
oped among atoms or molecules during 
cooling are more than adequate to move 
them into place at nOlIDal rates of cool
ing. In such liquids crystal nuclei form 
and grow easily with supercooling of 
only a few degrees centigrade. 

I 
I 
I 
I 
I 
I 
I 
I 

j H'AT m SOLIDIFICAIIDN 

LIQUID 

FREEZING POINT 
i 
I 

TEMPERATURE ) 

SOLIDIFICA TION OF LIQUID can lead to either a crystal or a glass. When a liquid solidi
fies into a crystal, it gives up a burst of beat at some particular temperature, which identifies 
its freezing point. This burst, or heat of solidification, coincides with the final ordering of 
atoms or molecules into a crystalline array. Liquids that cool to the rigid state without crys· 
tallizing are called glasses. Glasses that are cooled slowly (broken colored curve) more 
dosely approach crystalline state than glasses that are cooled rapidly {solid colored ('urve). 
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CONSTITUENTS OF GLASSES are found in two widely separated 

regions of the periodic table. The chief glass-forming elements ap

pear in Group VI: oxygen, silicon, selenium and tellurium. Many 

neighboring elements (light-colored boxes) enter into chain-form-

ing struetures that provide great variation in the kinds of glasses ob

tainable. Elements found in Groups I and II (gray boxes) are used 

primarily as fluxing materials, which help to control the viscosity 

of glass as well as the temperatures of melting, firing and forming. 

Certain liquids, however, become 
particularly viscous near the freezing 
point, and the formation and growth of 
crystal nuclei may be prevented even 
when the cooling rate is slow. These 
liquids, unable to form or grow nuclei, 
follow the supercooled route to the glass 
state. In addition, because their viscos
ity increases as the temperature falls, 
their molecular configuration lags fur
ther and further behind the temperature. 
As a result the molecular arrangement at 
any instant will correspond to equilibri
um for a temperature much higher than 
the actual temperature. 

If cooling is continued until the glass 
becomes rigid, random structures char
acteristic of liquids at much higher tem
peratures will be frozen into the struc
ture of the glass. Moreover, the faster 
the rate of cooling, the higher the tem
perature to which these frozen-in liquid 
states will correspond. Since the amount 
of relaxation, or ordering, achieved by 
the molecules on cooling is strongly de
pendent on cooling rate, the amount of 
heat given off will likewise depend on 
cooling rate. Thus we see that glasses 
are rigid solids whose atomic structures, 
and hence properties, depend not only 
on composition but also on thermal his
tory. For this reason close attention is 
paid in glassmaking practice to sched
ules of quenching (rapid cooling) and 
annealing (slow cooling). 

From the foregoing, one can adduce 
two important conditions that favor 
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glass formation. These conditions are 
not exclusive and may in practice re
quire proper balancing. On the one hand 
the glassmaker understands that he 
should select complex or impure solu
tions in order to depress as far as possible 
the freezing point of any crystal that 
might tend to form. This procedure has 
been used empirically for millenniums; 
many ancient glass compositions corre
spond to regions on composition-temper
ature diagrams where the freezing point 
is at a minimum. On the other hand the 
frictional forces inhibiting the formation 
of new molecular configurations in the 
liquid should be a� high as possible. The 
glassmaker can achieve this either by 
fast cooling or by choosing materials 
that exhibit inherently high viscosity. 

Simple mechanical considerations sug-
gest that a particular molecular con

figuration should be more conducive to 
high liquid viscosities than any other. 
This configuration is a flexible chain or, 
when the chains are cross-linked, a net. 
In order for a chain to form, individual 
atoms must link up with at least two 
other atoms. The number of linkages 
specifies the "coordination." For a sim
ple chain the coordination is two: each 
atom is joined to one on each side. If the 
chain is to have side groups or if it is to 
be cross-linked to other chains, at least 
some atoms in the chain must have a co
ordination of three or four. 

Such low coordination is favored by 

covalent bonds, that is, by bonds created 
when atoms share electrons. Atoms 
bonded in this way exhibit a high degree 
of directionality. An examination of the 
periodic table [see illustration above] 
shows that the elements most likely to 
form chains by covalent bonding are in 
the higher-numbered columns. These 
are the elements whose outer electron 
shells are shy only a few electrons. These 
elements, therefore, would rather share 
electrons than part with them. The 
Group VI elements (oxygen, sulfur, sele
nium and tellurium) are particularly 
good candidates for chain formation be
cause the addition of only two electrons 
makes their outer shell complete. Thus 
they might easily exhibit a covalent co
ordination of two. 

X-ray-diffraction analysis has shown 
that when selenium and tellurium are 
packed in hexagonal crystals, they con
sist of continuous spiral chains aligned 
along one axis of the crystal [see top il
lustration on page 134]. Crystalline sul
fur and another form of selenium form 
chain like rings, usually of eight atoms, 
that pack together in various geometric 
patterns [see bottom illllstration on page 
134]. Some of these rings open into ex
tended chains when sulfur and selenium 
are melted; if the melt is cooled fairly 
fast, these elements, as well as tellurium, 
become supercooled and form glasses. 

In spite of considerable study it is 
still debatable whether or not elemental 
glasses can be prepared from various 

© 1967 SCIENTIFIC AMERICAN, INC



It's still the best answer for many tough 
corrosion and high temperature problems 
And when you're faced with the possibility of corrosion in automotive, 

petrochemical, food, construction or other applications, isn't that the best 

news you can get? 

Stainless steel still offers the best available combination of enduring 

resistance to a broad range of corrosive environments at high 

temperatures, with the physical strength necessary to maintain 

structural rigidity. And stainless steel still offers the economies of 

ready fabrication by conventional methods, along with minimum 

maintenance and prevention of product contamination. 

With stainless steel from J&L, there is also the assurance that 

comes from dealing with an interested, qualified metallurgical staff 

that understands the problems of corrosion and high temperatures 

and is eager to work with you in solving them. 

Jones & Laughlin Steel Corporation I nn I 
Stainless and Strip Division dJLJ 
P.O. Box 4606, Detroit, Michigan 48234 �l'.\ll�I1Il� 
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PURE OXIDE GLASS consists of a random three-dimensional network in which each oxy

gen atom (white) is bonded to two atoms of a metal such as boron. Here each metal atom is 

bonded to three oxygen atoms. However, there are other kinds of glass, such as silica glass, in 

which each metal atom is bonded to four oxygen atoms, producing a more complex network. 

FLUX-CONTAINING GLASS also consists of a random three·dimensional network, except 

that flux atoms such as sodium (color) have reduced the amount of cross-linking. Thus some 

oxygen atoms are now strongly bonded to only a single atom and have weaker ties (not 

shown) with one or more flux atoms. As a result the melting point of the glass is reduced. 
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near neighbors of the Group VI ele
ments, for example boron, silicon, phos
phorus, germanium and particularly 
carbon. Amorphous forms of most of 
these elements are known, but this de
scription may simply reflect the inabil
ity of present methods to detect crystal
line regions less than 20 angstrom units 
in size. It is well known that when car
bon is combined with other elements, 
particularly hydrogen and oxygen, an al
most unlimited variety of chain or poly
meric structures can be created. Most 
synthetic polymers have a glass state, 
and many natural organic compounds, 
such as alcohols, glycerol and glucose, 
can be supercooled to fOlm glasses. 

The physical and chemical character
istics of nitrogen, oxygen and fluorine 
suggest that they too may exist in the 
glass state, but I am not aware that this 
has yet been demonstrated. The well
known role of oxygen in glassmaking 
is to act as a glass-former by estab
lishing stable bonds (mainly covalent) 
with small, multivalent ions such as those 
of silicon, boron, germanium, phosphor
us or arsenic. The combination of oxy
gen with these ions yields 10w-coOl'dina
tion polyhedrons-primarily tetrahedrons 
or triangles-that have oxygen atoms at 
the corners and a multivalent ion at the 
center. The polyhedrons link flexibly 
with each other through the corner oxy
gen atoms. Pure oxides produce a com
pletely cross-linked network because 
every oxygen atom is linked by elech'on
sharing to two positive ions. Such oxide 
glasses, or their crystalline counterparts, 
are very stable and have relatively high 
softening temperatmes. The cross-link
ing can be reduced and the softening 
temperature lowered by introducing into 
the melt metals such as sodium or potas
SIum, which shed electrons easily and 
thus form fairly weak ionic bonds with 
oxygen that lack directionality. These 
additives, called fluxing ions, are used 
extensively in glass production to lower 
melting temperature, inhibit crystalliza
tion and control fluidity. 

Because I have been discussing glasses 
in terms of atomic structure, I may 

have given the impression that macro
scopic structure in glasses-on a scale, 
say, of 100 to 100,000 atomic diame
ters-is simply a continuation of a much 
finer structure and so contributes little 
to the properties of glass. Such is not 
the case. 

The addition of fluxing ions to oxide 
or elemental glasses frequently causes 
the components of a melt, on cooling, to 

. separate into two or more distinct but in
termixed liquids of markedly different 
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Meanwhile, back at the accelerator ... 

The neutron, having been released during the 

collision of a deuteron and a target nucleus of tritium, 

flew over to the heavy water, where it generated 

two more neutrons. One of these travelled back to 

a detector, which had actually been waiting since 

an alpha particle from the d,T collision started the 

time-of-flight clock. 

Nobody was hurt. 

But more important, neutrons are excellent for 

studying nuclear reactions, and they can be 

generated inexpensively, monoenergetically, and in 

quantity by the smallest Van de Graaff accelerators. 

Along with protons, deuterons, alpha particles, 

electrons, and photons, - when needed. 

Modern Van de Graaff accelerators are the most 

versatile made, from teaching machines at 400 KeV 

to the big tandems, which, at 32 MeV protons, 

extend the investigation of nuclear structure to the 

heaviest elements. 

Back at the accelerator, people are doing physics. 

III HIGH VOLTAGE ENGINEERING 

The complete line of Van de Graaff accelerators is described in our General Catalog. 

Write High Voltage Engineering Corporation, Burlington, Massachusetts, or Amersfoort, The Netherlands. 
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chemical composition. When these dif
ferent liquids are frozen into a rigid 
glass, the way they are distributed can 
have a profound effect on properties 
such as mechanical strength, electrical 
conductivity, chemical resistance and 
optical clarity. 

This oil-and-water behavior is quite 
remarkable because there are �any 
cases in which a melt successfully passes 
a temperature at which crystals might 
ordinarily precipitate but does not pass 
a lower temperature without forming 
two liquids. Yet the process by which 
one liquid nucleates and grows out of 
another is very similar to the process by 

GLASS·FORMING SUBSTANCES, when 

cry;,tallized, often take the form of spiral 

chains in a hexagonal array (top) or nests of 

eight·member rings (bottom). Selenium and 

tellurium exhibit the spiral structure. Seleni· 

urn also crystallizes in the ring structure, as 

does sulfur. When such ring structures are 

heated in a melt, the rings tend to open and 

link up into extended chains. If the melt is 

quickly cooled, the rings do not have time to 

re·form and a glass results. Glasses are also 

readily produced from spiral'chain arrays. 
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which a crystal nucleates and grows out 
of a solution. This separation phenome
non seems to be a general characteristic 
of chain structures and is now of recog
nized importance in glass technology. 

Although separation mechanisms have 
only recently received close attention, 
and much remains to be learned, it is 
possible to describe some features of the 
process in general thermodynamic terms. 
Consider a system that consists of one 
beaker, A, containing chains of mole
cules and a second beaker, B, contain
ing the same type of chains to which a 
considerable number of fluxing atoms 
have been added [see illustration on 
page 136]. In beaker A the entangled 
chains are essentially continuous and are 
held together only by weak forces be
tween chains. In beaker B the chains are 
broken up into short segments by the 
fluxing ions; moreover, the electrons giv
en up by the fluxing atoms have mi
grated to the ends of the segments. Thus 
the liquid in B is held together not only 
by weak forces between chains but also 
by the stronger ionic forces between the 
positive flux ions and the negatively 
charged chain ends. 

Now imagine that a single molecule 
is transferred from a chain in beaker A 
to a chain in beaker B. This molecule, 
removed from a condition in which its 
highly directional covalent bonds were 
distorted to conform with entangled 
chains, now finds itself in a short seg
ment of chain in which its bonds are 
much relaxed. As a result energy in the 
form of heat is given off to the surround
ings, and the disorder of the surround
ings increases. The total system, consist
ing of both beakers, is also disordered 
because in the transfer the impure liquid 
B has gained in volume at the expense of 
the pure liquid A. 

Let us assume that this kind of trans
fer is repeated many times. In due 
course the chain molecules in beaker B 
become so long that they start to under
go bending strains as they try to occupy 
the space between fluxing ions more ef
ficiently. This means that as each addi
tional molecule is transferred from A to 
B the heat evolved becomes less and 
less. Finally a point is reached where the 
relaxation energy given up in the trans
fer of a molecule of A will just balance 
the ionic bond energy taken up by the 
incremental separation of fluxing ions 
and chain ends. At this point no heat at 
all is evolved, and the disorder that re
sults consists solely of the disorder due to 
mixing pure molecules with impure solu
tion. Since the system and the surround
ings taken together experience a net in-

crease in disorder, the transfer process is 
still thermodynamically possible. 

The next molecule transferred, how
ever, will require external energy if it is 
to be incorporated into a chain segment 
in B. This energy must come from the 
surroundings as heat, and it is utilized 
partly in distorting the covalent bonds 
of the lengthening B chains and partly 
in separating chain ends and flux ions. 
Finally a state may be reached in which 
the ordering taking place in the sur
roundings, because of the loss of heat to 
beaker B, may become equal to the dis
ordering resulting from the further mix
ing of A and B. Such a condition may 
arise easily if the attractive forces be
tween chain ends and flux ions are fair
ly strong and if the temperature is fairly 
low. Once this condition is reached 
something of a dilemma is presented: 
on the addition of further A molecules 
to B, a net increase in the ordering of the 
"universe" would tend to occur, and this, 
as far as we know, cannot happen. The 
difficulty is resolved, however, because 
the last molecules transferred simply 
gather together in local regions, partial
ly exclude fluxing ions so that the attrac
tive forces in these local regions are re
duced, and pack themselves as long 
chains in an open structure resembling 
their original configuration in A. In this 
fashion separation of one liquid in to 
two liquids with different properties 
overcomes the impending dilemma and 
provides an avenue for continued mix
ing. 

Numerous two-phase structures are 
possible in glasses [see illustration on 
page 128] and are present in many com
mercial forms of glass. Recently it has 
been found that a prior two-liquid for
mation may play a significant role in de
termining the path of crystallization and 
the final properties of "crystallizable" 
glasses. These are glasses that are first 
melted and fOlmed in a desired shape 
and then, by prolonged heat treatment, 
converted into a strong and durable cer
amic that is part glass and part crystal. 
Ceramics of this type, with such trade 
names as Pyroceram, Re-X and CER
VIT, are finding increasing use in in
dustry and in the home. 

One of my colleagues maintains that 
glasses are the next best thing to uni
versal solvents. His point is well taken; 
practically all elements can be dissolved 
in glasses to a considerable degree. In 
addition, many kinds of chemical reac
tion-decomposition, precipitation, dis
solution, ion-exchange, oxidation and 
reduction-can be carried out directly 
inside a glass. There is the added ad-
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(Advertisement) 

VACUUM COATED STEELS 
An idea borrowed from the electronics field, "vacuum evaporation", 

has multiplied the number of potential steel coatings to create a 

new generation of valuable products. 

A:if to emphasize the technological 
changes which are taking place 

in many of its processing opera
tions, the steel industry recent

ly borrowed an idea from the electron
ics field, scaled it up a hundred times 
and introduced a new steel coating proc
ess. The technique, used in the pro
duction of transistors and other space 
age electronic components, consists of 
evaporating metallic or non-metallic 
materials in high vacuum and condens
ing them onto a prepared substrate to 
form a coating. Youngstown Steel has 
been working with this process for the 
past four years, exploring its general 
utility. In many cases, special surface 
properties have been obtained on steel 
strip which could not have been eco
nomically achieved by other means, and 
from this work a new gencration of 
coated steel products has emerged. 

Research has reached a stage where 
a high speed pilot line is being used to 
prepare coils of steel with different 
coatings for customer evaluation. A key 
feature of the system is a series of re
markably effective roll seals. These seals 
enable a clean strip to pass continllollsly 
from the atmosphere into the high vac
uum evaporation chamber operating at 
a pressure below 10-' Torr, and out 
again. Inside the evaporating chamber, 
a specially designed crucible containing 
the coating material is heated by a 
beam of high energy electrons to some 
characteristic temperature at which 
large quantities of vapor are rapidly 
evolved. For example, with aluminum 
this temperature is about 1700°C. The 
vapor is immediately condensed onto 
the moving steel strip to form the de
sired coating. A number of individual 
evaporators is used in order to increase 
the operating speed and to produce a 
coating on both sides of the strip rang
ing in thickness from 0.001 to 1.0 mil. 
The use of the electron beam as a heat
ing device permits the evaporation of 
a wide range of coating materials in
cluding those with very high evapora
tion temperatures. 

One of the important technical prob
lems in this field is that of obtaining 
good adhesion between the condensate 
and the steel substrate. Procedures vary 
for each material; however, again tak
ing aluminum as an example, the steel 
must be pickled and subsequently pre
heated to a temperature of 400°C in 
vacuum before deposition of the coat
ing. Electron diffraction studies of the 

by R. P. Morgan, Research Manager 

interface between the steel and the 
aluminum have shown that a magnetite 
film is present at substrate temperatures 
below about 350°C, (see illustration) 
and is accompanied by poor adhesion. 

VAR IATIONS IN INTERMEDIATE L AYER BETWEEN 
VACUUM DEPOSITED ALUMINUM AND STEEL 

As the substrate temperature is in
creased towards 450°C, an alumina 
spinel of varying composition is formed 
and the adhesion and corrosion resist
ance of the coating increase markedly. 
At temperatures above 450°C, an 
Fe,AI, phase can be detected. Adhe
sion at this point is excellent but rapid 
total conversion of thin films to the 
brittle intermetallic can occur. This 
operating range is therefore generally 
avoided. Other coating metals of low 
melting point and high vapor pressure, 
such as zinc, require more critical con
trol of substrate temperature. In addi-

Youngstown , Steel 
THE YOUNGSTOWN SHEET AND TUBE COMPANY· YOUNGSTOWN, OHIO 44501 

tion, they require the use of an inter
mediate layer of a second metal to se
cure acceptable adhesion. 

Other aspects of the process are un
der investigation including those con
nected with the control of coating prop
erties and those related to the develop
ment of new equipment designs for 
more efficient operation. Data are 
steadily being accumulated through 
operation of the pilot facility and this 
information will eventually be used to 
further the construction of full scale 
production equipment. 

Much of the work which has already 
been carried out points to the unusual 
flexibility of the new technique and the 
commercial significance of the prod
ucts. For example, the "tin" can which is, 
of course, basically a "steel" can could 
be manufactured by substituting another 
metal for tin. Aluminum or chromium 
are contenders in this respect. They 
provide an attractive finish, are readily 
available, and have chemical proper
ties which encourage their use in cer
tain food containers. 

There are many additional examples 
of ways in which vapor deposited 
coatings can be used to broaden the 
performance of a steel product. Zinc, 
for special automotive applications, and 
stainless steel for architectural usage 
are both promising materials. Experi
ments have already shown that stain
less steel compositions can be evap
orated and condensed to form finishes 
with great corrosion resistance. The ap
plication of metals such as copper for 
brazability, or titanium for chemical 
inertness is also under consideration. 

A great deal of additional research 
and development wil! be necessary to 
create the systems which will econom
ically process a hundred thousand tons 
of these new strip products a year. 
Nevertheless, it is apparent at this time 
that the steel industry in its search for 
effective new techniques has discovered 
in vacuum evaporation a method with 
significant potential. 

Steel and steel application problems 
are continually under investigation at 
Youngstown's research center in support 
of Youngstown's position as a major 
supplier of a wide variety of low carbon 
and low alloy products. The work on 
coated products represents only a small 
part of the 24 hour a day research effort. 
If you think Youngstown can help you, 
call at your convenience, or write De
partment 251 E6. 
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IF 
YOU WORK 

WITH 
Critical atmospheres 

Sensitive expansion instruments 
Precision temperature control 

Medical and chemical research 
Blood photometry 

Exotic fuel mixtures 
Sintering and shaping 

MAYBE YOU 
NEED AN EXOTIC 

FUEL GAS 
We offer one source of high purity 
propane, contamination-proof from 
production in our plant through 
delivery to you. High Purity Pyrofax 
Gas exceeds the most rigid industry 
standards for exacting propane 
performance. 

Available in these three grades: 

INSTRUMENT CERTIFIED SPECIAL 
PURE 

99.5� 99.0� 98.0� 
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Write for complete information. 
PYROFAX GAS CORPORATION 

Industrial Sales Department 

P.O. Box 2521, Houston, Texas 77001 

a subsidiary of 
Texas Eastern Transmission 

Corporation 

vantage that such reactions can often be 
halted, or frozen in, at any stage desired. 

Control over such processes has made 
it possible to produce glasses that show 
laser action, lighten or darken in re
sponse to light, exhibit semiconduction 
and photoconduction, fluoresce and 

transport ions selectively. There is even 
a hope that a glass may eventually dem
onstrate superconductivity. As glass sci
ence continues to provide a rational 
basis for the glassmaker's art many new 
and unexpected phenomena will cer
tainly be encountered. 

HEAT OUT 

NO HEAT 

IN OR OUT 

I""'(�---HEAT IN 

TWO.LIQUID GLASS STRUCTURE, like that shown in the photograph on page 128, is be

lieved to arise through a process similar to that schematized here. A is a melt of pure glass 

made up of long, tangled chains. B is a fluxed glass in which the positive charges of flux ions 

are matched by the number of electrons (color) at the ends of short, straight chains. The se

quence B1, 82, B3 shows what happens if A "hains are slowly transferred to a beaker of B 
chains. As the detail shows, the short B chains lengthen by repeated transfer of molecules 

from the longer A chains. At first there is an outflow of heat. Later the flow is reversed, but 

thermodynamic considerations indicate that the melt will then separate into two phases (B3). 

© 1967 SCIENTIFIC AMERICAN, INC



* 

Getting Boron Atoms 
Together . . .  Alone, 
in  Amorphous Form, 
and i n  Useful Quantities 

The " c o r n c o b "  s h own is  a 
s e c t i o n  of 4- m i l  d i a m e t e r  
b o r o n  f i l a m e n t ,  m a g n i f i e d  
500 t i m es.  I t  shares w i t h  t h e  
potent ia l  o f  carbon f i l aments 
the d i st i n ct i o n  of being about 
the h i g hest-perfo rmance m a
t e r i a l  k n o w n  to m a n .  I t  
a p p roaches the strength of 
g l ass f i l a m e nts and i s  s i x  
t i mes as stiff. 

These boron f i l ame nts are 
b e i n g  u sed as rei nforceme nts 
i n  p l astics and metals to pro
d u ce some re m a rkab l e  i m 
p rove ments i n  stre n g th and 
stiffness. For exa m p l e ,  t h e  
strength and stiffness of a l u 
m i n u m  h ave b e e n  i n c reased 
by a facto r of f ive above the 
p u re metal by i n c l u s i o n  of 
these f i l a m e nts. I m ag i n e  how 
m u ch l ig h t e r  a boron com
pOSite m i g h t  make a future 
reentry veh i c l e  or a i r c raft. 

From Ounces to Pounds 
Wonderfu l !  But how far can 

o n e  g o  with a m ate r i a l  whose 
total a n n u a l  p ro d u c t i o n  a few 
years ago was o n l y  a few 
o u n ces at a p r i c e  of thou
sands of d o l l ars? The p rob
l e m  o f  p r o d u c i n g  u s e f u l  
q u a n t i t i es o f  h i g h - s t r e n g t h  
b o r o n  f i l a m e n t s  c o m e s  i n  
two parts : u n d erstan d i n g  the 
tech n iq u e s  by which th ese 
f i l aments can be made,  a n d  
t h e n  t ransfo rm i n g  t h e s e  tech
n i q ues from labo rato ry o p e r
ations i nto an eco n o m i c a l  

m ass-product ion p rocess. 
The m ost su ccessf u l  tech

n i q u e  that w i l l  c reate h i g h
s t r e n g t h  b o r o n  f i l a m e n t s  
consists o f  b r i n g i n g  boron
conta i n i n g  gas in co ntact with 
a n  e l e c t r i c a l l y - h e at e d  w i re 
where the b o ro n  is va p o r  d e
pOSited onto t h e  w i re sub
strate with the c h a racte r ist i c  
" c o r n c o b "  s u rface. Avco, u n 
d e r  A i r  F o r c e  spo nso rsh i p ,  
h as t a k e n  t h i s  l a b o rato ry 
p rocess and d eve loped it i n 
to a c o n t i n u o u s ,  wel l-auto
m ated p ro c e s s  w h i c h  h as 
been set u p  in a p i lot  p l ant.  
T h i s  t y p e  o f  p r o c e s s i n g  
eq u i p m ent  i s  capab l e  o f  p ro
d u c i n g  h u n d reds of p o u n d s  
p e r  y e a r  of t h i s  exot i c  m ate
r i a l  and is  b e i n g  used to pro
v i d e  i nformat i o n  for scale-up 
to a larger  fac i l ity. 

How it works 
In t h i s  p i lot  p l ant,  a series 

of 'h - m i l  tun gsten w i re sub
strates a re u n w o u n d  f r o m  
ree l s  a n d  fed th rou g h  l o n g  
g l ass reacto r tubes i n  w h i c h  
f l ow boron t r i c h l o ri d e  ( B C I , )  
and hyd rog e n .  The f i l ament  
e m e rges at the other e n d  of  
the reacto r tube and i s  re
wo u n d  as 4-m i l  boron f i l a
m e n t .  T h e  P/4 - m  i I t h  i c k  
sheath of boron "corncob" 
i s  g rad u a l l y  bu i l t  u p  on the 
s u b strate by vapor deposi
t i o n  as i t  moves t h r o u g h  t h e  
g l ass t u b i n g .  

T h e  t u n g s t e n  s u b s t r a t e  
t h r o u g h o u t  the reacto r t u b e  
i s  h e a t e d  t o  a c h e r ry - r e d  
1 000-1 1 00 ° C  temperatu re by 
an e l e ctr ic  cu rrent i n t ro d u ced 
i n to the substrate by m e r c u ry
f i l l e d  stan d p i pes spaced at 
i nte rval s  a l o n g  the reacto r. 
The c u rrent  l eve ls  i n  the s u b -

strate a r e  not u n l i ke t h o s e  i n  
the f i l ament of the c o m m o n  
i n candescent l am p ;  the v o l t
age leve l s  are m u c h  h i g h er.  

The boron t r i c h l o r i d e  and 
hyd ro g e n  g a s  i s  a u t o m a t i 
c a l l y  p a s s e d  t h r o u g h  t h e  
t u b e s  a n d  t h e  u n r e a c t e d  
b o ro n  t r i c h l o r ide i s  recov
ered fo r recycle  wh i l e  the u n 
reacted hydrogen i s  vented 
th rou g h  a f l are. 

The "Composites Age"? 
With the f i l a ment being au

tomat i c a l l y  ree led a l o n g  at 
tens of feet per m i n ute, and 
t h e  n u m e r o u s  d e p o s i t i o n  
u n i ts i n  t h e  p i lot  p l ant work
ing aro u n d  the c l o c k ,  Avco 
has become one of the na
t i o n ' s  m aj o r  p r o d u c e rs of  
h i g h-strength ,  h i g h-mod u l us 
boron f i l ament.  Avco's future 
s u ccess i n  t u r n i n g  wh at is 
b e i n g  l e a r n e d  in t h i s  p i l o t  
p l ant i nto a l a rge-scale p ro
d u ct i o n  fac i l i ty c o u l d  p l ay a 
v i t a l  p a r t  i n  d e t e r m i n i n g  
wheth e r  the "steel age" w i l l  
ever be fol l owed b y  t h e  "com
posites age." 

Avco h as o p e n i n g s  i n  m any 
project and research areas, 
such as boron,  h i g h  ave rage
power l asers, art if i c i a l  c i rc u 
l at o ry a i d s  f o r  m e d i c i n e ,  
a d v a n c e d  b a l l i st i c  m i s s i l e  
de coy syste ms, sc ient i f ic  sat
e l l i t e s ,  h i g h e r- p e rfo r m a n c e  
g a s  t u r b i nes.  I f  y o u ' d  l i ke to 
be out  i n  t h i s  advance g u a r d ,  
write : T h e  Avco Corporat i o n ,  
7 5 0  T h i rd Ave. ,  N.  Y. 1 00 1 7 .  

An equa l  opportun i ty emp loyer. 

�, 
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Any ti m e  p r o g ress I S  d eterred  by  the  l i m itati o n s  of a m a te ri a l . . .  

that's th e t i m e  to ta l k  to D o w  C o rn i n g  

I n  t he  race fo r l i fe ,  i n  t h e  race to t h e  moo n ,  i n  a l l  t he  co m p et i t ions  that  fa l l  

between  . . .  n ew mate r i a l s  ofte n ma ke t h e  d i ffe rence .  Mater ia l s  b rea kth roughs  

a re a fu l l -t i m e  bus i n ess a t  Dow Co r n i ng .  Our  exper i ence  ra nges f ro m  h ea rt 

va l ves to heat s h i e l ds ,  a n d  i t  covers v i rtua l l y  every i n d ustry in the boo k .  

M a n y  of o u r  i n n ova t i o n s  a re based o n  the  e l ement ,  s i l i co n ,  and  the i r forms 

a re a l most w i thou t  n u m b er  a s  they ra nge th rough the  i m m ense  fa m i l y of 

s i l i co n es .  Each b roa d gro u p  of t hese sem i -o rga n i c  p o l y m ers offers e n d l ess 

com b i n a t i o n s  of p rob l em -so l v i n g  p ropert i es .  

Today ,  whe rever in  the  free-wo r l d  a n ew mater i a l  ca n l i ft a ba r r i e r  to p rog 

ress , there ' s  a good c h a n ce Dow Corn i ng a l ready has  the  r i g h t  mater i a l  or i s  

work i n g  o n  i t .  We i nv i te y o u  t o  f i n d  out .  
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TH E N E E D  M aterials to 
repair human bod ies 

T H E MATE R IA LS 
M ed i ca l -gra d e  s i l i cones ,  compat i b l e  w i t h  h u m a n  t i s sue ,  a re ma k i ng 

poss i b l e  s i g n i fi ca n t  med i ca l  a c h i evements .  N ow a va i l a b l e : r ubbe ry 

i m p l a nts for  recon struct i ve su rgery ; d e l i cate dev i ces for b ra i n  a n d  eye 

su rgery ; l i fe -g i v i ng h ea rt va l ves ; a n d  somewhere a hea d ,  the u l t i mate 

rea l i za t i o n  of an a rt i fi c i a l  h ea rt. 

T H E S U PPL I E R  Dow Corn i ng . . .  

wh ere the deve l o p m e n t  of exc i t i ng  new mater i a l s  a n d  spec i a l i zed 

ass i sta nce i n  the i r  p rofi ta b l e  a p p l i ca t i o n  is a way of l i fe .  Do you  rece i ve  

Mater i a l s  N ews,  o u r  b i month l y  prev i ew of mater i a l s  p rogress? Get i t  

f ree  by w r i t i ng  o n  com pa ny  l ette rhead to  Dept .  272 1 ,  Dow Corn i ng 

Corporat i o n ,  M i d l a n d ,  M i ch i ga n -48640. 

D OW C O RN I N G -
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A- B ceramic magnets 
used In the 500 Selekfronic shaver 
shown actual size. 

CERAMIC MAGNETS 
Rem ington takes advantage of the high energy of 

Alle n - B rad ley ceramic permanent magnets to achieve 

the sma l l  s ize req u i red for the ideal performan.;.;.e 

of thei r 500 Selektronic shaver 

This custom designed ceramic magnet is the result of cooperative efforts by Rem
ington and Allen-Bradley engineers. Despite the complex geometry of the mag
nets, Allen-Bradley was able to achieve high volume prod uction at reasonable cost.  

Allen-Bradley M05-C ceramic permanent magnets are radially oriented and 
can be furnished in segments for d .c .  motors measuring no more than %;" diameter 
up to a maximum rating of 10 hp. Coordinated and adequate manufacturing 
facilities at Allen-Bradley and tight quality control assure delivery in quantity 
-on time ! 

Allen-Bradley application engineers will be pleased to cooperate in the design 
of your motor magnets to obtain optimum performance. Allen-Bradley Company, 
222 W. Greenfield Ave . ,  Milwaukee, Wis. 53204 .  In Canad a :  Allen-Bradley 
Canada Limited. Export Office : 630 Third Ave. ,  New York, N. Y., U . S.A.  1 0 0 1 7 .  

TYPE M05-C CERAMIC PERMANENT MAGN ETS Typical Cha racter istics-stated val u e s  have been dete r m i ned a t  2 5 °  C .  

74-07-7CE 

Property 
R e s i d u a l  I nd uction (B,) 
Coerc ive Force (He) 
I ntri nsic Coercive Force (Hei) 
Peak Energy Prod uct (BdHd max) 
Reversible Permeabi l ity 
C u ri e  Tem peratu re 

Unit 
Gauss 
Oersteds 
Oersted s 
G a u s s-Oersted s 

Nominal  Value 
3300 
2300 
2400 
2.6 x 106 
1 .09 

Tem p e rature Coeffic ient of Fl ux Den sity at  B,  
S pecific Gravity 

+OC 
%I"C 

450 
-0.20 
4.85 
0 . 1 75 Weight per C u .  I n .  

S 4 --'::" 
5 3 __ 1. > $ 2 _ 
S t __ ,It 

R E: lVI I N C T  

Lb . 

The 500 Se/ektronic shaver 
features a u n i q u e  dial w h i c h  

adj u sts the s h a v i n g  heads to fou r  
shaving positio n s  for a ny combina

t ion of s k i n  a n d  beard ,  pl u s  T R I M  posit ion for 
s i d e b u r n  tri m m i n g  a n d  CLEAN position for i n sta nt 

clea n i ng.  The shaver ope rates o n  its rec h a rgeable 
e n e rgy cel ls  or  from a n  electric cord . 

ALLE N - B RADLEY 
QUALITY M OTOR CO NTR O L  

Q U A L ITY E LECTRO N I C C O M PO N E NTS 
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Basic Research at Honeywell 

Research Center 
Hopkins, Minnesota 

The Effects of Pulsed Laser 
Bombardment of Surfaces  

Studi e s  of the interaction of pulsed laser  beams and 
opaque surface s  in vacuum have reve aled some unex 
p e c t e d  non - thermal e ffects .  N ew experi m e nt s  n ow 
sugge st a the ory to explain thi s phenomenon. 

Much work has been done t o  develop the 
laser since it was first operated in 1 960, yet 
little is known about what occurs when the 
beam strikes a surface. 

E arlier work in the U . S .  and abroad con
firmed that when a laser beam strikes a 
surface, heat is pumped in so fast that the 
surface temperature rises to the vaporiza
tion point of the material. Ions, electrons, 
neutral atoms and molecules are emitted. 
Unexpectedly, however, high-energy par
ticles are observed. These ionized atoms 
are emitted with too high an energy ( sev
eral hundred electron volts ) to have result
ed from ordinary thermal effects. Normally 
such energies would require surface tem
peratures above 1 ,000,000 ' C ,  yet the va
porization points of the materials examined 
do not exceed 6000' C .  

Honeywell scientists, supported b y  the 
Ballistics Research Laboratory, Aberdeen 
Proving Ground, Maryland,  are conduct
ing experiments hopefully to explain this 
phenomenon. 

Their approach is to observe the particle 
energy emitted in relation to the power in 
the laser beam as it strikes a surface. They 
are working with a Q-switched or giant 
pulsed, laser which generates short, very 
high-power pulses in contrast to a normal 
pulsed laser where the energy is higher but 
the power lower. 

In Honeywell's experiments a quadrupole 
mass spectrometer is used as a mass filter 
to detect particles emitted as the laser beam 
strikes the target.  Using it scientists can 
identify and count the number of particles 
of a given mass regardless of energy. Thus 
all species desorbed can be identified. 

Also, a time-of-Hight spectrometer de
veloped by Honeywell is used to detect all 
charged particles and to separate them by 
time of arrival. With proper calibration 
masses and energies can be identified. 

Using tungsten as a target, Honeywell 
scientists have observed desorption of gases 

and the emission of high-energy neutral 
molecules and high-energy ions. For ex
ample the quadrupole spectrometer has re
corded CO, CO, and H2  pulses plus hydro
carbons, water vapor and oxygen emitted 
through normal desorption processes .  

However, some high-energy neutral CO, 
CO, and H ,  molecules were detected with 
energies of the order of 100 electron volts 
per molecule, an energy far too high to 
have been produced by normal vaporiza
tion processes.  Figure 1 shows a series of 
these high-energy pulses. The narrow ini
tial pulse is caused by ultraviolet light. The 
second, higher pulse is  due to hydrogen 
molecules;  the third to CO molecules.  

On the time-of-Hight spectrometer, ions 
were identified as mainly sodium and potas
sium but were also lithium, carbon, hydro
carbons and, of course, tungsten. Very few 
CO and C02 ions were observed. Sodium 
and potassium ions registered energies of 
200 electron volts per ion, again far too 
high to be produced by vaporization. 

These m e asureme n ts produce results 
that appear to be different. Sodium is ob
served on the time-of-Hight but not on the 

FIGURE 1 .  Osc i l loscope trace of q ua d r u p o l e  
spectrometer o u t p u t .  Pu lses a re of h i gh·energy 
m o l ec u l es e m i tted from a tu ngsten s u rfa ce 
struck by a laser bea m with a power of about 
50 m i l l i on watts per sq.  c m .  Hor izonta l t i m e  
sca le:  1 0  m i c roseconds p e r  m a j o r  d i v i s i o n .  
Vertica l :  1 0  m i l l ivolts per m a j o r  d i v i s i o n .  

quadrupole ; mostly CO and CO2 are ob
served on the quadrupole but only traces 
appear on the time-of-Right. These appar
ent contradictions can be explained by con
sidering that the quadrupole spectrometer 
is better suited to detect neutral molecules, 
while the time-of-Right is primarily an ion 
detection instrument. 

From their observations Honeywell sci
entists have developed this hypothesis : 
when the laser pulse strikes the surface a 
small amount of material vaporizes early in 
the interaction ,  forming a thin sheath of 
electrons and ions. The laser light is ab
sorbed by the charged particles in this thin 
sheath. The ions become hot because of the 
absorption of energy. Since the rate of en
ergy exchanged by collision is slow, the 
neutral molecules remain cool. The sheath 
goes to several hundred thousand degrees 
centigrade while the surface itself is at the 
boiling point of tungsten ( 5900 ' C ) .  The 
relatively small component of neutral high
energy molecules results from energy ex
changes in collisions with the hot ions. The 
sheath and the surface are then out of equi
librium and are thermally decoupled. Thus 
the heat of the sheath cannot Row to the 
material. 

When the laser pulse ends and the heat
ing stops,  the high-te m p e r a ture gas ex
pands. This adiabatic expansion gives the 
high velocity to the ions and explains the 
emission of high-energy ions. Similar effects 
have been observed using targets of titan
ium, nickel, platinum and carbon. 

Hopefully further work will lead to new 
laser applications and further understand
ing of the nature of materials . 

If you are engaged in research in laser 
surface interactions and wish further infor
mation on Honeywell's plans for work in this 
area, write Mr. John F.  Ready, Honeywell 
Research Center, Hopkins, Minn. 55343.  If 
you are interested in a career at Honey
well's Research Center and hold an ad
vanced degree, write Dr. John Dempsey, 
Vice President Science and Engineering at 
this same address. Several important new 
staff positions are unfilled at the present 
time. 

Honeywell 

1 4 1  
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The Sony Cultural 
Exchange Program. 

If the academ i c  wor l d  ca n put i ts top sch o l a rs 
on ta pe for the benefit  of students,  why can ' t  a 
company put i ts top spec i a l i sts on ta pe for the 
benefit of its tra i nees? 

O r  i ts execut ives? Or  i ts tec h n o l og ica l staff? 
Or its a nyone? 

The Sony V i deocorder  i s  j ust the th i ng to do 
i t  with . 

I t 's  a TV ca mera , a TV mon itor,  a n d  a tape 
recorder that records and i nsta nt ly  re p l ays p i c
t u res as we l l  as sou n d .  

Nobody ca n a s k  for a more i d ea l  i nstructor.  
The  Sony V i deocorder never has to be in a n

other  conference at e l eve n .  It never has to rush 
back to the lab .  I t  never  has to rush back home.  

I t 's  ready with its i nformat ion , day or n i ght.  
And i t  ca n be a l l  t h i ngs to a l l  m e n .  
I t  ca n b e  the company pres i dent l ectu r i ng 

j u n i or  exec ut ives on management methods .  
O r  i t  ca n be the factory fore m a n  demonstrat

i ng a mac h i ne convers ion  operat ion  to newly 
h i red mach i n i sts.  

I t  ca n be the head of resea rch showi ng the 

pract i ca l  a p p l i cat ions of the latest combustion 
theor ies .  

O r  i t  ca n be the company trea s u re r  out l i n i n g  
next yea r 's f i sca l po l i c ies .  

I n  short ,  what  you  ca n c reate with the Sony 
V i d eocorder  is a k i n d  of permanent  f l oat i ng 
bra i n  trust .  

A b ra i n  t rust  that ca n be sent  to  company 
bra nches a l l  over the cou ntry. 

A b ra i n  trust that never r u n s  up p l a n e  fa res . 
O r  eats expens ive d i n ners .  O r  stays i n  fa ncy 
hote l s .  

I f  you l ook i nto t h e  matte r,  you ' l l  f i n d  a Sony 
V i d eocorder syste m that ' l l  cover any need you 
may have .  From the porta b l e  set you ca n see on 
the l eft to more soph i st icated semi-profess iona l 
a n d  profess iona l mode l s .  

Y o u  ca n ' t  g o  wrong a s k i n g  f o r  more i n forma
t ion . J ust f i l l  out  the cou pon . 
� - - - - - - - - - - - - - - - - - - - - - �  : Name ____________________________ __ 

I Tit le_' -----------------------------

I Company----�---------------------: Address __________________________ _ 

�-IIiiiiiiiIijt:1City ---------State.--------Z i p ---

. - . 

� 

;; " ; z �&Akf;::�'.,�J�g� , a f! I I . I 

� 
",d"",� 

Sony Corporation of America , Dept.  51-9 
47-47 Van Dam St. , L . i . C . ,  N . Y .  1 1 1 0 1  

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � 

Sony Video corder Systems 
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When they said, 
uAluminum can't take 
submarine pressures" . . •  the men at Reynolds 

took the Aluminaut 
down over a mile. 

The deepest a World Wa r I I  submari n e  cou l d  
safely d ive was 400 ft . L ike a l l  submar i nes,  it 
had a steel h u l l .  Few peop le  bel ieved a l u m i
n u m  cou l d  take the p ressure at that depth . 

Then the men at Reynolds deve l oped the 
Al u m i naut ,  a n  a l l -a l u m i n u m  submarine,  de
s igned to go as deep as 3 m i les.  I t  has a l ready 
made test d ives to 6 , 250 ft . 

The Al u m i na ut has an a l u m i n u m  h u l l  that 
can withsta n d  p ressu res u p  to 9 , 000 I bs .  per 
square i n c h . Yet the 50-ft . c raft we ighs only 
7 5  tons.  A steel h u l l  th ick enough to ta ke the 
pressu re wou l d  be too heavy to p rovide a 
payload at the design depth ; the Al u m i na ut 
carries a 6-ma n  crew a n d  3 tons of eq u i pment.  

The resea rch voyages of the Al u m i na ut 
have a l ready opened new front iers i n  ocea n
ogra p h y  a n d  m a r i n e  geol ogy-a n d  h e l ped 
solve a n  i nternationa l p rob l e m .  The su bma
r ine was used by the U . S .  N avy i n  sea rc h i n g  
for a l ost hyd rogen bom b  off the coast of 
Spa i n  at 2 , 800 ft . 

Tec h n ica l ly ,  as wel l as scientifica l ly ,  the 
A l u m i n a u t w a s  a voyage i n to u n c h a rt e d  
waters . B ut Reynol ds-worki n g  c losely with 
marine designers, i n dependent fa br icators 
and a s h i pya rd -com b i ned the i r  a l u m i n u m  
know-how, fac i l it ies a n d  expe rience t o  m a ke 
the voyage a success . 

The men at Reynolds a re h e l p i n g  l a u nch 
new ideas eVJery day-on sea , l a n d ,  and air .  
So whether  you' re i nterested in a l u m i n u m  
for tra nsportat ion ,  packaging,  bu i l d i n g  o r  
a rch itect u re,  o r  i n d ustr ia l  p rod ucts, see the 
men at Reynolds f i rst . 

Ca l l  you r  local Reynolds office or write 
Reynolds Metals Company, P.O.  B ox 2346-LS, 
Richmond, Virginia 23218.  

REYNOLDS 
where new ideas take shape in 

ALUMINUM 
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Now . . .  to assure a stel lar performance . . .  

Right: At Owens-Illinois Development Center, 
a newly cast mirror blank. 

Below: Zero-expansion characteristic 
of CER- VIT material cuts down long waits 

during figuring, grinding, polishing. 

A bove: Left·hand photo shows normal 
fringe patterns of fused silica and CER-VIT 

material before flames are applied. 
Right-hand photo 9 seconds later shows only 

the CER- VIT material pattern unchanged. 
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with utter sti l lness 
Owens-Illinois innovates 

zero-expansion in mirror blanks of 

CER- VIT® material with ideal formability, 

one-piece construction 

Th e a s t r o n o m e r, p u rs u i n g  t h e  o l d e st  a n d  p u r e s t  o f  

sc iences, has the u n i ve rse f o r  h i s  l a boratory. N at u re h e r 

self  sets u p  h i s  e x peri m e nts. H e  m u st wait  f o r  h e r  sta g i n g ,  

ready to observe a n d  record as  the seq uence u nfo lds  . . .  

ofte n fru strated by condit ions beyo nd h i s  co ntrol . 

W h e n  t h e  i m age reflected by h i s  telescope m i rror b l u rs, 

observati on i s  i nterru pted, and vi ewi ng t i m e  and co n 

t i n u ity a re i rrevocably  l ost. The reaso n ? I t  i s  often a 

c h a n g e  i n  temperature w h i c h  has e x panded or co n 

tra cted the mi rror. 

Zero-expansion lets mirrors sit "sti// " 
M i rror b l a n ks now bei ng made by Owen s - I l l i n o is  from 

its C E R -V I T  materi a l  (" Cer" for cera mic,  "Vit" for vitre

o u s )  atta i n  a v i rt u a l  zero coeffi c i e n t  of e xpans ion wit h i n  

t h e  tem perat u re ra nges e n c o u ntered i n  te l escope i nsta l 

lat ions .  T h i s  materi a l  is  o n e  o f  a c o m p l etely n ew fa m i l y  

w h i c h  beg i n s  as a g l ass b u t  e m e rges after a cyc le  of 

contro l l ed crysta l l izati o n  as  a tota l l y  new materi a l .  

T h e  new m i rror b l a n ks eq u a l  or  s u rpass previ o u s  mate

r i a l s  for  ease of g ri n d i n g  a n d  pol i s h i n g .  They a re stronger  

t h a n  a m orphous g l ass structu res. And because C E R - V I T  

m i rror b l a n ks a re cast as a s i n g l e  m o n o l i t h i c  pi ece, they 
p e r m i t  a b r o a d  v a r i e t y  of  d e s i g n a n d  l i g h tw e i g h t  

s t r u c t u r i n g .  

Versatility is greatest newness 
The newness of t h e  C E R - V I T  fa m i l y  of materi a l s  l i es i n  

its a b i l ity t o  b e  t a i l o red b y  c h a n g i n g  its physical  a n d  

c h e m i c a l  properties a n d  us i n g  a n u m ber  o f  form i n g  proc

esses.  T h e  versa t i l ity of combi n i ng propert ies in s ig n ifi 

c a n t  n ew ways offers a u n i q u e  m e a n s  of a d a pti n g  t h i s  

m a t e r i a l  to a wide ra n g e  of specif ic a p p l i cati o n s .  Fo r  

e x a m p l e ,  f o r  d ifferent a p p l i cat ions t h e  property of thermal  

coeffi c ient  of  e x p a n s i o n  may be var ied f rom -20 to 

+ 1 20 x 1 0 - 7 ;o C .  

N ew a p p l i cati o n s  a re o n  t h e  hor izon,  from t h e  i m a g i 

n ative i nterplay of ideas of o u r  tec h n i ca l  a n d  m a rketi ng 

people  with those of oth e r  i nd ustr ies.  

CER·VIT is a registered trademark of Owens·lliinois. Inc. 

VERSA TILITY of CER-VIT materials is represented 
by forms which are cast, pressed. blown. drawn. in 
flat forms, machined. transparent, translucent, 
opaque - and from clear to brilliant colors. 

INFRARED TRANSMISSION in a localiled pattern 
is indicated by the bare hand which comfortably 
holds this panel although water turns to steam only 
a few inches away. 

O W E N S - I LL I N O I S 
Toledo. O h i o  4 3 6 0 1  Q) 
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THE NATURE OF POLYMERIC MATERIALS 

In synthesizing long-chain luolecules nlan inlitates natural polYluers 

such as cellulose. Today nature is being outdone, and polymers are 

evolving that nlay be rigid enough to serve for heavy construction 

C
'fe depends fundamentally on organic 

polymers. They provide not only 
food but also clothing, shelter and 

transportation. Indeed, nearly all the 
material needs of man can be supplied, 
and in many times and places they have 
been, by natural organic products. The 
list of these materials and things made 
of them is very long: wood, fur, leather, 
wool, flax, cotton, silk, rubber, oils, rope, 
sails, paper, parchment, canvas, paint, 
stringed musical instruments, bows, ar
rows, tents, houses, ships and shoes and 
sealing wax. 

The natural organic polymers from 
which such things are made include pro
teins, cellulose, starch, resins, lignin and 
a few other classes of compounds. Be
cause of the complexity and chemical 
fragility of their molecules, the natural 
organic polymers, although known and 
used for ages, defied attempts to analyze 
their molecular structure until very re
cently. Since 1920 modern methods of 
physical and chemical analysis have un
covered the principles that govern the 
properties of the natural polymers, and 
organic chemists, going to school to na
ture, have created a new industry of 
man-made organic polymers. It has be
come a major enterprise in all indus
trialized countries; in the U.S. more than 
13)2 billion pounds of synthetic plastics 
and resins, totaling more than $6 billion 
in value, was produced last year. 

The principal products are fibers, 
packaging materials, synthetic rubbers, 
coatings, adhesives and a galaxy of the 
materials called "plastics." The markets 

by Herman F. lVJark 

for these products are now approaching 
saturation, and the industry is therefore 
looking for new worlds to conquer. The 
most inviting prospect for large-scale ex
pansion of the use of synthetic polymers 
lies in the field of construction materi
als-not only for houses and other build
ings but also for automobiles, airplanes 
and boats. Plastics and synthetic coatings 
are already in common use in the finish
ing sector of building construction, as 
floor tiles, insulation, trim and so on. The 
new field now envisioned by chemists is 
the creation of organic polymers that will 
serve in primary structural capacities: as 
load-bearing members, structural shells, 
walls and conveyors of various utilities. 

Synthetic polymers now available al
ready possess several of the properties 
required in a structural material. They 
are light in weight, easily transported, 
easily installed, easily repaired, highly 
resistant to corrosion and solvents and 
satisfactorily resistant to moisture. They 
fall short of the requirements in struc
tural strength, long-life durability and 
resistance to high temperatures. The out
look is good, however, for the develop
ment of polymers that will meet these 
demands. The chief question has to do 
with their cost: it remains to be seen if 
synthetic polymers can be made inex
pensive enough to compete with the tra
ditional structural materials-metals and 
ceramics. 

It may seem odd that man came so 
late to the investigation of organic poly
mers. As the principal means of support
ing life, the natural polymers-proteins, 

GROSS STRUCTURE OF A POLYMER can be partiy crystalline and partly amorphous, as 

shown in the photomicrograph on the opposite page. The matel'ial is a silicon polymer 

that has been melted, resolidified and photographed under polarized light. The radially 

symmetrical arrays emanating from bright centers are spherulites, or crystalline structures; 

other parts of the polymer show amorphous domains. The material was photographed at 

the General Electric Research and Development Center under the direction of F. P. Price. 

cellulose and so on-dominated his ex
istence, and even in ancient times people 
developed great ingenuity, craftsman
ship and sophistication in the handling 
and use of these materials. Yet as late as 
the end of the 19th century, when the 
science of organic chemistry excited 
high enthusiasm and fired many of the 
keenest minds, polymer chemistry got 
little attention. Chemists attacked sugar, 
glycerol, fatty acids, alcohol, gasoline 
and other ordinary organic compounds
dissolving, precipitating, crystallizing 
and distilling to learn what these sub
stances were composed of and how they 
were put together. Only feeble and in
effectual efforts were made, however, to 
investigate such common materials as 
wood, starch, wool and silk. The sub
stances composing these materials could 
not be crystallized from solution, nor 
could they be isolated by distillation 
without being decomposed. 

It remained for some powerful physical 
instruments of the 20th century-the 

ultracentrifuge, electron microscope, 
viscometer, osmometer, diffusion cell 
and X-ray-diffraction apparatus-to re
veal the polymers in all their intricacy. 
Their molecules were discovered to be 
almost incredibly large: the molecular 
weights ran as high as millions of units, 
whereas simple organic substances such 
as sugar and gasoline have molecular 
weights in the range of only about 50 to 
500. The giant molecules turned out to 
be composed of a large number of re
peating units; they were consequently 
given the name "polymer," from the 
Greek words poly ("many") and mel'OS 

("parts"), and the building blocks were 
called monomers. Most polymers were 
found to have the form of long, flexible 
chains. Packed side by side in a bundle, 
the molecules formed a regular array 
with a crystalline structure. Examina-
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tion of natural polymeric materials 
showed that their structure was com
plex-partly crystalline and partly amor
phous. If the crystalline structure pre
dominated, the material was relatively 
strong, rigid and resistant to heat and 
dissolution; if the structure was amor
phous, the substance was soft, elastic, 
absorptive and permeable to fluids. 

Having learned these ground rules, 
chemists undertook to synthesize arti
ficial polymers. They soon succeeded in 

forming new monomers from simple and 
inexpensive raw materials, in stringing 
the monomers together efficiently into 
long chains, in obtaining quantitative 
data on the molecular weight and struc
ture of polymers and in ascertaining how 
structural details influence a polymer's 
properties. These efforts, beginning in 
1920, had led by 1940 to the establish
ment of industries producing synthetic 
fibers and numerous other polymeric 
materials, many of which were less ex-

pensive and superior in various ways to 
the natural materials after which they 
were modeled. 

�oking ahead now, what might be done 
to improve the strength of organic 

polymers and enlarge their realms of 
usefuhless? The properties that must be 
built into them to qualify them as struc
tural materials (for buildings and ve
hicles) can be specified in detail: (1) ri
gidity sufficient to bear a load of at least 

NATURAL POLYMERS include cellulose (top), animal protein 

(center) and rubber (bottom). Monomers are in color. Atoms are 
carbon (dark), nitrogen (light), oxygen (large open circles) and 

hydrogen (small open circles). Each R represents a side chain. 
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700,000 pounds per square inch; (2) a 
tensile strength of at least 100,000 
pounds per square inch; (3) an elasticity 
of at least 10 percent (to resist breaking 
or tearing); (4) a melting or softening 
point above 500 degrees centigrade; 
(5) high resistance to damage by heat, 
radiation and corrosive chemicals, and 
(6) high resistance to the action of sol
vents and swelling agents, even at ele
vated temperatures. 

Let us examine the characteristics of 

polymeric structure and consider how 
they can be exploited to strengthen the 
properties of such a compound. One 
characteristic is the capacity of the 
chains to organize themselves in a crys
talline structure. When a polymer with 
a regular architecture (that is, a highly 
ordered arrangement of the atoms or 
atomic groups in the chain) is subjected 
to a mechanical treatment that orients 
the chains, they have a strong tendency 
to line up in parallel and form crystal-

lites. The individual bonds connecting 
the chains are not strong, but their large 
number and regular spacing give con
siderable rigidity to the structure, hence 
the material becomes hard, insoluble 
and resistant to softening by heat. Thus 
even crystallized polyethylene, whose 
chains are held together only by weak 
van del' Waals forces, is a strong, tough, 
abrasion-resisting material with a fairly 
high melting point (130 degrees C.). 
Similarly, polypropylene, another poly-

SYNTHETIC POLYMERS include polyethylene (top), which is 

probably the most widely used in commercial applications, ny-

Ion (center), a fibrous polymer, and synthetic rubber (bottom). 

Monomers (color) are the basic repeating units of polymer chains. 

15 1 
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SYSTEMS OF POLYMER CHAINS include amorphous arrays 

(a) and various forms of crystallization. There can be crystalliza. 

tion between chains (b) and also chain.folding, which is crystalli. 

zation of a chain on itself. Chain.folding can take a laminar form 

mer with a regular chain architecture, is 
rigid and has a melting pOint of 175 de
grees in the crystallized form, and poly
styrene is still more resistant to soften
ing, with a melting point around 230 
degrees. Even stronger and more heat
resistant materials can be obtained by 
crystallizing polymers that contain polar 
groups (groups in which there is a sepa
ration of positive and negative electric 
charges), as these provide stronger inter
chain bonding. Examples of such ma
terials are nylon, Saran, Dacron and 
Mylar. 

Crystallization is one of two principles 
that have long been applied to give 
strength and resistance to polymers; the 
other principle is chemical cross-linking 
of the chains. A substance such as sulfur 
is added to the polymer for the purpose 
of forming strong chemical bonds be
tween the chains. The process is quite 
different from crystallization. Whereas 

crystallization is a physical phenomenon 
that depends on orientation of the 
chains, is not influenced by temperature 
and can be reversed without decompos
ing the polymer, cross-linking is an effect 
that depends on a chemical reaction 
rather than on physical orientation of the 
chains, is strongly accelerated by elevat
ing the temperature and is not reversi
ble; because of the strong and randomly 
located bonds connecting the chains 
the material is not merely softened but 
breaks down altogether at temperatures 
high enough to melt it. 

A good example of a cross-linked poly
mer is rubber. In its most common form 
(the vulcanized rubber of tires) the 
chains are linked by a certain quota of 
sulfur atoms that leaves the rubber elas
tic. By adding more cross-links one can 
progressively stiffen the piece until it be
comes the hard substance called ebonite 
-a material that is very rigid, has an ex-

tremely high softening temperature and 
is completely insoluble and unswellable. 

Ebonite, one of the oldest of the 
"plastics" (actually it is not a plastic but a 
thermosetting material), is a prototype of 
many other cross-linked polymers. These 
include various hard rubbers, formalde
hyde-based products, polyesters and 
thermoset resins that are hardened by 
grafting styrene onto a polyester back
bone containing aliphatic double bonds. 

If crystallization and cross-linking 
were the only available means of 
strengthening and toughening organic 
polymers, there would be little hope of 
synthesizing a polymer that would fill 
the bill as a structural material. Appar
ently the most that could be achieved by 
crystallization and cross-linking, even in 
combination, is a rigidity modulus of 
around 450,000 pounds per square inch 
and a melting temperature of about 350 
degrees C.-far short of the specifica-

............... ....... ......... .... .. ... ............ . ....... .......•...... _ .•..... . .......... -._ ..... _--------------------, 

FLEXIBLE CHAIN of a polymer is represented by polyethylene 

above melting temperature. For clarity only carbon atoms are 

shown. Such a chain is flexible because its segments are linked by 
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rotatable bonds. A polymer of such chains can be strengthened by 

orientation and, crystallization, which are shown in the top illus

tration on these two pages, or by cross.linking (top of page 154). 
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(c) or a helical form (d); the helical form can be either left- soft, elastic and permeable to fluids; a polymer with a predomi-

handed or right-handed. A predominantly amorphous polymer is uantly crystalline structure is appreciably stronger and more rigid. 

tions required for a building material. 
There is, however, a tbird principle, 
now under active investigation, that 
holds high promise. 

The materials I have been discussing 
- are all composed of inherently fleX

ible chains. The segments of these 
chains are linked by rotatable bonds and 
can easily bend, kink or fold on one an
other (like the jackknifing of a tractor
trailer). Hence the only way to achieve 
stiffness and strength is to pack the 
chains together in rigid assemblies, ei
ther through crystallization or cross-link
ing. Obviously the rigidity could be 
enhanced by assembling chains that 
were themselves intrinsically stiff. 

There are several possible ways to 
stiffen a polymeric chain. One is to hang 
bulky groups of atoms on the chain to 
restrict bending. This principle is exem
plified by polystyrene. In the polystyrene 

molecule benzene rings are attached to 
the carbon backbone of the chain [see 
illustration below J. The consequent stiff
ening is sufficient to make polystyrene a 
hard plastic with a fairly high softening 
point (90 degrees C.), even though its 
chains are not cross-linked or packed in a 
crystalline array. The absence of crystal
linity makes the material completelv 
transparent, and the absence of cross
linking makes it readily moldable. An
other example is polymethylmethacry
late (Lucite), which, by virtue of 
the methyl (CH:l) and methacrylate 
(COOCHa) groups attached to carbon 
atoms along the chain, is a hard, bril
liantly transparent material with a soft
ening point of 95 degrees. 

Materials stiffened by attaching bulky 
groups to the chain have a weakness, 
however: they are fairly easy to dissolve 
and are subject to swelling. It seems 
that the bulky groups allow ready pene-

tration of the system by solvents and 
swelling agents. because of this behav
ior, research attention is focused on ways 
to stiffen the backbone of the chain itself. 

Cellulose, the structural framework of 
wood, is a classic example of a polymer 
with an intrinsically stiff backbone. Its 
chain molecule is a string of condensed 
glucose (sugar) moiecules, which are 
ring-shaped. Building on this chain, 
chemists long ago produced cellulose 
acetate and cellulose nitrate, which are 
hard, transparent, high-melting and 
amorphous thermoplastic resins. In these 
compounds the acetate (OCOCH3) and 
nitrate (ONO�) groups are attached ir
regularly along the chain and account 
for the absence of crystallinity. The at
tached groups tend, of course, to give 
the compounds the weaknesses I have 
mentioned: cellulose acetate is rather 
sensitive to the action of solvents and 
swelling agents, and cellulose nitrate, al-

INFLEXIBLE CHAINS provide rigidity in a polymeric material. 

At top is a chain of polystyrene that has been made relatively in

flexible by the addition of benzene rings to the carbon backbone 

of the chain; because of them the molecules cannot bend sharply 

and so remain relath-ely straight. At bottom is an intrinsically stiff 

chain of polyphenylene; it can twist on its bonds but cannot bend. 
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CROSS·LINKING of polymer chains is achieved by adding a substance to a polymer in 

order to induce tbe formation of strong bonds between chains. The cross·links usually form 

at random places between chains. Hydrogen atoms of the chain have been omitted for clarity. 

"LADDER" POLYMER achieves rigidity by a technique of bonding ring structures at two 

adjacent carbon atoms. The effect resembles that of hanging a door by two hinges. As a 

result of the arrangement adjacent rings of the polymer chain have a restricted mobility. 

though less sensitive, is still dissolvable 
by some solvents. 

Chemists are now experimenting with 
other monomers that, like glucose, con
tain ring-shaped groups of atoms and 
therefore have intrinsic rigidity [see bot
tom illustration on preceding page J. 
With these monomers they have synthe
sized a number of hard polymers en
dowed with strong properties: some of 
the materials can be exposed to tempera
tures up to 500 degrees C. for long peri
ods without softening or deterioration 
and are completely insoluble in all or
ganic solvents at temperatures up to 300 
degrees. 

One promising approach is based 
on manipulation of the polyphenylene 
chains. The monomer, phenylene, comes 
from benzene and has the ring structure. 
In the chain the phenylene rings are 
linked by carbon-carbon single bonds 
that do not allow sufficient rotation to 
kink or bend the chain, and as a result 
the chain cannot fold even at rather high 
temperatures. The polyphenylenes are 
rigid and high-melting, have a pro
nounced tendency to crystallize and are 
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highly insoluble. So far, however, the in
herent stiffness of the phenylene chain 
has not been fully capitalized on, be
cause no way has yet been found to build 
up its polymers into sufficiently long 
chains. 

Another interesting group of polymers 
based on aromatic chains (chains made 
up of benzene-type rings) are the "lad
der polymers." Produced by a series of 
stages involving the progressive heating 
of an unsaturated precursor (typically 
polyacrylonitrile or 1,2-polybutadiene), 
these polymers correspond to a "chain" 
of graphite, with one carbon atom in 
each ring replaced by nitrogen [see low
er illustration above J. The materials are 
hard and completely insoluble and un
meltable. 

We see, then, that there are many 
possibilities for synthesizing long, stiff 
chains, and that the resulting polymers 
possess the valuable properties pre
dicted for this type of construction. The 
next question is: Can we obtain even 
better results by combining two or more 
of the three principles (crystallization, 
cross-linking and stiff chains)? 

Let us summarize what has already 
been accomplished by each of the sin
gle approaches and by combinations 
of two principles. The crystallization 
method has produced a large number of 
thermoplastic materials, particularly fi
bers and films; they include polyethyl
ene, polypropylene, polyoxymethylene, 
polyvinyl alcohol, polyvinyl chloride, 
polyvinylidene chloride and polyamides 
such as 6 nylon and 66 nylon. The cross
linking approach has yielded the hard 
rubbers, thermosetting resins, polyes
ters, network polyepoxides, polyure
thanes and the resins and plastics formed 
by compounding formaldehyde with 
urea, melamine or phenol. In the group 
of polymers based on stiff chains are 
polystyrene, polystyrene derivatives, 
chain polyepoxides, polymethylmetha
cry late, polycarbonates, polyesters, poly
ethers and other products. 

How much can be gained by combin
ing the stiffening techniques? Consider 
first the combination of crystallization 
and cross-linking. The principal materi
als produced by this combination are the 
crystallizable rubbers: natural rubber, 
1,4-cis-polybutadiene, polyisoprene and 
neoprene. If a great many cross-links are 
introduced, the polymer loses its crystal
linity and becomes amorphous; ebonite 
is a case in point. To add stiffness to rub
bers and other elastomers that do not 
crystallize readily, a solid filler is usually 
introduced. The particles of the filler (a 
hard, finely divided material such as car
bon black, silica or alumina) attach 
themselves strongly to the polymer 
chains by adsorption and serve to stiffen 
the chains by immobilizing the seg
ments; in effect they produce a kind of 
crystallization of the system. 

Crystallinity and cross-linking in com
bination can raise the rigidity of organic 
polymers to a modulus of 450,000 
pounds per square inch and the melting 
temperature to 350 degrees C., as I have 
already mentioned, but that seems to be 
about the limit. 

What if we combine crystallization 
with the use of intrinsically stiff 

chains? Again the combination results in 
substantial gains. Cellulose provides a 

good illustration. Its rigid chains give a 
material high tensile strength and a high 
melting point even at a relatively low de
gree of crystallinity. With enhancement 
of the chain stiffness and the crystallini
ty, compounds based on the cellulose 
backbone can be built up to polymers 
that are extremely rigid, do not melt at 
all and are soluble only in a very small 
number of particularly potent solvents. 
Cellulose's excellent potentialities for 
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New Jersey: America's 
greatest industrial circuit 

And what's even more 
important, New Jersey 
has the finest selection of 
the people responsible 
for producing circuits and 
everything else of a 
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nature. 

We can supply you with 
the nation's highest 
concentration of scientists, 
engineers and technicians. 

All the white collar, 
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ideas and products. --____ _ 
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certainly well aware of 
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for turning a concept into 
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In fact, 86 of America's 100 
largest firms have opera
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Yet two-thirds of the Garden 
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CRYSTALLIZATION 

CROSS-LINKING CHAIN-STIFFENING 

POLYMER 
LOCATION CHARACTERISTICS EXAMPLES USES 

POLYETHYLENE Palls, pipes, 
thin films 

Flexible and POLYPROPYLENE Steer ing wheels 
1 

crystallizable chains 
POLYVINYL CHL ORIDE Plastic pipes 

and Sidings 

NYLON Stockings, shirts, 
dresses, coats 

PHENOL - TeleVISion cas I ngs, 
FORMALDEHYDE Telephone receivers 

Cross-linked, amol-phous CURED RUBBER T Ires, transport 
2 

networks of fleXible chains belts, hoses 

STYRENATED Finish on automobiles 
POLYESTER and appliances 

-- -
POLYIMIDES High-temperature 

3 Rigid chains insulation 

LADDER MOLECULES Heat shields 

Crystalline domains TERYLENE (DACRON) Fibers and films 
A III a VISCOUS network 

CELLULOSE ACETATE Fibers ana films 

NEOPRENE Olll-esistant 

B 
Moderate cross-linking rubber goods 
with some crystallinity 

POLY ISOPRENE Particularly resilient 
rubber goods 

C 
Rigid chains, partly HEAT RESISTANT Jet and rocket engines 
cross-linked MATERIALS and plasma technology 

Crystalline domains with MATERIALS OF HIGH Buildings and 
D rigid chains between them and 'iiiTRENGTH AND TEMP- vehicles 

cross-linking between chains ERATURE RESISTANCE 

COMBINED FEATURES make it possible to acbieve various properties with polymers. 
Each corner of the triangle represents one of the three basic principles for making a poly
mer rigid and temperature resistant; the sides and the center of the triangle indicate various 
combinations of the principles. The chart at bottom gives examples of the possibilities. 
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forming tough fibers and films have giv
en rise to many spectacularly successful 
products. One example of an effective 
merger of chain stiffness and crystallinity 
is cellulose triacetate: the polymer's ca
pacity to crystallize endows it with sev
eral advantages over ordinary cellulose 
acetate, notably greater resistance to or
ganic solvents and improved thermoset
ting characteristics. 

Terylene is another illustration of the 
efficacy of combining the two principles. 
In this crystalline polymer (chemically 
described as polyethylene glycol tereph
thaI ate) the chains are only moderately 
stiff and are held together by extremely 
weak lateral forces because no hydrogen 
bonds are available. Even so, the com
bination of crystallization and chain 
stiffness suffices to give the fiber high 
strength and the high melting point of 
260 degrees C. 

The third possible pairing of princi
ples-the combination of chain' stiffness 
and cross-linking-has also been ex
plored, and this too has yielded encour
aging results. For example, stiff-chain 
epoxy polymers have been "cured" to 
greater rigidity and resistance to soften
ing by building up the number of cross
links between the chains. 

Since combinations of two of the three 
strengthening principles have proved 

effective in enhancing polymer proper
ties, chemists are naturally hopeful of 
achieving even better results by com
bining all three principles [see illustra
tion at left]. Much exploratory work is 
now being done along that line, and al
ready certain interesting successes have 
been obtained. One of these is the ap
plication of the three principles to im
prove the properties of cotton and rayon. 
The fiber is given two treatments: a me
chanical treatment to crystallize the stiff 
cellulose chains and treatment with a 
chemical agent that introduces cross
links. It has been found that the cross
linking substantially improves the re
covery power and wrinkle-resistance of 
fabrics made from such fibers, without 
diminishing their other desirable prop
erties. Similarly, promising results have 
been obtained in strengthening poly
mers of the epoxy and urethane types. In 
these systems, starting with stiff chains 
that have been cross-linked, the experi
menters add fillers to produce the equiv
alent of crystallization. 

There is good reason to expect that 
thorough and systematic exploration of 
the new threefold attack will lead to 
many new and interesting organic poly
mers, perhaps even to superior materials 
for building our houses and vehicles. 
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Crucible ... a material part of the advanced technology. 
Crucible is a major developer of sophisticated materials - materials that will 

function under the adverse conditions of space, perform with the precision of 

computerization, meet the demands of the new industrial sciences. Crucible 

produces hundreds of grades of materials to withstand extreme temperature, 

stand up under great stress, resist corrosion, wear longer. Materials that are 

enabling man to investigate the unknown, move faster, produce more, live easier. 

Crucible is a solver of material problems. Has been since the early 1900's 

when we pioneered stainless steel and tool steel in America. 

Crucible Steel Company, Four Gateway Center, Pittsburgh, Pa. 15230. 

stainless steels 
alloy steels 
tool steels 
barium ferrite ceramics 
valve steels 
titanium 
cast alnicos 
superalloys 
hard surfacing materials 
carbon steels 
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Polaroid doesn't make 
But all of them can mak 

We must have a hand in there somewhere. 

Our part in these other people's cameras is the Polaroid 

Land camera back. It lets these specialized instruments 

record with Polaroid Land films-make black-and-white 

pictures in seconds, color pictures in a minute. 

When a camera gets a Polaroid back-either as a built

in back or as an accessory-it offers some unique advan

tages. You know about your recording immediately. And 

if it isn't perfect the first time, you can take another then 

and there. You never have to repeat time-consuming 

setups later. 

And you never waste any time in a darkroom. You take 

your pictures, study them, and continue working without 

interruption. Your pictures go right into your research 

notebook. It's like taking notes with photographs. 

There are three Polaroid camera backs. The pack film 

back, the roll film back and the Polaroid 4 x 5 film holder. 

The pack film back is compact, lightweight, and fast

loading. The roll film back uses a variety of special pur

pose films, including transparency, infrared, and ultra

high speed. The 4 x 5 film holder fits into conventional 

4 x 5 camera or instrument backs. There are 5 Polaroid 

4 x 5 films, including one that provides a high-resolution 

negative along with a positive. 

At last count, eighty companies were offering a Pola-
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Lnyof these cameras. 

pictures in 15 seconds. 
j camera back as standard equipment for their sci en

: instruments. And that covers an impressive range of 

llications. In fact, just about any kind of recording you 

uire can now be on-the-spot recording. The cameras 

I see here give you an idea of the versatility of the 

aroid camera back. 

"he Technical Operations' Beckman & Whitley X500 
Ige Converter (it takes quantitative pictures of ultra

h-speed phenomena at exposure times from 5 to 1000 

loseconds). 

"he Canalco Microdensitometer (it measures the elec

phoretic patterns of complex protein systems). 

The Hudson Automatic Machine & Tool Company 

ljectina (a combination projector and microscope). 

8. 

4. The BNK Model 3-A Camera (for photographing high

speed phenomena). 

5. The Photogrammetry Photo/Scout (a long focal length 

camera for aerial photography). 

6. The Bausch & Lomb DynaZoom Metallograph (for re

search and other industrial metallography). 

7. The Tektronix C-27 Camera (for oscilloscope trace re

cording). 

8. The Zeiss Photomicroscope (for medical and indus

trial photomicrography). 

9. The Geo Space GT-2 Portable Refraction System (it 

records seismographic data photographically). 

10. The Sloan Angstrometer (it measures the absolute 

thickness of vacuum-deposited thin films). 

Would you like to know more about Polaroid Camera 

backs? Write to: Technical Sales, Dept. 108, Polaroid 

Corporation, Cambridge, Mass. 02139. Polaroid ® 

9. 
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THE NATURE OF COMPOSITE MATERIALS 

Metals, ceramICS, glasses and polymers can be combined in materials 

that have unique properties of their own. Nature uses this principle 

In wood and bone; man applies it In a new family of supermaterials 

U
ntil quite recently a composite 
material was regarded simply as 
a combination of two materials .  I t  

is still that, but  in modern technology 
it has acquired a broader significance: 
the combination has its own distinctive 
properties. In terms of strength or re
sistance to heat or some other desirable 
quality it is better than either of the 
components alone or radically different 
from either of them. 

This concept of composite materials is 
leading to the design and manufacture of 
a new range of structural materials that 
may bring about far-reaching changes in 
engineering and construction . The prin
cipal attraction of composite materials 
is that they are lighter, stiffer and 
stronger than anything previously made. 
At present they are used mainly to meet 
the severe demands of supersonic flight, 
the exploration of space and ventures 
into the deep waters of the oceans .  
Someday they will be put  to less exotic 
uses, such as the construction of build
ings . When that happens, one can ex
pect to see square corners and heavy 
masonry give way to airy domes and 
delicate tracery. 

I.!:e synthetic polymers, modern com-
posite materials imitate nature. 

Wood, for example, is a composite con
sisting of cellulose and lignin. Cellulose 
fibers are s trong in tension but flexible; 
lignin acts to cement them together and 
endow the material with stiffness .  Bone 
is a composite of the strong but soft 
protein collagen and the hard but brit-

by Anthony Kelly 

tIe mineral apatite. Modern composites 
achieve similar results even more effec
tively by combining the strong fibers of 
a material stich as carbon in a soft matrix 
such as epoxy resin . A more familiar ex
ample is fiber glass, which consists of 
glass fibers in resin . 

Such materials go well beyond the 
older concept of composites, in which 
two or more materials were combined to 
rectify some shortcoming of a particu
larly useful component. For example, 
early cannons, which had barrels made 
of wood, were bound with brass because 
a hollow cylinder of wood easily bursts 
under internal pressure. By the same 
token, ordinary steel is normally covered 
with paint because of steel's strong af
finity for oxygen. In this older sense 
nearly all engineering materials are com
posites of some kind. 

An elementary example of the newer 
concept of composites is the bimetallic 
strip used in such devices as the ther
mostat. The strip might be made of a flat 
piece of brass and a similar piece of iron. 
If the two pieces were separate and were 
heated simultaneously, the brass would 
expand more than the iron. If  the two 
pieces are welded together and the com
posite is heated, the greater expansion of 
the brass forces the iron to bend, and 
the bending of the iron forces the brass 
to bend [see top illustration on page 
165]. The bending can be used to indi
cate temperature or to activate an on-off 
switch. 

This example illustrates two points 
about modern composites .  The first is 

FIBER·REINFORCED METAL in the photomicrograph on the opposite page consists of nio· 

bium carbide "whiskers" in a matrix of niobium; enlargement is 2,000 diameters. A whisk· 

er is a single, high·strength crystal. These whiskers were grown by careful solidification 

of a melted alloy of niobium and carbon; part of the alloy became the whiskers and part 

the matrix. This "eutectic," a name derived from the Greek word for "easily melted," was 

made at United Aircraft Research Laboratories by Frank Lemkey and Michael J. Salkind. 

that either material alone would be use
less in the application; the combination 
has an entirely new property. The sec
ond is that the two components act to
gether to equalize their different strains. 
This behavior, called combined action, 
is most important in the design of com
posite materials, as we shall see . 

For an engineer designing a structure 
such as a supersonic aircraft an ideal 
load-bearing member is made of some
thing that is very stiff, very light, very 
strong in tension and not easily corroded; 
that expands very little with changes in 
temperature, and that has a high re
sistance to abrasion and a high melting 
point. Because stiffness and lightness 
and strength and lightness are required 
together in contemporary applications, 
it is the stiffness per unit weight and the 
strength per unit weight that must al
ways be considered.  The manner in 
which several materials meet these con
siderations under laboratory testing is 
set forth in the bottom illustration on 
page 165 . One sees there that the strong 
materials that are also light and stiff are 
ceramics: materials such as glass, graph
ite, sapphire, Carborundum and boron. 
Metals, which one usually associates 
with high strength, do quite poorly by 
comparison. Even the strongest steeI
itself more than seven times stronger 
than normal steel-is an unimpressive 
material on a unit-weight basis . The 
resins and polymers do well in terms of 
strength to weight but badly (much 
worse than metals) in terms of stiffness 
to weight. 

Glass, Carborundum and graphite not 
only are superior to the common 

metals in strength and stiffness per unit 
weight but also have high melting points 
and do not expand significantly when 
they are heated. Moreover, they can be 
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NATURAL CQMPOSITE is wood, consisting of cellulose fibers in 
a matrix of lignin. In this electron micrograph, which was made at 

the New York State College of Forestry at Syracuse University, a 

MAN·MADE COMPOSITE, produced at United Aircraft Research 

Laboratories, consists of boron fibers in aluminum. Fibers (dark 
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cross section of aspen is enlarged 11,900 diameters. The darkest 

material is lignin, the slightly less dark material the wall of a cellu· 

losic cell, and the pale central object the lumen, or cell cavity. 

circles) are each .004 inch in diameter. The lighter circle in each 
of the fibers was made by the wire on which the boron was formed. 
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made from inexpensive raw materials 
such as sand, coke and coal. Why, then, 
have they been so little used as structural 
materials? 

The reason, which held until the dis
covery of the composite principle, is 
that their high strength is realized only 
under rather special conditions .  The 
most important condition is that the 
specimen have no internal cracks and 
have a very smooth surface that is also 
free from cracks, small notches and steps. 
The significance of cracks and surface 
dimples can be demonstrated by a com
parison of three common materials
strong steel, aluminum and glass-for 
their resistance to the propagation of 
cracks. 

U sing as a test the size of crack that 
would cause immediate breakage of a 
sheet of the material if it were stressed 
to 100,000 pounds per square inch, one 
finds enormous differences .  Strong steel 
can tolerate cracks or machined notches 
or other sharp surface irregularities up 
to an inch in depth. In aluminum the 
crack can be no deeper than 1/64 inch. 
Glass breaks if the crack is deeper than 
1/10,000 inch. 

The measure of a material's ability to 
retain its strength in the presence of 
cracks is determined by what is called 
the work of fracture of the material, 
which is to say the energy required to 
break it. Glass has a very small work of 
fracture and well-designed strong steel 
a very high one. The inherently strong 
materials such as silicon carbide, boron 
and graphite all behave somewhat like 
glass: their work of fracture is small and 
so they are quite vulnerable to the pres
ence of cracks. 

Metals are normally used to bear large 
stresses because they can accommodate 
themselves to cracks. With a metal the 
engineer obtains high strength without 
having to take extreme care to eliminate 
all but the tiniest cracks . Polymeric ma
terials such as polyethylene are rather 
like metals in resistance to cracks, al
though they will not take as much stress 
as metals .  

The basic chemical reason metals and 
polymers are so much more resistant to 
cracks than ceramics are is that the in
teratomic forces in metals and the inter
molecular forces in polymers do not de
pend on a particular directional align
ment to achieve strength. Moreover, the 
chemical bonds of metals and polymers 
are unsaturated, that is, the atoms or 
molecules of such materials are readily 
capable of forming new bonds. Ceram
ics, on the other hand, have highly ori
ented forces and saturated bonds . In 
metals and polymers atoms or molecules 

miniature 

all purpose calculator 

Weighs only 8 oz. 

THE CURTA IS A PRECISION 
CALCULATING MACHINE FOR 
ALL ARITHMETICAL OPERATIONS 
Curta adds, subtracts, multiplies, divides, 
square and cube roots, continuous multi
plication, negative multiplication, standard 
deviations and all statistical calculations, 
squares and higher powers, co-ordinates and 
associated land survey formulae, and every 
other computation arising in science and 
commerce . • .  Available on a trial basis. 
Price $125.00. Write for literature. 

CURTA COM PANY 

DEPT.SA-9 P. O. BOX 3414 

V AN N U V s. CAL I FOR N I A 

The Celestron 16 
SCHMIDT-CASSEGRAIN TElESCOPE 

The many basic features of this superb fIll, 
16-lnch Telescope as well as optional accessories 
make it the most versatile instrument available for 
educational institutions. Visually It may be used 
at low magnification for open cluster or nebulae 
study or at high magnification for close·up views 
of the moon or planets. In either case the Images 
are unusually crisp and well Illuminated. Accessories 
Ire available for using this instrument as a plane .. 
tary camera or as an f/2 Schmidt Camera. 

Priced at $11,500.00 illcluding on-site ius/alla
tion alsistmlce mId ills/rue/ioll. 

Celestroll Pacific - 13214 Crenshaw Blvd. 
Gardena, Calif. 90249 Ph. (213) 323·6160 

163 

© 1967 SCIENTIFIC AMERICAN, INC



always slide over one another at the lead
ing edge of a crack. The crack therefore 
cannot penetrate the internal structure 
of a metal or polymer as easily as it can 
the structure of a ceramic; a much larger 
stress is needed to make a crack run 
through a metal or a polymer and divide 
it into two pieces. 

The familiar forms of ceramics are 
represented by glass, chalk and sand; by 
abrasive powders such as corundum and 
Carborundum, and by gems such as dia
mond and ruby. It is because ceramic 
crystals are so vulnerable to cracks that 
ceramic materials are often used in the 

form of a powder, to which they are 
easily reduced. Even as a powder they 
scratch steel because in fact they are 
stronger than steel. 

In sum, if a ceramic material is un
scratched, it can be very strong. If it 
is flawed in any way, however, it breaks 
easily. The lack of resistance to cracks is 
called brittleness. Ceramics are usually 
fragile because ceramic crystals are al
most always marred by cracks or surface 
irregularities . Even if they are not, such 
imperfections can be introduced all too 
readily [see top illustration on page 
166]. 

FIBER GLASS consists of a mat of glass fibers, which are revealed by X rays in this radio· 

graph, in a matrix of resin. Fiber glass is the most widely produced of man·made composites. 

LAMINATED STEEL can retard cracks. When pressure vessels were made to burst, one of 

standard steel (top) developed longer and larger cracks than one made of laminated steel 

(bottom), which consisted of steel sheet. bonded together. Slots were made before testing 

as built·in defects and were then sealed on the inside so that the vessels could be burst. 
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In order to use a ceramic in a mod
ern composite material it is necessary to 
divide it into small pieces, so that any 
cracks present cannot find a continuous 
path through the material, and to bind 
the pieces together in a matrix. The ce
ramic is often put into the composite in 
the form of fibers. The properties of the 
matrix are of vital importance. First, it 
must not damage the fibers by scratching 
them, which would introduce cracks. 
Second, it must act as the medium by 
which stress is transmitted to the fibers; 
it should be plastic and adhesive so that 
it holds the fibers much as deep, soft 
mud holds one's leg when one steps into 
it. Third, the matrix must deflect and 
control cracks in the composite itself. 

}\II the required mechanical properties 
of a matrix are met by a polymer or 

a metal such as aluminum or copper. 
Such a matrix is soft, which is to say 
weak in shear, and so it does not scratch 
the fibers . To carry out its other two 
functions the matrix needs qualities that 
are somewhat at odds with one another 
and so call for compromise . 

To perceive how the matrix performs 
those functions the reader must bear in 
mind the difference between stress and 
strain. Stress is the externally applied 
force; it is usually measured in pounds 
per square inch. Strain is the distortion 
of the material when it is under stress; 
it is expressed in terms of the change in 
the original shape of the material. 

Let us now consider more closely the 
function of the matrix in transmitting 
stress. The composites of the highest 
strength contain aligned fibers. If such 
a composite is stretched parallel with 
the fibers, the principle of combined ac
tion comes into play, so that the strains 
in the fiber and in the matrix are virtual
ly equal. One chooses a matrix that yields 
or flows in a plastic manner, so that 
when the fibers and the matrix are under 
equal strain the stress within the fibers is 
enormously greater than it is in the ma
trix. The difference is so pronounced that 
in working out the breaking strength of 
the composite the contribution of the 
matrix can be regarded as negligible. 

When the fibers are highly stressed, 
some that have cracks will break. The 
beauty of a composite material is that 
such a crack will usually be unimportant. 
A close look at the leading edge of a 
crack in such a composite shows that the 
propagation of the crack through the 
brittle reinforcing material is hindered 
by the softness of the matrix [see bottom 
illustration on page 166]. 

Two other effects prevent cracks from 
running through a composite material. 
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The flrst is that, although the reinforcing 
flbers may fail, they do not all do so in 
one plane. To make a crack extend all 
the way through the material it  would 
therefore be necessary to pull the flbers 
out of the matrix one by one as they 
broke. Work must be done by the ap
plied stress in pulling out the flbers 
against the holding force of the matrix, 
and so the resistance to crack propaga
tion is increased. The "pull out" work, 
which makes a large contribution to the 
work of fracture in composites consisting 
of brittle flbers in resin, is  a true com
posite property: it cannot be attributed 
to either component alone. 

The second crack-controlling effect is 
achieved by regulating the degree of ad
hesion between the flbers and the matrix. 
If the adhesion is low, the material is 
weak in a direction at right angles to the 
flbers. This is an advantage, however, 
if a crack starts to run at right angles to 
the flbers; the crack is deflected along 
the weak interface and rendered harm
less as far as the desirable properties 
parallel to the fibers are concerned. 

So far we have been dealing with the 
strength and crack-controlling prop

erties of a composite material being 
pulled in a direction parallel to the flbers, 
that is,  when the material is  under ten
sion. When the material is under com
pression parallel to the flbers, the speci
men breaks down by buckling and shear. 
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COMPOSITE PRINCIPLE is exemplified by a bimetallic strip of the kind used in thermo

stats. If pieces of brass and iron of the same size (top) are heated separately (middle), the 

brass will expand more than the iron. If the pieces are joined and heated (bottom), the 

greater expansion of the brass forces the iron to bend, and the bending of the iron forces 

curvature on the brass. The effect could not be achieved with either component alone. 

Here a need arises for one of the com
promises to which I have referred. 

Under compressive loading the stiff
ness of the flbers should be at a maxi
mum to resist buckling, and the interface 
between the flber and the matrix should 
have a high tensile strength in order to 
resist splitting. For the material to resist 
cracking under tension, however, a weak 

�TT 

interface is required, so for resistance to 
both tension and compression a com
promise must be made. 

Compromise is also required when a 
composite is pulled in tension at an angle 
to the flbers, that is, when it is sub
jected to shear. Under shear, as under 
compression, the composite is less strong 
than when it is under tension . In other 
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STRENGTH AND STIFFNESS of various materials are compared. 

Strength (left) is represented as greatest free-hanging length; in 
the case of boron it is 189.4 miles. Stiffness (right) is represented 

on an arbitrary scale indicating relative stiffness per unit weight. 
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SURFACE DEFECTS on crystals of magnesium oxide indicate the 

brittleness of most ceramic crystals. The defects in the crystal at 

left were made by heating the crystal in air; the defects in the 

crystal at right were caused by dropping small particles of dust 

onto the surface. The ease with which most ceramic crystals crack 

is the reason ceramics are so little used for heavy structural work 

in spite of their great strength. In a composite of ceramic fibers in 

a matrix the soft matrix prevents the propagation of any cracks. 

words, the strength of a composite tends 
to be highly directional, just as wood is 
strong parallel to the grain and weak at 
right angles to it .  The compromise that 
is applied to composites to counteract 
their weakness under compression and 
shear is one that has long been used with 
wood, namely lamination, as in plywood. 
In some modern composites variously 
aligned layers are stuck together to pro
vide strength in a number of directions.  
A price has to be paid: the laminated 
material is weaker in any particular di
rection than it would be in one direction 
if all the fibers were aligned .  

Crack-controlling properties and lami
nation have recently been applied in con
ventional metallurgy. Steel can be made 
more resistant to cracks by cementing 
together thin sheets of it with soft solder. 
This laminated steel is, of course, a com
posite material. 

When fibers of an extremely brittle 
material such as glass are used in a 
composite, they will always be marred by 
some Raws . When such a composite ma
terial is stressed, some of the fibers break 
before others. Obviously the part of a 
broken fiber close to the break will not 
support any load . A short distance from 
the break, however, the unbroken part of 
that same fiber will be carrying as much 
load as the surrounding unbroken fibers. 
The reason is that when the fiber breaks, 
the two ends attempt to pull away from 
each other but are prevented from doing 
so by the matrix, which adheres to the 
fiber. As the fiber attempts to relax, the 
Row of the matrix parallel to the stress 
counteracts the tendency. Shear forces 
come into play and gradually build stress 
back into the broken fiber [see illustra
tion on page 168]. 

The fact that the matrix in a compos-

ite builds stress in to broken fibers means 
that the principle of combined action 
would still be realized even if all the 
fibers were broken. Such an effect is 
achieved with large numbers of small 
fibers . Composites can accordingly be 
made with short lengths of fiber, none of 
which needs to run through the entire 
piece of material. 

This fact has two substantial advan
tages for the application of the princi
ple of fiber reinforcement .  Since small 
lengths of fiber can be used, pieces of 
material can be built up (and given mul
tidirectional strength) with layers con
sisting of matrix and short fibers.  The 
second advantage is a pure bonus.  The 
strongest materials known are the short, 
single-crystal filaments known as whisk
ers . Because a fiber-reinforced compos
ite does not demand continuous fibers, 
whiskers can be used. Although no 

EFFECT OF MATRIX in blunting cracks is shown in a composite 
of tungsten fibers in a copper matrix. The tungsten fibers, which are 

the clearer bars, broke when the material was pulled in a direction 

parallel to the fibers; the copper did not. The dark flow lines in the 

copper show that the matrix has retarded the cracking by the pro

cess of shear. The movement of the crack was from left to right. 
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Solar scientists fabricate advanced 
beryllium structure for lunar power plant. 

Solar scientists and engineers are 

combining Solar's broad experi
ence and technologies in working 

with hard-to-work metals and 
materials to create advanced be
ryllium structures and compo
nents for the SNAP-27 (Systems 
for Nuclear Auxiliary Power) 
system. 

This radioisotope fueled ther
moelectric power system will be 

left behind on the moon's surface 
by Apollo astronauts to enable ex
perimental instruments to trans
mit data back to earth for at least 

one year. 
The Solar structure is a com

pact, lightweight space radiator 
which will hold a Pu 238 fuel cap

sule to generate 56 watts of ther
moelectric power. The radiator 
consists of an all-beryllium cylin-

der, 18 � inches long and 5 % 

inches in diameter. A series of 

5-inch-high beryllium fins, coated 
for maximum emissivity, surround 
the basic cylinder. All joints are 
furnace-brazed with a silver alloy 
and hermetically sealed. 

On ly recen t t e c h n o l o g i c a l  
breakthroughs i n  Solar laborato

ries permitted the high degree of 
craftsmanship essential to the 
S N  AP-27 program. These i n
cluded mastering beryllium's un

usual property, the metal's ability 

to stretch in two dimensions but 

not in a third, and toxic dust and 
fumes. Solved were complex prob

lems in fabrication, storage, and 
general handling. 

In addition to its participation 
in the SNAP-27 program where 

General Electric's Missile and 

Space Division is prime contractor 
for the Atomic Energy Commis

sion, Solar is also fabricating 
beryllium tubes designed as struc
tural members supporting the 

thrust-vector-control system for 
the Saturn IB launch vehicle that 

will power the astronauts to the 
moon. 

For continuing information 
on Solar's materials research 
capabi l i t i e s, send f o r  t h e  
SOLAR RESEARCH NEWS
LETTER, a quarterly review 
of Solar's scientific and engi
n e e r i ng pr ogress. Simpl y  
write on your company letter
head to: Solar, Dept. P-313, 
San Diego. California 92112. 

01 ..... _ OF llnRIiTIDlAl HlRYUfUl COMPUY 
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You furnish 
the PRINT ... 

We'll furnish 
the PART 

(or material) 

Have it your way. We can furnish the mate
rial-Synthane Laminated Plastics-or 
completely fabricate your parts. Synthane 
thermosetting laminated plastic sheets are 
available in over 80 different grades (many 
sizes and thicknesses) and in a wide variety 
of rod and tube diameters, sizes and shapes 
-round, square, oval, rectangular, etc. 

Synthane has many outstanding charac
teristics in combination depending upon the 
grade-light weight, mechanical strength, 
excellent dielectric properties, resistance to 
wear, moisture, heat, cold, flame, and 
chemicals. 

Nearly all of our customers not only buy 
the materials from us but also let us handle 
their fabrication. In so doing, they take 
advantage of our special machines, special 
machining techniques, production skills and 
can forget about deliveries, rejects, tools 
and tooling, speeds and feeds. And they get 
a better job for less money. 

r-----------------, 
I SYNTHANE CORPORATION I 
I b�i

s�ep��9�'
56 I 

I I'm i nterested i n: I 
I 0 ��i

n
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s
er manufacturers use Synthane I 

I 0 Why it would pay us to have you fabricate I 
I 0 �ll :��;S

materiale and services I 
I I 
I Name I 
I Address I 
I City State ___ Zip_ I 
L _________________ J 
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BROKEN FIBER in a fiber·reinforced composite causes little damage. The reason is de· 

picted schematically at top in a representation of a broken fiber and two unbroken ones in 

a matrix. When the central fiber breaks, with the material stressed as shown by the solid 

arrows, the two pieces of fiber attempt to pull away from each other but are prevented 

from doing so by the shear forces (colored arrows) in the adhering matrix. Forces at work 

on a broken end of a fiber are represented in more detail in the illustration at bottom, 

whisker-reinforced material has yet been 
employed in a practical structure, there 
is much interest in the manufacture of 
whiskers of such materials as silicon 
carbide, boron carbide and aluminum 
oxide, which, being ceramics, are very 
stiff. Composites reinforced with whis
kers have been made in various labora
tories and have demonstrated remark
able properties . 

The largest tonnage of composite ma-
terials now being manufactured is in 

the form of fiber glass. Glass, because of 
the manner in which silica melts, is easily 
drawn from the molten state into thin, 
high-strength fibers, Drawn glass is vul
nerable to attack by water, which dras
tically reduces its strength, and the fi
bers have to be given a protective 
coating. 

Fibers so prepared can readily be put 
into a matrix of unsaturated polyester 
resin. The resin is originally in liquid 
form, and the reaction to make it set 
around the fibers can be promoted at low 
temperature and low pressure, This 
means that the glass fiber is not grossly 
damaged in the process of forming a 
composite. The fact that the fibers re
main largely intact is one of the chief 
advantages of glass-reinforced plastics. 
Large pieces of such material can be 
built up easily by the application of suc
cessive layers of resin and glass.  Since 
any required shape can be built up piece 
by piece, there is in principle no limit 
to the size of object that can be con
structed. 

In another technique large vessels to 
contain gases at high pressure are made 
with continuous filaments of glass fiber. 
The filaments are wound onto a mandrel 
after passing through a bath of liquid 

resin. The pattern of winding can be 
controlled so as to put more fibers along 
the directions to be highly stressed, and 
the fibers can even be stretched, These 
methods of fabrication are completely 
different from conventional metallurgi
cal techniques for making strong alloys 
and have the enormous advantage of not 
calling for high temperatures or high 
pressures . 

Glass-reinforced plastics do have some 
significant disadvantages, One is that 
glass fiber, although it is very strong, is 
not very stiff. Bridges and airplane wings 
cannot be made out of fiber glass because 
the fibers can stretch, and the material 
will bend too much under load. Second
ly, resins burn, char or flow at temper
atures of around 200 degrees centigrade, 
This disadvantage can be somewhat off
set in the most modern materials by 
the use of high-temperature polyimide 
resins reinforced with fibers of pure 
silica glass .  Such composites have with
stood temperatures of more than 300 
degrees C. for several days . There is a 
limit to the temperature resistance of 
glass-reinforced plastics, however, be
cause the glass itself does not remain 
strong at temperatures much in excess of 
400 degrees .  

Fortunately the stiff materials held to-
gether by covalent bonds-boron, car

bon and others-have high melting 
points. In fact, stiffness and a high melt
ing point go together with covalent 
bonds because of the large amount of 
energy needed to break such a bond. 
Therefore the materials that replace 
glass fiber because of their greater stiff
ness should also overcome the tempera
ture limitations of glass .  

Very stiff fibers of graphite, boron and 
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HOW CREATIVE PROFESSIONALS USE GENERAL ELECTRIC TIME-SHARING SERVICE 

In 4 seconds 
General Electric 
Time-Sharing Service 
answers a gear design 
problem that would take 
all day with a calculator. 

James Edmiston. Product Engineer, 
Star Cutter Company, 

Farmington Mich. 

Creative professionals like James 

Edmiston bring the full power of a 

General Electric computer to their day

to-day work, without ever leaving their. 

desk. The secret IS Time-Sharing 

Service from General Electric, now 

available from 25 computers throughout 

the U.S. 

Problems are sent via conventional telephone lines to the GE 

computer center from a teletypewriter in the user's office. Almost 

simultaneously. the computer provides answers to many users' 

problems - design engineering, mathematical analysis, statistical 

analysis, research and development. The output of a small firm's 

engineering staff, for example, was increased 20 per cent by 

using GE Time-Sharing Service. 

Are your own engineers and scientists keeping up with these 

creative professionals? Educators, financial and manufacturing 

people, and other businessmen are finding more and more uses 

for this advanced new information service from General Electric. 

For full details, call your nearest GE Information Processing Center 

(look under "Data Processing Service" in the Yellow Pages), 

or write, Information Service Department, General Electric Co., 

7735 Old Georgetown Road, Bethesda, Md 20014. 291-22 

GENERAL _ ELECTRIC 
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Zinc. 
Make something of it. 

AMERICAN ZINC INSTITUTE· AMERICAN METAL CLIMAX· AMERICAN SMELTING & REFINING · ASARCO MEXICANA • AMERICAN ZINC LEAD & SMELTING · ANACONDA· BALL 

IMPERIAL TYPE METAL' MATTHIESSEN & HEGELER ZINC. NATIONAL ZINC. NEW MARKET ZINC· NEW JERSEY ZINC. NORANDA SALES. OZARK.MAHONING • PEND OREILLE MINES 

© 1967 SCIENTIFIC AMERICAN, INC



Something beautiful. 
like the instrument panel for Imperial. Sparking the qUietly elegant 
mood of Imperial's interior is the instrument panel. Complicated, 
yet precise in every detail. Tastefully appointed, yet superbly func
tional. Multi-faceted, yet noiseless. light-weight, yet cast of a single 
piece of zinc. 

Zinc die castings are used extensively in all new automobiles. 
Why zinc? 
Because, for one thing, it can be made into something beautiful. 

BROTHERS· BUNKER HILL· CERRO SALES' COMINCO· DAY MINES. EAGLE PICHER· ELECTROLYTIC ZINC {AUSTRALIA) • GENERAL SMELTING· HUDSON BAY MINING & SMELTING 

& METALS' PHELPS DODGE' PLATT BROTHERS· ST. JOSEPH LEAD · SOCIETE METALLURGIQUE DU KATANGA {AFRICA) • SUPERIOR ZINC ' U. S. SMELTING REFINING & MINING 
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Combustion Engineering: converting the forces of nature for industries worldwide 
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• 
• 

At left: A simulated thermal stress pattern in 3 photoclastic model of a steam generator component. 

analyze it 
Conduct laboratory field tests on both metallic and non-metallic heat exchanger 

components to determine their ability to withstand the high temperatures 
of actual operation (Lummus and Air Preheater). Use photoelasticity to analyze thermal and 

mechanical stresses in nuclear and fossil fueled steam generator 
components to assure safe, reliable, low-cost operation (Utility and Industrial Divisions). 

evaluate it 
Use digital computers to combine test data on material properties and field experience to 

establish steam generator designs which offer optimum performance, safety and 
reliability for all types of operating conditions and utility system requirements (Utility Division). 

control it 
Assure that the bonding mortars used in refractory linings of melting and processing furnaces 

can withstand stresses caused by temperature differentials (R & I). Process, 
direct and meter petroleum fluids produced under pressure from the oil and gas fields of the 

world. Install systems of safety heads and rupture discs to limit stress and pressure 
for safe and reliable processing in the petroleum and natural gas industries (National Tank). 

prepare for it 
Utilize a million-volt linear accelerator to make sure weld and base metal of nuclear pressure 

vessels are properly joined, and thus able to withstand the stress of operating 
conditions (Utility Division). Put two to three thousand pounds per square inch of pressure into 

refinery and chemical plant reactors to crack and form new molecular 
structures (Lummus). Use monolithic refractory furnace bases capable of carrying 

loads up to 2000 pounds per square inch (R & I). 

who needs it? 
No one ... but it's present in every product and process known 
to man. Industry has learned how to analyze, evaluate and 
control it. And, where possible, to prepare for it. Safely. To 
provide the necessities and luxuries of everyday life. So, to 

fulfill man's need for productivity and safety, the C-E organ
ization dedicates itself to converting the forces of nature for 
industry worldwide. For complete information, write our 
headquarters: 277 Park Avenue, New York, N.Y. 10017. C-655 

COMBUSTION 
ENGINEERING 
PROGRESS FOR INDUSTRY WORLDWIDE 

DIVISIONS: UTILITY . INDUSTRIAL . LUMMUS ' NATIONAL TANK ' REFRACTORY & INSULATION ' C-E CANADA 
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The cueing system 
of the Dual 1019 auto
matic turntable features 
a unique combination of 
silicon damping and 
piston action. 

This allows for a 
controlled, gentle stylus 
descent (0.5 cm! second) 
and eliminates side
thrust from anti-skating 
compensation. 

This is one example 
of Dual's precision engi
neering. Among many 
others are: 40-milligram 
tonearm bearing friction 
for fla w less Y2- g r a m  
tracking, direct-dial con
tinuously variable anti
skating c o n t r o l  f o r  
balanced tracking on 
both walls of the stereo 
groove, variable speed 
control, and a single
play spindle that rotates 
with the record to elimi
nate record slip or bind. 

The Dual 1019, a t  
$129.50. Other models 
from $69.50. For full in
formation, write Dept. 
SA, United Audio Prod
ucts, Inc., 535 Madison 
Avenue, New York, N.Y. 
10022' 111 

silicon carbide have been made success
fully. At high temperatures these mate
rials often evaporate instead of melting. 
Special methods have therefore been 
used to produce the fibers. Graphite fi
bers, for example, are made by con
trolled heating of synthetic fibers of the 

SILICON CARBIDE WHISKER, about .5 
micron in diameter, is shown by transmis· 

sion electron' microscopy in a micrograph 

made by Peter T. Shaffer of the Carborun

dum Company. Variations within the struc

ture of the crystal are shown by the con

trast produced by diffraction of electrons in 

definite regions of the crystal. Whiskers have 

been used as fibrous reinforcements in a 
number of strong composite materials. 

type used in artificial textiles; the heating 
decomposes the material but the carbon 
is retained and turned into graphite. The 
production of boron fibers proceeds es
sentially by the decomposition of boron 
chloride or bromide on a hot filament to 
form a tube of strong boron over the fila
ment.  Both tungsten wire and silica 
coated with graphite (to make it con
ducting) can be used as the initial fila
ment. 

The fibers of graphite and boron now 
in production are more than twice as 

stiff as steel. Since they are less than a 
third as dense as steel, when they are 
put into a resin matrix they make a com
posite with a stiffness per unit weight 
much higher than steel's .  The fibers are 
also very strong, and so the strength of 
steel is also exceeded on a unit-weight 
basis. 

The real advantage of these materials, 
however, is in their stiffness per unit 
weight.  It is this characteristic that 
points toward their immediate applica
tions, which are in the developmental 
stage. Among them are composites con
sisting of carbon fibers in epoxy resin 
for strong and stiff compressor blades in 
lightweight jet engines, and boron in 
epoxy resin for helicopter rotor blades 
that turn at high speed. 

When it is not important to hold down 
weight, tungsten fibers, which retain 
high strength up to more than 1,500 de
grees C., can be used in a composite. 
Tungsten wires have been introduced 
into metal matrices for use at tempera
tures of 1,000 degrees and higher. The 
metals cobalt and nickel make ideal 
matrices because they do not oxidize 
readily at high temperatures. 

Fibers of tungsten, silica coated with 
carbon, graphite and boron are put into 
matrices by electroplating. Alternatively 
the matrix is chemically deposited on 
the fibers, a technique that avoids dam
aging them. 

Another technique does away alto
gether with the problems inherent in 
making fibers and matrix separately and 
somehow joining them to form a useful 
composite. The technique makes the 
matrix and the reinforcing fiber in one 
operation by the controlled melting of 
certain metal alloys . In these "eutec
tics," which take their name from the 
Greek word for "easily melted," part of 
the alloy develops into parallel whiskers 
and part becomes a matrix for the 
whiskers [see illustration on page 160]. 
The result is a whisker-reinforced com
posite of great strength and good heat
resisting properties. For example, a eu-
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Wheredoyou 
that puts a 
weather-proof skin on 
an insulated tank? 

combines the 
best of glass and 
organic fibers? 

supports a portable 
50,000 gal. fuel tank? 

A reinforcing fabric for weather barrier systems is en
gineered with high elongation fiber to withstand expan
sions and contractions of the l argest tanks and pipes. 

A virtually i ndestructible, new outdoor material is 
m ade with the first base fabric e ngineered to combine 
chemically inert glass with modacrylic  fibers success
fully in a single yarn. 

A nylon base fabric with a remarkably high strength/ 
weight ratio and great flexibil ity is specially engineered 
for a rubber-coated aircraft refueling "pillow tank" that 
combines mobil ity and durability with l arge capacity. 

Putting fabrics to work in applications l ike these is 
our specialty at WestPoint Pepperell I ndustrial Fabrics 
Division, where engineering fabrics is our full time 
b usiness. 

We make i t  a rule to work closely with customers in 
meeting strict specifications and developing new and 
improved products and processes. Perhaps we can do 
the same for you. Call us at 212 564-0700. Or write to 
111 West 40th Street, New York, N.Y. 10018. 
757 pages on industrial textile technology 

The fifth edition of our Handbook of Industrial 

I
· , T,,"";' ,", ",,",,;,,,;,, "f,re,,, 00",,, ;, 

its field. Adopted as a text by leading textile 
schools, it is widely accepted in industrial and 
technical fields. It includes comprehensive chap-
ters on na tural and man-made fibers, yarns, 
manufacturing, finishing, fabric constructions, 

. �. ' properties, uses, physical and chemical test meth-
_� ods. Price: $15.00. Available from our office at 

':... " above address. 

� � 
WestPoint 
PepperelfM 

INDUSTRIAL FABRICS DIVISION 
(FORMERLY WELLINGTON SEARS) 
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West Central 
Ohio 
People Know 
Which Way 
Is Up 

It began with Orville and Wil
bur Wright  . . .  West Central 
Ohio's special i n terest i n  flight. 
It  continued through the years, 
and the b i rthplace of aviation 
became an incubator for other 
airbor n e  i d eas. Tod ay, West 
Cent ral Ohio is a major center 
of aerospace development. At 
the hub is Wrigh t Patterson 
A i r  Force Base,  headquarters 
o f  t h e  A e r o s p a c e  R e s e a r c h  
Laboratories. Industries, sup

p l y i n g  c o m p o n e n t s  to t h e  
space program, flourish i n  the 
a r e a .  C o n s e q u e n t l y ,  W e s t  
Central Ohio has o n e  of the 
l a r g e s t  c o n c e n t r a t i o n s  o f  
scientific and engineering tal
ent in  the country. 

Talented people are one rea
son for the high rate of growth 
and prosperity in West Central 
Ohio. May we tell you more? 
Please write or phone . . .  

C. L. Gillum 
Area Development 

Department 

THE DAYTON POWER 
AND LIGHT COMPANY 

25 N. Main St. Dayton, Ohio 4540 1 
( 5 1 3 )  222·044 1 

1 76 

Set your sights on 
profit opportunities in 
West Central Ohio 

tectic developed by Frank Lemkey and 
Michael J. Salkind at the United Air
craft Research Laboratories consists of 
niobium carbide whiskers in a niobium 
matrix; the composite has demonstrated 
high strength at temperatures up to 
1,650 degrees C. 

The practical application of new com· 
posite materials is inextricably linked 

with problems of engineering design . 
The new materials are ideally suited for 
carrying large tensile loads in one direc
tion but may not be as effective as other 
materials under compression or under 
shear occurring at an angle to the fibers. 
Careful design can overcome such de
ficiencies .  A case in pOint is a hollow 
glass sphere needed as a buoyancy tank 
in a deep-diving submarine. The struc
ture would have been very difficult to 
make from a single piece of glass, and 
thus constructed it would have been 
extremely dangerous when not under 
pressure. A U.S .  Navy research group 

1 A LLOYING 

2 COAT IN G 

4 LAMINATING 

made a suitable structure with sections 
of glass-reinforced plastic. In it the fi· 
bers run radially, so that they support 
one another against buckling when the 
vessel is under pressure. 

The superior tensile strength of fiber 
composites makes them ideally suited 
for use in certain advanced engineering 
concepts .  One such concept is stressed
skin construction, in which the skin of a 
structure is always in tension, even under 
compressive forces. (It may be helpful 
here to think of a football with someone 
sitting on it; the covering of the football 
is under tension from the pressure of the 
air inside it even when the football itself 
is under compression from the weight of 
the sitter.) Prestressed structures of the 
kind that have been made from con
crete will also be able to make use of the 
new composites. As these materials come 
into general use, they will provide the 
basis for buildings with the contours of 
tents and aircraft with the delicate and 
graceful lines of birds . 

5 BO N DING 

6 F IBER·REIN FORC ING 

7 POW D ER·COMPACTING 

8 D IFFUSION 

MATERIALS SYSTEM is a means of providing a variety of composites to meet an engineer· 

ing problem instead of trying to meet it by adapting a single material. Various ways of 

putting two or more materials together to make composites are depicted. Techniques of 

long standing appear at left; the processes represented at right are relatively recent in use. 
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Th is  storage bed at Molycorp's Mountai n  Pass, Cal iforn ia, p lant contai ns 3 m i l l i on  pounds 9f lanthanum and 1 .25 m i l l i on  pounds of neodym ium .  

Rare earths 
are no longer rare. 
They are the l argest n atu ra l ly o c c u rr ing g ro u p  of e l e 

m e nts. For exam p l e ,  c e r i u m  is  m o re abun dant t h a n  t in  

and e u ro p i u m  is  more abundant than cad m i u m .  

H istor ica l ly  rare earths h ave been rare fo r two reasons.  

Th e i r  lack of avai lab i l ity d u e  to the d i ffi c u l ty i n  separat ing 

them from each other .  And,  th e i r  lack of app l i cati o n .  

Today,  M o lycorp's l i q u i d - l iq u id i o n  e x c h a n g e  p rocess 

h as so lved the rare-earth separati o n  p ro b l e m .  This  p ro

cess and the wo r l d ' s  l a rgest  s o u rc e  of rare e a rth s 

namely  M o lycorp's bastnasite deposit  at Mou ntain  Pass, 

Cal ifo rn i a - h ave m ad e  these e l e m e nts read i ly avai l a b l e .  

A s  a resu lt,  there a r e  n ow ove r 200 known rare-earth 

ap p l i cat ions.  E u ro p i u m  and yttr i u m  oxides,  fo r i nstan ce,  

activate red phosphors i n  c o l o r  TV p i ctu re tubes and 

f l u o rescent l i g ht i n g .  And lanthan u m  is  the active i n g re

d i ent i n  the l atest petro l e u m-cracking c atalyst. 

Fo r fu rth e r  p roof  t h at rare e a rt h s  a re n ' t  rare a n d  

i d e as o n  u s i n g  t h e m ,  wr i te  M o l y b d e n u m  C o r p o rat i o n  

of  A m e r i c a ,  2 8 0  P a r k  A v e n u e ,  

Dept. S,  New York, N .  Y .  1 001 7. Molycore 
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Many compounds luminesce u�der ex
citation by such energy sources as elec
trons, photons or ions. Materials which 
exhibit .this phenomena ( of emission in 
excess of their thermal radiation ) are 

known as phosphors and find application 
in a wide range of medical, military, in
dustrial and consumer devices .  Among 
these devices are X-ray equipment, radar 
and oscillograph instruments, and color 

and black-and-white TV picture tubes. 
( Luminescence is often arbitrarily di

vided into fluorescence and phosphores
cence. The accepted time of fluorescence 
is 10-8 to 10-9 seconds-the approximate 
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time of a simple electron transition . Phos
phorescence is the prolonged emission of 
photons after irradiation ceases, and is due 
to a variety of electron trapping states 
within the compound. The time duration 
of phosphorescence is called persistence 
and ranges from microseconds to years . ) 

Fig. 1 shows, in bold type, the wide 
range of elements with which RCA chem
ists have worked in their continuing pro
gram of research, development, test.ing, 
manufacture and innovation of lumines
cent materials . In their development pro
gram for phosphors, these chemicals have 
been used either as the elements them
selves or in compounds. 

Although some natural minerals exhibit 
luminescence, their efficiency is unsatis
factory for commercial use. On the other 
hand, excellent emission characteristics 
are obtained from synthesized phosphors 
using controlled amounts of impurities as 
"activators" in the natural "host" crvstal . 
Synthetic crystals are composed of the host 
crystal, one or more activators and, some
times, a trace of one or more fluxes.  The 
fluxes contribute a pseudocatalytic action 
in crystallizing the material while the acti
vator generally tends to provide control 
over the energy transfer, spectral emission 
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generated, visible or near-visible radiation. 
Since phosphors are self-luminescent 

primary emitters, the emitted radiation 
from different phosphors can be combined 
a ddit ively .  In color-televi s ion p i cture 
tubes, for example, the basic colors of red, 
green and blue-produced by phosphors 
under electron excitation-are added to 
produce a visual impression of white, in
cluding any color or tint, simply by vary
ing the intensities of the three primaries .  
The area bounded by the triangle in Fig. 
2 shows the range of colors which can be 
produced additively by present-day color
TV picture tubes as expressed in C . I .E .  
( Commission Internationale de  I'Eclair
age ) coordinates .  In contrast, the inks 
used in color printing function subtrac
t ively-i .e . ,  the colors subtract from white 
to produce their visual image. 

At RCA, putting phosphors to work re
flects a combination of chemical and other 
skills .  Since RCA researches, develops, 
produces and uses its own phosphors, it 
requires that its chemists apply many 
abilities far beyond the chemistry of for
mulating each phosphor to match an ap
plication's requirements .  The company 
calls for highly-developed capabilities in 
manufacture, stringent quality-control 
programs and painstaking application 
techniques. 

RCA's outstanding achievements with 
phosphors can be attributed in great meas
ure to its interdisciplinary activities of 
physics, chemistry and electronic groups 
which are involved in correlating the re
lationships between particle size, bright
ness, environmental stability, persistence 
and excitation methods. This organiza
tional approach has brought about marked 
improvement in the quality of color-TV 
picture tubes, for example. 

Year-by-year improvement in  the 
brightnes s  of color-TV picture tube 
screens has been achieved through phos
phor advancements. The latest announce
ment from RCA has been of a new, higher
output rare- earth red  phosphor  which 
markedly increases picture contrast and 
brightness for full, living color at high 

ambient light levels.  This phosphor pro
vides a 40'10 increase in red-field bright
ness and a 20% increase in the brightness 
of picture whites ,  compared with typical 
phosphors used by earlier RCA tubes. 

In working with these and other phos
phors, RCA chemists have developed 
product technology, amassed data, manu
factured a tremendous number of samples ,  
and produced many luminescent materials 
in tonnage quantities .  Fig. 3 shows a rec
tangular color-TV picture tube, an image
converter tube and a display storage tube 
-a representative cross-section of the many 
conversion tube types currently consum
ing much of RCA's output of carefully
controlled, high-quality phosphors. 

RCA skills, developed in laboratory and 
production runs,  mean that you, too, may 
well be able to find the phosphor or phos
phors best suited for your own use among 
the range of luminescent materials RCA 
knows intimately. Take image-intensifica
tion screens for X-ray photography, for 
example, or higher-contrast, shorter-per
sistence viewing screens for direct roent
genology. Or do you plan to produce ther
mographic instrumentation for medical 
use . . .  or electroluminescent panels, in
dustrial tubes and lamps,  radar plan-posi
tion-indicators and tracking tubes? No 
matter how you use phosphors-in state
of-the-art devices or well beyond present 
levels-RCA probably can help you . 

For further information about RCA 
capabilities and specific products in the 
luminescent materials area, write RCA 
Commercial Engineering, Section I95EC,  
Harrison, N.] .  07029 . 

Fig. 3 
and persistence . The activators are either 
deliberately added to the material-often 
as only a few parts in a million-or are 
formed as defect centers during crystal
lization. The end result is the phosphor
a crystalline semiconductor that acts as 
an energy transducer which can convert a 
variety of energy inputs into internally-

RCA ELECTRO N I C  COMPONENTS A N D  DEVICES 8® The Most Trusted Name in E tectronlcs 
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The Thermal Properties of Materials 

How is heat conducted through a material? The ke.y is the phonon) 

a particle-like packet of waves that can travel through a solid 

although the atoms in the cl�ystal lattice are anchored in place 

The management of heat flow is a 
major concern of the practical en
gineer. He wants heat to travel 

freely from flue gas into the boiler and 
from steam into the condenser. He tries 
hard to keep it out of the refrigerator. 
Thermally conducting and insulating 
materials are essential to the functioning 
of a modern industrial society. Merely to 
calculate the transfer of heat in a com
plex structure, given the basic thermal 
properties of the constituent materials, 
is a formidable task. For such purposes 
the engineer is usually content to work 
with tabulated data on materials of every 
kind, from asbestos, concrete and high
alloy steels to polyurethane foams and 
window glass. 

Can a more analytical approach be 
achieved? What will be the effect on 
the thermal conductivity of the metal 
walls of the heat-exchanger in a nuclear 
power station if the alloy mix is subtly 
changed? What proportion of tellurium 
to selenium in their compounds with bis
muth will make the best thermoelectric 
generator? What types of material are 
best suited, in principle, for devices to 
store heat produced from off-peak elec
tric power? A vigorous science of the 
thermal properties of materials is ob
viously highly desirable. 

For an exact organized science we 
must build on a firm basis. ,,ye need, 
first, an understanding of the thermal 
properties of relatively perfect crystals 

by John Ziman 

of pure elements or of relatively simple 
chemical compounds. We must start, in
deed, from an understanding of the na
ture of "heat" itself. 

Isaac Newton and his contemporaries 
knew very well that heat is a mode of 
molion. But the quantitative experiments 
of Joseph Black in the middle of the 
18th century, establishing that a given 
mass of matter has a specific capacity 
for taking up heat, were so persuasively 
in favor of heat as a fluid (caloric) that 
it took another century for the dynami
cal explanation to be reinstated. This 
explanation, embodied in the classical 
physics of James Joule, Hermann von 
Helmholtz, Lord Kelvin, James Clerk 
Maxwell -and Ludwig Boltzmann, was 
very sound with respect to gases. With 
the realization that all the properties of 
gases were primarily kinetic-that they 
exerted pressure, could take up heat and 
so on because the gas molecules were all 
in motion-one had gone most of the 
way toward a quantitative theory. 

Suppose, for example, that each mol
ecule is an idealized structureless parti
cle. One can then show by a general 
statistical argument that the average en
ergy of each molecule is proportional to 
the absolute temperature (T) in the re
lation 3/2 kT, where 1< is the universal 
Boltzmann constant (1.381 X 10-16 erg 
per degree centigrade). This means 
that the heat required to raise the tem
perature of a volume of gas containing 

HEAT CONDUCTION IN QUARTZ is faster along one axis of the crystal than along the 

other two. This is demonstrated in the two photographs on the opposite page. A thin crystal 

of quartz was coated with a substance that changes color with temperature. Then the beam 

from a carbon dioxide laser was aimed at the rear of the quartz to produce an intense pin. 

point source of heat. The photographs show the pattern of heat distribution within the crys

tal at two different levels of heat input. The patterns are elliptical because of the asymmetry 

in thermal conductivity. The demonstration was devised by Morley Lipsett and Anthony 

Ledger of the Perkin-Elmer Corporation. The temperature-sensitive coating, known as a 
liquid crystal, was supplied by Frederick DaYis of the Westinghouse Research Laboratories. 

N such particles by one degree would 
be 3/2 Nk. Thus the specific heat, or 
heat capacity, of an ideal gas is the same 
for a given number of molecules, and is 
independent of temperatwe. 

The conduction of heat by gases is 
also easy to calculate. Because the mol
ecules are in rapid motion, they diffuse 
throughout any space they occupy. Heat
ing one side of a box of gas increases 
the average energy (that is, velocity) 
of any molecules hitting that wall. 
These "hotter" molecules diffuse into 
other regions, where they share their 
excess energy with "cooler" molecules 
[see top illustration on next; page]. Even 
though there may be no net flow of par
ticles from one region to another, ener
gy is transported from the hot wall to 
the cold wall of the box; we say that 
heat has flowed through the gas. 

From this description one can see 
that the thermal conductivity of a gas 
must be proportional to its specific heat 
(C) and to the average speed of the 
molecules (v). In addition, and most 
significantly, the rate of heat transfer 
will be proportional to the distance 
each molecule travels between colli
sions. The larger the value of this 
"mean free path" (L), the farther apart 
are the regions exchanging energy and 
therefore the larger is the energy dif
ference to be shared in the final colli
sion. Combining C, 1) and L with a geo
metrical factor of 1/3, one arrives at the 
standard kinetic formula for the thermal 
conductivity (K) of a gas: K = 1/3 Cc L. 

The really difficult calculation is find
ing the mean free path, which depends 
not only on the number of molecules 
per unit volume and their collision 
"cross section" but also on the relative 
motion of the colliding particles and on 
their range of speeds. Nevertheless, the 
above formula contains essentially all 
the physics of the situation. 
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Paradoxically this free-electron the
ory of metals, as it became established 
around 1900, presented a grave diffi
culty for the theory of specific heat. We 
have seen that the specific heat of met
als, as shown by Dulong and Petit, is 3 k 
per atom. If the free electrons in a met
al behaved as classical particles, each 
would make an extra contribution of 3/2 
k, with the result that the specific heat 
of metals would far exceed the exper
imentally observed value . 

HEAT CONDUCTION IN GAS is effected by the random motion of gas molecules. A mole· 

cule that strikes the hot wall of a container (left) absorbs energy and leaves traveling faster 

than when it arrived, Within the container molecules share energy as a result of random 

collisions. Thus heat diffuses through the gas, carrying heat from the hot wall to the cold 

one, The rate of transport depends chiefly on a molecule's mean free path between collisions. 

This puzzle was solved only by the 
development of quantum mechanics af
ter 1925, and by the recognition that a 
very dense electron gas satisfies laws 
of statistical mechanics quite different 
from those of an ordinary classical gas 
and as a result has a very small specific 
heat. In such a system the whole basis 
of calculating electrical conductivity 
has to be changed. It turns out, how
ever, that the new basis of calculation 
yields the Wiedemann-Franz relation at 
room temperature and above. The the
ory of heat conduction in metals has 
thus become an offshoot of the theory of 
the electrical properties of matter [see 
"The Electrical Properties of Materi
als," by Henry Ehrenreich, page 194]. 

Very well; now apply the same rea
soning to heat transfer in a crystalline 
solid. The problem foxed classical phys
ics. The specific heat was easy enough 
to calculate. Think of each atom as vi
brating inside the cage of its neighbors, 
to which it is also connected by chemi
cal bonds. For simplicity consider each 
atom as moving independently of its 
neighbors. Energy is stored both as ki
netic energy in each vibrating atom and 
as potential energy in the bonds that are 
continuously being stretched or com
pressed as the atom vibrates. On this 
argument the specific heat of a solid is 
simply 3 Nk, or just twice the value for 
an ideal gas containing the same number 
of atoms. Nothing could be simpler, and 
this very result had been discovered ex
perimentally by Pierre Dulong and Alex
is Petit in 1819, more than 50 years be
fore statistical mechanics was invented. 

Unfortunately a quantitative theory of 
heat conduction in solids cannot be 

built on this basis. The model is much 
too simplified. By throwing away all the 
effects of the movement of an atom on 
its neighbors, one has destroyed the 
mechanism by which, in fact, heat ener
gy passes from one oscillating atom to 
the next throughout the crystal. 

With the development of statistical 
mechanics it became possibJe to link the 
thermal conductivity of metals with 
their electrical conductivity. In order 
for metals to conduct electricity readily 
it seemed clear that they must contain a 
dense gas of highly mobile charged par
ticles, subsequently identified as elec
trons. Since each charged particle can 

182 

carry heat energy in addition to its elec
tric charge, it follows that the thermal 
conductivity of a metal should be pro
portional to its electrical conductivity 
multiplied by the absolute temperature. 
This relation, again, had been discovered 
experimentally by Gustav Wiedemann 
and Rudolph Franz in 1853. 
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electrons and give rise to electrical re
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HEAT CONDUCTION IN SOLIDS differs from that in a gas because the atoms are tied to 

lattice positions. In 1907 Albert Einstein devised a formula for heat conduction based on 

the assumption that atoms vibrate independently (top). In 1912 Peter J. W. Debye 

argued that neighboring atoms, being bonded together, tend to vibrate in unison (bottom). 
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thermal resistance. Indeed, in semicon
ductors, which are intermediate be
tween metals and insulators, a signifi
cant fraction of heat is often carried by 
electrons or other mobile carriers. The 
amount of heat conducted in this way 
significantly limits the performance of 
thermoelectric generators (devices that 
convert heat directly into electricity) and 
thermoelectric refrigerators (devices that 
use electricity to drive heat directly from 
one region to another). 

� ordinary temperatures all materi-
als-metals as well as insulators

store heat as a vibratory motion of their 
atoms. What happens when the tem
perature is very low? As Albert Ein
stein pointed out in 1907, Max Planck's 
hypothesis that this vibrational energy, 
like all energy, must exist in distinct 
quanta should have dramatic conse
quences. As the temperature of a solid 
was lowered, its heat capacity would 
fall much more steeply than one would 
expect from the classical relation 3 
NkT. In fact, Einstein predicted that 
the heat capacity would become vanish
ingly small well before the temperature 
itself reached zero. 

Although Einstein's analysis was sub
stantially correct, careful measurements 
showed that the actual decline in 

specific heat was not as rapid as he had 
predicted. The explanation of this dis
crepancy between theory and experi
ment by Peter J. W. Debye, and almost 
simultaneously by Max Born and Theo
dor von Karman, in 1912 was the key to 
the entire problem of the thermal prop
erties of solids. 

Einstein had assumed, for the sake of 
simplicity, that each atom in a crystal 
oscillated independently. Debye saw 
that one must allow for the coupling 
forces that tend to make neighboring at
oms move together. This seems to pre
sent a fantastically difficult mathematical 
problem. But think of the crystalline sol
id as a continuous medium, without any 
fine-grained atomic structure. One knows 
that sound waves of various wave
lengths can be excited in any such sol
id, and that their velocity will depend 
on bulk properties such as density and 
elasticity. Why not, then, describe the 
heat motion of atoms in telIDS of a med
ley of elastic waves batting around in
side the solid? 

This is what Debye proceeded to do. 
Re treated each different mode of vi
bration-corresponding to waves travel
ing in a differcnt direction and with 
a differen t polarization or a different 
wavelength-as an independent dynam
ical system, to which the basic rules of 

Planck's quantum theory could still be 
applied. Now, however, we have many 
different frequencies right down to 
acoustic vibrations of the crystal. As a 
result the low-temperature cutoff in 
specific heat is somewhat abated by the 
existence of low-frequency modes of vi
bration (whose energy quanta are very 
small) in which heat can still be stored. 
This led Debye to a formula for specific 
heat in which the value falls as the cube 
of the absolute temperature. The for
mula is known as the T3 law of specific 
heats, and it was one of the early tri
umphs of quantum theory. 

The Born-von Karman theory was a 
more rigorous version of the ideas used 
by Debye. In many ways their analysis 
is a complete formal solution of the 
problem of the specific heat of solids. 
Given the forces between atoms, one 
can calculate the spectrum of vibration
al frequencies and then compute the 
specific heat as a function of temper
ature. (The fact that a crystal system is 
translationally invariant, meaning that 
each repeating unit cell of atoms is a 
replica of its neighbors, allows one to 
use a theorem of Felix Bloch's that re
duces the mathematics to a problem 
involving only one cell at a time.) 
By counting modes of vibration one 
automatically obtains the Dulong-Petit 

LATTICE WAVES IN CRYSTAL, represented by alternate bunch· 

ing and separation of atoms, can be inferred from Debye's hypoth

esis that adjacent atoms in a crystal influence each other's motion. 

According to this model, thermal energy should travel through a 

crystal in waves similar to those that carry acoustic, or mechanical, 

energy. Thermal waves have a higher frequency, however, than any 

that can be produced mechanically. In accordance with quantum 

theory such lattice waves can be treated as particles, or phonons. 
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INTERACTION OF TWO PHONONS gives rise to a new one (color) whose frequency is 

the sum of the frequencies of the two interacting phonons. This is the normal, or uN," proc

ess, in which momentum is conserved. The reaction is represented by the vector diagram 

at the lower right; the sides of the triangle correspond to frequency. It is also possible for 

a phonon to split up into two new ones, with energy and momentum again being conserved. 

law at high temperatures. At the same 
time the Born-von K{ll'm�ln equations 
contain the elastic-wave solutions re
quired for Debye's T't law at low temper
atures. 

For some years the Born-von Kirman 
equations provided the basis for a vigor
ous cottage industry: one tried to vali
date assumptions about the interatomic 
forces in solids by proving that they 
gave rise to the observed variation of 
specific heat with temperature. This la
borious and elastic chain of argument 
has largely been superseded by direct 
methods of observing individual vibra
tional modes, such as the inelastic dif
fraction of neutrons. 

A� Debye himself showed in 1914, 
these early quantum theories re

solve the major difficulty in the calcula
tion of the thermal conductivity of sol
ids. Each vibration of a crystal lattice 
can be described as a traveling wave 
carrying energy. By analogy with the 
quantum theory of light, according to 
which light waves exhibit the attributes 
of particles when they are treated as 
photons, these traveling sound waves 
can be treated as particles called pho
nons. This single quantum principle ap
plied to an otherwise purely classical 
argument allows us to think of the crys
tal as if it were an empty box through 
which phonons travel virtualIy without 
hindrance, carrying heat as the mol
ecules of a gas do. 
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Indeed, the conduction of heat would 
now seem to be altogether too easy. 
What would prevent the phonons from 
traveling from one side of the crystal to 
the other without let or hindrance? In a 
perfect crystal the mean free path of a 
phonon ought to be as large as the crys
tal itself, in which case heat ought to 
travel through a crystal as direct radia
tion, so to speak, from a heated surface 
to a cooler one. 

But as Debye then argued, even or
dinary sound waves do not travel 
through the most perfect crystal with
out being scattered, except at very low 
temperatures. The solid is in ceaseless 
thermal fluctuation, so that at any given 
moment there will be regions of higher 
and lower density distributed through
out its volume. The velocity of sound, 
however, in an elastic medium depends 
on density. The heat-carrying phonon 
finds itself being propagated through a 
medium whose properties vary irregular
ly from point to point; therefore it is de
flected arid scattered. The phonon's 
mean free path is thus limited, and can 
be calculated roughly. 

It is easy to show that the rate of scat
tering of a phonon ought to be propor. 
tional to the mean square of the various 
fluctuations in density, and that this val
ue depends directly on the absolute 
temperature. To calculate the constant 
of proportionality, we need to know how 
much the velocity of sound varies with 
volume when a solid is compressed or 

when it expands. In a theory of thermal 
expansion published in 1912 E. Gri.inei
sen had shown that if there were such an 
effect, say of magnitude gamma, then 
the coefficient of thermal expansion 
ought to be just gamma times the com
pressibility multiplied by the specific 
heat. The ge!leral idea is that, when heat 
is fed into a crystal, it pays for the crys
tal to expand a little so as to reduce the 
size of the quanta in which the vibra
tions of the crystal lattice store energy. 
To calculate gamma itself one would 
have to know exactly how the interatom
ic forces vary with distance, which is 
quite a subtle problem. For most ordi
nary solids, however, the actual coeffi
cient of expansion leads to a value of 
about two for gamma. 

Another achievement of the Einstein
Debye theory was a general formula for 
the melting temperature of solids. This 
formula was proposed by Frederick 
Lindemann (later Lord Cherwell), who 
suggested that a solid must melt when 
the average amplitude of vibration of 
each atom reaches some definite fraction 
(empiricalIy about a tenth) of the di
ameter of the unit cell within which it is 
caged. One can calculate the melting 
point in terms of the velocity of sound 
in the solid (or some other measure of 
the elastic forces on the atom) and the 
atomic volume. Again the result is in 
surprisingly good agreement with ex
periment for a wide range of sub
stances. 

�oking back on this period just before 
World \Var I we see that a quanti

tative theory of the thermal properties 
was already firmly established. It had 
been achieved by adding only a few 
simple quantum ideas to classical me
chanics. At ordinary temperatures the 
thermal conductivity of a nonmetalIic 
crystal ought to be given by the kinetic 
formula, that is, the gas of phonons may 
be supposed to have the specific heat 3 
Nk and the phonons themselves an 
average velocity equal to the velocity of 
sound in the solid. The Debye, Gri.inei
sen and Lindemann theories can then 
be combined to yield a rather simple 
formula for the phonon mean free 
path (L), which ultimately determines 
the rate of heat flow. After making al
lowances for complicated geometrical 
scattering, one finds that L is approxi
mately equal to 20 T",d/y2T, where 
Till is the melting point, T is the ab
solute temperature, y is Grtineisen's 
gamma and d is the dimension of the 
crystal lattice. This formula demon
strates the well-known fact that thelmal 
conductivity falIs as the temperature 
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AMBIGUITY IN WAVELENGTH arises when the vihrations in a 

lattice can be assigned a wavelength that is either shorter than twice 

the lattice spacing (black curve, top) or longer (colored curve). 

The motion of the short wave to the right (bottom) is equivalent to 

the motion of the corresponding long wave to the left. Thus two 

high.frequency phonons can interact to produce a phonon that 

travels opposite to the expected direction. This "Umklapp," or· 

flop over, process appears to violate conservation of momentum. 
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UNIMPEDED HEAT FLOW would result if all interactions be· 

tween phonons were normal, or N, processes in which crystal mo· 

mentum is conserved. Phonons created at the hot end of a perfect 
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ACTUAL HEAT FLOW in a metal crystal (left) is slowed by 

Umklapp, or "U," processes, which do not conserve crystal momen-

metal crystal (left) would travel swiftly to the cool end. There would 

be no thermal resistance. The interaction of two phonons in an N 
process is illustrated at the right together with a vector diagram. 

1/A3 
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RECIPROCAL OF ATOMIC SPACING 

tum and largely account for the thermal resistivity observed even 

in pure crystals of metal. A U process is represented at the right. 
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TEMPERATURE (DEGREES KELVIN) 
EFFECT OF ISOTOPES on thermal conductivity is surprisingly large in the region of a 

few tens of degrees Kelvin (degrees centigrade above absolute zero). These curves show 

the conductivity of lithium fluoride in which the percent of the rare isotope lithium 6 
varies as follows: 96.25 (A), 90.4 (B), 74.7 (C), 50.1 (V), 25.0 (E), 7.4 (F), 4.7 (G). The 

balance of the lithium in each case is common lithium 7. The data were published by Robert 

Berman, P. T. Nettley, F. W. Sheard, A. N. Spencer, R. W. H. Stevenson and the author. 

rises. The formula also agrees with the 
observation that at room temperature 
the thermal conductivity of diamond
because it has a high melting point and 
permits a high phonon velocity-is com
parable to that of metallic copper. For 
all its apparent naivete, the formula 
agrees as well with experiment as any
thing physicists have since been able to 
derive by more sophisticated and vastly 

more complicated arguments. Neverthe
less, we now know that it has grave con
ceptual weaknesses. 

The basic objection, put forward by 
Rudolf Peierls in 1929, is that the "ther
mal" fluctuations of density that scatter 
the heat-carrying phonons are them
selves phonon modes. We must then ask 
the question: What happens when two 
phonons meet? In an idealized "har-

monic" crystal, where by definition the 
lattice modes are dynamically indepen
dent, there is no interaction. But in any 
real solid (where, for example, Griinei
sen·s gamma is not zero) the interatomic 
forces are not harmonic, and two travel
ing waves can interfere with each oth
er. vVhen this happens, the two waves 
can combine to produce a wave whose 
frequency is the sum of their individual 
frequencies. In quantum language we 
say that two phonons have collided and 
been destroyed, and that in their place 
a new phonon has been created that 
conserves the energy and momentum of 
the original particles [see illustmtion on 
page 184]. Conversely, a single phonon 
can spontaneously split up into two new 
ones, again conserving energy and mo
mentum. 

At first this would seem to be just 
what we need to make our "phonon 
gas" model of heat conduction even 
more realistic. The collisions that limit 
the mean free path of molecules in a 
real gas are mimicked by the interac
tions of phonons. The analogy, how
ever, is not exact. vVhen molecules col
lide, the excess energy of one of them is 
shared, so that eventually, after several 
collisions, the energy is dissipated as an 
increase in the energy of other mol
ecules moving in random directions. 
Colliding phonolls have the unfortunate 
property of always handing on their en
ergy and momentum to their successors 
in such a way that the net current of 
heat is neither decreased nor deflected 
by the process. If all phonon-phonon in
teractions were of this kind, called nor
mal processes, the thermal conductivity 
of a crystal would be infinite. 

Peierls resolved the paradox by show
ing that the interference of traveling 
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SCATTERING OF PHONONS BY ISOTOPES is a function of 

wayelength. If the atoms of a rare isotope (black dots) are re

garded as impurities in an otherwise perfect crystal, one finds (left) 

that long.wave phonons should be able to transport all the heat with 

very little scattering. Only rare short·wave phonons would be scat· 

teredo But N processes, which do not directly give rise to thermal 

resistivity, are able to convert long.wave phonons into short-wave 

phonons and these can then be scattered by isotopes (right). 
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waves in a crystal lattice is not the same 
as it is in a continuous medium. Suppose 
we have two waves of short wavelength 
(high frequency) traveling in the same 
direction. Their combination wave ought 
to have an even shorter wavelength 
(higher frequency) and also ought to be 
moving in the same direction. But if the 
new wavelength is shorter than twice the 
lattice spacing, an ambiguity arises. The 
motion of the atoms in the lattice no 
longer tells us clearly which way the new 
wave is traveling. In fact, the motion of 
the atoms is entirely consistent with a 
wave of substantially longer length mov
ing in the opposite direction [see top il
lllstration on page 185]. In other words, 
the "momentum" ascribed to the phonon 
is only a Pickwickian "crystal momen
tum" and need not be conserved in pho
non-phonon interactions. 

To describe such reversals in crystal 
momentum Peierls applied the term 
Umklapp, which in German means 
"flopover." Thus physicists distinguish 
Umklapp (U processes) from normal 
processes (N processes) in phonon-pho
non interactions. The U processes are 
quite effective in reducing the mean free 
path of phonons. It can be shown that U 
processes occur at a rate proportional 
both to the absolute temperature and to 
the square of the strength of the nonhar
monic forces, as characterized by Griin
eisen's gamma. In principle, therefore, 
Debye's formula for the mean free path 
remains valid, modified only by the 
U1llklapp concept. 

k so often happens in theoretical 
physics, the gain in conceptual un

derstanding was not rewarded by great
er ease of calculation. Except in crude 
approximations, which are not much 
better than one can obtain with the sim
ple Debye formula, the new computa
tions have not been carried through. 
Accordingly many finer points govern
ing the differences between various 
classes of materials are not at all well 
understood. 

Nonetheless, one prediction of the 
Peierls theory has been fully confirmed 
by experiment. As we have seen, the 
thermal excitation of high-frequency 
lattice modes is difficult at low temper
atures. It is only these modes, however, 
that are short enough to flop over. Cool
ing a crystal therefore freezes out the U 
processes. As a result the mean free 
path of the phonons, and with it the 
thermal conductivity, rises dramatical
ly. In fact, at liquid-helium temper
atures heat conduction is effected by 
the "radiation" of phonons. 

The effect does not have much prac-

... If you don't see 'Charley' in this night 
scene join the group of scientists and engi
neers who have enough vision to make this 
a reality. . 

New positions in advanced research and development projects 

are open at a unique laboratory with mission to accomplish ap

plied research development and engineering of materials, meth. 

ods and techniques; procurement of services; and design testing 

and test evaluation of night vision systems for the Army 

AT 
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SCATTERING OF PHONONS BY DISLOCATIONS is due to the effects that irregularities 

in a crystal have on lattice waves. Their propagation is altered by local strains (A) and 

disrupted by changes in the connectivity of the lattice at the core of the dislocation (B). 

tical significance in ordinary applica
tions of materials science. Nevertheless, 
in 1956, while investigating thennal 
conductivity at low temperatures, Rob
ert Berman of the University of Oxford 
was led to consider an important scat
tering mechanism that had been largely 
overlooked. The Peierls theory predict
ed that conductivity should increase ex
ponentially as the crystal specimen was 
cooled. Berman found that some sub
stances, such as solid helium and artifi
cial sapphire (fused alumina), followed 
the expected law. In other substances, 
such as silicon and germanium, the in
crease of conductivity was much slower. 
It occurred to Berman that the devia
tion from theory was largest in materials 
with substantial concentrations of dif
ferent isotopes. In potassium chloride, 
for example, the chlorine isotopes of 
masses 35 and 37 occur naturally in the 
ratio of three to one. Could isotope ra
tio be having an important effect on 
thermal conductivity? Berman and oth
ers soon demonstrated that such was 
the case [see top illustration on page 
186]. 

An isotope substituted as an "impuri
ty" in an otherwise perfect crystal must 
scatter phonolls as though it were a lit
tle local mass in an elastic medium. 
The scattering is proportional to the 
square of the difference in isotope mass 
and (like the scattering of light by air 
molecules that makes the sky blue) to 
the inverse fourth power of the phonon 
wavelength. Thus the longer the wave
length, the less the scattering. In fact, 
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the long-wave phonons are so weakly 
scattered by isotopes that they seem 
able to transport all the heat without se
rious dissipation. To get a proper result 
one must invoke the phonon-phonon N 
processes, which do not directly give 
rise to thermal resistivity but which 
force the long-wave phonons to com
bine with one another, thereby transfer
ring the heat energy into short-wave 
modes that can be scattered [see bottom 
illustration on page 186]. In 1959 Fred 
Sheard and I, then working at the Uni
versity of Cambridge (and, independent
ly by a different method, Joseph Calla
way, then working at the Westinghouse 
Research Laboratories), were able to 
derive formulas that matched up with 
the experimental results. 

Actually isotopes are not an important 
source of thermal resistance in 

practical materials at ordinary temper
atures, but the difficulties experienced 
in deriving quantitative theories of this 
very simple effect indicate the size of 
the problem of calculating the thermal 
conductivity of ordinary solids. We sel
dom have to deal with pure and perfect 
single crystals. What should we allow 
for the effect on phonons of chemical 
impurities, vacancies, interstitial atoms, 
grain boundaries, dislocations, stacking 
faults, magnetic-domain walls and all 
the other blemishes that real materials 
inevitably contain? 

In addition to the problems of defin
ing the physical situation, evaluating 
variables and trying to compute an-

swers, the theory of the thermal proper
ties of materials presents some difficult 
questions of general principle. Consider 
the scattering of phonons by a disloca
tion in an otherwise perfect crystal. It is 
easy to argue that the elastic strain pro
duced around the dislocation creates 
changes of local density-and hence 
changes of the effective velocity of 
sound-that interact with lattice waves 
by the same mechanism that operates in 
the Debye theory of thermal conductiv
ity. It has been found, however, that this 
calculation makes a much smaller con
tribution to thermal resistivity than is ac
tually observed (even allowing for the 
fact that it is difficult to make accurate 
measurements). Most of the scattering, 
it appears, is the scattering of short
wave phonons at the core of the disloca
tion, where the arrangement of the at
oms is very far indeed from the perfect 
lattice. The mere change of density is 
not sufficient to account for this; there 
must be a diffraction effect due to the 
actual differences in the relative posi
tions of the atoms in this special neigh
borhood. Somehow or other short-wave 
phonons are so affronted by the unor
thodox patterns of atoms at the core that 
they are strongly scattered. 

An extreme case of the same general 
problem is presented by a truly amor
phous material such as glass. What ef
fect does the disordered arrangement 
of atoms throughout the material have 
on the propagation of elastic vibrations? 
I believe that a new mathematical tech
nique invented by one of my colleagues, 
James Morgan of the Zenith Radio Re
search Corporation of Great Britain, may 
provide an entry into this subtle and 
hitherto intractable problem. This whole 
field involves classical mechanics, prob
ability theory and a large helping of 
three-dimensional geometry. 

In spite of these formidable mathe
matical difficulties, the basic physics of 
heat conduction is well understood. 
Physicists have complete confidence that 
it is governed by the same principle of 
quantum theory that rules all other solid
state phenomena. In one or two fields of 
materials science, such as the choice of 
materials for thermoelectric devices, 
theory has helped to guide the applied 
scientist and engineer. But it must be 
admitted that theory has a long way to 
go before it can design new materials to 
satisfy the demands of engineers em
ployed in heavy industry. This lack of 
direct applicability does not detract from 
the study of this large and difficult topic 
for its own sake: for the knowledge that 
is acquired and the intangible rewards 
of traveling along a stony road. 
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How about a nice QUiet talk 
aller the crowd's gone? 
Like what's new in pvc's, polyesters, 
polyurethanes, and phenolics. New for
mulations, new properties, and new ap
pi ications. 

Like what's happening in chlorine 
and phosphorus and sulfur chemistry, 
organic and inorganic. And, after all 
this time, there are still some things to 
be learned about alkalies. 

High analysis fertilizers. We've got 
some things to say about these, some 
of the "hottest" materials on the world 

scene, including some talk about one 
of the world's biggest high analysis fer
tilizer plants. We finished it this year. 

Conversion coatings for metal form
ing and finishing. A lot's been happen
ing in technology as well as materials. 

Clip the coupon and we'll send you 
a thirty-two page discourse on these 
and other materials Hooker makes here 
and abroad. 

For now, go back to the crowd. We 
can talk later. 

I. hooker 
Hooker Chemical Corporation 
277 Park Avenue, New York, N. Y. 10017 
Please send THE HOOKER STORY/TOMORROW 
AT WORK TODAY 
Name 

Title 

Company 

City 

State .. .. .. Zip . 
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Westinghouse Materials: 
the problem solvers 
New materials from Westinghouse are solving thermal, electrical, 
magnetic, mechanical, optical or chemical problems. 
We don't just develop new materials. 

We solve problems. 
We have to. 
We're one of the world's largest 

and most diversified companies, and 
we have' to think of materials in the 
framework of production costs, effi
ciencies, marketing advantages and 
product improvement. 

We employ more metallurgists than 
leading steel companies, we do more 

PROBLEM: 

Find an insulating varnish 
that will stay strong at 
high temperatures. 
B-142 insulation varnish, developed 
for hot bond strength in Class F and 
H systems, works so well it enabled 
one of the "Big 3" to guarantee their 
alternators for 50,000 miles. It cures 
up to 12 times faster than conven
tional varnishes. Dries firm, flexible 
and as fast as lacquer. Gives heavier 
build per dip (1.5 to 2,0 mils). Speeds 
production, increases oven capacity. 
Excellent for high-speed armatures. 
Compatible with most magnet-wire 
insulations. Priced competitively. 

PROBLEM: 

Develop solderable flexible 
printed circuitry. 
Solderable flexible circuitry is avail
able in continuous rolls. Outstanding 
dimensional stability, thermal resist
ance and bond strength in all thick
nesses. Saw, drill, punch. No peeling, 
tearing, haloing, blistering or distor
tion. Resistant to heat, cold, moisture, 
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work in chemistry than most chem
ical companies, and we have a staff 
of over 500 scientists and engineers 
whose only job is to look for new 
materials. 

In the last 10 years, Westinghouse 
has had over 8,000 materials patent 
disclosures. 

In 1966, our engineers published 
331 papers on insulation chemistry, 
solid-state materials, magnetics, met-

acid, alkali, solvent and oil. Copper
clad printed circuitry also comes in 
rigid versions for conventional and 
multilayer use. 

PROBLEM: 

Find anticorrosive tubing 
for electrical, mechanical 
and chemical uses. 
Westinghouse now makes filament
wound pipe and tubing. Available in 
epoxy and polyester resin systems in
corporating chemical-resistant lines. 
Mechanical strength can be engi
neered to satisfy customer's specifica
tions. Electrical grades meet or exceed 
NEMA requirements. Available up 
to 20' long and 60" diameters. 

PROBLEM: 

Find a safe, 
maintenance-free decorative 
laminate material. 
Flame-retardant Micarta is a decora
tive laminate with a UL label for 
flame spread rating of 30, fuel con
tributed rating of 15, and smoke de-

allurgy and special properties metals. 
We've developed a printed circuit

ry that's solderable, antic orrosive 
pipe and tubing, insulating varnish 
to stay strong at high temperatures, 
magnetic  shielding t h a t  can be 
thinner and lighter, and metal alloys 
to solve damping, strength, weight, 
space, temperature, cost problems. 

We've many new and exciting 
materials. 

veloped rating of 10. The laminate 
comes in solid colors, patterns and 
woodgrains. Ideal for shipboard, hos
pital or public building applications. 

PROBLEM: 

Develop high temperature 
wire enamel for automatic 
winding equipment. 
Enamel Omega® wire coatings resist 
,scraping, cracking, abrasion. Has 

Multilayer circuitry, solderable 
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Interrupter pot with integrally wound insert 

Filament-wound water-well casing and screen 

Rigid printed-circuit block 

� Solderable, flexible printed circuitry 

Decorative, fire-retardant Micarta" laminates 

TURN ....... 
PAGE .."".. 
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Turbine blades of Niveo' damping alloy 

Rough-grinding high-strength Discaloy· ingots 

Metals plant rolling mill 

Hipernomo alloy-highest attenuation 

Microcircuitry etching grade 
Kovar" sealing alloys 

Vacuum melted Hiperco· Ingot 

More solutions 
from 
Westinghouse 

heat resistance to meet requirement 
of mil-w-583-c, for 2000 C service. 
Ou tstanding thermal shock resist
ance . Compatible with commercially 
acceptable insulating varnishes, and 
economical besides. 

PROBLEM : 

. Find thinner ) lighter 
magnetic shielding that 
costs the same. 
Hipernom® nickel-iron-molybdenum 
alloy has the highest permeability 
(initial : 40,000 in the 40 gauss range ; 
maximum : up to 500,000 at 3,500 
gauss) of all commonly used shielding 
alloy�. Maximum flux at minimum 
losse s .  Magnetic shi e ld i n g  against 
direct current to 10,000 Hz fields. 
Coercive force : only .01-.015 oersteds 
(d-c) and .05 at 400 cycles. Can 
punch, shear, deep draw, spin and 
form . Shield i n g ,  la m i nation and 
square-loop grades. 

PROBLEM : 

Find a metal alloy with 
high strength-to-weight 
ratio at elevated 
temperatures. 

Kromarc® auste nitic stainless steel 
operates efficiently from minus 2600 C 
to p lus 10500 F .  H a s  excelle nt  
strength, weldability and is  non trans
forming. One-third lighter than its 
nearest competitor. Used in steam
turbine pipe . Recommended for mis
siles, space ind ustry, low-temperature 
storage tanks. 

PROBLEM : 

Find a high-temperature 
magnetic alloy Jor stators. 
Hiperco® 27% cobalt-iron is the only 
magnetic alloy recomme n d e d  for 
stators at 1100 to 14000 F. It's also 
the only alloy recommended for in
ductions over 18 kg for 800 to 11000 F 
applications (from a NASA-sponsored 
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testing of 500 magnetic materials) . 
A ductile alloy easier to form, ma
chine and join.  Saturation : 23,000 
gauss. Curie temperature 925° C. 
Use where maximum flux densities 
are needed . 

PROBLEM: 

Find a stronger steel for 
turbine blade mountings. 
Discaloy® high-strength austenitic 
stainless steel with high-temperature 
capabilities, used for rotating turbine 
disc applications. Particularly suited 
for gas and small steam turbines. 

PROBLEM: 

Find a material to 
package microcircuits. 
Kovar® iron-nickel-cobalt alloy was 
developed for glass - to - metal and 
ceramic-to-metal bonds in electronic 
tubes.  Now, its matched thermal 
expansion, ability to join with glass 
and with other metals and adapta
bility to automated processes make 

Kromarc· austenitic stainless steel 

it an important alloy in transistor, 
i n tegrated circui t  a n d  microelec
tronic applications. 

PROBLEM: 

Find an alloy to 
encase nuclear fuel. 
Zircaloy® zirconium alloy has a low 
neutron absorption capability. Used 
to clad uranium-enriched fuel rods 
inside nuclear reactors. 

Zircaloye alloy-low neutron absorption 

Steam conditions 1 000° F 3650 psi 

PROBLEM: 

Find a high-temperature 
damping alloy strong 
enoughfor turbine blades. 
Nivco® cobalt-nickel alloy was chosen 
for damping jet engines because of its 
good strength and high capacity for 
absorption of vibration . Withstands 
1200° F temperatures. Allows longer 
life in steam turbine blades. 

PROBLEM: 

How to simplify 
nondestructive testing . 
In Spectratherm® liquid crystals, or
dered layers of molecules slide over 
each other or revolve about a fixed 
axis with the slightest temperature 
change. The result is a shifting irides
cence of color that could be useful in 
nondestructive testing, medical diag
nosis and visual displays. What can 
liquid crystals do to solve your tem
perature indicating problem? If you 
have a use in mind, let us know. 

These are only a jew oj the materials 
available at Westinghouse.  There are 
hundreds more, jor sale, and in quan
tity. Westinghouse will back up all 
materials with experienced talent to 
w o r k  w i t h  y o u  in i n teg r a ting o u r  
materials into your systems. 

Interested ? 
For more injormation on any oj these ma
terials, write on letterhead to Mr. A.  M. 
Kennedy, Jr. ,  Vice President, EC&SP 
Group, Materials Divisions, Westinghouse 
Electric Corporation,  Three Gateway 
Center, Pittsburgh, Pa. 75222. 

You can be sure if it's Westinghouse 
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The Electrical Properties of Materials 
Materials differ In their resisti(Jity to an electric current by as 

lnuch as 23 orders of magnitude. The insights of quantum mechanics 

are helping to make this full range more accessible to technology 

The electrical conductivity of ma
terials was first demonstrated in 
1729 by an English experimenter, 

Stephen Gray, who touched a charged 
glass rod to the end of a moistened cord 
and discovered that the cord transmitted 
the electricity a distance of about 1,000 
feet. Today the exploration of the elec
trical properties of solids is disclosing 
much more dramatic phenomena, and 
these have turned out to be of fundamen
tal significance in the understanding or 
matter, as well as of great technological 
importance. 

To begin with, the wide range of elec
trical conductivities exhibited by mate
rials is itself a striking fact. Between 
the most conductive substances (copper 
and silver) and the most resistive (poly
styrene, for example) the difference 
amounts to 23 orders of magnitude [see 
illustration on next page J. To appreciate 
the extent of this spread, compare it with 
extremes in the scales of distance. One 
might note, for instance, that the ruler 
needed to measure the size of the uni
verse is only some 23 orders of magni
tude larger than the mile ruler that mea
sures distances on the earth. Evidently, 
then, the electrical conductivity (or rath
er its inverse, resistivity, the quantity 
customarily used in statements of Ohm's 

by Henry Ehrenreich 

law) is one of the most widely varying of 
all physical quantities. 

The individual materials themselves 
show great variability in resistivity ac
cording to the conditions of temperature, 
pressure and the mixture of component 
substances. The addition of a minute 
trace of gallium or arsenic (one part per 
billion) to pure germanium increases its 
conductivity by two orders of magni
tude (nearly 1,000-fold) and makes it 
suitable for use in transistors. A tiny 
further addition of the impurity can in
crease the conductivity 100,000-fold, 
converting germanium to a conductor of 
tunnel-diode grade. Similarly, silicon 
and metal oxides such as nickel oxide 
and titanium dioxide are lowered in re
sistivity by the introduction of appro
priate impurities. Indeed, nickel oxide, 
which is an insulator in the pure state, is 
reduced in resistivity by 13 orders of 
magnitude by adding 1 percent of 
lithium. 

Dramatic changes are also produced 
by changes in temperature. A semicon
ductor can be made a conductor by heat
ing it to a high temperature or it can be 
made an insulator by cooling it to a low 
temperature. In contrast, the resistivity 
of a pure metal is much less drastically 
increased by heating and reduced by 

TWO TRANSISTORS in the photomicrograph on the opposite page are part of an inte· 

grated electrical circuit that contains a total of 14 such transistors plus an assortment of 

other components and connecting circuitry on a square chip of silicon about a twentieth of 

an inch on a side. The circuit serves as a high.performance amplifying device in a variety of 

applications,inciuding direct·current servo systems and analogue computers. The black areas 

are layers of silicon that have been "doped" with different impurities to produce regions 

that conduct by means of electrons (n·type material) and regions that conduct by means 

of electron "holes" (p-type material). Each of the semiconducting silicon layers is covered 

by a thin "passivating" Jayer of silicon dioxide. The slightly lighter areas are aluminum 

interconnections that have been vapor.deposited over the entire surface of the silicon wa

fer and then masked and selectively photo-etched to achieve the desired pattern. In making 

this photomicrograph the chip was illuminated only from the sides. The magnification is 

approximately 1,500 diameters. The circuit is manufactured by Fairchild Semiconductor. 

cooling. In some instances the change is 
very abrupt. For example, above 150 
degrees Kelvin vanadium sesquioxide is 
a semiconductor; when it is cooled to 
just below that temperature, its resistiv
ity suddenly jumps by six orders of mag
nitude and it becomes a good insulator! 
The best-known kind of sudden transi
tion, of course, is the total disappearance 
of resistivity in certain metals (that is, 
their sudden transformation to the super
conducting state) when they are cooled 
to temperatures near absolute zero. 

The impact of light, like changes in 
temperature, also can affect electrical 
resistivity. Some semiconductors and in
sulators are extremely sensitive to light, 
and under illumination their conductiv
ity may be several orders of magnitude 
higher than it is in the dark. This phe
nomenon is called photoconductivity. 

How are these facts to be explained? 
'What principles account for the great 
differences in conductivity between 
metals and insulators, the peculiar prop
erties of semiconductors, the abrupt 
transitions, the potent effects of impuri
ties, temperature and light? 

The first reasonable approach to an ex-
planation of electrical conduction in 

solids was proposed in 1900 by the Ger
man physicist Paul Karl Drude. His cru
cial contribution was the recognition that 
current passing through metals must be 
carried by the charged particles (now 
called electrons) that J. J. Thomson had 
discovered just a few years earlier. 
Drude imagined conductive metals to be 
permeated by a gas of free electrons. An 
applied electric field, he suggested, ac
celerates the electrons along the field; 
because the ions they encounter in the 
crystal lattice deBect them and thus 
interpose resistance, the electrons settle 
into a constant drift velocity that is pro
pOl·tional to the strength of the applied 
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field. (The situation would be similar to 
the fall of an object from an airplane: the 
object falls with accelerating speed un
til the gravitational force is balanced by 
the force of friction with the air; there
after the fall continues at a constant 
velocity.) Drude supposed the mean free 
path of the electrons between collisions 
to be only about the length of the dis-

tance between atoms in the crystal; to 
explain the observed conductivity of 
metals he assumed that all the electrons 
were free to act as carriers. 

Drude's model successfully accounted 
for several observations, including the 
fact that in many metals the transport 
of heat is proportional to the transport 
of electricity at a given temperature, 
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ELECTRICAL RESISTIVITY of materials is one of the most widely varying of all physical 
quantities. encompassing a range of some 23 orders of magnitude. The materials listed in 
this table were selected either for their familiarity, their technological importance or their 
scientific interest. Except for the two entries for vanadium sesquioxide, all the resistivities 
given here were measured at room temperature. Organic materials are indicated in color. 
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which could now be explained by assum
ing that electrons are involved in the 
transmission of heat. In certain predic
tions, however, the Drude hypothesis 
proved to be incorrect. It failed to ac
count for the observed variations of con
ductivity with temperature, and since it 
required that all the electrons must be 
free, it implied that the electron gas 
should have a higher specific heat than 
was actually found to be the case; experi
ments showed that the amount of energy 
needed to raise the temperature was so 
small that one had to conclude only a 
very small fraction of the valence elec
trons, rather than the entire gas, was in
volved in conduction. 

Drude's concept of mobile electrons 
as the agents of conduction in a metal 
was essentially correct, but many of the 
details of his model were not. The an
swers to the difficult questions it raised 
had to wait for the advent of quantum 
mechanics a quarter-century later. Some 
of the quantum-mechanical considera
tions affecting electrical conductivity are 
discussed by Sir Nevill Mott in his arti
cle "The Solid State" in this issue [see 
page 80]. Let us look into the situation 
in further detail. 

The first requirement for conduction 
is a supply of carriers that are free to 
wander through the solid. In certain 
solids (such as ice and silver bromide) 
electricity is transmitted by ions, but in 
most cases, and particularly in metals, 
the carriers are valence electrons-elec
trons of the atoms' outer electronic shell. 
Taking a chemical view of the situation, 
one might describe the difference be
tween conductors and nonconductors in 
terms of the relative availability of car
riers. Consider the simple case of cop
per, a metal with a single valence elec
tron. In the isolated atom the electron is 
spread out in a cloudlike orbit around the 
nucleus. In a crystal of copper, in which 
the atoms are tightly packed together, 
the electrons spread themselves over the 
entire lattice [see top illustration on op
posite page]. They find this energetical
ly favorable because, according to the 
uncertainty principle, their delocaliza
tion lowers their kinetic energy. It is this 
effect that causes the atoms in the crystal 
to stick together. Such delocalized elec
trons are ready candidates for accelera
tion in an electric field. 

In contrast to copper, the atoms of the 
semiconductor germanium are cemented 
together more favorably by forming 
covalent bonds. In the resulting dia
mond-like structure the electrons are not 
free to wander through the crystal or act 
as electrical carriers. Accordingly at ab
solute zero germanium would be an in-
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INTRINSIC CHARGE CARRIERS, typically valence electrons 
(electrons from the atoms' outermost electron shell), can conduct 

an electric current in pure crystals. In a metal that has one valence 
electron, such as copper (left), the valence electrons (color) are 
spread out over the entire lattice of the crystal. It is the avail· 
ability of these "delocalized" electrons that makes such metals 
good electrical conductors. In a semiconductor, such as germanium 

EXTRINSIC CHARGE CARRIERS can be supplied to germanium 
by doping the crystal with a small amount of arsenic. The arsenic 
atom (color) has five valence electrons to germanium's four. The 
fifth electron is only weakly bound to the arsenic atom and ranges 

(right), the four valence electrons cement the atoms of the crystal 
together in a diamond·like structure by covalent bonds. At absolute 
zero these "localized" electrons are not free to act as electrical 
carriers and germanium is an insulator. In order for pure germa· 
nium to become conducting, some of its chemical bonds must be 
broken and the bound valence electrons released; this can be done 
by supplying energy to the crystal in the form of heat or light. 

over considerable distances from it, as indicated by the large 
light·colored volume. Only a small amount of energy is required 
to release the extra electron; as a result the doped crystal becomes 
conducting at much lower temperatures than pure germanium. 
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a EMPTY STATES b CONDUCTION BAND c CONDUCTION BAND 

FERMI 
LEVEL 

ACCEPTOR ..... 

FORBIDDEN GAP 

FILLED STATES VALENCE BAND VALENCE BAND 

ENERGY·BAND STRUCTURES of a metal (a), a semiconductor 
(b) and an insulator (c) are compared in these diagrams. The elec· 
trons in all three types of solid can exist only in certain "allowed" 
energy bands, which are separated by "forbidden" energy gaps. The 
conduction band of a metal is partially filled with electrons even 
at a temperature of absolute zero. The highest energy occupied by 
the electrons is called the Fermi energy (broken line). In a pure 
semiconductor at absolute zero the valence band is completely full 

and the conduction band completely empty. An input of energy to 
the semiconductor in the form of light or heat can raise a valence 
electron into the conduction band. Carriers can also be supplied to 
the semiconductor by impurity atoms with energy levels in the for· 
bidden gap; "donor" impurities contribute electrons to the con· 
duction band, whereas "acceptor" impurities contribute electron 
"holes" to the valence band. The forbidden gap in an insulator 
is too large to be bridged thermally short of melting the crystal. 

sulator. If, however, sufficient energy (in 
the form of heat or light) is supplied to 
break some of the chemical bonds and 
so release electrons, germanium becomes 
a conductor. Besides the electrons, the 
"holes" they leave at the vacated sites 
also become mobile electrical carriers, 

and under the influence of an electric 
field these move, like positive particles, 
in the direction opposite to that of the 
electrons. With increasing temperature 
the number of carriers in a semiconduc
tor, and hence the conductivity, grows 
exponentially (whereas the conductivity 

of a metal such as copper, which has a 
large supply of carriers at all tempera
tures, is much less influenced by heat). 
Thus the bond-breaking requirement 
helps to explain why a semiconductor's 
conductivity increases so dramatically 
when it is heated. 
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FERMI SURFACE in a metal marks the division between occupied 
energy states (colored dots) in "velocity space" and unoccupied 
states (black dots). In this simplified two·dimensional diagram of 
a Fermi sphere each dot corresponds to an allowed electron velocity 
with components Vx and Vv' According to the Pauli exclusion prin· 
ciple only two electrons of opposite spin can have the same veloci. 
ty. The radial arrows represent the direction of increasing speed 
and therefore increasing energy. Conduction electrons in the solid 
are accommodated at the lower energies first. In the absence of an 
electric field there is no net velocity for the system as a whole. 

198 

· ... . 
· ... . 

.... . 

.. . . . 

......... . ......... 

. .... . . ........... . 

· . . . . . . . . . . . . . . . . . .  . . . . . .. . . . . . . ..... . 
· . . . . . . . . . . . . . . . . .. . . . . .. . . . .. . . . . . .. . 
· . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .. . . .  . 
· . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .... . . .  . 
· . . . . . . . . . . . . . . . . .. . . . . . .. . . . ........ . 

<E<:---- ELECTRIC FIELD 

FERMI SURFACE SHIFTS under the influence of an applied elec· 
tric field. Electrons in the metal drift preferentially in the opposite 
direction from that of the field. The net effect is that some electrons 
are transferred from the back of the Fermi surface (corresponding 
to velocities pointing to the left) to the front of the Fermi surface 
(corresponding to velocities pointing to the right). Collisions of 
the electrons with impurities and with atoms displaced by lattice 
vibrations (arrows) oppose this tendency, stabilizing the downfield 
shift of the Fermi sphere. Since all the electrons at the surface 
have the same energy, these transfers entail little cost in energy. 
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The chemical view also accounts in a 
general way for the ability of a minus
cule amount of impurity to transform a 
semiconductor into a much better con
ductor. The impurity simply adds readily 
available electrons to serve as carriers. A 
good example is provided by the "dop
ing" of germanium with arsenic. The ar
senic atom has five valence electrons to 
germanium's four. The fifth electron does 
not enter into the covalent bonds with 
the germanium atoms in the crystal, and 
therefore its bond to the parent arsenic 
atom is easily broken. Since little input 
of energy is needed to release these elec
trons, the doped semiconductor becomes 
conducting at much lower temperatures 
than pure germanium. And since only a 
comparatively small number of carriers 
is required in a conductor, a minute in
jection of arsenic can raise germanium's 
conductivity to nearly that of a metal. 

In a general way, then, the consider
ation of the availability of carriers fur
nishes a useful picture of the distinction 
between conductors and nonconductors. 
In the case of metals a very small elec
tric field can supply enough energy to 
free electrons so that they can drift 
downstream under the influence of the 
field. For a semiconductor a substantial 
amount of energy must be applied to 
break the chemical bonds and release 
electrons. Most frequently the energy 
supplied is nonelectrical. If it is electri
cal, the crystal breaks down as a con
denser does when it is subjected to too 
large a voltage. An insulator differs from 
a semiconductor simply in the strength 
of the chemical bonds; in insulators the 
bonding of electrons is so firm that they 
cannot be freed by heat short of tem
peratures that will melt or evaporate the 
crystal. 

H ow can one account for the transi-
tion from the insulating to the con

ducting state in crystals? Is the transi
tion generally gradual (perhaps through 
a progressive merging of the lowest 
energy state of the crystal and the higher 
energy states) or is it abrupt? In vana
dium sesquioxide we see such a transi
tion occurring abruptly. Perhaps in such 
cases an abrupt change in the crystal's 
mechanical or magnetic structure is re
sponsible for the transition. Can this be 
taken as the general rule for all transi
tions? The answer is not yet known for 
certain. Obviously the question of the 
mechanism of transitions is of great 
theoretical and technological impor
tance. 

Such general ideas, interpreted in the 
light of quantum theories concerning the 
excitation of electrons, are helpful in 

FERMI SURFACE OF COPPER is a distorted sphere with six "necks" pulled out to touch 
the boundary of the first Brillouin zone (color), which in three dimensions is a truncat
ed octahedron. Tbe faces of the Brillouin zone represent energy gaps in velocity space. 

FERMI SURFACE OF GERMANIUM, heavily doped with arsenic to make it an n-type 
semiconductor, differs markedly from that of copper, signifying the availability of fewer 
electrons for conduction. The Brillouin zone for germanium is the same as that for copper. 
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ga!l1mg insight into some of the basic 
questions about the electrical properties 
of materials. They are only an entering 
wedge, however, into the major under
lying question of how one describes the 
energy of a crystal in terms of the quan
tum states of its electrons. Because of the 
large number of electrons in a solid, this 
presents a many-body problem of a most 
difficult kind on whose understanding 
electrical transport theories depend. The 

calculations undertaken to explore lhe 
conduction process have had to depend 
on models that represent approximations. 

The most useful approximation that 
has been developed to describe the dis
tinction between the conducting and the 
nonconducting states of a crystal is the 
band model. It is based fundamentally 
on consideration of the quantum states 
allowed to electrons by the Pauli ex
clusion principle. According to this prin-
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WAVE FUNCTION of an electron moving in a crystal lattice is modulated by tbe electro
static influence of tbe ions it encounters. In this illustration the three different wave func
tions (solid curves below) correspond to three different directions through a body-centered
cubic lattice of sodium (diagram above). In all three cases the total energy of the electron 
(kinetic energy plus potential energy), and bence its wavelength (broken curves below), 

are the same. The rapid wiggles of the waves in the vicinity of an ion imply that the electron 
has a higher kinetic energy there than elsewhere. This in turn means that the electron' 
travels very rapidly through this region and spends comparatively little time in it. As a 
result the influence of the ionic cores is not nearly as large as one might expect, and in many 
simple solids the conduction electrons can be described as if they were free particles. 
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ciple, a given quantum state cannot be 
occupied by more than two electrons 
(with opposite spins). The principle ac
counts for the shell structure of isolated 
atoms. Since electrons prefer the lowest 
available energy level, each successive 
shell is filled before higher ones are 
occupied, 

\<\Then atoms are grouped together in 
a crystal, there is an analogous situation, 
The electrons wandering through the 
crystal have energies that fall within 
"bands" derived from atomic shells. 
'Within a band the difference between 
permissible levels is so infinitesimal that 
an electron can very easily be excited 
from one level to the next. The bands 
are separated, however, by gaps that are 
forbidden to the electrons [see top illus
tration 011 page 198). 

In a metal the uppermost band, called 
the conduction band, is only partly filled. 
Hence an applied voltage can excite 
some of the electrons to heightened en
ergy, so that instead of drifting at ran
dom they will move in the direction of 
the field. In an insulator or pure semi
conductor, on the other hand, the con
duction band is empty, and all bands 
below it are completely filled. To pro
mote an electron across the gap to the 
conduction band from the uppermost 
filled band (called the valence band) re
quii'es a great deal of energy, which must 
be supplied by some external source, for 
example the input of heat or light. (Even 
an insulator, with its very large energy 
gap, can become conducting in the 
presence of light. Indeed, copying by 
xerography depends crucially on this 
process in one of the best insulators, 
amorphous selenium,) 

This picture accounts for the presence 
of excitable and mobile electrons in a 
conductor, but we still have to explain 
the ability of the electrons to travel 
along the field against the "frictional" 
resistance that Drude attributed (incor
rectly, as it turns out) to the stationary 
ions in the crystal lattice. The Drude 
model went wrong in its two principal 
assumptions; first, that the stationary 
ions can scatter the conduction electrons, 
and that therefore the mean free path 
of such electrons in a metal is only the 
distance between atoms, and second, 
that all the electrons are involved in 
the conduction process, The quantum
mechanical account of conductivity ex
plains why both postulates are incorrect. 

Why is the electrons' mean free path 
much longer than Drude supposed? The 
answer lies in the fact that electrons, like 
other particles, partake of the nature of 
waves. According to quantum mechan
ics, an electron traveling in a crystal can 
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HYDRAULIC ANALOGY illustrates a characteristic of semicon
ductors known as the hot-electron effect, which is responsible for 
large deviations from Ohm's law at high electric fields. (Ohm's law 
states that the resistivity of a material is independent of the 
strength of the applied electric field.) The movement of water 
through the system shown here is analogous to the flow of energy 
in a semiconductor. The open tap corresponds to the applied elec
tric field. Energy is transferred from the field to the electrons 
(container at left), which it accelerates. The electrons in turn 
transfer their energy to the crystal lattice (container at right). The 
size of the tube between the two containers represents the strength 
of the interaction of the electrons with the lattice. Electrons can 
also transfer energy out of the crystal by electromagnetic radiation, 

whereas the lattice can lose energy by heat conduction or con
vection. If the leaks to the outside are small, the containers will 
fill up when the tap is turned on. This retention of energy results 
in heating the crystal. If the tap is merely dribbling (top), the 
water in the two containers will be at the same level; in other 
words, in a weak electric field the effective temperature of the 
electrons and the lattice is the same. In the strong-field situation, 
on the other hand, when the tap is opened all the way (bottom), 

the electron-lattice pipe may be too small to keep the water in 
the two containers at the same level. The water level in the left 
container will then be higher and the effective temperature of the 
electrons will be greater than that of the lattice. As a result the 
resistivity of the material will depend on electric-field strength. 

be described as a wave that is modu
lated by the electrostatic influence of the 
ions it encounters. As the wave comes 
near an ion, it is distorted into rapid 
wiggles that imply the electron is ac
celerated to a higher kinetic energy dur
ing its passage [see illustration on oppo
site page J. This means that the electron 
spends comparatively little time near the 
ionic cores in the lattice and therefore is 
not greatly influenced by them. Indeed, 
in many simple solids the conduction 
electrons can be described as free par
ticles, as Drude suggested, but with an 
apparent mass that may differ from that 
of electrons in a vacuum. 

There is a crucial difference, how-

ever, between the classical picture and 
the one described by quantum mechan
ics. Whereas the Drude model implied 
that the mean free path of the electron 
between collisions should be of the order 
of the distance between atoms, the quan
tum-mechanical picture implies that the 
electron wave function adjusts itself to 
the cores in a systematic fashion. Con
sequently an electron can travel through 
a perfect crystal without ever being scat
tered! In other words, quantum mechan
ics predicts that in an ideal, fixed lattice 
the ions interpose no frictional force 
against the electrons' travel and the elec
trical conductivity is infinite. Of course, 
real solids are never perfect in this sense. 

Even if a crystal were completely free 
of impurities and defects such as dis
locations, the ordinary thermal vibra
tions of its atoms would still cause 
enough irregularity to scatter the elec
trons to some extent. Nevertheless, the 
particles' wave characteristics indicate 
that the mean free path of the electrons 
must be considerably longer than the 
distance between atoms. (Indeed, elec
trons in highly purified gallium at very 
low temperatures have mean free paths 
up to 100 million times larger than the 
interatomic distance.) This larger mean 
free path in turn implies that the elec
trons have sufficient mobility to account 
for the observed conductivity of metals 

201 

© 1967 SCIENTIFIC AMERICAN, INC



10 6 ,--,.-------
--

-----.-------------------.------------------, 

10 4 r-----
--�--��r_-1--

------
------

-----+----
----

----
----

--� 

w w 
0:: 

10 3 r-----------------�------���----_t------------��� 

LL 
Z 
<t w 
� , , 

, 

, ... 
" 

.",.."". ...... ...... 

102 r----f'------------4-----------------_t----------------� 

10 

, 
I 

I 
I 

o 100 200 300 
TEMPERATURE (DEGREES KELVIN) 

MEAN FREE PATH OF ELECTRONS is constant in an impure metal at low temperatures 
and then decreases as the effects of lattice vibrations become dominant (broken colored 

curve). The solid colored curve represents the situation in an idealized pure metal. In an 
impure semiconductor, on the other hand, the mean free path of the electrons increases 
initially with temperature owing to scattering from impurities, reaches a maximum and 
then decreases as scattering caused by lattice vibrations gradually assumes the major role 
(broken black curve). The solid black curve represents an idealized pure semiconductor. 

even though the number of contributing 
carriers is relatively small. 

Why is it that only a small fraction of 
the available conduction electrons 

are involved in conductivity? Quantum 
mechanics again provides the answer. 
Vve start with the Pauli exclusion prin
ciple, which states in this context that 
only two electrons (of opposite spin) can 
have the same position in a space whose 
axes are the velocity components of the 
electrons' motion. (Velocity is defined as 
speed plus direction.) There is therefore 
a wide distribution of velocities for the 
conduction electrons, with speeds rang
ing from zero to a certain maximum. The 
electrons with the maximum velocity 
form a boundary, called the Fermi sur
face, that marks the division between 
occupied and unoccupied regions of ve
locity space [see "The Fermi Surface 
of Metals," by A. R. Mackintosh; SCIEN
TIFIC AMERICAN, July, 1963]. 
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In the stable electronic configuration 
of the crystal there are as many elec
trons traveling with a given speed in 
one direction as there are traveling with 
the same speed in the opposite direction; 
therefore there is no net velocity for the 
system as a whole. If we now apply an 
electric field, it will accelerate the elec
trons (in the opposite direction because 
of their negative charge). In a short time 
each electron will have added to its ve
locity vector a small increment parallel 
to the field. This change overturns the 
previous balance of velocities and can 
be pictured as a shift of the Fermi sphere 
[see bottom illustrations on page 198]. If 
there were no resistance in the crystal, 
the Fermi sphere would continue to 
shift, with more and more velocities in 
the downfield direction and fewer and 
fewer upfield. However, the thermal mo
tion of the ions and impurities that scat
ter the electrons from their down field 
paths tend to turn some of them to ve-

loci ties headed back upfield. When this 
resistance effect matches the accelerat
ing effect of the applied electric field, 
the Fermi sphere ceases to shift. The net 
shift that has occurred when this steady 
state is reached measures the drift ve
locity of the gas of electrons in the down
field direction. The drift velocity can be 
increased by applying a stronger field 
or by lengthening the electrons' mean 
free path. 

The scattering of the electrons only 
changes their energy by a small amount. 
Such a scattering will take the electron 
from an occupied to an unoccupied ve
locity state, however, and since the drift 
velocity is far smaller than the speed of 
electrons at the Fermi surface, only those 
few electrons very near the Fermi sur
face can be scattered. In fact, one can 
look at the entire process as if only a 
small fraction of all the electrons were 
participating in the conduction process. 
A similar argument shows why the elec
tron contribution to the specific heat of 
a metal is as small as is observed. 

With these facts in mind, let us con-
sider some of the important scat

tering mechanisms in the lattice (involv
ing heat and imperfections) and their 
influence on the electrons' mobility at 
various temperatures. I have ah'eady 
mentioned the thermal vibrations of the 
lattice atoms in this connection. At mod
erate temperatures the amplitude of· 
their oscillations around their equilibri
um positions is small enough to allow 
the ele.ctrons a mean free path consid
erably longer than the distance between 
atoms. As the temperature rises and the 
oscillations become more violent the 
mean free path is shortened and the con
ductivity of the crystal of course is re
duced. Conversely, a lowering of the 
temperature increases the mean free 
path and the conductivity. There are 
limits, however, to the conductivity that 
can be achieved by cooling (except in 
the special case of superconducting met
als at very low temperatures); these lim
its are imposed by imperfections, which 
are present in all real crystals. 

The most common imperfections in 
many semiconductors and metals are im
purities (foreign atoms). Their scattering 
effect as a function of temperature is 
rather different in semiconductors from 
what it is in metals. In metals (where the 
conduction electrons have relatively 
high velocities at all temperatures, since 
their velocity is determined primarily by 
the Fermi surface rather than by tem
perature) the scattering effect of impuri
ties is constant, regardless of tempera
ture. In contrast, in a semiconductor the 
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effect of impurities varies considerably 
with temperature. At low temperatures 
an electron moves past an impurity slow
ly, spends a comparatively long time in 
its vicinity and therefore is scattered 
more effectively. At higher temperatures, 
with the electrons at correspondingly in
creased velocities, the impurities become 
less effective scatterers. Hence we ex
pect the mean free path of a semicon
ductor to increase with rising tempera
ture until the lattice vibrations due to the 
high temperature become so violent that 
they have an important scattering effect. 
In metals, on the other hand, the mean 
free path is constant up to temperatures 
at which the scattering effect of the lat
tice vibrations becomes dominant. 

At extremely low temperatures, odd
ly enough, lattice vibrations can play 
quite an opposite role. Paradoxically 
vibrations of the lattice are respon
sible for the infinite conductivity of su
perconductors. An electron traveling 
through the lattice at a certain velocity 
draws ions toward it and thereby pro
duces an attractive region that in turn 
draws a second electron. This electron 
pairing correlates the motion of all the 
conducting electrons and maintains per
petual conduction of a current as long 
as the temperature remains low enough 
for the pairing not to be broken up. In
terestingly enough, the metals most like
ly to become superconducting at low 
temperatures are those that are relatively 
poor conductors at room temperature, 
and the reason is the very fact that 
in these metals the electrons interact 
strongly with the lattice vibrations. 

Lattice vibrations can also have a salu
tary effect on the mobility of carriers in 
certain semiconductors where most of 
the time the carriers are held closely to 
the ions in the lattice. Nickel oxide 
doped with a trace of lithium is such a 
material. At room temperature an elec
tric field will cause the carriers to hop 
occasionally from one site to another, 
but this happens infrequently. If, how
ever, the temperature is raised, increas
ing the amplitude of the lattice vi
brations and thus bringing ions closer 
together during a portion of the vibration 
cycle, the chances of a carrier's hopping 
from one site to the next are improved; 
as a result the mobility of the carriers 
will increase exponentially with tem
perature. 

One of the oddities of semiconductors 
is that they do not always obey Ohm's 
law, which states that the electrical re
sistivity of a material is independent of 
the strength of the applied ReId. It turns 
out that when a strong field is applied 
to a semiconductor, the conduction elec-
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trons are speeded up from their ordinary 
thermal velocities to such an extent that 
their energy is vastly greater than the 
thermal energy characteristic of the 
temperature of the crystal. This in
creased electron energy can correspond 
to effective electron temperatures as high 
as 5,000 degrees K. when the crystal it
self is at room temperature. 

As a result the resistivity, which is 
ordinarily a property of the material at 
a given temperature, now becomes a 
property of the material not at its real 
temperature but at a higher effective 
electron temperature. Since the effec
tive temperature can be changed by 
changing the strength of the applied 
voltage, the resistivity is now dependent 
on the voltage, in contradiction to the 
assertion made in Ohm's law. 

This effect does not occur in metals 
because of the abundance of carrier elec
trons in them. Since there are few car
rier electrons in a semiconductor, the 
resistance of the crystal can be made 
high enough to support a large voltage. 
Moreover, the velocities of the carrier 
electrons in semiconductors are so small 
with respect to those of the electrons at 
the Fermi levels in metals that it is hard
er for them to transfer to the lattice the 
energy given them by the applied field. 
This results from the fact that there are 
fewer quantum-mechanically acceptable 
velocity states into which the lattice vi
brations can scatter the electrons if they 
are slow. 

The relatively simple systems I have 
described in this article illustrate the 

new insights that solid-state research 
has provided into the manifold electrical 
properties of materials. The properties 
of some semiconductors are now well 
understood in quantitative terms, and 
we appear to be well on the road to a 
similarly precise understanding of met
als. Among the fruits of this deeper un
derstanding is the sophisticated design 
of solid-state electronic devices, which 
are becoming ever more complicated 
mosaics of substances. The field of ap
plications is large and very active; I 
shall cite only a few of the recent de
velopments. 

One is the extensive search for new 
superconducting materials. Already su
perconducting magnets are available 
commercially, and the dream of lossless 
transmission lines for electricity seems 
possible for realization in the future. 
The central problem here is the con
struction of a material that will be su

MOSINEE PAPER MILLS COMPANY perconducting at a reasonably high tem
MOSINEE, WISCONSIN 54455 I perature. Within the past few months 
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there has been produced a metal alloy
consisting of niobium, aluminum and 
germanium-that becomes a supercon
ductor at 20 degrees K., the highest 
transition temperature yet found. This 
discovery is all the more remarkable be
cause the previous front runner, niobi
um-tin with a transition temperature of 
18 degrees K., maintained its preeminent 
position for 13 years. The new high in 
transition temperatures is almost (but not 
quite) large enough to make possible the 
use of liquid hydrogen instead of the 
more expensive helium as the coolant. 
There are sound theoretical arguments 
suggesting that 20 degrees is close to the 
limiting transition temperature for any 
superconducting material, but it is con
ceivable that superconductivity at room 
temperature might be a possibility for 
organic materials of appropriate design 
[see "Superconductivity at Room Tem
perature," by W. A. Little; SCIENTIFIC 
AMERICAN, February, 1965]. 

Among the exotic materials exhibit
ing superconductivity is strontium tita
nate-a superconducting semiconductor! 
This somewhat paradoxical nomencla
ture is actually not as mysterious as it 
seems; strontium titanate in its ordinary 
state is a semiconductor, but by decreas
ing its oxygen content it can be made 
metallic and superconducting. 

For several reasons the electrical prop
erties of organic materials are particular
ly interesting. It has been shown that 
the transfer of electrons from molecule 
to molecule plays important roles in 
fundamental processes of living orga
nisms. A molecule that has been studied 
extensively in this context is that of 
phthalocyanine, a fairly simple structure 
that resembles the active center of the 
complex molecule of chlorophyll and 
certain other biologically active sub
stances. The electrical properties of a 
number of organic materials have be
come important in technology. Organic 
dyes, for example, are used in photog
raphy. And organic chemists are investi
gating the synthesis of polymers with 
semiconducting and perhaps even metal
lic properties, which would make pos
sible plastic wiring in houses and plastiC 
transistors in television sets. 

Clearly the electrical properties of 
materials, from pure elements to com
ple� biological substances, depend in a 
fundamental way on the details of their 
electronic structures. It is therefore hard
ly surprising that the efforts of scien
tists to understand these properties are 
inextricably tied in to one of the main 
currents of 20th-century science: the de
velopment of quantum mechanics. 
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The spectru m of a lte rn atives 

Today, fabricators can choose materials from 

an almost continuous spectrum of alternatives.  

By manipulating the size and bonding of mole

cules,  industrial research has developed prod

ucts from b u t ter-soft to diamond-hard , with 

virtually any other physical property built i n .  

T h e s e  n e w  subs tances have ushered in a new 

era-the era of non-me tallic materials for en

gineering uses .  

Celanese i s  deeply commi tted to the devel

opment and produc tion of many of these ad

vanced man-made material s .  Petroleum and 

c e l l u l o s e  are t h e  b a s i c  raw m a t e r i a l s  w i t h  

which we work. From them w e  m a k e  chemi

cals which are converted into a wide range of 

f i b e r s ,  p l a s t i c s ,  c o a t i ngs-managed p o l y m e r s  

t h a t  fill  b a s i c  human needs.  

I n  plastic s ,  for ins tance, these polymers have 

produced two second-generation engineering 

material s-Celcon resin and nylon 6/6. They are 

rapidly replacing die-cast  zinc and other metals 

because of their excellent performance charac

teristics and low cost .  

I n  fibers , Celanese produces six of the seven 

primary synthetic fibers. They range from ace

tate , "  the beau ty fiber," through Arnel triaceta te 

and Fortrel  polyester-the basic fiber for per

manent press clothing. 

Celanese research in polymers has also p ro

duced new and better coatings .  Long-lasting 

protective paints for home s .  For marine appli

cations . For industrial maintenance. And pro

tective finishes for everything from au tomobiles  

to bottle  caps.  

To provide these materials and tailor them 

t o  m y r i a d  e n d -u s e s ,  w e  employ o v e r  5 0 ,000 
people in 1 02 plants in 2 8  cou n t ries rhroughout 

the free world.  

CELAN ESE 

A R N E L .  C E L C O N , A R E  T R  ..... D E M A R K S  O F  C E L A N E S E  C O R P .  F O R T R E L  I S  A T R A D E M A R K  O F  F I B E R  I N D U S T R I E S  I N C .  
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A Versati le Approach to Materials Eval uation 
The megaton p ressu res of the ocean bottom, the m i c ro

meteo r i te hazards of space fl i ght,  the not-so-soft l u nar  l a n d i ngs 
and the 5000 ° F heat of re-entry are b u t  a few of the thousands 
of c h a l l e n ges being met  by mater i a l s  researchers .  The c h a l l enge 
of today's tec h n o l ogy req u i res a versat i l e  approach to mater ia l s  
eva l uat ion .  

Sop h i s t i cated req u i rements  someti mes d i ctate new, custom
ta i lo red analyt ica l  I nstru m e n ts.  The Adsorptomat Ammco b u i l t  
i n  conj u nct ion w i t h  G u l f  Research a n d  Deve lopment  Company 
i s  a good exa m p l e .  Gulf  wanted to acce lerate I t s  research p ro
gram and was faced with  grow i n g  demands for the t ime of 
sk i l l ed workers. G u l f's  resea rch ers fou n d  a sol u t i o n  with a new 
tech n i q u e  to a u tomate su rface area and pore measurements .  
They ca l led  on A m i nco to engi neer  and b u i l d  a f u l ly-automated 
i nstru m e n t  based on G u lf ' s  des i g n .  We d i d  and, with the i r per
m i ss I O n ,  make a com merc ia l  model  ava i l a b l e .  

The Adsorptomat has b e c o m e  a member  of the t e a m  o f  
e lementa l ,  phys ica l  and thermal  a n a l y s i s  i n st ruments  w h i c h  are 
offered for sa le  and are u sed in our Materi a l s  Tech n o logy Labo
ratory to perform compl ete ana lyses for customers who do not 
have compl ete mate r i a l s  eva l u at ion fac i l i t i es .  The demands of 
these cu stom ers, and the i ncreas i n g  gove r n m e n t  req u i rements 
for measu red q u a l i ty, constant ly  st i m u late o u r  creative effort. 
Our O r i g i n a l  3,000 ps i  Poros i meter soon grad u ated to a 5,000 
ps i  model ,  to a 1 5,000 ps i  model  and,  recen t ly, to a 60,000 ps i  
model .  

Many of o u r  customers, i n trodu ced to u s  th rough o u r  ex
pert ise in deve l o p i n g  d i screte i nst ruments  for u n i q u e  app l i ca
t ions,  and other customers, i n t rod u ced to us t h rough the 
analyses performed by o u r  Mate r i a l s  Tec h n o logy Laboratory, 
ca l i on  US to eq u i p  t h e i r  mater i a l s  eval uat ion labs With A m i nco 
ins t ru m e n tat i o n .  

At A m i n co they f i n d : 

• Exper ienced mater ia l s  eng i neers and physical  c h e m i sts, 
backed by fac i l i t ies  fu l ly e q u i pped to develop and p roduce 

spec ia l ized i n st r u m e n tat ion,  
• A Mater ia l s  Tech n o l ogy Laboratory ready to p rovi d e  expert 

e l e m e n ta l ,  phys ica l  and thermal  ana lyses, 
• A m i n co's  off-the-she l f  i n st ruments  fo r :  

ELEMENTAL ANALYSES 
Carbon, Hydrogen and Nitrogen Ana lysis-C & H Analyzer 
and N i trogen Ana lyzer p lus reco rder and e lectrobalance 
p rovi d e  rap i d  and rel i a b l e  s u b m i cro dete r m i nat ions  with 
p reci S i o n  equa l  or  super ior  to c l ass i cal m i c romethods.  
Flame Emission Analysis-F l a m e  E m i ss ion  Spectrometer per
forms d r i ft-free high s e n s i t i v i ty determ i nat ions  of thermal ly
exc i ta b l e  meta l s .  

PHYSICAL ANALYSES 
Mercury I n trusion-A m i  nco Poro s i m eters give size, vol u me 
and d i st r i b u t i o n  of pores and d e n s i ty .  Th ree mode l s :  60,000 
p s i ,  1 5,000 psi and 5 ,000 psi for pore d i a m eters in m i crons 
from .003 to 1 00. 
Gas Adsorp tion-Sor- BET performs rap i d ,  accu rate su rface
area measurements  on adsorben ts, catalysts, etc. Adsorpto
mat  f u r n i shes com p l etely a u tomated deter m i nat ion of su rface 
a rea and pore vol u m e  and d i st r i b u t i o n  from 1 4A to 600A 
d i ameter.  Computer  p rograms f u r n i shed to red u ce data. 
Particle Classifica tion-Two part i c l e  c l ass i f iers phys i c a l l y  sep
a rate, by conta m i nat ion-free air e l u t r ia t ion,  part ic les  rang ing 
in  s ize  f rom 75 to 3 m i crons d i a m eter .  Cascade model  per
forms n i n e  fract ionat ions  s i m u l taneous ly. 

THERMAL ANALYSES 
DT A-D i ffere n t i a l  thermal  ana lys is  with effl u e n t  gas detect ion 
(EGO)  at p rogra m med heat i n g  rates to 1 500° C. 

TGA-Thermogravi metr ic  ana lys i s  at p rogra m med heat i n g  
rates to 1 050 ° C. (1 600 ° C  wi th  opt ional accessory) . 
Modular Thermo-Grav-U n i t  i s  ava i lab le  as bas i c  TGA o r  
DTA W i t h  a d d i t i o n  of o t h e r  mod u l es as desi red. 

For details on Aminco materials evaluation instruments and facil ities, send for Portfolio SA-1 . 

A M E R I CA N  I N ST R U M E N T  C O., I N C. 
8030 Georg ia Ave n u e ,  S i lver S p r i n g ,  M aryl and 2091 0 
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The Chemical Properties of Materials 

In dealing with solid materials the chemist lS concerned not onl'y 

with such matters as corrosion and chemical s'yntheses but also with 

chemical events that occur inside solids, for exalnple precipitation 

I
n the study of the solid state, as in 

many other fields of modern scientific 
inquiry, it has become impossible 

to draw a sharp dividing line between 
chemistry and physics. Much of the pres
ent information about the chemical prop
erties of solid materials has been devel
oped by people trained as physicists, and 
it is an interesting fact that very few 
university chemistry departments offer 
courses in solid-state chemistry as such. 
Yet every discipline has its own tech
niques and special folklore, which, by il
luminating a subject in a special way, 
can reveal facets not easily discoverable 
by other special means. Chemists have 
brought their own points of view to aid 
in the study of the physical properties of 
solids. 

A rough distinction between the phys
ical and chemical approaches to the 
study of solids might be the following: 
The physicist is accustomed to working 
with homogeneous solids in which the 
specific location of objects or events is 
of no consequence. This robs him of 
some opportunity to exercise physical in
tuition. As a result he transfers his base 
of operations to an abstract space known 
as momentum space, in which structure 
is recaptured. In contrast, the chemist 
usually deals with localized objects (for 
instance molecules and elements of struc
ture) in real space. In crystals the chem
ist is particularly interested in localized 
defects or imperfections. They are main-

by Howard Reiss 

ly of two general types: point defects 
and line defects. The point defects in
clude vacancies where atoms are miss
ing, the switching of atoms out of their 
regular order, the displacement of atoms 
into interstitial spaces in the crystal, sub
stitutional impurities (foreign atoms sub
stituted for the regular ones), positive 
"holes" (where electrons are missing) and 
atom-like combinations of holes and elec
trons, called excitons, that can wander 
through the crystal. The line defects are 
principally the well-known dislocations 
so important to the mechanical proper
ties of solids. 

Some of the most useful properties of 
solid materials depend on localized 

imperfections as well as on the crystal 
regularity itself. The methods and view
points of chemistry have therefore been 
important in the development of materi
als technology by helping to produce de
fects in a controlled manner. The chem
ist regards each defect as a species of 
chemical object localized in space; he 
largely ignores the regular crystal back
ground as he might the water in typical 
"wet" chemistry. Viewing crystal defects 
in this way, he is able to explain many of 
their effects and interactions on the basis 
of chemical principles, such as the law 
of definite proportions and the law of 
mass action. 

As every chemistry student knows, the 
law of definite proportions asserts that in 

FLIGHT OF CARBON FROM SOLID STEEL is an example of chemical activity within 

a material. The micrograph on the opposite page shows unalloyed steel, enlarged 300 
times. The lower portion shows the normal composition of the metal, intimately mixed 

ferrite and carbon·rich pearlite, formed during heat treatment. In the upper portion, close 

to the sample's surface, the carbon has been preferentially oxidized, transforming the mix. 
ture of ferrite and pearlite into ferrite alone. The micrograph was made by Lawrence H. 

Van Vlack of the University of Michigan and appears in his book Elements 0/ Materials 
Science. It is reproduced by the permission of the Addison.Wesley Publishing Company. 

every sample of a given compound the 
constituent elements are always present 
in the same proportions. For example, 
common salt (NaCI) always contains so
dium and chlorine atoms in equal num
ber. Experiments with solid materials 
have shown, however, that this law can 
be violated. If we put solid sodium in a 
closed container with a crystal of sodium 
chloride and heat the material so that 
some of the solid sodium is evaporated, 
we find that the sodium chloride crystal 
soon acquires more sodium than chlo
rine. The regularity of the crystal lattice 
can be maintained only in the presence 
of the additional sodium ions by the 
simultaneous addition of vacancies oc
cupied by negatively charged electrons 
rather than by negative chloride ions. 

The defective crystal is said to be 
"nonstoichiometric." (Adherence to the . 
law of definite proportions is called 
stoichiometry.) Nonstoichiometry can 
lead to interesting electrical properties 
in semiconductors and also to useful op
tical properties (including coloring) in 
various materials [see "The Electrical 
Properties of Materials," by Henry 
Ehrenreich, page 194, and "The Op
tical Properties of Materials," by Ali 
Javan, page 238]. The production of 
nonstoichiometric defects has therefore 
become an inviting field for chemists. 

Now let us consider the chemical law 
of mass action as it applies to crystal de
fects. This law says simply that the rate 
of any chemical process depends on the 
products of the concentrations of the 
interacting species. To illustrate mass 
action with a simple case in ordinary 
chemistry, think of a saturated aque
ous solution of silver chloride, with some 
silver chloride deposited in solid form at 
the bottom of the vessel. Pairs of silver 
and chloride ions are continually coming 
out of the solid into solution and, at an 
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SILVER IONS are forced out of a solution of silver chloride by ap· 

plication of the "common.ion effect" of the law of mass action. In 
a beaker (left) partly filled with a saturated solution of silver chlo· 

ride and containing a layer of solid silver chloride at the bottom, 

the system is in equilibrinm. Positive sil\'er ions (solid color) and 

negative chloride ions (gray) leave the solid and divide jnst as fre· 

quently as silver and chloride ions in the solution combine and 

reenter the solid. When sodium chloride is added to the beaker 

(center: additional chloride ions are also gray; sodium ions are (l 
tint of color), the formerly pnre silver chloride solution has more 

chloride ions "in common." This increases the frequency of 
chloride pairing with silver ions, thus reducing the number of 

silver ions in solution. When more sodium chloride is added 

(right), the number of silver ions in solution is further reduced. 

equal rate, silver and 'Chloride ions in the 
solution are pairing up and entering 
the solid state. This efluilibrium will per
sist as long as the product of the ion 
concentrations (silver-ion concentra
tion times chloride-ion concentration) 
remains unchanged. Now add sodium 
chloride to the solution. The addition 
of chloride ions increases the product 
of the silver-ion and chloride-ion" con
centrations in the solution. With more 
chloride ions present the chances that 
silver ions wil! encounter them are in
creased. As a result silver-chloride pairs 
wil! be deposited on the solid at a higher 
rate, and the removal of silver ions from 
the solution will continue until a new 
equilibrium is established [see illustra
tion above J. Conversely, if chloride ions 
were removed from the solution, more 
silver ions would come out of the solid 
into solution. This "forcing" of a chem
ical species from one side of a process 
to the other is known as mass action. 
Another example is the dissolving of a 
solid acid by neutralization with a base. 
When a base such as sodium hydroxide 
(NaOH) is added to an acid solution in 
contact with some solid acid, the hy
droxyl ions combine with the acid's hy
drogen ions (forming water), destroying 
acid and thus reducing its concentration 
in solution. This causes more acid to 
dissolve. 

In exactly the same way that the law 
of mass action controls ordinary chemi
cal reactions, it can be applied to the 
control of defects in a crystaL We have 
already noted that any type of defect-a 
vacancy, an electron "hole" (which be
haves like a positive electron), an inter-
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stitial atom, an impurity-can be treated 
in terms of mass action as though it were 
a chemical entity. 

Consider a crystal of sodium chloride. 
vVe can think of each sodium ion in its 
normal position in the lattice as a kind 
of combination, or "compound," that is 
capable of generating two offspring: an 
interstitial ion and a vacancy. By jump
ing from its normal site into an interstice 
it produces both defects. A sodium ion 
adjacent to the vacancy can then jump 
into it. Therefore at temperatures high 
enough to agitate ions out of their sites, 
both interstitial ions and vacancies are 
able to move through the crystal lattice. 
Like the elements of a chemical com
pound, they are subject to the law of 
mass action, and their concentrations can 
therefore be controlled by the adjust
ment of the concentrations of other 
chemical-like entities. 

Suppose we replace a sodium ion in 
the sodium chloride lattice with a cal
cium ion. The calcium ion carries two 
units of positive charge; therefore in 
order to conserve the crystal's charge 
neutrality another of the singly charged 
sodium ions (in addition to the one re
placed) must be removed from the lat
tice. Thus by introducing calcium ions 
by adding calcium chloride to the crys
tal we can create vacancies. The pres
ence of the additional vacancies can re
sult, according to the law of mass action, 
in a reduction of the number of sodium 
ions in interstitial positions, so that the 
product of the two concentrations (of 
vacancies and interstitials) is restored 
to its equilibrium value [see illustrations 
on opposite page J. 

The law of mass action is applicable 
even to the energy states of electrons 
(and holes), which the physicist likes 
to view from the vantage of momentum 
space. Some of these states, as they oc
cur in semiconductors, are actually lo
calized imperfections. In terms of energy 
they are located in the forbidden band, 
or energy gap, between the valence band 
and the conduction band. Generated by 
chemical impurities introduced into the 
semiconductor crystal, these imperfec
tions are of two types. One comes 
equipped with an extra electron (at
tached to an impurity) installed in an 
energy level just below the conduction 
band. It is said to be a "donor" because 
very little energy is needed to donate, or 
promote, the electron to the conduction 
band, where it may conduct electricity. 
Examples of donors in germanium and 
silicon semiconductors are lithium (an 
interstitial impurity) and arsenic, anti
mony and bismuth (substitutional im
purities). The other type of imperfec
tion comes equipped with a positive hole 
in an energy level just above the valence 
band. It is called an "acceptor" because 
the hole can easily accept an electron 
from the valence band, leaving behind a 
mobile positive hole capable of conduct
ing electricity in that band. Boron, alu
minum and gallium are impurities that 
behave as acceptors in germanium and 
silicon semiconductors. 

N ow, this phenomenon of energy 
bands and donor and acceptor states 

allows us to produce a p-n (positive-neg
ative) junction in a semiconductor crys
tal by the introduction of impurities. 
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This is accomplished by "doping" one 
region of a silicon crystal with, say, ar
senic atoms, which behave as donors 
and yield conduction electrons, while 
doping an adjoining region in the same 
crystal with, say, aluminum atoms, 
which behave as acceptors and yield 
valence band holes. Because of thermal 
agitation the mobile electrons and holes 
wander freely through the crystal. '\Then 
electrons cross the junction between the 
donor and acceptor regions, they find 
holes on the acceptor side and "com
bine" with them (that is, fill the holes and 
go out of circulation). Similarly, holes 
that cross the junction to the donor side 
combine with electrons. The result of 
this two-sided process is a net removal 
of electrons from the donor side and of 
holes from the acceptor side, so that the 
donor side becomes positively charged 
and the acceptor side negatively charged. 
Mobile electrons are then repelled from 
the acceptor side, and holes are likewise 
repelled from the donor side. According
ly the system comes to equilibrium with 
a built-in electric field at the p-n junc
tion. 

This built-in field makes it possible 
to fabricate transistors from semiconduc
tors. A single p-n junction can serve as 
a current rectifier, because an applied 
voltage can drive current in one direc
tion (holes from the p to the n side and 
electrons from the n to the p side) but 
not in the opposite direction, there being 
no available carriers that can cross the 
junction for the conveyance of current 
in that direction. If an n-p junction is 
paired with a p-n junction, so that an 
n-p-n region is created in the crystal, the 
system (then called a junction transistor) 
can act as a current amplifier. 

All of this-not only the production of 
mobile carriers but also the development 
of an electric field at a junction-can be 
discussed in chemical-like terms. The 
"dissolving" of lithium in solid silicon 
can be written Li :;:::: Li + + e -, with Li + 
standing for the donor ion and e- for a 
conduction band electron. Similarly, the 
dissolving of aluminum is represented 
by Al :;::::AI- + e +, with AI- signifying 
the acceptor ion and e+ a positive hole 
in the valence band (produced when the 
acceptor ion traps a valence electron). 
Now the conduction electron donated 
by the lithium atom may lose energy and 
drop from the conduction band into the 
valence band, there combining with a 
positive hole: e + + e- :;:::: e + e-. This re
action exhibits a striking parallel to the 
process of neutralization of an acid by a 
base, in which the acid's hydrogen ion 
combines with the base's hydroxyl ion. 
'vVe can regard lithium as the counter-
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as adding sodium chloride to a silver chloride solution drives silver ions out, so added 

lattice vacancies can capture interstitial sodium ions. Here one of the four has vanished. 
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LATTICE VACANCIES are now eight in number, whereas interstitial ions are reduced to 

two. Their product is identical with the product of interstitials and vacancies before the 

crystal was doped, thereby meeting the equilibrium requirement of the mass·action law. 
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"WET" BATTERY utilizes liquid electrolytes, separated by a membrane that is imperme

able to metal ions_ An electrode made of zinc is immersed in a zinc sulfate bath and a cop

per one in copper sulfate (left). When the circuit is closed (right), zinc atoms dissolve and 

enter the bath as positive ions, leaving negative electrons behind in the metal. The electrons 

cross to the copper electrode and join with the positive copper ions in the bath of copper 

sulfate to "plate out" as new atoms of copper. The cycle is completed when negative sulfate 

ions move from tbe copper bath to the zinc hath and halance the positive zinc ions there. 

ELECTRON FLOW 

SILVER BROMIDE BROMINE GAS 

"DRY" BATTERY utilizes a solid electrolyte. Unlike the wet hattery, in which the cycle of 

current flow is completed by the movement of negative ions, the dry hattery completes its 

cycle by moving positive ions. Its electrodes (left) are in contact with solid silver hromide 

and the carbon electrode is surrounded by bromine gas. With circuit closed (right), positive 

ions diffuse from the silver electrode into the silver hromide electrolyte, while negative elec

trons move from the silver to the carbon electrode. As the diffusing silver ions reach the car· 

hon, they comhine with the bromine gas and the electrons to form more silver bromide. 

part of an acid and aluminum as the 
counterpart of a base. Then e + becomes 
the analogue of a hydrogen ion, e- the 
analogue of the hydroxyl ion and e+e

the analogue of the water molecule. Fol
lowing this chemical reasoning, we 
should expect that, in accordance with 
the law of mass action, the removal of 
conduction electrons from the right side 
of the lithium reaction would shift the 
equilibrium to the right and cause more 
lithium to be "dissolved" in the silicon 
crystal. In shor t, the presence of the 
aluminum acceptor increases the "solu
bility" of the lithium donor. This is the 
same effect by which a base dissolves an 
acid through neutralization. 
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Another way to view this effect is in 
terms of the built-in field at a p-n junc
tion. Acceptors on the negative side of 
the junction exert an electrical force that 
attracts the donors from the positive 
side. Accordingly the solubility of the 
donor is increased by the presence of the 
acceptor. 

Experiments in the doping of semi
conductors confirm with remarkable pre
cision predictions based on the law of 
mass action. In fact, agreement between 
theory and experiment actually turns 
out to be better in these solid materials 
than it is in water solutions! 

Mass-action effects have been found 
in insulators and metals as well as in 

semiconductors, and they apply to all 
kinds of imperfections, including the de
fects in nonstoichiometric crystals and 
even to dislocations. A dislocation may 
contain, along its length, atomic configu
rations that can be ionized; thus a linear 
dislocation is analogous to the chainlike 
protein molecule in solution, whose 
chemical groups can also be ionized. It 
has been found that the state of charge 
on a dislocation affects its ability to move 
through the crystal; hence it becomes 
apparent that any impurity or other de
fect that influences the state of charge 
can have a pronounced effect on the 
mechanical properties of the material. 

J\'.1other interesting chemical phenom-
enon that is demonstrable in solids 

is the "diffusion-controlled" reaction. 
This concept arises when the rate of a 

chemical reaction depends primarily on 
the time required for the reacting species 
to diffuse to one another. Chemists 
have studied diffusion-controlled reac
tions in liquid solutions for many years. 
One example is the quenching of fluores
cence in a liquid solution. Certain sub
stances in liquid solution, after being 
raised to an excited energy state, give up 
their energy spontaneously in the form 
of light. This fluorescence is forestalled, 
however, if the excited molecules hap
pen to encounter other molecules 
(quenchers) that absorb the excess en
ergy in the form of heat before they can 
lose it in the form of light. Chemists have 
been able to calculate the rate at which 
such quenchers diffuse to the excited 
molecules. The mathematics of diffusion
controlled reactions has been worked 
out in considerable detail, and it turns 
out that the rate of these reactions is 
influenced considerably by what might 
be called the "experience" of the excited 
molecules. This means that a molecule 
that persists without being quenched 
gains information about the location of 
quenchers with respect to itself. 

Consider a crystal of copper that has 
been damaged slightly by bombardment 
with a beam of electrons of moderate 
energy. The bombardment displaces a 
number of the copper atoms from normal 
sites into interstices in the lattice. Grad
ually the damage will heal as the mobile 
interstitial atoms and vacancies, diffUSing 
through the lattice, meet one another 
and recombine. Hence we have a diffu
sion-controlled reaction in a solid. The 
molecules' encounters, however, are not 
an entirely random affair. Vacancies that 
survive for a considerable time do so be
cause there were few interstitial atoms 
in their neighborhood. These vacancies 
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STEEL RESEARCH AIDS 
PRODUCT DESIGN 

Special division makes Youngstown's complete research facilities 
available to the steel customer. It gives direct assistance in the 
design and methods of using steel in the customer's products. 

by R. H. Frazier, Manager, Research Services 

N
ormally, research for the steel 

industry has two purposes: 
(1) To develop new proc

esses within the mills or to im
prove existing processes. For example, 
research in this area has led to a 50% 
rise in blast furnace iron production in 
the past ten years, and a 30% reduc
tion in coke consumed per ton of iron 
production. Quality has risen, too. And 
all this effort has helped maintain 
stable, nominally low prices for iron 
and steel. 

( 2 )  To develop new steel products 
to meet more sophisticated require
ments in both old and new markets. 
For example, new petroleum drill pipe 
with vield strength of more than 
100,000 psi has been developed and 
proven. Increased depth of newer wells 
has seen pipe used at higher stresses, 
thus increasing the chance of corro
sion fatigue. And the yield strength. 
level is being increased to 135,000 psi 
and 150,000 psi with the expectation 
of equally good performance. 

But at The Youngstown Sheet and 
Tube Company, research has a third 
distinct purpose - perhaps the most 
important one of all: to be of direct 
assistance to the customer. 

Youngstown Steel has organized a 
separate division of the Research De
partment for the specific purpose of 
providing customer assistance. This di
vision makes available to the customer 
the complete services of the Youngs
town Research facility, not just a part. 

A typical example of this service 
concerned the redesign of a water tank. 
A customer was manufacturing low
pressure water tanks by' welding two 
drawn heads to a roll-formed body 
section with a welded side seam. The 
entire assembly was galvanized by 
dipping the tank into molten zinc. 

The manufacturer decided to try 
simplifying construction by making 
two deep drawn sections from galva
nized steel sheets and joining two sec
tions with one circumferential weld. 

Youngstown's design team played a 
major role in designing the tank, calcu
lated the size and thickness of the re
quired blank and assured a satisfactory 
and economical solution. Many thou-

sands of the redesigned tanks have 
been made, and the customer is get
ting ready to make another tank, new
ly designed with aid from Youngstown. 

If desired, Youngstown researchers 
make studies to suggest ways to im
prove the product's appearance as well 
as its function. And it is noteworthv 
that a customer's size and the size of 
his problems do not necessarily cor
relate. All companies, large or small, 
are served on an equal basis. 

While remaining in close contact 
with the customer to insure that all 
possible assistance is always available, 
great care is also taken to guard against 
intrusion. In many cases only the cus
tomer himself knows what design 
characteristics best fit his entire prod
uct line. In still other cases, absolute 
styling secrecy is imperative. The rule 
is this: Youngstown research facilities 
are ready when needed. Proof testing 
or prototype copies of the product are 
perhaps the best methods of exactly 
determining the customer's needs. 

At the other end of the problem, 
Youngstown must supply information 
that can help the customer realize the 
right forming and fabricating method. 

Youngstown , Steel 
THE YOUNGSTOWN SHEET AND TUBE COMPANY· YOUNGSTOWN, OHIO 44501 

New methods of forming, such as 
stretch forming, electromagnetic form
ing, explosive forming and combina
tions of cold extrusion and cold head
ing are being used with increased 
efficiency. Fabrication of a steel prod
uct by using new joining methods, 
such as plasma are, laser beam, ultra
sonic and friction welding, can im
prove quality and cut cost. Assistance 
to the customer in the development 
and application of fabricating methods 
is given wherever possible. 

Another important factor in deter
mining whether or not a product can 
be produced profitably from steel is 
material handling. Increasing labor 
costs make it imperative to handle 
material mechanically. Using steel's 
magnetic properties can help reduce 
handling costs. The steel manufacturer 
does it in his own plant to transfer 
large tonnages of steel. The steel user 
has employed magnetic methods in 
some of his handling problems, but 
further economies can often be worked 
out. Helping improve material han
dling methods is just one of the Re
search Services Division's function. 

Value Analysis, a method of deter
mining the total cost of putting a 
product on the market, is used by 
Youngstown to help the customer re
duce overall costs. For often most of 
the cost of a finished product is con
tained, not in the raw material, but in 
the many processes along the line. 

Youngstown Steel's Research Ser
vices Division is dedicated to establish
ing a cooperative effort with the cus
tomer to maintain a complete ex
change of all information helpful in 
building product quality and efficiency. 
Its benefits include assistance from 
Youngstown's Operating and Sales De
partmen ts as well. 

This article gives a glimpse of what's 
happening in steel research at Youngs
town. It's just a part of the continuing 
research effort going on 24 hours a 
day at Youngstown's research center. 

Since the customer's need inspires 
virtually all of our research, all of our 
knowledge is available to serve him. 

Call if you believe our research staff 
can help you, or write Dept. 251D6. 
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GEOMETRIC RELATIONSHIPS appear to play a key part in the 

chemistry of surface reactions. In this diagram of epitaxial growth 

a layer of silicon atoms has heen "grown" on a suhstrate of close· 

packed beryllium oxide. The geometry of the silicon array (color) 
does not match that of the heryllium oxide, but it is close enough 

to permit the growth of the silicon crystal on the alien surface. 

therefore gained some "information" 
about the distribution of interstitial at
oms in their vicinity, so that their recom
bination is not with a random environ
ment. This "knowledge" on the part of 
the reactin g species plays a part in the 
rate of recombination. 

The physicists who studied the heal
ing of radiation damage in crystals dealt 
with the matter at first as if the rate of 
healing depended simply on the law of 
mass action in a straightforward way, ig
noring the nonrandom aspects men
tioned above. Collaboration with chem
ists who were familiar with the effect led 
to the proper corrections. This is an 
instance in which the combination of 
chemical and physical approaches pro
vided a more satisfactory solution to a 
problem than either approach did sep
aJ·ately. 

r should not be supposed that chemical-
like reactions in solids are generally 

of such an esoteric nature. More familiar 
reactions occur. Precipitation, for exam
ple, is a common phenomenon within 
solid materials. Precipitates usually take 
the form of small particles-aggregates 
of atoms that come out of solution in the 
solid and are_deposited at various places 
in the crystal. They can exert a strong 
influence on the properties of the solid. 

If to a solution of lithium in solid sili
con one adds another electron-donating 
substance, the lithium's solubility will be 
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reduced. Lithium atoms therefore pre
cipitate out of solution by diffusing 
through the crystal until they collect in 
sizable aggregates (perhaps containing 
some silicon atoms as well). The forma
tion of the aggregates is a diffusion
controlled reaction. Another interesting 
precipitate occuri'ing in silicon involves 
oxygen. Precipitated oxygen atoms form 
aggregates by joining with silicon atoms 
in chainlike "polymers." Some of these 
aggregates are electrically active and do
nate conduction electrons to the crystal. 
In the early days of the silicon transistor 
an unwanted excess of conduction elec
trons sometimes developed mysteriously; 
the phenomenon was eventually traced 
to the presence of precipitated oxygen. 

In addition to influencing the electri
cal properties of semiconductors, precip
itates can produce other effects in solids. 
For example, they can alter the brittle
ness or strength of a crystalline material 
by interfering with the movement of dis
locations. 

Solids can be the seat of another chem
ical process that is better known in con
nection with liquids. This is the familiar 
wet-cell electric battery phenomenon. 
Such a battery might consist of a zinc 
plate immersed in a water solution of 
zinc sulfate and a copper plate in a solu
tion of copper sulfate, the two solutions 
being placed in contact [see upper illus
tration on page 214]. Atoms from the 
zinc plate dissolve in the zinc sulfate as 

positive ions. The electrons left behind 
on the solid zinc travel by way of an 
external circuit to the copper plate; there 
they combine with positive copper ions 
from the copper sulfate solution, and the 
copper atoms thus formed are deposited 
as copper metal. The circuit is completed 
by the movement of negative sulfate ions 
from the copper side to the zinc side of 
the solution, thereby balancing the add
ed zinc ions. The overall chemical reac
tion is simply the reaction of zinc with 
copper sulfate to produce copper and 
zinc sulfate. The sulfate solutions serve 
as electrolytes for the transport of the 
current, and energy to drive the current 
is provided by the chemical reaction. 

Now, this type of process can take 
place in a system with a solid compound, 
instead of a liquid solution, serving as the 
electrolyte. Consider an arrangement in 
which the electrodes are solid silver on 
one side and carbon in contact with bro
mine gas on the other, and the electro
lyte is solid silver bromide [see lower 
illustration on page 214]. Silver ions can 
diffuse rather rapidly through solid silver 
bromide. As atoms from the silver elec
trode dissolve in the silver bromide (be
coming positive ions) the electrons re
maining behind in the silver electrode 
travel by way of an external circuit to the 
carbon. Meanwhile silver ions, having 
crossed to the carbon through the bro
mide, combine with the electrons and 
the bromine gas to form silver bromide. 
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Hence the circuit is completed: current 
is carried by electrons in the external 
part of the circuit and by positive sil
ver ions in the electrolyte. Note that 
the electrolyte must be a nonconductor 
of electrons; if electrons could travel 
through it, they would cross from the 
silver electrode to the carbon by that 
route and thereby short out, or bypass, 
the external circuit. 

Again, as in the wet sulfate battery, 
the solid-state version is energized by a 

simple chemical reaction: the combina
tion of silver with bromine to form sil
ver bromide (a solid that does not con
duct electrons). Solid-state batteries are 
now receiving a great deal of attention, 
particularly for use in space vehicles and 
possible use in automobiles. Among the 
encouraging recent developments is the 
discovery of solid electrolytes in which 
ions can diffuse about as rapidly as in 
some liquid electrolytes. These discover
ies were made independently and almost 

simultaneously at the University of Essex 
in England and at North American Avia
tion, Inc. 

Still another important field of research 
on solid-state materials is their sur

face chemistry. Most solid surfaces, even 
when they seem very smooth, are rid
dled with submicroscopic defects-atom
ic vacancies, kinks, ends of dislocations, 
dangling chemical bonds and so forth
that make it easy for foreign atoms to 

EPITAXIAL GROWTH of silicon on a substrate is seen in two in

termediate stages in these micrographs. The sample at the left, de

rived from an extremely dilute silane source, shows early growths 

that exhibit crystallographic symmetry. The early growths soon co

alesce into larger, unsymmetrical islands. The sample at the right, 

derived from a silicon tetrachloride source, has initial nuclei 

shaped like small pyramids. The circles outline the traces left by 

some of the pyramids after they were absorbed by the adjacent is

lands. Both replica electron micrographs were made by R. L. N ol

der of the Autonetics Division of North American Aviation, Inc. 
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There are 
new facets 
on d iamond 

And General  Electric has put them there 

Becau se we "tai l o r "  the ch aracteristics of 
M an- Mad e· d iam ond _ 

Diamond is the hardest ma terial known to man_  
Its  combina tion o f  compressive strength and 
Young 's modulus a re unmatched by any other 
substan ce_ It has a thermal diffusivity 
approaching those o f  copper and alumin um _ Yet, 
its electrical resistivity is h igher than tha t  o f  
alumin um oxide. It also h a s  an extrem ely lo w 
coefficien t o f  friction.  

Th ro u gh su per- p ressu re, high ·tem peratu re 
technol ogy at General E lectric, we can cont ro l 
the size, sh ape, and strength of Man- Mad e  
diam ond . W e  can even coat i t  to fu rther  control 
the mechan ical and su rface ch aracterist ics 

of d iam ond . We can d o pe it to alte r  its 
elect rical resist iv i ty to the point of pro d u cing 
semi-cond u ct ing d iam ond . 

Man- Mad e diam ond is matu ring as a modern 
engineering m aterial . I t  possesses a 
remarkable set of characteri stics and 
p ro pert ies, and its cost / performance rat io  can 
be m ore favorable than th at of many materials 
being consid ered fo r today ' s  so ph ist icated 
a p p licat i ons. I f  you h ave a pro b lem diam ond 
might so l ve- or if you want m ore info rmat i on 
- w rite to D r . W. F. Mathewson, Manager 
of Market Devel o p m ent. 

That 's  at th e wo rl d 's largest pro d u cer of 
m anu fact u red d iam ond . General E lect r ic.  

·' ·Man·Made" i s  a Iradem ark f o r  d iamond manufaclu red b y  t h e  General Electric Co. 
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become attached to the surface. Layer 
on layer of contaminating material may 
build up in this manner.  A familiar exam
ple, of course, is the corrosion of metal 
surfaces. When an oxide RIm covers a 
metal, it is likely to contain oxygen-atom 
vacancies or metal atoms displaced into 
interstitial spaces or both. Oxygen atoms 
can be added to the oxide lattice at the 
oxygen-air interface, forming metal va
cancies in much the same way that so
dium added to sodium chloride forms 
chloride vacancies . Metal atoms can 
jump into these vacancies and by this 
process are able to diffuse through the 
RIm.  Thus metal from the interface 
between metal and metal oxide is 
transported to the air interface, where 
it combines with oxygen to form more 
oxide . 

Electrochemical mechanisms exist 
that can inhibit the oxidation of a metal 
surface . These have been studied by im
mersing a metal electrode in an oxidizing 
electrolyte solution and applying a volt
age to the electrode; when the flow of 
current falls off, it signals a decline in the 
rate of oxidation.  This phenomenon has 
often been observed; the electrochemi
cal reaction begins at a rapid rate and 
then slows substantially. Two mecha
nisms that can bring about such a state 
of "passivity" have been identified. 
When a metal electrode is immersed 
in moderately concentrated nitric acid 
(HNOx), the acid molecule, reacting with 
an electron, gives up a negative oxygen 
ion (and becomes nitrous acid: HN02) .  
Consequently a layer o f  negative oxygen 
ions is laid down on the metal surface; 
these pull positive metal ions from the 
surface and form a layer of oxide . As the 
RIm grows it becomes difficult for metal 
atoms to pass through the film to the 
oxygen, and the oxidation therefore falls 
to a negligible rate . Another passivating 
mechanism involves carbon monoxide. If 
a metal electrode is immersed in a so
lution of hydrochloric acid containing 
carbon monoxide, a layer of carbon mon
oxide is often adsorbed on the metal sur
face . In this case, however, the carbon 
monoxide layer apparently has no tend
ency to grow but acts as a film that elec
trically insulates the metal from the elec
trolyte solution .  The electrochemical 
reaction therefore comes to a halt and 
the metal is "passivated ." 

Surface defects are believed to ac
count for the reaction-promoting prop
erties of some solid catalysts . One hy
pothesis concerning the mechanism of 
catalytic activity, which is supported by 
some experimental evidence, assumes 
that the molecule about to undergo 

chemical reaction is adsorbed on the 
catalyst surface by the attachment of its 
atoms to dangling chemical bonds . As a 
result of this attachment some bonds 
within the molecule are weakened and 
break as the molecule becomes detached 
from the catalyst .  The molecule there
upon splits in two and completes the re
action. Such a mechanism depends, of 
course, on a fit between the configura
tion of the molecule and the atomic ar
rangement in the catalyst's surface . It 
also depends on the strength with which 
the molecule is adsorbed on the surface: 
if the adsorption is too strong, the mole
cule will simply remain attached ; if it 
is very weak, there may be no catalytic 
action. A reaction that is thought to pro
ceed by this mechanism is the removal of 
hydrogen atoms from the hydrocarbon 
cyclohexane over a zinc oxide catalyst. 

Surface geometry plays a key role in 
another surface process . This is  the proc
ess in which one crystal is grown on 
another-the phenomenon known as 
hetero-epitaxy [see illustration on page 
218] .  For example, the geometric ar
rangement of atoms at the surface of 
beryllium oxide is such that single crys
talline layers of silicon atoms can be laid 
down on it [see illustration on page 216]. 
Such an arrangement, with a semicon
ductor laid on an insulating base, is 
used in the fabrication of compact inte
grated circuits . 

A particularly interesting phenome
non is the ability of doped semiconduc
tors-for example a p-type material-to 
act as catalysts . The more valence band 
holes there are in the solid, the more ef
fective is its catalytic action .  This implies 
that some step in the catalytic process 
involves the donation of electrons from 
the reacting system to the catalyst .  The 
transfer of electrons may occur during 
the process of adsorption or during the 
chemical process itself. In any event, the 
phenomenon is interesting because it il
lustrates how a bulk property of a cata
lyst (the degree of its p-typeness) can 
influence a surface reaction .  Doping the 
catalyst to make it more or less p-type 
(that is, controlling the concentration of 
electrons) can change its properties. 

At the surface of a semiconducting 
catalyst there is usually a built-in elec
tric field very similar to the field at a 
p-n junction. vVork must be done to 
move holes or electrons through this 
field, and this shows up in the energy 
required to advance the catalyzed re
action. Indeed, energy considerations 
dominate all chemical reactions and the 
physical properties-electrical, magnetic 
and optical-of all materials . 
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BOAG wants 
confirmation in print 
of every passenger 
reservation made anywhere 
in the world. Right now. 

Easy, when you 
ask Kleinschmidt. 

Kleinschmidt is the language 
of modern telecommunications. 

Home offices talk to division 
headquarters . Computers talk to 
production control.  And in the case 
of BOAC, Kleinschmidt data 
printers in ticket offices provide 
passengers with fast, convenient 
flight reservations and confirmation. 

Working in communications systems 
like BOAC's, the Kleinschmidt 3 1 1 ™ 

Data Printer " talks" with 
unbelievable speed and simplicity.  
It  prints-out up to four times as fast 
as most other teleprinters . Operates 
with far fewer moving parts and far 
more reliability.  Outperforms all 
competition. 

And like other Kleinschmidt data 
printers, the 3 1 1  is compatible with 
telecommunications equipment of 
all makes . It can fit directly into the 
system you now have, or the one you 
are having designed for you . 

Of course, Kleinschmidt is a language 
most original systems manufacturers 
already understand. 

But we're always glad to repeat 
the message. 
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The Magnetic Properties of Materials 

Why atoms are magnetic is well understood, but why some materials are 

lnagnetic is less so. Nonetheless, advances in lnagnetic lnat'erials ha(Je 

made possible de(Jices fronL refrigerator latches to c01nputer memories 

M
agnetic materials provide a good 

illustration of how man's practi
cal reach can exceed his theo

retical grasp. The peculiar properties of 
magnets have been known since lode
stones were recognized 3,000 years ago. 
Every day in the U.S. alone magnetic 
materials are used to generate three bil
lion kilowatt-hours of electric power. 
Magnetism also works to distribute elec
tric power efficiently, to energize electric 
motors, to reproduce sound and visual 
images, to store information, to latch 
doors and turn speedometers. Until 40 
years ago, however, no one understood 
why certain materials were magnetic. 
Even today there are more basic ques
tions about magnetism than there are 
answers. 

Almost everything that is known 
about the magnetic properties of mate
rials has been obtained from experi
mental discoveries-some intentional but 
many the result of lucky accidents-and 
from a few bold inductive insights. Little 
progress has been made deductively. Al
though no one seriously doubts that all 
magnetic properties flow naturally from 
quantum mechanics and electromagnetic 
theory as it is applied to many-atom sys
tems, the systems themselves have gen
erally proved to be too complex for anal
ysis by reasoning from the general to 
the particular. 

Three basic magnetic properties of 
materials have called .for explanation 
since they were first noticed. The first is 
the fact that some materials are magnetic 
in the absence of any applied magnetic 
field. Associated with this property is the 
fact that the same materials generally be
come more magnetic when a compara
tively weak magnetic field is applied to 
them. This dual property is what we call 
ferromagnetisn·,. The second property, 
which is characteristic of the same mate
rials, is the disappearance of the ferro-
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by Frederic Keffer 

magnetism when the material is heated 
above a specific temperature. Above that 
temperature ferromagnetism is replaced 
by a comparatively weak magnetism that 
varies in proportion to the in tensity of 
any applied magnetic field and is along 
the direction of the field. This property 
is termed paramagnetism. The third 
property that requires explanation is ex
hibited by all materials and is a mag
netic response in a direction opposite to 
that of any externally applied field. This 
property, called diamagnetism, is much 
too weak to be of any practical value; it 
is scarcely noticeable in materials that 
are ferromagnetic or paramagnetic. 

T he lodestone, which is the mineral 
. magnetite (FeH04), is the principal 

natural magnet. It is presumably magne
tized when it cools from the molten state 
in the presence of the earth's magnetic 
field, even though that field is extremely 
weak (about .5 oersted). Metallic iron, 
however, is the magnetic material par 
excellence. Freshly smelted iron is rare
ly magnetic, but if the iron is drawn into 
the shape of a bar (as William Gilbert 
demonstrated at the end of the 16th 
century) , the earth's magnetic field will 
magnetize it. So will any other magnetic 
field, such as a lodestone's, and the bar 
will remain magnetized after the field 
has been removed. The critical tempera
ture at which the spontaneous magne
tism of magnetite changes to paramag
netism is 585 degrees centigrade; the 
critical temperature for iron is 770 de
grees C. The critical temperature of a 
ferromagnet was named the Curie tem-

perature after Pierre Curie, who was a 
pioneer student of paramagnetism. 

In 1907 another French physicist, 
Pierre Weiss, provided the first induc
tive insight that came anywhere near ac
counting for the behavior of magnets. 
Even. those scientific workers who fre
quently accept the role of speculative 
leaps might boggle at Weiss's flight of 
fancy. There appeared to be not the 
slightest theoretical justification for two 
new concepts he introduced: the "do
main" and the "molecular field." 

According to Weiss, a ferromagnet 
that is below its Curie temperature is 
made up of small, permanently mag
netized regions-domains. The total mag
netic strength of the material is simply 
the sum of the magnetic strengths of all 
its domains. If the magnetic axes of the 
various domains happen to point in many 
different directions, the material's total 
magnetic strength will be very small, 
even zero. The application of an external 
magnetic field, Weiss held, aligns the 
magnetism of the domains much as the 
wind will align a group of weather vanes, 
thus greatly increasing the material's 
total magnetic strength. The applied 
field need not be particularly strong; a 
light breeze turns weather vanes as ef
fectively as a gale does. Weiss visualized 
his domains as being small but macro
scopic. vVe now have direct evidence 
that the domains exist; they are usually 
between .1 and .01 centimeter across. 

Compared with the dimensions of 
atoms and molecules, vVeiss's domains 
were enormous. Accordingly they were 
not closely related to any particular 

MAGNETIC DOMAINS appear as a pattern of zigzags on the surface of an alloy of manga

nese and bismuth in the micrograph on the opposite page. The domains are visible because 

the plane of polarized light reflected from a magnetized surface is rotated in proportion to 

the degree of magnetization. The micrograph was made by the metallographic unit at the 

Research and Development Center of the General Electric Company. Other domain micro

graphs, in which a magnetic powder outlines the domain walls, appear on pages 231 and 232. 
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IRON ATOM consists of a nucleus surrounded by clouds of electrons arrayed in concentric 

shells. The shell that forms the outermost cloud contains two electrons. These have opposite 

spin and form a magnetically neutral pair. Most of the 24 electrons in the other shells also 

pair opposite spins; nine such neutral pairs form the inner cloud. Of the six electrons in the 

middle cloud, two form a neutral pair. The remaining unpaired four make iron magnetic. 

LATTICE CELL, one portion of an iron crystal, consists of nine atoms (black) in a cubic 

array, one at each corner and one in the center. Stippling in black indicates areas of strong 

positive magnetization associated with the unpaired electrons in the four atoms that form 

the face of the cube. Stippling in color indicates areas of weak negative magnetization along 

the face of the cube. Positive and negative areas elsewhere are omitted. C. H. Shull of Mas· 

sachusetts Institute of Technology and H. A. Mook of Harvard University determined the 

distribution of the areas by scattering magnetically polarized neutrons from an iron target. 
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theory of atoms and molecules. His sec
ond concept-the molecular field-was 
intended to explain at the atomic level 
why domains are present in ferromag
nets below the Curie temperature but 
absent above that temperature. Weiss 
rested his molecular-field hypothesis on 
the assumption (prevalent at the time 
but not confirmed by experiment until 
much later) that the atoms of certain 
materials were themselves infinitesimal 
magnets. Below the Curie temperature, 
"Veiss proposed, an intrinsic magnetic 
field kept these atomic magnets in align
ment. Above the Curie temperature 
thermal agitation was strong enough to 
overcome the aligning power of the in
trinsic field. The material then lost its 
ferromagnetic properties and exhibited 
paramagnetism only. 

The intrinsic field that Weiss postu
lated was not only strong but also mys
terious. He assumed that it was related 
in some way to the material's state of 
organization at the atomic or molecular 
level; hence his name for it. The thermal 
energy required to overcome the field 
could be estimated from the temperature 
at which it disappeared, and so its 
strength could be estimated. For iron this 
proved to be on the order of 10 million 
oersteds-greater than the strongest 
steady magnetic fields produced today 
with many megawatts of power. 

Weiss, of course, had not the slightest 
notion of the origin of the hypothetical 
field. The mystery remained unsolved 
until 1928, when Werner Heisenberg 
of Germany and Y. I. Frenkel of the 
U.S. S.R. independently suggested that 
the field probably arose from large elec
trical forces at the atomic level that were 
masquerading as magnetic forces be
cause of a subtle quantum-mechanical 
effect. Hence both of Weiss's hypotheses, 
proposed well in advance of any support
ing theory or evidence, have proved· to 
be generaily correct. 

Why is it that some, rather than all, 
atoms are infinitesimal magnets? 

Today we know that atomic magnetism 
is almost entirely the result of an imbal
ance of an atom's electrons [see top illus
tration at left]. Some atomic nuclei are 
also little magnets, but because the 
strength of their magnetism is inversely 
proportional to their mass it is wt;aker 
than the magnetic strength of electrons 
by a factor of about one to 2,000. Elec
tron magnetism is of two kinds: the mag
netism associated with the angular mo
mentum of the electron's spin and the 
magnetism associated with the angular 
momentum of the electron's orbital mo
tion around the nucleus. In either case 
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breakthrough 
(a crash program saves lives) 

A dangerous highway killer-the rigid signpost-may 
be on its way out. The reason: a new breakaway sign
post developed by Texas highway engineers. USS 
TRI-TEN Steel, a high strength steel innovated by 
U. S. Steel, helped make it possible. 

In this actual crash demonstration, the car is travel
ing 60 miles per hour. It will collide head-on with the 
breakaway post. The slim, light TRI-TEN Steel post 
will minimize impact damage, but has the strength to 
withstand high wind loads on,the sign. 

On impact, a special slip-joint at The post swings upward, pivoting The "broken" post rotates up and 
the base of the post breaks away. at a hinge joint just below the sign. away from the car. 

The driver is unharmed and dam
age to the post and car is slight, be
cause the TRI-TEN Steel post causes 
only about 3 mph deceleration. 

The sign is undamaged and the post 
can be quickly repaired on the site. 
Unlike the rigid post, the break
away post saves costly replacement. 

Innovations in highway "hardware" 
are saving lives. USS works con
stantly on safer designs. Write 
for details on this safer signpost. 

U. S. Steel, Room 4610, 525 William Penn Place, Pittsburgh, Pa.15230. USS and TRI-TEN are registered trademarks. 

� United States Steel: where the big idea is innovation 
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sparkling advance in high-temperature 

jet engine materials. 

, Now we can cast single-crystal turbine blades and vanes, completely 
eliminating grain boundaries where cracks may propagate. This important 
new process also increases strength, ductility, creep life and thermal 
shock resistance. 

As a result, future jet engines promise greater performance, because their turbines 
can be worked harder. 

The Monocrystaloy process not only improves current materials, but also reopens 
the whole field of alloy development. It means that metal additions previously required 
to keep grain boundaries intact-at a sacrifice in certain desirable properties-are no 
longer needed. Instead, new metals can be added to more exactly tailor the material 
to its task. 

In materials - as in design, testing, production and service - Pratt & Whitney 
Aircraft works constantly to improve jet engine reliability. 

Pratt & Whitney I=lircraft DIVISION OF UNITED �CRAFT CORPORATION 

A EAST HARTFORD, CONNECTICUT 06108 
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the direction of the resulting magnetism 
is along the axis of rotation. 

In most kinds of atoms-or at least in 
most assemblages of atoms in molecules 
and solids-there is a tendency for both 
the spin and orbital angular momentums 
of adjacent electrons to cancel each other 
by the formation of anti parallel pairs. In 
such a pair the spin of one electron, for 
example, will be clockwise and the spin 
of the other counterclockwise. Their to
tal momentum is therefore zero, and so 
is their total magnetism. It is this ten
dency-or rather its slight variability
that accounts for the extremely weak 
magnetism of "nonmagnetic" materials. 
When the application of a magnetic field 
slightly unbalances the orbital pairing of 
electrons, the result is diamagnetism; 
when it slightly unbalances the spin 
pairing (which it can do only in metals) , 
the result is a very weak form of para
magnetism. 

The Pauli exclusion principle requires 
that no two electrons occupy the same 
state, by which is meant both the same 
region of space and the same spin and 
orbital momentums. It is possible, how
ever, for the two electrons to occupy the 
same region if they are an antiparallel 
pair. In quantum mechanics the stric
ture against occupying the "same" re
gion simultaneously is overcome because 
the two electrons behave like super
posed, smeared-out charge distributions. 
It is this behavior, together with the at-

tractive ness of the nucleus for electrons, 
that gives rise to the antiparallel pairing 
tendency of all atoms. It rather resem
bles the way in which space is saved in 
a sardine can by packing the fish head 
to tail (except that even more space 
could be saved if anti parallel sardines, 
like electrons, completely interpene
trated one another). 

The antiparallel tendency must, of 
course, overcome the mutual repulsion 
of the two interpenetrating electrons. It 
usually does. The outstanding excep
tions are found in the "transition" metals 
and the rare earths [see periodic table on 
pages 76 and 77]. These elements are 
characterized by atoms in which some 
electrons have not formed antiparaIIel 
pairs. In reality any atom that has an odd 
number of electrons is magnetic, and 
many kinds of atoms have outer elec
trons that are unpaired. These outer 
electrons, however, usually form antipar
allel pairs with the outer electrons of 
neighboring atoms on coming together 
in a solid. What gives the magnetic 
atoms in the two groups of elements 
their unique property-and thereby gives 
rise to strongly magnetic materials-is 
that the unpaired electrons are located 
not in the outermost electron cloud but 
in the inner ones, where they are not able 
to form pairs with electrons in other 
atoms. 

The atoms of ferromagnetic materials 
are tiny magnets because of their un-

CUBE·TEXTURED STEEL, enlarged 500 diameters, has crystal grains oriented so that the 

face of each cube lies parallel to the surface of the metal sheet. This orientation avoids one 

source of energy loss when the metal's magnetization is reversed, thus reducing hysteresis. 
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paired inner electrons. These electrons, 
however, are more or less screened from 
the adjacent atomic magnets by out
er electrons. How, then, can we ac
count for ferromagnetism? In a ferro
magnetic material neighboring atoms 
tend to be magnetically aligned. The 
picture is complicated in its details, but 
it is evident that Weiss's concept of a 
long-range molecular field, coupling each 
atomic magnet with equal strength to all 
other atomic magnets, was partly mis
taken. Instead the coupling effect is a 
short-range one, being sharply limited 
by electron screening. 

Short-range coupling nonetheless ex
erts a powerful influence. Consider the 
example of a ferromagnetic material that 
has been heated above its paramagnetic 
threshold and then allowed to cool. As it 
approaches its Curie temperature, the 
energy of thermal agitation gradually 
becomes less than the coupling energy. 
At this point each atomic magnet begins 
to line up with its nearest neighbors, and 
those with their nearest neighbors and 
so on, as if all the atoms were being 
guided by the kind of long-range field 
visualized by Weiss. One is reminded of 
the situation when, as the quiet of eve
ning descends, suddenly all the dogs in 
a town get to barking together, although 
each dog responds only to the neighbor
ing dogs. 

The coupling effect can .also produce 
anti parallel alignments. Manganese flu
oride, for example, is paramagnetic at 
temperatures above minus 206 degrees 
C. Below this transition temperature 
(which is analogous to the Curie tem
perature of a ferromagnet) each manga
nese atom that, so to speak, points up
ward is paired with one that points 
downward, and no overall magnetism 
is observed. This property is called anti
ferromagnetism. The transition tempera
ture between the antiferromagnetic and 
the paramagnetic state has been named 
the Neel temperature after the French 
physicist Louis Neel, who with his col
leagues first clarified the phenomenon. 

There are other coupling arrange-
ments, the most notable of which pro

duces ferrimagnetism (not to be con
fused with ferromagnetism) . When 
magnetite is cooled below its Curie tem
perature, for example, the short-range 
coupling is such that two out of the three 
iron atoms in the material are aligned by 
pointing upward and the third points 
downward, so that there is a net mag
netism due to one atom in three. Thus 
the oldest of magnets is not a ferromag
net at all. The macroscopic properties of 
ferrimagnets, however, are generally 
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He's not exactly 
reading Shakespeare. But 

at least he's reading. 
Hamlet just won't turn him on. Dr. 

Fu Manchu will. And to a guy who 
never read a book before in his Iife
any book-it's a start. 

He's a Corpsman at the Kilmer Job 
Corps Center in New Jersey and like 
most other Corpsmen, he's a school 
dropout. The problem: how to get 
these boys to start reading and writing 
so that their mental skills match the 

job skills they're learning. 
Recently, Federal Electric Corpora

tion, an ITT subSidiary, which runs 
Kilmer for the Office of Economic Op
portunity, set up an experiment based 
on the work of Dr. Daniel N. Fader. 

Thousands of paperbacks of all kinds 
were made available, and now boys 
who never read a book before are 
reading two or more a week, 

As a boy's reading improves and he 
learns sentence structure and punctua
tion, his sophistication in books grows. 

When many of these boys come to 
Kilmer, they find it almost impossible 
to express themselves. Now when they 
leave, they've found an exciting new 
way: with words. 

International Telephone and Tele
graph Corporation, New York, N.Y. 
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DOMAIN FORMATION is caused by the spontaneous subdivision of a uniformly magnet

ized material «/). Division into two domains (b) lowers the external field energy of the ma

terial, as is evident from the shortened external magnetic lines of force (color) in this exam

ple. The next division, from two to four domains (e), eliminates all external lines of force. 

The zone between domains, known as a Bloch wall, is shown in detail at hottom (d). In this 

zone some "north" poles in the material, which are turning through 180 degrees, come to 

the surface of the material and cause the lines seen in the photograph on the opposite page. 

similar to those of ferromagnets. Among 
the man-made ferrimagnets are the tech
nologically important ferrites and iron 
garnets. The ferrites were developed in 
the 1940's by J. L. Snoek and his asso
ciates at the Philips Research Labora
tories in the Netherlands. The iron gar
nets were first made in the late 1950's by 
Neel's group in France and by workers 
at the Bell Telephone Laboratories. 

Coupling forces that favor anti parallel 
alignments sometimes extend an appre
ciable distance, to the point of affect
ing neighboring atoms twice removed. 
Since it is obviously impossible for each 
atomic magnet to line up anti parallel to 
very many distant neighbors, some sec
ond-nearest and third-nearest atomic 
magnets tend to end up parallel with 
respect to one another in spite of the 
coupling energy. One compromise, re
sulting in a stable situation, is made 
when adjacent atomic magnets form a 
helix. In a crystal of manganese dioxide 
below a temperature of minus 189 de
grees C., for example, there is a turn 
angle of nearly 129 degrees in each plane 
of atoms, so that the helix makes five 
revolutions in the process of crossing 
14 planes. This compromise property, 
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known as helimagnetism, was discovered 
simultaneously in 1959 by A. Yoshimori 
of Japan, J. Villain of France and T. A. 
Kaplan of the Lincoln Laboratory of the 
Massachusetts Institute of Technology. 
The existence of helimagnetism immedi
ately suggests an interesting generaliza
tion. Antiferromagnetism, for example, 
could be defined as helimagnetism with 
a turn angle of 180 degrees and ferro
magnetism as helimagnetism with a turn 
angle of zero degrees! 

It is relatively easy to see how the do-
main hypothesis explains ferromag

netism. Not until some three decades 
ago, however, was it realized how do
mains too could be explained by means 
of a fundamental principle of physics. 
This is the principle that at low temper
atures all systems tend toward a state 
possessing minimum energy. The exter
nal lines of force of a uniformly magnet
ized material are shrunk and the energy 
of the external magnetic field is reduced 
whenever the sample is subdivided by 
increasing the number of its domains 
[see illustration above]. The Russian 
physicists L. D. Landau and Eugene M. 
Lifshitz were the first to note this effect 

in 1935. They pointed out that, whereas 
the multiplication of domains within a 
ferromagnetic material would reduce the 
energy of the external field, it would 
simultaneously raise the short-range 
coupling energy, because the number of 
atomic magnets with antiparallel align
ment along domain boundaries would be 
increased. Eventually the process of sub
division reaches a state of equilibrium; 
the addition of further domains would 
increase the coupling energy more than 
it would reduce the field energy. 

The anti parallel alignment of the 
atomic magnets on opposite sides of a 
domain boundary is not abrupt but a 
gradual transition that occupies a zone 
named the "Bloch wall" after Felix 
Bloch, who investigated domain bound
aries in the 1930's. The "turnover" with
in the Bloch wall is much more gradual 
than the twisting in helimagnetism; the 
zone is some 300 atomic planes thick 
compared with a few planes at most. 
Both helices, however, are the result of 
a similar compromise in the· sharing of 
coupling energy. 

In 1931 the late Francis Bitter, work
ing at the Westinghouse Research Lab
oratories, proved the existence of do
mains by making them visible. As later 
refined, the Bitter technique consists of 
polishing the surface of a magnetic ma
terial, spreading a colloidal suspension 
of magnetic iron oxide particles over the 
surface and placing a microscope cover 
glass on top. The particles collect along 
the lines where the atomic magnets in 
each Bloch wall point toward the sur
face, making the domain boundaries 
plainly visible through a microscope [see 
tipper illustration on opposite page]. The 
shifts in domains under the influence of 
external magnetic fields that could be 
observed with Bitter's technique made 
it possible to investigate such properties 
as reversible and irreversible magnetiza
tion. 

From the technological viewpoint an 
ideal magnetic material should possess 
one or the other of these properties. It 
should either be "soft," meaning easy to 
magnetize and demagnetize, or "hard," 
meaning the opposite. Hard materials 
come into play whenever permanent 
magnets are required; soft ones are 
needed for electric generators, motors 
and transformers. There was a practical 
means of telling soft and hard materials 
apart long before there were theories ex
plaining the two properties. A material 
was placed in a magnetic field, the in
tensity of the field was varied and the 
resulting magnetization of the material 
was plotted as a curve. 

Using this technique in 1885, the Brit-
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ish physicist J. A. Ewing noted that after 
the external field was reduced to zero 
the specimen continued to show net 
magnetization. 'vVhen Ewing reversed 
the field, he found that net magnetiza
tion in the reverse direction persisted 
after the field was reduced to zero. He 
named this tendency for induced mag
netization to remain after the applied 
field was removed "hysteresis," after the 
Creek word meaning "to lag." 

Any generator, motor or transformer 
would operate with maximum efficiency 
if no magnetization remained after the 
applied external field dropped to zero. 
Because of hysteresis a vast treasure is 
wasted each year. The underlying cause 
of the phenomenon has been revealed by 
the study of domains. 

W hen a weak external field is applied 
to a magnetic material, the mate

rial's domain walls are seen to move. The 
motion is in a direction that increases the 
size of the domains whose magnetization 
is parallel to the applied field and re
duces the size of domains whose mag
netization is antiparallel. These increas
es and reductions are reversed when the 
applied field is reversed. When a strong
er external field is applied, however, the 
domain walls are often pushed past ob
stacles, thereby rendering some of the 
specimen's magnetism irreversible. Ob
stacles exist at the boundaries between 
the material's crystal grains, at places 
where nonmagnetic inclusions are pres
ent and at imperfections. 

Irreversible magnetism is trapped be
hind an energy barrier, so to speak, when 
the external field is reduced to zero. It 
cannot be changed unless an external 
field of opposite polarity and exceeding 
some threshold is applied. If the energy 
state in which the material has been left 
is not the lowest state possible, the sys
tem is said to be metastable. Most ferro
magnets contain imperfections that act 
as obstacles. As a result they exist in a 
large number of metastable states, and 
the immediate behavior of any ferromag
net depends markedly on the particular 
metastable state into which it was last 
maneuvered. This is one reason why the 
study of magnetic materials, if not an art, 
is certainly a science that depends heav
ily on good luck. 

Irreversible magnetization means that 
the plot of a material's demagnetization 
path does not overlap its magnetization 
path. The figure described by the two 
paths is known as the hysteresis loop; it 
is narrow for soft materials and wide for 
hard ones [see bottom illustration on 
next page J. The inexpensive fabrication 
of soft magnetic materials is difficult be-

cause the ferrons materials that are most 
easily made are full of such obstacles as 
crystal boundaries and randomly ori
ented crystal grains, all of which give rise 
to hysteresis. The ideal soft magnet 
would be a ferrous material that was 
cheap to make and in which the crystal 
grains were all oriented in the same or 
nearly the same direction. 

In 1934, after thousands of experi
ments, N. P. Coss of the Cold Metal 

Process Company perfected an orienta
tion process using steel with a 3 percent 
content of silicon. He subjected the steel 
to a moderate cold-rolling followed by an 
annealing, another moderate cold-rolling 
and a high-temperature annealing. The 
theoretical basis of the very exacting 
Coss recipe is not well understood. It ap
pears that impurities, usually manganese 
sulfide, keep all but similarly oriented 
crystal grains from growing and that the 

DOMAIN WALLS in a single crystal of nickel are made visible under the microscope by 

a coating of magnetized iron oxide. The powdered oxide gathers along the lines at which 

poles in the Bloch wall point to the face of the crystal (see illustration on opposite page). 

ANALYSIS OF DOMAINS in the nickel crystal in the top illustration is shown in this 

diagram. Most domains prove to have one or another of four directions of magnetization, 

comprising two sets with opposite polarity (arrows). Both the micrograph and the diagram 

were prepared by R. W. DeBlois of the General Electric Research and Development Center. 

231 

© 1967 SCIENTIFIC AMERICAN, INC



WALL MOTION in a magnetized material is produced by appli

cation of an external magnetic field_ The domain walls in a single 

crystal of nickel-cobalt alloy (left) have been shifted (right) by ap

plying a 3.6-oersted field favoring the growth of the lower domain. 

pinch of sulfur is critical-there can be 
neither too much nor too little_ 

The percentage of silicon in the recipe 
represents a compromise. The addition 
of silicon increases steel" s electrical re
sistivity (usually a desired characteristic) 
but makes the metal brittle. Where me
chanical strength is required, as in the 
rotating parts of generators and motors, 
steels that contain 1 to 3 percent silicon 
are used. A higher silicon content can be 
tolerated in transformers, but steels with 
more than 4. 5 percent silicon are at pres
ent too brittle for normal use. 

Many metallurgists are nonetheless 
working toward a reasonably ductile 6.5 
percent silicon steel. At this percentage, 
for some entirely mysterious reason, the 
metal loses the property of magnetic 
materials known as magnetostriction. An 
electrostatic interaction that physically 
stretches each iron crystal slightly in the 
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direction of magnetization, magneto
striction adds to hysteresis losses. It also 
appears to be the reason transformers 
make a humming sound. 

An improvement over Goss steel, 
made according to an even more exact
ing formula, is "cube-textured" steel. In 
this material the cubic face of each crys
tal grain lies parallel to the surface. This 
minimizes the energy spent in overcom
ing another source of hysteresis loss, un
favorable anisotropy: a nonsymmetrical 
distribution of the crystal"s energy field. 

In some applications the cost of a ma
terial is secondary to the reduction of 
hysteresis loss. An example is the induc
tive loading of submarine cables. Perm
alloy, a mixture of 78.5 percent nickel 
and 2l. 5 percent iron in which both 
magnetostriction and anisotropy are min
imal, was perfected for cable telegraphy. 
The anisotropy of iron is opposite in di-
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rection to that of nickel and the two 
nearly cancel each other. Subsequent re
search showed that adding a third ele
ment to the alloy-usually molybdenum 
-can drive both magnetostriction and 
anisotropy to zero. The improved com
bination has been christened supermal
loy. Consisting of 79 percent nickel, 15.7 
percent iron, 5 percent molybdenum and 
.3 percent manganese, it shows an ex
traordinary ability to become magnet
ized in almost negligible fields. 

Ferromagnetic materials exposed to 
changing external fields are subject to 
energy losses besides those caused by 
hysteresis. One such important loss in 
conducting materials arises from eddy 
currents, which are induced by field 
changes and which increase as the fre
quency of the charges increases. Any en
hancement of electrical resistivity-for 
example by the introduction of impur-

.4 -0+ .4 .8 1 2  1.6 2.0 
MAGNETIC FIELD IN OERSTEDS MAGNETIC FIELD IN KILO-OERSTEDS 

EXTREME DIfFERENCE between "soft" (left) and "hard" (right) 

magnetic materials requires an increase by 10,000 in the hori

zontal scale of graph at right if hysteresis loops typical of both are 
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to be compared. The large loop at left is for Goss 3 percent silicon 

steel; the very small one is for supermalloy. The smaller loop at 

right is for Alnico No. 5_ The much larger loop is for Alnico No.9. 
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a payload capacity of 31f2 tons, and a 

submergence duration of up to 48 hours. 
DSRV . The Deep 'NFORMAnON SYSTEMS 

Submergence Rescue 

Vehicle is the first 

of a fleet of 

mercy ships. Other «,����"l 
Lockheed undersea 

projects range from 

imaging systems to bioaquanautics. 

MOST FIELDS OPEN-Whatever your 

field, if you can handle difficult tech

nical assignments, the chances are that 

Lockheed has a career waiting for you. 

The afore-mentioned projects, plus many 

others, involve nearly every engineering 

and SCientific diSCipline, and at practi

cally all levels. In Systems Engineering, 

Lockheed needs 

people to 

work with 

computer 

systems, 

information systems and others. 

In Development Engineering, openings 

involve: space vehicles, missiles, ground 

vehicles, undersea vehicles, plus all 

phases and types of electronics. 

For Aeronautics and Astronautics, Struc

tures, Electronics, Civil Engineering, 

==----------------i Computer Sciences, Manufacturing Engi

neering, Mechanical Engineering and 

Product Assurance people, assignments 

encompass analysis, design, develop

ment, coordination, programming and 

integrating functions. 

Engineers, scientists: 
otlierworld, upperworld, 
subworld, wideworld 
projects demand the best 
talents on earth. 
Lockheed Missiles and Space Company 

is seeking men of exceptional ability to 

undertake vital engineering projects. A 

great many new positions recently have 

been created by research and develop

mental programs ... programs with far

reaching implications for the technologi

cal advancement of this country. 

LONG-TERM PROJECTS-Among the 

projects that can be mentioned here are: 

Agena. Future missions will require 

major modifications to the Free World's 

most versatile and reliable space explo

ration vehicle. These missions demand 

significant advances in a number of 

technical areas. Agena, but one example 

of LOCkheed�'S 
.... 

outer space ....... . 

programs, 
-

recently 
AGENA 

was awarded a large, new contract . 

Polaris. Now undergoing extensive alter

ations, this submarine fleet ballistic mis-

sile remains the Free World's foremost 

deterrent force. To extend its deterrent 

capabilities further, considerable engi

neering challenges must be overcome. 

Poseidon. State-of-the-art engineering 

problems never before encountered in 

an ICBM must be solved during 

development of this eventual 

successor to Polaris. POLAR,S 

Information systems. Projects 

under way will help hospitals, 

corporations and governments 

efficiently manage exploding 

masses of information. 

Unigue land vehicles. Developing ad

vanced-capability vehicles, such as 

Twister,gives Lockheed engineers oppor
tunities to employ unusual solutions. 

Deep...Quest. This research vehicle is part 

of Lockheed's corporate commitment to 

pioneer in the undersea world. Among 

its missions will be a detailed exploration 

of the ocean floor. Specifications call for 

IDEAL CONDITIONS-If you feel quali

fied to meet 

the constant 

demands of 

advanced 

programs contact 

Lockheed. The atmosphere is productive. 

The assignments, stimulating. The work, 

satisfying. The challenge, never-ending. 

At Lockheed, you will live in the Santa 

Clara Valley, an area near-perfect. 

Only an hour's drive from cosmopolitan 

San FranCisco. 

Educational opportunities are outstand

ing. Three leading universi ties, plus 

dozens of colleges are nearby. Lockheed 

sponsors several educational programs 

to help you continue your learning, 

obtain advanced degrees, keep up with 

state-of-the-art advances. 

Write today for information to: Mr. R. C. 

Birdsall, Professional Placement Man

ager, P.O. Box 504, Sunnyvale, California 

94088. An equal opportunity employer. 

LOCKHEED 
MISSILES & SPACE COMPANY 
A GROUP DIVISION OF L.OCKHEED AIRCRAFT CORPORATION 
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If your pet 
. 
project calls for 

glass beads . . .  
can you afford 

not to 
use the best? 

USE 
MICRO· 
BEADS® 

Improve 
performance

Improve 
reliability-

Improve 
profits 
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ities-will lower eddy-current losses. The 
reduction of the area through which the 
currents travel also cuts losses; this is 
done by building the magnet out of al
ternate layers of metal and insulation. 

Some ferrites have an electrical resis
tivity 100 billion times greater than the 
resistivity of metals, which makes them 
immune to eddy currents As a result 
these ferrimagnetic materials are often 
used in high-frequency devices. Their 
major application at present is in the 
"Ryback" transformers of television pic
ture-tube scanning systems, but ferntes 
also have important uses as elements in 
microwave circuits. Because not all the 
atomic magnets in ferrimagnetic mate
rials point in the same direction, the 
maximum magnetization of ferrites is 
limited. They are therefore ruled out for 
most generator, motor and transformer 
applications. 

Logically enough, the first efforts to 
produce hard magnetic materials for in
dustrial use emphasized the addition of 
various internal obstacles. One early 
process involved the rapid cooling of 
steel containing about 1. 2 percent car
bon. Iron carbide normally starts to pre
cipitate at 870 degrees C. ; rapid cool
ing of the steel kept the finely divided 
material suspended throughout the crys
tal lattice, which also underwent many 
internal strains because of the sudden 
reduction in temperature. The process 
brought about a "martensitic" transfor
mation in the steel. Unfortunately mar
tensitic steel is magnetically unstable. 
Its magnetization is easily altered by 
shock, vibration or even variations in 
temperature. Instability remains a dis
advantage in the vastly improved mar
tensitic alloys perfected in the 1920's by 
the Japanese metallurgist K. Honda. 

Recent years have seen the develop-
ment of an entirely new class of per

manent magnets. The theory underlying 
them was first stated by Neel, who found 
that a small enough particle of magnetic 
material cannot contain more than a sin
gle domain and thus cannot support any 
Bloch walls. In iron, he found, the criti
cal size was a diameter of roughly 
. 000002 centimeter. It has since been 
demonstrated that elongated single-do
main particles, when they are magnet
ized in the direction of their elongation, 
are magnetically extremely stable. 

The first, and still the most widely 
used, of these materials are the precipi
tation alloys, of which Alnico is prob
ably the best known. T. M ishima of Ja
pan invented the prototype and called 
it MK steel; its formula was approxi
mately Fe2NiAl. G. D. L. Horsburgh 

and F. W. Tetley of Britain further im
proved the alloy by adding cobalt and 
copper. Alnico magnets are fabricated in 
columnar form by pouring the molten 
alloy into a cylindrical mold with a cold 
bottom and hot walls. The upward freez
ing of the metal produces elongated par
ticles. At the same time the alloy decom
poses into a magnetic component rich in 
iron and cobalt and a nonmagnetic com
ponent rich in nickel and aluminum. 

Some ferrites with very large anisot
ropy have also proved to be good per
manent magnets. O ne of them, marketed 
by the Westinghouse Electric Corpora
tion under the name Westro, is made by 
aligning the individual crystals in pow
dered strontium ferrite, usually by means 
of a magnetic field, and then pressing 
and sintering the powder. This ceramic 
material has found many applications 
and has even been mixed with rubber to 
make Rexible magnets, such as gaskets 
for refrigerator doors. 

Another elongated, single-domain ma
terial is marketed by the General Elec
tric Company under the name Lodex. 
Iron alloyed with 30 or 35 percent co
balt is electrodeposited in mercury. The 
particles are removed from the mercury, 
coated with antimony and placed in 
a lead matrix that is then ground into a 
powder. Each grain of the powder is a 
tiny magnet. The softness of the lead 
matrix allows the material to be cold
pressed and stamped into unconvention
al shapes that find application in such 
dissimilar devices as speedometers and 
hearing aids. 

One application of magnetic materials 
calls for properties that lie halfway be
tween hard and soft. The magnetic
memory element in a digital computer 
must be hard enough to retain its for
ward or reverse magnetization-the 
states corresponding to 0 and 1 in the 
binary system-indefinitely on being 
stored. It must also be soft enough to 
switch states cleanly and rapidly when a 
small external field is applied in the 
course of information read-in or read
out. Tiny ferrite cores ' are being re
placed today by thin magnetic films in 
the in terest of faster switching. 

William Gilbert wrote in 1600 that it 
was "by good luck" that "smelters of 
iron or diggers of metal" had discovered 
magnetite perhaps as early as 800 B . C .  

Luck has played n o  less central a role 
in the development of the theories by 
which we explain magnetic properties. 
In recent years systematic application of 
these theories has begun to yield planned 
materials. The recipe still calls for a 
large measure of luck, however, and will 
no doubt continue to do so. 
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Take a long h a rd l ook : Loo k  at i t  th i s  way : A g reat  v a r i ety of p ro d u cts i s  tu rned o u t  by t h e  
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By usua l practice, huge, 
ore trucks would roa t up 
ramps out  of the pit, 
stru g g l e  over severa l 
mi les of winding road to 
the crusher p lant. S low, 
expensive hau lage-too 
costly for ore that 
averages only 1 5  pounds 
of copper per ton. 

So here at Cana nea, 
Sonora, Mexico, 
Anaconda came up with 
a new idea. Put g ravity 
to work at the start. 
Loaded ore trucks run 
o n ly i nside the pit, mai n ly 
downhi l l ,  to d u m p  their  
loads down this CD 500-foot shaft. 

@ At this point, ore handl ing costs 
have been cut 90 % .  Another margi n a l  
copper o r e  body has become a 
producing open-pit mine.  And a 
substa nti a l  addition has been made to 
the world's copper reserves. It's a nother 
exa mple of how Anaconda is consta n tly  
advancing the ski l l s  a n d  sciences 
involved i n  obtain ing vita l ly  needed 
metals  from the earth. The Anaconda 
Company, 25 Broadway, New York, 
N . Y. 1 0004. 

conveyer system ,  partly 
underground and partly on 
the su rface, speeds the ore 
to the sta rt of the ore 
processi ng l i n e. 
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Try keeping your  problems in  the fami ly. 

It  seems like the logical place t o  solve them. And 

Burroughs has just the family . . .  the "500 Systems" family. 

The B 2500 and B 3 5 00, the B 5 5 00, B 6500 and B 7 5 00, 

and the B 8 5 00-one of the biggest computer systems in the world. 

These systems were engineered to solve problems . Problems 

of materials .  Design. Transportation. Size. How many. 

How often, and so on. These are fast, eager, capable 

systems. For multiprocessing, on-line, 

time sharing and real-time operations. And nobody 

can match Burroughs success with automatic operating 

systems. The Burroughs family is a big one. 

Big enough to make sure you won't need 

to take your problems elsewhere. 

Burroughs 
DETROIT. MICHIGAN 48232 

2 3 7  
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FLUORESCENCE EFFECT can be produced in a normally clear 

crystal of sappbire (top) by subjecting tbe crystal to an intense 

beam of blue light from an argon gas laser (bottom). The red fluo. 

rescence is emitted by traces of excited impurity atoms of chro-

mium in the sapphire's crystal lattice. The unevenness of the red 

color indicates the nonuniform distribution of chromium atoms in 

the crystal. The highly collimated laser beam, which passes from 

right to left across bottom photograph, is invisible to the camera. 
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The Optical Properties of Materials 
The quantum-lnechanical interpretation of the spectroscopic 

characteristics of the elements has made possible a n�l1nber 

of technological advances such as the development of lasers 

B
efore the advent of quantum phys

ics one could give only very crude 
answers to such elementary ques

tions as: Why do materials have charac
teristic colors? Why do all materials glow 
when they are heated? What makes 
one material transparent and another 
opaque? 

We now know that all these optical 
properties are intimately related to the 
way electrons are deployed in a material. 
This article explains how the modern 
theory of quantum mechanics accounts 
for the optical properties of materials in 
terms of their electronic structure, and 
shows how this knowledge is being used 
in the development of new materials for 
optical applications. For historical as 
well as expository reasons I shall begin 
by describing the optical behavior of iso
lated atoms, such as one finds in a gas, 
and then proceed to show how this com
paratively simple picture is related to the 
complex many-body problem presented 
by a typical solid material. 

The insights of quantum mechanics 
have come in large part from spec

troscopy, which began more than 300 
years ago with the experiments of Isaac 
Newton. In his Opticks Newton wrote: 
"In a very dark Chamber, at a round 
Hole, about one third Part of an Inch 
broad, made in the Shut of a Window, I 
placed a Glass Prism, whereby the Beam 
of the Sun's Light, which came in at that 
Hole, might be refracted upwards 
toward the opposite Wall of the Cham
ber, and there form a colour'd Image of 
the Sun." It was this experiment that led 
Newton to discover that his observed 
solar spectrum did not originate in the 
glass prism but was a property of the 
sunlight itself. The prism merely re
fracted the different colors at different 
angles. This simple arrangement was the 
first spectroscope, and Newton's experi-

by Ali Javan 

ment marked the first application of 
spectroscopy to the study of the interac
tion of light and matter. 

It is now common knowledge that the 
colors observed by Newton correspond 
to electromagnetic waves of various fre
quencies, each with a specified wave
length: the higher the frequency, the 
shorter the wavelength, and vice versa. 
For example, the frequency of visible 
light extends from about 4,300 to 10,000 
trillion cycles per second, corresponding 
to wavelengths of about 7,700 to 3,900 
angstrom units (ten-billionths of a me
ter). The angle of refraction of a pm·ticu
lar colored ray through a piece of glass 
is a unique function of its wavelength: 
the shorter the wavelength, the larger 
the angle of refraction. Although New
ton did not advocate a wave theory of 
light, he described the various colors by 
their "degree of refrangibility" as they 
passed the prism of his spectroscope. 

A great deal of useful information is 
contained in the characteristic spectra 
associated with the various species and 
states of matter. Indeed, one might say 
that matter communicates with us by 
means of the spectrum of light that it 
emits and with which it interacts. Con
sider the visible spectrum of the sun as 
seen through Newton's prism. The domi
nant feature of the solar spectrum is a 
color continuum extending over the en
tire visible range from red to violet. The 
distribution of intensity among these 
colors is governed by the temperature 
of the emitting surface of the sun. The 
particular color combination that ap
pears to us as white sunlight indicates a 
surface temperature of about 6,000 de
grees centigrade. 

In fact, at a given temperature all hot 
bodies, regardless of their composition, 
emit a continuous spectrum of rays with 
an identical distribution of intensity. As 
the temperature of the body is increased, 

this distribution changes: the color being 
emitted at maximum intensity shifts 
toward the violet end of the spectrum. 
Thus stars that have higher surface tem
peratures than the sun appear blue 
against the night sky. Similarly, as the 
filament of an incandescent electric light 
bulb is gradually heated, its dominant 
color changes from an initial dull red to 
a bright yellowish white. 

If Newton had made a very narrow 
slit instead of a hole in the "shut" of his 
window, he would probably have dis
covered that his solar spectrum also con
tained a sprinkling of narrow, dark lines. 
A century passed, however, before these 
delicate features came to the attention 
of Joseph von Fraunhofer, a German 
master of optical devices. Fraunhofer 
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ENERGY·LEVEL DIAGRAM of an isolated 

chromium atom shows how the red fluores· 

cence effect originates in a clear sapphire. 

The chromium atom ahsorhs a photon of 

blue light, causing an electron in the atom to 

be excited from its ground state to a broad 

upper absorption level. A nonradiath'e proc· 

ess involving an exchange of energy with 

the crystal lattice then causes the electron to 

decay to a lower metastable energy state, 

from which it decays spontaneously to the 

ground state, emitting a photon of red light. 

239 

© 1967 SCIENTIFIC AMERICAN, INC



• 
1s 

2s 

2p 

3s 

VALENCE 
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SODIUM ATOM has 11 electrons, one of which-the valence electron-occupies the atom's 

Ollter boundary and is responsible for the chemical behavior of sodium as an alkali metal. 

The distinct (IUantum states of this single valence electron are also responsible for the opti· 

cal properties of an isolated sodium atom. The rest of the electrons form closed inner shells 

and are tightly bound to the nucleus. In spectrographic terminology the electron shells of 

the elements are designated 1, 2, 3, 4, 5 and so on. The subshells are designated s, p, d and f. 

mapped hundreds of these dark lines, 
lettering eight of the most prominent A 
through II. Another 50 years passed be
fore Fraunhofer's work led to the excit
ing discovery that many elements found 
on the earth also exist on the sun. It then 
became clear that the Fraunhofer lines 
were caused by the passage of solar rays 
through the sun's outer atmosphere. Lay
ers of gas in this atmosphere contain 
isolated atoms of certain elements, which 
characteristically absorb the sun's rays 
only at sharp and well-defined wave
lengths. For example, a pair of closely 
spaced dark lines in the yellow region 
of the solar spectrum-Fraunhofer's D 
lines-are due to the absorption of sun
light by sodium atoms. 

The absorption lines of sodium and 
other elements can be reproduced in the 
laboratory by means of a simple absorp
tion spectroscope. When one view.s an 
ordinary incandescent lamp through a 
prism spectroscope with a narrow slit, 
one sees a continuous spectrum of color 
extending from red to blue. Now, if one 
places a flame containing sodium atoms 
between the lamp and the slit, the con
tinuous spectrum is altered in the yellow 
region, where the Fraunhofer D lines 
are located. In fact, the intensity of the 
light is diminished by an appreciable 
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amount precisely at the wavelengths of 
the two D lines. This reduction in in
tensity is caused by the absorption of 
light by the sodium atoms in the Hame. 
An element that strongly absorbs an inci
dent light ray at a definite wavelength 
may become entirely transparent at a 
slightly different wavelength. The width 
of such an absorption line is defined by 
the range of wavelengths within which 
strong absorption takes place. 

The existence of characteristic absorp-
tion lines is an important aspect of 

the optical properties of matter in all 
three of its states: gas, liquid and solid. 
Isolated atoms or molecules in a gas at 
moderate pressure yield sharp, narrow 
absorption lines, which become some
what broader as the pressure is raised. 
In liquids and solids these absorption 
lines become very broad, in some cases 
encompassing sizable regions of the vis
ible spectrum. Thus red glass exam
ined through an absorption spectroscope 
shows a strong absorption band covering 
the green and blue regions and leaving 
the red region transparent, whereas blue 
glass shows a strong absorption band in 
the red and yellow regions and is trans
parent in the blue region. A completely 
transparent glass of course shows no ab-

sorption bands in the visible region of 
the spectrum. 

The absorption characteristics of ma
terials are not restricted to the visible re
gion of the spectrum. A crystal transpar
ent to visible light may be completely 
opaque in the infrared and ultraviolet 
regions. Metals, on the other hand, re
Hect visible light and hence are opaque 
in this region, but they are often trans
parent at short ultraviolet wavelengths. 

Simultaneous with the discovery that 
elements have characteristic absorption 
lines, it was found that elements are also 
capable of emitting characteristic radia
tion at well-defined wavelengths. These 
emission lines were first observed in 
flames and later in electrically excited 
gases. In recent years they have also 
been produced by electrically or optical
ly excited impurity atoms in certain sol
ids, a situation that is quite similar to 
that in a gas. \\Then the spectra of such 
light sources are analyzed in a prism 
spectroscope, a series of sharp bright 
lines is obtained. The wavelengths of the 
emission lines for a particular element 
coincide exactly with that element's 
characteristic absorption lines. Sodium, 
for example, which strongly absorbs at 
the Fraunhofer D lines, also emits radia
tion at these wavelengths. 

During the 1850's it was further rec
ognized that some of an element's emis
sion lines could be strongly "reabsorbed" 
by the same element. A related optical 
property has been added to this list in 
our own century. Under appropriate 
conditions matter is capable of amplify
ing instead of absorbing an incident light 
ray. This property-the basis of the mod
ern laser-will be discussed later in this 
artick. 

Toward the end of the 19th century 
there was collected a vast body of data 
on the precise wavelengths of the absorp
tion and emission lines in the spectra of 
a great many elements. Moreover, curi
ous regularities were recognized in some 
of these spectra. The interpretation of 
these regularities became a major chal
lenge of the time. The precision with 
which the spectral lines were charted 
provided one of the keys to quantum 
mechanics-the ultimate interpretation 
of the optical properties of matter. 

In the initial formulation of quantum 
mechanics hydrogen played a deci

sive role. Its simple atomic structure of 
one electron bound to one proton pro
duced a line spectrum that revealed the 
quantum nature of an atom's electronic 
structure in its barest essentials. These 
laws were then generalized and applied 
to the optical properties of more com-
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plex atoms containing many electrons 
and finally to atoms in the liquid and the 
solid states. 

In their present form the laws of quan
tum mechanics in principle embrace all 
the optical properties of gases, liquids 
and solids. The mathematical manipula-. 
tion of these laws becomes exceedingly 
intricate, however, when one is dealing 
with many-body interactions, particu
larly in solids. For the purposes of this 
article, therefore, the hydrogen atom 
will serve as a starting point for further 
generalization about more complex sys
tems. 

The hydrogen atom can be described 
in quantum-mechanical terms as an elec
tron "cloud" surrounding a single proton 
nucleus, the volume of the cloud being 
much larger than that of the nucleus. 
Although the electron behaves in some 
respects as a pointlike particle with a 
definite charge and mass, in other re
spects its position can be regarded as 
being spread over an extended volume 
whose size and shape depend on the 
electron's motion. The density of this 
cloud at each point around the nucleus 
represents the probability of finding the 
electron at that point. The total internal 
energy of the atom is uniquely deter
mined by the configuration of the elec
tron cloud, and the configuration is in 
turn is governed by the wavelike behav
ior of the electron. 

An atom can exist in only one of a 
number of quantized energy states, each 
state corresponding to an electron cloud 
of a different size or shape. Accordingly 
an atom can change its energy only in 
distinct quantized steps, each step a 
transition from one energy state to an
other. The various states, arranged in 
order of increasing energy, constitute the 
energy-level diagram of the atom. 

Atoms that have more than one elec
tron can be similarly described. In that 
case, however, the different electrons oc
cupy different quantum states, and the 
internal energy arises from electron-elec
tron interactions as well as from electron
nucleus interactions. Most of the chemi
cal and optical properties of an atom are 
determined by the quantum states of its 
valence electrons, which occupy the 
atom's outer boundary. The rest of the 
electrons form closed inner shells and 
are tightly bound to the nucleus. An 
atom of sodium, for example, has 1 1  
electl"ons, one of which i s  the valence 
electron responsible for the chemical be
havior of sodium as an alkali metal [see 
illustration on opposite page]. The dis
tinct energies associated with the various 
quantum states of this single valence 
electron are responsible for the optical 
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DISTANCE BETWEEN ATOMS (ANGSTROM UNITS) 

QUANTUM STATES OF SOLID SODIUM can be traced back to their origin as energy 

levels in the isolated sodium atom. This is done by assuming that the atoms of the solid are 

arranged on a fictitious crystal lattice with interatomic separations many times larger (right) 

than those found in the actual solid. As the interatomic separation is gradually reduced 

toward the value corresponding to that for the actual crystal lattice of sodium (broken ver

tical line), the energy levels of the atoms split into broad bands (left). The overlapping of 

the various bands in metals is responsible for their distinctive optical properties, such as 

color and opacity. Only the 3s (color) and 3p (gray) bands of sodium are shown here. 
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DIFFUSION OF COLOR CENTERS in a normally clear crystal of 

potassium chloride is demonstrated in this apparatus devised by 

R. 1. Wild of the University of California at Riverside. The trans

parent crystal contains an equal number of positive and negative 

vacant lattice sites. A color center is an electron in one of the nega

tive vacant lattice sites that is capable of absorbing light in the 

visible region of the spectrum. The extra electrons are injected 

into the crystal by means of a pointed stainless·steel electrode. A 
voltage of about 300 volts is applied to this electrode. The crys

tal and the electrodes are located in an oven maintained at about 

550 degrees centigrade. At this temperature the color centers appear 

deep blue; at room temperature they would be purple. The inter· 

val between pictures in this sequence is about one second. The 

crystal is about 10 millimeters square and three millimeters thick. 

properties of isolated sodium atoms in 
the gaseous phase. 

There are several ways of looking at 
the system of quantum states in a solid. 
One of these views-the energy-band 
model-traces the quantum states of the 
solid back to their origin in the isolated 
atom. This is done by assuming that the 
atoms of a given solid are perfectly ar
ranged on a fictitious crystal lattice with 
interatomic separations many times 
larger than those found in an actual solid. 
The quantized states of this fictitious 
solid are simply duplicates of the states 
of an isolated atom that undergoes neg
ligible interactions with its neighbors. As 
the interatomic separation is gradually 
reduced toward the value corresponding 
to that for an actual crystal lattice, how
ever, the energy levels of the atoms split 
into broad bands [see bottom illustration 
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on preceding page]. This splitting occurs 
when the valence electron clouds of ad
jacent atoms begin to overlap appreci
ably, giving rise to strong interactions 
among the atoms. The overlapping of 
the various bands in metals is at the root 
of both their electrical conductivity and 
their distinctive optical properties, in
cluding such absorption characteristics 
as color and opacity. On the other hand, 
in an insulator such as sodium chloride 
or calcium fluoride the valence electrons 
occupy nonoverlapping bands and the 
crystals are generally transparent. 

In addition there exist a variety of col
ored materials that derive their optical 
properties from the quantum states of 
impurity atoms embedded in the crystal 
lattice of an otherwise transparent solid. 
The width of the energy level of the im
purity atom depends on the extent of its 

interaction with the host lattice. For a 
strongly interacting state the level is 
broad and forms a band similar to that 
of a pure solid; otherwise the level is 
narrow and resembles that of an isolated 
atom. For example, sapphire is a trans
parent ionic crystal consisting of alumi
num oxide with traces of titanium and 
chromium, whereas ruby has the identi
cal composition but with a few percent 
of the chromium. The absorption spec
trum of a ruby shows wide absorption 
bands in the blue region, resulting in the 
ruby's characteristic pink color. The 
chromium ions, which substitute for alu
minum ions in the crystal lattice of the 
ruby, are solely responsible for this ab
sorption spectrum. The width of the 
bands shows that the chromium atom in
teracts quite strongly with the lattice. 

A closely associated substitution can 
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take place in certain ionic crystals such 
as potassium chloride. In this case miss
ing chlorine atoms in the crystal lattice 
are replaced by free electrons, creating 
"color centers" with a characteristic ab
sorption spectrum that gives the normal
ly transparent crystal a purple or blue 
color depending on the temperature. 

When an atom is in its lowest energy 
state, it prefers to stay there for an 

indefinite time unless it is disturbed by 
some external means. Such a disturbance 
can take the form of a collision with an 
external electron, causing the atom to be 
excited suddenly to a higher energy 
state. Once the atom is in an excited 
state, it tends to decay spontaneously to 
a lower energy level. The decay is ac
companied by the emission of a light 
wave at a frequency that is uniquely and 
universally proportional to the change 
in the energy of the atom. This universal 
relation of energy change to frequency 
defines a resonance frequency for each 
pair of levels. In fact, whenever a spon
taneous transition from a higher to a 
lower level occurs, an electron in the 
atom exhibits a decaying oscillatory mo
tion at the resonance frequency of the 
corresponding pair of levels. The oscil
lation, in turn, is responsible for the light 
wave radiated at that frequency. When 
the emission ends, the emitted energy in 
the light wave precisely equals the 
change in energy of the atom. Thus the 
energy in the emitted light wave is also 
universally related to the frequency of 
that wave. Here the quantized nature of 
the atom goes hand in hand with the 
quantized state of the radiation field; 
one photon, or quantum of light, is emit
ted when one atomic transition occurs. 
The laws of quantum mechanics make it 
possible to calculate exactly the proba
bility of spontaneous emission from one 
level to a lower one. The probability is 
high for some pairs of levels and exceed
ingly low for others. 

In brief, the quantum states of an 
atom are defined by a set of energy lev
els, with a resonance frequency associat
ed with each pair. An atom can decay 
with a predictable probability from a 
higher to a lower level by spontaneously 
emitting a photon at the corresponding 
resonance frequency. It must be empha
sized that the exact energies of an atom's 
quantized states are predictable theoreti
cally; one merely needs to know the 
number of electrons in the atom and the 
nature of its nucleus. The rest follows 
from the universal laws of the interac
tions of the electrons with the nucleus 
and with other electrons. 

The emission line spectra of isolated 
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atoms can now be interpreted in terms 
of this quantum-mechanical picture. For 
instance, the energy-level diagram of a 
sodium atom contains two closely spaced 
levels immediately above its lowest en
ergy state. The spontaneous transitions 
from these two levels to the lowest en
ergy state are responsible for the emis
sions at the two closely spaced Fraun
hofer D lines. Precise measurements of 
the difference in wavelength between 
these two lines reflect the difference in 
energy between the two excited levels. 
This "level-splitting" is a manifestation 
of an important property of the electron 
known as spin. In a crude sense an elec
tron can be visualized as a spinning en
tity with a fixed angular momentum. In 
the more sophisticated theory the elec
tron spin and its resulting interaction are 
shown to be necessary consequences of 
the laws of quantum mechanics when 
they are formulated in a manner con
sistent with the theory of relativity. 
These fundamental insights have all 
emerged from delicate experimental ob
servations of the optical line spectra of 
the elements. 

The structural detail of an atomic nu
cleus introduces additional minute fea
tures in the energy-level structure of an 
atom; these generally appear as further 
level-splittings or small energy shifts. 
The study of these effects in optical emis
sion-line spectra has yielded a wealth of 
information about atomic nuclei, includ
ing their size, charge distribution and 
spinning behavior. 

�t us turn now to the interaction of an 
isolated atom with an incident light 

wave. This interaction is particularly 
strong if the wavelength of the incident 
light is close to that of one of the atom's 
emission lines. In other words, strong in
teraction occurs when the incident light 
frequency is near or at the resonance 
frequency of a given pair of energy lev
els. vVhen the atom is found in the lower 
level, it undergoes a transition to the up
per level by absorbing energy from the 
incident light ray. The amount of ab
sorbed energy is exactly the amount 
gained by the atom. The opposite hap
pens when the atom is found in the 
upper level: the atom decays to the lower 
level by giving its energy change to the 
incident light wave. The latter process 
is an emission act induced by the applied 
field and drastically different from the 
spontaneous emission described above. 
In the induced emission the emitted light 
wave cannot be distinguished from the 
incident light. Spontaneous emission, 
however, is independent of an incident 
light ray and generally occurs isotropic-

Boron-Aluminum! (fig. 1) has been shown to exhibit higher specific strength than 
any other material between room temperature and 1000°F. This material with a 
modulus of 30 x 106 psi exhibits a fatigue endurance limit of 70,000 psi in flexure. 

Unidirectionally solidified Cb-Cb2C (fig. 2) containing 30 via whiskers has a 
higher specific strength than any columbium alloy2. Eutectic whiskers composites 
exhibit excellent stability at elevated temperatures3• 

1. K. Kreider and G. leverant. Proc. 10th SAMPE Symposium, San Diego. Nov. 1966, pp Fl-F9. 

2. E. lemkey and M. Salkind, J. Phys. Chem. Solids Suppl. Crystal Growth, Pergamon Press, Oxford, 
1967, pp. 171-177. 
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(fig. 1) 

3. B. Bayles, J. Ford, and M. Sal kind. Trans. Met. Soc. 

AIME. Vol. 239, 1967, pp. 844-849. 
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(fig, 2) 
United Aircraft Research Laboratories has pioneered in the development of 
fabricated boron filament reinforced aluminum and unidirectionally solidified 
eutectic whisker composites. We are currently seeking qualified engineers and 
scientists who can conduct original research in materials as well as many 
other fields. For more information, send your resume to W. F. Hecht, United 
Aircraft Research Laboratories, East Hartford, Conn. 06108 • • •  an equal 
opportunity employer. 
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ally-the emission probability is the same 
in any direction in space. 

The induced emission probability, 
which is proportional to the intensity of 
the incident light, is exactly identical 
with the probability of the absorption 
process of an atom initially found in the 
lower level. An induced emission, how
ever, must compete with the act of spon
taneous emission, and at a low intensity 
spontaneous emission may predominate. 
Finally, the induced emission (or ab
sorption) probability diminishes consid
erably if the frequency of the incident 
radiation is appreciably different from 
the resonance frequency of the atomic 
transition. 

Induced emission by atoms in the up
per level enhances the incident light, 
whereas absorption by atoms in the low
er level attenuates it. Accordingly when 
the average number of atoms in the low
er level exceeds that in the upper one, 
the absorbing transitions would prevail 
and a total attenuation of the light wave 
would result. The reverse process, called 
population inversion, occurs if the aver
age number of atoms in the upper level is 
larger than the number in the lower
the incident light is then amplified as it 
passes through the medium. This kind 
of amplification, "light amplification by 
stimulated emission of radiation," is the 
underlying principle of the laser. 

There exist a host of nonradiative 
processes that also cause transitions 
among atomic energy levels. These play 
an important role in determining the av
erage number of atoms in each level and 
therefore establish the main absorption 
and emission characteristics of an en
semble of atoms. For instance, the im
pact of a free electron with an atom or 
the collision of two or more atoms can in
duce transitions among various atomic 
energy states without requiring either 
the emission or the absorption of a light 
wave. In such cases the quantized 
change in the internal energies of the 
atoms is determined by the kinetic ener
gies of the collision partners. 

For matter in thermal equilibrium the 
exact number of atoms in each level is 

uniquely determined by the temperature 
of the system. It is a general property of 
this thermal distribution that the average 
number of atoms in a lower level is al
ways larger than that in an upper one. 
Because of this, matter in thermal eClui
librium always attenuates an incid�nt 
radiation at a frequency on or very near 
any atomic resonance frequency. 

. 
A broad class of systcms exist that, 

though in a steady state, are not in ther
mal equilibrium and therefore cannot be 

descrihed in terms of temperature. Most 
of the universe is composed of such non
thermal systems. In these cases the aver
age numher of atoms may be larger in a 
lower or an upper level, depending on 
their excitations and decays. These sys
tems allow amplification of an incident 
radiation when an upper level is more 
populated than the lower one. 

Consider an ordinary neon lamp, es
sentially a glass tube filled with neon gas 
at low pressure. An electric voltage ap
plied across a pair of electrodes at oppo
site ends of the tube causes the ion
ization of a small fraction of the neon 
atoms. This results in a stream of free 
electrons-an electric current-passing 
through the tube. The electrons collide 
with neon atoms and excite them into 
higher energy levels. The spontaneous 
emission from the various excited levels 
is responsible for the color of the lamp. 

In such an electrically excited gaseous 
discharge the atomic population distri
bution is completely nonthermaL Under 
the proper conditions it could allow 
population inversion among some level 
pairs and amplification of light waves at 
the corresponding resonance frequen
cies. It was an oversight in scientific his
tory that this possibility passed unrecog
nized in the late 1920's, since by that 
time quantum mechanics had success
fully formulated the principles of in
duced emission and absorption of light, 
and the excitation processes in electrical
ly excited gas discharges were also fairly 
well explored. All the necessary theOl'eti
cal and technical information for the 
achievement of light amplification in 
an electrically excited gas was close at 
hand. However, physicists of the time 
were so preoccupied with the emission 
and absorption line spectra and the char
acteristics of matter in thermal equilibri
um that they missed this exciting possi
bility. Thus laser amplification, based on 
the principle of population inversion in 
a gas discharge, was achieved some 30 
years late. 

A medium capable of a sufficient light 
amplification becomes unstable if it is 
placed between a pair of parallel mirrors. 
The light wave, propagating at right 
angles to the mirrors, will be reflected 
back and forth and enormously ampli
fied by the medium. This process can be 
initially triggered by the spontaneous 
emission of a Jigh t ray in the amplifying 
medium itself. Output coupling can be 
provided by allowing a small beam of 
light to be transmitted through the sur
face of a mirror. This system, commonly 
called the laser, generates an intense di
rectional light with a minute frequency 
spread. Several general types of laser 
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"It  seems good for phi losophers to move to fresh ways a n d  systems; good for them 

to a l low neither the voice of the detractor, nor the wei ght of ancient culture, nor 

the fu l l ness of a uthority, to deter those who wou l d  declare their own views. I n  

that w a y  each age prod uces its own crop o f  new a uthors a n d  new a rts • • •  " 

Fernel,  

1 6th Century 

Sim plest Switch ever made by man is a n  
active th in film of  OVONIC semicond uctor 

material vacuum deposited between two 
wires. Osci lloscope trace shows inherently 
symmetrical E-I characteristic. Switching 
speed i s  less than 1 50 picoseconds. 

o 
@�@ [N!] D ©  

B U LK- E F F ECT S E M I CO N D U CTO R S * 
YOU 'VE  S E E N  d rawi n g s  of c ryst a l  l att i ce 
st r u ctu res l i ke t h i s  befo r e .  Over t h e  past 
20 y e a r s  t h ey ' v e  beco m e  the c l a s s i c  way of 
i l l u strat i n g  t h e  b a s i c  p recepts of p rese nt
d ay so l i d  state p hy s i c s  a n d  s e m i co n d u ctor 
tech n o l og y .  I n fact,  t h e  t h e o r i e s  and m ate
r i a l s  represe nted are so w i d e ly known now 
that m o st sci e n t i sts h ave co m e  to a s s u m e  

t h a t  p e r i o d i c i ty,  contro l l e d  d i ff u s i o n  of i m p u r i ty ato m s  i n  h i g h  
p u r i ty crysta l s ,  a n d  rect i fy i n g  p - n  j u n ct i o n s a r e  t h e  fu n d a m enta l 
b a s i s  for s e m i co n d u ct i o n  a n d  s o l i d  state swi tch i n g .  

T h a t  m a y  h a ve b e e n  a fa i r  a s s u m pti o n  o n c e .  B u t  i t ' s  not a n y  m o r e .  
For t h e  p a st seve n years ,  we at ECD h a v e  b e e n  " m ovi n g  to n e w  
w a y s  a n d  syste m s "  for sol i d  state co ntrol  of e l ect r i c i ty .  W e ' v e  
ta k e n  s o m e  com m o n  e l e m e n t s- m i xed a n d  m e lted t h e m  i n  a 
v a r i ety of co m po s i t i o n s - a n d  c o m e  u p  w i t h  a w h o l e  n e w  fa m i l y of 
s e m i co n d u ct i n g  d ev i c e s  h a v i n g  m a ny u n i q u e  c h a racte r i st i cs : 

F i rst, t h e y ' r e  m a d e  of OYO N I C  se m i co n d u cti n g  g l a s s- i n o rg a n i c  
a m o r p h o u s  m ater i a l s  t h a t  n e e d  n ot h ave p e r i o d i c i ty o r  i m p u r i t i es ,  
and t h a t  a re n ot d e p e n d e n t  upon p- n j u n ct i o n s  for t h e i r  so l i d  state 

switc h i n g  acti o n .  W h a t ' s  mor e,  b e i n g  h o m og e n e o u s  pol y m e r i c  
m a t e r i a l s , t h ey ca n b e  p rocessed m u ch l i ke p l a st i cs- ext r u d ed , 
hot pressed a n d  s p u n ,  or a p p l i ed as t h i c k  or t h i n  f i l m s  by vacu u m  
d e po s i t i o n  a n d  ot h e r  l ow-cost batch fa b r i ca t i o n  tech n i q u e s .  

R eg a rd i n g e l e ct r i ca l  c h a racte r i st i cs,  bYO N I C  b u l k-effect s e m i 
co n d u ctors a re i n h e r e n t l y  sy m m et r i c a l  w i t h  res pect to c u r r e n t  
f l ow.  T h ey r e s p o n d  i d e n t i ca l l y to b o t h  p o l a r i t i e s ;  swi tch i n g s p e e d  
i s  l e ss t h a n  1 50 p i coseco n d s  ( 1 0 - 1 2 sec.) ; a n d  con d u ct i o n  occ u rs 
as a ca r r i e r  m u l t i p l i cat i o n  effect th ro ug h o u t  t h e  m a t e r i a l .  I n  
a d d i t i o n ,  t h ey ca n to l e rate l eve l s  o f  X- ray a n d  f a st n e utron ra d i a
t i o n  seve ra l  o r d e r s  of m a g n i t u d e  h i g h e r  t h a n  p· n j u n ct i o n  d ev i ce s  
w i t h o u t  t ra n s i e nt or  p e r m a n e n t  effect o n  t h e i r p e rfo r m a n ce .  

S t a t e  of t h e  a rt :  A t  t h e  p r e s e n t  t i m e  we' re p rod u c i n g  OYO N I C  
T h re s h o l d  S w i tch e s  a s  d i screte co m po n e nts for  u s e  i n  a w i d e  
ra n g e  o f  a p p l i cat i o n s.  Fo r exa m p l e : T h ey ca n p e rfo r m  a l l  c i rc u i t  
f u n ct i o n s  i n  d i g i ta l co m p u ters,  g e n erate a n d  switch m i crowaves, 
control  e l ectro l u m i n e sce nt d i s p l ays,  a m p l i fy a n a log s i g n a l s  by 
p u l se w i d t h  mod u l a t i o n  tech n i q u e s .  W e ' re a l so d eve l o p i n g  m a ss 
a r rays and large sca l e  a l l  f i l m  i n teg rated c i rcu i t s- p l u s  u n i q u e  
n o n · v o l a t i l e  m e m o ry d evi ces a n d  s e n sor  a m p l i f i e rs .  

I f  you h a v e  a p p l icatio n s  for OVO N I C  B u l k- Effect Semico n d u ctors,  w e ' d  l i ke to d i scuss t h e m  w i t h  y o u .  Write o r  ca l l :  
Career opportun it ies are now open i n  th is  
new f ie ld of aVON I e  physics and  techno logy. 
I f you wou ld  like to take part i n  c h a n g i n g  
the structure o f  So l i d  State, s e nd  resume. 

E n e r gy C o nv e r s i o n  D evi c e s ,  I n c. 
1 6 7 5  W. M a p l e  R o a d . T r oy, M i c h i g a n  48084 • T e l e p h o n e  3 1 3 / 5 4 9 - 7300 

A n  Equal  Opportu n i ty E m p l oyer 
"'Covered by U n ited States and Fore i g n  Patents - i ssued and p e n d i n g .  ©E.C.D.  
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TRW 
IS an enVIronment 
where things happen 

From Los Angeles to Washington, 
D . C .  and around the world, look 
for ach ievement where you find 
TRW. 
Ta k e  a l oo k  a t  o u r  b u i l d i n gs a n d  
laboratories i n  los Angeles.  Add our 
modern fac i l it ies i n  San Bernard ino,  
H ousto n ,  Cape K e n n e d y  and Wa s h 
i ngto n ,  D.  C.  With i n  these fac i l it ies, 
and t h rough the combined efforts of 
m o re t h a n  1 3 ,0 0 0  peo p l e  w o rk i n g  
toge t h e r, T R W  Syste m s  G r o u p  h a s  
bu i l t  more k i n d s  of spacecraft than 
any other U .  S.  man ufacturer, a n d  has 
partici pated i n  9 out of 1 0  U .  S. space 
lau nches.  We' re worki n g  on re·entry 
vehic les a n d  bio-orga n i c  compounds,  
b u i l d i ng low thrust rockets and geo
physical sate l l ites. There's more to us 
t h a n  b u i l d i n g s. T h e re's  a c t i v i ty,  
enthusiasm, professional ism . . .  peo
ple.  In th is  environment,  people f i n d  
it  easy t o  make thi ngs happen. 

Are you the k ind of person who l i kes to 
make thi ngs happen? Drop a l ine (and 
a res u m e) today to J a m e s  G. lacy, 
Professional  Placement,  Room 150- 1 ,  
T R W  S y s t e m s  G ro u p, O n e  S p a c e  
P a r k ,  R e d o n d o  B e a c h ,  C a l i f o r n i a  
90278. TRW i s  a n  equal  opportun ity 
employer. 

We need men and women i n : 
C o m p u t e r  S c i e n c e s  / A n a l y t i c a l  
Research / C h e m i stry / Aerosc i ences 
/ I nform at ion System s  / Com m u n ica
t i o n s  / D i g i ta l  S yste m s  / E l ectro n i c  
Warfa re / Prod uct Engi neer i n g  / Aero
space G rou nd Eq u i pment  / G u i d a nce 
& Contro l / Sensor Syste m s  / M icro
e l ectron i cs / M a n ufactu r i ng Engi neer
i ng / E l ectr ic Power / Ad m i n i strati o n  
/ S pace Ve h ic l e  Des i g n  / M ec h a n i c a l  
E n g i  n e e r i  ng/Prod uct Ass u ra nce/ I nte
grat ion & Test / System s  Engi nee r i ng.  

TRW 
TR W (formerly Thompson Ramo Wooldridge) is 
60,000 people at  200 locations around the world, 
who are applying advanced technology in space, 
defense, a u to m o t i ve, a ircra ft, electronics a n d  
industrial markets. 
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exist, each of them using a different 
method to prepare level pairs with in
verted populations. Among the major 
types are gas-discharge lasers, chemical 
lasers, semiconducting-diode lasers and 
homogeneous optically pumped liquid 
and solid-state lasers. These devices, use
ful in many practical applications, have 
also provided a new tool for research 
into the nature of matter. 

Consider now an atom in its lowest 
energy level interacting weakly with 

a light ray whose energy does not corre
spond to the separation of any upper 
level from the ground state. It is no 
longer appropriate to describe this inter
action in terms of absorption and emis
sion accompanying a real atomic transi
tion, since the frequency of the light is 
appreciably different from the reso
nances of atomic transitions. Actually 
the atom serves to weakly scatter the in
cident light in all directions while essen
tially remaining in its unperturbed en
ergy state. The incident radiation will 
force an atomic electron to oscillate at 
the frequency of the light wave itself; 
the electron, in turn, radiates the scat
tered light wave in all directions at its 
oscillating frequency. The intensity of 
the reemitted light is generally a func
tion of the incident light frequency and 
the proximity of this frequency to vari
ous atomic resonances. 

vVhen a collection of atoms is subject
ed to such an incident light wave, the 
atoms' reemitted waves interfere with 
one another. The propagation pattern of 
the resultant sum of the reradiated light 
waves depends on the density and spa
tial distribution of the scattering atoms. 
This effect is responsible for the index 
of refraction of a transparent material, 
giving rise to the reflection and refrac
tion of light. The reflection of an incident 
light by a transparent solid with a uni
form density comes from the superposi
tion of reemitted light waves by atoms at 
the surface boundary of the medium. 
The refracted light ray results from this 
superposition of reemitted light by atoms 
in the bulk of the solid. 

In metals the reradiation at the bound
ary interface is so strong that most of the 
incident radiation is reflected over a 
wide range of the spectrum. This phe
nomenon differs, however, from the par
tial reflection of light at the boundary of 
a transparent dielectric crystal. The con
duction electrons in metal behave collec
tively as a highly dense plasma, and 
cause total reflection of long-wavelength 
incident light; at shorter wavelengths 
there is partial transmission. Cold, for 

example, reflects red and yellow light 
strongly but allows some penetration by 
green rays, which are then completely 
absorbed within a small thickness of the 
bulk of the metal. Silver, on the other 
hand, reflects strongly over most of the 
visible spectrum but allows considerable 
transmission in the ultraviolet [ see bot
tom illllstration on page 244]. 

There are in addition a number of 
light-scattering processes in which an in
cident ray at one frequency is absorbed 
by an atom and then reemitted at an en
tirely different frequency. When the ab
sorption and reemission occur simul
taneously as part of a single transition, 
the phenomenon is called the Raman 
effect. Here the difference in frequency 
between the two light waves must ex
actly equal a resonance frequency be
tween a pair of atomic levels; the indi
vidual light frequencies, however, are 
not required to be near any of the atomic 
resonances. Raman scattering, which 
can take place in gases, liquids or solids, 
is usually weak unless the intensity of the 
incident light is very high. 

Light absorption at one frequency 
and light emission at another frequency 
can also take place in two separate steps. 
An incident ray at the resonance fre
quency of a pair of levels is first absorbed 
in the usual way, causing an atomic 
transition from a lower level to an upper 
one. After a certain delay the atom spon
taneously undergoes a transition involv
ing a third level, emitting a light ray at 
the appropriate frequency. In some 
cases the delay may be as short as a 
microsecond or less, in which case the 
phenomenon is called fluorescence. In 
other cases the delay can be for seconds 
or even days, allowing the emitted light 
to be observed after the incident light is 
turned off; this phenomenon is called 
phosphorescence. 

The absorption and emission character-
istics of matter outlined in this article 

of course extend far beyond the visible 
region of the electromagnetic spectrum. 
On the long-wavelength side there are 
the infrared, far-infrared, microwave and 
radio-wave regions, and on the short
wavelength side the ultraviolet, X-ray 
and gamma-ray regions. The optical 
properties of materials in all these re
gions are similar to those in the visible 
region in their basic relation to the quan
tum-mechanical interactions of electrons, 
but they are vastly different in detail. In 
these ranges spectroscopy requires a di
versity of experimental techniques, rang
ing from Newton's prism to radio-wave 
and gamma-ray spectrometers. 
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M E SSAG E F R O M  T H E O C EA N O G R A P H I C  C A P I TA L  O F  T H E WO R LD . . .  

Look again-perhaps your company's new 
prosperity lies j ust beyond the breakers, 
there in those unexplored blue acres beyond 
the ten-fathom mark. 

I n  many an industry today, the fabulous 
possibilities of the si lent world are j ust beginning 
to emerge. An unexplored continent lies at our  
feet. I ts  known riches are of an immen sity 
never imagined by Pizzaro or Cortez. 

So-if your gaze is  seaward , you should plant 
your feet firmly in Florida. 

Here in Florida more is known . . .  and more is  
being done about the burgeoning science of 
oceanography than in any other place in the world . 

Its universities are turning out a large percentage 
of the graduates active in the field . Its sophisticated 
industries and specialized laboratories offer you 
facilities only matched by the variety of the 
waters that l ie off Florida' s coast l ine.  

Florida is  determined to lead the world in 
Oceanography. Perhaps you would like to discuss 
the part your company might play in this new 
world-with the men who are making it. 
Write : James S. Cullison II, Manager, Department 
of M arine Science and Technology. Better yet, 
give him a call at (904) 224- 1 2 1 5 . 

does your 
company's 

future lie 
ten fathoms 

deep? 

Florida 
FLOR I DA DEVELOPMENT COM M ISS ION 
C .  S H E L B Y  D A L E. C H A I R M A N 
I N D U S T R I A L  D I VI S I O N  
1 07 W E S T  G A I N ES S T R E E T  
T A L L A H A S S E E .  F L O R I D A 32304 
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Allegheny Ludlulll 
is the 
story of fire 
and illlagination 

Out of this combination has come 
a remarkable assault on the limits 
of metals technology. 
Since its inception, decades ago, Allegheny Ludlum has ex
plored and exploited the endless phenomena which result 
when metals and heat are brought together. It has concen
trated on the "special metallurgy" of high alloys involving 
chrome and nickel-on developing and perfecting metallur
gical combinations and processing techniques which hold 
greatest promise of technological progress. 

Out of this infinitely variable yet single-minded concentra
tion has come an exceptional series of crucial developments. 
Forty years ago ,  or more, came A-L valve steels which made 
internal combustion engines truly practical. A-L's other con
tributions to the technology of stainless steels and high
temperature alloys are immeasurable. The latest are several 
special machining grades, two low-cost grades (MF-l for 
mufflers and AM 363 for certain structural applications) and 
Almar 362, the first mar-aging stainless steel, offering very 
high strength and corrosion resistance without sacrificing 
formability. 

Similarly, A-L has made significant contributions in silicon 
electrical steels, especially in grain-oriented variations, and 
in a great many magnetic materials . A-L is also a major pro· 
ducer of tool steels ; deep experience with the machining 
characteristics of its other products leads logically to the 
continuous development of optimum techniques and mate
rials for the forming of special alloys. 

Out of this cohesive experience, too, have come other, re
lated achievements : consumable electrode and vacuum melt
ing techniques which have become standard ; advancements 
in the art of extruding, casting and forging alloy steels; im
pressive accomplishments in dimensional control, in surface 
finishes, in heat treating, in cladding and bonding dissimilar 
metals. And the process still goes on. Continuing, intensive 
research, on a very large scale,  uncovers new problems and 
promises which fire the imagination. 
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A s  time has passed 
and experience has 
grown, A -L has 
extended its own 
capability in several 
important directions.  

A-L's metal-producing subsidiaries 
comprise independent operations, 
yet the products of each bear a close 
relationship to those of A-L itself. 
The subsidiaries provide, in a sense, 
an extension of capabilities deeper 
and farther into certain specialized 
fields. A continuing interchange of 
knowledge and experience gives cus
tomers the benefit of synergy at work. 

Wallingford Steel Company pro
duces welded pipe, tubing and strip, 
frequently down to .00l -inches, in 
stainless, electrical and specialty 
steels. Early and continuing develop
ment of precision rolling and gaging 
equipment assures exacting gage con
trol in the firm's many strip products. 

Special Metals Corporation pio
neered vacuum induction melting on 
an industrial scale in the United 
States. It is now the world 's largest 
p r o d u c e r  of v a cu u m  i n d u c t i o n  
melted alloys, specializing i n  ultra
clean nickel base alloys for such 
critical applications as gas turbine 

parts. The company developed such 
grades as Udimet 500, Udimet 520 
and Udimet 700. 

The Arnold Engineering Com
pany specializes in magnetic mate
rials, such as Alnico and hard ferrite 
permanent magnets, Silectron and 
tape-wound cores, powder cores and 
transformer laminations. Recent de
velopments include soft ferrite cores 
for radio and TV applications, hard 
ferrite motor magnets and the chem
ical milling of ultra-thin nickel alloy 
materials of which Arnold is an im
portant producer. 

Carmet Company, a wholly inte
grated producer of cemented carbide 
products for metal-cutting, metal
forming, mining and wear-resistant 
parts, was the developer of special 
700-series grades for machining steel, 
a significant advance. Carmet also 
pioneered close-tolerance preforming 
of tungsten carbide blanks and made 
continuous mining practical through 
the introduction of carbide-tipped 
cutters and bits. 

International Powder Metallurgy 
Corporation brings to A-L an out
standing capability in its specialized 
field . With equipment which includes 
a 1 ,000-ton multi-motion automatic 
hydraulic press, IPM can produce 
powder metal parts weighing up to 
50 pounds. IPM extends A-L's over
all capability in a unique way, espe
cially in developing combinations of 

metals which cannot be achieved 
through liquid-state metallurgy. 

Aj ax Forging and Casting Com 
pany, recently organized as a sub
sidiary through the combination of 
A j a x  S t e e l  & F o r g e  C o m p a n y ,  
Extrusion Machine Company and 
A-L's Forging and Casting Division, 
provides a ready-made platform for 
new advancements in the forging, 
casting and forming of special steels. 

True Temper Corporation is A-L's  
newest subsidiary, the first to be 
concerned primarily with consumer 
products rather than metals produc
tion. True Temper is a very success
ful producer of hand tools and 
implements for garden, lawn, agricul
tural, construction and household 
uses, golf club shafts and heads, and 
rail anchors. It also makes fishing 
tackle and will soon introduce skis 
and ski poles. 

Between them, Allegheny Ludlum 
and its subsidiaries offer an impres
sive history of experience with the 
potentialities of fire and imagination. 
Allegheny Ludlum Steel Corporation, 
Oliver Building, Pittsburgh, P a .  
15222. . 2 0 0  

AlleghenY 
.. ludlum 
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Ask the man from Mannesmann 
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Com pressive _lr_n nITn 

Operati n 
-350°F 

Mod u l us of ri  

Think what you 
cou ld do with 

a series of 
metals that have 

these u n usual 
cha racteristics 

Metals with  a l l  these c h a racte r i s
t i c s  a re made by Ken n a m etal  I n c . , 
w h o ,  i n  1 938,  c reated the fi rst 
t u n gsten carb ide com pos i t i o n  
capab l e  of c utt i n g  stee l .  S i n ce 
then,  Ken n a m etal has devel
o ped a b road ser ies of re
m a rkab l e  powde r  meta l l u rgy 
p rod u cts-and thousands of 
ways of a p p l y i n g  t h e m .  

lOEi1lq.,800,OOO psi 
900,000 psi 
ra nges . . .  

d h i g her 
.7 to 18.5 
500,000 psi 

Tod ay, w e  a re a b l e  t o  m a ke h a rd 
c a rb i d e  a l l oys to m eet specif ic  re
q u i rements fo r h a rd ness, res istance 
to wear and corros i o n ,  tem perature 
extre mes,  com p ress ion a n d  other 
phys i c a l  a n d  c h e m i c a l  demands. 

F i n d  out  how we can he l p yo u .  
W r i t e  fo r boo k l et 8-222, a j u st 

p u b l ished,  48-page p u b l  icat i o n  
t i t l e d  " D es i g n i n g  with Kenna

meta l " .  Then you ' l l  h ave a 
m u c h  bette r idea of what you 

can d o  with these truly re
m a rkab l e  metal s . Ken na
metal I n c . ,  Latrobe, Pa.  
1 5650. Phone 4 1 2-537-331 1 .  

KENNAMETAL 
2 5 3  
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The Competition of Materials 

Now that the properties of all materials are better understood, it lS 

clear that quite different lnaterials can be used for the same purpose. 

This calls for subtle choices in()ol()ing both technology and economics 

The engineer necessarily takes a 
greater in terest in the properties 
than in the composition of the ma

terials he chooses to meet the require
ments of his design . Nowadays he is like
ly to find at least two and in some cases 
three or four radically different kinds of 
material ready to serve in each end use . 
In such industries as aerospace and elec
tronics, where cost has not been a ruling 
consideration, designers have produced 
numerous dramatic demonstrations of 
the interchangeability of materials that 
is a recurrent theme of the preceding 
articles in this issue of Scientific Ameri
can. This trend in technology has gained 
economic significance in western Europe 
and the U.S .  over the past decade as 
producers in one primary materials in
dustry after another have developed ca
pacity in excess of the demand for their 
product. Now producers as well as users 
are promoting the competition of metals, 
ceramics, glasses, plastics, rubbers, con
crete and timber, each defending its 
traditional markets as it seeks en try into 
the markets of others. 

Here is a set of new and knotty ques
tions for the business economist. The 
plotting of supply-demand curves for a 
given commodity no longer suffices to 
explain or predict its movement . Simple 
comparison of the cost per pound of 
steel, aluminum and plastics tells little 
about their true relative competitive po
sitions . Economics must reckon at closer 
range with technology in order to esti
mate the viability of one material against 

by W. O. Alexander 

other materials . The detailed investiga
tions necessary to establish the ruling 
criteria of the many-cornered rivalries of 
materials technology remain to be made. 
The preliminary considerations pre
sented in this article suggest, however, 
that a useful index of the competitive
ness of a material is its cost per unit of 
property required. 

Cost in this formulation is the cost of 
the material in the job . To the cost 

of the material at the mill, plant or ware
house is added the cost of fabrication 
and incorporation in the final product. 
As for properties, those that determine 
the usage of the vast bulk of materials 
can be listed as strength and rigidity, 
space-filling and the quality and durabil
ity of the surface . The last requirement 
may be met by a number of accessory 
materials or treatments, so that it is not 
usually a critical element in the choice of 
the primary material . The space-filling 
requirement can be met in many appli
cations by leaving the member hollow, 
so that this is not critical either, un
less great rigidity is required . Strength 
remains as the property most sought . 
The index of competitiveness may there
fore be expressed as cost per unit of 
strength. 

There are, of course, applications 
where high electrical conductivity or 
extreme rigidity or high corrosion resist
ance may be of transcendent importance . 
Such requirements, however, dominate 
the selection of only a minor portion of 

OPEN·PIT COPPER MINE of the Kennecott Copper Corporation in Bingham Canyon, 

Utah, appears in the vertical aerial photograph on the opposite page. The largest producer of 

copper ore in the world, it symbolizes a typical modern instance of the competition of 

materials. Copper has traditionally been the leading material for the conduction of electrici· 

ty. It still is, but for long.distance power·transmission lines, in which lower cost and lighter 

weight offer special advantages, it is giving way to aluminum. The concentric rings that ap· 

pear in the photograph are the terraces of the mine, which are excavated by power shovels. 

all the materials that are used commer
cially. The principal exception is copper, 
for which high conductivity dictates 
more than half the usage . 

The national accounts of the industrial 
countries customarily reckon the costs of 
materials at three stages on their way to 
market . The first stage is extraction: the 
cost of ores at the mine (which may in
clude a charge for beneficiation) or the 
cost of timber at the forest (which in the 
future must include the cost of afforesta
tion). The second stage is at the conver
sion of the raw material into purified or 
concentrated form, for example a metal 
in the pig or ingot. Finally there is the 
cost at which, in the case of metals, 
the plate, sheet or shape is delivered to 
the manufacturer of the end product . At 
each stage cost is incurred for the energy 
involved in the conversion or processing, 
for labor and for selling, administration 
and other costs, all of which go to build 
up the final price . 

In the production of metals some cred
it can be taken for the reprocessing of 
scrap, offset in part by the loss in value 
of worked metal that must be scrapped 
and recycled in the mill. The production 
of plastics begins at the oil or gas well . 
To the fabricator a plastic is usually de
livered in the monomer state, to be po
lymerized in the same operation that 
yields the end product. Plastics typically 
yield a low order of scrap, usable only in 
such secondary products as toys, that is 
a burden to the solid-waste disposal sys
tem. The felling of timber and dressing 
of lumber produce waste in vast quan
tities, useful for by-products such as 
chipboard and fiberboard but so cheap 
that its utilization is usually a question 
of transportation costs. Cement and con
crete involve the simplest production 
cycle: the calcining of limestone rich in 
silica, alumina and iron oxide, and grind
ing the sinter with a small amount of 
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COMPETITION OF SIX MAJOR MATERIALS in U.S. is reflected in curves of poundage 

that are based on similar ones plotted by C. G. Suits of the General Electric Company. 
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RELATION OF CURVES IS CHANGED by using cubic feet instead of pounds, correct· 

ing for lighter weight of newer materials. On this basis polymers begin to approach steel. 
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gypsum. This is followed by mixing the 
cement with aggregate and sand, usually 
on the site, and pouring the slurry into 
molds that contain the steel reinforcing 
bars . Concrete has little or no value at 
the end of service. 

In the past a producer of one of these 
commodities could gauge his efficiency 
merely by keeping his eye on other pro
ducers of the same commodity. Now he 
must operate against the unfamiliar eco
nomics of entirely different kinds of ma
terials. I t is im portan t for the steel pro
ducer, with costs at the ingot or raw steel 
running at $85 per ton, to know that the 
pig cost of the aluminum producers is 
around $500 per ton. Any substantial re
duction in the cost of aluminum pig is 
bound to make this metal a more formi
dable competitor to steel . The costs at 
the purified metal stage reflect the large 
differences in the geology and chemistry 
of the various metals and the correspond
ing differences in the costs of mining and 
smelting them. Costs thereafter tend to 
converge because the operations in
volved-rolling, forging, casting and so 
on-are more or less the same for all . 
Over the past 25 years, as producers of 
aluminum, magnesium, beryllium, tita
nium and the other new or relatively 
new metals have perfected their primary 
and secondary technologies, costs of pu
rified metals have been the determining 
factor in the development of markets for 
these metals . 

The general price trend for most mate-
rials has been upward . In the u.s. the 

slope is about the same as that of the 
economic inflation. In western Europe 
metal prices have risen somewhat more 
slowly since the end of World War 
II, reflecting efficiencies gained in new 
plant . The marked exception to the rule 
on both sides of the Atlantic has been the 
prices of the major plastics; these are 
still decreasing, and plastics are therefore 
becoming correspondingly more com
petitive. 

Statistics for output divide the prin
cipal materials into two classes . In the 
U.S. the older materials show a rather 
slow increase [see top illustration at left]. 
Aluminum and the plastics, in contrast, 
rise steeply from low levels of output, 
increasing at 10 percent and 10 to 15 per
cent per annum respectively . The same 
trends, trailing the U.S. by two to five 
years, appear in the western Europe 
statistics . At about five million tons in 
1962, the U.S .  plastics output might 
seem negligible compared with that of 
steel, at about 100 million tons . An im
pOltant property of plastics, however, is 
their low density. The cubic-foot curve 
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INDOPOL 
Polybutenes help 

your telephone 
do its iob. How 

can they help you? 

If it goes into your telephone system, you know it has to 
be dependable. That's why INDOPOl Polybutenes are 
used in the potting compound for the system, helping 
give you the good service you're used to. 

Take a look at INDOPOl. It is a high-purity material 
with a low level of copper, sulfur, chlorides and or

ganic impurities; it will not corrode bare wires; it has· 
low evaporation loss and good electrical character
istics; it can be produced in any viscosity you need. 

Want to know more about INDOPOl Polybutenes? Ask 
for our new bulletin. Just see your Amoco salesman or 

drop us a line. Department 8943, Amoco Chemicals 
Corporation, 130 E. Randolph Dr., Chicago, III. 60601. 
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WORLD\NIDE 

Electronic component needs of the free world are served 
through the combined efforts of sixteen OlEIN divisions 
and subsidiaries. Eight in the U.S. and seven off-shore 
operate a total of twenty-one plants. This import-export 
balance of manufacturing and sales assures customers 

. throughout the world of a dependable source for qual
ity components. 

There is one common denominator of the entire OlEIN 
organization ... a firm belief in engineering excellence. 
Reliability is built into every component. Customers 
who rely on OlEIN quality in domestic operations are 
assured of equal quality for their overseas operations, 

supplied by local overseas inventories, direct exports 
from the U.S., or from the output of OlEIN plants in 
Canada, England, Holland, South Africa, Japan and 
Hong Kong. 

OlEIN is rapidly moving toward its ultimate goal of 
becoming the industry's most respected components 
manufacturer with engineering, marketing and produc
tion facilities throughout the world. 

For complete information about OlEIN, its facilities 
and its products, send for a copy of our Facilities & 
Capabilities Brochure. 

OlEIN OAK ELECTRO / NETICS CORP 
CORPORATE OFFICE 
CRYSTAL LAKE, ILLINOIS 60014 
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ZEISS IKON 
VOIGTL�NDER 

When this Contaflex Super B.C. is set on automatic, it is easier to use 

than a box camera ... and yet, when you want, its supporting components 

make it a most sophisticated photographic instrument. 

If you're looking for picture perfection with utter photo simplicity 

as well as the many advantages of a "system" camera for creative or 

research photography . .. these features should prove conclusive: 

Latest in behind-the-Iens Cds meter systems, exclusive, automatically 

correct flash exposure as you focus, interchangeable film backs and 

lenses, world famous Zeiss Tessar f 2.8,50 mm lens, smooth Compur 
shutter. Fully Automatic or manual control 35 mm single lens reflex with 

shutter and lens readings in viewfinder along with dual rangefinder with 

needlesharp focusing and other precision attachments and features. 

Less than $250.00. 
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BLISS 

ROLLING MILL DIVISIONS 

Pittsburgh and Midland, 
Pennsylvania; Salem, Ohio 

Rolling Mills and Allied 
Equipment 

Mackintosh-Hemphifl 
Mill Rolfs 

PRESS DIVISIONS 

Hastings, Michigan; 
Canton, Ohio 

Metalworking Presses 
Can Making Equipment 

LIGHT MANUFACTURING 
DIVISIONS 

Davenport, Iowa; 
Moline, Illinois; 
Natick and Newton. 

Massachusetts; 
Baraboo, Wisconsin 

Eagle Timers. Counters and 
Relays 

Gamewell Alarm Systems 
Rockwood Fire Fighting 

Equipment 
Eagle Traffic-ControJ Systems 
Rockwood Bafl Valves 

and Pipe Unions 
GamewelJ Potentiometers 

DEFENSE MANUFACTURING 
DIVISION 

Portland, Maine 
Aerospace Products 
Aircraft Launching and 

Arresting Equipment 

ENGINEERING RESEARCH 
AND DEVELOPMENT DIVISION 

Swarthmore, Pennsylvania 

BAROGENICS. INC. 
Mount Vernon, New York 

GOOD ROADS MACHINERY 
CORPORATION 

Canton, Ohio 
Road Maintenance Equipment 
Industrial Sweepers 

E. W. BLISS 

COMPANY (PARIS) 

E. W. BLISS 

(ENGLAND) LTD. 

E. W. BLISS 

COMPANY (CANADA) LTD. 

BLISS WELDED 

PRODUCTS LIMITED 
(Aus'r.".) 

E. W. BLISS 

(ISRAEL) LTD. 
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plotted by C. G. Suits of the General 
Electric Company, shows the plastics 
beginning to bulk at the same order of 
magnitude as steel in the U.S .  economy 
[see bottom illustration on page 256]. 
Even bigger than steel, and by a huge 
margin, is concrete . The tonnage for any 
year can be derived by multiplying the 
cement output by six; for volume, the 
multiplier is eight. 

The retardation in the continued 
growth of output curves for the older 
metals undoubtedly reflects the competi
tive inroads made by aluminum and the 
plastics . It also reflects increasing effi
ciency in the engineering of metals and 
in some cases a disproportionately lower 
use of them in major applications . For 
the generation of electric power, which 
is increasing 8 to 10 percent per annum, 
the use of copper in generators has been 
reduced from 200 pounds per megawatt 
to 56 pounds per megawatt during the 
past decade. The increase in speed and 
payload from the Boeing Stratocruiser to 
the Boeing 707 has reduced the use 
of metal from 7.7 to three pounds per 

passenger mile [see illustration on page 
266]. To a less spectacular degree, in
crease in the efficiency of design has re
duced the metals requirements of the 
automobile industry and the heavy con
struction industry, particularly in factory 
buildings and bridges . 

A summary economic expression of 
these developments in technology is 

provided by the technique of input-out
put analysis developed by Wassily Leon
tief of Harvard University . Putting the 
input-output tables of the U.S .  economy 
for the years 1947 and 1958 to the task 
of producing (in the computer) the same 
1958 gross national product, Leontief's 
colleague Anne P. Carter found a net re
duction of 10 percent in the materials 
inputs required by the 1958 technologi
cal order . The metals showed the biggest 
losses in usage, with a 27 percent drop 
in the requirement for steel [see "The 
Economics of Technological Change," by 
Anne P. Carter; SCIENTIFIC AMERICAN, 
April, 1966]. 

It appears, therefore, that the industri-

TENSILE DENSITY COST 
STRENGTH (GRAMS PER (£ PER TON) 
(TONS PER CUBIC 

SQUARE INCH) CENTIMETER) 

CAST IRON 

GRAY 10-14 7 3  70-120 
HIGH DUTY 14-24 7.3 90-150 

WROUGHT STEEL 

STRUCTURAL 37-43 7.8 80-100 
SHEET 25 7.8 40-58 
STAMPINGS AND FORGINGS 35-45 7.8 140-200 
WELDMENTS 25 7.8 260-800 

ALUMINUM CASTINGS 

SAND CASTINGS 9-1 1 2.7 300-480 
LM 24 ALLOY DIE CASTINGS 16 2.7 270-320 

WROUGHT ALUMINUM 

EXTRUDED 1 2-18 2.7 355-390 
SHEET 13-19 2.7 260-600 
WELDMENTS 17 2.7 800-1,200 

POLYETHYLENE (MOLDED) 1 0.9 260 

POLYVIN YL CHLORIDE (PIPE) 4 1.4 200 

RESIN-GLASS LAMINATES 

WITH GLASS MAT 10-12 1.4 360 
WITH GLASS WEAVE (MOLDED) 25-70 1.87 3,000 
EPOXY AND GLASS WEAVE (MOLDED) 32 1.87 4,000 

al nations have arrived at a Significant 
turning point; their per capita consump
tion of metals has reached a peak and is 
now on the decline. Before one applies 
this finding to a projection of the future 
growth of the metals industries in the 
world as a whole, however, it is well 
to consider one 01: two contingencies . 
The per capita consumption of metals 
for two-thirds of the world population 
has yet to approach that of western Eu
rope, America and Japan . Should money 
and technical staff be redeployed to in
crease the rate of development of the 
poor nations, the present spare capacity 
in the industrial nations would be quick
ly overfilled . One has only to think of 
the 760 million people in China, who 
consume 90 pounds of steel each year 
compared with the half-ton consumed 
per capita in the U.S ., to appreciate that 
a mere trebling of the rate of consump
tion in China would soak up most of 
the world's unused steel-producing ca
pacity. If the people of India and China 
were to open one can per week, that 
would be some 60 billion cans, or about 

COST COST 
(pENCE PER (PENCE PER TON 

CUBIC PER UNIT OF STRENGTH 
INCH) PER SQUARE INCH) 

1.98-3 39 .20-.24 
2.54-4.25 28-.29 

2.4-3 .065-.07 
1.3-1.75 .05-07 
4.22-6 .12-.13 

76-23.5 .29-.95 

3.12-5.02 .35-.45 
2.82-3.34 18-.21 

3.7-4.1 .23-.31 
2.7-6.3 .2-.3 
8.3-12.5 .49-.73 

.9 .9 

1.08 .25 

1.9 . 16-.2 
2 1  .3-1 
29 .91 

COSTS OF MATERIALS IN BRITAIN, which do not differ greatly 

from those in the U.S., are given in these figures assembled by the 

autbor. Here an adjustment is made not only for weight ("Cost per 

cubic inch") but also for strength (column at right). Accordingly 

whereas some of the newer materials cost far more per ton than the 

older ones, their cost per unit of strength is much less out of line. 
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This electron micrograph at 27,000 X shows the 

microstructure of new Coors AD·999 polycrys

taffine sapphire (alumina) ceramic, polished to 

a mirror finish and thermally etched to define 

crystal boundaries. The largest crystal is ap· 

proximately 2.5 microns. An average crystal of 

ordinary aluminum oxide ceramic at 27,000 X 

magnification would be bigger than this page! 

You can see the secret of this new super ce

ramic-very fine texture, articulate crystal struc

ture and no voids, in addition to high purity. 

Take a close look at new Coors 
AD-999 - the hardest, strongest, 
most corrosion-resistant ceramic 
ever produced! 

We are a conservative company . . .  

don't spend much time or money blowing 

our horn, because most people who use 

technical ceramics already know us. But 

here is one of the most significant break

throughs in the industry since the first use 

of industrial oxide ceramics in 1929 - new 

Coors AD-999. We felt the readers of 

Scientific American should know about a 

material with such unique properties as: 

1. Compressive strength of 650,000 psi. 

2. Flexural strength above 100,000 psi. 

3. Hardness of 90-91 (Rockwell 45N) . 

4. 99.98% pure A 1203, 5. Chemically inert 

to practically all acids, including hydro

fluoric. 6. We can grind and polish the 

surface to a finish of < 1 rms, AA. 

With Coors AD-999, you now have a 

readily available, isotropic material that 

is superior to single crystal sapphire for 

general industrial applications. 

Consider new Coors AD-999 Alumina 

Ceramic the next time you have an ap

plication that demands a super-material. 

Write for our Bulletin No. 953 for full 

specifications. 

COORS PORCELAIN CO . •  GOLDEN, COLORADO 
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STEEL ALUMINUM COPPER 

ORE 
RAW 9.39 7.15 

BENEFICIATED 12.46 58.00 

PIG IRON 56.07 

._--

RAW METAL 85.00 500.00 748 00 

(INGOT. BILLE T OR BAR) 

SHEET 131.34 810.00 1,410.00 

STRUCTURAL 129.36 760.00 1.415.00 

WIRE 213.56 640.00 1,030.00 

SAMPLE PRICES FOR THREE METALS in the U.S. (in dollars per ton) show the wide 

variation in the costs of converting the ores of different metals into raw metal and finished 

products. The prices of copper ores are not given because such ores are not available on 

the market; they are mined by t!,e companies that make the raw metal and the finished 

products. The figures were assembled by Jack R. Miller of the Battelle Memorial Institute. 

two million tons of steel strip, a year . 
For the present, excess capacity 'in the 

metals industries sharpens the competi
tive struggle . One significant conflict en
gages modES of fabrication rather than 
kinds of metals . In the metal trades it 
has been axiomatic that the properties 
and dimensions of metals in the wrought 
form are universally superior to those of 
metals in castings . Inaccuracy and un
certain ,�el?roducibility in the.making of 
the molds and p80r surface appearance 
and low mechanical properties in the 
castings have nullified the economies in
herent in moving directly from the mol
ten metal to the finished product . In 
recent years, however, technology has 
been moving faster in the foundry than 
in the metal-stamping and forging shops . 
Such techniques as vacuum-pressure die
cas�ing and the automatizing of invest
ment casting have been reducing C8Sts 
and improving the product . \Vhereas 
wrought steel continues to come in at 
lowest cost, casting brings in products 
made of nonferrous metals at a lower 
cost than products made of these metals 
in the wrought condition . In the United 
Kingd:Jm the cost-per-unit-strenglh cri
terion finds wrought steel at .05 to . 13 
pence per ton of tensile strength per 
inch compared with aluminum casbngs 
at . 18 to .45 pence and wrought alu
minum at .20 to .31 pence [see illustra
tion on preceding page J. 

Engineers and metallurgists in the 
wrought-metal field have missed signifi
cant opportunities for progress as a re
sult of their predilection to go auto-

matically for larger and larger initial 
ingots to feed bigger and bigger break
down mills, presses and forges . An ele
mentary analysis of the cost of working 
metal by rolling shows that a great 
amount of energy is required to break 
the ingot down to slab or billet and then 
roll it to finished dimensions . Energy 
costs are bound to become dominant 
wi,h continued increase in the price of 
energy and rising production per man
hour . Already energy accounts for about 
a third of the total cost of converting raw 
metal to finished intermediate products, 
with direct labor and overhead each ac
counting for a third. Although gigantism 
secures some marginal economies, it can 
be justified in the future only in the roll
ing of wide plate and sheet and in the 
forging of heavy single pieces . The al
ternative approach, just gathering mo
mentum, is continuous casting . For small 
cross sections of steel and aluminum, 
continuous casting has already demon
strated its feasibility and economy. In 
addilion to reducing energy charges, the 
technique involves smaller plant costs 
and greater freedom in plant location, 
and its high speed makes it possible to 
keep inventories to a minimum. 

The heavy construction industry pre
sents an arena in which steel is pitted 
against concrete . At present the situation 
ill this tug-of-war varies from country to 
country . It appears to depend less on the 
objective qualities of the two materials 
than on the ingenuity and prestige of the 
architects and engineers committed to 
the one material or the other and on the 
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Probing the puzzles of polyethylene 

Western Electric has been tracking 
solutions to problems of 
processing plastic for some years 
now. Our experiments have 
required thousands of pounds of 
polyethylene, a computer, and 
what is probably the world's most 
highly instrumented plastics 
extruder. But all of this showed us 
better ways to insulate and jacket 
telephone cables for the 
Bell System. 

What's more, from all the data 

we collected, our engineers 
gained basic knowledge about 
what happens to plastic inside the 
extruder. They started with a 
mathematical model assembled 
from various published theOries. As 
the experiment progressed, they 
improved the model and developed 
new theories (see SPE Journal 
Vol. 21, Nos. 10, 11, and 12). 

The information gained aids us 
in predicting the effects of three 
operating and four machine 

design variables. Now we can 
design extrusion screws that wi II 
produce high·quality coatings 
more economically. 

Western Electric is one of 
industry's largest users of 
polyethylene. Most of it is used to 
protect telephone circuits from 
shorts and corrosion. With our 
improved extrusion processes we 
help the Bell System continue to 
give you the world's most reliable 
telephone service at low cost. 

@ W�5t�rft E/�ctric 
� MANUFACTURING & SUPPLY UNIT OF THE BELL SYSTEM 
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competitiveness and marketing flair of 
the producers in the two industries . 
Judging by North America, it would 
seem that steel has won in vertical struc
tures whereas concrete has taken over 
horizontal structures, except for the very 
biggest bridges . In the United Kingdom 
the competitive position of steel is com
promised by building codes that recog
nize only 45 percent of the 100 percent 
improvement in the strength of struc
tural steel achieved since 1877. Regula
tions require, in addition, heavy fire
proofing of steel structural members, a 
measure usually secured by cladding the 
member in concrete with a consequent 
considerable increase in the dead load 
of the structure. Americans minimize 
this requirement by insisting on a low 
fire rating for the entire contents of the 
building. 

On the other hand, the proponents of 
steel in both Britain and America must 
contend with a 600 percent improve
ment in the performance of reinforced 
concrete achieved in recent years. On 
the cost-per-unit-strength basis struc
tural steel appears evenly matched with 
reinforced concrete . It is no wonder that 
relatively small multistory buildings can 
be built of concrete at costs 25 to 35 per
cent below that of steel . 

On its lighter flank, steel has been 
losing other markets to aluminum. Al-
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though the output of aluminum in the 
U.S. economy comes to only 5 percent of 
the tonnage of steel, it should be noted 
that this amounts to 15 percent by vol
ume. Moreover, 50 percent of the alumi
num goes into identified steel markets. 
Aluminum made an easy entry into many 
of these markets during the war and in 
the immediate postwar years, when steel 
was in short supply . But aluminum has 
continued its encroachment and compe
tition has sharpened, particularly in the 
U.S ., as both industries have gone out 
to sell excess capacity. On the basis of 
cost per unit strength, experience in the 
United Kingdom places steel well ahead 
of aluminum, at .05 to . 13 pence com
pared with .20 to .31 pence per ton of 
tensile strength per inch. Secondary cri
teria, such as lightness, rigidity and bet
ter corrosion resistance, must therefore 
enter into economic design considera
tions to qualify the rule of the primary 
criterion. 

In the u.s. the competition of aluminum 
has induced major steel producers 

to establish research and product-engi
neering laboratories that they never 
seemed to require for competition with 
one another. Toward recovery of the 
substantial portion of the container in
dustry lost to the light weight, easy form
ability and corrosion resistance of alu-

minum, they have reduced by two-thirds 
the thickness of strip rolled for cans and 
are looking for ways to eliminate the 
expensive tin and thilling process. In 
the construction industry, steelmakers 
turned back a challenge from aluminum 
alloys for short-span highway bridges, 
but they had to share this victory with 
reinforced concrete . Conversely, it ap
pears that steel has lost the skyscraper 
curtain-wall market . Here the properties 
desired are lightness, appearance and 
constancy of surface . Aluminum, ano
dized to various colors and finishes, has 
proved more desirable than even stain
less steel and much less expensive . 

In the shipyards of the United King
dom, on all new passenger ships and 
on the vast majority of cargo vessels, 
the use of aluminum alloys is reducing 
the weight of top hamper-deckhouses, 
lifeboats and the like-and hence the 
weight of metal per ton mile of cargo 
moved. This use of aluminum also 
brings improvement in the stability of 
the ship. 

Aluminum has grown at the expense 
of another traditional metal: copper . 
The latter has now been displaced from 
long-distance electrical transmission 
lines. What aluminum lacks in conduc
tivity it makes up in cheapness and light
ness. Use of the metal as a specially 
shaped rod, rather than in a twisted wire 

1945 50 55 60 65 1945 50 55 60 65 1945 50 55 60 65 194 550 55 60 65 194550 55 60 65 
ALUMINUM POLYETHYLENE POLYVINYL CHLORIDE STEEL COPPER 

MATERIALS PRICES (color) are compared with all prices (gray) 
in this chart based on U.S. experience from 1945 to 1965. In general 

the prices of older materials such as concrete and steel have kept 

pace with the rise of all prices. The prices of newer materials 

such as polyethylene and polyvinyl chloride have shown a decline 

not only with respect to all prices but also in absolute terms. 
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SiC - a promise and a problem 

Though many materials have been hailed for their "great 
potential value", few have retained - or are likely to retain
this tag for as long as silicon carbide. 
With a hardness which is second only to that of diamond in 
the Mohs' scale it didn't require much brainstorming to 
come up with the idea of using silicon carbide as an abrasive. 
In fact this application has been around since 1890, when 
Acheson found a method (still in use in an essentially 
unaltered form) for producing silicon carbide in a grade 
suitable for cutting and grinding. 
But silicon carbide promises more. As a semiconductor it 
has unique properties which make it particularly suitable 
for high temperature diodes and transistors, and also for 
opto-electronic devices. However, there are problems of 
producing silicon carbide in the right form for these 
applications. 
One must realise that silicon carbide is a bit of a prima 
donna, with strong whims and fancies about the crystalline 
form in which it chooses to appear and with marked 
preferences for the way it wants to incorporate foreign 
substances. A great deal of longwinded resea"ch and technol
ogical experiments have been undertaken to make it pure 
and doped exactly as required, and to unravel the intri
cacies of its crystalline structure. Though the underlying 
principles are now understood and over 50 polytypes have 
already been discovered, the preference of silicon carbide 
for the 6H(33) structure still remains a mystery (see graph). 
Pure single crystals of various structures can now be made 
with definite band gaps and charge carrier mobilities. With 
the right dopings we are able to produce light-emitting 
diodes which together cover the whole spectrum. But the 
full potentialities in these fields have yet to be realised. 

Elsewhere, however, we are really getting to grips with the 
stuff. Since silicon carbide is a material which has great 
strength even at high temperatures, dislocation-free, hair
like single crystals (whiskers) should be ideal for reinforcing 
high temperature materials. In 1962, we were making 
these whiskers in the micron range; now we can grow them 
en masse in lengths of up to 10 cm or more, in a variety 
of cross-sections - triangular, hexagonal, circular and in 
ribbons. 
So we've made this prima donna of a substance give us a 
chance to fulfill yet another of its many promises. In spite 
of its quirks, we are continuing our courtship in an at
tempt to woo out its promising properties, particularly in 
the semiconductor field. 

I 1 
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The Philips Research Laboratories carry out research in many fields of fundamental science. Among these: Acoustics, Chem
istry, Cryogenics, Perception, Plasma, Material testing, Nuclear physics, Solid state physics, Telecommunications, Television. 

Th, ,.b".,.,' .. • " on 'n"g'" .djuna " 'h' re 
International Concern whose simple slogan is: � 
trust in PH I LI PS is world-wide � 
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YEAR TYPE OF AIRCRAFT BASIC DATA POUNDS PER HOUR 
PER PASSENGER MILE 

1930 HANDLEY PAGE 42 29.400 LB. 8 
95 MPH 
39 PASSENGERS 

1940 EMPIRE FLYING BOAT 48.000 LB 11 
1 45 MPH. 
30 PASSENGERS 

1950 BOEING STRATOCRUISER 1 46.000 LB. 7.7 
315 MPH 
60 PASSENGERS 

1960 BOEING 707 312.000 LB. _ 3 
600 MPH 
173 PASSENGERS 

1963 SU PER VC 10 322.000 LB. _ 2.8 
625 MPH 
180 PASSENGERS 

1970 CONCORDE 292.000 LB • 1.1 

1.450 MPH 
160 PASSENGERS 

SHIFT IN THE MATERIALS REQUIREMENT of a given technology is revealed in figures 

assembled by author, showing decrease in pounds of metal used per passenger mile flown. 

cable, produces a conductor with much 
greater efficiency on the criteria of cost 
and weight per kilowatt of power trans
mitted. Aluminum holds its advantage 
down to 11 kilowatts and even lower, 
leaving copper to be used in central
station and substation gear. 

In every one of their markets the metals 
producers encounter competition from 

plastics. What makes this competition 
difficult is that no catalogue of the costs 
and properties of the various plastics in
dicates very clearly what their advan
tages are. On the basis of cost per unit 
strength, the most competitive of these 
materials-polyvinyl chloride and resin 
and glass fiber laminates-show the com
paratively high values of .9 to 8.0 pence 
respectively. Polyethylene, which has 
now swept to first place among plastics, 
costs in molded form as much as .9 pence 
per unit strength . The answer is, of 
course, that the vast bulk of plastic mate
rials is not now purchased for perform
ance on this criterion. On the contrary, 
their great attractions are falling price, 
low density, the facility with which they 
can be worked into intricate finished 
shapes, and the wide range of hardness 
and softness, stiffness and flexibility, col
or, transparency and opacity in which 
they can be specified . When all is said 
and done, however, the position of plas
tics in the materials marketplace can be 
epitomized by the view of a plastic en
gineer I know, who says he always likes 

to sell plastics but he would prefer to 
buy metals any day. 

It is not surprising that plastics should 
dominate the toy business or should now 
be on the ascendant in the packaging in
dustry. From copper, lead, zinc, tin, steel 
and cast iron, however, polyethylene 
and polyvinyl chloride have taken large 
volumes of pipe and tube for domestic, 
municipal and industrial plumbing. 
Glass-filled nylon is used instead of zinc, 
magnesium or aluminum in precision die 
castings. In the U.S. resin-glass lami
nates have made the manufacture of 
small boats into a big business . These 
are reasonably high-specification prod
ucts, and the success of plastics in such 
uses is a portent of further develop
ments. In the case of metals, limits 
and properties are now well defined and 
no significant new metals are in the 
offing. In plastics, where new molecules 
remain to be syntheSized, polymerized 
into chains of new configuration and ag
gregated into structures with novel com
binations of properties, there is always 
a chance of an overnight revolution. 
As Herman F. Mark shows [see "The 
Nature of Polymeric Materials," page 
148], if a plastic could be developed 
with suitable mechanical properties at 
150 deg,ees centigrade, this could com
pletely alter the competitive situation 
in such huge metal markets as auto
mobiles and construction . This is the 
biggest development impending in the 
technology 'and economics of materials. 
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NEWCOMER COMING ON FAST IN MATERIALS 

WHITTAKER 

CORPORATION 

When this 

special issue 

of SCIENTIFIC AMERICAN 

went to press, advancing technology had already outpaced today's materials - the Whittaker research 

team focuses on the development and tailoring of tomorrow's materials. @ Research programs cur

rently underway range through polymeric, metallic, ceramic, and refractory materials. For example, 

Whittaker scientists have developed advanced high-modulus fibrous composites utilizing sophisticated 

fibers such as boron and graphite imbedded in Whittaker-developed high-temperature resinous mat

rices. Precision extrusion techniques have led to the development of metallurgically bonded composites 

combining such dissimilar metals as stainless steel and titanium. @ Whittaker products represent the 

tangible results of Whittaker advanced research 

capabilities, including applications relating to 

automotive, architectural, marine, nuclear, 

aviation, missile, spacecraft and launch 

vehicle technologies. @ Perhaps our ad

vanced materials capabilities or prod

ucts can help you. Our address is 9229 

Sunset Blvd., Los Angeles, California 

90069, Whittaker Corporation. Ask us. 

Macrophotograph of a high-strength-to-weight 
beryllium / titanium composite material. 
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MATHEMATICAL GAMES 
Double acrostics, stylized Victorian 
ancestors of today's crossword puzzle 

by Martin Gardner 

I
n modern set theory two sets are said 

to intersect if they have one or more 
elements in common. The crossword 

puzzle, the Double-Crostic and games of 
the Scrabble type can be thought of as 
combinatorial play in which 26 elements 
(letters) are arranged into sets (words) 
that intersect in the manner dictated by 
the rules and the geometric pattern on 
which the elements are placed. Of the 
hundreds of varieties of word puzzles 
that exploit intersection, few have been 
more elegant in a literary way, or have 
had as interesting a history, as the dou
ble acrostic. It is almost forgotten today, 
yet it was the ancestor of the crossword 
puzzle and the most popular form of 
wordplay in English-speaking countries 
throughout the last quarter of the 19th 
century and until the end of World War 
I. In London in 1915 eight newspapers 
ran a daily double acrostic. The W orZd 
had carried the feature since its first 
issue in 1874, The Queen since the 
1860's. 

The double acrostic was a highly 
stylized form, usually written in verse. 
Here, for example, is a short specimen 
by Tom Hood, son of the English poet 
Thomas Hood: 
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We are words that rhyme, 
And we're both in time. 
One is a season, the other a song; 
If you guess them rightly, 

you can't be wrong. 
l. 

It is very good fun, 
If it's properly done. 

2. 
A beast with two toes, 
How slowly it goes! 

3. 
The sun's overhead
There's no more to be said! 

4. 
The sun's going to sink; 
This is coming I think. 

The first stanza gives clues for two 
words, called the uprights, that are 
spelled vertically by the initial and final 
letters of the words to which clues are 
given by the numbered stanzas. The two 
uprights must be of equal length and in 
some way related to each other. In this 
instance the first upright, known as the 
primal, is JUNE. The second upright, 
called the final, is TUNE. The horizontal 
words, defined in the numbered stan
zas, are called the cross-lights or simply 
the lights. The complete answer is: 

J e s T  
Un aU 
N o o N  
E v E  

The cross-lights could vary in length, 
as in this instance. It was permissible on 
occasion to do such things as spell them 
backward, use only parts of them or even 
scramble their letters, provided that the 
required operations were specified by 
hints in the stanzas. If the middle letters 
of each cross-light formed a third up
right, known as the central, the puzzle 
was called a triple acrostic. 

Henry Ernest Dudeney, in a little 
book called The World's Best Word Puz
zles (1925), which will be reprinted this 
fall by Scribner's, attributes the inven
tion of the Victorian double acrostic to 
Queen Victoria! The evidence for this is 
in a rare volume called Victorian Enig
mas; or, Windsor Fireside Researches: 
Being a Series of Acrostics Enigmatically 
Propounded (1861), by Charlotte Eliza 
Capel. Miss Capel wrote that her origi
nal double acrostics had been inspired by 
a puzzle given to her five years earlier 
by a friend at Windsor Castle who told 
her it had been written by the Queen for 
the royal children. Although the Queen's 
puzzle, which Miss Capel reproduced, is 
not in rhyme, it is certainly a double 
acrostic. Nine geographical words are 
defined (Naples, Elbe, Washington, Cin
cinnati, Amsterdam, Stamboul, Tornea, 
Lepanto, ecliptic), the initials of which 
spell NEWCASTLE and the finals of which, 
read in reverse, spell COAL MINES. 

Going back five years from 1861 
places the date of the Queen's puzzle at 
1856. It was in the Illustmted London 
News for August 30 of that year, writes 
Dudeney, that the first double acrostic 
was printed. It bore the by-line of Cuth
bert Bede, the pen name of Rev. Ed
ward Bradley. Bradley called his puzzle 
an "acrostic charade" and said it was 
a novel type of wordplay "lately in
troduced. " The clues to its uprights, LON

DON and THAMES, were given by these 
lines: 

A mighty centre of woe and wealth; 
A world in little, a kingdom small. 

A tainted scenter, a foe to health; 
A quiet way for a wooden wall . . .  

(Apparently the problem of river pollu
tion is not a new one. ) 

The term "double acrostic" was firmly 
established by 1860, when puzzles of 
that type were included in a book, Cha
mdes, Enigmas and Riddles, collected 
by someone calling himself A. Can tab. 
"The Double Acrostic," Can tab writes, 
"is a very recent invention." By 1884 the 
double acrostic craze had reached such 
proportions in England that an Acrostic 
Dictionary of 256 pages was compiled 
by Mrs. A. Cyril Pearson, whose husband 
wrote a number of puzzle books. It 
listed 30,000 common words, alphabet
ized by first and last letters. 

Of the hundreds of thousands of dou
ble acrostic poems published in Vic
torian newspapers, magazines and books, 
none were more charmingly written than 
those by Thomas Hood, the younger. 
Like his father, he was a skillful and pro
digious writer of humorous verse, much 
of it published in Fun, a comic weekly 
he edited, and later in his own periodi
cal, Tom Hood's Comic Annual. He 
turned out hundreds of puzzle poems of 
all types. The double acrostic on page 
270 is from a children's book, Excursions 
into Puzzledom, by Hood and his sister, 
published in 1879, five years after 
Hood's death. Can the reader discover its 
uprights and cross-lights before they are 
given next month? 

It is no surprise to learn that Lewis 
Carroll, who enjoyed all kinds of puzzles, 
was addicted to the double acrostic and 
was the creator of many splendid speci
mens. His best is one that first appeared 
in his 1869 book Phantasmagoria [see il
lustmtion on page 272]. An entry in Car
roll's Diary for June 25, 1867, reads: 
"Blore [one of Carroll's mathematics stu
dents at Christ Church, Oxford] brought 
his niece Miss Kyser to see photographs 
-I took a couple of her as well. Sat up 
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Ruler of all things, for a space his hand 

Is traced in sparkling lines throughout the land: 

Painting each pane and jewelling each tree, 

Checking the brooks and rills that trickled free; 

Tasting the roots and fruits all stored away, 

Withering the garden blooms that were so gay. 

Such is my First,-the boys alone delight 

To see his silent traces over night. 

And greet him well, for long they all have reckoned 

Upon his aid to help them to my Second. 

1 

Where the fairies come, we grow, 

T heir most secret haunts we know. 

Our fringed fans are tall and green, 

Pavilions for the elfin queen. 

Those that with all careful heed, 

Sow at night our mystic seed, 

May her sportive revels see 

Underneath the greenwood tree! 

2 

When a frisky fancy takes 

The jovial Land of Cakes, 

She calls for her piper to play her a tune, 

Till the very roof-tree shakes! 

And then ere it grows too late, 

A perplexing figure of eight 

Is danced-bythe-lads and lasses all 

At a most astonishing rate! 

3 

When Pierre meets Marie in the lane, 

And slyly steals a kiss, 

He asks a question clear and plain, 

To which she answers-this! 

4 

No traveller of modern times 

Such wondrous tales narrated;

As of this ancient mariner 

Have been most gravely stated. 

5 

When the storm king rises 

From his cloudy lair, 

And his muttered anger 

Grumbles in the air; 

Doors and windows rattle, 

Sign-posts creak and groan. 

And from roof and rafter 

This is roughly blown. 

A typical double acrostic by Tom Hood 

listening to the music of the Christ 
Church Ball and wrote, at Miss Kyser's 
req uest, another one of those acrostic 
ballads of which I had given Blore some 
before." 

This is how Carroll later introduced 
the ballad in Phantasmagoria: "[It] was 
written at the request of some young 
friends, who had gone to a ball at an 
Oxford Commemoration-and also as a 
specimen of what might be done by 
making the Double Acrostic a connected 
poem instead of what it has hitherto 
been, a string of disjointed stanzas, on 
every conceivable subject, and about as 
interesting to read straight through as a 
page of a Cyclopedia. The first two stan
zas describe the two main words, and 
each subsequent stanza one of the cross
lights." 

Carroll did not disclose the solution, 
but in 1932, when Macmillan issued The 
Collected VeTSe of Lewis Can'oll (there 
is a Dover reprint called The Humorous 
Verse of Lewis Can'oll), an anonymous 
editor appended to the poem what he 
believed to be its two uprights, COM

MEMORATION and MONSTROSITIES, with
out supplying the cross-lights. The an
swer, which has dogged the poem ever 
since, is unquestionably wrong. As far as 
I know, the first printing of the correct 
uprights was in "The Best Acrostics," an 
article by H. Cuthbert Scott in The 
StranclMagazine, Vol. 50 (December, 
1915), pages 722-728, with answers on 
page 109 of the next issue. The primal 
upright is QUASI-INSANITY, the final COM

MEMORATION. Readers should enjoy 
searching for the cross-lights; there is 
little doubt about any but the fourth 
and the ninth. I shall discuss the com
plete solution next month, and I shall be 
pleased to hear from anyone (although 
I cannot reply to all letters) who can 
shed new light on the two doubtful 
words. 

It is easy to see how the double and 
triple acrostic, with its two or three 
vertical words, evolved into more com
plicated forms, including the crossword 
puzzle and such later variants as the 
Double-Crostic. The first crossword de
serving the name was constructed by 
Arthur Wynne of Liverpool, who came 
to the U.S. around the turn of the cen
tury to begin a career in journalism. He 
was the editor of Fun, a Sunday supple
ment of the New York World, when he 
published in it on December 21, 1913, 
his first "Word-Cross Puzzle." (The in
terested reader will find it reproduced in 
Clark Kinnaird's Encyclopedia of Puz
zles and Pastimes, 1946, page 80. ) It 
was such an immediate success that 
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for analysis, 

don't 
exnect 

��tofind 

We'll still listen to your problems, 
though. And probably help solve 
them if you'll let us. 

That's because The Service 
Bureau Corporation has a nation
wide complex of IBM computers 
ready to go to work on all kinds 
of problems. And we have men 

a couch. 
who understand many scientific 
specialties and know how to 
communicate problenis to our 
computers. 

Besides a variety of stress anal
ysis techniques, we have many 
others to solve your problems. 
These include such things as oper-

ations research, systems develop
ment, simulation and reliability. 

If you'd like to shareyour prob
lems with someone, just write to 
us. The Service Bureau Corpora
tion, Computing Sciences Divi
sion, 1350 Ave. of the Americas, 
Dept. 650-7,NewYork,N.Y. 10019. 

II�. The S�i<e Bureau CO<pOrntioD 
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Wynne began composing similar puz
zles in all shapes and sizes. 

Schuster made arrangements to reprint 
50 of the World's crosswords ("The 
worst idea since prohibition," the 
World's editors said) and persuaded 
the Venus Pencil Company to donate 
50,000 pencils to be attached to the 
book's cover as a promotional stunt. The 
first 50,000 copies of The Cross Word 
Puzzle Book, under the imprint of the 
Plaza Publishing Company, sold out in 
three months, touching off a craze that 

spread quickly to England and France 
("les mots cmises") and other countries. 
In Canada a bilingual form became pop
ular, with English words going one way 
and French words the other. During the 
next 20 years the sale of more than two 
million copies of crossword books firmly 
established the house that became Simon 
& Schuster. 

In 1924 two young men, Richard 
Simon and Max Schuster, opened a 
book-publishing office in New York but 
were in need of something to publish. 
Simon's aunt had a sick friend who was 
addicted to the World's crosswords. 
Was there a book of such things, she 
asked her nephew, that she could give 
her friend? There was not. Simon and 

THERE was an ancient City, stricken down 

With a strange frenzy, and for many a day 

They paced from morn to eve the crowded town, 

And danced the night away. 

I asked the cause: the aged man grew sad: 

They pointed to a building gray and tall, 

And hoarsely answered "Step inside, my lad, 

And then you'll see it all." 

1 

Yet what are all such gaieties to me 

Whose thoughts are full of indices and surds? 

x2 + 7x + 53 
11 
3 

2 

But something whispered "It will soon be done: 

Bands cannot always play, nor ladies smile: 

Endure with patience the distasteful fun 

For just a little while!" 

3 

A change came o'er my Vision-it was night: 

We clove a pathway through a frantic throng: 

The steeds, wild-plunging, filled us with affright: 

The chariots whirled along. 

4 

Within a marble hall a river ran-

A living tide, half muslin and half cloth: 

And here one mourned a broken wreath or fan, 

Yet swallowed down her wrath; 

5 

And here one offered to a thirsty fair 

(His words half-drowned amid those thunders 

tuneful) 

Some frozen viand (there were many there), 

A tooth-ache in each spoonful. 

Most newspapers in the U.S. began to 
publish a daily crossword in 1924. The 

6 

There comes a happy pause, for human strength 

Will not endure to dance without cessation; 

And every one must reach the point at length 

Of absolute prostration. 

7 

At such a moment ladies learn to give, 

To partners who would urge them overmuch, 

A flat and yet decided negative

Photographers love such. 

8 

There comes a welcome summons-hope revives, 

And fading eyes grow bright, and pulses quicken: 

Incessant pop the corks, and busy knives 

Dispense the tongue and chicken. 

9 

Flushed with new life, the crowd flows back again: 

And all is tangled talk and mazy motion

Much like a waving field of golden grain, 

Or a tempestuous ocean. 

10 

And thus they give the time, that Nature meant 

For peaceful sleep and meditative snores, 

To ceaseless din and mindless merriment 

And waste of shoes and floors. 

11 

And One (we name him not) that flies the flowers, 

That dreads the dances, and that shuns the salads, 

They doom to pass in solitude the hours, 

Writing acrostic-ballads. 

12 

How late it grows! The hour is surely past 

That should have warned us with its double knock? 

The twilight wanes, and morning comes at last

"Oh, Uncle, what's o'clock?" 

13 

The Uncle gravely nods, and wisely winks. 

It may mean much, but how is one to know? 

He opes his mouth-yet out of it, methinks, 

No words of wisdom flow. 

Lewis Carroll's most difficult double acrostic 
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AT THE NAVAL LABORATORIES IN CALIFORNIA 

In fact, we regard ideas as the most valuable 
product of the creative mind, the prime 
movers of the scientific world. We think of 
ideas as the mental building blocks, the stim
uli which help us to open doors to uncharted 
regions of research and development. 

Ideas provide the genesis for the practical 
aspects of our technical and scientific pro
grams, the initial force that helps shape the 
mechanisms, the machines which serve the 
Fleet, probe the depths of the ocean and 
guard the sea and air lanes which surround 
this planet. 

Obviously, then, the Laboratories treat 
ideas with loving care. We feed, nurture and 
pamper them in the best of possible environ
ments . . .  until they reach maturity and 
fulfillment. 

A personal note. It could be your idea, 
your concept, that shatters that thi n edge of 
present knowledge. It could be your idea that 
causes us to take another step forward in 
conquering the unknown. So, if you're an 
engineer or scientist, working in practically 
any discipline and interested in putting your 
brain to work ... we welcome your inquiry. 

For further information write to G. L. Hoffman 

NAVAL LABORATORIES 
IN CALIFORNIA 

1030 East Green St., Pasadena, Calif. 91101 

LABORATORIES 

NAVAL WEAPONS CENTER (NWC), China Lake 

NAVAL WEAPONS CENTER, CORONA LABORATORIES (NWC-CL), Corona 

NAVAL UNDERSEA WARFARE CENTER (NUWC), Pasadena 

PACIFIC MISSILE RANGE (PMR), Point Mugu 

NAVAL MISSILE CENTER (NMC), Point Mugu 

NAVAL CIVIL ENGINEERING LABORATORY (NCEL), Port Hueneme 

NAVAL ELECTRONICS LABORATORY CENTER (NElC), San Diego 

NAVAL RADIOLOGICAL DEFENSE LABORATORY (NRDL), San Francisco 

NAVAL PERSONNEL RESEARCH ACTIVITY (NPRA), San Diego 

NAVAL WEAPONS STATION, IIUALITY EVALUATION LABORATORY (IIEl), Concord 

NAVAL WEAPONS STATION, IIUALITY EVALUATION LABORATORY (IIEl), Seal Beach 

NAVAL SHIP MISSILE SYSHMS ENGINEERING STATION (NSMSES), Port Hueneme 

NAVAL FLEET MISSILE SYSTEMS ANALYSIS AND EVALUATIONS GROUP 

(FMSAEG), Corona 

NAVAL PLANT REPRESENTATIVE (NPRO), Sunnyvale 

NAVAL SHIPS ENGINEERING CENTER (NAVSEC), Port Hueneme 

AN EQUAL OPPORTUNITY EMPLOYER 
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Boeing openings 
on Apollo/Saturn V 
at Kennedy :····· 
Space Center 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 

• 
• 

• 
• 

• 
• 

Boeing's deep involvement with Apol
lo/Saturn V, the National Aeronautics 
and Space Administration's historic 
lunar landing program, provides imme
diate career opportunities at Kennedy 
Space Center in Florida. 

A major contractor on the Apollo/ 
Saturn program, Boeing has assumed 
additional responsibilities in assisting 
and supporting NASA in the perform
ance of certain Technical Integration 
and Evaluation (TIE) tasks for Apollo 
project flights A/S 501 through A/S 515. 
Boeing will be responsible for integrat
ing Saturn V launch vehicles with the 
Apollo command modules as well as 
the lunar module. 

In addition to performing these TIE 
tasks, Boeing is assisting the NASA/ 
Kennedy Space Center in the following 
areas: systems analysis, basic modifica
tion and design of launch support 
equipment including propellant loading, 
telemetry, pneumatic and environmental 
control systems, mobile launcher service 
equipment, and other related hardware. 
The company also provides support 
services including procurement, relia
bility, logistics, quality control and 
configuration management. 

A number of interesting engineering 
assignments are available in manage
ment systems. These positions require a 
college degree, preferably a B.S. in en
gineering plus an advanced degree in 
Business Administration . 

• 
••••••• 
• 
• 
• 
• 
• 
• 

• 
• 

•••• '
. Other engineering openings exist for me-

•••••••••••••••••••• 
• 
• 
• 
• 
• 

I'm interested in a Boeing career; please contact me with details. 

Name ___________________________________ _ 

Address __________________________ __ __ 

Phone (incl. area code)' _____________________ _ 

City _____________ State' _______ Zip ___ _ 

I'm usually home between ___ and ___ (hours) on'-----____ (days) 

Degree/Field of Interest, __________________ _ 

Mail to: Mr. G. S. McDaniel, The Boeing Company, P.O, Box 1698-STF, Cocoa 
Beach, Florida 32931. 

• 
•••••••••••••••••••••••••••••••••••••••••••• 

274 

: chanical, electrical/electronics, systems 
• requirements and analysis, logistics, re
: liability, launch operations integration, 
: industrial, and safety engineers. Req uire-

.' ments include a B.S. degree in an appli
cable discipline. In addition, industrial 
engineers should have one or more years 
of applicable aerospace experience. 

Salaries are commensurate with ex
perience and educational background. 
Moving and travel allowances are paid 
to newly employed personnel. Boeing is 
an equal opportunity employer. 

Please fill in and mail coupon. A 
Boeing representative will get in touch 
with you. 

SPACE DIVISION 

Oth e r  Divisions: Missile & Information Systems 
Commercial Airplane • Vertol • Wichita • Also, 

Boeing Scientific Research Laboratories 
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More openings on 
Apollo/Saturn v ... 

At Huntsville. Boeing engineering open
ings in flight mechanics and evaluation 
include operational trajectories, mission 
analysis, trajectory analysis, post-flight 
trajectories, flight simulation development, 
flight dynamics. Systems analysis openings 
in interface control, reliability and safety 
analysis, operations analysis. Test engi
neering openings in telemetry and stage 
test. Computer programming openings in 
scientific digital programming, analog and 
hybrid computer applications. Propulsion 
openings in propulsion flight test analysis, 
propulsion system performance analysis, 
rocket engine analysis. Please write to 
Mr. Lee Batt, The Boeing Company, P.O. 
Box 1680-STF, Huntsville, Alabama 35807. 

At Houston. Engineering openings i n  
telemetry, guidance and control, com
munications, testing, configuration man
agement, interface control, dynamics, heat 
loads, thermal analysis and design, mis
sion control and operation, life support 
systems. Please write to Mr. Frank Greg
ory, The Boeing Company, P.O. Box 
58747-STF, Houston, Texas 77058. 

At New Orleans. Openings at Michoud 
Assembly Facility for engineers in facil
ities, logistics, quality and reliability 
assurance, propulsion, flight evaluation, 
data analysis, mechanical and electrical 
design, high pressure test, change man
agement, program planning and control, 
and safety and industrial hygiene. Please 
write to Mr. Ellis R. Moody, The Boeing 
Company, P. O. Box 29100-STF, New 
Orleans, Louisiana 70129. 

... and SRAM, 
Minuteman and 
Lunar Orbiter 

At Seattle. Information systems and guid
ance openings in data processing software, 
information systems research, product 
computing systems, guidance. Test tech
nology openings in data systems, test data 
handling. Flight technology openings in 
mechanical power, flight control and me
chanics. Propulsion technology assign
ments in solid, liquid, air breathing pro
pulsion, and in propellants and combus
tion gas dynamics. Other engineering 
openings in developmental design, elec
tronic packaging, tool design. Adminis
trative openings for buyers, estimators, 
and cost research analysts. Please write to 
Mr. R. R. Laurie, The Boeing Company, 
P.O. Box 3999-STF, Seattle, Wash. 98124. 

The Boeing Company is an equal oppor
tunity employer. 

SPACE DIVISION 

MISSILE & INFORMATION SYSTEMS DIVISION 

My fi1'st is a garment that fastens behind; 

My second applies to a lush little lake; 

My third in your Handwihte1"buch you will find 

May mean whilst or because; my fourth is a fake: 

The Association of Impotent Old Apoplectic Parties; 

My fifth is the steamship Nigerian Royal Highness; 

My sixth a confection of musical art is; 

My seventh an organ remote from the sinus; 

My eigh th is a painter fantastic and French; 

My ninth is exclaimed at a wrench or a stench; 

And my tenth is a nimble but mythical wench. 

Five.by·five word·square poem by Edmund Wilson 

astonished World announced late that 
year that its first daily puzzle would be 
composed by Gelett Burgess, of purple
cow fame, and added: 

The fans they chew their pencils, 
The fans they beat their wives, 

They look up words for extinct birds
They lead such puzzling lives! 

The New York Times was the last 
major paper to succumb. In 1942 it in
stituted its Sunday puzzle, edited by 
Margaret Farrar, the wife of the publish
er John Farrar and still the crossword 
puzzle editor of the Times and the na
tion's leading authority on the topic. (As 
Margaret Petherbridge she had been one 
of the three editors of Simon & Schuster's 
first puzzle book.) More than 90 percent 
of the nation's newspapers now have a 
daily crossword, and millions of cross
word books are sold annually. It is the 
most popular type of puzzle in all parts 
of the world except in countries, such as 
China and Japan, where the language 
does not have individual letters and 
therefore is not suitable for intersecting 
word patterns. 

The Double-Crostic, in which the 
words of a literary quotation and the 
name of the author and his work are de
rived from words clued by cryptic defini
tions, was invented by a Wellesley Col
lege graduate and Brooklyn high school 
English teacher, Elizabeth Seelman 
Kingsley. Mrs. Kingsley's first Double
Crostic appeared in The Saturday Re
vieH; of Lite1'ature in March, 1934, to be 
followed by a large output of Double
Crostics for that magazine, other maga
zines and numerous Simon & Schuster 
books. When she retired in 1952, five 

years before her death, the work was 
continued by her assistant, Doris Nash 
Wortman, until Mrs. vVortman's death 
in June. The term "Double-Crostic" is a 
registered trademark, but the puzzle 
form appears regularly under other 
names, such as The Reporter's Acrostick
ler and the National Review's Trans-O
Gram. Kinnaird, in his Encyclopedia, 
calls them literary anacrostigrams. 

One of the earliest and hardest-to
compose variants on the double acrostic 
is the word square, which can be 
thought of as a kind of ultimate acrostic 
because every letter in it marks an inter
section of two words. A set of n horizon
tal words, each of n letters, intersects 
with another set of n vertical words of n 

letters that are read down. The uprights 
are sometimes identical with the horizon
tals, sometimes a different set entirely. 
Dudeney says in his book on word puz
zles that he was the first to put the defini
tions for such squares into verse, and he 
gives a number of examples. Edmund 
vVilson, who shares with his literary an
tagonist Vladimir Nabokov a liking for 
wordplay, has more recently tried his 
hand at versifying word squares. In an 
amusing example from Wilson's Night 
Thoughts (1961) the five horizontal 
words are given first, followed by clues 
to five different words that form the up
rights [see illustration above J. Can the 
reader construct vVilson's square before 
it is revealed next month? 

The missing center digit in the dia-
mond-shaped factorial shown last 

month is easily found by recalling that 
every multiple of 9 has a digital root of 
9; if one keeps summing the digits of the 
number, casting out 9's as he goes along, 
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QUESTAR IS A LASER COMPONENT, TOO ... 
When you order a Questar it goes out to 
you by return mail. Why wait for optical 
components to be made to specification, 
when the world's finest optical system is 
ready and waiting to serve you? More
over, when target returns approach your 
system noise you can hardl y afford to do 
without Questar's astonishing resolving 
power. 

Questars are used in laser bio-medical 
studies, laser CAT detection, laser track
ing radars, laser range and bearing sys
tems, and underwater laser transceivers. 
As a receiver the Questar barrel, just as 
it comes, is placed parallel with your 
transmitter (its 3Y2-inch aperture allows 
for minimum base lines) and connects 
with a simple adapter to your narrow 
band filter and photo multiplier tube. 

Questar is the first modern telescope. 
Fourteen years ago it replaced the con
ventional shaky, long-tubed lens or mir-

Questar, the world's finest, most \'ersatile small 

telescope, priced from $795. is described in 

our 40-page hooklet. Send $1 lor mailing in 

North America. By air to South America, Europe 

and nortltern Africa, $2.50. Elsewhere $3.50. 
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ror 'scopes with the miniature, 7-pound, 
tabletop instrument shown below. This 
model is equipped with all the refine
ments of the great observatory telescopes 
- the polar equatorial mount, smooth 
drives both manual and electric, and 
built-in power changes, plus a feature 
that no other telescopes possess: it will 
focus down to approximately eight feet. 

All this portable convenience was 
made possible by an optical system which 
folds the ray path within Questar's 8-inch 
tube. Questar's resolution, however, which 
has created its world-wide reputation, is 
not come by lightly. We are not satisfied 
with standard resolution tests but insist 
that every set of optics be star-tested be
fore it leaves our hands. We reject all 
that are mere! y perfect and do not far 
surpass the Dawes and Rayleigh criteria. 

Soon after its introduction as the as
t r o n o m e r ' s  p o r t a b l e  o b s e r v a t o r y ,  
Questar's versatility and convenience rec
ommended it not only for observing but 
for photography as well, and as a ready
to-hand solution to the special optical 
problems encountered in scientific re
search and engineering. And so today 
you find Questars used in closed-circuit 
television, in manned spacecraft,  in 
rocket-borne instrumentation, and in the 
laser applications noted. 

Questar is available also in the Field 
Model shown above, or in a simple tube 
that can be adapted to all special pur
poses, and with a choice of mirrors: 
Pyrex, quartz or Cervit. 

Questar's 7-inch is in the works now, 
available on special order. 

QUIESTAJR 
BOX 20 NEW HOPE, PENNSYLVANIA 18938 

the Rnal digit must be 9, Every factorial 
higher than 5! is a multiple of 9 because 
6! has 3 and 6 as factors and 3 times 6 is 
18, a multiple of 9, Therefore to find a 
missing digit in any factorial greater 
than 5! one simply obtains the digital 
root of the mutilated factorial and sub
tracts it from 9 to get the missing digit. 
If the mutilated factorial has a digital 
root of 9, the missing digit could be 
either ° or 9, but in this case the digital 
root of the mutilated diamond factorial 
is 3 and so there is no ambiguity. The 
missing center digit must be 6. 

A! + B! + C! = ABC has the unique 
solution I! + 4! + 5! = 145. 

To find the number of different mini
mum-length routes from one corner of 
a rectangular section of city blocks to 
the diagonally opposite corner, consider 
that if the rectangular section is a blocks 
long and b blocks wide, the minimum 
path that connects diagonally opposite 
corners is a plus b. Call this sum n. 
Every n-Iength path from corner to cor
ner can now be expressed as a chain of 
n symbols, of which a symbols will be 
identical (indicating a block's travel 
lengthwise toward the goal) and the re
maining b symbols will be identical (in
dicating a block's travel widthwise to the 
goal). If we let a penny stand for a move
ment of one block lengthwise and a dime 
for a movement of one block widthwise, 
then the number of different routes will 
equal the number of different ways that 
a pennies and b dimes can be arranged 
in a row. Every distinct route can be put 
in one-to-one correspondence with a 
permutation of the 11 coins, and every 
permutation of the coins corresponds to 
one of the routes. The hint given last 
month was the formula n!/a!b! for the 
number of ways of arranging 11 objects 
in a row, of which a are identical and 
the remaining b are identical. The rec
tangle is six blocks long and four blocks 
wide, therefore the problem of deter
mining the number of different routes is 
isomorphic with the problem of Rnding 
the number of different ways six pennies 
and four dimes can be placed in a row. 
The answer is 10!/(6! X 4!) = 210. 

The problem ties in with the discus
sion of Pascal's triangle (December, 
1966), as the reader will discover if he 
labels each intersection with the number 
of different minimum-length routes from 
the upper left corner to that intersection. 
The answer, 210, is found on the tri
angle simply by starting at the top of the 
triangle, moving six (or four) steps down 
one side, then turning and going down 
four (or six) steps in the other diagonal 
direction. 
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Mother Nature 
lacks imagination. 

Her creativity runs to the 
humdrum, the frauish. But 
our business at Carborundum 
is built on materials and 
forms of materials, and on 
needs, that Nature never 
dreamed of. 

CARBORUNDUM � 

We mine our materials 
in the minds of men. 

We can solve problems for 
you of extreme wear, high 
temperature, or extreme 
chemical attack that Nature's 
materials simply cannot 
handle. 

The benefits of this world
wide materials capability 

can be put into a presentation 
tailored to your specific 
interests and presented at 
your convenience. Our 
dialogue can include the 
latest developments in silicon 
carbides, aluminum oxides, 
borides, nitrides, carbon and 
graphites in solids, fibers 
and composites, their 
properties and applications. 
To schedule a presentation 
for your company, phone 
Mr. William W. Evans, Vice 
President, Marketing, 
The Carborundum Company, 
Niagara Falls, N. Y. 14302. 
Phone 716 278-2395. 
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Cu 

Asarco capability in metals 
has grown through 
creative research 

Capability in metals has been developed 
through many years of research on exploration, 
mining, smelting and refining techniques, and 
on the behavior of nonferrous metals and alloys 

under a wide variety of conditions. 
Today, Asarco produces the most diver-

� 

sified line of these materials in the world. 
Asarco scientists and metallurgists are ready 

and able to inform and help. They can recom
mend the best metal or alloy for the develop
ment of new products or to make present 
products more dependable. 

ASARCO AMERICAN SMELTING AND REFINING COMPANY 
� 120 BROADWAY, NEW YORK, N.Y. 10005 

Capability ... diversity ... and quality in: copper, silver, lead, zinc, arsenic, bismuth, cadmium, indium, selenium, tellurium, thallium, asbestos, brass and 
bronze alloys, continuous·cast bronze rods and tubes, aluminum alloys, corrosion protection products, anodes and chemicals for plating, solder and brazing alloys. 
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• • . THAT'S THE NUMBER OF 
Career achievement and satisfaction are lifetime mat
ters. To plan a course of action that makes the most of 
the 1.5 x 104 days in your career, consider the engineer
ing opportunities and diversification at SYLVANIA 
ELECTRONIC SYSTEMS. 
D Job opportunities cover the scientific disciplines, 
engineering specialties, and technical management posi
tions. Promotion comes from within, whenever 
possible. 
o Military and civilian programs span the 
spectrum from space communications and 
lasers to manpack radios and information 
handling. 
o A balanced backlog of large systems 
programs and smaller research and devel
opment efforts keeps Sylvania Electronic 
Systems growing at a smooth steady pace. 

An equal opportunity employer 

TOMORROWS IN YOUR CAREER 
o Your education can continue with company sup
port. And you will be encouraged to publish your work 
in the nation's finest professional journals. 
SYLVANIA ELECTRONIC SYSTEMS has major centers in 
suburban Boston, Buffalo and San Francisco . . .  within 
minutes driving to leading colleges and universities. Plan 
to talk to our representative when he's on campus. For 

additional information, see your college placement 
officer or write to, Manager, Professional Staff

ing, Sylvania Electronic Systems, Division of 
Sylvania Electric Products Inc., 40 Sylvan 
Road, Waltham, Mass. 02154. 

G1&E 
GENERAL TElEPHONE & ELECTRONICS 
ToIII Communic.tion) IrOlIl • lin;le Uuree t�"ug� 

SYLVANIA ELECfRONIC SYSTEMS 
RESEARCH. SYSTEMS DEVELOPMENT. PRODUCT & FIELD ENGINEERING 
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At Martin Marietta, you could be 
lording it over Lilliput. 

The modern Gullivers at our one-of
a-kind Guidance Development 
Center concentrate on the scale 
model of a 4 )t,-mile-square target 
area. It includes mountains, desert, 
rivers, seaport, airfield, factories ... 
even a ballpark. Amazingly realistic. 

Working in four surrounding labo
ratories, our engineers can develop 
tactical missile guidance systems 
without leaving the ground. 

The scale model moves on tracks 
to simulate approach of aircraft or 
missiles to the target. The guidance 
system is mounted in a transport 

that can move horizontally or verti
cally. It's also gimbaled to provide 
roll, pitch and yaw motion. 

Martin Marietta has a lot of things 
going-in space systems, rocketry, 
communications, materials develop

ment and other areas. We're look-

ing for top creative engineers and 
scientists who can see both the 
Lilliputian and Brobdingnagian side 
of things. 

If you're ready to travel, get off a 
letter today to George F. Metcalf, 
Vi ce President-Professional & 
Management Relations,  M a r t i n  
Marietta Corporation, Aerospace 
Group, Friendship International Air
port, Maryland 21240. 

Martin Marietta is an equal opportunity employer. IWARTIIV IWARIETTA 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

I
f one ounce of ethyl ether has been 
dissolved in 248 barrels of water and 
one drop of the mixture has been di

vided into 50 equal parts, how can the 
ether in one of the minute droplets be 
quickly identified? Robert Van der Kloot, 
a schoolboy in Skokie, Ill., makes such 
determinations by means of a gas chro
matograph he has built at home. His in
strument separates mixtures of unknown 
gases and vapors as they flow through 
a fractionating column-a slender pipe 
packed with coated granules-and de
tects the separated fractions as they 
emerge serially through a tiny flame of 
burning hydrogen. 

Van der Kloot built the instrument 
with the help of his father, Albert P. Van 
der Kloot, who is a chemist. The two 
of them set out to construct an instru
ment of high sensitivity and the greatest 
possible simplicity. The first goal was 
achieved with impressive success: the 
apparatus easily detects dilutions of one 
part in a million. The second objective 
proved to be more elusive, according to 
Albert Van der Kloot, who writes: 

"The experimenter who designs in
struments as a pastime soon discovers 
that striving for maximum simplicity 
runs counter to human nature. Part of 
the fun comes in devising convenient 
features and amusing gadgets that are 
not strictly essential to the operation. 
Bob and I yielded to this temptation 
more than once. We built several ver
sions of the apparatus and shall describe 
two of them. One version is comparative
ly insensitive but useful for demonstrat
ing the principles of gas chromatog
raphy. The second version, when it is 
operated properly, is capable of match
ing the performance of professional in
struments. We shall identify the features 
that can be omitted as they come up in 
our discussion. 

How to construct a gas chromatograph 
that can measure one part in a million 

"Our instruments are similar in prin
ciple to the gas chromatograph de
scribed previously in these columns by 
Steve Langhoff and Glen Martin [see 
'The Amateur Scientist,' SCIENTIFIC 
AMERICAN; June, 1966]. That article is 
an excellent introduction to the tech
nique of gas chromatography and should 
be consulted by beginners who under
take the construction of our apparatus. 
Our design differs from the Langhoff and 
Martin one principally in the provision 
of a heated inlet fixture for injecting 
small specimens into the fractionating 
column, the use of more effective mate
rials in the fractionating column and the 
substitution of a flame-ionization detec
tor for the incandescent filament that 
Langhoff and Martin used for sensing 
the separated materials. 

"The inlet of our system is essentially 
a T fitting. Specimens are injected into 
the inlet with a hypodermic syringe, the 
needle of which pierces a rubber septum 
that closes one end of the crossarm of 
the T. The opposite end of the crossarm 
is joined to the fractionating column. 

"We made the T fitting by drilling a 
lI8-inch hole in the side of a tubing con
nector 1/8 inch in diameter and silver
soldering a 1/8-inch copper tube into 
the hole. This formed the leg of the T, 
through which nitrogen gas flows into 
the system and sweeps the specimen 
through the column. A constriction was 
made in the leg of the T by inserting a 
piece of spring-steel wire .009 inch in 
diameter and squeezing the tube be
tween the jaws of a vise. The wire was 
then removed. The constriction thus 
formed helps to control the flow of ni
trogen and prevents the volatilized spec
imen from backing up into the nitrogen 
inlet. A ready-made compression T 
would have served our purpose but none 
was handy. 

"To encourage the smooth flow of 
specimen materials into the column we 
drilled the fitting lengthwise and slipped 
a length of lI8-inch copper tubing in
side. The insert extended to within 1/8 
inch of the outer end. Prior to assembly 
we reamed the outer end of the insert to 
a taper resembling a small funnel. 

"The septum, which consists of a disk 
cut from a sheet of rubber about 1/16 
inch thick, is clamped between the com
pression nut of the fitting and the thread
ed end of the crossarm. vVe also silver
soldered a disk of brass inside the nut 
and drilled a hole 1/16 inch in diameter 
through the center of the disk. The cen
tered hole serves as a guide for the hy
podermic needle when specimens are 
injected into the system [see illustra
tion below]. This arrangement is one of 
the nonessential elements in the design 
of our gas chromatograph, but it is 
convenient for preventing damage to 
the point of the needle, which might 
otherwise be accidentally thrust into 
the metal. 

"The fractions constituting a specimen 

silver 
constriction soJde.r 

) cha.mfer 
soft yubb� ( .� �' ""'\ Iftl !OO � - I =--i1 (�Th!S!1 

o , I 

\h�� \���- \ '" Bore, \" "- drill 
to a. to ,%;.' 
shou tder. 

bra5s disk 
6" of No.30 

Nichrome 

"T" inlet 0/ V an der Kloot chromatograph 
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in flame detector read-out \O0006�'- /C:=P0 
frdctiondting electrometer 

column 

nitrogen hydrogen 

Schematic arrangement 0/ the chromatograph 

separate most distinctly if the specimen 
enters the chromatographic column as a 
compact 'plug' of gas or vapor. To trans
form liquid specimens quickly into va
por we heat the entire inlet assembly 
electrically. In applying the heating unit 
the fitting was first wrapped with glass
fiber insulation. We then wound six 
inches of 3D-gauge Nichrome heating 
wire around the insulation to form a sin
gle-layer coil of widely spaced turns. The 
turns of the coil were bound in place by 
a second layer of glass-fiber braid. The 
electrical resistance of the coil is 3.2 
ohms. It operates from the five-volt tap 
of a transformer. 

"The design of fractionating columns 
varies with the nature of the materials to 
be analyzed. Normally columns consist 
of copper tubing 1/4 inch in diameter 
filled with a loosely packed inert granu
lar substance known as the support. The 
granules of the support are usually coat
ed with a thin film of liquid called the 
partitioner. The partitioner largely de
termines the performance of the frac
tionating column. Demonstration col-

umns can be packed with an uncoated 
material such as Tide, the detergent, but 
the performance of such columns is com
paratively poor. If Tide is used, it should 
be heated to a temperature of 150 de
grees centigrade for several hours to 
drive off perfume and other volatile com
ponents. 

"Diatomaceous earth was used as the 
support in the first gas chromatograph. 
This material is produced by the Johns
Manville Corporation under the brand 
name Celite. The material must be 
screened by an 80-mesh sieve to sepa
rate from the powder the granular par
ticles that might otherwise clog the col
umn. Crushed firebrick can be used as 
the support; it too must be screened. 

"The effectiveness of supports de
pends strongly on the uniformity of the 
particle size. The technology of support 
materials is developing rapidly. A wide 
variety of special types is now stocked by 
companies that deal in supplies for gas 
chromatographs. Some of the new mate
rials are surprisingly costly. We use the 
support known as Gas Pac W, which is 

to vacuum-tube 
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S il astic B<lthtub Calk 

hydrogen in 

3.1 V for ignition 
150 v 

from column 

Details 0/ the burner housing 

available from Chemical Research Ser
vices Incorporated of Addison, Ill. The 
serious experimenter will find it worth
while to use a good support. The very 
best and most expensive types are not es
sential, but good separations cannot be 
made with inferior supports. 

"Partitioners are equally important. 
vVe used three: glycerine, squalene and 
polyethylene glycol 600. This last chemi
cal is available from the Jefferson Chemi
cal Company of Houston, Tex. Columns 
can be made simply by mixing the liquid 
with the solid. Coatings of more uni
formity can be prepared, however, by 
dissolving the liquid in a suitable sol
vent, stirring the mixture thoroughly into 
the solid and then evaporating the 
solvent. vVe used lacquer-thinner and 
stirred the batch occasionally as it dried. 
Be sure to do this work outside and avoid 
inhaling the vapor. In general we use 12 
to 15 grams of liquid partitioner to 100 
grams of support. Usually we make 
up batches of 25 grams, an adequate 
amount for packing a tube eight feet 
long and 1/4 inch in diameter. 

"To the eye the coated material after 
drying appears similar to the uncoated 
support. It flows freely. To pack a col
umn we stand the tubing vertically and 
plug the bottom end with a wad of glass 
wool. The coated support is poured into 
the upper end of the tube through a fun
nel. During this operation we hold a vi
brating sander against the tube to make 
the powder fill the voids. 

"Freshly packed columns should be 
coiled, placed in the oven of the instru
ment, heated somewhat above normal 
operating temperature and flushed with 
compressed nitrogen to eliminate traces 
of solvent and other volatile substances. 
The column should not be connected 
to the detector during this conditioning 
procedure. A few minutes of flushing is 
adequate in the case of columns intended 
for demonstrations or other low-sensitiv
ity applications, but those designed to 
work at the highest sensitivity may have 
to be flushed continuously for several 
days. 

"The rate at which materials travel 
through the column is partly determined 
by the temperature of the packing mate
rials; therefore the temperature must be 
carefully controlled. The oven we used 
for maintaining the temperature of our 
low-sensitivity instrument is identical 
with that described by Langhoff and 
Martin. It houses the inlet, fractionating 
column and detector. We made it from 
a wooden box a foot square and nine 
inches deep. The top of the box is closed 
with a removable lid. The inner surfaces 
are lined with sheets of cement board 
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fastened in place with Silastic Bathtub 
Calk, which is available in hardware 
stores. Oven temperature is regulated by 
means of a variable autotransformer that 
energizes a 300-watt heating unit inside 
the box. 

"The oven used in the high-sensitiv
ity unit is designed for higher operat
ing temperature and consists of a metal 
box lined with Marinite, a product of 
the Johns-Manville Corporation. It is 
equipped with a system of electronic 
temperature control. Actually a mini
mum system for making demonstrations 
does not require an oven. Interesting 
separations can be made at room tem
perature with fractionating columns 
ranging in length from six inches to 
three feet. 

"The heart of our detector is a tiny 
flame of hydrogen, mixed with gases 
from the fractionating column, that 
burns invisibly on the tip of a hypoder
mic needle. The point of the 20-gauge 
needJe was ground off to make a right 
angle to the axis of the tube. The tube is 

Hydrogen generator 

Materials Research 
at the Aerospace Corporation 
Too often, materials survive laboratory tests only to fail in the real environ
ment. For this reason, the Materials Sciences Laboratory (MSL) of the 
Aerospace Corporation is using a number of approaches in research on 
metals, ceramics and composites to better relate experimental results with ac
tual performance. Three examples are studies involving Low Energy Electron 
Diffraction (LEED), thermal stress fracture analysis and mass spectrometry. 
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A L OW ENERGY ELECTRON DIFFRACTION PAT

TERN FROM A (100) MOLYBDENUM SURFACE. 

The innermost spots result from the adsorption 
of a half monolayer of oxygen. The outermost 
spots represent the clean Mo surface. This sen
sitive technique is being employed to study the 
physics of surface reactions and related phys
ical and mechanical properties in simulated 
space environments. 

ARRESTED THERMAL STRESS CRACK IN A 

COMPOSITE OF ZIRCONIUM CARB IDE WITH 

GRAPHITE. The lamellar eutectic structure of 
an arc-cast carbide alloy dissipates mechanical 
energy promoting discontinuous fracture. 

'It Energy dissipation is enhanced by major crack 
diversions and blunting that take place when 
the crack encounters a proeutectic graphite 
flake. A major improvement in resistance to 

thermal stress failure induced by a simulated reentry environment is 
attributable to a basic alteration in fracture mode. 
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MASS-

MASS S P E CTRUM OF C2H4. N2. A N D  CO A T  

rn/e=28. T h i s  s p e c trum d e p i c t s  t h e  h i g h  
degree o f  mass resolution achieved with a 
double-focusing mass spectrometer used at 
MSL to study the response of materials to very 
high temperature. Vaporization of refractory 
materials is studied under both Langmuir and 
Knudsen conditions. In related studies, DTA 
and TGA systems are coupled to the mass spec

trometer for an investigation of mechanisms and rate of decomposition 
of high temperature polymers. Results of these studies find application 
in development of ablation models for advanced thermal protec
tion of missiles and manned reentry vehicles. 

MSL's broad research program includes the following fundamental and 
applied areas of investigation: degradation of satellite materials in space 
environments, gas-surface interaction mechanisms, particulate and elec
tromagnetic radiation effects in solids, kinetics of formation of carbona
ceous species during graphite vaporization, high strain rate loading of 
structures, performance of materials and sub-systems in an enemy 
induced environment, controlled solidification of composites, elastic 
properties of ceramic composites, and mechanisms of stress corrosion 
in high strength alloys. Early application of results to advanced space 
and reentry programs is found through close interaction of the Aerospace 
Corporation with the U.S. Air Force. These and other important mate
rials problems provide a challenge to scientific ingenuity in a stimulating 
research environment. Staff members are encouraged to communicate 
with the scientific community through professional societies and publi
cations. If you are interested in contributing your talents and partici
pating in research of this nature, please send your resume to: 

@ 
Stephen B. Robinson 

:.l1li THE AEROSPACE CORPORATION 
_ P. O. Box 95085, Los Angeles, California 90045 

® An Equal Opportunity Employer 
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Electrometer for the chromatograph 

clamped vertically in the end of a T fit
ting by a Teflon bushing, which insulates 
the tube electrically from the fraction
ating column. A loop of 20-gauge Ni
chrome wire, about 3/16 inch in diam
eter, is centered horizontally about 1/4 
inch directly above the flame. This wire, 
which functions as a negative electrode, 
is also insulated from the fractionating 
column by Teflon bushings; they are 
supported by a metal housing that 
shields the flame both electrically and 
from drafts. 

"During operation a potential of 150 
to 200 volts is applied between the flame 
and the loop. The heat of the tiny flame 
breaks some of the molecular bonds of 
the gases and thereby ionizes the sub
stances more or less, depending on their 
nature. The electrical conductivity of the 
path between the flame and the loop 
varies in proportion to the ionization of 
the burning materials. Conductivity of 
the path is measured continuously by a 
meter, the movements of the pointer in
dicating the passage of each substance 
through the flame. The response of the 
meter does not identify the substance 
but merely indicates its passage. Sub
stances must be identified by passing 
known materials through the fractionat-
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ing column and observing the rate and 
sequence in which they emerge. Known 
materials can then be added to unknown 
specimens; identification is established 
by comparing the performances. 

"The housing of our burner was madp 
of brass tubing 3/4 inch in diameter. 
The ends were closed by caps made of 
slightly larger tubing that telescoped 
over the 3/4-inch stock. Disks cut from 
sheet brass were silver-soldered to 1/2-
inch lengths of the larger tubing to com
plete the caps. 

"The base of the housing involves a 
bit of fussy construction. Openings must 
be made for admitting an air supply, the 
burner assembly and electrical connec
tions [see bottom illustration on page 
284]. A brass compression T clamps the 
Teflon bushing, which in turn supports 
the hypodermic tubing, as previously 
mentioned. The fractionating column is 
connected to the opposite end of the 
crossarm of the T, and the hydrogen 
supply enters the burner through the leg 
of the T. The burner is inserted into the 
housing through a centered hole in the 
bottom, and the air supply occupies an 
adjacent hole. 

"We equipped the burner with an 
ignition wire-a handy but nonessential 

MECHANICAL DEVELOPMENT ENGRS. 

To generate novel approaches in the develop
ment of new products, to develop and prove 
product concepts through design, test, and 
evaluation of appropriate models of products 
for quantity production. Previous experi
ence should include design and development 
of consumer products such as business ma
chines, appliances, photographic equipment, 
printing machines, instruments, automotive 
equipment and light machinery. BS or MS 
in ME, EE, or Engineering Physics. 

EXPLORATORY DEVELOPMENT ENGRS. 

Will be assigned to exploratory development 
activities of advanced xerographic imaging 
systems for a wide diversity of product ap
plications. Responsibilities includ'e theoreti
cal studies of machine design approaches to 
determine feasibility, and the development 
of electro-mechanical test fixtures to study 
process/machine parameters. 5-7 ye�rs solid 
experience in the electro-mechamcal and 
optical fields. BS and/or MSME. 

INDUSTRIAL DESIGNERS Utilizing a good 
knowledge of engineering principles, w

.
ill 

provide design solutIOns to bUSIness equip
ment development that considers all aspects 
of appearance and human factors engineer
ing principles. Experience In product deSign 
of business machines, instruments, appli
ances, etc. desired. BS in Industrial Design. 

RELIABILITY ENGINEERS To carry out 
systems reliability analysis, perform desi�n 
reviews including component parts analYSIS, 
plan and analyze reliability tests, and ca�ry 
out liaison functions With Manufacturlllg 
and Technical Services. BSEE or Physics. 

ELECTRICAL ENGINEERS To perform ex· 
ploratory design and develo�me?t of elec
trical control systems Includlllg lllstrumen. 
tation and testing of circuits and related 
processes. BSEE. 
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Can there be this kind of excitement in engineering? 
A high-performance car in a four-wheel drift around the first 
turn at Watkins Glen * typifies the excitement of sports car racing • • •  

precision machinery and human skill in cool coordination. 

Is it an exaggeration to suggest there should be an analogous 
excitement in your engineering career? In engineering, too, 
professional skill is constantly pitted against variables of 
mathematics, materials and men. And the pace can be fast. TryXerox and see 
This is the kind of engineering excitement Xerox can offer you: 
• a strong drive into new areas and new technologies in a 
variety of fields ... imaging, data handling, graphic arts, education 

• a growth pattern stimulating in itself ... employment up 27% 
in the past year; total operating revenues up from $25 million 
in 1957 to over $500 million in 1966; research and development 
expenditures, at $45 million in 1966, up 36% over 1965 

• a professional environment and esprit which you have to 
experience to believe-last year our turnover rate among 
engineering professionals was just about half the industry average 

• and both long-range technical aims and day-to-day 
engineering problems on a scale to satisfy any engineer. 

Sound unlikely? Check it out and see. Specific positions available at 
our suburban Rochester, New York facilities are outlined at the left. 

Please forward resumes to Mr. J. W. Turner, Dept. BBY-126, 
Xerox Corporation, P.O. Box 1995, Rochester, New York 
14603. An Equal Opportunity Employer (M/F.) 

XEROX 
* 1 hour's drive south of Rochester· 

Spectrogram helps our scientists to analyze composition 
of materials used in xerography. 
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Instrument's analysis of mixed solvents 

feature. The gadget consists of a two
inch length of 24-gauge Chromel wire, 
silver-soldered at its center to the hypo
dermic tubing about 1/8 inch below the 
tip. Gas is ignited by connecting the 
heater wire momentarily to a source of 
three volts. The flame could be ignited 
almost as conveniently by lifting the top 
of the housing and using a match, but 
Bob thought it would be fun to devise 
the ignition circuit. It was. The polariz
ing voltage required between the burner 
and the wire electrode above the flame 
can be connected to either lead of the 
ignition wire. The leads are supported 

.tl 
"0 > 
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by a layer of Silas tic Bathtub Calk in the 
bottom of the housing. The calk also 
serves as electrical insulation. Teflon 
insulation was used exclusively in the 
construction of the burner for our high
sensitivity instrument. 

"Special care must be taken to insulate 
the wire-loop electrode. In effect it picks 
up the weak signal generated by the 
flame. Spurious electrical leakage be
tween the loop and the ground can gen
erate 'noise' that may mask the desired 
signals. The loop for our low-sensitivity 
instrument was made from a short length 
of Nichrome wire that we stripped from 

_ time 
Analysis of gasoline 

a discarded I,OOO-watt heating unit. 
Insulators were made of three 1/4-
inch lengths of 1/4-inch Teflon rod. The 
plastic pieces were drilled axially and 
slipped over the wire like widely spaced 
beads. The assembly was then inserted 
into a length of 1/4-inch brass tubing 
that we had previously silver-soldered 
into a 1/4-inch hole in the side of the 
housing at a point that brought the loop 
1/4 inch above the flame. For our high
sensitivity instrument we substituted a 
loop of platinum wire for the Nichrome. 

"A supply of compressed hydrogen 
for the burner can be bought in a cylin
der, but we prefer to generate our own 
gas by the electrolysis of water. Gas so 
obtained is less expensive, more con
venient and much safer than compressed 
gas. A small leak in a supply of com
pressed hydrogen can be ignited acci
dentally, and the fire may escape notice 
because the resulting flame is almost 
invisible. Yet the heat is so intense that 
an accidental fire can lead to disaster. 
Leaks that do not catch fire may collect 
in pockets of potentially explosive gas 
that is both odorless and colorless. 

"The design of the hydrogen gener
ator can be varied according to the 
materials available. The construction re
quires a container, preferably of glass, 
for holding 25 ounces or so of electrolyte, 
which consists of a 15 percent solution 
of potassium hydroxide in distilled wa
ter. (A solution of this strength is caustic 
and may cause a painful burn if it comes 
in contact with the skin.) Two electrodes 
of stainless steel are immersed in the 
caustic solution and energized from a 
source of 12 volts, direct current. Our 
generator draws about two amperes and 
is energized by a battery charger. 

"The negative electrode, at which hy
drogen is liberated, is enclosed by a glass 
tube about 3/4 inch in diameter. Oxy
gen is liberated at the positive electrode, 
which is located outside the glass tube, 
and escapes into the air. The top of the 
3/4-inch glass tube is connected through 
a rubber stopper to a filter containing 

© 1967 SCIENTIFIC AMERICAN, INC



silica gel, which separates the gas from a 
fine mist that rises above the electrodes 
[see illustration on page 285]. The fil
tered gas is fed directly into the burner 
of our low-sensitivity instrument. 

"We used a one-liter graduate for the 
container, but any slender bottle with a 
wide mouth could be substituted. Elec
trodes were made by winding, with 
stainless-steel wire, a pair of single-layer 
coils two inches long. One coil fits inside 
the 3/4-inch tube near the bottom and 
the other is wrapped around the outside 
of the tube, also near the bottom. Elec
trodes of similar size and shape could 
be made of stainless-steel sheet. 

"\Ve insert a loose tuft of glass wool 
inside the 3/4-inch glass tube just below 
the stopper to retard the mist that forms 
above the bubbling electrolyte. We cov
er the top of the graduate with a mat of 
the same material to protect neighboring 
apparatus from the mist. 

"If hydrogen is admitted directly to 
the burner from the generator, the flame 
will flicker imperceptibly because of 
bubbles that rise to the surface of the 
electrolyte and burst. The electrometer 
of our high-sensitivity instrument re
sponds to the flickering flame as though 
it were detecting noise. We suppressed 
the wavering flow by inserting a con
striction in the supply line from the gen
erator. The constriction was made by 
inserting a piano wire about .01 inch in 
diameter into a length of liB-inch tub
ing and squeezing the tubing in a vise. 
The wire was then pulled from the tub
ing, which was inserted into the supply 
line. 

"The rate at which hydrogen is gener
ated varies with the voltage applied to 
the stainless-steel electrodes. We con
trol the rate by a rheostat made of a short 
length of Nichrome wire and a battery 
clip. The Nichrome wire is connected to 
one lead of the battery charger; the clip 
is connected to one of the stainless-steel 
electrodes. The rate of gas production is 
adjusted by attaching the clip to selected 
points along the wire. The proper voltage 
depends on the geometry of the elec
trodes. If the voltage appears to be too 
low to generate an adequate supply of 
gas, reduce the spacing between the 
electrodes. 

"The burner must also be supplied 
with air. In the case of our low-sensi
tivity instrument we couple the output 
of an aquarium pump directly to the in
let of the burner housing. Any oil-free 
pump of similar capacity should be ade
quate. The rate of flow is controlled by a 
needle valve. For operation at high sen
sitivity in a laboratory where organic 
fumes may be present we pass the air 

Research into the properties of metals typifies the specialization which 
complements Sandia Laboratories' nuclear research and aerospace 
programs. Sandia scientists are studying the behavior of the Fermi 
surfa�es of metals with changes in interatomic spacing. 

Usmg de Haas-van Alphen and galvanomagnetic techniques in homo
geneous magnetic fields up to 60 kOe, our physicists determine Fermi 
surface

. 
dime

.
nsions

. 
under hydrostatic pressures as high as 8 kbar gen

erated III solId He III the 1-4 OK temperature range. Such studies of the 
e��ct of pressure on the detailed topologies of the Fermi surface are pro
vldmg tests of the theoretical models describing the metal Fermi surface. 

Sandia is diversity in depth, a challenging environment for scientists 
who excel. We currently need persons with records of achievement in 
physics and chemistry of surfaces; and in structural and electronics 
cera�ics. For information write Employment Organization 3151, 
SandIa Laboratory, Box 5800, Albuquerque, New Mexico, 87115. 
Sandia is an equal opportunity employer. U.S. citizenship is required. 

SANDIA LABORATORIES 

OPERATED FOR THE U.S. ATOMIC ENERGY COMMISSION BY SANDIA CORPORATION 

Iii\ � A BELL SYSTEM SUBSIDIARY / ALBUQUERQUE. NEW MEXICO: LIVERMORE. CALIFORNIA 
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With artificial satellites already launched and 
space travel almost a reality, astronomy has 
become today's fastest growing hobby. 
Exploring the skies with a telescope is a 
relaxing diversion for father and son alike. 
UNITRON's handbook contains full'page 
illustrated articles on astronomy, observing, 
telescopes and accessories. It is of interest 
to both beginners and advanced amateurs. 

CONTENTS INCLUDE: 
ObserYinr Ih. sun, moon, plan.ts and wonders 01 Ih. sky. 
Consl.llation map • Hints lor observers· Glossary 01 I.'mop. 
lerms • How 10 choose a I.'.scope • Astrophololraphy 

UNITRON 
INSTRUMENT COMPANY· TELESCOPE SALES DIV. 
66 NEEDHAM ST., NEWTON HIGHLANDS 61, MASS. 

I Please rush to me, FREE of charge, I 
IUNITRON'S OBSERVER'S GUIDE and TELESCOPE. 
I CATALOG # H • I I 
: Name i 
I I I Slreel I 
I I 
L� __________ ..!t: ____ J 

L There are three numbered statements in this box. 
2. Two of these numbered statements are not true. 
l. The average increase in I.a. scores of those who 

learn to play WfF 'N PROOF is more than 20 points. 

Is statement No.3 true? 
A NEW DIMENSION IN EDUCATIONAL GAMES 

WFF 'N PROOF: The GAME of 
MODERN LOGIC $6.00 (plus 
$.50 postage and handling) 

EQUATIONS: The GAME of CRE
ATIVE MATHEMATICS $3.00 
(plus $.50 postage and handling) 

ON-SETS: The GAME of SET 
THEORY $4.00 (plus $.50 post
age and handling) 

by Professor layman E Allen 

--::7:0��W-:::--) W�e'
Conn. 

Plea,e ,end me . . . . . . .......... .  WFF 'N PROOF 
. .. .... .. . ON-SETS ..... ...... EQUATIONS 
I enclose $ . and understand 
that if I am not completely satisfied, I 
can return the games in 10 days for a full 
retund of the purchase price. 

Address 

City. . . .... State ........... Zip 

Refund and return privileJres guaranteed! Dealer Inquiries Invited 
WFF'N PROOF 
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first through a drying tube packed with 
silica gel and then through a similar tube 
packed with Linde 5A, a material that 
functions as a molecular sieve. It is man
ufactured by the Linde Division of the 
Union Carbide Corporation, 270 Park 
Avenue, New York, N.Y. 10017. 

"Gas flow into the burner should be 
regulated to approximately 25 milliliters 
of hydrogen per minute and 500 milli
liters of air per minute. A simple meter 
for measuring the rate of gas flow is de
scribed in the account by Langhoff and 
Martin. The optimum rate of gas flow 
through the fractionating column de
pends on the size of the column. Normal
ly it varies from 10 milliliters per minute 
in columns of lI8-inch diameter to 40 
milliliters per minute in 1/4-inch col
umns. 

"The output of the flame-ionization 
detector can be observed most readily 
by connecting a vacuum-tube voltmeter 
across the output. Clip one lead of the 
meter to the fractionating column and 
the other to the wire-loop electrode of 
the burner. We used an old meter that 
was calibrated for a maximum potential 
of three volts with an input resistance of 
11 megohms. A meter designed for lower 
full-scale voltage indication or with a 
higher input resistance would in effect 
have increased the sensitivity of the gas 
chromatograph. Even so, the old meter 
worked well for demonstrations and sim
ple analytical work. 

"The accompanying graph [top of 
page 288] shows a typical analysis. The 
graph displays voltage peaks that were 
generated by the detector when a speci
men consisting of 10 microliters of mixed 
solvents was injected into the instru
ment. The solvents, in order of elution, 
were ethyl acetate, ethyl alcohol, n
propyl alcohol, n-butyl alcohol and iso
amyl alcohol. 

"Plotting output voltages and time 
recordings simultaneously can be a busy 
and frustrating job. If a number of test 
runs are to be made, the experimenter 
will soon become aware of the advan
tages of an automatic pen recorder. 
Commercial pen'recorders are priced be
yond the reach of most amateurs, and 
the best expedient might be to build a 
recorder of the type described in this 
department by Thomas W. Maskell [see 
'The Amateur Scientist,' SCIENTIFIC 
AMERICAN ; July, 1966]. The instrument 
is relatively inexpensive. 

"Maximum advantage of the high sen
sitivity of our instrument can be realized 
only if the output of the flame-ionization 
detector is measured by an electrometer. 
The electrometer need not be elaborate, 
because it is not required to measure 

currents lower than 10 trillionths of an 
ampere. vVe use a cathode-follower elec
trometer with a single vacuum tube [see 
illtlstration on page 286]. 

"Care must be taken with certain de
tails of the construction. All insulation 
on the input side of the electrometer 
should be of Teflon and all related com
ponents must be clean. Avoid touching 
the insulation or the vacuum tube with 
unprotected fingers. The tube must be 
shielded against light, moisture and me
chanical shock. All contacts must be 
clean. vVe found it important to use 
switches and wire-wound resistors of the 
highest quality. All components except 
special resistors in the megohm range 
can be bought from large electronic sup
pliers. We got the special resistors from 
the Victoreen Instrument Company of 
Cleveland, Ohio. 

"As explained by Langhoff and Mar
tin, the instrument is placed in operation 
by first turning on the nitrogen, air and 
hydrogen supplies. Heating current is 
then applied to the inlet and the burner 
is lighted. Finally the oven is brought 
up to a predetermined temperature, say 
80 degrees C. in the case of a column 
filled with Gas Pac W coated with poly
ethylene glycol 600. After all units of 
the system have reached normal oper
ating temperature, 10 microliters of a 
selected specimen are injected into the 
fractionating column. The analysiS will 
be complete within a matter of minutes. 

"Interesting initial experiments usual
ly include the analysis of 'pure' solvents. 
Exceptionally high sensitivity is not re
quired for detecting impurities in most 
volatile reagents, although the products 
are not as impure today as they were a 
few years ago before manufacturers be
gan monitoring their processes with gas 
chromatographs. Our high-sensitivity in
strument can also be used to analyze 
volatiles created by the fermentation of 
yeast. Many interesting features of fer
mentation can be investigated because 
the nature of the volatiles depends on 
such factors as the type of yeast, the 
composition of the mediums and the 
temperature of growth. 

"Gas chromatography has attracted 
the in terest of workers in several 
branches of biology, notably for the rap
id identification of bacterial cultures, an 
application that shows great promise. 
Again, many variables await investiga
tion. The gas chromatograph is among 
the recent developments in instrumenta
tion. Opportunity for adding to its power 
as an analytical tool and for using it as 
an instrument to probe the unknown is 
by no means closed to the persistent and 
enterprising amateur." 
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SOURCE BOOK IN ASTRONOMY, 1900-1950 
Harlow Shapley, Editor 

"Contains some 70 contributions illustrating the ex
traordinary advances of astronomical science in the 
first half of the present century . . .  Shapley has 
picked excellent pieces and has skillfully tailored 
them to size." -Scientific Arnerican. "Should be re
quired reading for every astronomy major."-Sky & 
Telescope. Diagrams and photographs. $10.00 

A SOURCE BOOK IN CHEMISTRY, 1400-1900 
H. M. Leicester and Herbert S. Klickstein, Editors 

"Contains selections from the works of more than 8 0  
chemists [including] Mme. Curie ... divided into par
ticular subjects: force, motion, sound, heat, light, 
magnetism, electricity . . . particularly useful for 
libraries and not least for school libraries . . .  they 
offer in a simple manner an introduction to the most 
important literature in the field."-Chernie & Techniek. 

Illustrated. $9.00 

A SOURCE BOOK IN GREEK SCIENCE 
Morris R. Cohen and I. E. Drabkin 
Second printing with corrections 

"A standard text ... It provides in English transla
tion all the most frequently cited original passages 
from classical authors. For more than ten years it has 
been the greatest boon to teachers and students ... it 
will continue to be invaluable for several decades to 
come."-Science. Illustrated. $9.00 

A SOURCE BOOK IN PHYSICS 
William Frances Magie 
Eighth printing 

From the Greeks to approximately 19 00, "biographi
cal notes and non-mathematical excerpts from impor
tant writings are given for some one hundred physi
cists ... a welcome, readable reference work."-Arner
ican Journal of Physics. Illustrated. $10.00 

A SOURCE BOOK IN 
THE HISTORY OF PSYCHOLOGY 
Richard J. Herrnstein and Edwin G. Boring, Editors 

"This is without any question the best, and perhaps 
the only good selection of primary material relevant 
to the history of experimental psychology ... an im-
pressive selection . will delight the scholar." 
-Science. Illustrated. $12.50 

SOURCE BOOK IN GEOLOGY, 1900-1950 
KIrtley F. Mather 

The most important contributions to the remarkable 
expansion of geological knowledge, excerpted from 65 
articles in all branches of this science - from radio
active timekeepers to the origin and entrapment of 
petroleum- - and including those which led directly to 
the development of theories of paleomagnetism, meta
morphism, cryopedology, and isostasy. Just published. 

Illustrated. $12.50 

FROM FREGE TO GODEL 
A Source Book in Mathematical Logic, 1879·1931 
Jean van Heijenoort, Editor 

"Far and away the greatest publishing service to 
mathematical logic in 31 years .... The volume will be 
very valuable not only for the history of science but 
also as a reference volume for use in current research. 
Every serious logician will have to have it."-WIL
LARD VAN ORMAN QUINE. $18.50 

At bookstores 

HARVARD UNIVERSITY PRESS 
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8245. C H A M B ERS' TEC H N ICAL D I C· 

T I O N A R Y. E d i t e d  by T w e n e y  a n d  
Hughes. A 1 . 028 page volume t h a t  de
fines over 6 0 , 000 terms i n  120 different 
branches o f  science and technology . Pub
lisher ' s  Price $ 7 . 9 5 .  Member's Price $5 .95  
5383. H U M A N  B E H A V I O R .  Berelson 
and Steiner. Over 1 . 000 sCientifically sub
stantiated facts about how humans be
have i n  almost every activity of Hfe.  Pub
lisher's Price $ 1 3 . 2 5 .  Member's Price $8 .95  
6636.  O R I G I N S  O F  M A N .  J o h n  Buett
ner-Janusc h .  A comprehensive anthro
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by Dennis Sciama 

THE MEASURE OF THE UNIVERSE, by 
J. D. North. Oxford University Press 
($ 1 1.20). 

I have often wondered what it must 
have been like to be a nuclear phys
icist in the early 1930's, particular

ly in 1932-that annus mirabilis which 
saw the discovery of the neutron and 
the positron and the first splitting of the 
nucleus by artificially accelerated par
ticles .  Now I think I know. As a cos
mologist I have seen in the 1960's a 
similar stream of discoveries following 
one on another at an almost indecent 
rate. The years 1963 to 1965 stand out, 
beginning with the discovery of quasars, 
followed by the measurement of the 
fantastic red shifts possessed by some of 
them and culminating in what is per
haps the greatest discovery of them 
all :  the cosmic black-body radiation . I 
should say at once that the evidence is 
not yet decisive that any of these dis
coveries has cosmological significance, 
but it is good enough to have reduced 
most cosmologists, who are traditionally 
starved for basic observations, to a state 
of bewildered euphoria. 

These reflections are prompted by the 
publication of an interesting book called 
The Measure of the Universe, written 
by J. D. North, an Oxford philosopher. 
It is a history of modern cosmology 
that ends just before the new period 
begins. It barely mentions quasars and 
does not mention the cosmic black-body 
radiation at all . This is no criticism, be
cause the book was written too early for 
it to have done so. It was therefore writ
ten at the right time to take stock of the 
first great period in cosmology. That 
period, which had only the expansion of 
the universe to explain, we might justly 
call the geometrical period. Today we 
are well and truly launched into the as
trophysical period. 

To be fair to the early theorists, they 
did predict the expansion of the universe 

BOOKS 
Cosmology before and after quasars 
and the cosmic black-body radiation 

before it was discovered. By the early 
1920's it was clear to Willem de Sitter, 
Alexander Friedmann and Hermann 
Weyl that Einstein's field equations of 
general relativity had as solutions homo
geneous and isotropic model universes 
whose material substratum was in a 
state of expansion, the relative velocity 
at which two particles moved apart 
simply being proportional to their dis
tance (except for refinements for very 
widely separated particles) . Moreover, 
if the debatable cosmical constant was 
dropped from the field equations ,  as 
Einstein later urged, then all the ho
mogeneous and isotropic solutions ex
hibited expansion (or contraction if one 
cared to reverse the sense of time) . It 
was not until 1929 that the Hubble 
law, that the observed red shift is pro
portional to the distance of a galaxy 
(as estimated by various more or less 
dubious criteria), was first stated. 

North's book gives a thorough ac
count of this classical phase of theoreti
cal cosmology. There were many con
troversies at the time about the proper
ties of the various models. That phase 
is now over, and the correct results are 
enshrined in standard theory. There 
were also controversies of a different 
nature ; not everyone accepted the view 
that general relativity was uniquely 
fitted to deal with the universe as a 
whole. Various "heretical" theories were 
proposed, notably by Sir Arthur Ed
dington, E. A. Milne, P. A. M. Dirac 
and Pascual Jordan, and they are de
scribed too. I deliberately mention sep
arately the steady-state theory of Her
man Bondi, Thomas Gold and Fred 
Hoyle, because I think it is fair to say 
that of all the heretical theories this is 
the one that has irritated and excited 
the most people, has provoked the most 
good astrophysics and has more or less 
survived to the present day. 

I say "more or less" because one of 
the consequences of the new turn of 
events-of cosmology becoming astro
physical-is that if the red shifts of the 
quasars are cosmological in origin, and 
if the universe is filled with black-body 
radiation, then the chances of the 

steady-state theory survlvmg are very 
small indeed. I want to make clear why 
this is so, and to discuss what further 
information we can hope to extract from 
the new results and their likely future 
extensions. I must add that for me the 
loss of the steady-state theory has been 
a cause of great sadness. The steady
state theory has a sweep and beauty 
that for some unaccountable reason the 
architect of the universe appears to 
have overlooked. The universe in fact is 
a botched job, but I suppose we shall 
have to make the best of it. 

One of the botches is the existence 
of a singularity, that is, a moment when 
the density of the universe was infinite. 
To be more precise, this is what general 
relativity requires for the homogeneous 
and isotropic models to which I have 
referred.  It has sometimes been sug
gested that the singularity would go 
away as soon as one admitted that 
the real universe was neither exactly 
homogeneous nor exactly isotropic; in 
such circumstances the galaxies would 
not move quite radially, and so the 
matter they are made of would not all 
have emerged from exactly one point 
in the past. It has recently been shown 
by Stephen Hawking and others, how
ever, that the orthodox theory of general 
relativity, without on the one hand a 
cosmical constant and on the other 
assumptions of exact symmetry, still 
requires the physical properties of the 
universe to have been singular at some 
time or times. 

It was to avoid such an unpleasant 
singularity (and for other reasons too) 
that Bondi, Gold and Hoyle proposed 
in 1948 a deviation from orthodox gen
eral relativity that would allow the con
tinual creation of matter at a rate just 
compensating for the expansion of the 
universe. The resulting mean density 
of the universe (and indeed all its other 
average properties) would then be in
dependent of time, leading to a steady 
state that would automatically persist 
forever. It is this magnificent conception 
we must now reluctantly abandon. 

The first evidence against the steady
state theory came from counts of celesti-
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al radio sources, conducted notably by 
Sir Martin Ryle and his colleagues in 
Britain, but also by B, Y. Mills and 
J. G. Bolton in Australia and by M. 
Ceccarelli in Italy. These counts showed 
that the number of faint radio sources 
was far too large compared with the 
number of bright sources to be compat
ible with the steady-state theory. This 
evidence has given rise to much contro
versy, mainly because the majority of 
sources concerned have not yet been 
identified optically, Accordingly infer
ences drawn from these counts have been 
surrounded by an aura of uncertainty. A 
straightforward interpretation, stressed 
by Ryle and studied in detail by William 
Davidson and by Malcolm Longair, re
quires that the radio sources exhibit in
trinsic evolution. That is to say, the faint 
sources, which are mostly at great dis
tances and so are now being seen as they 
were a long time in the past (because of 
the time their radio waves take to reach 
us), must have average properties dif
ferent from the bright sources, which 
are mostly relatively near and so are 
being seen almost contemporaneously 
with ourselves. Such evolution is of 
course incompatible with a steady-state 
universe, but it would be expected in a 
universe evolving from a dense state to a 
dilute one, a universe to which one can 
attach the concept of an age . 

Needless to say, there have been 
several implausible attempts to evade 
Ryle's argument. My own attempt has 
turned out to be correct, but not in the 
way I intended. I proposed before the 
discovery of quasars that the radio 
sources in Ryle's catalogue consisted of 
two different populations. One popula
tion was to be the radio galaxies that 
had already been identified optically 
and were well known. For the second 
population I proposed the existence of 
radio stars in our galaxy, whose distJ'i
bution between bright and faint sources 
would explain the anomalous counts but 
would have nothing to do with cos
mology. It has turned out that a second 
population of starlike (that is, unresolv
able) radio sources does exist. More
over, they are just the ones responsi
ble for the excess of faint sources (as 
has been shown independently by Phi
lippe Veron and Longair) . But these 
quasi-stellar radio sources , or quasars, 
have large red shifts and are therefore 
not the objects I had in mind. 

It is true that a few physicists and 
astronomers (James Terrell, Geoffrey and 
Margaret Burbidge, Hoyle) hold, with 
differing degrees of assurance, that these 
large red shifts are not cosmological in 
origin, and that the quasars are within, 

or relatively close to, our galaxy. This 
would be in tune with my proposal, but I 
find their arguments unconvincing. If 
the red shifts have a Doppler origin, 
that is, if the quasars are receding from 
us rapidly as a result of a local explo
sion, the question arises of why we do 
not see any blue shifts from quasars 
fleeing from neighboring galaxies to
ward us, Of course, if quasar emission 
is a sufficiently rare process, the nearest 
such galaxies would be too far away 
for their quasars to be visible, but 
then why should we be privileged to 
witness such a rare event so close to 
us? Clearly this is possible but unlikely. 

On the other hand, if the red shifts 
do not have a Doppler origin but arise, 
say, from the Einstein gravitational ef
fect, and if the sources are distributed 
unifOImly in space with the ones ob
served so far quite close to us, then 
we would not expect the source counts 
to manifest an excess of faint objects, 
The relative number of bright and faint 
sources should be the same as if there 
were no red shift (that is, the same as 
for a uniform distJ'ibution of stationary 
sources) and this is not what is ob
served. We conclude that the red shifts 
are most probably cosmological in ori
gin. On this basis Martin Rees and I 
have carried out an analysis of the red 
shifts of the quasars, and we find again 
that there are too many faint sources 
with large red shifts to be compatible 
with the steady-state theory. 

In weighing the significance of what 
I have said so far it is important to 
understand how accidental it is that 
we should be able to observe such large 
red shifts so easily. Objects with these 
large red shifts are so distant that the 
different cosmological theories make 
substantially different predictions about 
them, but such objects are visible only 
because quasars happen to be a hun
dred times brighter than galaxies .  In 
contrast, the existence of cosmic black
body radiation, which also serves to dis
tinguish among different theories, is in
timately bound up with the development 
of the universe itself. 

The detection in 1965 of excess radia
tion at microwave frequencies (that is, 
at wavelengths of a few centimeters) 
and the evidence that it has a black
body spectrum (that is, is in thermal 
equilibrium characterized by a single 
temperature) has been described in a 
recent issue of Scientific American [see 

"The Primeval Fireball," by P.  J. E .  
Peebles and David T .  Wilkinson; June] . 

The temperature observed is about 3 

degrees absolute . I should like to make 
the following comments on this result : 
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1. No plausible noncosmological ex
planation has yet been proposed (and 
not for want of trying). 

2. A natural cosmological explana
tion does exist if the universe was once 
very dense. 

3 .  A temperature significantly great
er than 3 degrees would not be com
patible with our general knowledge of 
radio astronomy and high-energy astro
physics. 

I shall say no more about the first 
point, but I should like to discuss the 
second and third in a little more detail . 
As in the case of the expansion of the 
universe, the existence of cosmic black
body radiation was predicted before it 
was observed. Around 1950 it was pro
posed by Ceorge Camow and his asso
ciates that the early, dense stages of the 
universe were very hot, a state of af
fairs often described as the "hot big 
bang." Their reason for making this 
proposal was that in such conditions 
thermonuclear reactions could occur at 
an appreciable rate, converting pri
mordial hydrogen into helium and pos
sibly heavier elements. By choosing the 
right early conditions Camow was able 
to account approximately for the abun
dance of helium with respect to hydro
gen that is observed today. This helium 
problem is actually in a very confused 
state at the moment, but the important 
point here is that if the early, dense 
stages were hot, unquestionably there 
was ample time for matter and radiation 
to come into thermal equilibrium.  At 
that time, then, the radiation would 
have had a black-body spectrum. More
over, at all times thereafter the spectrum 
would remain that of a black body, the 
radiation simply cooling down �s the 
universe expanded. Camow's original 
calculations of helium formation led him 
to predict for the present temperature of 
the black-body radiation a value of about 
30 degrees absolute, but modern calcu
lations are compatible with a lower 
temperature, in particular with a tem
perature of 3 degrees absolute. 

As I have mentioned in my third point, 
we now know that a temperature as high 
as 30 degrees can be ruled out. Cosmic 
ray protons and electrons interacting 
with such radiation would produce ef
fects that could be observed, and they 
are not. Three degrees is about the high
est permitted temperature from this 
pOint of view, and 3 degrees is just what 
has been found. The connection between 
the microwave observations and Cam
ow's theory was made by Robert H .  
Dicke and his colleagues a t  Princeton 
University. In fact, they had the bad 
luck to be setting up apparatus to look 
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for the excess radiation when it was dis
covered accidentally down the road by 
Arno A, Penzias and Robert W. Wilson 
of the Bell Telephone Laboratories. 

Can the steady-state theory account 
for the excess radiation? It would be 
reasonable to propose that along with 
the newly created matter there comes 
into existence newly created radiation; 
indeed, some such effect would be ex
pected as a result of the creation process 
itself. But why the observed spectrum 
should be that of a black body over a 
wide range of wavelengths is totally ob
scure. It is therefore critically important 
to establish without doubt that the actual 
spectrum is that of a black body. The 
present evidence is strong but not deci
sive. Further work is being done, and 
this point should be settled fairly soon. 

There is one final property of the ra
diation that I want to discuss because 
it is in some ways its most exciting fea
ture, and that is its degree of isotropy
its uniformity with respect to direction 
of arrival. Just a few months ago R. B .  
Partridge and Wilkinson announced that 
any anisotropy is less than a few 
tenths of a percent. I have heard cynical 
scientists comment that this result 
throws doubt on the whole phenomenon, 
on the grounds that noise generated in
ternally by the observing instruments 
would be more "isotropic" than exter
nally generated noise, even noise coming 
from a highly isotropic universe . To si
lence this cynicism it is necessary to 
show that the universe is likely to be 
isotropic to the required degree. A first 
step in this direction has recently been 
taken by Charles W. Misner, who has 
shown that for a certain class of model 
universes any initial anisotropy would 
be rapidly removed by a rather exotic 
form of viscosity involving the pairs of 
neutrinos that would be excited by the 
high temperatures then prevailing. Mis
ner's program is to allow the universe to 
start out as irregularly as it wishes and 
then to show that all irregularities would 
be damped out by the action of accepted 
physical processes, except for -those ir
regularities we actually observe (such as 
clusters of galaxies). 

Another intriguing aspect of the isot
ropy measurements is that they can be 
used to determine our "absolute" veloc
ity, that is, our velocity with respect to 
the distant matter that last effectively 
scattered the radiation . Because of the 
Doppler effect such a velocity would 
reveal itself by leading to a slightly 
higher temperature for the radiation 
ahead of us and a slightly lower temper
ature for the radiation behind us. The 
present limit on the anisotropy corres-

ponds to a velocity limit of 300 or 400 
kilometers per second. One contribu
tion to the expected velocity comes from 
the sun's known rotation around our 
galaxy of about 250 kilometers per sec
ond. Even this, however, depends on the 
correctness of Mach's principle [see "In
ertia," by Dennis Sciama; SCIENTIFIC 

AMERICAN, February, 195 7] .  According 
to Mach's principle, the local nonrotating 
frame of reference as determined dynam
ically coincides with the frame in which 
distant matter is not rotating. The well
known rotation of our galaxy, with which 
is associated the galaxy's dynamical flat
tening, would then be a rotation with re
spect to distant matter, and therefore to 
the effective sources of the black-body 
radiation. 

To obtain our net motion relative to 
these sources, however, we must also 
allow for the peculiar motion of our gal
axy in the local group of galaxies (which 
has been estimated to be about 100 
kilometers per second) and a possible 
systematic motion of our galaxy in the 
local supercluster. This supercluster is 
believed by some astronomers (Vera Ru
bin, Gerard de Vaucouleurs, K. F. Ogo
rodnikov) to be a flattened system of gal
axies rotating around the Virgo cluster. 
I have recently rediscussed our possible 
motion in the supercluster and arrived 
at a tentative rough estimate for our net 
motion through the black-body radiation 
of about 400 kilometers per second in 
the general direction of the center of our 
galaxy. 

Future observations of the black-body 
radiatioll should be able to test this pre
diction, and in view of the uncertainty 
surrounding the notion of a local super
cluster I would not be at all surprised to 
find that it is wrong. My point is simply 
that yet another new range of problems 
has been opened up for the cosmologist 
by the existence of the black-body radia
tion. We have come a long way in a few 
years from the geometrical considera
tions described in North's book, and we 
can rejoice. Cosmology has at last be
come a science. 

Short Reviews 

THE DOLPIDN SMILE: TWENTy-NINE 
CENTURIES OF DOLPIDN LORE, by 

Eleanore Devine and Martha Clark. The 
Macmillan Company ( $ 7.95) .  Herodotus 
himself, the father of history, began the 
record, and his passage appears at the 
beginning of this dolphin anthology. He 
tells of the matchless harpist Arion, 
threatened with being thrown overboard 
by the sailors whose ship he had char
tered for a return to his own Corinth, 
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who flung himself into the sea. A dolphin 
carried him ashore safely. One of the 
anthologists begins the book by telling of 
her first dolphin-tow-not, to be sure, in 
a time of peril but in a pool at Islamora
da, all in play. Then you can read of the 
modern instances, of Pelorus Jack, a 
beakless Risso's dolphin that for more 
than 20 years met and accompanied the 
steamers that crossed Cook Strait on the 
run between Wellington and Nelson, 
New Zealand, frequenting a stretch of 
sea near Pelorus Sound. He would stay 
alongside the ship for some 20 minutes, 
always alone, riding the bow wave and 
rubbing the side. His appearance was 
not invariable, but it became so regular 
as to be a successful tourist attraction. 
Pliny tells of a boy who rode a dolphin 
at Hippo, the Algerian town of which 
much later Augustine became the bish
op. And in 1955 a dolphin followed small 
boats, and even took a 13-year-old girl 
named Jill Baker for short rides in the 
beautiful harbor of the New Zealand 
North Island resort of Opononi. The 
Hippo dolphin was killed by the state ; 
the visitors who came to see were a 
drain on the treasury. The Opononi dol
phin was welcomed for its effect on 
tourism, but it died within the year, 
trapped somehow ill. a shoal pool. There 
are 100 extracts in this captivating col
lection, with authors ranging from Ho
mer to Leo Szilard and fact mixed with 
fancy. The imagist poet Amy Lowell de
scribes the dolphin precisely; that built
in smile and playful movement wins all 
human watchers to the dolphin. The 
U .S . S .R. made dolphin-killing a crime in 
1966, "for the sake of science "; in the 
same year the Israeli Fisherman's Union 
declared "total war " on its coastal dol
phins, because they cause great damage 
to fishnets along that Mediterranean 
shore. But all sides agree on the cunning 
and the humor of the dolphin. For those 
who enjoy the short takes of a well-made 
anthology, this is a book of wonder and 
pleasure. One complaint :  all the sources 
are not precisely identified. 

D IVISION STREET: AMERICA, by Studs 
Terkel. Pantheon Books ($5 .95). The 

ethnographers have found a new method 
in the last few years : the long and inti
mate interview, tape-recorded and pre
sented in selections of the original lan
guage. By a brilliant use of this exacting 
scheme, Professor Oscar Lewis has built 
for us out of the testimony of a few peo
ple in the slums of Mexico and Puerto 
Rico a convincing view of an entire cul
ture-the culture of poverty. In this book 
a gifted semiprofessional-a man whose 
career has been spent before the an-

nouncer's microphone, the disk jockey's 
turntable and the master of ceremonies' 
television camera-has tried the same 
method on a far more complex subject : 
the whole American urban culture in the 
year 1966, described by 70-odd Chicago
ans. Here they speak, drawn into reflec
tive self-appraisal, into profound com
mentary on our life and times, by the 
gentle questions of a patient and oppor
tunistic interviewer, not putting ques
tions but "making conversation." "My 
world was my city-guerilla journalism . "  
Here are hog butchers and copy chiefs, 
here the drifters, the nostalgic, the alien
ated, the smug. The flavor of the word, 
skillfully transcribed from tape by a real 
craftsman, Cathy Zmuda, is pungent on 
the pages. 

A house painter: "What did you do 
before you had a TV set?" "Oh, that's 
easy. She played a guitar. I played a 
harmonica . . .. We got to know each oth
er pretty well. I haven't talked to her 
since we got the television set . . . .  I don't 
think it's been detrimental to the kids. 
. .. They know there's more to the world 
than what's across the street. . .. " A mas
ter baker and trained engineer in an au
tomated bakery : "We need skilled pastry 
chefs badly, because we have to make 
these cakes originally by hand . . . .  We 
call this experimental baking . . . .  There 
are lots of applicants, but nobody can fill 
the job . . . .  Very few people want to be
come bakers, craftsmen. If they have the 
intelligence and dexterity, they try to be
come engineers." A young editor of a 
neighborhood paper, a draft-Goldwater 
man : "No, I wouldn't eliminate war. ... 
Man's got to have hardship and he's got 
to have drives . .. .  I'm not gonna lose any 
sleep over the Bomb . . .. " A retired teach
er of Greek language and ways : "When 
I lived in Greek Town here, sometimes 
. .. I would take a trip . .. to stay a month 
or so, and then I felt the nostos for Chi
cago. I wanted to come back. . " Now, 
in this neighborhood, to come back to 
what?" A lady with town and country 
houses : ''I've had the privilege of visit
ing the Strategic Air Command head
quarters. General Power was in com
mand. Seeing that perfectly marvelous 
nerve center ... you feel that we are pro
tected .. " Well, I'll tell you . . .  one little 
remark. Somebody said, 'Do you think 
Red China will attack?' And he said, 
'We should be so lucky:" 

PRINCIPLES OF PHYSICAL OCEANOG-
RAPHY, by Gerhard Neumann and 

Willard J. Pierson, Jr. Prentice-Hall, Inc. 
($22.50). THE ENCYCLOPEDIA OF OCEAN

OGRAPHY, edited by Rhodes W. Fair
bridge. Reinhold Publishing Corporation 
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With 90% of all the scientists who ever 
lived alive and working today, and with 
scientific activities doubling every 10 years, 
it has become almost impossible for any
one to keep abreast of all the new develop
ments in science. Even the professional sci
entist and engineer, confined to his own 
technical specialty, often finds that he is 
no longer aware of the "state of the art" 
in other scientific fields. 

THE EXPLOSION OF SCIENCE takes you to 
the forefront of today's research - and to
morrow's discoveries. In this giant book 
you will see how traditional scientific dis
ciplines have been rearranged to make new 
subjects like radio-astronomy and molecu
lar biology. You'll read a step-by-step 
"diary" of man's first flight to the moon. 
And you will explore the new geometries 
of today . . . the pattern of the world's 
wind and weather .' .. the way in which 
jumping electrons are used to actually wash 
clothes "whiter than white" . . . and the 
new medical uses of polyvinyl chloride, one 
of the most versatile materials ever in
vented by man. 

Created by scientists, for scientists 

Unlike many lavishly illustrated "introduc
tions" to science, THE EXPLOSION OF SCI
ENCE is neither over-simplified nor impre
cise. Each of the contributing authors is a 
pioneering researcher in the specialty he 
describes. The two editors are Sir Bernard 
Lovell, one of the world's foremost astron
omers, and Dr. Tom Margerison, the sci-

In addition to creating and organizing the 
book's text, they have also made it a spec
tacular pictorial achievement. There are 
hundreds of dramatic color photographs on 
the huge 10" x 14" pages - portraits of 
galaxies and laser beams; space engines and 
swimming pool reactors; a new island be
ing born in a boiling sea; and a luminous 
fireball twisting through an atomic mush
room cloud. You will find photographs of 
the planets that are actually composites of 
telescopic exposures ... a 12" x 20" full
color cut-away drawing of the world's most 
powerful nuclear station ... an amazing 
photograph of a rare green flash from the 
top of the setting sun (a phenomenon which 
appears for less than a second and which 
was long considered an optical illusion!). 

But the important thing about the illustra
tions in THE EXPLOSION OF SCIENCE is not 
their size, splendor or rarity. It is their 
relevance to the text. In one sketch you 
trace the behavior of a transistor; in an
other, the life and death of a star. This is 
truly a book in which you will "read" pic
tures as well as words! 

Save $5.00 by examining a copy 
now - without obligation 

Fred Hoyle described THE EXPLOSION OF 
SCIENCE simply as "a book that succeeds 
in its aim, to give the reader an idea of 
what science is doing." We think you will 
agree that such a success is an extraordi
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($25) .  The ocean i s  vast, and books that 
set out to present an up-to-date account 
of our knowledge of the ocean are pro
portionately large. The first book, by two 
professors at New York University, is a 
comprehensive and modern text, aimed 
at seniors and beginning graduate stu
dents . Its domain is the ocean as a physi
cal system : its motions, its energy bud
get, its surfaces, its quality as a sub
stance and its epistemology-how we 
learn these facts, deep and dark though 
they lie . Like any such work, it demands 
from the reader some mathematical 
preparation; the laws of mechanics and 
the differen tial calculus of hydrody
namics are in the arena. Vectors will 
help; the authors are careful to include 
straightforward derivations, or at least 
plausible arguments, for the consider
able mathematics beyond what they call 
on, notably Fourier integrals . The book 
is not, however, a mathematical text; the 
abundant maps of sea and land, the 
photographs of the FLIP (a horizontal 
ship in motion and a vertical manned 
buoy at rest), of the freighter in the Bay 
of Fundy resting on the bottom at the 
dock at low tide, give it a scent less of 
the lamp than of the salt. One striking 
result can be cited. The heat engine of 
the sea, unlike that of the air above it, 
is fed with solar energy not at its level 
of highest pressure but at its lowest. Such 
an engine is only inefficiently driven by 
expanding and contracting fluid. Thus 
the wind can drive the turbulent surface 
waters, but the deep ocean-most of the 
mass-is stirred little by the wind. Much 
of what does move in it is sinking extra
salty water and rising water of less salin
ity. The energy is still provided by the 
sun . 

The Encyclopedia of Oceanography 
consists of a couple of hundred rather 
brief articles covering not only the physi
cal ocean but also the biological one. In 
addition it covers speCific areas in pro
fusion : the Persian Gulf and the English 
Channel are described from the bottom 
up. Such topics enter the Neumann-Pier
son textbook only as examples .  The tides 
are treated in the textbook with care ; the 
equations are developed and long-series 
solutions are given. The encyclopedia 
perforce gives a much briefer and more 
elementary account, but then it includes 
a summary table of the tides at many 
ports . 

I I ELICOPTER AND AUTOGlHos: A 
CHRONICLE OF ROTATIKG-\VIXG 

AIRCRAFT, by Charles Gablehouse. J. B .  
Lippincott Company ($4.95) .  The heli
copter goes back to the ancient sources :  
a toy in China, a dream sketch by Leo-

nardo . A model driven by a little steam 
engine flew in London by 1842. (Wrote 
George Cayley in 1843 : "Very great 
power in proportion to weight . . .  is nec
essarv .") In the days of the Wrights there 
were plenty of tries at the helicopter. 
Some more or less flew, if not always 
forward or higher than a man's head. 
Control and genuine free flight were 
not attained until about 1935, partly 
under the interim influence of the highly 
successful autogiro, a wingless airplane 
with a free-spinning rotor. Hundreds 
of autogiros were built and used all 
over the world. Trading on the earlier 
work, the Luftwaffe produced and used 
practical helicopters by the dozen. It 
hoped to produce thousands, but bomb
ing canceled its plans . American heli
copters-Sikorsky, Bell and Hiller-came 
into marginal use by the end of World 
War II. By the time of the Korean war 
they had achieved military maturity with 
the "counterinsurgency" tactics that to
day make the U .S .  Army a very large air 
force. This ugly role-the gunship cir
cling the clearing, firing its modernized 
Gatlings at the jungle around-is paral
leled by a humane tradition of rescue . 
Perhaps 100,000 lives have been saved, 
it is reckonp-d, by helicopters . There is a 
photograph of the small freighter Tanda 
Mam sinking in a boiling sea with a heli
copter hanging overhead, which com
memorates a 1955 rescue celebrated in 
verse : "Thus 14 Japanese seamen were 
saved./ Ah, calm and heroic Lieutenant 
Gates . "  

It was not an  easy task, either. A heli
copter pilot works like an organist, ex
cept that his errors are even more ap
parent. In a typical machine the pilot 
steers to the left and the right with foot 
pedals, which control the pitch of the 
small rear-mounted propeller. His right 
hand works the cyclic control, a joy 
stick that moves in all directions,  fol
lowed by the axis of the large overhead 
rotor. His left arm controls a collective 
pitch stick, so that he can climb or de
scend by pushing or pulling it forward 
and back to steepen or flatten the pitch 
of all the rotor blades at once . In that 
same hand he grips the twist handle 
that gives quick access to the engine 
throttle . There ;s nowadays a servomech
anism to link throttle and pitch, but the 
pilot still exercises a fine control. The 
final chapters of the book give a good 
account of helicopter mechanics ; the 
severe strain on the rotor hub, which 
must from a small central shaft con
trol the forceful motions of the big 
blades, is made clear. Here is the origin 
of the high maintenance costs of the 
present-day helicopter, a topic not ade-
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"Every worker in the field of what has now come to be 
called material science will find the volume of the great
est value." -J o u r n a l  of the Fra n k l i n  I n stitute 

Review of Volume 2, Part A 
VOL U M E  1, Part A / M ET H O D S  A N D  D EV I C ES 
1 964, 5 15  pp., $1 8 .00 
VOLU M E  1,  Part B / M ET H O D S  AND D EV I C E S  
1 964, 376 pp., $13.50 
VOL U M E  2, Part  A / PROPERTIES O F  GASES.  L I Q U I D S ,  AND S O L U T I O N S  
1 965, 476  pp., $1 7.00 

HYPE R F I N E  I NT E RACTI O N S  
ed i ted by Arth u r  J .  Free man a n d  Richard B .  Frankel  

1 967, 758 pp., $1 6.00 

the most comprehens ive table of i ntegra l s  ever publ ished 

TA B L E  OF I NT E G RALS, S E R I ES.  
A N D P R O D U CTS 
by I .  S .  G radshteyn and I .  M .  Ryz h i k  
Trans lated from the  4th Russian edition 
Trans lation edited by Alan Jeffrey 

1 965, 1 086 pp., $1 0.50 

WO R K  
VO L U M E  1 /  S I L I CATE 

S T R U C T U R E S  
1 964, 666 pp., $24.00 

VOLU M E  2 /  G LASSES,  E N A M E LS, 
SLAGS 

1 965, 707 pp.,  $26.00 

VO L U M E  3 /  DRY S I L I CATE SYST E M S  
1 965, .5�3 pp. ,  $22.00 

in two vo lumes 

VOL U M E  4 /  H Y D R OTH E R M AL 
S I L I CATE SYSTE M S  

1 966, 61 5 pp., $24.00 

VOLU M E  5 /  C E RA M I CS A N D  
H Y D R A U L I C  B I N D E R S  

1 966, 614 pp., $24.00 

T H E  C H E M I ST RY O F  C E M E N TS 
ed i ted by H.  F. W. Taylor  

Emphasis i s  placed o n  the underlying chemistry, the inten
tion being to provide a full summary of the basic chemistry 
and to show how this can be applied. Also includes chapters 
dealing with more specialized experimental techniques. 

VOLU M E 1: 1 964, 480 pp., $16.50 
VOLU M E  2: 1 964, 442 pp.,  $1 5 .00 

VOLU M E  2A / STAT I S T I C A L  M O D ELS, M A G N ETIC SYM M ETRY, 
H Y P E R F I N E  I N T E RACTI O N S ,  AND M ETALS 

1 965, 443 pp., $1 5 .00 
VO L U M E  2B / STATISTICAL M O D ELS, M A G N ETIC SYM M ETRY, 

H Y PE R F I N E  I N T E RACT I O N S ,  AND M ETALS 
1 966, 428 pp., $1 6.00 
VOL U M E  3 /  SPIN A R RAN G E M E N TS AND C RYSTAL STR U C T U R E ,  

D O M A I N S ,  A N D  M I C R O M A G N ET I C S  
1 963, 623 p p . ,  $1 8 .00 
VOLU M E  4 / EXCHAN G E  I N TE R A C T I O N  A M O N G  I T I N E R A N T  E L ECTR O N S  
1 966, 407  pp., $14.50 

VOLU M E  1 /  PHYS I C S  O F  I I I -V C O M P O U N D S  
February 1 967, 500  P P  . .  $1 9.00 
VOL U M E  2 I P H Y S I C S  O F  I I I -V C O M P O U N D S  
1 966, 432 pp., $1 6.50 
VO L U M E  3 /  O PTICAL P R O P E R T I E S  O F  I I I -V C O M P O U N D S  
1 967, 568 pp., $23.00 
VO L U M E  4 /  P H YS I C S  O F  I I I -V C O M P O U N D S  
i n  preparation 

VO L U M E  2,  Part B / P R O P E R T I E S  OF P O LY M E R S  A N D  N O N L I N EA R  
A C O U ST I C S  

1 965, 383 pp., $14.00 
VOL U M E  3, Part A I A P P L I C AT I O N S  TO T H E  STUDY OF I M P E R F E C T I O N S  
1 965, 5 12  pp., $1 8.50 
VOL U M E  3, Part B / APPLI CATI O N S  TO T H E  STU DY O F  LATT I C E 

D Y N A M I C S  
1 965, 337 pp., $12.00 
VOL U M E  4,  Part A / A P P L I CATI O N S  TO QUAN T U M  AND S O L I O  STATE 

P H Y S I C S  
1 966, 390 p p . ,  $1 5 .50 
VOL U M E  4, PA R T  B / A P P L I CATI O N S  TO QUANTUM AND S O L I D  STATE 

P H Y S I C S  
in preparation 

P R I N C I P LES O F  D E F ECT C H E M I STRY 
OF C RYSTALLI N E  S O L I D S  
b y  W .  van G o o l  

1 966, 1 48 pp., $7.00 

A N  I NT R O D U CTI O N  TO 
C O H E R E N T O PT I C S  A N D  H O LO G RA P H Y  
b y  G e o rge W .  Stroke 

1 966, 270 pp.,  $1 0.00 
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JOURNAL OF MATERIALS SCIENCE 
I f  t h e  st r u ct u re ,  p r o p e rt i e s  or u s e s  of m ate r i a l s  are y o u r  terr i to ry
t h i s  is YOUR j o u r n a l .  I m p o rtant  resea rc h p a p e rs a n d  t i m e l y  rev iew 
a rt i c l e s  m a k e  it t h e  l ea d i n g  p u b l i cati o n  m e d i u m  fo r m ate r i a l s  resea rc h .  

A Selection from Papers Recently Published : 
From the United States : 
T H E  I N V E RS I O N  T W I N :  P RO T OT Y P E  I N  B E R Y L L I U M  O X I D E! 
S .  B. A u ste r m a n ,  W .  G .  G e h m a n  
G LA S S  C E R A M I C S ! E .  F .  R i e b l i n g ,  D .  A .  D u ke 
D I E L E C T R I C  C O N S T A N T  O F  R O L L E D  P O LY V I N Y L I D E N E  F L U O R I D E! 
A .  Peter l i n ,  J .  H o l b r o o k  E lwel l 
M A T R I X- L I M I T E D  F A T I G U E  P R O P E RT I ES I N  F I B R E  C O M P O S I T E  
M A T E R I A LS ! T .  H .  C o u rt n ey ,  J .  W u l ff 
P H O T O C H R O M I C  G LA S S E S : P R O P E R T I ES A N D  A P P L I C A T I O N S! 
G .  P. S m it h  

From the United Kingdom : 
T H I N  A L LOY Z O N E  C RY S T A L L I S A T I O N ! D .  T. J .  H u r i e , J .  B. M u l l i n ,  
E .  R .  P i ke 
H I G H -ST R A I N F A T I G U E  S T U D I ES O F  A C O M P O S I T E  M A T E R I A L! 
A .  A .  Baker ,  J .  E. M a s o n ,  D .  C ratc h l ey 
H EA T- P U LS E  E F F ECTS O N  G L A S S ! R. A .  D u g d a l e ,  S .  D .  Ford 

From A ustralia : 
M E C H A N I C A L  P R O P E R T I ES O F  D I S P E R S I O N S  O F  T H O  R I A  I N  
B E R Y L Ll A ! K .  Veevers , W .  B .  Rotsey 

From Japan :  
S T R U C T U R A L  F E A T U R E S  O F  P Y R O L  YT I C  G R A P H I T E ! T .  H i ra i ,  S .  Yaj i m a  

T h e  J O U R N A L  n o w  a p pears s i x  t i m e s  a year .  A n n u a l  s u b s c r i pt i o n  rates ( i n c .  
s u rface p o stage) : $33 ; £1 1 . 1 0 .0 .  A i rm a i l : $43 .50 ; £1 5 . 5 . 0 .  
F o r  reg i strat i o n  of s u b s c r i pt i o n s ,  f u rt h e r  d eta i l s ,  s p e c i m e n  i s s u e s ,  o r  s u b
m i s s i o n  of p a p ers for  p u b l i cati o n ,  p l e a s e  w r ite : B. N .  H u g h e s ,  J . M . S . ,  
C h a p m a n  & H a l l  Ltd ,  1 1  N ew Fetter  L a n e ,  L o n d o n  E . C .4 ,  U . K . 
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m a n 's futu re  - b u i l t o n  
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te c h n o l ogy 

New s u bscr i p 
t i o n  o r d e rs 
a r e  processed 
p ro m ptly  

N o w  A v a i l a b l e  
AS A SPECIAL SERVICE 

Com p l ete cata l og l i st i n g BAC K 
I SS U ES for m a gaz i n e s  a n d  s c i 
e n t i f i c  j o u r n a l s  p u b l i s h ed i n  t h e  
U . S . S. R .  

Write for you r  cata log today 
Phone (2 12)  CH 2-4500 

"Largest A merican Importers of 
Russian Books and Periodicals" 

F O U R  CONT INENT  BOOK CORP. 
O EPT. 6 8 3 . 1 5 6 F I FT H  AV E . •  N .  Y. C .  1 0 0 1 0  

3 0 2  

4 4A n i n t e r e s t i n g  a n d  i n f o r m a t i v e  
b o o k  f o r  t h e  l a y  r e a d e r  . . . .  C a l ·  

d e r ' s  t h e s i s  i s  t h a t  m a n  i s  by n a t u re a 
p red a to ry a n i m a l .  t h a t  agr i c u l t u re .  u po n  
w h i c h  t h e  w h o l e  f a b r i c  of o u r  c i v i l ized 
soci ety rests. i s .  in  fact, a k ind of a b e r· 
rat ion . . .  a n d  t h a t  if food in t h e  l o n g e r  
t e r m  future w i l l  be m a i n ly prod u ced by 
i n d u str i a l  synthes is  rather than by a g r i ·  
cu lture .  t h e n  m a n  w i l l  d evote m o r e  o f  
h i s  t i m e  to s p o rts.  h u n t i n g. a n d  to t h e  
preservat ion a n d  deve l opment of h i s  
e n v i r o n m e n t . "  

- Cambridge News ( E n g l a n d )  

$4.95 f r o m  y o u r  books e l l e r  

..o.HOlT, R INEHART AND WINSTON,  INC.  

quately discussed in this otherwise sat
isfying account. 

THE PLASTIDS: THElH CHEMISTRY, 
STRUCTURE, GROWTH, AND INHERI

TANCE, by J. T. O. Kirk and R. A. E . 
Tilney-Bassett. W. H. Freeman and 
Company ($ 1 7.50). The green of the 
summer landscape and the reds and yel
lows of tomato or of tiger lily are not the 
result of pigment held diffusely in the 
cells of the plants. On the contrary, all 
higher plants photosynthesize, and store 
their carotene and starch, inside certain 
small organelles within each cell called 
plastids. The plastid containing chloro
phyll is the prototype, the chloroplast ; all 
the others too can be seen to come from 
a single little layered subcell, handed 
down at cell division all complete . The 
plastids are present in the seedling 
grown in the dark, without their green 
pigment. They sometimes lose their 
greenness during plant growth, and the 
white and green leaf patterns of many 
a garden ornamental is the result. Plas
tids are known to make DNA and RNA; 
they have their own genetics, complete 
with mutation and some features of in
dependent evolution. Nevertheless, they 
are by no means independent of the nu
cleus of the cell they inhabit; their prop
erties are frequently under the control 
of the nuclear genes . This book is a mod
ern review, containing both a thorough 
account of the older literature about 
plastids and a great deal of up-to-date 
work. Much of it was done by the two 
authors, whose impetus comes largely 
from the University of 

'
Oxford school of 

C. D. Darlington. Beautiful electron mi
croscopy, elaborate biochemistry and 
complex genetics span the study of plas
tids . In view of the current strength of 
biology at the cellular level and below it, 
these important entities, something like 
symbionts and something like organs of 
plant cells, are likely to receive keen at
tention . It is quite possible that one day 
they will be cultured freely like the bac
teria they somewhat resemble. This book 
does not much concern itself with the 
molecular biology of photosynthesis or of 
the other functions of the plastid; it tends 
rather to deal with the system as a whole . 
On those terms it is a production of ex
pertise and thoroughness. 

A WORLD HISTORY, by William H. 
McNeill. Oxford University Press 

($9. 75). Since Professor McNeill tran
scends the limits of his discipline by com
pressing with superb humaneness and 
erudition the 6,000 or 8,000 years of 
man's story into a college text of modest 
bulk, scientific readers may also with 
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T e c h n i c a l b o o k s  o f  
s p e c i a l i n t e r e s t 
fr o m  M c G r aw - H i l l  

1 PHASE STAB ILITY I N  METALS AND ALLOYS. By PETER S.  RUDMAN , 

JOHN STR INGER  and ROB ERT I. JAFFEE. Some forty specialists in a 
variety of disciplines-physics, metallurgy, chemistry, crystallog
raphy-have contributed to this valuable book. It is specifically 
concerned with the reasons that given structures or phases occur 
in metals under given conditions. The papers are not only pre
sented, but discussed, providing breadth and balance as well 
as up-to-the-minute timeliness. 300 pp., $21.50. 

(This is the first of a series. The second, "Dislocation Dynamics," 
by Rosenfield, Hahn, Bement, and Jaffee, is now in preparation. )  

2 MACHIN ING  O F  PLASTICS. B y  AKIRA KOBAYASH I .  Cutting, drilling, 
filing, grinding, finishing and buffing; the effects of generated 
heat on machined surfaces, deformation of material during cut
ting, the characteristics of chips; all these and numerous other 
aspects of finishing plastics with machine tools are covered 
thoroughly and authoritatively in this valuable new book. All 
kinds of plastics and the latest equipment, discoveries and tech
niques are discussed. 320 pp., $16.00. 

3 PROPERTIES O F  GASES AND LIQUIDS, 2nd Edition. By R.  C. RE ID  and 
T. K. SH ERWOOD.  Thoroughly revised and updated, this book re
views and evaluates various techniques to estimate and correlate 
the properties of gases and liquids. Recommendations are made 
for the best methods of estimating each property and of extrapo
lating and interpolating available data. 750 pp., $22.50. 

4 CONSTITUTION OF B I NARY ALLOYS. 2nd Edition. By MAX HANSEN 
and KURT AN DERKO. This 1 ,305 page master reference places at 
your fingertips a vast store of essential information on the 
constitution of briary alloys and structure of intermediate phases. 

1305 pp., $39.50. 

5 CONSTITUTION OF  B I NARY ALLOYS. First Supplement. By RODNEY P. 
ELLI OTT. Combined with the Hansen-Anderko book described 
above, this encyclopedic volume provides complete data and 
critiques embracing up-to-date information on binary systems. 

910 pp, $35.00. 

6 FORMULAS FOR STRESS AND STRAIN.  4th Edition. By RAYMOND J. 
ROARK. This volume has been thoroughly revised to present a 
timely, compact, readily usable summary of important formulas, 
facts, and principles pertaining to strength of materials. This 
technical data, formerly scattered among many sources, will 
be invaluable to designers and stress analysts. 450 pp., $12.50. 

7 MATER IALS HAND B O O K. 9th Edition. By GEORGE S.  BRADY. Practical 
data on some 1 2,000 materials is" provided in the updated 9th 
edition of this well-known handbook. Pertinent facts on these 
materials, including metals, alloys, refractories, abrasives, woods, 
and many others-are arranged for quick and easy reference. 
Needs of many new industries are covered. 970 pp., $17.50. 

8 MATERIALS DATA B O O K. By EARL R .  PARKER.  Here you will find a 
unique collection of reliable, essential design data in a compactly 

tabulated, easy-to-use form not available heretofore. It provides 
a convenient source of data on metals, wood, ceramics, concrete, 
plastics-and addresses of suppliers from whom additional 
special information can be obtained. Many specific uses are 
covered. 416 pp., $8.95. 

9 CORROSION ENGINEERING. By MARS G. FONTANA and NORBERT D. 
GREENE.  Plant engineers, maintenance personnel, production 
executives, and those preparing for work in these areas will 
find this book of special value . Theory is simplified and com
bined with practical application. Strength, brittleness, and density, 
as well as corrosion of materials, are examined. 

416 pp., About $12.50. 

10 STRUCTURE OF  METALS, 3rd Edition. By CHARLES S. BARRETT and 
T. B.  MASSALS K I .  This new edition has been expanded and mod
ernized to provide new or additional material on crystalline 
structures, defects and methods of studying them, textures, 
defractometer operation, superlattices, electron and microscopic 
diffraction, transformation and precipitation. 757 pp., $15.75. 

1 1  PHYSICS OF SOLIDS. By C H A R L E S  W E RT, a n d  R O B B  T H O M SO N . 
Either as an overall introductory view to solids or as a review 
of the subject for those now professionally engaged in it, this 
book presents Ii synthetic ( rather than a fragmentary ) treatment 
of solids. The relationship between types and their relationships 
to band structures are emphasized. 448 pp., $11.00. 

12 SOLlD·STATE ELECTRONICS. By S. WANG.  Here you will find an 
excellent explanation of quantum mechanics fundamentals as 
well as the basic concepts of solid state physics. Many important 
applications of solid state electronics are covered, with a good 
balance between the semiconductor material and the material 
on magnetics, dielectrics, and ferromagnetism. The book begins 
with descriptions and progresses to a useful quantitative analysis, 
em phasizing depth of treatment while offering broad coverage. 

800 pp., $15.50. 

13 THE STRUCTURE AND PROPERTIES OF MATERIALS. By ANTHONY T. 
D I BENEDETTO. Used in a one-semester or a full year's course in 
Engineering M aterials, this book explores the relationship be
tween the physical properties of materials and their molecular 
structure. Presenting a thorough survey of the behavior of engi

neering materials, the book emphasizes metals and organic 
polymers because of their well-developed science and extensive 
use. It shows how intermolecular forces and che.mical bonding 
determine the geometry of the solid state and how all these 
factors interact to determine its physical "behavior. 

551 pp., $12.50. 

10 DAYS FREE EXAMINATION 

McGraw· H i l l  Book C o . ,  D ept. 23-SA-967 
330 West 42nd Street, New York, N .  Y. 10036 

Send m e  the book(s) c i rc l ed below for 10 days on approva l .  In 10 days 
I w i l l  remit for book(s) I keep, p l us a few cents for d e l ivery costs, a n d  
return o t h e r  book(s) postpa i d .  

1 54238-1 2 35266-6 3 5 1 789-6 4 26050-5 5 1 9 1 89- 0 6 53030-3 7 07067.2 

8 48485-5 9 2 1 460-1 1 0 038 1 5-8 1 1 69447- 1 1 2 681 23-9 1 3 1 6750-2 

Name 

Address 

C i ty State Zip Code 

L. _ _ _  �=�t=!:�!.v:!�:!j!!� _ _  .!:!-!:�..1 
3 0 3  
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A u n i q u e  s e r i e s ,  spon sored by t h e  S c h o o l  M at h e m a t i c s  S t u d y  G r o u p ,  t h a t  
m a kes i m port a n t  m a t h e m a t i c a l  i d e a s  u n d e rsta n d a b l e  to i n t e rested l a y m e n  
a n d  s t u d e nts.  Paperbo u n d ,  $ 1 .95 e a c h  

J U ST PU BLISHED: 

Geometry 
Revisited 
By H. S. M. COXETER,  U n iversity of 
Toronto, a n d  S A M U E L  L .  G R E I TZ E R ,  
R utgers U n iversity.  T h i s  b o o k  g u i d e s  
t h e  rea d e r  t h ro u g h  E u c l i d e a n  g e o m e 
try i nto t h e  e x p l o r a t i o n  of e x c i t i n g  
m o d e r n  res u lts.  i nversive a n d  p rojec· 
t i v e  tech n i q u e s ,  and t h e  u s e  of t r a n s 
form a t i o n s .  C h a l l e n g i n g  p ro b l e m s  a re 
posed a n d  solved . :: 1 9  in the series.  

PREVIOUSLY PU BLISHED: 
1 .  N U M B E R S :  RAT I O N A L  A N D  I R ·  

RAT I O N A L  by I v a n  N iv e n  
2 .  W H AT I S  CALC U L U S  A B O UT? b y  

W .  W .  S a wy e r  
3 .  A N  I N TRO D U CT I O N  TO I N EQ U A L· 

I T I E S by E .  B e c k e n b a c h  a n d  
R .  B e l l m a n  

5 .  T H E  C O N TEST P R O B L E M  B O O K  I :  
H I G H  S C H O O L  C O N TEST P R O B ·  
L E M S  O F  T H E  M AT H E M AT I CA L  
A S S O C I AT I O N  O F  A M E R I C A ,  
1 950·1 960. C o m p i led b y  C h a r l e s  
T. S a l k i n d  

6.  T H E  LO R E  O F  LA R G E  N U M B E R S  
by P h i l i p  J .  D a v i s  

7 .  U S E S  O F  I N F I N I TY by Leo Z i p p i n  
8.  G EO M ET R I C  TRA N S F O R M AT I O N S  

by I .  M .  Y a g l o m  
9 .  C O N T I N U E D  FRACT I O N S  by C .  D .  

O l d s  
10 .  G RA P H S  A N D  T H E I R  U S E S  b y  

Oyste i n  O re 
1 1 .  H U N G A R I A N  P R O B L E M  B O O K  I ,  

b a s e d  o n  t h e  E6tvQS Contests,  
1 894·1 905 

12. H U N GA R I A N  P R O B L E M  BOOK I I ,  
b a s e d  o n  t h e  EDtVQS Contests,  
1 906· 1 928 

13. E P I S O D E S  F R O M  T H E  E A R L Y  
H I ST O R Y  O F  MATH E M A T I C S  by 
Asger Aa boe 

14. G R O U PS A N D  T H E I R  G R A P H S  
by I s r a e l  G ross m a n  a n d  W i l h e l m  
M a g n u s  

1 5 .  M AT H E M AT I CS O F  C H O I C E  ( H O W  
TO C O U N T  W I T H O U T  C O U N T· 
I N G )  by I v a n  N i v e n  

16 .  F R O M  P Y T H A G O R A S  T O  E I N ·  
STE I N  by K .  O .  F r i e d r i c h s  

17 .  T H E  MAA P R O B L E M  B O O K  I I :  
196 1 - 1 965.  C o m p i l e d  b y  C h a r l e s 
T. S a l k i n d  

4 .  G E O M ET R I C  I N EQ U A L I T I ES 
N .  D. K a z a r i n off 

by 18 .  F I R S T  C O N C E PTS OF T O P O L O G Y  
by W .  G .  C h i n n  a n d  N .  E .  Ste e n rod 

Now at your bookstore. Publ ished by RANDOM HOUSE, INC.  For c o m p l ete 
i n f o r m a t i o n  o n  the New M at h e m a t i c a l  L i b r a ry ,  write to L .  W .  S i n g e r  C o . ,  
501  M a d i so n  Ave n u e ,  N e w  Y o r k ,  N .  Y .  1 0022 .  S i ng e r  p u b l i s h e s  a spec i a l  ed i ·  
t i o n  for h ig h  s c h o o l  t e a c h e rs a n d  s t u d e n t s ,  9 9 ¢  p e r  v o l u m e .  R e i n forced 
c l o t h · b i n d i ng a v a i l a b l e  a t  $2.95 t h ro u g h  R a n d o m  H o u s e  School & l i b ra ry 
S e rv i ce,  457 M a d i so n  Ave. ,  N e w  York, N. Y. 1 0022.  

••• • 

I. · 

value transcend their limits to consider 
this work. The portrait stele of an Athe
nian citizen is the first illustration ;  the 
"brooding presence" of the great Henry 
Moore monument to nuclear energy
half head, half terrible mushroom-is the 
last. Between these photographs (with 
many maps and charts, including a help
ful capsule historical atlas in color) the 
tale is well told, in a spare style and with 
a rich and judicious sense of the relevant .  
Three periods are defined. In the first 
the invention of agriculture and of socie
ty led to the definition of four high civ
ilizations :  in the Middle East, where 
iron , the alphabet and monotheism 
arose; in Greece, where Europe was 
founded; in India, the home of our 
number system, and in China. After A.D. 
500 these high cultures and their out
liers lived in a shifting equilibrium for 
a millennium. Beginning at the time of 
Columbus the ideas, the guns and the 
economics of western Europe spread; 
their dominance is with us now. This is  
only a suggestion of how every land 
here receives its due . The view first fo
cuses on the great culture dominating 
the events of the day, wherever it is, 
and then widens to consider what the 
response of the others to this lead is. The 
index entries include Angkor Wat, Bach, 
the Wahhabi movement, sweet potatoes 
and Vijayanagar. 

NCEBRA, by Saunders MacLane and 
Garrett Birkhoff. The Macmillan 

Company ( $ 1 l .95) . Late in the 1930's 
this same pair of authors more or less 
formed the curriculum in algebra for 
American mathematics students with 
their work A Survey of Modem Algebra, 
whose third edition is now a couple of 
years old. In that work the idea of al
gebra was taken up on the basis of a 
general and axiomatic approach, and 
the student learned that discrete ele
ments that could be combined according 
to several rules of combination formed 
the essence of this realm of mathematics. 
Groups, rings, fields and algebras be
came common currency; vectors and 
matrices began to appear as mere por
tions of a broader topic. The style is 
quite abstract ; one recalls the dismay 
with which a physiCS student would find 
the whole of the algebra of the Dirac 
matrices as a single exercise in one chap
ter of MacLane and Birkhoff. This book 
is a fresh start at the same task, aiming at 
advanced undergraduates, hoping to in
troduce them to the still more powerful 
generalizations of algebra in the 1960's. 
The old topics are there, taking their 
places in turn as special cases. Now the 
generality is contained in concepts as 
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we have built  for success and leadership,  where the engineer 
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the best of two worlds:  accomplishment i n  his  work and the 

fun that comes from living in Texas. 
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for airlsea/land and space application by the mil i tary services, 
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ON PROBLEMS IN THE MATERIALS SCIENCE FIELD 
THE STRUCTU RE AND PROPERTIES 
OF MATERIALS 

See these fo u r  conven ient ,  i nexpensive, paperbo und 
vol u mes : T h e  Structure a n d  Properties of M.1terials ed i ted 
by John W u l ff .  Each vo l u m e :  $3.50, ava i lab le  as a boxed 
!>et ( a l l  four vo lu mes) for $ 1 2 .00 
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pages 

B rophy, Rose and Wul ff :  Vo l u m e  I I ,  Thermodynilmics of 
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ties, 306 pages 
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Press 

THE SOLID STATE 

Ki t te l : Introduction to Solid State Physics, Third Edition, 
646 pages $1 2 .50 

K i l te l : Quantum Theory of Solids, 435 pages $1 3.95 
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Siudenls, 163 pages $6.95 

' F i tzgera l d :  Particle Waves and Deformation in Crystal
line Solids, 249 pages $1 1 .95 
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' Hogarth : Materials Used in Semiconductor Devices, 243 
pages $1 4.00 

Madel u n g :  Physics of I I I -V Compounds, 409 pages $1 4.95 

Aven-Prener :  Physics and Chemistry of I I-VI Compounds, 
844 pages $30.00 

Davi es :  The Theory of the E lectric and Magnetic Prop
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G rove : Physics and Technology of Semiconductor 
Devices, 366 pages $1 2.95 

R i c kayzen : Theory of Superconductivity, 483 pages $1 4.95 

Dexter- K n o x :  Excitons, 1 39 pages $6.50 
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· B u nshaw:  Techniques of Metal Research, in seven vol
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Cha lm ers : Physical Metallurgy, 468 pages $ 1 2 .95 

'Cah n :  Physical Melal lurgy, 1 1 00 pages $34.00 

Campbe l l -Sherwood : High-Temperature Materials and 
Technology, App rox . 950 pages Prob. $20.00 

Bak ish-Wh i t e :  Handbook of Electron Beam Weldi ng, 269 
pages $1 1 .50 

·Pfa n n :  Zone Melting, Second Edition, 310 pages $ 1 1 .75 

Westbrook :  Intermetall ic Compounds, 633 pages $29.75 

Mc lean : Mechanical Properties of Metals, 403 pages 
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-Abeles : Optic�1 Properties �nd Electronic Structure of 
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Powe l l -Oxley- B l ocher : Vapor Deposition, 725 pages 
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'Sch m i tz :  Testing of Polymers, Vol u me I,  479 pages 
$1 9.50 Vo l u m e  I I ,  421 pages $1 9.00 Vo l u m e  I I I  (with 
B rown) I n  press 

· Rosen : Fracture Processes in Polymeric Solids: Phenom
ena and Theory, 835 pages $27.50 

-Bod n a r :  Structural Adhesives Bonding, 495 pages $ 1 5 .00 

·Varga : Stress-Strain Behaviour of Elastic Materials 
(Polymer Reviews, Vo l u m e  1 5) 1 90 pages $1 1 .00 
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Rabi nowicz : Friction and Wear of Materials, 244 pages 
$ 1 2 .00 

Z ienk iewicz- H o l i s t e r :  Stress Analysis: Recent Develop
ments in N umerical and Experimental Methods, 469 
pages $1 5.50 

Tete lman-McEv i l y :  Fracture of Structural Materials, 697 
pages $ 1 7 .95 

Cottre l l :  The Mechanical Properties of Matter, 430 pages 
$1 1 .00 

Datsko : Material Properties and Manufacturing Processes, 
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There is a re lat i o n s h i p  between t h e  q u a l ity I M AG I N AT I O N  v a r i a b l e  s t a b i l i t y ,  v e h i c l e  d y n a m i c s ,  
o f  resea rch a n d  t h e  a m o u n t  o f  i m a g i n a - i n -fl ig ht s i m u lat io n ,  a uto c r a s h  resea rc h .  
t i o n  a p p l ied t o  it . S c i e n t i sts a t  C A L  d a i l y  exp lo i t  SYST E M S / B a l l ist ic m issi le  d efe nse,  a i rcraft pene-
t h a t  re lat io n s h i p  as t hey p u rs u e  their resea rch trat i o n ,  reco n n a issa n ce a n ds u rve i l l a nce,  o rd n a n ce,  
i n t e r e s t s ,  p u t  their t h e o r i e s  t o  t h e  t e s t ,  a n d  c o m m u n i t y  e c o l o g y ,  e n v i r o n m e n t a l  r e s e a r c h .  
f o l l o w their p r oj e c t s  t o  u s e f u l  c o n c l u s i o n s .  C O M P U T E R  S C I E N C E S / Co m p u t e r  desi g n  a n d  a p -
Resea r c h  a p p roached t h a t  w a y  rea l l y  u n leashes p l i c a t i o n ,  a rt i f i c i a l  i n t e l l i g e n c e ,  r a d a r  v i d e o  
t h e i r  i m a g i n at i o n . 0 E x a m p l es o f  t h e i r  resea rch : process i n g ,  rea l -t i m e  s i m u l a t i o n ,  s ig n a l  reco nstruc-
A E R O S C I E N C E S / S pacef l i g h t ,  hyperveloc ity l ift i n g  t io n .  0 I f  y o u  h a ve been m iss i n g  t h e  c h a n ce or  t h e  
v e h i c l e s ,  p r o p u l s i o n , h y p e r s o n i c  f a c i l i t i e s ,  need t o  u n le a s h  yo u r  i m a g i n a t i o n ,  p lease w rite o r  
l o w - s p e e d  f l i g h t ,  h y d r o f o i l s .  P H Y S I C S / R a d i o  p h o n e  M r .  I .  W .  R e ntsc h l e r ,  C o r n e l l  Aero n a u t i c a l  
a s t r o n o m y ,  r a d a r ,  a t m o s p h e r i c  p h e n o m e n a ,  L a boratory,  I n c . ,  Box 2 3 5- C ,  B uffa lo ,  N . Y.  1 42 2 1 , 
av ion ics,  e l ectro n ics,  a e rospace ve h i c le  tech n o l o- Tel . 7 1 6 / 6 3 2-7 500 . ( CA L  offers eq u a l  e m p l oy-
g i e s .  F U L L - S C A L E / T r a n s p o r t a t i o n  s y s t e m s ,  m e n t  o p p o rt u n ity t o  a i L )  

Illus tra tion s y m boliz es t h e  research o f  the five t e c h n ical divisions o f  
t h e  L a b o r a t o r y :  Ph ysics, Full-S c a le, C o m p u ter Scienc es. S ys tems,  a n d  
A erosciences. 

W CORNELL AERONAUTICAL LABORATORY, INC. � of Cornell University 

© 1967 SCIENTIFIC AMERICAN, INC



Po l a ri zat i o n 
R o u t i n e  M i c ro
s c o pe 
POL M I A 

This microscope takes O at-fi eld P l anoch romats 

practica l l y  free from strain,  tog eth er with l a r g e  

and O a t - n eld eyepieces exhibit ing wid er  fi e lds  

of  v iew thon ever known before.  Observation 

is  m a d e  through on i n c l i n ed eyepiece t u b e, in 

co rporating a n  additi o n a l  Be rtrand l ens, which  

may b e  t i l ted into th e path of  rays .  An i r is  d ia

phragm accommodated a lso in  t h e  eyepiece t u b e  

p e r m i t s  individ u a l  c rystals of  s p e c i m e n s  to b e  sin 

g l ed out .  Ad equate edg e-to-edge i l l u minat ion of 

Representatives for U .S .A. 
Ercona Corporation 

432 Park Avenue Sout h 

New York, New York 1 001 6 

In other countries contact 

your Z E I SS·j E NA· Repre· 

sentatives 

Precision and qual ify of world renown 

al l  o b i ect fi e lds is  obta ined by a t r ip l e - l ens c o n 

d enser.  T h e  microscope stage moves o n  b a l l  

b e a r i n g s  and can  b e  read i l y  a rrested in any posi

t ion .  Pol a rizer and a n a l yzer  a r e  of  swing - in  

and rotary d esign.  A s l o t  in  the  intermed i a t e  

tube Pol  serves for  th e reception o f  wed g e  

comp ensators and measur ing compensators 

covering var ious  ranges.  T h e  i l l u minator  is b u i l t  

into t h e  microscope b a s e .  This  arrangem ent, 

which renders a p p l icat ion of  the K o h l e r  i l l u m i -

VES Carl Zeiss JENA 
German Democratic Republic 

n ation possib l e, and t h e  c o a x i a l  arrangement  

of  t h e  control  for  c o a rse and n ne v e rt ical  

s tage- adjustments contr ibute to c o nven ience 

of  o p e rati o n .  fo r examinat ions  by i ncident  

l ight, a p o l a rization incid ent- l ight  condenser 

is ava i l a b l e  for  attach ment  to the  tube-car

r ier  head.  Supp lementary and extens ion  faci l i t ies 

a r e  provided by, Fou r  Axi a l  FEDEROV Univers a l  

Stag e, W right  Eyepiece, P h o t o micrographic 

Equipm ents "MF" and "ST". 
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powerful as that of category-a category 
is a class of objects together with two 
particular functions mapping them in 
certain ways. There is a category of all 
sets, one of all groups,  of all rings and 
so on. Another powerful concept is 
functor; such a construction builds sets 
from given sets and functions from given 
functions. It acts on all sets and all 
functions. The study of algebra can be 
seen once again as a multiple exempli
fication of a certain essence. Again this 
is likely to become a widely used text. 
There are problems every few pages . 
The algebras of the physicist are fading 
into special cases of the problems. 

INFRA-RED PHYSICS, by J. T. Houghton 
and S. D.  Smith. Oxford University 

Press ($9 .60) . The electromagnetic fron
tier has for more than a decade lain on 
the short-wave side of the millimeter 
microwave band and on the long-wave 
side of the photographic plate. Indeed, 
physical and analytical chemists have al
ready built a kind of frontier city in the 
near infrared, populous if a little wild, 
depending on semiempirical study of the 
vibrational similarities of polyatomic 
molecules .  Even more remarkable appli
cations, still more or less secret, have 
come from military explorers seeking to 
detect distant sources of heat. Room
temperature radiation rises to a peak 
around a wavelength of 15 microns,  the 
far infrared lies between that region and 
the microwaves. The best near-infrared 
detectors are transparent semiconduc
tors, such as lead sulfide, whose cOllduc
tion levels happen to lie very close to 
filled bands, so that small quantum ener
gies will set them free. Liquid-helium 
cooling is a commonplace. There are a 
variety of ingenious image-forming tech
nioues, used for target pictures and 
guided missiles, one expects, more than 
for locating deep tumors. 

This volume is a clear summary of the 
entire field, at the level of a graduate stu
dent. It devotes perhaps half of its space 
to the physics of molecular motions, lat
tice vibrations in solids and the theory of 
semiconductors. The other half is given 
over to a discussion of sources, detectors 
and applications, and above all to the 
clever means of dispersive spectrometry 
necessary in this new optics. The general 
reader can profit from the more descrip
tive chapters, but only the reader trained 
in physics will grasp the relatively com
plete account of energy levels and pho
nons and oscillator strengths. The unusu
al unity of the volume, which treats both 
molecular and solid-state physics , both 
instrument design and physical analysis, 
is its strength and its charm. 

The formula you 
write l ike this:  

You key i nto 
MATHATRON 

l ike this:  

And MATHATRON 
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seen in  every airplane fl ight and every 
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Written with Lee Edson; i l lustrated 
with 24 pages of p hotographs. 
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Agcncy : J olm IVlcade,  I n c ' ;  Advertis ing 

SYLVAN I A  E L E CT R I C  P R O D U C T S  I N C . ,  
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S U BS I D I A RY O F  G E N E RA L  T E L E P H O N E  & 
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U N I T R O N  I N ST R U M E N T  CO M PA N Y ,  
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Agen c y : Gallay A d v e r t i s i n g ,  I n c orporated 

U PJ O H N  C O M PA N Y ,  T H E  
Agency : W i l l iam Douglas M c A dallls, I n c .  
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Oxfo rd � �;�;�:�����g� 
Dictionary of 
Organic Compounds 
THE CONSTITUTION AND PHYSICAL, 
CHEMICAL AND OTHER PROPERTIES 
OF THE PRINCIPAL CARBON COM· 
POUNDS AND THEIR DERIVATIV ES TO
GETHER WITH RELEVANT LITERARY 
REFERENCES 
FOURTH EDITION, THIRD SUPPLEMENT 
Edited by the Late SIR IAN HEILBRON. This 
is the second supplement to appear since the 
publication of the fourth edition of the DIC
TIONARY in 1965 (the FIRST SUPPLE
MENT was distributed with the DICTIONARY 
and the SECOND SUPPLEMENT was pub
lished in July of 1966). The majority of the 
entries are derived from papers published 
during 1966, although entries have been added 
for notable omissions and errors in the pre
vious works. $28.00 

Albertus Magnus: 
Book of Minerals 
Translated by DOROTHY WYCKOFF, Bryn 
Mawr CoLLege. Albertus Magnus, the great 
Dominican commentator on Aristotle, tried 
to fit all that was known in the thirteenth 
century about stones and metals into the 
framework of Aristotelian thought. While 
many of his beliefs were strictly medieval, this 
is a fascinating account of a modern science 
in the making. 2 pLates. $13.45 

Ultrasonic Absorption 
AN INTRODUCTION TO THE THEORY 
OF SOUND ABSORPTION AND DISPER
SION IN GASES, LIQUIDS, AND SOLIDS 
By A. B. BHATIA, University of Alberta. 
Written as an introduction to the basic 
theoretical ideas and experimental results in 
the field of ultrasonic absorption, this book 
deals with sound propagation in an ideal fluid 
and in an elastic solid, and with the various 
physical mechanisms responsible for sound 
absorption in monatomic and polyatomic 
gases in normal and associated liquids, and 
in solids. 102 figures. (Monographs on the 
Physics and Chemistry of Materials.) $13.60 

The Organic 
Chemistry of Nitrogen 
THIRD EDITION 
By' N. V. SIDGWICK, University of Oxford; 
edtted by IAN T. MILLAR, University of 
Keele, and H. D. SPRINGALL, University of 
Keele. This fully revised and rewritten classic 
study of chemistry begins with an account 
of the general features and stereochemistry 
of the organic compounds of nitrogen and 
goes on to cover the quantum theory of 
v�lence, major types of non-cyclic organic 
mtrogen compounds, cyclic compounds, and 
the chemistry of the nucleic acids and 
nucleoproteins. $26.90 
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issue may find the lists below helpful. 

MATERIALS 

ANCIENT EGYPTIAN MATERIALS AND IN
DUSTRIES. A. Lucas and J. R. Harris. 
Edward Arnold Ltd., 1962. 

CmNA AT WORK. Rudolf P. Hommel. 
The John Day Company, 1937. 

DE RE METALLICA. Georgius Agricola. 
Translated by Herbert Clark Hoover 
and Lou Henry Hoover. Dover Publi
cations, Inc., 1950. 

A HISTORY OF METALS. Leslie Aitchison: 
Interscience Publishers, Inc., 1960. 

A HISTORY OF TECHNOLOGY. Edited by 
Charles Singer, E. J. Holmyard and 
A. R. Hall. Oxford University Press, 
1954. 

LAZARUS ERCKER'S TREATISE ON ORES 
AND ASSAYING: TRANSLATED FROM THE 
GERMAN EDITION OF 1580. Anneliese 
Griinhaldt Sisco and Cyril Stanley 
Smith. The University of Chicago 
Press, 1951. 

MATERIALS AND THE DEVELOPMENT OF . . 

CIVILIZATION AND SCIENCE. Cyril 
Stanley Smith in Science, Vol. 148, 
No. 3672, pages 908-917; May 14, 
1965. 

. METALLURGY IN ARCHAEOLOGY. R. F. 
Tylecote. Edward Arnold Ltd., 1962. 

NOTES ON PREmSTORIC AND EARLY IRON 
IN THE OLD WORLD. H. H. Coghlan in 
Occasional Papers on Technology: B. 
Oxford University Press, 1956. 

ORIGINS OF THE SCIENCE OF CRYSTALS. 
John G. Burke. University of Cali
fornia Press, 1966. 

THE PIROTECHNIA OF V ANNOCCIO BIR
INGUCCIO. Translated by Cyril Stanley 
Smith and Martha Teach Gnudi. The 
American Institute of Mining and 
Metallurgical Engineers, 1942. 

THE PREmSTORY OF SOLID-STATE PHYS
ICS. C. S. Smith in Physics Today, Vol. 
18, No. 12, pages 18-30; December, 
1965. 

THE SOLID STATE 

ATOMIC STRUCTURE AND THE STRENGTH 
OF METALS. N. F. Mott. Pergamon 
Press, 1956. 

ELEMENTS OF MATERIALS SCIENCE. 

. L. H. Van Vlack. Addison-Wesley 
Publishing Company, Inc., 1966. 

INTRODUCTION TO SOLID STATE PHYSICS. 
Charles Kittel. John Wiley & Sons, 
Inc., 1956. 

PRINCIPLES OF THE THEORY OF SOLIDS. 

J. M. Ziman. Cambridge University 
Press, 1964. 

SEVEN SOLID STATES. vValter J. Moore. 
W. A. Benjamin, Inc., 1967. 

THE NATURE OF METALS 

PHYSICAL METALLURGY. Edited by R. 
W. Cahn. John Wiley & Sons, Inc., 
1965. 

THE STRUCTURE OF METALS AND AL
LOYS. W. Hume-Rothery and G. V. 
Raynor. The Institute of Metals, Lon
don, 1962. 

STRUCTURE OF METALS: CRYSTALLO
GRAPHIC METHODS, PRINCIPLES, AND 
DATA. Charles S. Barrett and T. B. 
Massalski. McGraw-Hill Book Com
pany, 1966. 

THEORY OF CRYSTAL DISLOCATIONS. F. 
R. N. Nabarro. Oxford University 
Press, in press. 

THE NATURE OF CERAMICS 

CERAMICS: STONE AGE TO SPACE AGE. 
Lane Mitchell. McGraw-Hill Book 
Company, Inc., 1963. 

INTRODUCTION TO CERAMICS. W. D. 
Kingery. John Wiley & Sons, Inc., 
1960. 

MODERN CERAMICS: SOME PRINCIPLES 
AND CONCEPTS. Edited by J. E. Hove 
and W. C. Riley. John Wiley & Sons, 
Inc., 1965. 

THE PHYSICS AND CHEMISTRY OF CE
RAMICS. Edited by Cyrus Klingsberg. 
Gordon and Breach, 1963. 

THE NATURE OF GLASSES 

THE INITIAL STAGES OF PHASE SEPARA
TIO� IN GLASS��. J. W. Cahn and R. 
J. Charles in Physics and Chemistry of 
Glasses, Vol. 6, No. 5, pages 181-191; 
October, 1965. 

PHYSICAL CHEMISTRY OF METALS. Law
rence S. Darken, Robert W. Gurry and 
Michael B. Bever. McGraw-Hill Book 
Company, Inc., 1953. 

TECHNICAL GLASSES. M. B. Vol£. Sir 
Isaac Pitman and Sons, Ltd., 1961. 

THERMODYNAMICS OF SOLIDS. Richard 
A. Swalin. John Wiley & Sons, Inc., 
1962. 

THE NATURE 
OF POLYMERIC MATERIALS 

FIBHES FHOM SYNTHETIC POLYMERS. Ed
ited by Rowland Hill. Elsevier Pub
lishing Company, 1953. 

HIGH POLYMERS: A SEHIES OF MONO
GRAPHS ON THE CHEMISTRY, PHYSICS 
AND TECHNOLOGY OF HIGH POL YMER-
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STRONGER THAN STEEL • LIGHTER THAN ALUMINUM 

NEXT TO DIAMOND ON THE HARDNESS SCALE 

... yet endowed with greater flexibility in 
design and structural potential than any 
other material now in use. Continuous 
fiber plastic matrix composites of ad
vanced boron fibers can be used in much 
the same manner as glass fiber construc
tion, conforming to almost any contour, in 
any size or thickness. Already, boron-epoxy 
composites are suitable for manufacture of 
large primary structural components using 
existing processes. 
Development of boron filament composite 
structures and fabrication techniques is 
the latest in a long series of important 
tech nologica I ach ievements catalogued 
over a period of many years at the Fort 
Worth Division of General Dynamics. Cre-

ative, capable scientists and engineers are 
needed to continue the search for better 
materials, systems, and techniques re
quired by increasingly sophisticated as
signments. 

Find room to gratify your ambition ... and 
room for better living, too, in smog-free 
Fort Worth, where a mild climate and low 

living costs add to your career satisfaction. 

Call Collect - 817-732-4811, Extension 
3551; or send a resume of your education 
and experience to Mr. J. B. Ellis, Indus
trial Relations Administrator-Engineering, 
General Dynamics, Fort Worth Division, 
P. O. Box 748C, Fort Worth, Texas 76101-
An equal opportunity employer. 

GENERAL DYNAMIC:S 

Fort Worth Division 
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BIO .. MEDICAL 

TELEMETRY 

applications 
and techniques 

A Short Intensive Course 

for Scientists, Physicians, Engineers 

by Dr. R. Stuart Mackay 

September 27 .. 30, 1967 

boston, mass. 

Sponsored by 

BOSTON UNIVERSITY 

in cooperation with the 

AMERICAN INSTITUTE OF 

BIOLOGICAL SCIENCES 

For further information 

Write: Bio-Medical 

Telemetry Course 

Office of Conference Development 

BOSTON UNIVERSITY 

BOSTON, MASS. 02215 
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AMATEUR 
TELESCOPE 
MAI(ING 

Edited by Albert G. Ingalls 

Book One 
497 pages, 300 illustrations 

$5.00 postpaid. $5.35 foreign 

Book Two 
650 pages, 361 illustrations 

$6.00 postpaid. $6.35 foreign 

Book Three 
644 pages, 320 illustrations 

$7.00 postpaid. $7.35 foreign 

Send postcard 
for descriptive circular 

SCIENTIFIC 
AMERICAN 

415 Madison Avenue. New York. N.Y. 10017 
(Restdents of New York CUy please add 5% sales tax) 

(Other NYS restdents please add 2% state sales 
tax plus local tax) 

IC SUBSTANCES. Edited by R. E. Burk, 
H. Mark, E. O. Kraemer and C. S. 
Whitby. Interscience Publishers, Inc., 
1941. 

LINEAR AND STEREOREGULAR ADDITION 

POLYMERS. N. G. Gaylord and H. F. 
Mark. Interscience Publishers, Inc., 
1959. 

MECHANICAL PROPERTIES OF POLYMERS. 
Lawrence E. Nielsen. Reinhold Pub
lishing Corporation, 1962. 

NATURAL AND SYNTHETIC HIGH POLY
MERS. Kurt H. Meyer. Interscience 
Publishers, Inc., 1942. 

POL YMERS AND RESINS: THEIR CHEMIS
TRY AND CHEMICAL ENGINEERING. 

Brage Golding. D. Van Nostrand 
Company, Inc., 1959. 

PRINCIPLES OF POLYMER CHEMISTRY. 
Paul J. Flory. Cornell University Press, 
1953. 

TEXTBOOK OF POLYMER CHEMISTRY. 
Fred "V. Billmeyer, Jr. Interscience 
Publishers, Inc., 1957. 

THE NATURE 
OF COMPOSITE MATERIALS 

CERAMIC AND GRAPHITE FIBERS AND 
WHISKERS: A SURVEY OF THE TECH
NOLOGY. L. R. McCreight, H. W. 
Rauch, Sr., and W. H. Sutton. Aca
demic Press, 1965. 

STRONG SOLIDS. Anthony Kelly. Oxford 
University Press, 1966. 

THE THERMAL PROPERTIES 
OF MATERIALS 

ELECTRONS AND PHONONS. J. M. Ziman. 
Oxford University Press, 1960. 

QUANTUM THEORY OF SOLIDS. R. E. 
Peierls. Oxford University Press, 
1955. 

THE ELECTRICAL PROPERTIES 
OF MATERIALS 

ORGANIC MATERIALS IN ELECTRONICS. 
R. R. Neiman and R. E. Johnson in 
Modem Science and Technology, ed
ited by Robert Colborn. D. Van Nos
trand Company, Inc., 1965. 

SEMICONDUCTORS. N. B. Hannay. Rein
hold Publishing Corporation, 1959. 

THEORY OF THE ELECTRICAL PROPERTIES 
OF GERMANIUM AND SILICON. Harvey 
Brooks in Advances in Electl'On Phys
ics: Vol. VII. Academic Press, 1955. 

THE CHEMICAL PROPERTIES 
OF MATERIALS 

CHEMICAL PHYSICS OF SEMICONDUC
TORS. J. P. Suchet. D. Van Nostrand 
Company Ltd., 1965. 
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TWO RECENT 

BOOKS IN 

THE EARTH 

SCIENCES 

Physiography of the United States 
CHARLES B. HUNT, The Johns Hopkins University 

This book is a broad but detailed look 

at the natural features and resources of 
our country, their origins, and their 

influences on our history. In the first part 

the author surveys the physical struc-

ture of the United States and develops 

the principles of earth science that are 

necessary for an understanding of physi

ography. (No other background in any 

of the natural sciences is assumed.) In the 

second part he applies these principles to 

the physiographic provinces of the United 

States (including Alaska, Hawaii, and 

Puerto Rico) and examines each of these 

regions in detail. Discussions are illus

trated by maps and examples throughout 

the book.-1967, 377 illustrations, 

480 pages, $7.50 

"Here is a book for those who like to 

know about the country they travel 

through and are willing to spend a few 

hours to learn about its features ... 

it is written in a way that nongeologists 

can understand. A knowledge of the 

physiography of any area in which you 

live or through which you travel will 

greatly enhance your enjoyment and in

terest. If you would like to know more, 

this is a fine source of such information." 

-Gems and Minerals, July 1967 

"Dr. Hunt's extensive field experience 

in many parts of the country is manifest 

in the clarity and authority with which 

he treats geology and structure .... " 

-William E. Powers, 

Northwestern University 

Geology Illustrated 
JOHN S. SHELTON, formerly at 

Pomona College. Drawings by Hal Shelton 

"The proud title of this eye-filling book 

is justified. Four hundred photographs, 

mostly stunning aerial views taken by the 

author himself in the West, with accom

panying drawings by his cartographer brother, 

present the basis of physical geography 

in the field. With a rare skill at explana-

tion and a delicate sense of evidence, 

Shelton argues for the work of thrust 

and uplift, ice and water, and unites the 

processes in a dozen type localities 

crowned by the Grand Canyon. Here is 

physical geology remade as fresh as it 

was a century ago, into a triumph of direct 

observation and clear thought, not a set 

of conventional assertions with formal 

names."-SCIENTIFIC AMERICAN, 

December 1966 
1966,382 illustrations, 434 pages, $10.00 

1 w. H. Freeman and Company 
I� I 660 Market Street, San Francisco. California 94104/Warner House. 48 Upper Thames Street. London. E.C. 4 
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MAIL 
ORDER SHOPPING MART 

UNUSUAL 
VALUES 

A selection of products ovoilable by mail for reode r s  of Scientific American 
All merchandise sold on a money-bock guorantee. Order direct by Stock No. Send check or M. O. 

FANTASTIC NEW 

PSYCH EDELIC ART 

You've Reell the "winking eye" -
"two view rulers" . . .  but walt 'til yOll scc optical psychede,ic 
l}laqucs. Run gamut ot co:or dy
namics from pleasingly harmo
nious to violently antagonistic. 
Slightest movement of material or 
viewer prodUces unbeJevab\e 
color. depth, pattern changes. Se
lection ot 10 large p:aQues. Most 
popular: 14" x 14'" KALEIDO
S C OPE-56 . 50 P p d .  170.9118. 
S· x 14' SUNBURST-53.50 Ppd. 
,/70.9128. SAMPLE SET 01 10. 
2',' DISCS-54.00 Ppd. 160.657S. 
(make unique buttons, ornaments. 
jewelry. mobiles). Edmund SCien
tific Co., Barrington, New Jersey 
08007. 

WOODEN 

SOLID PUZZLES 

Here's a fascinating assortmp.nt of 
12 dirterent puzzles to provide 
hours of pleasure and stimulate 
ability to think and reason. Ani· 
mals and geometric forms. Take 
them apart and reassemble them. 
Lots of fun for the whole tnmlly
young and old. Will test skUI. 

fe�i:n�d
a
e�d

y���tlo�. �O���l�g�� 
Order Stock No. 70.2058. Ed
mund Scientific Company. Bar
rington, New Jersey 08007. 

NEW MODEL DIGITAL 

COMPUTER 

Sol ve problems. tell tortunes. play 
games with miniature version of 
giant electronic brains! Adds. sulJ
tracts. multiplies, shifts. comple
ments. carries, memorizes. Colored 

R���� !ia�t1���.
Y 

S���b ���reJ �� 
sembly diagrams, 32-p. Instru(·tion 
book covering operation. computer 
language (binary system) pro
gramming, problems & 15 experi
ments. $5.98 Ppd. Order Stock 
170.683S. Edmund Scientific Co., 
BarrIngton. N.J. 08007. 

GIANT 

FREE CATALOG 

Completely new 1967 Catalog. 148 
pages packed with nearly 4.U(l0 

��t����\es�ar!i:A�\lC����t�n
s� lS5� 

ot charts, III ustrations. Many hard
to-get war surplus bargains. 
Enormous selection of telescopes. 
microscopes, binoculars. ma�nets, 
magnifiers, prisms, photo compo
nents, etc. :For hobbyists, experi
menters, workShops, factories. 
Shop by mall. No salesman will 
call. \Vrlte (or Catalog "S" to Ed
mund Scientific Co., Barringtou, 
N. J. 08007. 
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FASCINATING MOIRE 
PATTERN KITS 

Now explore the world of "Op." 
Fantastic visual errects. Limitless 
applications. I,OOO's of uses for 
hobbylst!ol, photographers, home 
experimenters. Fun! Profitable! 

���:a���t
8
are

8S��sa;t�ft'� �n
r��� 

kote, 150 dot screen on tUm, book. 
Other Rets incl. negatives avail
able. Write tor detailS. Stock No. 
70.7I9S . . . . 58.50 Ppd. SAME 
KIT IN FULL COLOR Stock No. 
60.530S . . .  $12.50 Ppd. Edmund 
Scientific Co., Barrington, New 
Jersey 08007. 

GIANT 

WEATHER BALLOONS 

"Balls of fun" for kids, traffic 
stoppers for stores, terrific for 
amateur meteorologists. Create a 
neighborhood sensation. Great 
backyard fun. Exciting beach at
traction. Amateur meteorologists 
use to measure cloud-heights, wind 
speed, and temp. Made of heavy 
duty neoprene. Inflate with vac
uum Cleaner or auto air hose; or 
local1y available helium lor high 

�1
:�Ck

8�o�i:�56��·
.
OP6 �f�m.�7��� 

Ppd No. 60.632R. Edmund Scien
tIfic Co., Barrington, N.J. 08007. 

ANALOG 

COMPUTER KIT 

Demonstrates basic analog com-

�uJt':i�lr:��i�g�e�i�i�?og� ':,S;�:�: 
roots, log operatlons, trig prob
lems, physics formulae. electricity 
and magnetism problems. Oper
ates on two flashlight batteries. 
Electric motor and 3 potentiom
eters moun ted on die-cut box. 
Answer indicated on dial. 20" 
long, 9" wide, 2" deep. 814.95 
Ppd. Order Stock No. 70,341S. 
Edmund Scientific Co., Barring
ton, New Jersey 08007. 

3" ASTRONOMICAL 

TELESCOPE 

See stars, moon. phases o( Venus. 
planets close up. 60 to 180 power 
-famous Mt. Palomar reflecting 
type. Aluminized & overcoated 3" 
diameter f/lO primary mirror, ven
tilated cell. Equipped with 60X 
eyepiece and mounted 3X finder 
scope. hardwood tripod. FREE: 
"STAR CHART"; 272-page 
"HANDBOOK O}o'HEAVENS"; 
"HOW TO USE YOUR TELE
SCOPE" book. 829.95 Ppd. Order 
Stock No. 85,0508. Edmund 
SCietltlftc Co., Barrington, N.J. 
08007. 

AMAZING 

NEW HOLOGRAMS 

Almost unbelievable new 3-D 
photo-technique for small cost. 
Simple transmission-type holo
gram (on flIm and glass) result of 
splltting laser beam. Dimension 

��Prea:p;:i:J\���:��s
nestl�u�oh� 

tain full scene. Use slide projector 
light source or fiashUght bulb fila
ment. Filter Incl. Film: 4" x 3�'" 
Hologram. $15.00 Ppd. Order 
No. 40.969S. 2' x 1 %'. $4.50 Ppd. 
No. 30,5748. Glass: 4'" x 5'" 830.00 
Ppd. No. 40,984S. Edmund Scien
tific Co., Barrington. N.J. 08007. 

ASTRONOMICAL 

TELESCOPE KITS 

&�i��l��C�p�:.n :rG��ro:o�iarri�eri; 
annealed pyrex mirror blan.k, tool, 
abrasives. diagonal mirror, and 
eyepiece lenses. Instruments you 
buUd range In value from $75 to 
hundreds of dollars. 4U'" dlam., 
� ... thick, $8.00 Ppd.-Order 

m:��3��d.�7�1
.�g'4S ; \;. J�.';;'k: 

1 y,' thick. $21.00 Ppd.-#70.005S; 
10'" dlam., 1�'" thick, $34.25 

ir��ct.�����f:igt�g,
m��� f:;:; 

08007. 

WFF'N PROOF

GAMES OF LOGIC 

Practice abstract thinking and 
math logic. Developed by Yale 
prof. If you think learning should 
be fUD, try WFF'N PROOF 
brain-to-brain combatl 21 games 
of progressive dimculty. Starts 
with simple gamcs mastered by 
6-year-olds. ends with subtle 
logic for challenge to profeSSional 
logicians. 8,l1'" x 5�'" case contains 
logic cubes, playing mats. timer & 
224-p. book. $6 Ppd. Order Stock 
No. 60.525S. Edmund Scientific 
Co .• BarrIngton, N.J. 08007. 

INSTANT 

CHEMICAL LIGHT KIT 

Produce instant illumination with
out heat. flame. electricity. Make 
emergency flashlight, write mes
sages In the dark, create spectacu
lar "magic" efTccts, mark trailS. 
targets, edges ot steps & door
ways. etc. Just expose activating 
chemical to air. 500 times brighter 
than average highway in moon
light. Lasts 15 min. to 4 hrs. de
pending on control factors. Indef
initely when sealed. Kit Incl. 
chemical in 5 torms. 35.00 Pild. 
Order No. 60.647S. Edmund Sci
entific Co., Barrington, New Jer
sey 08007. 

THE CHEMISTRY OF IMPERFECT CRYS

TALS. F. A. Kroger. North-Holland 
Publishing Company, 1964. 

SOLID-STATE CHEMISTRY. N. B. Hannay. 
Prentice-Hall, Inc., 1967. 

THE MAGNETIC PROPERTIES 
OF MATERIALS 

FERROMAGNETIC DOMAINS: A BASIC 
ApPROACH TO THE STUDY OF MAGNET
ISM. E. A. Nesbitt. Bell Telephone 
Laboratories, 1962. 

MAGNETISM. Edited by George T. Rado 
and Harry Suhl. Academic Press, 
1966. 

PHYSICS OF MAGNETISM. Soshim Chika
zumi. John Wiley & Sons, Inc., 1964. 

THE OPTICAL PROPERTIES 
OF MATERIALS 

THE INTERACTION OF LIGHT WITH 
LIGHT. J. A. Giordmaine in Scientific 
American, Vol. 210, No. 4, pages 38-
49; April, 1964. 

THE MODERN THEORY OF SOLIDS. Fred
erick Seitz. McGraw-Hill Book Com
pany, 1940. 

OPTICAL MASER OSCILLATION IN A GAS
EOUS DISCHARGE. A. Javan in Advanc
es in Quantum Electl'Onics, edited by 
Jay R. Singer. Columbia University 
Press, 1961. 

QUANTUM ELECTRONICS AND COHERENT 
LIGHT. Edited by P. A. Miles. Aca
demic Press, 1964. 

THE COMPETITION 
OF MATERIALS 

METALS HANDllOOK. Taylor Lyman. 
American Society for Metals, 1961. 

RIVALRIES BETWEEN METALS WITH 

OTHER MATERIALS IN METALLURGI
CAL ACHIEVEMENTS. W. O. Alexander. 
Pergamon Press, 1965. 

THE SIMPLE ECONOMICS OF RIV ALRlES 
BETWEEN MATERIALS. W. O. Alexan
der in COl1temp01'Ory Physics, Vol. 8, 
No.1, pages 5-20; January, 1967. 

MATHEMA TICAL GAMES 

15 LETTEHS: MOST POPULAR GAME. John 
M. Willig in The New York Times 
MlIgll;;:ille, December 15, 1963. 

HUBERT PHILLIPS'S HEPTAMERON: A 
MISCELLANY OF ENTERTAINMENT. 

Eyre & Spottiswoode, 1945. 

THE A�1ATEUR SCIENTIST 

GAS CHROMATOGRAPHY; PRINCIPLES, 
TECHNIQUES, AND ApPLICATIONS. A. B. 
Littlewood. Academic Press, 1962. 
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What happened when 
G E let Ivar Giaever 

follow a hunch? 

Superconductive 

Electron tunneling had been demonstrated in semiconductor devices 
called tunnel diodes. At General Electric's Research and Development Center in 
Schenectady, Ivar Giaever got an idea that tunneling also might be observed 
between metals. 

After two years of experiments, the 37-year-old Norwegian-born physicist 
showed that tunneling occurs between two superconducting metal films separated by 
an insulating layer only 1/10,000,000 of an inch thick. 

Dr. Giaever's contributions to knowledge about superconductivity 
and tunneling phenomena won him the 1965 Oliver E. Buckley prize, a major award 
of the American Physical Society. 

Ivar Giaever's continuing special interest is fundamental electronic 
phenomena. It's also one of ours. At GE, he gets the encouragement, the equipment 
and the time he needs. 

There are hundreds of talented scientists like Ivar Giaever at General 
Electric, working in nearly every field you can think of. Their discoveries continue 
to make major contributions to the world's scientific knowledge. 

7togress Is Our Mos! Impodt1nf ltotlucf 

GEN ERAL. ELECTRIC 
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... feed hundreds from land one family starves on today. 

Allied Chemical makes the nitrogen that makes food grow. 
Nitrogen fertilizers. They bring worn-out soil back to life-enrich it, 
too. And farms that once barely supported the farmer now produce 

food enough for even the farmer's customers. Imagine what this 
can do for the world's underdeveloped, undernourished coun
tries. It's another example of how Allied puts chemistry to work. 

R IGHT IN THE CENTER OF 
TH�NGS AT NO.1 TIMES SQUARE. 

Divisions: Agricultural. Fabricated Products, Fibers, Industrial Chemicals. International. Plastics, Semet-Solvay, Union Texas Petroleum. Allied C h emica l  Canada, Ltd. © 1967 SCIENTIFIC AMERICAN, INC


