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PREFACE

More than in any previous period, advances in engineer-
ing design and weapons development are frequently limited
by the lack of suitable mraterials. In spite st this situation,
materials research and development as such .-s not yet
receiving the attention it merits. As a result, any step
which will increase the effectiveness of materials research
r. Navy is of great importance. It is expected that this

,osium will contribute to the improvement of the mai.e-
ri-'.: •apabilities of the Navy by providing a forum for the
rapid exchange of a 1 r e a d y exi.sting information, and even
nmt)re so, by bringing to the attention of a broad group of
e;:iý rts the pressing problems which have to be solved i-n
order to take full advantage of rnew ideas for the desir.n of
equipments and weapons.

R. BENNETT
Rear Admiral, USN
Chief of Naval Research
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Remarks by

Dr. I. Estermaniz
Symposium Mairman

Office of Naval Resec'h

T1his year's symposium will concentrate on material research,
a subject which has recently received a tremendous amount of atten-
;ion. But, to paraphrase Mark Tuain, "Everybody tzlt.s 5bout it, 1
far too little is being done about it". 1 hope that this symposium
will, et least in part, correct the situation.

Holding this sywposit. in PhlaAdelphip is no accident. This
city has a tradition of basic and applied research as exemplified by
the large number of scientific and educational instit.L.tions within its
borders. In particuler, holding it at this hotel is even more meaning-
ful because the hotel bears the name of one of the foremost applied
scientists in the United States, Benjamin Franklin. Moreover, the Navy
has had associations with Philadelphia for a vert long time and is
operating a large number of research and development e•tablishments in
this area. Unfortunately, these establishments ire much less known
than they deserve, even within internal Navy .c•e•. This may be due
to the fact that Philadelphia is ec close to Net,' York on ont hand and
Washington on the other hand that most of us don't ever bother to stop
here. I, personally, have been through Philadeiphia at least a hun-
dred times, but I think this is the third time. that I have ever gotten
off the plane or off the train. I must confess that many of the Navy
Research and Development Activities in this area are still unknown to
me. .A symposium here will give us an opportunity to become more fa-
miliar with the excellent work that is being done by the Navy in this
area.
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.Remarks by

Rear Admiral J. N. 1Aurphy, USN
Commander

U. S. Naval Air Research and Developmeat
Activlties Cammand

The Naval Air Research aod D-velopment Activities Couxand,
until vcry reccntly known as the Naval Air Development and Material
Center, is greatly honored and is most appreciative of the fact that
one of its activities, the Naval Air Material Center, has been se-

*lected by the Office of Naval Research to serve as your host for the
Third Navy Science Symposium.

The Naval Air Research and Developmnnt Activities Commaid
(or NARDAC) has on board today just under seven thousand capable and
dedicated pcople. Our mls;ion cc-;r• pratically every aspect co
research, deveohpment, test, and evaiuation of naval aviation e.quip-
ment other than complete weapon systeiJ.

Almost -very component and sub-system that is used in our
Naval aircraft and associated guided missile weapon systems, as well
as all equipment used to launch and arrest aircraft on board our car-
riers, is of vital interst to the various activities of our command.

Concentrated in the Delaware valley area, NARDAC is composed
of five subordinate activities. Thlse are: The Naval Air Development
Center, Johnsville, Pennsylvania; The Naval Air Turbine Test Station,
Trenton, Now Jersey; The Naval Air Test Facility (Ship Installations),
Lakehurst, New Jersey; The Naval Air Technical Services Facility,
Philadelphia; and last, but the oldest and largest, The Naval Air
Material Center, Philadelphia - your host activity.

The work of these activities covers every possible application
of materials. Because of the great diversity of our work, we can cer-
tainly see and appreciate the vital importance that materials research

-



Murphy

plays in our complex technology today.

To the public, the discovery of a new alloy, or a new lub-
ricant, or perhaps a ner fabrication technique Is not as g!:ritorous

as a rocket soaring into space, or. 1 super-sonic AirplAne Roiiik

through its trails. But we can gain everlasting satisfaction from
the knowledge that, without matorials research th-se r'nkets and
super-sonic aircraft would have been impractical. Every day we see
examples of ideas thct are scientifically feasible but which are
technically impracticable because we do not have materials with which
to convert such ideas to hardware.

I hope that through this lymnosium, wo may gain l'nowledge,
and exchange ideas which will provide new materials, end new ap-
plications of materials, so that our technological progress will be
outstanding in the years ahead.



Rear Admiral R. Bennett, USN
Chief of Naval Research

Washington, ". 'X

I am very happy indeed to welcome you to this Third Navy
Science Symposium. I think we all appreciate the problems that the
Navy faces in the materials area. Moreover, I think we all appre-
ciate the importance of the 6'actors of reliability and availability
in meeting our material needs. However, I do not think that gener-

- h T would exempt most of those here--there is enough
appreciation of the bottlenecking that is occurring because we do
not have enough investigation of materials and components. I would
say that there is hardly a development project on the books in Wash-
ington today which will not have to be compromised or, at best,
delayed for lack of proper materials.

It is trite to remind you that the Navy is now involved in
"all possible environments from the latest proposed submarine depths
of 1(00 rt'ýt to outer space. Fach of these areas of operation has
its own re'qyirements. One thing I must continually stress is relia-
blitty. partIcularly as we prepare for the space age in which the
Navy will definitely play an important part..

Without regard to whether the Air Force, the Army, or the
Navy pits a man in space or not, the Navy is bounzl to have some
vehicles in space since such vehicles would be of paramount import-
ance in carrying out that part of our mil3sion which involves observ-
ini and controlling the seas of the world. And yet when one
considers the degree of reliability that must be achieved in such
vehicles, one can really get cold feet.

We have already had a taste of this in the very interesting
Nevy Vanguard prolect. The original engineering predictions were

xii



Bennett

that it would require the launching of six vehicles to place one
full-scale satellite in orbit during the 18-month TEGY, which ended
December 31, 1958. We are pleased that Vanguard has performed
exactly according to these predictions, barring a six ve'ek delay
beyond tie Navy'! -r!ntrcl. This was the postponement of the firing
of the sixth vehicle from December to February by the National Aero-
nautics and Space Administration in reviewing the project.

Actually, we received a bonus inf the form of the first or
baby satellite. To place that or the more recent on*e into orbit, not
only did the 300,000 odd parts of this three-stage vehicle have to
hold together but more than 10,000 of them had to function in proper
order. -If this were not enough, the satellite itself had to function
perfectly. The success we have had is a tribute to the fact that
some of you gentlemen and others have been doing your homework.

What was achieved in the case of the first Vanguard satel-
lite was an orbit that is at present so stable that my mathematical
friends refuse to say how many thcusands of years it will endure for
fearthey will be laughed at. Actually, the estimate of 200 years
in orbit is probably a gross understatement. What ic most interest-
ing of all to you people is the fact that as of today the transmit-
ter in that satellite powered by solar cells will have been operating
for more than 9000 hours continuously without any messurable change
in signal strength,

Nov I would like to close with the unnecessary reminder
that our laboratories play an extremely important part in the devel-
opment of components and materials. To my way of thinking, the
emphasis of this role is why this sort of symposium is a must. I
wish you all the best of luck and success in obtaining the greatcst
increase of information in the course of your meeting. I especially
recommend that in talking to your colleagues from other laboratories,
yoi, meke a special point of finding out what they did that did not
work. This is sometimes a most important piece of research informa-
tion, and it is almost never published. Thank you.
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MnATERALS MEPMACH IN THE NAVY

Keynote Address by

VAD( E. W. Clextvou, USN, Chief of Naval Material

Before the Thia-d Navy Science Symosium

Good Morning Dr. Ester~xn., ADhI Murphy. AET1 Bennett, C.AT Arnold.,
LAdies and Gentlmen:

I aM very hleaL ; nave the opportDnity to address this
group, pwrV.:.ularly h-.re •s Vh4l'&%pphia. The holding of the Third
N~vy Science Smposz,, ý. at ihie site is most propitiosQ, tor I, le
here that ye see -he ibzlow o.f une of America's men of science
eyeryvhere that we looý. As far back as 1727 Benjamin Fruwikin
organized a group of men who vere interested in keeping ,,emselves
informed of the developments in literaturee, rt rand sciencc. T"I-

group was the forerunner of the American Philosophical Society,
vhich was founded in 1743, the oldest scientific society on the
American continent. Today we still have this society in Phila-
delphia. In addition, wre have other famous orqeni.ai&ions in this
city that are contributing materially to the fields of science:
the Franklin Institute, which is devoted to the study and prootion
of mechavical and applied science, the University of Pennsylvania
and Temple University. These are but a few organizations who are
makin an outstanding contribution to the sciences. The list of
the outstanding comanies working in this area is too long for me
to list.

For nearly forWy (40) years my life has been the Navy.
All ..ievoted Navy men have one goal: To see to it that the United
States has the finest Navy in the vorld. Today, more than ever
before, this is a task vhich is dependent upon obtaining better
tools than any hostile forces can get. To attain this goal, the
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Clexton

Navy is dependent upon you, our scientibtap and later on our engi-
neers oxd productioa zople.

The fact that you wre ware of the importance of the Navy
to the nation is evidenced by your presence here today. So I am not
going to talk Navy with you. I an going to talk on the iiortame of
a Coordinatead materials research progranm, because I personally feel
that if we are to make significant advances in materials technolcgy,
it will only be done through a properly coordinated program.

Engineering design has 'outstripped materials research. The
design engineer in translating milita•y requirem=nts into a b-I-epr...
searches, all too often, for a materi.ZI that he cannot find. Like
Mother HAbbard., seeking a bone for her dog, he goes to the cupbo&rd,
only to find it bare* Unlike Mother Hubbard, however, he is lookIng
for an item whose supply is not merely depleted but something he
suspects does not exist. How, then, does he obtain it? We all know
the answer -- *A crash program" is initiated. The crash progrem
eventually solves the problem at hand, and, although it is very
expensive in scientific talent and effort, it cont.-ibutes little to
the over-all understanding so necessary for significant advances In
materlalc technology. To make matters worse, uwaless the wxilmm
dissamination of this "hard to came by* knowledge is made, a similar
probl-- =y • the cause oZ a rurther crash program that dissipates
additional research effort. Such symposia as this will., it ii o.ur
sincerest belief. help the Navy, and eventually the whole Defense
Department, realize the greatest return for its investment. We =st
continue working on a program of coordinated basic materials research
and then disseminate the scientific knowledge obtained.

To solve some of these problems is not going to be easy.
Indeed, it is going to be made more difficult because every time our
potential enemies have made a breakthrough in a given area, we seem
to have to resort to the crash program approtch so that we too can
show that we have made equal or greater adva~nces. Whatever we do in
our ayproach to sulving our maney problems in this area I feel that
we must think along these lines--

The time available to us;
The use of every available individa'l; and final-.,
The cost.

Navy procurement and production muot be increasingly con-
cerned with the materials developed by industry for use in its
weapons and equipment. Our requirements have imposed demands on
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Clexton

materials of a magnitude never before conceived of. The list of new
prnteots which the N•vy is ee_-in7 i t_ grt for f-f to
here. Let Itmuxfice to say that supersonic aircraft and engines,
miniaturization, automation, high reliability, exact navigation
systemas, fire control. cinmications, anti-sufunrine detectiun
identification and dertruction devices, and g'iAuc6 syteus are
only a few of the haunting unhn.-wered prODlems. Answers to these
problems are boing sought from you ladies and gentlemen. Problems
that perhaps none of us have considered at all may be but a moment
away. For one of t•ie most significant c.r~e; In our na"'ou.l life
is that no longer can we be sure that time is working in our favor.
Indeed, there is every evidence that it is not working in our favor,
and that we must seek new avenues and new approaches to solving our
problems which will offset this former reliance on time.

At the turn of the present century the U. S. Navy had a
new coal burning fleet. The dreadnoumht, an all big gun ship, was
on the drawing boards. Today we have attack aircraft carriers,
super high pressure steam, nucleae' paver, und our big guns are now
missiles. In 1900, the Wrights first flight was threej years away.
Today the _:!loration :,f cuter space and the depths of the npm are
upon us. In the fields of huanity, new diseases are being conquered
year by year; and new Inprovements for our comfort, for our entertain-
ment, and for our happiness, suaround us.

But in the annals of history, what a short period of time
this ist And how little we have learned about controlling these
inventions that they my be used for peaceful purposest The Russo-
Japanese War, World Wars I and 1, Korea and the continuing threat
of nuclear holocaust are all mute evidence that we have failed.
But we must try and try again to seek an answer to this most com-
pelling problem of all.

The pressure is on our research institu~ions--private and
pblic-- to give us more and more technical superiority in our
military endeavor. This nust be a rapid and continuing devel~nent.
The users of your sctentific achievements are tmpatient for your
dreams of tcaorrow. Advances in technology required to modernize
military equipment come either directly or Ludirectly from basic
research. Consequently, research in the basic physical sciences
is the principal source of technological innovations affecting the
concepts and techniques of warfare.

If we accept this theory of the criticalness of time we
are forced to look at ccomensating mean3. This means the testing of
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every i~da, ths u•i of all existing resources, end the coordination
of effort, Can you really think of any wore staggering problem?

It means digesting, synthesizing, the experiments of basic
research and broadcasting the efforts and results to the nation's
scientt.uan . .that like COCffrt is -t pxerd by tbem once a
development has become successful; or, that the pattern of failure
may be made known to them and to solicit their help for another
attempt. It =c==s the discoveries of one Indrvitdiml or group on
which to build for future developments. How very nice and what a
comfortable feeling it might be to assign to one certain group of
research laboratories a specific field and limit them to that area.
At least the spectrum we seek would be reduced. But you will note
that I said might. For competition is still the best stimulus to
new breakthroughs.

I know of no simple way for coordinating the efforts of a
materials research program except the patient review by qualified
scientific personnel followed by firm decisions. The Department of
Defense, as you have probably heard, has several competing com-
ponents. Within bounds, I believe that this is good for the country.
Certainly our Army, Navy, Air Force competitive research programs
should be coordinated by the Director of Research and Engineering
of the Office of the Secrx:tary of Defense who has been given the
broadest latitude by the Congress to channel all defense research
efforts. This office also works with other national agencies of
like purpose. Within the Navy, RADM Bennett, frcm whom you have
Just heard, heads our Office of Naval Research, whose mission is to
coordinate the Navy's research efforts. This has been well done.
It provides a pattern which could be used by higher echelons.

But I feel, in fact I know, that we have many untapped
resources. These must also be explored and pulled together to save
time and effort.

Finally, 1 would like to pursue further this saving of
money. Most of you here today are scientists. But, Gentlemen,
I work on the other side. My efforts are concerned with using what
you invent and develop. It must be good. And this is going to be
costly. On the other hand, we cannot afford either time, manpower
or money to duplicate the effort which must be put into this project,
and I might add we cannot afford to refine a product to such a degree
that wt are driving a Cadillac when a Rambler will get us there.

Go, Ladies and Gentlemen, I would like to leave these few
thoughts with you as you enter upon your extensive and excellent
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program. You need a strong Navy, including the Marine Corps, and you
also need a strong Army and Air Fozce. The country expects easc:h t
be resdy and expert in its field. These Services cost a greeit deal
of money, but they provide, with our Allies, the on!y known shield
today for our western way of life. A strong Navy is dependent upon
the moat imzproved.thie~
research laboratories.

Time ib pricelee; sElcet w•e do nut knov what the scientists
in Moscow have just presented to the Soviet Minister of Defense. To
gain i.Lb Liiue, we must capture andidisseminate every ideal break-
through., discovery, and development to insure that we have what we
need and we get the most for our efforts.

This whole problem is one to which the Government and
industry has given a great deal cf thought. As I stated earlier, I
am sure that there is no easy answer. But there is an answer. We
must continue--both industry and the military--to seek an optimum
answer in this --Pea of materials research planning and programing
to insure a broad base of materials research knowledge in lieu of
the narrow channels of crash program results. The price always
seems high. I know that we cannot afford to dissipate our time.,
our scientific manpower and our money. These efforts must be
channel.ed properly., au,! it is to you., .dcadCtl',tt
we look for our anzzers as to how best we can do this.
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Research and Materials

Dr. A. B. Kinzel
Vice Pres'.dent - Research
Union Carbide Corporation

Hr. Chaiiwn, fellow citizens of the United States of Aecrica.
It is really a particular pleasure to be here with you today, not only
because of my associations with the Navy, but &aso because of my as-
sociations with the city of Philadelphia. My frst association with
the Navy actually had to do with the Naval Shipyard here, where Mac
Kennedy &wa And is the Metallurgist. He would bring his problems to
Tempi* University. Mac and I ran the Laboratory at Temple University
where we gavb the laboratory course, in connection with a series of
lectures that I gave in Advanced Metallurgy. I, too, have been th-
rough Philadelphia more than a hundred times bu.. once I stayed here
for a few years. It is also a rare pleasure to be here because one
of my pet avocations is the International Benjamin Franklin Associ-
ation of which I am a member of the Board of Trustees.. So putting
it all together, you see why I am happy to be here with you.

In introducing a symposium on materials of this kind, it
seams to me worthwhilefirst to put the subject in its historic per-
spective. I could do this by statistics, of course, but I am very
leary of statistics, you can draw so many conclusions from them.
My pet illustration on that subject has to do with the life insurance
tables. The companies put out tables showing the proper weight and
height relationship for people of various ages. If you look at these
and then take the data on most Americans, there is only one obvious
conclusion, and that is that most Americans are two inches too short.
So I will take the illustrative approach.

Instead of starting with materials themselves and their de-
velopment over the centuriet, I am going to take the speed of man as
a first illustration. For hundreds of thousands of years, man could
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go no faster than his feet would carry him. One mile in slightly more

than four minutes. In the last few years man has done it in slightly

less than four minutes. But that is unimport^nt. And he could go no

faster than that from ti-me imnmemorial until about 4000 years ago, when

he got on the back of a horse. And when he got on the back of a horse
he dothbld him paed, A mile in two min,,tama rr.!ghly. Th!9t W! 1jnn

ago. Then from 4000 years ago until the first third of the last cen-
tury he vent no faster. Then we had the steam engine and thr ratlroed

trcck*. It wasn't long before he was doing a mile in one manute. Weil,
he did essentially no better than that until the first half of this
century. Then came the airplane. With the conventional airplane, we
covered a mile in twelve seconds. And with the let, twenty odd years
later, a mile in two seconds. And now within the next 10 years we will
have a man in orbit, with a speed of a mile in one fifth of a second,

This makes a very imposing, rising, accelerating curve even
if you plot it on log-log papea and with it, of course, have come new
material problems. Let's see what happened to materials while this
was going on. Man ýised stone and wood originally and then discovered
those elements that occur in their native state - gold and copper.
Somehow or other he dis cred hoe to handle the easily reduceable
ores that were ai.ilable. He iad #• ..nd -.e-'i ±in-, tin and iron
and this was pretty much the list during the age when he was travel-
ling as fast as a horse would carry him. Then we come into the nine-
teenth century. Just before that timw., Watt had discovered the steam
engine and with it came a demand for stronger and better materials and

then, with the railroad, this dVnand increased further. Chemistry
changed from a black art to a science and the science of -hewistry
was applied to materials and so, in the nineteenth century, te could
add to our list of known metals most of those materials that are
common today - maybe not in quantity, maybe not with todays economic
possibility, but they had been made, they were there, they were re-
cognized and they were used - tungsten, columbium and so on. Now,
what else was happening to Chemistry in this time? Among chemical
materials, salt has been available from time immemorial; sulphur ex-
sisted in elemental form in the earth and man discovered it and put
it to use pretty early; as soon as he had enough Chemistry to do
something with it. That was just about it until Chemistry really
went to work at the end of the nineteenth century. At the begin-
ning of this century, we find new chemicals and new materials based
on Chemistry, non-metallic in character, coming into the picture in

o big way and then what happened? During World War I and shortly
thereafter, Bragg, in England, following up on the work of the French
and the Germanc in X-Rays, learned how to locate atoms in matter. He
learned that a crystal comprised a regular arrangement of atoms. This
was the beginning of the application of physics to the science of
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materiale, and with this combination of the application of chemistry
and the applicatInn of physics to the science of materials we came
to the present. Today we truly have a science of materials. -a can
begin to think in theoretical terms of producing materials to a truly
tailor-made specification, and to apply that theory and really do it.

'vow I want to go off -nr nother track, y prtls ha:trecn!.e
partly psychological. You've heard from my predecessors han e on ehe
platform this a ri ing that now, as never before.s e've needzd new
mzt rials and rhAt materials are the greatest li~i~in in egi
neering. I submit thit there'a nothing new about that at all tta-
terials have always been the limicing factor on engineering dezign.
But there is a difference. I'm not contradicting what they said but
I am trying to point out that this is not a new phenomenon. It is
new in degree, but not in lVind. What happened All through the last
century? We built ships, we built telephone lines, we built machinery
and what did the engineers do? They hed the concepts and they ac-
cepted the limitations of the materials at hand because there was no
great hope of getting anything else within a reasonable time. They
cried for better materials and this cry was heard nnd we did get bet-
ter materials later. Materials were improved. Tne two hundred thou-
sand pound per square inch landing gear steel of World War II was an
impossibility in World War I and so on. We could give many illus-
trations. We all know the story. Materials were vastly improved
because of the cry of the engineer, but the engineer didn't wait for
them 2nd dldn~t couInt ,n them, Ile still doesn t. This is where the
psychological change has come into the picture. With this very rapid
increase in scientific knowledge, and with the rapid increase in the
application of that knowledge to our engineering structures, 'i5litary
j-n4 otorwf ,e; we have gotten to a stage where a good many of the
newer things dreamed up by tho scientists are being put into develop-
ment and to to use so fast that the engineer hardly gets a look at
them. They're engi.neered by the physicists and the scientisLs it
large measure. Now these people have a different tradition. These
people know that the science of materia½ has potentialities. Theie
people no. only cry for new materials, they say this Is what we want
to do, we know we can't do it without the new materials, we are not
going to do anything less - ao roll up yoi,'r sleeves in the laboratories
and get the new materials for us, not later but now: This is a very
different psychological approach than we had twenty-five years ago,
and it is different than what we get from engineers today because most
engineerc take the pcc-tion that reliability Is still the most impor-
tant factor as Rawson Bennett said. By virtue of their training and
upbringing, engineers feel that the only way to guarant-!e reliability
is by experience. Now the physicist and the scientist feel otherwise.
They feel that they can guarantee reliability by having a device that
is theuretically correct. There is something to be said for both
points of view, but it explains why we now ha re this terrific cry
and urge for new materials.
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What are we doing abnut it, and where •oi; induttry ccme into
the picture? Here, we come to the question of motivation. The de-
fense forces, including the Navy, are motivated by a need to meet a
requirement without the sa- kind of an economic limitation that mo-
ciiates ijuustry to meet a requirement. Now I do not mean by that
that there are no economics in the defense picture. There are! The
titanium story is a case in pon.it. The Air Corps said they could u&'-
titanium - at $20.00 a pound. The Navy said they co-uldn't: u-• it un-
til it was under $6,00 a pound, if I remember my numbers correctly,
and the Army said they couldn't use it until it was under $3.00 a
pound. I submit that no matter what you're talking about, the eco-
nomic factor does come in. We heard about r. new battery that is going
to last forever powered by one of the radio-isotopes. Tht newspaper
accounts were glorious, and the battery will do evtrything, that the
newsDavers said ic vill &1 What tht•y. failed to state wat that it
took about $425,000 worth of thie -rticulpr radio-isotope to make
one small battery! This, you se b brings in the economic factor again.
So, even in the military problem we have the economic factor, but it
is there to a lesser degree. Often, the two motivations c-^n jibe;
that is, the material needed for a military (Navy) requirement is al-
so needed for a civilian requirement, and can be made cheaply enough
if we are smart enough to do the ri.ght kind of research in industry,
n th..t it meet ...-.. 's profIt rtive. Whn this happens, it is

wonderful. But, take a thing like scandium for example, it is pretty
hard to figure out how any industry is going to satiafy the profit
motive by producing, developing and getting into the market with scan-
dium, and so we need a slightly 4dffertt approach. "Now, If somewhere
in industry you have the skills to do this but industry does not want
to do it, but rhe Navy or the Military do want to do it, we have the
possibility of geeting together by virtue of financial support to in-
dustry for this particular kind of work from the defense departm.ints,
and I say that tis is completely in order. Admiral Clexton bemoaned
the fact that industry had not solved some of the problems that he is
interested in out there on the West Coast, and I join him in bemoaning
this fact. On the other hand, I say, if you really want them solved,
you must take a look at the incentives to solve them, and see that the
incentives are properly set forth. The matter of what you do in in-
dustry on. materials is tied up directly with these incentives,

We do a great deal of basic research in industry. The en-
lightened progressive growth companies are all devoting a large part
of their research programs to basic rasmarch in about the same degree.
This has not come about by collusion or even by swapping not•e; it
has just happened as a result of the best judgment of the people that
are directing these programs. Today, in these companies, about
thirty-fLve per cant of the research, and I distinguish research
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from development now, is basic. Wean you do ba-oc research, you
don't know what you're going to come up with, and you frequently come
up with something that may not havu economic interest to your par-
ticular company or to any other company. However, it may have great
interest and be able to stand on its v-n feet within the economical
limitat!ion put on by the Military or the Na-. When this happens,
it behooves indu;try and the Defense lapartments to get together and
to get together fast. Hkv can this be promulgated? How can we speed
up this process and better this process? Well, one way to d it is
to do basic research in .he Defense Decpartments; and you may say:
What's that got to do with it? It is very 6imple. I submit that you
cannot appreciate, much less project into an exploitable area, basic
research findings by reading a paper, by looking over a guy's shoulder
or by having people whose business it is to just walk around and find
out what, is happening. They will not get the result because they can-
not appreciate the findings. These findings are only appreciated and
spotted by uetz Who are actually doing work in the same broad area,
and I submit that one of the major reasons why the Navy should con-
tinue its present research program, and expand it in large measure,
is what we call "coupling effect". Without it, the Navy is going
to lose a good m&ay of the findings that are appearing in other la-
boratories, be they industrit.l laboratories or in the acade=ic world.

No one institution can do more than a very few per cent of
all the work in the field. The Navy research in the basic area that
they are working in, as I figured it out casually, is of the order
of magnitude of less than one p4r cent of the nation's total research
activity in these areas. Sure, they may stutble on something; they
may have good luck and hit the jackpot. But if that one per cent
figure is anywhere near right, there are ninety nine other people
competing research wise. Therefore, there are ninety nine other
chances to hit a jackpot. This number is large and you've got to
couple to it and the only way to couple to it is to be doing basic
research in that field. Nov, you can couple in this way - stmpiy
by having people that know; you can also couple by letting your re-
quirements be knowa. These requirements have to k:nown, not only to
the chief salesman of a company but to the men down at the working
level in research Lmd development. If a saterial doesn't eztst yet,
and you need it, these are the fallows thgt have lo know. Thevyll
keep their eyes open for it. We are able today, between 'Physics and
Chemistry in our science of materials, to do many things that we were
never able to do before. We can make new metals and new alloys for
this vast area that the Navy has to cover-everything from materials
for atomic reactors to aircraft structural frames and iuels. We not
only can make such new materials, but we can make others. In the
field of medicine for example, today, there is real hope with respect
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to the chemothsrapy approach to cancer. The purines certainly destroy
cancer cePAls. There is no question about this at 81., it has been
very well established. The only trouble is that they are apt to des-
troy about 6verything else around, including the normal cells. They
are somewhat preferential. As the physicists and the chemists look
at then, thev begin to see what it is in the structure. in the elec-
tronic, polar bonding, or coordinate bonding, that makes them do more
damage to a cancer cell then a normal cell. We actually have taken
certain of these purines and uaid they would be much less toxic to
living cells if it were not for a particular bonded radical. So let
us make a modification of it in which'we eliminate that or tack some-
thing else on to it or shift its location. The modified flurourosila
are one outcome of this approach and there are more coming. I cite
'this simply tc tell you that in the science of materials toa~y, know-
ing how to handle dislocations and spot them in metals, knowing how
to place bonds and atoms in organics, knowing how to polymerize plas-
tics, we have a tool, a concept that we have never had before. But
let us not hit everything with a crash program. Let its remember that
all you are doing in a crash program is using up the assets that you
have stored up in your past basic research. Let us have some crash
programs - sure, we need them - but at the same time let us keep
building up this whole reservoir of knowledge and know-how.

I want to give you one final illustration of coupling effect
and this is absolutelyJ true. Just before World War II, Imperial
Chemicals in England figured out how to make a new kind of insulating
material called polyethylene in the laboratory. The process that they
had for making it uas such that with all the effort in the world, you
could not make more than a few pounds. It was a laboratory curiosity,
a little more than that, but essentially that. Our Navy had need for
insulation of just such properties in connection with soxte of their
radar and they took this stuff to industry. They came to Carbide
a.,s well as to many others, and in Carbide, and I know the
happened in many of the other first class chemical companies, t!c
Chemical Engineers took a look at it and they threw up their hands.
There is no way to take this process and make this stuff in quan-
tities without getting into the class of $42q,000 a pound stuff that
I was telling about. But it so happened that at Carbide, not in our
chemicals company at all, but in another laboratory devoted pri-
marily to very high pressure phenomena and very low temperature phe-
nomena, we had a man working for years trying to make synthetic
diamonds. He never succeeded. But, one of our chemical engineers
happenad to mention to him the problem in connection with the pro-
duction of poly-ethylene. He stated that this technique he had been
using was adaptable to that problem. He tried it. In one week, Lie
turned out more polyethylene than had been turned out in the previous
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six ronths by everybody. In three weeks, we were in pilot plant pro-
duction and threemonths latter, we were taking care of the Navy's
needs for polyethylene., This was war time, we were motivated by not-
hing but the desire to help the defense effort. We have a very nice
by-product in rlhat bu•inens today, we ate one o. ihe d6:inUint factorR
! .th. ýIy.thyl.i.• a luu~inte8. (That means wqueeze the boLcie to you
who don't recognize polyethylene as such.) it's e business that runs
up into thi high, high millions of dollars, We got the- 1;d-;. Ji1 ý*
described. I submit that this is not necessarily an isolated case;
that if we have more basic research going on in the Navy, more people
that understand whaz it in that they are trying to, that if -we in-
crease their communications with the men at the bench in industry,
we shall have many more cases such as this to the great glory and
effectiveness of the defense forces and profit to industry.
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Captain H. C. Ferguzon, USN
Executive f'c'

Naral Air Material C~er

Dr. Estermann, Admirals, Conferees, Ladies, Gentlemen and
Friends. Before I start I would itke to introduce to you Rear Admiral
Lyman, the new Commandant of the Fourth Naval District, and Commander
of the Naval Base, Philadelphia. Admiral Lyman.

Captain Arnold, Comnanding Officer of the Naval Air Material
Center, your host activity, regrets very much that he cannot be here
personally to Sreet you. In his behalf and for sill of us at NAMC, we
welcome you to Ben Franklin's home town, the Cradle of Liberty, Dec-
laration of Independence, Continental Congresaz and City of Brotherly
Love. As hosts, and with the cooperation of the Ben Franklin Hotel
management, we believe your conference stay will be a pleasant and
profitable experience.

It is quite appropriate that this all-Navy Symposium be held
in Philadelphia. The Philadelphia Navy Shipyard was the Navy's first
primary shipbuilding yard. The Navy, being fars,1hted and economy
minded, bought a thousand acres from Philadelphia in 1868 for one dol-
lar. The shipyard has progressed and developed through four wars and
three or four campaigns to its present status. The Naval Air Material
Center is the site of what used to be the old Naval Aircraft Factory
which dates back to 1917. It is closely related to Naval Aviation
progress throughout the years. During Woxld Wai 1 we designed, Je-
veloped and built approximately two hundred seaplanes and patrol plaes.
If you know your early aviation history, you read of the old F5L Pa-
trol P13ne. After the war the mission of the NAP was changed to de-
velopment and manufacture of experimental aircraft and aircraft
accessories of a nature requiring confidential development. Durtng
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this period v buil.t the Shenandoah, the first of our dirigibles. We
developed and built tie fmo.s PN-9 airplane, which established six
w)rld records. Ome of its world records was climbing to an altitude
of 19,593 feet. Another was the first trans Pacific flight. Its de-
z•g Ptill Ls basically th* ses for today's seaplanes. During this

fighters, scouts, torpedo and bombing planes. In tne 0930's, te startrn
building Farachutes and, for ay years, built all, of the Navy's para-
chut.Qi

In 1934, under the terms of a Congressional Act, 10%. of all
government aircraft and aircraft engines had to be constructed and/or
manufactured in government aircraft factories. NAO, as the gova.rnment's

.nly aircraft factory, designed and developed the famous Yellow Peril
(N3N) training plane - still used at Annapolis. The plares were
powered by engines designed and built at NAP. One thousand were built
prior to World War II. During the war years, the NAF producvd fourteen
airplanes of various types, thirteen hundred aircraft entineai, thirty-
thousand parachutes, three hundred thousand tow target sleevecs.

In addition to aircraft and aircraft engines, the NAF has
been the center of catapult and arrcating Sear developaent since 1919
when it was authorized to design the catapult for the USS LANGLEY.
From that time to the present, we have designed and developed the
catapults for the U. S. Fleet; likewise, we have had the primary res-
ponsibility for the design and development of the arresting gear for
all carriers -99- thru World War II.

Following World War I1 we again reorganized from our war time
endeavor to an experimental and development activity.

The Naval Air Material Center nov is a major research and
development activity, with four laboratories and the Naval Air Engi-
neering Facility (Ship installations) - a sixty million dollar plant
and fifty million annual expenditures.

Materials is our most important research in each of our
laboratories. We seem to have reached a point where .rogress toward
our technical goals is limited by the capabilities of our structural
end functional meterials. Structural design criteria and materials
previously used are no longer adequate and we rapi ly are developing
engineering requirements far beyond the state of the &ets involved.
Therefore, I feel it highly desirable and worthwhile for those en-
gaged in the field of materials research to hold a conference such
as this, where the participants can get a perspective on their own
endeavors - where they can find out what the other fellow is thinking
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and why - and where an attempt wi!l be mcde to more clearly define
the problems, the solutions to which control the rAte and direction
of technical advance.

Now ! would like to qtiotf our yearbook of thirty years ago:

"Our work consists of the assembly and repair of all types
of aircraft, from the swift, br _thtnkfng fighting plnnes to the mas-
sive, powerful pe'rol ships. Engines, controls, guns, bo-mb mechanisms.
navigating instruments, communication devices and safety devices must
operate smoothly and perfectly. The fini0hed ship must be a perfect
machiie, capable of carrying out the exacting wishes of the Navy's
magnificent pilots. Eternal vigilance is the price of safety and
safety is the priceless ingredient of all aircraft. In our assembly,
this attribute has reached itv hiighest peak; perfect planes. Oar
perfect planes mean adequate defense; defense is the safety of your
home and life."

It appears we are still trying to reach these goals. When
this was written thirty years ago, a young Lieutenant Junior Gradc
was the assistant officer-in-charge of this work. His only labora-
tory was two r-mall rooms. He must have been a pretty good junior
Grade for now he's a Vice Admiral. His name - CLEXTON - with us
today as Chief of "aval iaterial.

We certainly are pleased and gratified at the response to
this Third Navy Science Symposium. 500 of you distinguished repre-
sentatives arc attending. Tomorrow, we have a very interesting tour
and exhibits scheduled for you at Johnsville and Philadelphia. We
are at your service to assist you in any way we can during the con-
ference. I hope your attendance here will have a valuable and
stimulating effect. Pave a good meeting. Thank you.
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ACCEPTANCE OF

CAPTAIN ROBERT DETER CORAD AWARD

by

Robert M. Page
Director of Research

Naval Research Laboratory

The Office of Naval Research, as we all know, is character-
ized by a philosophy of management of its research activities which
was unique in the Department of Defense 12 years ago and is still
unique in the Department of Defense today. That Capt. Robert Dexter
Conrad was instrumental in getting the Office of Naval Research estab-
lished in this philosophy makes the award that is graced I- his name
especially prized by the Naval scientist. It is therefore with warmth
of pleasure and gratitude that I accept this award tonight.

i In this particular instance, however, I like to think that this
E recognition is given not to an individual, but to an organization.

For 36 years the Naval Research Laboratory has been in operation for
the sole purpose of generating and conducting a program of scientific
research in support of the defense of this country under the sponsor-
ship of the U. S. Navy. Every person on the staff, every part of the
Laboratory, is there primarily for one, and only one purpose: to sup-
port the program of scientific research. The achievements which just-
ify this award were not only mpade possible, they were in substantial
part accomplished by - my scientific colleagues, of course, but
equally importantly by the craftsmen, the people of the shops, of pub-I lic works, the clerical support, the administrative support - all
the componer~ts of the Laboratory working together in a common cause.

If it may seem that my personal efforts have contributed to
I these achievements, it is my pleasure to acknowledge publicly here

tonight, that all the credit, all the honor, and all the glory belong
to God my creator, my inspiration and my strength.

Plotes The Captain 36bert Deater Conrad Awrd wee presented to Dr. Page by Resr Admiral
Rawson Uennett at the Symposium banquet an March 17. 1959.

0 I xix



I

TOXICOLOGY IN RELATION TO NAVY MATERIAL PROBLEMS

Cdr. J. Siegel, MSC, USN
U. S. Navy Toxicology Unit

National Naval Medical Center
Bethesda, Maryland

The rapid development of new materials and military chemicals
Sand the concurrent development of nuclear-powered sub!_arines ane
space vehicles, has necessitated the search for a new body of tox-
icity data and a new frame of reference. Captain Richard B. Laning,
former skipper of the record-breaking Seawolf, stated on 13 February,
1959 that the atomic submarines could operate on a war patrol for
four (4) months without surfacing. Under these conditions or con-
tinuous exposure over a period of months, the body of toxicity data
developed for industrial applications during an 8-hour day, 40-hour
week does not apply. Closely related to the submarine problem, is

L the problem of space travel. The success of manned-space will be
dependent in a large measure on our ability to provide the capsule
with a habitable atmosphere free of toxic materials.

It may be worthwhile at the outset of this conference, there-
fore, to devote a little time to the subject of potential toxicity
of materiais as this may be the critical limiting factor in the
ultimate utilization of the materials by the fleet.

Every time a new weapon system is developed in which a military
chemical is contained, two major questions are asked, or should be
asked:

1. Does it meet performance objectives, and

2. Is it potentially toxic?
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DE~FINITION OF SUJECt7

For the purpose of thin presentation, only that purtion of the

Navy's toxicology program pertaining to mil4 tnry chemicals will be
-ru,-ed. Many of these cbev.icals and related materials are new;

others are well known substances being used in a new way. Soudd ,,Le
exotic in nature like tb'i high energy fuels; others are run-of-the-
mill compounds _'LIKe car'i"'- ta:trarb l and freon. They all have
a common denominator in that toxicity is an unwanted property.

Several examples mmy be vseful at this point to indicate the

range of our intercest as follows:

MATERI ALS USE

1. Triaryl phosphate hydraulic To replace petroleum based
fluids hydraulic fluids

2. Waterless hand cleaners Conservation of water in
submarines

3. Exotic fuels Missile piopellents

4. Red fuming nitric acid Oxidizers for prop-lland

5. Rocket and missile decom- Weapons systems
position products

6. Freons Refrigerants

7. Fire extinguishment agents For use in polar regions

8. Rubber-based paints Navy wide

9. "Teflon" (plastics) Coatings, gaskets

These illustrations will serve to indicate the diversity of
materials on which we are called upon to make toxicological evalu-
atiors. At the present time, we are involved in evaluating approxi-
mately 150 materials, over 100 of which are tied in with the fleet
ballistic missile submarine problem. Please note that none of these
examples include drugs or medicinals used in the treatment of di-
sease, nor do they include chemical warfare agents or war gases.
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BACKG ROUND

As a result of the Leyce and Bennington disasters in 1953 and
1954, an intensive search was started by the Bureau of Ships for
substitute non-flamnable hydraulic fluids which would meet perfor-
mance requirements. Mlany cormpounds were acreetLtil iL 14;L jU I I-A.5

ine material, a triaryl phosphate compound (T.A.P.) appeared to
show promise from ami engineering point of vierd. One major question
had to be resolved firat, and that was the question of toxicity.
The Boreau of Medicine and Surgery was requested to come up with a
fast annver to the following question: Could thig new hydraulic
fluid be used without limit aboard carriers from the toxicity point
of vieu.? The predicament we were in is shown in figure #1. Not only
did we not know the composition~of this material, the manufacturer
did not know it either! Only extremely meager information was avail-
able on the oral toxicity of these types of compounds, but nothing
was knowm about inhalation toxicity or skin absorption toxicity -----
our main interests. No methods ware available for detecting and
measuring the minute ---- yet physiologically significant -------
quantities of material which might be generated into the atmosphere,
end even if the concentrations would have been measured, no standards
had been developed or proposed.

It is not the irt!nt of this paper to Aelve into the comolicated
mcde of action by which the organo-phosporous compounds act on the
body. Suffice it to say, there was enough "smoke" to indicate that
exposure of personnel to an unknown mixture of organic phosphate
compomn.diz might be extremely risky.

This hydraulic fluid problem pointed up our weakness in the
field of toxicology. The mechanisms which were avai:-ble were too
slow &nd cumbersome; they were not conductive tu the development of
the rapid advice needed by the various bureaus and offices. I do
not wish to minimize the value of the mechanisms which did exist,
particularly the coniittee on toxicology of the national research
council. This committee has always been of great assistance to
BuMed, an6 they came through the hydraulic fluid problem within
the limitation of their operations. Another mechanism which con-
tributed significantly, and at great sacrifice to their assigned

wm•, the performatice of craZh projects by th1o N&..a.val X• d^.cI
Research Institute, Bethesda. However, because of lack of over-all
adequate mechanisms it was two years before we were finished with
the aircraft cariier hydraulic fluid problem.
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UNKNOWN

SKIN TOXICITY PERPMISSISLE
L1M4TS 8 MRi

INHLATION1

TO ICITYP OSHOM OUND t P4XURC

aORAL TOXICITY EXPECTED ABOARSY

PHOSPHATE.N

3. INHALATIONI OF INSECTICIDES OF
THiS TYPE ARE CONSIDERABLY
TOXIC.

Figure 1 - Nonflammnable
hydraulic fluids
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The need for better macbanil-r was obviozia, for it Just didn't
make zonse to arrive at critical decisions affecting the healzh of
personnel, and cost!"; a considerable mount of money; without basic
data. Nor did it make sense to begin to deveiop thbe needed toxicity
data only after the zierial was placed into service-wide usage.

Five (5) major steps were taken by the Bureau of Medicine and
Surgery in arn effort to remedy this situation:

STEPS TAKEN TO PROVIDE INFORMATION
ON POTENTIALLY TOXIC MATERIALS

1. SECNAVINST 6260.2 - Nov 1955 - Potentially Toxic
Materials.

2. SECNAVINST 6260.4 - Hgay 1957 - Establishment of

Toxicological Information Center - N.R.C.

3. Establishment of liaison with each bureau and office

4. Establishment of U. S. Navy Toxicology Unit - Jan 1959

5. Development of a philosophy on toxicology

SECNAV Instruction 6260.2, entitled "Potentially Toxic Materials",
sets up an orderly mechanism for obtaining the toxicological in-
formation needed by bureaus and offices in conjunction with their
research and development program. It sets out step by step the
responsibilities and actions required of the various bureaus and
offices involved. When a toxicity problem is submitted to BuMed,
the following machinery is set in motion, figure #2.

1. If sufficient information is available, BuMed umy come up
with a quick, final, answer. This would be unusual because toxi-
city data on most of the materials submitted are non-existent.

2. If insufficient information is available, (a) BuMed sends
back a tentative evaluation with tentative precautionary measures
via The Office of Naval Research, and (b) The problem is referred
to the Toxicological Information Center and/or the Committee on
Toxicology of the National Research Council.

5
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3. If on the basis of advice from BuMed, the requesting bureau
decides to sponsor toxicity work then BuMed assists in setting up an
adequate toxicity protccol. This is usually done in conjunction wkth
the Office of Naval Research if a contract is to be let.

&ý Tif 4-hab nTflai 4 iva itrc i-f' a,,m.A,. up
at cne cf its medical research laboratories.

5. Finally, BuMed re-evaluates the toxicity of the material i,
light of the additional information developed by contract and/or in-
service studies and sands back to the requestor a complete estimate
of the health hazards involved together with recoet'nd precaution-
ary measures.

IOXICOLQ L INWOATION CENTER

The second major step taken by BudMed wag the spearheading of
the establishment of a toxicological information center as part of
the National Research Council. This center is currently funded by
the three military services and the Atomic Energy Commission. The
center's mission is outlined in SECNAV Instruction 6260.4 of 2 May
1957. Its major function, as the name implies, is to provide a
central source of toxicological information and advice on military
chemicals.

The center got underway in February 1957, just two years Pgo.
During this period it has worked up 20 toxicity reports for the
Navy alone. The speed-up in obtaining 2nswers has been armazing.
Inctead of the previous a-verage of I to 3 years, we are now ob-
taining answers in 1 to 3 months. This is a tribute to the Di-
rector of the center, Dr. Harry W. Hays, and his dedicated staff.

To keep the center from being flooded with requests from all
over the Navy, the Bureau of Medicine and Surgery was designated
as The Navy Liaison Office to the Toxicological Information Center.
All bureaus and offices were asked to refer their problems to Bu~ed
through designated liaisons established at bureaus and offices.

Uj&_V TOXICOLOGY UI

The Toxicological Inforuition Center is essentially advisory
in nature and is intended to supplement rather than supplant cur-
rent toxicological activities In the Navy. It is a paper organization
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and performs no research, animal testing, or laboratory work. Th:
Navy Toxicology Unit was established to provide this missing link.
Efforte to obtain needed laboratory and field data through estab-
lished mechaniamp have oroven unsuccessful. The type of cate meeded
was inhalation toxicity 'data over prolonged periods of explosure for
30, 60, 90, or uzre dayi. "- - -- ~ ~ , I-- ----- 4

these types of studies for it apparently introduced extremel- com-
plicated administrative problems involving round-the-cloe.k operations.

The Navy Toxicology Unit was established by the Secretary of the
Navy on 1 January 1959 as an activity under the manag=nt control of
BuMed. It will occupy 3600 square feet at the National Naval Medical
Center. Bethesda, and will be staffed by 4 officers, 10 .nlisted and
5 civil service p;rsonnel. The initidl funding is being provided
primarily by BuShips and by BuOrd's special project office for the
Polaris Missile; personnel and space are beiran prr'o.i ed by iteMed.

The mission of the unit is to provide rapid, practical answers
to toxicity problems. The animal toxicity tests will be of a
"crash" nature and all problems will be handled on an urgent basis.
The philosophy will be such as to stop the work as soon as sufficient
data are developed for design purposes and operational needs. Al-
though adequate for operational purposes, the data developed will
not hi-m'e the comppleteviesL Pr finasse re.-qired of basic research.
This type of data should nevertheless enable the various bureaus
and offices to proceed intelligently W"th their procurement plans,
and the design of new weapon systems. The two major spheres of
operation of the Navy Toxicology unit will be:

1. Field testing durina actual operations, and

2. Animal and Laboratory studies.

in addition to the usual toxicological methods, emphasis will be
placed on inhalation toxicity studien. To this end we will have
a battery of ten (10) expuoure chambers, designed for continuous
inhalation studies.

It is our hope that this new toxicology unit, by being con-
tinually in a ready state, will be in aa excelient .ositiort to
provide rapid toxicity answers to urgent problems so that lead
time in weapons development can be reduced to a minim•um.

8
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BUMK"S PRIWOSOPIIY ON POTENTILLY TOXIC liATERIALS

The Bureau of Medicine and Surgery is charged by Navy regu-
lations with maintaining the health and safety of Naval Personnel.
To achvive thia end it sets health standards and prescribes pre-
ventive precautionary measures whenever health is threatened.
This applies to all facets of occupational health and preventive
medicine. Protection against toxic materials is but one area in
this over-all health program.

It is our belief at BuMsd that almost every material ------
regardless of its toxicity ------ can be handled without hazard
to health. It should be noted that BuMed does not forbid or
prohibit the use of materials. It aivises on the health measures
that should be instituted if the material is to be used without
ill effect to personnel. These health measures include limits on
the amount of contaminants which can be tolerated in the air. In
view of the paucity of toxicity information needed tcday, we have
been forced to make "guess-estimates" based on the best information
available. This "guess-estimate" includes suggested standards and
health precautionary measures, and is subject to change as coon as
additional information becomes available. These tentative values
are used to help set parameters for design and operations. The
chances are good that our estimate will be in the right ball park,
I o t m plur.r 7,:- 1 n.s r =Ifa...t .r. O js.r-nl i t% " i;, -I--
"a preliminary analysis based on incomplete data may often be much
more valuable than a more thorough study using adequate data,
simply because the crucial decisions cznnot wait on the slower
study but must be based on the preliminary analysis"*

I have attempted to outline the five steps undertaken by
BuMed in order to resolve problems in toxicology. It is hoped
that through these 5 mechanisms we will be able to provide you
with fast, practical answers in the field of toxicology.

The active mechanisms presently available are shown in the
following table:

* Methods of Operations Research, by Phiip MH. Morse and George
R. Kimball. John Wiley and Sons, First Edition, 1950.
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TOXICOLOGY MECHANISMS AVAILABLE

PAST PRESENT ?Y-TURE
1954 1958 1959

COMMITTEE ON TOXICOLOGY N.R.C. X X X

ARMY CEICAL CENTER (LIMITED) X X X

O.N.R. CONTRACTS (PRIVATE LABS) z X X

MEDICAL RESEARCH INSTITUTE (LIMITED) X X X

SECU AVINSTR 6260.2 - X X

TOXICOLOGICAL INFORM&ATON CENTER (NRC) X X

NAVY TOXICOLOGY UNIT - X

You could assist us greatly by contacting BuMed as soon as you get
involved with any material which is suspected of having a toxic
potential. It takes time to run animal work. We would like to keep

parallel with your requirements so that health precautionary
measures adequate to protect the health of personnel will be avail-

able to the fleet concurrent with the completion of your materials

research.

100

*



PWTTA InTTY A FPPLIj T-MIA.L-
RSSEARCH AM) SELECTION

E. J. Nucci
Office of Electronics

Office of the Director of Defense Research and Engineering
Washington, D. C.

''hen asked to participate in this symposium I was very
gratified for it offers me an excellent opportumity to present my
thoughts on the urgent need for accelerating research on new
riaterials to improve present-day military electronics--materials for
the component parts to meet the tremendously advanced electronic
requirements of the space age into which we have entered.

In the past decade, electronics in my opinion has not
received its deserved share of military-sponsored fundamental and
applied research; and this is particularly true in the area of
materials. The military have sponsored a good deal of res.'arch to
provide lightweight, superstrong, heat-resistant materials for use
in supersonic and hypersonic aircraft and to meet the struictural and
propulsion requirements of missiles. But far less emphasis--indeed,
far too little--has been placed on research to provide the materials
needed to make electronic equipjnt that can be roeduced in an
economically practical domain and will operate satisfactorily in
these new vehicles and environments.

It is sometimes argued that we are overemphasizing this
deficiency in fundamental techniques and electronic components,
which to my way of thLnkirni is a serious onz. ',e are asked to fac-
reality; it is pointed out that we now have complex electronic
devices in new aircraft and missiles, even in satellites, that are
operating quite satisfactorily and with a fair degree of reliability.
I can onl'y say that persons advancing this argument are misinformed
or, perhaps, qre taking too narrow a viewpoint, for the facts do not
bear out this conclusion.

11



I suggest that an analysis be made to determine what costs
of development and -:roduction are a~tributable to component derat:iný,
circuit redundancy and other special design techniques-perhaps
better labeled "design dodges"-which are necessary tc obtain even
partially acceptable reliabili ty. $iilarly, we ned to determnine
the costs o0 critical mechanical deig- • Lostzmction tecr5qcZ
that are needed to crowd all the required components, into the ever-
shrinking space available in high-performance aircraft and missiles
and to reduce the internal envirormnental levels, such as tenmperature,
shock and i-ratio•-, to a evel commensurate with the capabilities
of available components. Do we realize how much money, manpower and
facilities are used annually in testing available ccmponent parts
to determine their maximum stress levels so that designers can get
the most out of them? I also suggest that we take an honest and
realistic look at the service reliability of some of our 3o-called
"modern" electronic systems and compute .neir logistics supply
and maintenance costs.

V.hen all these factors are objectively considered, there
are certain unavoidable conclusions. It costs a fantastis sum to
produce and maintain today's complex electronic devices using
yesterday's electronic components. I am thinking of a new
interceptor fire-control system whose development cost the
government a-.proximately one h,±-red million dollars. This amount
,would buy more than 200,000 home telev:Usion recei-verz-- -- g^h
quality. Of course, we can't be sure hov, much the costs would be
reduced by an adequately supported program of research in materials
and electronic components, but I am confident that such a program
would save us many millions of dollars every year, perhaps more than
one hundred million.

In FY 1958, the combined expenditure of the three military
departments for supporting research in the area of electron tubes
and i2oraonent parts amounted to roughly .30 million. This is only
3/4 of 1 percent of the approximately four billion dollars spent on
developing ard producing military electronic equivnent 1'nd systems.
This imoalance is more glaring when we consider the eiin~l
exienditure for maintenance, which for fiscal year (FY) 1960 is
estimated at '8.5 billion and about 25 percent of this will be
charged to clectronics systems maintanc

Now let's look at some problems of operationaJ. weapons
requirami;nts, for both today and the future, and try to correlate
the role of electronic pakrts and materials research with the whole.
In what respect are these requirements so demanding? (1) There is
a continual detrand for more electronic functions with better
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perfonrance, and all within the same size envelope as before, or
even a smaller one; (2) airzraft space travel and satellite
operations are establishing requirements for much longer mission&s
(in time) that, for some period to come, will demaad unattended,
failure-free operation. On the other hand, g"x'oun equipment for

suv~iir Ai, r u- ida:c c and1 q:acnc't ql well. as
comm.unications systems, will have to be much more reiihible thin ever
before, in view, of the time compression resulting from new veaponr
.. p•biliti "s. (3) In many cnses, the operationall environments of
the future ;.ill be much more severe, for inctance, ,.with respect to
temperature, nuclear radi.4•tion, acceleration, vihr;tion. etc.
Furthermore, some pieces of the environmynt ricture are still
unknoin,, or not known very well.

T•ow the first of these problems is, "Hoe. critical is the
situation?" Based on its present orbit.; the most recent Vanguard
',.:ather satellite is expected to stay up there for a period of 10 to
100 years. Yet how long will the electronic equi;lent perforri
satisfactorily? Next, .;hat are the con.-:iderations for a moon
vehicle? Since a one-way trip to the moon is rcuJ-h 21 days, the
over-all system requirement for a 95-percent assurance of reaching
the moon is of the order of 50 days mean time beti:een failure (1.BF);
if "•:c want a 99-percent probability of success, in vie;: of the
tremendous cost of this type of operation. the 1r.BF desimn recuire-
ment -.ouJd be something like 250 days, hen we consder a 2.'a-d-•ay,
one-way trip to Il.ars, with a 99-percent probability of completing
the trip with no equipment failure, the M-BF requirement for the
system becomes fantastic--about 25,000 days, or rourhly seven yearst

What ,,ill the environmental problems be? ',.ith high-
perfor.wance aircraft and missiles, again for penetration of deep
space, ve face the need for equipments fabricated from parts and
mzaterial3 th-nt are resistant to the effects of high temperature,
nuclear radiation, vibr'--tion, acceleration and ,ressure. " hereas
up to no. ",.e .,!ere striving for reliable operation at 85oc to 1250 C
and A:re no.w interested in the rankle from 3500C to 500 0 C, ;e are
looking forward to future requirements for prolonged exposure at
temperatures on the order of 1200OF to 25300F.

,I'c+ronic eouipment for poier control of nuclear-
propulsion systems will be built in close proximity to the reactor
to avoid the extra weight required by shielding. At the associated
spocds, extreme vibration and acoustical noise are generated. I
could nention still other environmental factors that must be taken
into account in designing electronic equipment for advanced systems.

13
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And, to complicate matters further, our materials and component parts
must not only be able to withstand these individual factors but
combinations of several, which in most cases will change the mode,
pattern und stress levels of failure.

the expectation thAt we will encounter new and aunknown environments
and the need for anticipating the consoquent requirements. In
reaching for new capabilities (such as higher power outputs and
higher missile and aircraft speeds for probing outer space), we are
continually meeting new environmental conditions. ',e attempt to
estimate the environments that may be met, based on knowledge
obtained from previous research and from instrumentation data on
development probe vehicles. In my opinion, the problem of the
unknown environmental aspects, aggravated by the mixture of these
unknown factors, is perhaps tougher than the problem of developing
parts and materials to very high known levels.

Coming down to the practical needs of the moment, can we
meet some of our new requirements with present-day prts, materials
and fabrication techniques? The answer is that we can, to a limited
degree, by designing around present technical capabilities. Then we
must use components that are designed for operation at 1250 C, we can

.c.o.; th. t-+... or compartmont: to achicvc a dcgrcc of "o,"'
lFowever, there is a penalty-and quite a substantial one--in tenrms
of the weight and space taken up by tle oversized parts, blower
motors, refrigeration units and blocks of heat-sink material, plus
added power for cooling and oversized propulsion plant to compensate
for the additional weight. We can also shield nuclear reactors and
put the electronic controls outside the shield, but again we payl
Incidentally, I understand that in some of our present space probe
vehicles, every pound of instrumentation or payload increase results
4n an .incroase in power plant weight in the order of 300 to 1. The
obvious inference is that the use of parts and materials specifically
desi•ned and developed for these extreme environments will result in
a smaller package and, for the same propulsion plant, greater
vehicle performance and payload capacity with lower costs of system
design and production. Through the important area of materials
research, we can derive high-temperature materials for nose cones,
high-temperature lubricants and perhaps new solder. and new
electronic parts and materials suitable for all the previously
mentioned environments.

Please note that in this paper my examples are mainly in
the temperature area. We may find later that temperature may not be
the toughest environment. Prolonged exposure to cosmic radiation
may be the "killer"--perhaps a combination of several may become

14



Nucci

our principle concern.

In the field of component reliability, again, new mission
requirements and demands for higher performance leading to increased
complexity are causing our people in zomponent-parts work to think in
terms of failure rates on the order of 0.001 per'-ent per 1,000 hours
for future designs, as compared to present fii.-•'s of 0.2 percent to
10 percent per 1,000 hours. In the past, we tclied to meet our
systems requirements mainly by using available parts and materialb
and designing around deficiencies. Thermal design, redundancy
techniques and d crating to a permissible failure-rate level have
helped us thus far; but--let's face it&- equipment and systems
employing parts and materials now at hand have just about reached
their ultimate application.

The only hope for fulfilling new requirements, which will
surely demand greater reliability by at least an order of magnitude,
lies in carrying out research on bssi,- -r-perties of materials and
new design concepts based upon total .ui:tic':tcl 3ysl.ems requirements.
It is not enough to gain marginal improvcairnith through rigid
engineering discipline applied to available circuit el-oaents. Only
by achieving major breakthroughs can we succeed. We have seen this
principle demonstrateCd before, perhaps to a lesser degree than is
needful today. The stoyrenes, the glass -ae- .irL teflon and.r....

cores are examples of a few areas in which vitally needed break-
throughs occurred. For eight to ten years we conducted a frontal
attack on the receiving-tube problem, which resulted in the develop-
ment )f the reliable lines of miniature receiving tubes and sub-
miniature tubes for missile applications.

It is interesting to note that according to recent cal-
culations by ARINC Research Corporation comparing the removal rates
of receiving; tubc3 in 1954 to the presently used higher quality line,
there has bean an ll-to-l improvement for aircraft applications and
a 12-to-1 improvement for shipboard uses. This was accomplished
through the use of the highest quality materials and under very
stringent control of all materials processing and assembly. The
transistor, a major breakthrough in the use of physical properties
of materials, is increasingly coming into play in the tube sphere
of influence. Looking at this advance from the materials viewpoint.
the first transistors were germanium types; in a short time, silicon
units were developed for higher temperature and higher power uses.

In the parts area, there are only a few examples of efforts
to significantly extend the life of an item, although several
capacitor manufacturers have established high reliability lines.
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Actually, the situation about eight years ago was such that atttxitior,

was focused on tubes, for all reliability surveys indicated that 70

to 80 percent of electronic failures were due to tubes. As a

consequence of the tube "Unprovements I mentioned and with the advent

of semiconductor diodes and transistors in their electronic roles,
+.hp f'Aq iv,. A44r+v 1,,t4..- ,P 4.... .. ... .---- - "------------• --.....

these over-all improvements, however, we are fortunate if we can meet

even present requirements.

A few weeks ago I attended a briefing and progress report

on the Signal Corps 'Micro-Module rrogram. Those of you familiar with

this effort kno.- that the first objective is to develop micro-modules

utilizing available techniques and materials, then to improve the

module capability to meet requirements for higher temperature,

greater reliability, etc. It is interesting to me that 21 sub-

contractors are materials suppliers offering advanced materialz. It

is also noteworthy that the research and development program propoged

by the Signal Corps, which is necessary to provide the back-up to

the present effort and to prep:re for future requirements. This

projected effort consists mainly of materials research.

We know that current research projects are uncovering

amazing capabilities in new materials, as well as in some that are in

use today. Studies of ceramics, metallurgy, and the molecular
structure and chemistry of materials have recently opened new avenues

that hold great promise of breakthroughs in the near future. Closely
allied to these efforts are development and research efforts on

fabrication techniques, which may p.rove to be as important as the

materials research itself.

Today, an extremely important phase of electronics is solid-
state physics, for this may completely chan:•.e the electronics art
and industry within the next ten years. Research studies in
microcircuitry are in progress. W!e are thinking in terms of thin
films and solid circuits employing molecular elements for redundancy
and greater reliability. VWe are working out techniques of crystal
growing and materials integration, with the aim of creating solid
equivalent circuits and eliminating the present-day standard compon-

ent. This simplification of drcuitry-eliminating failure-prone
cnmponents and the numerous connections needed--promises to Poke
possible further miniaturization and improved reliability. Only

through these efforts will we achieve objectives such as obtaining
microscopic sized filters of virtually infinite "j', (lixiited only by
dielectric loss) or a 3-inch-cube, solid-circuit com•iuter with a
storage capacity of a billion bits. Following present trends, the

future technology will employ the basic electrical nature of natter
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to perform electronic functions.

I do not wish to give you the impression t>;,t I feel all is
fine, so let's relax. P'resent resoarch and dcvelopnent efforts are
very encouraging, but there is still much to be (ione. Onco the
feasibility of an item is est.bli.shed, we mu~t then conduct follow-up
development to improve these new devices so that they will withstand
the p.revailing environments and attain the necessary reliability
levels, Furthermore once these items are developed, test techniques
and equipment must be developed to measure these new capabilities.
This phase can be most important. In new developments such as
cryogenics, we must consider the sizp and weight of the associated
refrigeration equipment; in solid-circuit comouters, the input and
output technicques and the required power supply.

Recognizing the importance of supporting research programs
in the electronics parts, tubes and materials area, t.h Deput
Secretary of Defense some months ago approved emergency funding to
supplement the normal budget for long range supporting research
programs in electronic tubes and parts. His Instructions were to
continue the new level of effort through FY 1960.

I have said that our present research programs in
materials promise great things for the future. So that materias
research will proceed as fast as possible, the users of the research
products--the equipment and systems designers--must define their
requirements in terms of the functions and environmental stresses
to be anticipated. Here, a good example is the categorization of
environments established by the Advisory Group on Electronic Parts.
This publication iz-- ll.•d the Znvironmental Requirements Guide for
Electronic Component Parts. Moreover, all research groups, as well
as designers, should make it their business to know what programs
are being conducted in their fields of interest, what techniques are
being developed and the status of these activities.

Now, to ensure full use of new developments and to speed up
systems programs, it is most important that details of new applica-
tions be quickly disseminated to the hardware designers. Xe simply
haven't the time, money or manpower to repeat investigations, tests
and design efforts that have already been accomplished satisfactorily.
Information exchange on research and development can make possible
the earlier attainment of higher performance capabilities and can
secure for us greater numbers of electronic functions with the
required level of reliability. This speed-up could achieve from
two to ten times the rate of normal progress.
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The Advisory Group on Electronic Parts recently issued a
report entitled "A Capsule Sum=-•.ay vf the AGEP Program in the Area of
Electronic Parts and Materials." Copies of this report as well as
detailed infom=ation on specific projects can be obtained from the
Secretariat of the Advisory Group.

In this matter of dissemination of information I unierstand
that the Air Force has recently reviewed its reports distribution
lists to insure that all interested groups receive copies of the ASTIA
printed Air Force reports. Additionally, the Air Force is arranging
to provide the Aircraft Uustries Association and the Electronic
1dtris Association with lists of new reports on file at ASTIA.

Yes, I am aware that there are stubborn problems in the
exchange and dissemination of information on new design techniques
and application data. Nevertheless, I am asking management groups
to recognize the importance and urgency of this operation in the
light of our naLional military posture, our economic welfare and our
position at the table of international negotiation.

I'd like to leave two thoughts with you. First, our
a6ility to meet future requirements for electronic systems will
depend significantly upon new developments in materials, process
control and fabrication techniques. Second, the speed with which
new principles, techniques and materials are used will be a function
of the time required to make known the availability of the new
application data and associated design techniques.

186



DEVEWPMENT OF MWRTHANE PLASTIC TCOAMS AND LHORGA0IC
CDEMIC FOAMS FOR PWTSION RADOKES

Dr. Hbward& R. Moore
U. S. Naval Air Development Center

Johnsuille, Pennsylvania

Radomes (radar domes) are aerodynamic housings to protect
* the antenna and associated electronic equipment from the air stream,

so designed as to transmit maidxlm radar energy with minimum pattern
distortion and deflection of the beam radiated by the antenna. Ideal-
ly, radomes should have the same tranamission as free space and at
"the same time meet mechanical strength and aerodynaeic requirements.

Radomes may be classified broadly rs "search" or "precision"
types according to their mission in piloted aircraft and missiles.
Patrol planes are usually fitted with both types of radomes; for ex-
"ample, Cadillac search radomes and precision rse radomes are in-
stalled in the Navy's P2V bomber and WV-2 Super Constellation.
Search radomes approximate the ideal hemispherical structure shown
in Figure 1 since these configurntions are characterized by minimum
pattern distortion, phase delay, &nd refraction of the radiated beam.
In this sense, hemispherical domes may be considered broadly an pre-
cision radomes, although they are seldom used for this purpose be-
cause of their poor resistance to aerodynamic loading.

The attainment of 90 to 95 percent transmission over wide
variations in antenna scan poses no problem with search domes based
on plastic glass reinforced honeycomb cores and skins; however, this
objective becomes considerably more difficult for the ogive and coni-
cal designs shown in Figure 1. These shapes, predicated by aero-
dynamic requirements for tracking, intercept, and terminal guidance
radar installations in high speed aircraft and missiles, exact much
higher standards in the uniformity of dielectric constant and wall
thickness over the design range of scan angles than the search types.
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Figure I Schematic designs of three
precision foamed radomes

Figure 2 -Tooling used in foaming
Lark ogival radomes
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As may be expected, the difficulty of compensating adequately
for variations in reflection; absorption, refraction, and phase delay

of rays incident on the radome wall to secure high microwave trans-

mission for accurate location of distant targets increases greatly
with the "fineness ratios" of precision domes, expressed in terms of

the ratico of their altitudes to base diameters. Fineness ratios for

the ogiv& ana conical shapes shown In Figure 1 are 2.210 and 1.375,
respectively. Ogive shapos are more versatile than conical types in

this respect, since their continually varying radii of curvature per-
mit the transmtossion of radilation at slightly higher angles of inci-
dence than their average angles of scan.

Although it has been demonstrqted that both ogive and conical

domes can be designed to give 90 percent and even higher power trans-

mission at design microwave incidence angles of 70 to 85 degrees,
corresponding to progressive increases in fineness ratios and aero-
dynamic efficiency, this approach soon renches a point of diminish-
ing returns befau5.e of ab•r• -t -,' "+ reuctions in power transmission at
angles of incidence ranging from zero to 60 degrees. These unfavor-
able results can be mitigated by sharp reductions in wall thickness,
and by increasing the dielectric constant of the materials used in
fabricating "half wave" walls from 4 to 9, or even higher. Un-
fortunately, these methods weaken the wall and decreases thickness
tolerance from *0.01-in, to *9.005-in. However, still tighter fabri-
cation tolerances of *0.002-in. are required in the thickness of the
facings for precision sandwich structure conical and/or ogival dontes
designed for optimum transmission at design angles of 60 to 70 de-
grees.

The foregoing conclusions on the electrical and dimensional
criteria for precision radomes were derived from a consideration of
transmission curves and rramerical data published by this Center for
both half wave and sandwich structure radomes ( 1 ). A weighed
analysis of these data has indicated that the half wave concept of
radome deaign permits more accurate tracking of the target than
sandwich designs. This favorable reqult was believed due to better
control of variations in phase delay of ewmrgent rays within limits
consistent with maximam boresight shift requirements over the opera-
ting range of angles of incidence, as well as to transmission ef-
ficiencles exceeding 90 percent for the maximum angles of incidence
for which th, domes were designed. ?kreover, the Oeign thickness,
dj, of hnlf wave domes is independent of the power loss (loss tan-
gent) In the die>'ctric, nrd mýy he readily calculated from the
equation
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2 = V - 'si (1)

SWh~re the free space wavelength, Ais 1.26 inches for X band fre-
cquency 9375 mc; 6 , the dielectrlcuconstant of the radome wall; and
0, the design angye of incidence.

Despite the greater theoretical and uractical k u.if dtc j-^
for half wave versus sandwich structure radome designs, the nose
radomes of the Navy's F4O• interceptor and FiIF fighter are presently
based on plastic sandwich structures with glass reinforced honeycomb
cores and facings. The greater weight penalty in using solid hkaf
wave structures was undoubtedly a factor in the adoption of s3andwich
designs. For example, a radome wall of this type 0.33-in, thick
weirhs 2.92 lb/fte. as contrasted to 0.88 lb/ft'ý for a plastic sand-
wich construction based on honeycomb of 9.9 lb/cft density and glass
reinforced facings 0.03-in. thick. Nevertheless, there was no alter-
native to the use of rigid urethane foamed-in-place (FIF) foams in
the nose sections of all categcries of precision radumes of this
type, because of the impracticality of machining plastic honeycomb
to sharp radii of curvature. This circumstance emphasizes the need
of increasing the strength of FIP cores to the level required to
justify their substitution for honeycomb for the entire sanrdwich
structure.

Several years ago, the Emerson Mlectric Company demonstrated
the reduced bcrosight ezror obtained by substituting rigid urethane
foams of 10 to 12 lb/cft density for honeycomb cores in sandwich
structure domes ( 2 ). At this time, Behrens called attentioi to
the advantages of producing urethane foamed cores with a graduated
thickness, or taper, with the aid of matched dies to secure still
further reductions in boresight error ( 3 ). Raytheon Manufacturing
Company subsequently confirmed Behrens' calculations in the design
of the now obsolete Lark surface-to-air ogive domes 22-in. high and
15-in. base diameter. This Center made the necessary tooling,
Figure 2, to produce these domes in quantity for a training course
in the repair of FIP radomes ( 4 ), and for verifying the efficiency
of the recommended wall taper of only 0.11-in. from the nose to the
attachment section in securing hitherto unsurpassed reductions in
boresight error.

The superior electrical characteristics and more liberal
manufacturing tolerances of half wave radome designs were the main
factors in this Center's decision to establish programs for making
improved light weight urethane and ceramic foams. In developing
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these structures, it was recognized that suitable ad6ictive, could be
Incorporated in both plastic and ceramic formulations to raise the
dielectric constants of the foams to any desired level, within the

range 4 to 10, to match the dielectric constants of the sandwich
facings within the same range. The envisioned sandwich str-cturcs
should then possess the advantages of light weight and high strength/
weight ratios, and function eleetrically Ir. the same way as presently
used solid wall half wave structures.

Part I is a review of the present status of materials and
processes investigations conducted by this Center on improved urethane
plastic foams. Part !I is likewise a brief summary of contract
studies on ceramic foams carried out by Professor A. J. Metzger and
his assistants in the Department of Ceramic Engineering, Virlinia
Polytechnic InstLitute, from 1950 to the present time.

1Dc,.+ T

Urethans 712aatic Foams

This research relates to the development, first, of low
temperature-viscosity cycling processing techniques to increase the
degree of cross linking of unesterified hydroxyl and carboxyl groups
in foam lesin compositions; and secondly, the synthesis and evalua-
tion of four classes of foaming resins based on widely different
functionality patterns of interacting poly- and monofunctiona!l re-
actants.

Analysis of the state-of-the-art that prevailed at the time
this work was planned indicated that the quality of rigid urethane
foams based on the corvlen•ntlcn o f organic dunOryw ar, -I-ca ic

toluene dilsocyanate (T1DI), with partially ecterlfs& alkyd res!ns,
was dependent mainly on two factors:

1. The process used in converting the resins to foam.
2. The composition and properties of the resins themselves.

As a result of investigating many facets of urethane foam
technology under Air Force contracts from 1946 to 1952, Goodyear
Aircraft Corporation developed a constant temperataure process by
which the preferred resin, Alkyd 100, later offered to industry as
Selectron 5922 by Pittsburgh Plate Glass Company, was reacted at
temperatures of 80-851F for 32-35 minutes until decarboxylation was
firm!7 ,tAb!:hed, at which point 4.2% acetone-Aerosol OT on the
weight of the batch was added to obtain a suitably low pour point
viscosity (5 ).
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This process was well adapted to the manufacture of radomres
-since the increased induction tin. to foaming allowed rcn.ovtl of air
uibbles and accurate placement of matched dies before pourir,. Never'-

th1eles3, a study of thi, Coodyear ,ert-t !nd-icsted that. Wick,
improvements were needed in upgrading the ciss linking efficiencyi of- fee.% cr.nxyl aroups in the resin bcf:r the newly ax-randed foams
were immobilized by gela~or. T'14ai it ... found thiat foaned radonep
based on reco-mended materials and mrocenses specifica~tons ( • )
were subject to -,•ntaneous blistering and delamiientiun in service
and on prolonged storage ( 6 ). This effect could be produced atwll by mabJecting foamed radc- t . second ost-cu:in, operation

(7).

Similar evidence of incomplete cross linking was obtai tI
by this Center in foaming srýreral Lark radomes withi the LockfLam
A-220 quick-mix formulation for a training course on foam repa"r
methods ( 4 ). Thus it was found necessary to cure foamed-in-place
(FIP) patches for 3 hrs. at 1750 F, considerably below the recon-
mended cure temperature of 225-250PF, to prevent immediate postl-
curing blistering and delamination effects.

In seeking the reasons for the post-curing evolution of
C0 2 , Goodyear Aircraft Corporation concluded that the foams con-
tained substantial amount of partially cross linked polymers of the
type

0 0
ON - R' - 14 oc R - C - 0ý -COo.

This conclusion was based on the following observaticns:

2. .Larsion of fa&dx fo n -Sed a secondary eiason
of 40% and a 40'F rise in heat distortion temperatures.

2. Boiling water hydrolysis of powdered foams produced
measurable quantities of C02 gas.

These experiments proved the existence of free NCO and COOH
groups in cured foams. Since primary urethane and amide linkages
are resistant to hydrolysis, the relatively high -ater vapor ab-
sorption of the foams at l60rF could be readily attributed to the
presence of free hydrophilic OH groups in the cured specimens.
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The first object of this re!sarch was then to devise proces-

sing techniques capable of minlmizing the occlusion of partially
cross linked low molecular polymers in the cured foam. In devising
these techniques, it appe•red deslrable to stabilize the viscoity
of the condcnsate fo•• as 701ng a time a jx)s8ibib in consideration or
Hebermehl's findings ( 8 ) that the rate of viscosity increase in

due toit-ri•za.ncc cffccts caused by the rapid inicreaese in
molecular size.

In achieving this objective, due consideration was given
the need of somehow compensating for the higher TDI reactivity of
residual water of esterificatlon in the resin and unesterified
hydroxyl groups, as expressed by Bayer's reactivity series

HN-H > HO*H > RO'H > RCOO*H C6HSO.R > ) -'

In this respect, it was concluded that neither Bayer nor American
investigators ( 9 ) had optimizee the selection of polyfinctional
ieactants, startIng O/COON functional group ratios, and the degree
of es'."-ification of these groups in synthesizing resins. A de-
sir-. balance of these factors presumably might reduce the steric
hind4 0 ace of adjacent free OR groups in branched polymers, and point
lp tVi sd'-,niTage- of controlling the degree of branehing to r--uce
the tompetition of these groups for TDI in the production of foams.

Goodyear's suctcess in obtaining a 100% improvement in the
tensile strengths of foams based on Selectron 5922 provided further
incentive for a resin development program. This resin was made
merely by r-e4,ucing the starting OY/COOH functional group ratio of
the same reactants used by Bayer from 2.0 to 1.9, and by discon-
tinuing the esterification at an acid number of 44 instead of 35 as
recommended by Bayer for Desmophen 800S ( 5 ). However, Selectron
5922 still contt'ins an undesirably high OK/CCOH free group ratio of
11:1, as computed from analytical determinations of 475 and 44 for
the hydroxyl and acid numbers.

As a result of thin Tarvey, a research proposal was drafted
for the synthesis of 100 partially esterified alkyds of widely dif-
ferent functionality patterns depending on the numbers of active
groups present in polyfunctional alcohol and acid branching reactants-
and corresponding di- and mono-functional branching reducers.

After securing Bureau of Aeronautics approval for the pro-
posed research, it was decided that the Naval Ordnance Laboratory
(NOL), White Oak, Md. would prenare the resins in accordance with
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the principles delineated by the proposal. The National Bureau of
Standards (NWS), in turn, would determine the physical properties
of resulting foams in accordance with improved processing techniques
developed by thMs Center.

Process Development

The main goal in process studies was to develop long time
mixing cycles ec.paOle of generating a suffi:±Lat.lly LOW PfUU- 2LintI

viscosity to offset the need of adding sol,-ents, such as acetone-
Aerosol OT, which reduce the adhesion of the foar to plastic glass
reinforced facings ( 5 ), and conceivably might contribute to
blistering and reduced heat stability if significant amounts are
retained in the ,-dicallular foam structure after cure. Secor~iyn to
obtain improved cross linking efficiency, the new techniques should
be effective in suppressing the reactivity of free hydroxyl groups
in the resin to provide an opportunity for more complete decarboxyl-
ation of the condensate, while -till mobile, before gelation of the
expanded foam.

Both of these objectives have been realized by various low
Stemperature processing cycles, wherein pulverized Dry-lce served as

a refrigerant to conserve a sufficient fraction of the total poten-
tial exothermic heat of t~he system, in early stages of the co'de-a--
tion, to activate more complete decarboxylation on cessation of cool-
ing, as illustrated by the reaction

M-R-COOH + OZN-R1-NCO --) OCN-R'- N-O•-qROH6 HO QOR

(intermediate unstable acid amide arhydride)

OCN-Rl'-Ný--R-OH + '02

(polyamide)

In this connection, it is pointed out that the C02 gas liberated by
the sublimation of dry ice solid C02 does not contribute to the ex-
pansion of the foam; the gas is promptly expelled from the batch,
thereby insulating the reactants from ambient air of varying moisture
content.

Carbon dioxide snow obtained by sudden release of C02 gas
from inverted cylinders and pulverized Dry-Ice from 50 lb blocks may
be used optionally in these processes if precautions are taken to
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store the material in a vented des.icator or Pewar flask to prevent
the ingress of rmoist air. Moisture added in this way supplementithe
quantity of linear polyureas formed, due to residual water of ester-
ification in the resin, in accordance with the TDI hydroly... re-
action

I II I

2 o0N-R-NCo + +0 - OCN-R-N-.C-F-f-NCC

_-,nwith tGerinal isocyanate groups)

Obviously, the concentration of linear polyureas should be held to a
minimum because of their plasticizing action on der-ved foams.

While it is true that equivalent results, in terms of foam
product properties, were obtain-I by intermittent outside ice-water
cooling of small batches of condensates based on normal reacting
resins similar to Selectron 5922; early experiments proved that there
was no alternative to the use of solid CO2 in removing exotherm from
highly reactive NOL resins. On this basis it was decided to evalu-
ate the effect of varying intensities of internal cooling on the
performance properties of foams derived from Selectron 5922, with
the expectation that these schedules could be adapted to NOL resins
of unknown, but -arying "TI reac4. 4. v*'

Table I is a resume of the two prior art methods and four of
the ten experimental low temperature-viscosity cycling processing
schedules used in converting 45 of the 75 NOL resins to foams, as
well as Selectron 5922 adopted as the comparison stand'ard-

Complete details on the remaining six mixing schedules in-
vestigated for Selectron 5922 are given in a detailed report on both
the theoretical and practical aspects of viscosity cycling methods
(10).

At the outset, due emphasis should be given the fact that
the mixing schedules cited by Table I were predetermined by the
relatively high solidification temperature, 69.8°F, of the meta
(2,4-) isomer of TDI, the only isomer commercially available at the
time these experiments were performed. More recently, the 80/20 and
65/35 blends of 2,4-2,6- isomers with melting points of 48.2 to
53.6 0 F and 35 to 410 F, respectively, have been offered. Theoreti-
cally, these isomer blends are better adapted to the low temperature
processing of all categories of resins, since TDI compatibility can
be established at lower temperature levels. The proportionately
higher conservation of reaction exotherm in forming labile, secondary
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valence low *',ecosity urethane linkages with the following Nos. I and
II hypothetical configurations: HSC N - =,OCXT " OCN-- N- 0

H3 C-, >N - .(I) = 0 (11)
_, H-O-R-COOH

H-O:'C-AOOH

OH

rofrom 2.-soner)

should then develop higher teemperatures on cessation of cooling with
resultant more complete foaming (decarboxylation) reactions.

The lot of Selectron 5922 used in detei-ining the effect of
different mixing schedules required O0.87 grams of TDI per gram of
resin. .... .I'.....ted P%.,, *%.- uation

1/2 + hi 1747 (2)gis resin [6, .F.8 x j

where n and h represent the aeld and h'dro)'r.2 rumbers, 44 and 475 as
determined analytically, and W, the weight -ercentage residual water
of esterification, 1.5% as obtained by the Dean-Stark method.

In further reference to Table I, Method 1 exp. was developed
originally as a screening test to classify NOL resins into three
groups of "normal", "fast". and "very fant" TDI reactivity relative
to Selectron 5922 adopted as standard. The procedure in this case
was to maintain temperatures of 80-851F until the end point of TDI
compatibility, as indicated by the initial formation of a one ph.ase
system in spatula smear tests. At this stage, cooling was stopped
and mixing continued until decarboxylation was firmly established
subsequent to reaching a viscosity minimum considerably below the
compatibility viscosity.

Method 1A exp. was identical with the above procedure, ex-
cept that precooling temperatures of 70-72'F, slightly above the
crystallization temperature of 2,4-TDI, were maintained to the end
point of compatibility before allowing the roactajn to 'rocoed on
its own exotherm.

Method 2 exp. was similar to the prior art constant tem-
perature method "Y" in failing to devolop a viscosity minimum. This
method, ostensibly developed to convert very fast reacting NOL resins
to foams, wa" carried out by precooling the resin to temperatures
5 to 10'F below th', 2,4-TDI crystallization temperature of 69.8 0 F,
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and maintaining these temperatures for 10 to 11 minutes before dis-
continuing solid 002 additions. %ubsequent siow melting n +.he TDI.
crystals slowed tn ths reaction -- .t -. ...-.-
foaming viscosity was too high to yield foam., of acceptable textureand physical propertios.

lover melting 2,4- 2,6-TDI isomer blends, cited above, in ach-eving
true compatibility at a lower temperature rag--c.

Method 3 exp. was carried out by continued additions of
solid C02 for 17-18 minutes beyond the enA point of compitibility
tpers_•tres of 70-72°F, At this stage an abrupt increase in vis-
cosity took place, conceivably due to the transition of secondary
labile urethane linkages to primary types. Thereafter, on cessation
cf cooling, mixing was continued until foaming occurrec1 subsequent
to the attainment of a viscosity minimum of about 300 poises.

Characteristically, each of the solvent-free methods of
Table I developed minimum viscosities before the condensates gradu-
ally changea in appearance from transperent amber to a white opaque
color due to the evolution of C02 bubbies throughorut the mass. The
occurrence of viscosity minima was evidently due to the action of
exothermic heat in reducing the viscosity of the condensates at a
more rapid rate than the increase normaly attending cross linking
reactions. This phenom-.ienon is advantageous since it permits the
preperation of condensates with low pour points, not exceeding 400
poises, to obtain rigid solvent-free foams of improved physical
properties.

Incidentally, the prior art method "X" of no temperature
control is also a viscosity cycling process in cý,nslerntlon of the
recorded minimum of 35 ps prior to attainment of the foaming thresh-
old at 90 re. However, the mixing time, 10 minutes, was so short
that a maJor fraction of the total. exothermic heat of reaction was
trapped in the expended foam. The resulting high internal tempera-
tures frequently caused cracking and incipient carbonization of
thick reactions of the foam. Users of this process (U ) have
recommcnded' multiple pours to eliminate this difficulty and counter-
act the effect of short induction times.

Figure 3 shows the Brabender Plastograph used interchange-
ably with the Hobart Planetary Mixer, Figure 5, in obtaining the
trend of condensate viscosities and temperatures from the instant
of adding TDI to the precooled resin to the time of pouring.
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Figure 4 -Typical plamctograph recording of condensate
viscu,;itv to the pour point
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Figure 4 is a typicai •iastograch chart recording of con-
densate viscosities and temperatures as a function of time for a
clou- rencting NOL rec!n prepanre ty Method IA. This chozt illus-
trates a gradual decrease of condensate viscosity from a maxdmum of
280 metergrams at the end point of compatibility to a minimum of 35
metergrams, followed by an increase to 125 metergrams where de-
carboxylation was noted. Meterg-mm valuies were converted to poises
vith the aid of a calibration chart (not shown), based on independent
determinations of the metergram readings of NOL resins whose vis-
cosities varied from 50 to 8.O00 poises over temnerptures ranging
from 70 to 1500 F°

The automatic viscosity recording feature renders the
Plastograph ideally suited for determining process criteria; however,
the 525 gram limitation in batch size and 7000 poises upper ILmit in
viscosity comprised restrictions not shared by Hobart Planct.ary
Mixers. The main disadrantage of these machines was the necessity
of interrupting the mLixing for Brookfield viscosity deterninations,
but this is no longer a drawback after visccity rmriaxions for a
given resin have been established in preliminary tests.

Figure 5 depicts the 1/8 R.P. laboratory size Hobart Mixer
used in procuring all intermediate and final pour point criteria.
Much stronger 1/3 to 1 H.P. mixers were required In variations of
the extended compatibility proni >'A, Method 3 exp., developed by
Raytheon Mnufacturing Co. in an early sandwich design for Sparrow
III radomes.

In general, all viscosity cycling methods, whether carried
out by the release of exothermic heat at the commatibility ebnd point,
or after reaching an abrupt "peak viscosity" following a viscosity
plateau of considerable duration, were characterized by a pronounced
drop in viscosity followed by a slow increase to the fopmraing thresh-
old. Figure 6 illustrates this property for cessation of -coling at
the compatibility end point (Methods 1 exp,. and 1A exp.) and an
earlier version of Method 2 exp. wherein solid C02 additions were
reduced in quantity until a minimum was attained at 500 ps.

The extended compatibility procedure generated considerably
higher minima, 300 ps, for Method 3 exp., and 750 to 850 ps for the
long time (75-90 minutes) modifications of this process adopted by
Raytheon Manufacturing Co.

Table II gives the terminal pour point criteria for 525
gram bAt.-hes of condensates rrocessed by each of six different
methods, 357 grams of which was poured Into demountable aluminum
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Fi-gure 5 -Planetary mixer used in preparing
condensates by intCernal or external cooling
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Figure 6- Typical process curves obtained by hand
and machine mixing
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molds with internal dimensions 1C 9 1- 1' %11/2 i. to produce re-
str"icted foams of about 10 ib/cft lensity. Prior to pouring, the
molds were preheated to 1500 F to avoid sudden chilling of the batch.
Freshly poured condensates were then transferred to an air circulating
oven pre-set to 150'F to complete expansion and gelation of the foams
within 1/2 hour before raising the temperature to 2750 for -.st-
gelation cure cycles of 3 hours.

periments to ascertain the ranges in expansion temperatures, vis-
c:osities, and gelation times of .00 gram quantities poured into quart-
size paper cups. The purpose here was to determine whether increased
duration of mixing was accompanied by. Incre'a--d mobility- and higher
gelation viscosities of expanding condensates. Ta genjers! these
data support a direct correlation between pre-pour and post-pour
criteria on the one hand, and foam performance properties on the
other.

Table !I product data show that Methods 1 exp. and 1A exp.
were equal, within eaperimentai data, to Process "Y", and that Method
2 exp. was inferior. However, all four viscosity cycling methods
were superior to "X" and "Y" control procedures if allowance is made
for their effectiveness in improving the resistance to compressive
heat distortion of resulting foams, as obtained by the NBS with the
aid of a Williams Plastometer. Percentage decreases in thickness of
specimens subjected to a 1 hour heat-soak at 2660 F in a thermo-
statically cont....d oven w .r .1foud to be 15, '20 4.5, 2.5, 9.3
and 1.7 for each of the six processes in the order given by Table II.
Poor cross linking was' t~m~.� n.0o.dly responsible for Reocess "Y" re-
sults, while entrapme-rt o: an appreciable qucarntity of acetone-Aerosol
OT solvent in "Yn processed foams could e-siy ac.,t for th.ir st•,"L
higher heat deflection.,

As stated above, Table TI results could be reproduced by
external cooling of small batches not exceeding 525 grams. Consider-
able difficulty, however, was encountered in maintaining reaction
temperatures within stated limits by outside cold water circulation
through jacketed Hobart and 3rabender reaction vessels. Intermittent
cooling with a removable cold water source was usually required.
Further difficulties were encountered in the solidifictition of resin
condensate on the walls of the container. The solid C02 method of
viscosity-cycling bypasses these difficulties. Cornell Aeronautical
Laboratory, for example, has adopted preferred versions of the solid
C02 procedure in preparing 75 lb batches of condensate in foaming
KDN-1 drone wings, and for converting newly developed terpolymer un-
saturated alkyds to heat resistant foams ( 12)° At the present time,
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the same technique is being used by CAL in foaming nodular units for
building and housing roistriction (13).

Confirmatory evidence on the improved cross linking ef-
ficiency of Method 3 exp. relative to Method "Y" was obtained by
prolonged (200 hour) extractions of 25 gm samples of pulverized 1'oams
placed in Soxhlet extaractions containing 250 ml butyl acetate. Anaiy-
sis of the amnber colored resin exLracttds, in aziount equal Lo 7.5k an-d

5 9)j weight of foam given by Methods "Y" and 3 exp. schedules, re-
vealed a decrease in nitrogen content of 9.7%, acid numbers 0.7 unit,
and hydroxyl Y'_imbers 137 units for Method 3 exp. This degree of re-
ruction in the content of low molecular, cross linked polymers with
free Nr0, COOi and OR groups, while significant, was considerably
below the levcl sought for improved foams. Evidently, improved pro-
cessing techniques cannot in themselves compensate for defects In-
herent in thc CoM..... S' 4  of t reOin itself.

Resin Developwent

In order to obtain data on 'the effects of variations in the
chemical structure of poly- and moik-•'.ctional reactants, starting
functional group .-atio, and degree oIf es'Leriflcation in controlling
the number of free hydroxyl and carboxyi groups and the molecular
weights of resulting polymers, INOL made 75 foaming alkyds classified
as follows with respect to the condensation functionality of inter-
acting materials:

Functionality N..umber of
Patterns Resins

Class T
(Unmodified Desmophen 3:2.,2 28
Types) 3:2,2,2

4:2,2
Class TT

(Dio! or 9ibasic acid 3-2:2,2 33
modified tyres) 3-2:2,2,2

3-2,2,2:2,2
3 - 2 : •. -, ý 2

4-2:2,2'r
4-2:2"
3, 3-2:2*
2,2:3-2,2f

Class TIT
('bnobasic acid 3-31:2,2 10
modificd types) 4-1:2,2*

2-1:3*
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T:nct onality Number of
Patterns Resins

Class IV

(Diol and monobasic 3-2-l:2 ,2 4
acid Modifled types) 3-2:3-2,2*

*Note: 30 formulations based on functionality patterns
designated lby asterisks were rejected because of
excess TDI reactivity.

The functionality patterns of all reactants used in making
the resins are herein defined in ter"s of the number of 0H equivalcnts
prirent in the branc!'ing alcohols followed by a minus sign and the
integers 2 or 1 if Oiols or monobasic branching reducers are present;
these Are m'.cceeded by a colon and another integer, or integers,
separated 'r- de~~niIPting the Punctoaet of_ tho ci or
combinations of organic acids I -, -. -al-Ing rsin•. In thM.
connection, it is pointed out that monobasic acids, such 6s &aprylic
and lauric, are considered branching reducers since their first action
in the cooking cycle is production of the mono-esters of branching
and dihycric alcohols in proportions corresponding to tne molar quanti-
ties of these reactants initially present.

Complete information on the starting formulations and pro-
perties of all 75 NOL alkyds is given in a forthcoming report (14 ),
which interprets the phy3ical properties of rcs-ultlng foams in terms
of an extension of Flory's theory of branchinv to pqrtia1.y esteri-
fled alkyds based on starting Thrictior.l group ratios in excess of
the minima required to produce polymers free from surplus branching
monomers and branching controllers (15 ).

Unfortunately, due to their high TDI reactivity, 30 of the
75 resins could not be converted to foams because of their rapid
gelation tendencies when prccassed by Method 2 exL. considcred most
effective of the four experimental processes cited by Table I in re-
tarding the rate of 2,4-TDT cross linking reactions. 9owever, it is
likely tha- sat1 5~ctuy foams would have been obtained if the 80,/20
and 65/35 2,4-2,6-TTi had been available when these experiments were
performed.

Table III lists the molar oroportions of the renctants usei
in making four typical Class I resins and foir Clasr II tyoes with
functionality patterns of 3:2,2 and 3-2:2,2, respectively.

Column 9 tabulates the percentages of starting carboxyl
equivalents attributed to short chain aliphatic and aromatic dibasic
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acids In thene formulations. These data were utilized In inter-
preting the behavior of resulting foams. Types 1 and 2 acids were
required to counteract the plasticity induced by increased chair,
lengths between branch points, due to the use of sebacic acid in
resin formulations 4 and 4-D and increasing proportions of diols in
Resins Nos. 5-8 Inclusive.

The OR/COOH starting equiva]hnt rsftheQ, r, teabuated !.n
Col. 10 were obtained from the ratios !A, where Nt and Nm are the

products of' the functionality of the alcohol and acid react-tnts and
the numbers of corresponding molar equivalents initially present.

Table IV shows that the duplicate "n" resins are low acid
number counterparts of Resins 1-4, inCluzive, whose acid nu.bers
varied from 60 to 66. Resin 1-D is essent1ally a match for Select-ron
592

Acid and hydroxyl rnzmbers of the resins wet-c determined by
the uir-mn1 Met}1deA Cf alt'*.4.-' -2 `ý, -t . .. + t t,-t, aln with a 7/1
blend of -ridine and acetic a1--#-driide. The extents of rý:ciion or
carboVr1 group equivalents were calculated from the equation

N (45p 0r/ - AN(0.8002) ()

ND(45,000)

Wi

where NB Is the ntrmber of carboxyl equivalents in the original formu-
lations; 45,000, the equivalent weight of the carboxy2 groun in
milligrams; AN, the observed acid number; 0.802, the C06/KORH con-
version factor; and'"J Wi, th^-,,e w"cght of the in"- kal charge in grams
equal to the sum of the products of the molecular w-+ts and number
of moles of each reactant.

Equation 3 was based on the assumption that the observed
acid i-numberc rapreesiit the total free carboxyl content present in
the resinous products. In thus neglecting the possible effect of
steric hindrance, due to coiling of the molecule, in reducing ob-
served acid number's below their real values, it is evident thrt the
reaction extent of DOOH equivalents is given by the quotient of the
number of esterified equivalents to the total number of CO0TI{ eqp.lva-
lents in the startina formulation. The number of esterified equiva-
lents, in turn, is equal to the differenee between the number ori-
ginally present per gram of charge and the number remaining per gram
of product as calculated from acid ntuber determinations.
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Column 6 data on the theoretical hydroxyl numbers, h, of the
resin cou•iju Liuns were obtained fron the formula

L - NA r 17,0OO x 3.3 ','

Wf

where NAi s the number of unreactwd hydroxyl equivalents; 17,"?O,
the &quivalent weight of the OH group in milligrams; 3.3, the KOIVOH
conversion factor; and Wf the final weight, or yield, of the resin in
grams.

Fquation 4 was derived from a consideration of the identity

PANA a PnNp (5)

wherein PA designates the extent of reaction of all hydroxyl group
equivalents, NA, initially present. But since the number of un-
reacted Off equivalents is the difference between the number origin-
ally present and the number that have reacted,

F

NA :NA - PfB (6)

Further, it is obvious that the theoretical Yield of resin may be
nalculated from the equation

We - W1 - Wd (7)

where the theoreticvl weight of aqueous distillate, Wd, is PBNB x 18
since one molecule of water -is ,-Vl-vekd f0r ea•ch esterified hArbornx)
group. Hence, product yield is given by

wf = Wi - IpBNjx 18  (8)

Wydroxyl numbers were readily. calculated by substituting equations
6 and 8 data for Nj and Wf in equation 4.

Calculated values of Wf were always slightly higher than
experimental values obtained by measuring the volume of aqueous
condensate expelled by the reactants dtring the esterification pro-
cess. Measured values of Wd were always somewhat less than theo-
retical values predicted by the product PBNB x 18. However, the
order of agreement was sufficiently good to preclude the possibility
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4
of higher than theoretical quantities of water due to etherification
rcactions.

Table IV shows that the calculated 1ydroxyl n~bers were
alwsys higher than the observed values. Much better agreement was
obtained for the Class II types, as expected by the effectiveness of
dqo0 no if0r.ati.ons in rekA J.

droxyl groups il tiie resin polymi"rs.

Total free group percentages and free 01{iCOOH group ratios,
also tabulated in Table IV, were computed from the equivalent weight
percentages ratios for carbo7yl and hydroyl groups; namely,

n(od) X ,82 X 1 h(calcd) x 003 -Qoo1000 1000ad I0

where 0.802 and 0.303 represent the COOH/KOH and 0H/KOH conversion
factors.

Total free group concentration is a measure of the poten-
tiai cross linking density of the resins, and free OWC*OH ratios

,their foaming capacity. The total free group content of Resins 1-4
was appreciably higher than their ID-4D counterparts, while their
free group ratios were appreciably lower. These conditionst nresage
a high density of TDI cross linking reactions and reduced -
t on of hydroxyl for carboxyl groups in converting to foams. How-
ever, the total free group concentration in Resins 5-4 was eunsider-
ably lower than the Class I types. This circumsta-nce may contribute
to their greater freedom from steric hindrance and capability for
undergoink- more complete cross linkdng reactions.

Lastly, Table IV data on the branching coefficients, ,
of the reference standard, Selectron 5922, and the eight Class I
resins were calculated from the formula

_• PBý

r k1/

derived by Flory for unmodified branched polymers with short growth
chains. The expression

SPB2 (10)
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also developed by Flory ( 16 ), was used to calculate the branching

coefficlents of the remaining four Class II resins with e ongated

growth chains.

The factor p in equation 10 is defined by the ratio

N= A

I NA(b) + NA(d)

where NA(b) andA(d) designate the number of OH groups originating

from branching alcohols and diol branching roducers. From this it
follows that the branching reduction factor, i-•, is given by the
inverse ratio

NA (A

1- (12)
NA(b) + NA(d)

T'Rhle •Ii r~,-ords the 1- 0 .,.iq,,.e f•o. f.-. -"'

T.al.. i rtchrds Ctlass II resins

made in this research whose branching reduction ratios varied over
the range 8.8 to 67.8 percent.

The branching coefficient, d as Jefined by Flory, is the
probability that a hydroxyl group emanating from a tri- or higher
functionality alcohol is oonnected via a linear growth chain to
another hydroxyl group originating from a branching alcohol rather
than to a chain terminated by an unreacted hydroxy! or carboxyl
group.

Since it was assumed that hydroxyl and carboxyl groups
have equal reactivity, the probability of formation of branched
polymers with short growth chains is the product of separate OH and
COOH reaction probabilities, hence

=7 = PAPR (13)

for Class I polymers. But if diols are present, as In Class Ii
polymers, the branching probability becomes

0( = PAPBP- (14)

I - PAP(B1- P )

Proceeding on the assumption that the reaction probabili-
ties, PA and PB, can be identified with tangible experimental
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criteria, namely the extents of reacticn of the hydroxyl and carboxyl
groups as determined analytically, Flory derived equations 9 and 10
by substituting PB/r for PA in equations 12 and 13.

Incidentally, PA measurements should be avoided wherever
pDs4-bl'•h. Q-qrc nlvt.irtAi R' te rmfi natiorn of" hvdroxv- number are
attJot÷n the m"Apitde of the steric factor and to variations in
the enncentration of acetic anhydride in the pyridine acetylating
reagent.

Numerical values of the branching coefficients, as such,
provide no information on the molecular weights or members of branch
points present in th polymer fractions of the resins; however, high
values of o( for Class I resins correspond to high molecular weights
of the branched polymers. The opposite is true for the Class II
t�•• ' _'in thic case, for fixed values of PB and r, the branching
moefficlent decreases with increased v.•l of the branh oing rp-
duction ratio, 1-P. Hence low values of c( for Class 11 resins
indicate high molecular weights of their polymer components. Linear
molecules, for example, with zero values for c,( , can attain molec-
ular weights of'25,000 or more ( 16), considerably higher than
-recent estimates of the molecular weights of different classes of
partially esterifiie branched polymers ( 15 ).

Figure 7 shows the NOL reaction train used for preparing
each of the 75 resins in a three necked f1isk of '• *-.crs caracIt.y
The temperature of the charge at various stages of the condensation
was controlled with the aid ef a Glas-Co! eiectricaily heated mantle
connected to a Vari=h. Provisions were msRde for aspirating nitrogen
continuously through the charge during the reaction cycle, removing
samples for acid number determinations at desired intervals, col-
lecting and measuring the water of esterification, and finally re-
moving, from selected resins, all but the last traces of water by
vacuum distillation at reduced temperatures. Water vapor evolved
during the condensation process was first passed through a Frtedrichs
steam condenser to expedite its removal before passAge through a West
conde-nser and collection in the Bogert distillation receiver.

Table V shows a definite relation between the numerical
values of a for the Class I rosins and their f'oam product properties.
The high acid nrrnber version of these resins, with branching coef-
ficients or 0.34. to 0.40, gave decidedly stron~r foams at normal
and elevated temperatture than their "D" more highly esterified
counterparts whose branching coefficients varied from 0.39 to O:/5o
As explained in the forthcoming report on resin f'ormulations ( 14 ,
'4ethols I exn., 1A exp., and 2 ex-. were u-sed in converting thoec
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re.sins to foams rather than the preferred methori, -f extende&° conpati-
bility, Method 3 exp., since these methods are similar ný r'-.itted
conclusions• to be dra,,mn or. the role of resin constitution in deter-
mining foam properties rather than processing technique. ,,owever,
it was concluded that most of the rp14 i4tx p ,_jb"rre.4 in v n

1rJerition of their i!;v pour point t-Which sh.ul..- hav.

approached 400 poises to yield stronger foams in accordance with the

proved advantages ( 10 ) of prolonging mobility of the 2,4-TDI con-
densates for as long a time as possible before pouring.

Despite this failure to optimize mixing schedules, Table V
shows that the high acid rnmber Class I resins, Nos. 1-4, and all of
the four Class II resins gave improvements of the order of 10 to 15
percent in conpression, 15 to 30 percent in shear, and 20 to 75 per-
cent in tensile over the control, Selectron 5922, processed by
Mc..C. 1A eX, Sir% fi cent improvements also were recorled in re-

duced water vapor absorption at 160'F and connresslve heat distor-
tion at 230 and 266'F.

The data recorded in Tables ill, 1V and V Indicate a
general correlation between the kinds of polyfunctional reactants,
their starting functional group ratios, degrees of esterification,
and resultant foam performance characteristics. Further work should
be done to optimize these variables for Resins 4, 4-n, 6, 7 and 8
which gave superior results in these pre1lminary tests. For exAm,.hm
it is conceivable that the replacement of succinic anhydride and
adipic acid by phthalic anhydride anid/or tetrachlorophthalic anhy-
dride in Resins 6, 7 and 8 would improve the comnression strengths
of derived foams at both normal and elevated temperatures. Tt 0is
also likely that more favorable results would have been obtained if
low temperature-long time cooking cycles had been adopted for all
resin formulations. In this work, cooking times varied from 3.2 to
15 hr and esterification temperatures from 150 to 250PC. Several
years ago, Rruntzinger end co-workers found that low condensation
temperatures and long cooking timss shoii hP i-doptcd whencizer po-:--
sible to forestall rapid viscosity build-up of polyesters for the
same degree of esterification( 17).

Polymer Structure

Flory's equations for branching coefficients inn~ediately
suggest methods of controlling the degree of branching of foam resin
polymers by judicious manipulation of the variables r, PB, and
These equations take on a new meaning if interpreted ir the light of
the schematic branched structures (a) and (b) shown in Figure 8.
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(a) Class I - Polymer Component Based on r 1.500

-OH=--OCOROCO --- O

HO -- O , -0HcR ---4o
~J~3J OH

L OCOROCO--
0 ._OCOROCOH

(b) Class N1 - Polymer Component Based on r = 1.375

OHf

O~'COROCOROCOROCO-

O, -OCOROCOH

(r) Segment of Cross Linked Alkyd Gel Based on r -r.00

--- HOOCROCO----OCOROCO---H- --

"-OCOROCO -OCOROCO

•' -- HM - OCOROCO (3 ORO,.Ol-0-1

"Figure 8 - Branched structures of alkyd foam
polymers and gel based nn decreasing starting
functional group ratios
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These concepts rf polymer structure are useful in explain-
ing the phenomenon of steric hindrance of unesterificd functionall
groups. Flory has interpreted steric hindrance in terms of the coil-
ing tendenc~.es of branched molecules ( 18 ). Highly branched molecules
of low acid number are more subject to coiling Lhan low molecular
species of relatively high acid numbers. Short growth nhainR in

Class I polymers may increase the steric factor because of the proxi-
mi Ly of free hydroxyl groups. 'rhe !ntrouict',on of esterified diols

in the chain structure of Class IT no vmkrs reduoe te .... of

this effect to a considerable extent; consequently, it was expected
that TDI cross linking reactions woull proceed to n higher degree of
completion with polymers of this type.

Dostal (' 19 ), and Dostal and Mark ( 20 ) have orooosed
equatioms for determining the magnitude of the steric factor for
partially cross linked polymers of vnrying molecular weight. Nor-

-r.-•y .t_ p-.y.ers +l-;- •• .l, a btercaily

unhindered, but adjacent OH gps in condensatIon polymers are subject
to varying degrees of stCric hirJrance denending on chain lengths
between branch points and the dregre of branching of the Toleclyie as
a whole.

Bawn has nointed out that the total number of growth and
terminal nhains in branched molecules may be comoutied from the for-
mulla

Nt + Ng = 2(y + z) +I (15)

where y and z represent tie number of branch noints attributed to
short and elongated growth chains ( 21 ). Str-uctures (a) and (b) of
Figure 8 cach possess three branch points, two growth chains, and
flvi termrinal groups, one of which is carboxy°l. Obviously, z is
zero for structure (b). Structure (b) has a higher molecular weight
than (a); further, it can be shown that for e'ual molecular weights
Class II polymers possess fewer branch points than Class I types.
TAkewvse. it Is Avident that as the number of hrnrch voints increase
with higher degrees of cotcrifcat-or, the nu-mber of free OH groups
also increase, although the weight percentages of these groups, ex-
prcssed in terms of hydroxy! numbers or free group percentages, be-
come progressively less. The data recorded in Columns 6 and 7 for
the Class I resins in Table IV bear out this point.

The symbol R in structures (a) and (b) of Figure 8 repre-
sents a single partially esterified dibasic acid in these polymers
and se.,veral comnletely esterified residues dependijg on the nunber
of -OCOROCO- growth chains, y, in the molecule. R represents a
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a single completely esterified dioi residue in the elongated growth
chain z of structure (b). The maximum starting functional group
ratios, r, required to produce these pol--yers free from monomer are
1.5 and 1.375. These ratios are constant, iA-ependent of the number
of branch points in the molecula.

Although equations 9 and 10 presumably are valid for all
values of O( , the early work on branched polymers was limited to
alkyds based on starting functional group ratios of unity, correspond-
ing to equimolecular proportions of brenching alcohols with dibasic
acids (22 ) (23 ). This circumstance, more than ary other, has de-
layed the application of branching theoryy in the design of resins
with reduced monomer content. Th~oretically, the coexistence of low
molecular polyurethanes derived from these polyfunctional alcohol

their concentration.

Branched molecules based on equivalent functional group
ratios utndergo rapid cros linkini tre-÷on•r of the type !!usetrated
by structure (c) of Figure 8, resulting in gelation when only 63 to
79.5 percent of the reactan's are esterified. It has been estimated
that branched molecules of thia type become extremely large, even-
tually attaining molecular weights of 1022 or more before gelling.

The incidence of gelation at relatively low extents of re-
action has been interpreted by Flory in the light of his concept of
the existence of a critical, or gelatdon threshold value of the
bra'chlng coefficient, OC as defined by the equation

( f- 1 (16)

where f is 3 for reactions based on trJhydric alcohols and equi-
molecuilar proportions of OH and COOR grouDs. In this case. the
critical extent of reaction, Pc.. is A"" t.Q.l 'D. 0

- C 9 "" 'A - oPare equal. While it is conceivable that foams imade by interrupting
the corelensation at lower PA and PB values than correspond to gela-
tion, such foams would be unusable because of their high monomer
content and the need of a high surplus of OH groups to impart
rigidity by urethane cross linking reactions.

The eupplementary report on foaming resins (15) gives full
details on the theoretical background, calculations, and experiment-
al evidence in support of Figure 8 structures (a) and (b) for poly-
mers containing one free carboxyl group, as contrasted to alternate
structures of considerably higher molecular weight bearing two or
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more such groups. Clearly) in.nufficient quantities of dibasic acids
were used in Class I formiiations, and still lesser quantities in
Class II types, to tie in all the polyfunctional alcohols into a
single polymeric complex. Selectron 5922, for example, was bnse& on
the reaction of 2.5 moles adipic acid and 0.5 moles phthalic anhy-
dride with 3.O molcz of glycerine. Since only two of the three OH
groups are csterified in the proucztion of branched polymers, snly..
3.0 moles of glycerine, or integril r-2tI-cz of 3.0 m...s .e.nIM
condensed with 3.0 moles or integral multiples of 3.0 moles of di-
basic acids. Therefore the excess, 0.8 moles of glycerine, or inte-
gral multiples of 0.8 noles, depending on the degree of esterifica-
tion of the resin, must rorair, admiyed with the polymer components
whose nunber average molecular weight satisfies the equation

A - Wf (AI
Wp ' •± ( I

where AN, is the average acid niumber nf the polymers; AM,. the ob-
served acid number of the resin compc"it-on; Wf, the resin yield; and

the weight Dercent polymer in the product as obta.iined from Uhe
equation

Wf

S4m is the weight percent free triol monomer in excess of the quantityrequred to• ,roduce braniched polyners with one or more free COOH ter-
minal groups.

It is shown, further, that the supposition of two or three
free COO groups can only be satisfied by starting functional group
ratios of 1350 and 1.312, considerably lower than the 1.5 ratio re-
quired for the production of Class I polymers with one free COOH
group.

Since 1.9 to 2.0 functional group ratios were used in the
production of Class I polymers, the probability of formation of
branched structures with two or more free COOH groups is very small.
However, the calrculated ANr value of 49.4 for Selectron 5922 can be
satisfied by the assumption of 5 to 6 branch points for polymers
with one free carboxyl group, and 9 and 14 branch points for polymers
with No and three carboxyl groups. Corresponding number average
molecular weights for these polymers are 1133, 2629, and 4223,
respectively.
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These calculations indicated the desirability of extracting
the unreacted glycerine monomer to obtain polymer s. -ples for .0!! -

lar weight determinations. Alternately, quantitative analysis of the
monomer extract was expected to throw light on the structure of the
polymer since resinous comipositions based on oolymer components with
one, two or three free COOH groups should contain 10.6, 14.6, and
15.6 weight percent free glycerine.

Since facilities were not immediately available for molecu-
S... ....... A. W1+r f rýti- the content of

free glycerine in Selectron 5922 was determined after first making
a boiling water extract of the resin preheated to 350'F. After cool-
ing, the supernatant aqueous extract was evaporated to dryness in an
inert atmosphere. Aliquot samnles of the dry extract, comprising 15
percent of the initial weight of resin were re-dissolved in water and
analyzed for glycerine by the periolste method ( 24). This method
utilizes sulfuric acid to liberate per'odic acid from sodium meta-
Periodate, which oxidizes glycerine in accordance with the equation

C3 ',{5 (0c1) 3 + 2H5106-- 2CH2 0 + CH2 02 + 2HI03 + 5H2 0

Alkaline titration of the formic acid liberated by the reaction cor-
responded to a glycerine content of 8.5 percent, appreciably less
than 10.6 percent predicted or, the hypothesis of only one terminal
COOH group in the polymer fractions of the resin. Control tests
carried oit with ethyl acetate solutions of the water insoluble
fraction, comprising 85 percent by weight of the resin, revealed no
formic nc!i or iodlic acid whatsoever.

The accuracy of the periodate tItrat ions undoubtedly would
be improved if a solvent of high selectivity could be found to re-
move small quantities of low molecular weight emulsified polymers
from the aqueous extract. Nevertheless, the order of agreement was
sufficiently good to preclude the existence of substantial quanti-
ties of high molecular polymers bOaring two or more carboxyl groups.
As explained in the supplementary report, the formation of such
polymers would yield much higher percentares of unreacted glycerine.

Figure 8 structures of the resin polymers has received
added support from calculations of the hy-roxyl number contributions
of the polymer and monomer fractions of the resins. Hydroxyl numbers
for the polymer and monomer fraction.; are given by equations 19 and
20
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.NAI x 17,000 x 3.3
hp = Wf x % Wp (19)

:•"I n.00 X Wm

% OR in monomer x 3.3 x 0
m 100o (20)

For Selectron 5922, hp and hm are 294 and 194. Their snm,
4ý88, agreee exctly Aith the calculated value recorded in Table V
for this resin.

This proof of the ejdstence of free monomers, as predicted
from branching theory, highlights the need of preparing resins with
little or no unreacted monomers. The limiting factor 1n ru.:h a pro-
ject is the anticipatcd high viscosity of partially esterifiod poly-

ers not. co t..ninng free monomers which exercise a nlasticizing ef-
feet. Jowever, it is fell; that this difficulty may be overcome by
carefully selecting polyfunctional alcohols and acids canable of
undergoing condensation reactions by long time-low temperature pro-
cedures.

Part 1I

Inorganic Ceramic Foams

Dense unexpanded ceramics have long been considered desir-
able radome materials because -f their good dimensional, electrical
and chemical stability over a wide temperature range. and their 'low

water absorption and resistance to rain erosion. Hence, it is "ot
surprising that the Office of Naval Research awarded a contract to
Rutgers University in 1952 to investigate the adaptability of these
materials to radome manufacture (25).

Despite notable success in the fabrication of prototype
steatite solid wall ogival radomes of moderate size, the Rutgers
team soon recognized the potential difficulties of machining still
larger domes ranging in height from 4 to 9 feet and base diameters
of 2 to 5 feet, presently based on symnetrical sandwich ani half
wave wall plastics constructions. The need of furnlamental research
to increase the tensile strength and impact re 'stance of the!e
dense bodies also was recognized.

Even if these limitations are surnounted, their high weight
penalty will always rema'in a deterrent to the use of solid ceramics
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in the manufacture of precision radomes. Anticipating the advantages
of dielectric sandwich structures in overcoming this drawback, the
Air Force sponsored contract studies with Stupakoff Ceramic ard Manu-
facturing Company to investigate the efficacy of the "burn out," Dro-
cess for levigating solid ceramic formulations (26). W4hen it was
demonstrated that foamed radomes based on this process had non uni-
form electrical properties due to lack of homogeneity in Lheir pore
•tru+tur,* this Center ao~e# a contract pc--Ts'! m . tted

Professor A. J. Metzger of Virginia Polytechnic Tnititute t.o in-
vestigate porous bodies made by the aeration of Rqueous suspensions
of inorganic materials.

Irnitially, Metzger's studies were direc.ted to the develop-
ment of porous ceramics of dielectric conatants ranging from 1.4 to
1.8 for "A" type symmetrical sandwich atructure radomes. Some 20
monthly anW- qarterly r-Gprts cowm'ing this phase of the work. ýiave
been summarized by two final reports published in 1952 and 1955 (27)
(28). A third roport summarizirng progress in the development of
alkaline earth titanate bodies was published in 1957 (20). Recent
studies describe high alumina levigated bodies of low dielectric
constants and exceptionally high flexural strengths (30). While
presentl: suited only for "A" type sandwich constructions with im-
pervious ceramic coatings of dielectric constants 4 to 8, it is ex-
pected that the controlled addition of small amounts of inorganic
materials to these formulations will increase their dielectric con-
stants to the levels required for half wave dorie of variable fine-
ness ratios without undue sacrifice in their resistance to thermal
shock.

Fo-ua tior -

Table VI lists the starting materials and resulting foam
body compositions of two typical low dielectric constant ceramic

* foams (B*77 and B-109) and four 'alcitm titanate formulations (C%-3,
CT-8, CT-15 and CT-16) whose dielectric constants varied from 4 to
12. Pioneer Georgia Kaolin was used in B-77 and Ball Clay in B-1,09

* formulas.

Each of the components listed by Table VI was functional
in contributing to desirable properties of the aerated slips and
the end product properties of the resulting foams. Plaster of Paris,
f'or Pxaminie, served as a binr and stabilizer for the lime-alumina-
silica systems B-1 through B-81, anr. as a source of calcl• oxide
for the CT- series of foams. Initially, CT-3 was based on the
starting ? .rmulatlon CaTiO3 ,39/TiO2 ,5/Kaolin,25/alivina,9/plaster,22
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until it was found that calcium aluminate formed by metathesis re-
actions during firing accomplished the same result. Pioneer Georgia
Kaolin likewise was functional in these and other formulas by acting
as a plasticizer in easing the flow of aerated mixes, increasing the
green strengths of dried formms, and in providing aluminum silicate
fluxes for accelerating solid state reactions during firing.

S Ph-se rile three dimensionml equilibrinn dlasrams prepared
Sby thi Geophysical Laboratory were utilized in selectirng desirable

proportions of lime, alumina, and silica for the B- series porous
ceramic foams with dielectric constants varyinp from 1.4 to 2.2.
The isoliquidum boundary lines of these disgrams also were helpful
in predicting the maturing hcats,, firing range, quiantities of glass
(SiO2 phase), find the kinds and amounts of different crystalline
compounds formed.

Unfortunately, no phase equilibrium diagrams were available
for the CT- series of foams; hence there was no alternative to the
use of empirical, methods in ascertaining their optimum body com-
Positions.

Prediction of Dielectric Constants

The successful use of all categories of foams, whether
plastic or ceramic, is predicated on mathematical relationships
between dielectric constants and densities. Several years ago,
scientists affiliated with the MIT Rsiiation Laboratory (31) and
the Telecommunications Research Establishment in England (32) found
that the dielectric constants of organic plastics foams could he
Predicted reliably by the equation

log = log (1)

where Er is the dielectric constant of the foam relative to air
(C-, = 1.0008), e and the densities of the foams and unexpanded

plastics of the same complosA0ion, anr0 / ,e rlk ....elat .vc ic
constants of the unexpanded plastic component of the foam.

In early studies of the B- series low dielectric constant
foams, Metzger found that equation 1 gave much lower values of
than experimental values. The linear equation

S1 + , (2)
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in contrast, gave much better agreement with experimental values
when k was set equal to 0.02. Howovor, equation 2 gave unreasonably
high calculated Value3 of Er for ca1ci,_• and/or strontium titanate
foams whose measured values were 4 to 25, Proceeding on the assump-
tion that the Gladstone-Dale Index for glasses was valid for porous
ceramics of comrpratively high dielectric constants, Metzger derived
the equation

= (+k xp) 2  (3)

for predicting relative foam dielectric constants from density deter-
minations. The constant k in this qiuaticrn war computed from the
exoression

k (4)

which is analogous to the Gladstone-Dale Index, k, for glasses

since C- n2 by electromagnetic theory. The numerical value of k
in oqus.ion 4 was found to be 3.45,28 with a standard deviation of
*o.1462.

Pmrp. Q qhons thAt evera I r alues of the deleot•÷.
constants of calciuum and strontium ti.•nate foams coincided with nre-
dricted values given by Curve B plot of equation 3. In this regard,
the applltait of equations 3 and 4 to foams of known density has
indicated that fairly wide variations in the dielectric constants of
correspon-ling solid CT- ceramics gave substantially the same cal-
culated values of 4.r. for the levigated -bodies. For example, 6.
can vary from 4A t- 53 and from 63 to 76 to obtain half wave core
dielectrics of 4.0 En 5.0, respectively.

Curve A of Fignire 9 likewise shows good agreement with
equation 2 calculated values in the low range (1.3 to 2.4) of di-
electric constants. This curve has been extended upwards to em-
phasize wide differences between the values of 6-rgiven by equa-
tions I ond 3. rurve C plot of equation 1 has been included to
Illustrate the marked discrepancies between the dielectric constants
and densities of plastic and ceramic foams.
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Processing Methods

Metzger's 1952 and 1955 summation r¶'orts for the B- series
foams (27) (28), and the 1957 report for the CT- series (29), give
full details on the progressive stages of processing, comprising:
(1) preparation of aerated slips, (2) forming procedures, (3) firing
schedules. and (4) application ,cf sealant and r! pervious glazed coat-
ings. Meticulous observance of these instruciýiono is rotquit. t-

secure light weight boiies -weting the stti--uplated pei:TforAnce char-
acteristics.

1. Preparation of Aerated Slips - A three speed Hobart
Planetary M1ixer -rovided with a 12-qt. bowl was used to prepare 5 to
10 lb. batches of aqueous suspensions. rry mixes of the var iou.-
ingredients were first blended with Style B flat beater before adding
43 to 52 parts by weight of water containing 0.5 percent Aresket 240
(M1onsanto's monobutyl biphernl sodium monosulfonate). The B- series

,fo,,miltions required 49 to 52 percent liquid and the CT- series 43
to 49 percent relative to the total weights of aqueous suspensions.
Aeration was accomplished by replacing Style B beater with a wire
loop blade, and by operating the mixer on high speed until the volume
•nd viscosity of the batch simultaneously increased to predetermined
levels corresponding La desired porosities in the final products.

Prior to casting the slip into molds for preparation of
the green foams, one or more deflocculents similar or equal to 3cdi'-n.
or ammonium alginate arnd carboxymethylcellulose (CTr) was added, and
the pg adjusted to 7.35-7.45 with dilute amonium hydroxide. Armac
12D or Armanc CD cationic surfactants in amount equal to 0.1 percent
on the weight of the water were substitute advantageously for the

anionic surfactant, Aresket 240, in several of the CT- fornulations
to obtain finer pore structure, but these substitutions were usually
accompanied by higher green form firing chrinkages.

2. rorming Procedures - Rectangular specimens were made by
casting the slips into wooden frames placed on glass plates covered
with wax paper. The material was allowed to dry for 16-24 hrs. under
controlled temperatures and relative humidities until no further
shrinkage was noted. Conical shapes were made by pouring the slip
into sheet galvanized molds of 30 and 40 degrees cone angle. Male
galvanized molds of the same cone angle were then lowered into the
mix to produce forms approximately 7/8-in. thick. After the material
has set, the inner cone was removed and replaced by a conical copper
screen to permit rapid evaporation of water. Several hours later,
the outer cone was taken off and the piece allowed to dry thoroughly,
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The largest green coninal form made in this way had a base dianmter
of 26 -in. and altit-ade of 30-in. The linear shrinkages of B- series
green forms obtained by this technique were 24-26 percent, but the
CT- series developed appreciably higher s9rinkages of 30-32 percent.

3. Firing Schedules - The preferred firing~ schedule for
most of the 81 Series B- lime/al1umina%/silica foams w"a,- a preli4 'inary
12 hr. heat soak at 22000F to remove the last traces of sulfur tri-
oxildef bewriati by thermal decomposition of the plaster of paris in-
gremdint. Thereafter, the temperature of the kiln was brought up
rapidly to 25521F where it was held for 3 hr. before the specimens
were allowed to cool. Conical forms were supported in an octagon
shaped refractory cone and fired with the apex of the cone placed
downward.

The B107-B115, inclusive, high alumina bodies (3) were
fired at much higher temperatures of 27O0-280COF to realize optimum
strength. The CT- bodies, in contrrzt, were fired at a considerably
lower temperature range co1' 2200-235"0F. The upper limit of this
range w&; very critical, and must be held within *250F of the opti-
mum temperature.

The firing shrinkage of the B- series foams was 27 to 29 percent.
Still higher shrinkages of 32 to 34 percent were recorded for the CT-
series fosmes., Clearly, in p-,'oducing radomes of specified core thick-
ness, the thickness of newly cast slips must be estimated with great
accuracy to forestall excessive machining of inner and outer surfaces
of the conical shaves and the outer surfaces of specimens prepared
for physical property evaluation.

4. Application of Sealant and Ceramic Glaz - Recause of
their high porosity, light weight bodies made by the aeration process
first must be treated with appropriate sealants to prevent penetra-
tion of the glaze into the foam cores. Preliminary experiments con-
ducted with B-77 bar stock of 35 Wb/cft density showed that a non-
aerated slip of the same composition could be applied to provide an
impervious caalant 0.025-in. thick. The firing temperature of this
uncx-panded coating was 2200'F. Thereafter, -two applications of a
high lime-boric acid glaze were made in separate steps. Maturing
temperature of the glaze was 2301F.

The sealant and glaze coatings gave flexural strength In-
crements of the foamed core consistent with sandwich theory. The
B-77 bar stock had a flexural strength of 372 psi. A single applica-
tion of sealant raised this to 478 psi, and the first and second ap-
plications of glaze increased the strength to 1222 and 1455 psi.

59



M~oore

Figure 10 shews a F -77 foamed cone l!-in. high and 8-1n.

bAse diameter sealed and glazed by thi_- procedu__e_ Eventually st-ress
cracks devuloped in the core due to inequalItios in the thermal con-
ductivities of the glazed coating and core. New ceramic finishes and
novel mjthods of application are being investigated at the present
time to equalize the coefficients of thermal expansion of the imper-
vious coating and the foamed core.

Physical Properties of Porous Ceramics

Tabulated In Table VII sre numerical data on the mechanical,
thermal, and electrical properties of two each P- and CT- light
weight ceramics at arbitrary densities given in parentheses.

The flexural strerxths of these bodies were obtained by
*single point loading of 6 x 1/2 x 1/4-in. thIck specimens moutited
on a jig with a 4-in. span. The tensile machine used in these tests
was adjusted to a loading rate of 0.25-in, per minute. Moduli of
elasticity in flexure were calculated from the slopes of the load-
deflection curves before attaining the proportional limit.

Compressive strength d6ta were based on 3/4-in. defor-matIons
of 2 x 2 x 1-in. thick specinens subjected to the same loading speed
of 0.25-in. per minute. These tests were discontinued when a review
of the data showed that the crushing strengths were 2.5 to 4 times
as high as ultimate strengths in flexure.

Linear coefficients of thermal expansion and porosities were
determined In accordance with ASTM Designations C210-46 and C20-46.
Ihe method and apparatus described by Watts and King (33) was used
in measuring thermal con•."uCtI vItie•

Resistance to thermal shock was determined by furnace tests
for slow rates of heating, but when rapid rates of heating were re-
quired to simulate high burn-out speeds of radar guided missiles the
induction heating version of carrying out the electrothermal test
developod by M-oZore (34) was used.

Dielectric constants and loss tangents at X-band microwave
frequencies were determined by the widely used shunted waveguide
method (35).

Table VII data show that the CT-3 and CT-16 bodies have
limited usefulness because of their poor resistance to thermal shock.
In other respects, these Conms were satisf'actory. The two CT- foams
not listed, CT-8 and CT-15, had fleyural strangths of 1057 and 818
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psi, dielectric constants of 6.6 and 11.3, and loss tangunt1 Icc
than 0.005 at density levels of 57 and 52 Ib/cft, respectively.

iSmyth has pointed out that the resistance to thermal shock
of porous ceramics is a composite function of their mechanical
strengths, moduli of elasticity, thermal conductivities, and thermal
coefficients of exransion (36), Sandwich s29cItur'! cerPm_ r! e.tric
offer a better prognosis for radome installations on supersonic air-
craft and missiles than solid wall types, since their eoCficients
of thermal expansion and elastic constants are significantly lower
and their thermal conductivities are not appreciably higher than
values recorded for solid ceramics.
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Reinforced plastics are currently under intensive develop-
ment for use in the construction of rocket motors and re-entry heat
shields. This work is underway because of the outstanding thermal
insulating properties of reinforced plastics, their low density and
their great resistance to erosion during exposure to hot, moring
gases. Because of these properties, reinforced plastics have been
found to provide such excellent temporary, lightweight protection
for heat-sensitive s'xnActures. and to ablate ur arodc away so slowly,
that it becomes practical to employ them as liners for rocket motors
and rocket nozzles and as protective overlays on re-entry bodies.

In 1913, the Naval Ordnance Laboratory undertook the
development of reinforced plastics cartridge cases and reinforced
plastics rocket motor casings with the p:oal of eliminating excess
weight from these ordnance components. At that time it was observed
that reinforced plastics are very resistant to decomposition by
flames, provided that the time of exposure is short. It was also
observed that these materials provide good thermal insulation and
that the weight of structures required to survive temporary exposure
to hot. gazes is much less than the weight required by similar
structures constructed of steel, brass or aluminum. As a msult

, of this investigation, reinforced plastics cartridge cases were
developed for 5", 6" and 8" Naval runs which performed satisfactori-
ly and weighed less than the corresponding brass cases. 41so, as
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a result of this work, a satisfactory reinforced plastic motor casing

was developed for a smail-calibý&r solid-propellant rocket which was

lighter than the equivalent alumiimum casing. Further, under a task

assignment from the Office of Chief of OrdnwAce, a reinforced plastic

cartridge case was developed for the 105 mn Howitzer which performs
satisfactorily under all service conditions and weighs much less than
thp corrmspondinp brass or steel case. Many similar applications have
been found for reinforced plastics in JAT) units and in larger air-air
and grou.%nd-air rockets.

In all these applications the reinforced plastics not only
present an erosion-resistant surface, but also function structurally.
%Because of their self-insulating properties the materials protect
themselves againLsL gross deterioration and mecharnical weakening during
short periods of exposure of flames.

With the inception of major profztad .. for the development. of
large-caliber solid-propeLlant rockets such as POLARIS and ANNUThAN

the engineering problems involved in the exploitation of the favorable
properties of reinforced plastics to resist, contac.t wi..h . f---
has increased greatly in severity. It became imperative to increase
the chamber pressures, the combus;tion temperatures and the burning
times in order that t,-e total impulse of the rocket could be made to
meet operational requirements. In attaining hirher specific impulses
it became necessary to employ novel solid-propellantsj some of which
discharge abrasive materials in their exhaust. For the same reasons
it is also imperative that dimensional changes, although permitted,
be kept at a minimum and that structural weight also be kept at a
-iniimum, The reinforced plastics which were adequate in the older
ro'ckets are now deemed inadeauate for use in these advanced rocket
systems.

With the advent of the ballistic missile re-entry body and
the concept of a space-flight recovery vehicle it was a rather obvious
step to consider the use of reinforced plastics in the construction
of heat shields for these devices. The total heat-pulse to be en-
dured by a heat shield in some cases may not exceed the heat-pulse to
be endured by a rocket motor lining, However, the heat-source temper-
atures in an aerodynamic boundary layer may greatly exceed any known
flame temperature and the gas in contact with the surface contains an
excess of oxygen, which latter condition is in contrast with the con-
ditions in a flame, most of which contain less than a stoichiometric
amount of oxygen. A comparison of the various conditions to which a
reinforced plastic may be exposed is present in Figure 1. A rein-
forced plastic which is adequate for use in a rocket may not be suited
for atmospheric re-entry.
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Since the survival of a man, or a weapon, will dnp',nA 'n the
venicle during acceleration and re-entry, it is i..mpratlve that the
performance of the rocket and heat shield, and the materials of which
they may be constructed, be known with a high degree of1 confidence.

Mcthods for testing matnrials for th-eir resint--nce t+ cont.at
with very hot gases have been found to be very costly, particularly
when it becomes necessary to provide close simulation of actual fiight
conditions. Figure 2 presents curves showing the variation of tempera-
ture of air at the stagnation point of a flight vehicle and shows th6
positions occupied by various ýypes of test facilities in the field of
temperature and Mach Number. In general, the devices to the left are
relatively inexpensive to build and operate whereas the devices to the
right become increasingly expensive, and an arc-heated tunnel capable
of simalatig the aerothermodyrn.mic conditions at higher Mach Numbers
will consume enormous amounts of electric power. Another limitation
not covered in Figure 2 is the Reynolds Number which must also be
simulated if true shear stresses and heat-transfer coefficients are
also to be of the right order of magnitude.

Reinforced plastics constitute a broad class of composite
materials consistine of a thermoplastic or thermosettirn resin matrix
containing fibrous reiorceements, '*iich fibers may be either
polymeric or ceramic in cherj.cal composition. Typical combinations
include: Phenolic-fiberglasG laminates, Teflon-fi.bersilica laminates
and Fhenolic-nyloncloth laminates. In some combinations of resin
matrix and fiber it has been found advantageous to add a third com-
ponent in the form of a powdered filler, the function of which is to
absorb thermal energy, or to convert the other components into a more
heat-resistant substance, or both, These new-!er forms of reinforced
plastics show greatly improved resistance to hot, moving gases and
offer considerable promise for te solution of current prohlenms in the
construction of large-caliber rockets and re-entry heat shields.

Considering the very great number of possible combinations
of resins, fiber and fillers, aund considezing the tremendous expense
and lead-time involved in screening, testing and obtaining reliable
engineering data on these possible combinations, it becomes very
important that means be found for reducing the amount of testing re-
quired for intelligent research and development in this field, One
way to facilitate the work would be to develop theories linking the
chemical and physical properties of the materials with their behavior
in contact with hot gases. The purpose of this paper is to dircuss
the current status of ablation ÷.heory, to discuss a mathematiecal
theory for pyrolytic abLation and to discuss new test methods for
obtaining the data required for the calculation of ablation rates and
temperature profiles in ablating materials.
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Status of Ablation Theory

Ablation in this context may be defined as the loss or
removal of matter from a solid surface, due in part to the action of
heat. The physical and chemical effects involved in ablation are
shown in Fiiura 3. The theory of melting ablation is now under de-
velopment oovering the behavior of surface consisting entirely of a
fusible substance such as ep1-m-ss orce~~~Strn()ctic
numerical solutions for pyrex and was restricted to the case of no
vaporization. He pointed out the important influence of viscosity
on the surface temperature. The hipher the viscosity the hipher the
surface temperature. %ethe and Adams (2) extended the theory to
include partial vaporization of tke molten surface. They showed that
the viscosity has an equall-; important effect on thp energy absorbed
by vaporization, namely as the viscosity is increased so iA the
fraction of ablated material which vaponizes.

The instability of molten layers on ablating bodies and
their tendency to move by wave action has been investigated by
Feldman (3).

The effect of gas injection by a surface into an aero-
dynamic boundary layer has been described by Low (l4) who considered
a homoreneous layer and illustrated that both the stress and the
heat-transfer at the surface are decreased simultaneously. A con-
siderable amount of attention has been focused on this effect and tne
field of mass-transfer cooling is being explored extensively (5).
Also, means have been developed for coupling a molten vaporizing
surface to an a-od ynamics boundary layer in the mathematical theory
of ablation 76 ().

The other physical effects of spalling, slouphing and
mecnanical erosion are described extensively elsewhere in the liter-
ature and are not of particular interest here.

The ablation of a reinforced plastic surface involves the
melting of ceramic fibers, if any, the vaporization of molten
Sceramics, if any, the pyo-�-lysis of thwe resins in the matrix and, in
some cases, the melting and pyrolysis of polymeric fibers. Since the
rases evolved will disrupt any molten layers when they eryprge from
the ablating surface, and since the r'ases evolved will have an effect
on the heat transfer characteristics of an aerodynamic boundary layer,
and since polymers will absorb substantial quantities of tnermal
energy durinr the chemical reactions and phase charres involvedi in
their pyrolysis, it is of interest to consider the energy-trarsfer
and mass-transfer balances which may be established in an ablating
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surface and to develop mathematical merns for including pyrolYtic
effects in, the foregoing theories of ablation.

r eneral Chemical Behavior during Ablation

Up to this pbint, the paper has discussed the physlcal
'pect S of ablation. .r..onthcr -zpcct of thc p -o.. is t-w .at*z, -

ship between the chemical composition and molecular structure of a
resin and its ablation resistance. From available infornation on tho
thermal degradation of resins and the conversion of organic matte.- to
carbon residues, certain general concepts regarding these r^• 0"
ships can be postulated.

The thermal flux attained in re-entry and rocket exhausts
is generally sufficient to decompose all organic matter. However,
withith reQ & A•.L.tJil short periLods of exposure to intense heat'
large differences in ablation rates are found to occur with various
resin systems. Although these differences, in part, are attriabutable
to the presence of reinforcement and filler, the chemistry of tie
resin is believed to play a major role -in affecting the ablation rate.

The subject of thermal degradation of resins has been
treated by several investigators (6), (7), (8)., Much of what has
been found can be used as a basis for understandinag the pyrolytic
behavior of resins in ablation. In ablation, the specimen is sub-
Jected to high heating rates on the outside surface. At any one
time, the specimen is undergoing varying degre-es of decomposition
depending on the rate of heating, time of exposure and distance from
the surface. Under these conditions, it would be difficult, within
the present state of knowledge, to prescribh a definitive menhanism
to cover the multitude of possible reactions. In addition to the
expenditure of energy in dissociation of the resin, oxidation effects
at the surface complicate the energy balance, by the exotherm of the
combustion process.

It has been shown that thermoplastics vary in thtir the-tral'
behavior dependingR upon their particular chemical composition and
their tendency to cross-linking on heating. Certain resins, such
as polymethylmethacrylate, decompose in vacuo wholly to volatiles
comprised essentially of the monomer with scission occurring at the
ends of the molecular chain. At the other extreme, polyethylene
decomposes to volatiles, of which only about 3% is monomer and the
rest fragments with an average molecular weight of 700. Scission
appears to be a random process here. Polystyrene and polyisobutylene
yield intermediate amounts of mot.oisr indicating degradation by both
random and chain-end scission (9). Vinyl chloride resins behave
differently depending on the number of chlorines present in the
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structure. Polyvinyl chloride, heated to above )1()(0IC returns only
15% of the oripinal carbon in the original sa•pýle: polyvinylidene
chloride, on the other hand, converts quantitatively to carbon (6).

The hi•.h dissociation enerqy of the C-F oIx.id (107 K-cal/mol)
makes fluorinated res4ns attractive for their thermal resistance.
Under ablating conditions, it is doubtful that the enrtherynic

,otcnt.calities of this class of resins are fully realiiz:-d. Since
the C-C bond is (62 K-cal/mol) is weaker than the C-F bond, degra-
dation in Teflon occurs at the Co-C bond with ths formation of the
tetrafluoroetlylene monomer in a molecular chain-end type of
scigsionc, Very little of the C-F dissociation may actually occur if
the volatile products are swept away! by the gas stream to cooler
areas. If the C-F bond could be contaled at or near the heated
surface, Teflon as an ablating material would be more effective.
Pblyvinylidene fluoride, containing two fluorines to Teflon's four,
yields a coke deposit close to 100% of the original carbon content.
By a process of dehydrohalogenation, six membered carbon cyclic
adducts are formed by a Diels-Alder addition across double bonds.
Further dehydrohalogenation-condensation sequences lead to brided
hexagon carbon ring systems.

The ease of forming carbon residues c3n be controlled to a
considerable extent by the cross-linking properties of the resin (7).
It has been shown that by int.-oducing divinyl and trivinyl benzene
into polystyrene, that Lhe added cross-linking retards depolymeri-
zation, produces dark. colored polymer residues of increased thermal
stability and gives up to about a 6% carbonaceous residue (6). B3y
preoxidizinp the cross-linked styrenes (8), conversion to carbon is
sharply increased to over 50% of the original carbon content. The
derradation mechanism involves the oxidation and splitting off of
aliphatic segments on the structure and the condensation at the re-
a•c+ive sites to form additional cyclic compounds. On further heating,
by a process of dehydrogenation and loss of carbon oxides, a
structure of hiphly cross-linked polyphenyl results, which j- the
basis for the hexagonal graphitic crystallites in carbon residues.

Tt is thus apparent that not only the chemical composition
but the stnictural characteristics of the resin are important aspects
of the problem. If the presence of an aromatic structure, oxyren
and high cross-linking density are characteristics of a high carbon
residue formation, then one would expect phenolic resins to be high
coarhon formers. Laboratory data show that some resins heated in air
rive residues close to 100% of theoretical. On the basis that hirh
carbon formers arc desirable materials for ablation applications,
then one would expect phenolics to shou a high degree of ablation
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resistance. Laboratory and rocket motor tests confirm. this
expectation (10).

Phenolic resins vary in structure with type of phenol,

phenol-to-formaldehyde-ratIo , catalrst, and curirw o;)nditi-ns. Long

chain compounds with little cross-linking occur where certain phenols

are sterically hindered, preventing substitution in all three active

pocitions (11). In such cases, one .ould expect t.,ese !ong chain
segments to break-off with the formation of volatiles. It would be
desirable to eliminate such chain formations a.nd attain the maximum
degree uf cross-linking. For example, it has been shown that the
coke-like residues from phenolic resins can be increased in yield by
.mplojing higher concentrations of formaldehyde (11).

In practice, phenolic resins are generally coiripuunded with
fillers. These fillers can conaveably na catalytic effcc-L'- on t•h.•

thermal stability of the resin. Evidence is available to show• that
the addition of small concentrations (1%) of various inorganic

chemicals to sugar resulted in close to theoretical yield of carbon
residue (7), Similar effects probably will, occur in other resin
systems, particularly in those oxygenated resins in which the elimi-
nation of water can increase the effective cross-linking density.

Although the cooling effect of volatiles or gases emanating
from the resin may be useful in rinimizing the effects of ablat" on,
in practice, the generation of such eases under certain conditions
may have disastrous effects. At some point behind the surface of the
resin, the sudden temperature rise may cause the destructive distil-
lation of volatiles. If generated in force, these volatiles can be
forcibly ejected with the formation of voids and sudden loss of
surface materials. For this reason, molecular structures which
miniimize the fo E-tons of volatiles and favor a high degree of cross-
linking with attendant high carbon formation appear to be more
desirable.

As pr-eviously stated,. the hipher thermal fluxes generally
result in a decreasing ablation rate per heat input. At the extreme
conditions in which gas temperatures of over 5000*K are attained,
dissociation of gases into atomic and ionic species can occur with
the absorption of considerable amounts of energy. Such a condition
would prevail if the heating rate was sufficiently fast and tempera-
tures sufficiently high so that dissociation occurred at the surface
or in the boundary layers before the decomposition products from the
resin escaped into the pas stream. frundfest and 3henker (11) have
shown that an all-organic resin system, such as nylon fiber reinforced
phenolic capable of generating relatively higher amounts of N2 and
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H112, actually outperform the glass reinforced phenolic at the higher
temperature regimes.

Certain general degradation effects can be anticipated in
resins at different temperatures (13). Below 600'C, molecular re-
actions occur in which are liberated volatiles consisting of water.
hydrocarbons, oxygenated compounds and hydrogen, and in the case of'
nitrop.not. .resins "H--4 2nd 2" The solid residue remf4nirv i-, es-
sentially a carbon skaleýtn to which are bound H2, 02 and N2 . Above
600 0 C, chemrdcal rearrangements occur in the solid residue with the
elimdnenathon of additional gases. non-condensable in nature such as
GO, H2 and N2. For example, (111), melamine formaldehyde resin heated
to 5000C forms a product which contains about h2% nitrogen. Heated
to 1.000C, the nitrogen content is reduced to O.91e At temperatures
above 10000 C, ehanges continue to' occur in the carbon structure which
form the basis of a gLaphitic or amorpho..s rosidue. Hydrogen continues
to be evolved at temperatures greatly in excess of 1000*C.

For ablation purposes, the physical characteristics of the
carbon residue are exoected to have important effects. Carbon
residues, which are structurally weak an= contain high internal!
stresses, may# particularly on rý.pid heating, disintegrate into a
powder (8) and be carried away in the gas stream. The carbon must
be capable of serving as a refractory matrix for the fiber rein-
forcement and other endothermic fillers and, in addition, absorb
large amounts of heat by virtue of its high sublimation temperature
(about 35000 C) and heat of sublimation (170 K-cal/g. atom) (15).

in order to understand those factors which determine the
physical structure of carbon, it would be advantageous to review the
results of investigations of coke and graphitic materials. Graphite
is a crystalline material witn a weakly cross-linked hexagonal carbon
structure which is formed synthetically by the thermal treatment of
cokes. In this treatment, chemical and physical reactions occur which
permit the suitable development of the crystalline structure. Under
very fast rates of heating, the development of the praphitic crystal-
line structure does not appear to occur easily. In addition, non-
7raphitic carbons are also formed from organic materials having com-
paratively little hydrogen or much oxygen. On heating, there develops,
at relatively low temperatures, a high cross-linked network which
essentially immobilizes the structure. Isolated graphitic-like
crystallites are formed, but they are held apart and in random
orientation by the cross-links. These carbons are characterized by a
fine-structured porosity varying from 20 to 50%§ and having diameters
in the order of tens of Angstroms and are ext.remely hard and strong in
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contrast to graphite. Further heat i,•ir .. nt up to 30()00 C does not
effectively change this structure. Organic mzaterials having a high
fraction of h',•,rogen, such as pitch or pctrCicn !e kp: produce
crystalli-ie nuclei which remain relatively mobile. On further heat-.
ing, these crystallites are favorably oriented and a graphitic carbon
is formed with maximum density and a small number of pores.

From the above, resins such as phenolic or epoxy can be
expected to rive amorphous carbon residues. What is not knoim is how
the pertinent characteristics of these residues vary with resin
composition and their cffect on the ablation rate.

It is apparent, howeverý, that ablating resins should be
highly cross-linked, capable of conversion to high carbon residues
with the minimum formation of volatiles and composed of chemical
bonds having high heats of dissociation. At the extreme thermal
fluxes and temperatures, resin systems capable of yielding relatively
higher portions of N2 and H2 with their subsequent dissociation
into atomic and ionic species would appear to be more advantageous.

Heat-Transfer in a Pyrolyzing Sur-face

The process of ablation of a decomposable surface under
heat, wind and accelerations passes through three phases: an
initiation phase, a terminal phase, and, in some cases, a s{eady-
state phase.

The conditions fcr steady-state ablation are as follows:
a constant heat input to the surface over a period of time, which
is large with respect to the response time in the ini- "Iti phaS - ;
a relatively homogeneous material; a thickness of material large with
respect to the thickness of the ablation zone at the ablation rate
involved; and a one-dimensional heat-flux.

Under steady-state conditions the surface recedes at a
* constant velocity when the velocity is measured in the coordinate

system of the strmcture° This coordinate system is important for
engineering purposes, say for the design and prediction of per-
formance of a rocket nozzle or of a re-entry body, since by inte-
sgration of the ablation rate the progressive dimensional changes of
the device can be calculated as a function of time. However, the

Suse of this coordinate system in t". -a-ly-sis of ablation phenomena
ft presents a number of formidable difficulties. Instead, it is con-

venient to fix the coordinates on the ablating surface (x, y, z)A
where in the ablation rate (t) now appears as the velocity of
material toward x = 0O

76



Perry

-in ablation -coordinates (x, y, z)A under steady-state:

a. The ratc of mass-transfer +.oward x -0 is a
constant throughout the semi-infinite body in compliance with the
law of conservation of matter.

b. The enerry entering any given zone in the surface
is equal to the energy leaving that zone in comDliaace with the law
of conservation of energy.

The followinp phenomena are i rrariant with time: heat-flux, tempera-
tures, matcria•. propeiWies, reaction rates, gas vel•cities, a•,,d
pressures,

These phenomena may be variable in (x), trie distaance from
the ablatinp surface ".n the body, and also in terms of (k), uhe mass-
transfer velocity.

Let us consider a cubical element (dx, dy, dz) at depth
(x) in the ablat'unp zoiieq as 3hiown 1i Figure 3. in accordance with
the law of conservation of matter, the rate of mass-transfer through
the element (dx, dy, dz) is a constant une s+ st+t.

dx.

where (M) is the weight of matter and

and (,P) is the original density of the laminate.
In accordance with the law of conservation of energy, the sum of the
enervies in all forms entering and leavinr the element (dx, dy, dz)
must alro be equal to zero. Thus:

where

q = heat energy (calories or Pritish thenmal units).
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internal energy of matter including vibrational
energies and energies of formation of molecules
(cal. or BTU).

Ef = flow-work energy (PV).

Ek = kinetic energy (1/2 jy 2 ).

F-= nnt.xntial nm-chanical anervy (energy stored by virtue
of the relative vertical elevation above a horizontal
reference plane).

J Joule's mechanical 6quivalent of heat.

However, in the distance (dx):

Cin -E., o =S/x
Therefore:

X~ ~dx k

To render this equation compatibie with aerodynamic heat-
transfer theory and with Equation (1), it is necessary and prower
to differentiate Eauation (3) with respect to time, Th,--.

.0

*1 4- CLLA)

where (q) and the terms JA have the dimensions of power (one BTU/sec
778 ft-lbs/sec = 1.06 kilowatts = 1.36 x 106( -. /%ec,.,n =

horsepower), Equation (Q) states that the sum of the rates of change
of power with respect to (x) equals zero. S:nce none of these deriva-
tives are measurable directly, it is necessary to expand the terms
using measurable quantities.

S- Heat-Transfer Rate. The rate of heat conduction
through a solid, liquid or gas is enual to the thermal conductivity
(K) of the material times t.he temperature Pradient (dT/dx) in the
material:
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Since the thermal conductiv:1ty (k) can be a variable in (x), and
differentiating with respect to (x):

.2 
1

+ H5

; -xKx.... d y d >(

E - internal Energy Transfer Rate. The rate of transfer
of energy as internal energy of matter is equal to the ! Um of the
rates of transfer via sensible heat and via the heats of fornation
of' the molecules:

whore

a= mss-transfer rate of solids.

mi = mass-transfer rate of the ith molecular species.

cs = specific heat of solids.

Ei = heat of fornation of the jth molecular species.

Tx = temperature of the solids.

The sensible heat of the vases is not included in this term, .but it is
taken account in the (?V) flow-work term. Differentiating with
respect to (x)

dx Cdds x T

This term will show significant changer in zones of thermal decompo-
sitionf, melting and vaporization.

ip - Potential Energy Transfer Rate. Since the differences

in elevation within an ablation zone ars small, it is assumed that:

(7)
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if = Flow-Work Rate. The net work donG by a unit mass of

gas on the surroundins in expanding from PI to P2 is riven by
Ar! , Pa V- R, V1  The work done in expanding along a path with

length (olc ) is ao rl/lx z d(PV)hw . For a non-idceal pas, PV.-CnRT
where (C) is a compressibility factor varying about unity dfpendrig
weakly on pressure, and (n) is the number of moles occupying volume
(V). Considering one mole, (n = 1), PV = CRT. Then the work perform-
ed in e. intdtni (n) -nles per second past (dx) i-

dxX
or

Here 0

E Kinm.tic Mechanical Energy Transfer Rate: The kinetic

energy involved in the transfer of matter through (dx) is eoual to
the sum of the kinetic energy of the moving solids and the kinetic
energy of the movinp gases. Since the solids are moving very slowly,
it is reasonable to ignore this factor. The moving gases with
velocity (Ug) have the following kinetic energy:

_6 v L4 ; . L4 M

.... d x = .d (9)

where r = the acceleration due to gravity.

UF - Velocity of rases. The average velocity of rases in

an ablating plastic is.

where (,PA ) is the density of the pas mixture and (A.) is the
fractional cross-section area of the pores.

The fractional pore area is eoual to the void fraction
at (x). Assuming that the density of the solids remaining in the
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plastic i5 essentially Lmcaranr.ed in the procesz of ablation,

'he deiisity of a gas mixture at standard condit-ions is
e mal to the avera,?e mnlecular weirht divided by the standard molal
volume, Corrected for temperature and pressure at (x):

=rol.Wi&. 7-a ,
m I~ot, vCl e ls TX

Since we would like to eliminate pressure as a variable
in Fauation (b),onc can look for other -elationships. Darcy's law
(17) states that the volume of fluid (Y) crossins, unit area of a
porous mediuin per unit time under pressure pradient (dP/dx) is
related empirica1ly:

Where k' is a constant dependent on both the fluid and the porous
medium. Further, '= k/*.where (A) is the coefficient of shear
viscosity of the fluid and (k) is t.he permeability of the medium.
Kozeny's Equation (17) gives a good appromdriation of the permea-
bility of porous media havir-r a minimum of blind pores. This
equation is:

and /

but

sov

&d'1P=2O1~r mot, W T-j-

Tnte,-ratinr from ein P, • 3 (PW)being the pr--srure at the wa1l,

____ T

and

Thus, it appears that the velocity terni becomes small at very high
pressures, as in a rocket. As a result, the kinetic enerry term
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becomes very small, since (OPW) becomos very large. Therefore, the
kinetic energy term can be neglected in internal ballistic probkems.
However, it may be included in high-altitude problems where ( is.) is
relatively small.

Substituting in Equaation (9),

M xmlvl __ ÷4< Uf diK/".

m - Mass-Transfer Rate or Qas. The amount of gas passing

a point (x) in the body is equal to the amount of gas generated
deeper in the body. In this coordinate system, with temperature
gradients which are invariant with time, and with a. con.ztant supply
of matter, it can he expected that the types and rates of chemical
reactions at any given point in the body will also be Invariant with
time. As a generalization, the chemical theory of rate processes
(7) states that the Jth reaction proceeds at the rate:

H *941

where

c* = a constant deter.inred by the nature of the reactants

k* = Boltzmann constant

h* = Plank's constant

it' = a heat of activation for the reaction

S* = an entropy of activation for the reaction.

If t1hc rate (A') is defined as the number of moles of gas generated
per second, then the weight of gas being generated per second at
point (x) is equal to the product of the mole rate and the molecular
weight of thie gas evolved (MV . Summing up for all reactions from
first to the kth and integratinp, forward to (x),

4
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'Al

/T R (12)

T,, E- e dx

The unknowns in this equation are ( ), (C ) and (% .S.).
In those instanceb when these data are available on all cf the
reactions in the body, then the mass-trarisfer rates of gases and
solids could be calculated by computer.rtechniques. In the absence
of these data, it will be sufficient to develop techniques for
determining the rate of evolution of gas from the solids at given
rates of heating, to sample and analyze the gases evolved, and to
assign values to the average molecular weight ani the apparent
specific heat of the gas (r'IW) and (Ci) .

Assenbly of Terms. Referring to Figure 1, the flow of
heat is to the right and the mass transfer is to the left. Therefore,
Equation (M) can be written:

di. = 4E +d- d -
-( Ti 4E dE

where 0

Substituting Eouations (5), (6), (8) and (10) in Equation (1),

Li d ci (I dc

G- T 107, W+s ",o ' I -

<H4 4 T (13)
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(Collectinp derivatives,

'Tr dx'd KS'vrW --(---% V

d X

rAP,) I- -+ -:-4 -

arnd

14

T.here -~+ F

vilc -- P,

v~~oI .~~~ / pT,

;~n~k'viscosvity of Fa at (x).
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Boundary Conditions

Assuming an original temperature of the Isminate (To), the

eicrature at x =Oo IS x-i a . • Also aasuming an original flow
of' gas •.hro~ugh tho la-•inate ( f j,)0 the was t-anejr rate at X=co

is w?.qxp/ "pe .. The orlginal gas tranisfer rate ( 3 * ) iiay not equal
z-re m-- -- ' si ;:no.no at ( f ). This situation might
prevail if the laminate had b subjected to beating at an earlier
time.

Equation (13) nolds only for one-dimensional heat and rass
flow. Therefore, a boundary condition for Equation (13) at x O is

flow Threoe 0etgsitrae<' =" 0"
(dM\

= L#et4met&

Using ti 4ese bmindary equation.--, it would be possible to prov~ram the
ablation and melting aone equations with a set of equations for tho

aerodynamic boundary layer for computations on a di~it+al computer.
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Properties of 1ateriala

Equations (1) and (13) are simultaneous differential
enuations in the mass-t{.ansfer rate (M), the temperature (T) and
coordinate (x). Equation (13) also containe propwerties of materials
which must be known as functions of temperature (T), together writh
a term for the gas mass-transfer rate (which depemd3 on rates
of reactions in Vic material. 21.n (95) o contain
uetz alni propertie- of mrat,ŽIalq which must be known as
fi3;ctions of temnperature (T.)

The ropctes required consist of:

(K)T the thernn.. con''ct•v.•_ty •
at temperature (T).

(cs)T the specific !--at of the solids at
temperature (T).

"t., ' = �he viscosity of the gas at temperature (').
YgT

the viscosity of the molten Jrater_ al
at tenmprature (T)I

the average molecular weight of the gas.

(Ei) the heat of formation of the jth spec'es
in the mitter being transferred,- solid,
liquid and gaseous.

The choicc-kinetic data needed are:

(AHJ) = heat of reaction of jth reaction
C •H4 =) heat of activation of the Jth reaction.
C Al" = entropy of activation of the Jth reaction.
( ) = concentration factor for the jth reaction.

T'ie reactions taking place during py'olynis of sorc resins
can be quite involved. for example, after fifty yars of camon use
the phenolics are poorly understood and their exact structure remairms
unknomn. On the other hand, polymers such as polyr~ethylmethacrylate
decompose thermally to yield a large percentage of monomer fragments,
the further degradation of which can be studied quite readily. Other
materials, such as nylon, polytetrafluoroethylene and polyethylene,
may also yield useful data when their degradation mechanisms are
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studied further. In the latter material, polyethylene heing a
relatively pure hydrocarbon, it is likely that a survey of the
knowledge accumulated by the petroleum refining industry on thp
thermodynamics of cracking processes will yield data which will
be applicable in these calculations0

A! a vol~~ Surface

The forepoing, second-order partial differential, eauations
offer promise for the calculation of mAny t,. ,ant factors in the
pyrolytic ablation of polymeric materials and for the prediction of
ablation rates and temperature profiles under steady-state ablation.
However, Equations (1h) and (15) are not readily amenable to solution
by analytical means. Further, the relative importance of the many
materials properties in the phenomenon of a..Oation carnot be estimated
reaidil by Thsprertion of these enuations. A simpler rC..atons.hip
between ablation rate aMd materials properties ,culd be useful for
some purposes, even at some loss of accuracy.

Referrirn again to Equations (1) and (2) we may consider
the enersy balance at the pyroLyz.-ni- suLrface•-_. -=. Under steady-,State conditions the heat-flux (i) into the surface must just equ2al
the heat-flux out of the surface.. The heat-flux out must take the
form of sensible heat-energy, intrinsic energy and kinetic energy.
A.aini it is assumed that the potential energy tenn is negligible.
On this basis:

•bhere ('•) is the number of moles of the Jth species of gas passinf4
through Gh surface, (All) is thc h-at of formation per mole of tie
jth species, (Tw) is tie 4all temperature and (U) is the velocity of
the gases pass ng through the surface. %Iut,

o•Pý %, / . rw

vnen Vhe cXt coip•poition o- the -ao- . mitted arac nt t known, it may
be asswuied that

and2

Also, in the case of complete volatilization,
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where (P) is the original density of the polymer, (AH ) is theS~p

heat of pyrolysis as dotermined by experiment and (M!4est.) is the
estimated molecular weight of the gases of pyrolysis.

.3ubstituting and rearrangingv, Equation (16) becomes

-~ (1W) ~ ~ _ ~ 17)whe~~~ ~ ~ re An) en0I 1 e't

w /, ; (Ps) is the prensure at

one atmosphere and (T.) is the standard temperature.

This relationship supports the generally accepted philosophy
concerning the desired characteristics of an ablation-resistant
plstic, namey,, that the ablation rate Is approximately proportional
to the molecular weight of the rases evolved and inversely proportional
to the heat of pyrolysis. However. 7nuation (17) also indicates the
role of te-,peraturc and pressure in the process. As the wal'. tempera-
ture is increased and the wall pressure is reduced the fraction of
efergy goinp into mechanical forms is increased. ronsidering that in
some circumstances the incomrin, energ- may consist almost entirely of
radiant energy and that the process may take place in a near vacuum,
it is conceivable that substantial portions of the incoming energy
will be taken up in acco-eratinr the ,,ases evolved. The addition of
ceramic materials to the plastic composition which would accumulate
on the surface and attain a hirher temperature, or the formation of
coke which could also sustain a hi~her temperature would also tend
to increase the energy going into mechanical forms.

Te.mperature Profiles in the Ab'lation Zone

In certain design problems it is of value to be able to
forecast the thickness of the abLation zone and the associated
temperature profiles in the slab, particularly when the reinforced
plastic ,erves both as a sacrificial layer and as a thermal insulation
for temNirature-sensitive devices or structures. The thickness of
the ablation zone and the temperature pradients in the reinforced
plastic durinpg steady-state ablation can be determined by solving
Equation (13), provided that data are available. This equation takes
into account the variable properties in the material.

Tf, however, it can be ossumed with a reasonable degree of
accuracy that the thermal diffusivity of the material is a constant,
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or if an average value is assumed, then an estimate -an be made of
the thiciness of the ablation zone by the use of the well known
equation for h~at-transter in solides

.V- - -7 (1.8)cLt t ' ax
Wiith coordina~tes moving with ocity+'

The above equation is transformed (8),as follows:

Under steady-state ablation wI..... ve•LO-•t-" ()-• t t

dt
and

i< (20)

A solution of the above equation ven (x. i# greater than
zero, is of the form

Tx /

if 0(, Then x; j , T/•. ,then

TX +K X(21.)

1'( is const.-at.t -And (x,) is that depth at which T e~
o( thenxf=lC

This is the depth in the material at w4hich the temperature
(Tx) is 0.368 Twall. At twice this depth, the temperature (Tx) i
"0 -'3 ." At three times thi9 depth, the temperature (Tx) is 0.0908Tw.
In general, one can conclude that a high thermal diffusivity leads to
deep penetration of heat into the material. Also, in ýeneralj, it can
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be concluded that the thickness of the ablation zone in any given
material is inversely proportional to the ablation rate.

Equation (314) and its boundary conditions indicate, as may
be expected, that the thermal conductivity of the ablating material
har a marked influence on the artount )f heat entering the reinforced
plastic to deteriorate it, It, therefore, becomes of considerable
interest, as a fi-rt step in the process of unraveling the mysteries
of pyrolytic ablation, to determine the thermal conductivity of the
ablating material as a function of (x), or of (T)x.

If (K/c) is a variableI n,, (T), it can be shown (20)

* ( .4 (23)
-~PC/X

where (dT/dt) is the slope of a time-temperature curve at point (x)
in the ablating solid. Since the ablation rate (k), the temperature
(Tx) and the time derivative of the temperature (dT/dt) are all
measurable quantities, it becomes pos3ible to deterraine the effective
diffusivity (ýk_) ff , as a function of temperature and ablation
rate. However, (KI cannot be separated from (/c).

Measurement of Effective Diffusivity

The design of an experiment for determining the effective
thermal diffusivity(K/Pc)r,.* of an ablating material ai a function
of temperature and ablation rate requires that the conditions for
stoady-state ablation be maintained, and further, that the flow of
heat into the ablating surface be one-dimensional. It is further
necessary that means be provided for the measurement of temperature
at a point in the ablating material as a function of time. Accord-
Inaly, it was suggested by Mr. Kendall of this Laboratory1 that a
thermocouple be imbedded in a semi-infinite slab and that the surface
of the semi-infinite slab be ablated toward the thermocouple at a
constant rate of ablation; that the temperature be recorded as a
function of time; that the temperature-time derivative be calculated
at each poi-nt (x); that the ablation rate (k) be measured; that these
data be substituted in Touation (21); "nd that the effective diffusi-
vity be plot.ted as a function of temperature for each measured
ablation rate, or, with enough repeated tests, as a function of
ablation rato for typic!l tnmperatures in the ablatingr matcrial.
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A critcrion for a one-dimensional heat flow was taken to be

the maijnteAance of a flat surface during ablation since any inequality
or nonlinearity of flow could be expected to cause unequal ablation
and a curved surface. It was then possible to experiment with various
ratio= of thermocouple depth to specimen width ran to observe the
flatness of the abolated curface in the region of the ther-.ncouple.
It was also thought that a guard ring around the sides of a specimen
would assist in maintaining a £lat surface r-gablati"p rprtinilar-

ly on small of experimental materials for which large specimens
covld not be constructed for lack of sufficient material.

* To maintain the required condition of a homogeneous body of
effectively infinite extent in the direction of heat flow, it was
decided to mold the thermocouple into the specimen, or failing that,
to bond it in place with an adhesive whose properties closely matched
those of the laminating resin. Further, it was decided that the
thermocouple was to be backed-up using identical la-minate; or in tha
absence of sufficient material, to back it up using a laminate whose
proporties might come as close as possible to that of the sample.
Finally, it was decided to employ the thinnest possible thermocouple
wires in order that the heat capacity of The wires might influence
the heat flux pest the wires to the least possible extent.

The experimental set-up, as show.n in Figure 4, consists
of a guarded cylindrical specimen containing a thermocouple and
exposed endwise to the flame. The guard ring was successful in
maintaining a flat frontal surface on the specimen and in preventing
ablation of the sides of thn specimen.

A typical time-temperature curve for a phenolic glass cloth
laminate is presented in Fig-r 5. Having trans-fornd the cuxve to
T/x coordinates and having determined the time-temperature derivative
at each point (x) in the body a curve of the effective thermal
diffusivity versus temperatures was calculated and plotted. By lett~g

t (214)

the curve was transformed to temperature-depth and diffusivity-depth
coordinates, as shown in Figure 6. Thid curve shows that significant
changes take place in the effective thermal diffusivity of this
laminate in the ablation zone.

Measurement of Volumetric Heat Capacity During Pyrolysis

Equation (13) calls for data on the conductivity of the
Vm1terial as a function of depth. It is, therefore, not possible to
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employ directly the diffusivity-depth data of the type preaented in
Figure 6. Accordingly, means were sought for determining the value
of (VC) under equivalent conditions so that (K)- and its deUi-atives
could be calculatede This required tnat the heat input to raise a
unit volume of material a degree of tcm"rAtur6 be measured; thel
measurements being made at the tempratures and heating rates of
ablation.

Two methods suggested themselves: tshA Pi fferential Thearmal
Analyzer (DTA) (21), and a Hot-Sandwich Method suggested by Kendall
(20).

It should be noted that the "iemperature rise observed in
the specimtn ablating in the torch is about l50o/Secoii±u1, a very rapid
rise, indeed. At higher heat fluxes this rise could be much higher.
By contrast, the Differential Thermal Analyzer proceeds at a rate
of about O.167*/second, or about one tiouaand times slower. Remember-
ing the chemico-kinetic term for kn) in Equation (13), it was
thought that the DTA would yield valuable data under essentially
equilibrium corditions, but that a faster method would be recuired to
evaluate the materials at Progressively higher heating rates, in
expectation that the population fracticns of the decomposition
products will diiffer from those generated at very slow temperat.ur
.r--* The Hot--en&.-ch Method ;-emd to offer pro.-!"se of attaining
this goal.

UTA Estimation of Heats of Pyrolysis..

Differential Thermal Analysis (21) is a dynamii.c technique
which consists essentially of heating simlta-neously, at a constant
tate, a reference material (e. g., aluminum oxide) and the substance
being studied. The temperature difference developed between the
reference and sample is recorded as a continvous function of time
and/or temperature. Any thermal processes (melting, boiling, sub-
limation, oxidation, polymerization or depolymerization, decomposition,
etc.) occurring in the samples will appear on the DTA record as
endothermic or exothermic peaks.

The overall heat of decomposition of the samples can be
obtained from the area under the thermal peak and the following
equation:

9- \5 (25)
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Where(&H)is the lumped heat of reactiona,(COs), (Cr) and(C,,Aare specific
heats of the plastic samples, filler, and glass, respectively,(W-)

(Wr) and (lg) are the respective weights, and (A t) reprC.. nts the tire
interval over which the integral is evaluated. The :Lntegral
represents the area under the exothermic or endothermic peak. (Eis
a constant for the apparatus used and mAy b, eval uated by calibratiLn
with substances of known therwodynamic properties.

The DTA experimental arranemorrt is descrih~d in reference
(21). It is a modification of that used by G0rdon and Campbell (22).
It consists mainly of the following: an X, Y recorder, with a built-
in time marker, for recording the differential temperature versus
temperature of the sa-ple and time; a program controller for main-
taining a constant heating rate in the furnaces; a Brown recorder
for monitoring the furnace temperature; and a metal heating block for
holding the Pyrex sample cells in the furnace.

The apparatus was calibrated with benzoic acid and silver
nitrate. All of the samples were pulverized to pass a 100 mesh sieve.
A typical DTA curve is shown in Figure 7. The estimated(PIH)valuos
for the various materials are given in Figure 8.

o Some of the factors which may contribute to the inaccuracy
of the(A H)value are: (a) shifting of the base line due to urisy•et-
rical location of the differential thermocouples or due to din-
similar thermal parameters (specific heat, heat conductivity, atc-),
of the sample and re'erence; (b) inability to position accurately a
base line from which the area under the curve may be delimited. This
is due to a gradual rather than sharp departure of the DTA curve
from. the base l14e; - a- . nd (C) , chang-ng specifie heatw- due to the
decomposition.

Estimation of Effective Volumetric Heat Capacity and Gas Evolution
Rates as Functions of Temperature by "Hot-Sandwich Method"

Under adiabatic conditions,

(~ ( (26)

where (VC)T j is the effective volumetric heat capacity as a
£%p.ction of temperature (T) and heating rate ( =dT/dt) and where
(a) is the heat flux into sample of Volume (V). ALso,
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where )T i is the density as a function of temperature (T) and
heatiri rate (t) and (+)., T is the weight of sample of Volume (V.)
as a function ot temperature (T) and heatin1, rate (T). Then,

where (C')T, ý is the effective specific heat.

•ased on thir theory sandwiches were assembled of alternate
p2 -jz; of laminate and heating wires, with thermocouples imbedded in
one of the plies of laminate, one at the center of the block of
sandwich and another offset toward the.edge of the block. The
assembly is shovwn in Figure 9, and was instrumented as shown in
Figure 10.

The speciren was suspended from the sensing element of an
Instron load cell, the output of which was recorded versus time on
the Instron load-time recorder using the 100 gram scale. The thermo-
couples were connected to milliammeters which had been calibrated
with the thermocouples using a standard voltage cell. In a later
setup, it is proposed to record the thermocouple outputs automatically.

&The heating wires were connected in serier to a stepdown transformer
u-ith a 1ztt.t7t measuring device. The power input into the transformer
was controllefý by a Variac. The specimen was suipend6d in, a venti-
lated hood.

In running the test the power was turned on and maintained
at a constant level by constant manual adjustment of the Variac.
Figure 11 shows a typical temp-atvure-tim, curve and a typical weight-
curve for a glass cloth phenolic laminate with density of 1.6 kraifis
per cc. It is to be noted that the center of the block sandwich was
essentially adiabatic, since the two thermocouples followed together
within fifty degrees. The weirht-time recording was smooth. The
cental thermocouple circuit opened for unknown causes at the end of
five minutcs of heating. By that time the temperature had reached
16000r (870%C).

tY'.±ng the course of the heating cycle the slope of the
e curve remained constant up to h0 0 C. Beyond 680 0 C

the temperaturt,. .im-, curve took a lesaer slope, At about 2600C ,n
offrc+ -icourr;.d i) t'1i curve It has not yet bn-n determined whether
this .:: an instrumental or "or or whether this represented a rather
temoorkry rtrdothermV -eaction. This offset has been temporarily
ignored in interpreturig +4t results. At 5100 C a marked change in
slope occurred which has been interpreted as being real.
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The slopes of the important portion of the curve were
deterfibned -y graphical means. These were measured to be:

30 - 48 0 0C - 6.3 0 /second

510'C - 7.7*/second

"6300C up - 3.45/sacor.d

The above data were inserted in Equations (22), (23) and
(24). The results are plotted in Figure 6,

Figure 6 also shows plots of (c) and (dp/dt). The plots
indicate that the ipe-Iffic heat (c)eff remains constant in this
material as the temperature rises until a transition takes place
at about 48O00C, at which temperature (c)eff dips and then rises to
a new level uhich was maintained constant up to 8400 C. The (dP/dt)
indicates a gradual increase in the rate of weight change, which
reached* a peak at the time that the transition occurred in the
volumetric heat nap-city of the material. The peak in (df/dt)

, occurred at the instant when the observed amount of smoke gushing
from the specim-n was at a peak. At that instant, the weight loss
in the laminate was about 4%. Later, the heating cycle having been
continued long after th" trhern.oýuple had burned out.; the -w ight lcs
reached a level of 13%, beyond uhich it did not pass evmn thokigh the
whole block smdwich -ssem'.bly became inc-ndc.-cent. On dioae'mbly,
the glass cloth residue was found to be cemented together and located
with a black deposit, presumably a graphitic fori, of carbon.

thirty-eight times faster than the Differential Thermal An.alyer
could proceed. It would appear that useful information can be
obtained by this method. Steps are being taken to reduce the size
of the block specimen and to pack the heating wires in close contact
within the specimen. With a block of one-ninth the volume and with
twice the power input !t i- hoped to reach a heating rate of 150 /
second. It is hoped that the data obtained by this faster means
will be directly applicable to the determination of the thermal
conductivity of the material as a function of temperature when used
in the formula:
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Since the (,P c) test can be conducted at variable power levels and
hence at variable heating rates it is expected that the method will
provide rough estimates of the reaction rates as a function of the
temperature and the rate of heating in the ablating laminate.

Recognizing that a (p c) heating rate of 6-70 C per second
is not directly comparable with an ablation rate of 150°C per second,
tne thermal conductivity vs calculated as a matter of clirosio-y.
This questionable result is shwn Also in Figure 6. Thi curve
indicates that the thermal conductivity may be reduced at first ?s

the material enters the ablation zone, and then increase as pyrolysis
becomes more advanced. This is possible in view of the ccrblrdnzatlon
of the organic residues and of the increase of conductivity of glass
by Ionization at higher temperatures.

Heating Rates versus Reaction Rates

In comparing the curves obtained on the phenolic glass-cloth
laminlte in the Differential Thermal Analyzer at 1/6eC/second, the
(P c)test at 6-7TC/second and the ablation test at 150°C/second, it
becomes apparent that the DTA shows the effects of a reactIVo at low

"&temperatures which is not apparent in the higher speed tests. Also)
the temperature of the second peak in the IYTA test does not correlate
with the temperature at which the big changes occurred in the fastert
tests. Therefore, these preliminary measurements indicate that the
"chemical reactions are rate sansitive.

High Speed Photography of Ablating Laminate

There is considerable saeculation on the bnh•-a-r of the
iiolt.n glass in the ablation of a glase-fiber reinforced phen-lic
plastic. Accordingly, it was of interest to take movin,ý pictures
of the ablating surface. This was done at a speed of 750 frames a
second.

Figurs 12 shows two frames selected from the motion
picture. The unguardad ablating surface was being maintained in a
relatively flat condition. The ^blation rate in this test was about
0.01 cm/sec. Beads of molten glass clung to the shoulder of the
right circular cylindrical specimen. The frontal surface of the
specimen appeared to be lumpy. It is questionable whether these
represent isolated droplets of glass or alternately a flimT of glass
con'Waining gas pockets or bubbles. The second frame shows a streak
of incandescent matter moving in the gas stream away from the frontal
surface. The streak may represent a filament of molten material
or alternatively droplet of molten material moving at a very high
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velocity so 'that the 700 frame/second camera did not stop it. These
strealks were found at frequent intervals irn the film, occupying one
frame only.

Figurev 13, ih and 15 show six consccutive frames oZ thc
film in which a droplet at the shoulder of the specimen is Iaeaking
awayo The droplet has left a dark spot at the spot it had occupied,
which may be taken to indicate that the droplets are hollowe This is
supported by the observation that hollow droplets of frozen pla~s
were found around the test equipment. The formation of such droplets
is not impossible in view of the considerable surface tension 4iich
must exist in the glass at this temperature as will be discussed
later*

The droplet is still attached to the site by R filament of
molten glass. In very rapid succession the filament elongates,
develops two distinct nodes between the big droplet and the site,
and in the next frame is converted to two small droplets. This
conversion of a filament with nodes to two droplets is completed in
1/700 of a second. It would secm, therefore, that the surface tension
in the glass at this temperature (about 18000 C) is very strong. The
little droplets then accelerated faster than the large droplet and
won the race off the screen. The diameter of the specimen was 3/4
inches. Thc large droplet appears to be about 0.08 inches in diameter.
The small droplets appear to be about O.O2 inches in diameter.

InvTe:~ ofsom�..ithe• , questions raised by these photo-

graphs, it is intended to n'vzstigatle t-ese phenomena at higher
film specds. Some modifications of the theories of melting ablation
(1), (2), (3), may be required to adapt them to the conditions
encountered in pyrolytic ablt• on.

Possible Future Expeximents

The phen.olics and other highly cross-linked thermosetting
laminating resins represent an important and interesting class of
resins in connect-on with applications wherein the reirL-forced plastic
is in contact with hot gases. Further investigation of the
mechanisms of degradation at high heating rates of these resins seems
to be indicated. Ir view of the complicated and somewhat m!,sterious
strutivt'. of these re: ins, and remembering, the ever-present possi-
bility of interactions with fillers and fibers, it would seem to be
in order to •ut-rt.(! an iuivestigation of tie frapments emitted by
the mater-5als as a function of time, temperature and composition.
Th- use of ras samplinF tcchnioues together with mas-1-pectrometry,
infra-icd anql',sis, chromatorraphy, X-ray diffraction and chemical
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Figure Droplet formation during ablation
of a phenolic glass-cloth laminate

Figure 14 Droplet formation during ablation
of a phenolic glass-cloth laminate
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Figure 15 - Droplet formation during ablation
of a phenolic glass-cloth laminate
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analysis of fractions should give a clearer insight into the original
structure, mode of fragmentation and residues of the structure under
heat.

Having identified the species of degradation products and
having estimated their proportions as a function of (T) and (T), we
should then be closer to being able to predict the behavior of t.hasA
rnatc.iais in contact with moltpn g!:1-s layers, exhaust flames and
aerodynamic boundary layers.

With reference to the motion of molten layers and their
effect on the heat-transfer rate, it is to be noted that the guard-
ring ablation tests so far have employed chemical flames. Much higher
temperatures and a variety of gas compositions can be generated in
high-intensity arc plasmas. Future work should include the substi-
tution of a jet of hot gas mixture, or of hot air, for the chemical
flame employed in these tests.

It is also to be noted that the flame is subsonic. For
this reason the shear stress to which the surface is subjected is
not high. The guard-ring ablation test should be extended to apply
high wind-shear stresses to the surface.

It is further to be noted that the body forces in this test
are limited to one gravity. From the high speed photographs and the
condition of the specimens after a test there is no evidence that this
weak body force had any appreciable effect on the motion of the molten
layers. The full simulation of conjoint wind-shear and body stresses
unuder a A.%rg A-ea.t . ... of c '.. 'Ma accomplished employing large
whirlingi-arm devices., Perhaps a simpler berinning ii; thi. direction
could be undertaken if the right-circular cy".ndr4C. 1specimen •ere
to be spun on its axis within the ruard-ring,

Finally, it is to be noted that the ambient pressure in the
hot gases on the test surface in the pr'esent test are about one
atmosphere. As noted in connection with the theory of pyrolytic
ablation, (Pw) =- have a significant effect on the chemical kineties
and gas dynamics within the ablating zone. It was also noted in
Figure 2 that the ambient pressure on an ablating surface can range
from 0.01 atmospheres at 100,000 ft. altitude to 100.0 atmospheres,
or higher, in a rocket motor casing. Perhaps the simulation of
these conditions durinR ablation could be accomplished by the
enclosure of the test specimen and heat source in a pressurized
chamber.
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DEVELOWmns IN RInFORCED PLASTICS
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P. W. Erickson
F. R. RBanet
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INTRODCTiON

For many years nov glass reinforced plastics have been
finding vide use as printry plastics structures in naval ordnance
and other military applications. This vide acceptance by material
design engineers is dude in 7srt to the inherent high strengths in
g9Asr reinforced plastics and confidenee in the quality and repro-
ducibility of this class of aterials.

This sitution did not prevail ten years ago and the
deficiencies in glass reiniorcea pla.t.c. v. sucth a- to cast douxbt
on their acceptae in critical structur-.! nav! ordrnance applica-
tions. At the Naval Ordnance Laboratory, it vas realized that con-
siLerafbly more work vas necessary to uppeAa the strength, to inprove
the heat and moisture resistance of glass r-imnforced plastics, and
to advance the status of assezbly techniques, quality control, and
test methods, as vell as to accumulate an adequate body of engineer-
ing performance data.

Considerable progress tow-ads these goals has been made by
both industria). and military laborntories. This paper describes in
suinry form the reuiults of the experimental work c-rried out at the
Naval Ordnance Lato in the follo•ing areas of interest:

A. The gpgradiri of the strength and moisture resistance
properties of glass reinforced plastics through the development and
application of universal type glass fiber finishes.
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B. The developmnt of a test method to characterize the
properties of glass roving for use in filament wound structures.

C. The stvu4 of the engineering propertic- of external
pressure vessels as a basis for the de"En- sf such vessels as housings
in imderwater applicati6ns.

A. Chemcal Finishes for Glass Fibirs

There are potentially any applications in naval ordrnoe
where reinforcee plastics are the ideal iuterials of constructiL.
This is, however, conditioned =__ the1W- lility to retain for rela-
tively long periods of time a sbsta-it'Al fraction of their inhert
streng properties in a moist environment.' The problem of wet
strength retention L-- reinforced plax-tics is known to be dependmt on
the adhesive bond between the cured resin and the glass f4,ber sur±'ace.
At the start of this inroestigation, th. use of fiberglass reinforced
plastics in structural items for naval ordnance was o-verely limited
in qaplications requiring img tims Ii cion In sea vater. This
limitation still exists but to a lesser degree.

The min objective of this research was the derieloptant of
glass fiber reinforced plastics with improved strengths, both dry and
after prolonged exposure to moisture. Mw approach to the prblem
was to devise novel treatmts (finishes) for the glass fiber which
would lead to improved bonding between the fibers and the c€red resin.

A total of 38 organo-chlorosilanes, most of which were syn-
tliesized at this Laboratory, were applied to glaso fabric and eval-
uated for their effect on the dry and wet strength properties of
l=inas_. =ade with several coz=nly used theroseting resinz. •ea
finishes were selected on the premise that appropriate chemical
function.l. groups X.rmly fixed to the glass surface could partake in
the curing reaction of the resin and in this manner bridge the glass-
resin interface with chamical bond". Many of the finishes were
designed to contain more than one type of functional group so that
the finish coqld be effective with a variety of ther+-settl, resi.n
types.

The mechanism by which chemical finishes for glass fibers
lead to better strenrth properties is not too well understood, but
there is mnch evidence that apy.-opriate chemical functional groiqus
in the finish are essential in securing laminatco with superior
strength properties. The reason for selecting chlorosilanes as a
vehicle to place chemical functional groups on the glass was that
these were known to react with trace amounts of absorbed water, which

110



Silwer

is ever Present on glass surfaces. Chiorosilanes react with this
absorbed vater with the evolution of hydrogen chloride and in the
process bcco attached in a sinner suggesting chemical bonding,
since they san be reavmed only by strong hot alkali or abrasion.
"auss the problem of the bonding of the finish to the glass was
simplified by selecting chlorosilanes as the vehicle fo- in4 roducing
different fotioxaJ. groups into these finishes.

The new finish reagents, which are uensitive to moisture,
were diso'.ved in dr. xyiene at a concentration of about 1-2%. The
tretment consisted of imersing glass fabric in these solutions for
varying periods of time and tenerature. The various finishes and
their methods of appliet ion have been the subject of several reports
(1. 2, 3, 4, 5 and 6).

The finish detiniate_ NOL.-24, which is the product from the
reaction of aUlyl••il•lorosilane and resorcinol, vat; selected for
further study and developeent. This finish was fo.und to be universal
in character, since it vas effective with many resin sybtems. Poly-
eater, epoxy, phanolic and melazi laminates nae vith NOL-24
treated cloth give not only improved dry flexure! strength properties
but superior wet strength retention, in some cases up to 100%.

As a result of the good laminate strength dats obtained in
the laboratory phase of this study, a comercial finisher became
interested in the NOL-24, txeatwtnt. WIth the coopertion of NOLA
this processor carried out several treatments on a pilot scale.
Treated fabric becam available in 100 yard quantities, some of
which was evaluated at this Laboratory. Table I shows ultimate
flexural strength data from lamnates made with fabric from the first
fouri pilot tr&atments. Tncluded •P•P _onarison are strength values
from laminates vith other caearolal fin4ches.

The laminates in Table I ver6 m&de in a similar manner and
had resin contents in the range 29 to 34 (4). The averages shown
with NOL-24 laminates with polyester, epoxy and phenolic resins are
based on 27, 24 and 21 laminates, respectively, and include up to
for different pilot treatments. Ultimte flexural strength averages
of over 100,000 were obtained for all three resin systems under dry
conditions. Averages of 80,000, 98,000 and 100,000 psi were obtained
after a two-hour boiling water conditioning with polyester, epoxy and
phenolic resins, respectively. These data show that NOL-24 yielded
higher flexural strengths than the best comercial finish, both dry
and wet, respectively, of 20% and 11% with the polyester resin, 16%
and 2Z4 with the epoxy resin, and 24% and 28%I with the phenolic resin.

11
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TABLX I

ULTIMATE FLPIFAL STRENCTU FROM L tMATES USING
i81 STIlE GLASS FABRIC WITH VARIOUS FINISHES

Parplex p-4, • po", 828 with CL BV 17085

Finish Dry wet Dry wet Dry wet

112 73,000 39,000 88,000 73,000 52,000 30.W00

GCwran 4.C,0 74, 000 19,000 51,000 45,0OO 47,000

136 69,000 73,000 49,000 53,000 36,000 28,ooo

Volan 86,0r" 72,000 93,000 80,000 84,000 78,0

NOL-24 103,000 80,000 108,000 9,000 104,0.0o 100,o00

TABLE II

VARIATION OF COLLAPSING PREYSU , A
uFTUCTIVE NOIRILUS WITH INCREASING TTJBE M"=

Colls)pSing Eff•etive
T%.b.. Y&. D r-ari0 ous

inches psi Psi

3.06 355 3.90 x 1o6

6.o2 350 3.85 x 1O6

9.86 350 3.81 X loV

Each value is an average of three tests.

L/D - 2.90 t/D o 0o025

Tubes reinforced vith 181-Voln glass fabric and bonded with
a neal purpose polyester resin mixture of 80%. rigid resin..
15% flexible resin and 5% styrene.
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A more recent evaluation was carried ont at thiz La',,ratory
in connection with a e=vey to determine whether the present specifi-
"cation for strength properties of reinforced plastic lamInates was
realistic in terms of what could be achieved with the net iproved
fabric finishes. Another object of this evaluation wf,. to determine
the effect of resin content over the range 35 * 5, on various
strength properties of the laminate. V:Ia study was carried out with
181 sityle fabric having A-1.00, A-172 (Silicones Div., Union Carbide-
Co.) and NOL-2 4 finishes and using polyester, epoxy, _phenolic and
mlan res Th. e reason for selecting A-1100 and A-172 finishes
for this study was that these were more recently developed finishes
which were shovir4 pr-oise in a rather vidaspread evaluation by
industry and the military agencies, W1timate flexural strengths were
obtained, as well an a limited amount of tensile and copressive
utength data (6).

The ultimate flexural strength data arce shown in Figures I
throu•h The laminate strength data in Fig. 1 were obtained with
an epoxy resin cured with metaphenylenedianine (CL). The results
show that flexural strength is not particularly dependent up:n resin
content in the range 31.1 to 39.6% and that the NOL-24 laminate data
are about 15% above those from the A-1100 laminates.

Laminate flexural strength data for pollester laminates
mse from fabric with A-i72 omd NOL-24 finishes are shown in Yig. 2.
The results show that with the A-172 finish the strt•ngth pro-poties
are not affected over the range of resin content 31.1 to 38.8%.
Resin Cehtent had a slight effect on the dry strength with the NOL-24
finish but none on the wet strength. nie NOL-24i ia-nt.e dry
strengt_-a Yere 12 to 15% higher than those from the A-!72 1"--'mineteE
The NOL-2 4 laminate wet strengths were about the sane &a for the
A-172 laminates.

Similar data for phenolic laminates =de with A-1100 and
NOL-24 fiunihed fabrics are shown in Fig. 3. Resin content seems
to be uniportant over the r-.nge 26.6 to 37.1% with t 0 A-'-1 CY- f riid_.
• ~t strengths are obtained with the NOL-24 laminates in the 29 to
35% range. With both finishes, 100% (or better) wet strength
retention A obtained in 9 out of 12 cases. The present specifica-

tion requir@a values of 50,000 and 45,000 psi, dry and wvt,
respectively.

Flexural rengtbs from melamine laminates made with
A-1100 and NOL-24 finished fabric are abown in Fig. 4. Resin con-
tent, as this relates to laminate strength, appears to be unimportant
over the range 29.1 to 39.0%. The dry and wet strengthe from the
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NOL-24 laminat-s are at least 50% higher than tho6, fý-om the A-fl 00
laminates. Wet strength retention with the NOL-24 finish is 100%
vr bettex in five out of six casc.t

It is apparent from these dzt-_ that NoL-24, A-1lO0 and
A-172 produce leixnates with substantially hi--cr -trengths than the
equlrenment! -let, forth in t--r z-Ga

types of lamLnati~n resins discussed here. In most cases, 74L-24
gave strengths over a range of resin contents higher than those
obtained with the other t_-o fin.she-ti- in v!i-v of this, i.t : o,a w ...
in Fig. 1-4 that the specification limits be raised to provide for a
new class of quality finished cloth to reflect the higher dry and wet
strengths possible with the new commercial and experimental finizhcz.
The proposed values are tentative and are only offered as a basis
fo' discussion leading to the revision of present specifications so
that the full potential of these new and better material combinations
can become available to the design engineer.

This stl4y at NOL of chemical treatments for glass fibers
not only resulted in +he development of the universal type chemical
finish, NOL-24, but it .also stimulated this type of work fn industry.
As a result, considerable work in this area has been done by at least
three large industrial concerns. While the work at NOL hzs not
proved chat the resin becomes chemically bonded to the finish, much
indirect evidence has been acz_--=lated in favor of the chemical
theory of finishes.

It is believed that finishes to be effective must; not. only
fulfill the che-mical requirements with respect to functional vroups
but must also be capable of perrornii~z several other fý,ctions. •he
finish should provide a polymeric sheath to protect the fiber against
strength degradation by self-abrasion and molstvire attack; it should
result in better wetting of the fiber with the elimination of voids
"and consequent improvement in moisture resistance; and it should act
kas a deformable layer capable of accommodatlng local stresses along
the fiber which are set Ap in curing and in temperature cycling.

Further work on finishes is needed to understand more fully
the mechanism by which certain finishes lead to better dry and wet
strength laminate properties. More needs to be known about the
effects of thickness and physical characteristics of the finish.
Finishes in the past have been designed largely for inproveme-nt of
.lamir•ate wet strength properties. Perhaps it is time to begin the
plaru.Ing of new finishes designed to resist the effects of high
temperature on laminates. A better knowledge of the mcez_-,V.-! ,)-L
bonding is urgently need.e!d in the design of the finishes of the
future.

SI118
4I



Silver

B. The NOL Ring Test Method for the Evaluation of
Nemicl FinishesonGlasaRoving

The subject of glass roving reinforced plastics is current-
ly of growing interest to both industry and several of the defense
agencies. luch effort is being expended with these materials in
developing Ueans of economical machine fabrication of cylindrical and
s-pherical antructurco cd the evaluation of the pr(r-frmeine chara-

teristcs of these products.

In t'hA Air~ o~f repinf'orced plastics. als roving will
undoubtedly become steadily more important as a reirnorcement matcriaJu
One reason for this is cost, a- compared Aith that of woven glass
fabric. In addition, glass fiber in roving form offers the rein-
forced plastics engineer a means of controlling directional etrength
properties,, which is not possible in designing with glass fabric or
mat.

A major obstc_.e itn the -P,, etf thl J lass of
structural material has been the probltm of testing the streZtfh
properties. The design data usually needed, such as flexural, com-
pressive, shear and tensile strengths, bUced on -zAn..... t---et, h-':
not been available to the engineer. As a result, test specimen, in
many ca.css have been the actual prototypes which are usually expen-
sive to fabricate and, perhaps, give information which is pertinent
only to a single end use. T.s. lo o cal t
thereby =olsng zch of the poscit-ble weight saving advantage which is
critical in many applications, such as those involving missiles.

An an ftxtennion of the work with glass fabric finishc_-,a
study of the effect of various chemical finishes on glass rovirng..
as this related to the strength properties of the reinforced plastic,
was undertaken. It soon became aplparent that test methodz vzrc very
inadequate, as compared to those for fabric reinforced plastics. A
literature survey on Lho s.ubject of test methods for glass roving
reinforced plastics was made (7). It was concluded from this survey
that very little progrest in this area had been made. The main
difficulty with all the teat methods tre '" bC. the pr ... = ýNf

fabrication o'f f ^,-A re--A,--1uc test sp'ci-ns. In order,
therefore, to evaluate roving treatments, the Laboratory undertook
the additional problem of developing more reliable test methods for
determining various strength properties of parallel fiber reinforced
plasotics.

The NOL Ring Test Method is built around a ring which can
be easUly and inexpensively made with a high degree of uniformity
and reproducibility. This ring has an outside diameter of 6" and is
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1/41 wide and 1/8" thick. It is fabricated by dreving 8-end roving
Lbhr3j& a resin bath onto a pli.t circular wr'.d under controlled con-
ditions of teaqxrture, tension, and anagle of wind. Liquid epoxy
A polyester resins are used wi-4-. oqvul ease. Up to s':: rings can

be consecutively made with a single catalyzed batch of these resins
using only 250 grmB of resin. Resin content can be variel frorý 15
to 30%. In a4dition, this type of speciLen has the eAvente.-e that

it 'a wre closely related geometrica~ly to habpes Vtt are ;ct
likel•- •: Practi-ce to be f.o-:-.ted. such as tubes an& anhi-rn-

Figture 5 in a RC-hemtic f!" :JM - Wr
The entiro apparatus consists of three parts; the tensioning dev'icea,
the resin impregnation L•wth, ad thei meca-nism for dra-win and plvirng
in a uniform fashion the impregnated roving into the mold. The
details of the fabrication of a ring a-re discussed in references 7
and 8.

All the important strength properties for d~esign purposes
my be obtained' P-- the ring or segments of it. Ultimte flexura3L
strength is obtained from segments of the ring, which are 3" Long.
Horizontal shear strength is obtained from segments Meftaring 0.6" to
0.8" long. Tensile strength can be obtftined on the entire ring,
which is hydraulically pressurized internally between parallel plates
to failure. Compressive strength could be similarly obtained by
pressurizing the ring externally to failure. Fla '.;al test specimens
are shown in Fig. 6, itm 1,, and horizontal shear test specimens are
showm in item 2 of the s figure. A typcal hri!zont-al -ll-Or
failure is shown in Fig. 7.

Thi. Laboratory was Driiurily intarPtA in le-om! the
test met4nd for use ia the_ -"aluation of chemical fini-_hes (fmvz
3izes) on roving as tbes rc1e+te to the various strro-th properties
&,- the ret- !tý 'Aa.ZC stos h&",?4 ncw be-n " bCight to~
point that thtz has been accomplished. The ultimite fieacr-al .strenzMth
test and the horizontt.r1. ahi- strength test can both be used for this
purpose.

tLtimate flexural strength data are shown in Fig. 8 for
rings wth -various roving surface treatments, which were mde vith an
epoxy rcsin cured with mtaphenylenediamine. It should be noted that
testing und standard (dry) condition does not cleotrly differentiate
betveen treatments. It was found v4ith thio resin ayat- -tht boliing
the ieciamns up to 12 hours before testing was necessary to bring
out the differemces shown. Horizontal shear strength data from
duplicate rings of those shown in Fig. 8 are shown in Fig. 9. Again
it is seen that the specimens have to be severely boil conditioned
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Figure 7 Typical hiorizontal shear failure;
end view
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to bring out differences due to finishes. It should be noted- that
Sno vet shear values are reported for several of the roving treatments
in Fig. 9. Serious degradations occur in these specimens on boiling
and failure by shear does not result. The coefficients of variation
shown indicate that both methods have fair to good reliability. The
coefficients of variation tend to increase when the values get low.

Tltimate flexural strength data with a polyester resin nre
whown in Fig. 10. A two-hour boiling water conditioning is sufficient
here to differentiate between roving treatments. The relative order
of values is what would have been expected from fabric lawinates.
Horizontal shear strength data on duplicate rings for those shown in
Fig. 10 are shown in Fig. 11. Again it is seen that t1 specimens
having inferior roving surface treatments fail to shear. The coef-
ficients of variation indicate that both methods have sufficient
reliability to be useful.

This Laboratory has designed a test fixture to obtain
tensile data on the entire ring. It is expected that these data will
also be ava:lable in the necr future. There are at the moment no
plans to design a similar fixture to get compresi-ve r'*th data,
but this would be highly desirable, since many end items of interest
"are external pressure vessels.

The NOL Ring Test Method is being proposed tentatively as
a standard test method for specifications use. Perhaps iore work
needs to be done on the method of making rings and the manner of
testing. At this time, however, it is possible to make rings uni-
formly and reproducibly, and for this Laboratory's purpose it has
been able to differentiate very clearly between glass rovin.c surface
treatments.

C. Reinforced Plastics in the Construction of
External Pressure Vessels

SReinforced plastics are structural materials which are
suitable for the fabricatlon of rine cases and other underwater

Shousings. They are non-manetic with high electrical resistivities
Ssand tre corrosion resistant, lightweight and utilize non-critical

materials. 1hen they were first considered for this use. their
creep az4 fatigue characteristics under long-term pressure conditions
were unknown. Therefore, it was necessary to develop basic data on
the auleetion of .materials and on the design of pressure vessels
prior to their acceptance for the fabrication of mine cases.

A half-scale model prop-am was initiated to provide these
data with e02hasis on the submarine launched mine case Mk 57 (9).
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Small tubes were used to establish the variation of collapsing
pressure with length-d.ameter ratios, thickness-diameter ratios, and
rcinforesment strength cha-acteristics. Large tubes and models were
investigated with respect to the degree to which ribbing would rein-
force a tube and increamse its collapsing pressure reaistance. Long-
term hydrostatic loading of models was carried out to determine the
time-to-failure of promising designs and fabrications.

A f a.r-la for calculatlng the collapsing pressure (Pc) of
reinforced plJ.%uics vessels was taken from one used for metal
structures. For short cylinders (L = 6D ii•ux_) under uniform
external radial and axial pressures the Trilling-Windenburg formula
was used:

PC M 2.42 , (tiE)5 12
(1 ...j2)37r rL - -0.4.5 (t/n 1 2

Where t/D is the wall thickness-to-diameter ratio and LID is the
length-to-diameter ratio. Poisson's ratio (A<) had been determined
an equal to 0.3 and was used as a constant in the equation. The
formula gives good results when the failures are of the instability
type where excessive deformations give rise to highly stressed areas.
When the failure is by yield without appreciable deformation, the
formula is not strictly applicable. Neverthelcss, it was used
empirically to permit calculations of experimental vessels of known
dimensions. This required the collapsing of cylinders of varying
L/D and t/D ratios and the calculation of E (Effective Young's
Mlodulus) to demonstrate its t/aracteristic variations.

The initial series of experiments was with -mall1 dianter,
convolutely wound cylindrical pressure vessels. Fig. 12 shows data
for style 181 glass fabric reinforced polyestcr tubcs. It is readily
seen that Pc increases with a decrease in the L/D ratio and with an
increase in the t/D ratio. Here then are t-wo ways by wich the
strength my be controlled. it should also be noted that the slopes
of these curves change markediy in the rang-- of L/D ratios from one
to two. At I/D ratios above this range, failure in the specimen is
of a typical instability nature, while below the failure is typically
yield. At extremely low L/D ratios, the axial compression strength
of the cylinder appeared to be the yield mechanism of impoitance.

Once Pc was determined on c seri.cC of tubes of known t/D
and L/D ratios, E was calculated. A plot of E against L/D for
various t/D's, such as in Fig. 13, allowed the estimation of Pc for
experimental cylinders. The drop in E at low L/D ratios again
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illustrates the limited applicability of the formula to failures of
a yield ntu.e. It can, however, be uses eapirically by introducing
an estimated E consistent with the specific t/D and L/D ratio of
the mroposed vessel.

Olas roving* were also used in a helical pattern to rein-
force a cylindrical structure. Excellent results were obtained, as

oi~cau by the varitions of Pc sno E versus the helix angle of
win, as shown in Fig. I4. Similarly, am with fabric reinforced
tubes, it was noted that as the hoop strength of the tube is increased
pressure resistance and stiffness Increwsed. In contr.04st to the
helical. distribution of glass, the .rovings were also placed so that
they l"y only in the axial and hoop directions (C-90* wind). With
this technique, the axial hoop strength ratio can be controlled as
with helical windings. 'Me effect of these variations is shovn by
the points 2 and 4:1 (represeseIng the hoop-to-axial ratio) over
the 90* helix line i.n rig. 14. Certain theoretical advantages accrue
by using the 0* - 900 wind tasbrque, a- the laa:s is t more nearly
in direct line with the arplied stresses than when wound helically.
It is, therefore, to be expected that these structures would have
better stress resisting cheracteriati cs under both short-term and
long-term loading conditions. Also, a•t the higher collapsing
pressures, the m uu axial strengths for the application can be
more reAdily mintained. The 0' - 90C wound tubes have axial com-
pression strengths of 23,000 psi for a 2:1 axial-to-hoop strength
ratio, as coparmd to 18,000 psi and 15,000 psi for a 60" and 80*
helix wind, respectively.

Scale factor is en important consideration in the use of
tUe foregoing data. A series of data in i~ble !i show that the
scale factor is effectively 1:1, as would be predicted from the
Trilling-Windenburg formula. Since any increase in the radii of a
tube approaches the ideal conditions of a flat sheet, it is expected
that the I:1 scale factor ratio will hold true at dliameters larger
than those tested to - .te.

In pra:tical applications, a cylinder will generally !avc
a specified length, yet its collapsing pressure requirement may
emnad a much lover effective L/D ratio than that of the basic tube.

The use of ribs represents a means by which the effective L/D ratio
can be redtced. Fig. 15 shows that Pc was controlled La the insta-
bility failure region by this method. In the -ield region. nowever,
these same ribs failed to give s"ufficient support to obtain Nc
values an great as the ones on the theoretical Pc-L/D curve. The
units failed in instability. Although th theoretical curve was not
followed, the collapsing resistance was increased three-Zold without
a mjaor weight increase. Further increases in collapsing pressure
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vere obtained by increasing the rib cross-tection or the number of
ribs but at the expense of an increac.e in -wight ais wel'. Increasing.
the rib size resulted in a yield failure.

Not only mast a reinforced plastics pressure vessel have a
high resistance to short-term external pressure, but it must be able
to resist a high proportion of this pressure for an extended period

Fig. 16 showed that convolutely wound cloth veacI.a loaded to 80% of
their short-term strengths did not withstand continuous pressure for
any great length of time. At 60%, these vessels lastei about 300
days. It was shown that with a loa4 of not over 50% of the short-
term strength, the vessel lasted well in excebt of one year. Vessels
loaded at 4O0% of their ultimnte strength were found to maintain their
full short-term strength even after one year's long-texm losding.
Glass rovtng helica.lly wound tubes, although having initially higher
dll---s•o• , w~e found to fall off more rapidly on exposure
than cloth wourd tuas and maximum allowable pressure for long-term
use was below that of the cloth wound tubes.
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TiUE PlOSI'HINIC NITRIIDTES - POTENTIAL IHJGII TEMIlERATURLU
POLYMEMIC DIELECTRI CS

A. J, Bilho
U. S, Naval Ordnance Labormtory

Coirona, Vikijornia

Itaring the past ten years, the demand for polymeric di-
electr'ic materials which can withsitand ,emperat'ires in the region of

500 to 1,000"C has become increasingly insiitent. Since momt -f the

coa'ventional organic polymer system3 fail long before the renuired
temperatures are reached, a molution in the field of inorganic
p poly3:wr chemistry is being sought with increasing vigor by research
laboratories.

Of the several areas etulied by the grou~p at NOL Corona,

-h-& mmot pron•.i-.g iuorganic system if that known as phosphin-ic
nitrides (alo commonly referred to an pho phonitriAes). 1he Cv~te=
is made up of alternate phosphorup ond nitrogen atcme forming a con-
jugateA, unsaturated polymer chain.,

r- -

t tlit Rt Iti +1it
Figure 1

In thi. type of molecule, the phosphorus is pentavalent anti wide
variation in mechanical, physical and chemical properties can be
obtainv,! by var'ying thc , cha~ii sultmi.uerts on the phosphorus,
atom.

The varioup phomphinic nitride compoundn with which our

Laboratory has been working are shown on the next page.
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C11

r1., JBr x ' x
C2 "5 16 H C i5 1

II IPN -- [I '-= -

L~2~ix i

Figure !2

Historically, the parent niaterialn in this f!amil re the

dichlorophosphinic nitrides, first made in 1834 by Liebig. I The

1oweat ,iolecular weight members of that. Myitem are the trimer and
tetrumer.

U.i R/

ft p / \ a
R111%11tI1" N

N

R .tI ."
N t/P

It / P iS

(PNC1 2 ) 3  (PNCI 2 ) 4

Fi gare 3

4;tsidies pZ.tbeieectron diffraction pttern,(2) infrared

and Raman spectra,'' and Lryl;tai Piructure ' have eetablished

the cyclic structure of both trinuer and tetramer. The trimer ring

is planar, but the tetrai-or ban a puckered ring covfiguration.

When (PNCI, o) r 4 in heated in a Fealed tube at 2700C,(6)

the ring is ruptured and Lhe products shown belov are obtained (tht

yields of each depend on the len7th of h
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r A . 1igh Mo!. Wt. Oils
VB . Gums

C. Waxen

(PNC1003 ir 4 1 "Inorganic Rubber"
I oio. wt. 37,000 - 78,000

E. Infumible lon--!aPtic
Solids

FiT, re i

Alt ... 'C, cnnversion to the ".norganic rubber" occurs within an hour.

The "inorganic rubber" bears a remarkable resemc-blance to a good grade

of Pligbtly vulcanized nntural rubber, !tq,: clawtic quality ij aB

good, or better than natural rubber. It im eolerlep.a when made from

pure trimer or tetramor, and is inioluble in ordinary solvents, but

nwell, in benzene. The elastomer i! stable toward acids and bases,

but is decomposed by long boiling with water. A loses rf elae'icity

occurs when the material in exposed to air for a period of weeks and

it cventually becomes quite brittle. Slow heating of the elartoner

to red heat converts it te a porous horny mass.

Let us now consider the methods by which the roembers of the

phosphinic nitride system can be made.

(PNCI 2 )3 bUd A can be obtain--d(7) ,a zatis8!ctory quantities
by the reaction of FC15 with N4.;C1 in an irt Zoiitenrit,

135 0 C .Pl1u i
PCcI5 + Nu4CI GChCI2C12er

I0moologe

t'igure 5

The mixture of products is separated by benzene extrac'ion, frac-

tions] distillation, and slow sublimation.

%3) are obtained in an analogous reaction( PNBr2 ),, and 4' '
between NH4 Br and PDr5 .

Mixed phenylchlorophosphin l _.ritri.eA c-n be obtained by

the reaction of C86 1HPCI 4 with- PH4 Cl.', 1 )

Fully substituted phenylphosphinic nitrides can be prepared

by the reaction of diphenylphosphoruz trichloride with NH4 C1 in an

inert solvent.
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-.40,

NH4 Cl -4

Figure 8

The use -f liquid amnonia instead off M14 C1(0O) gives a more con-
venient reaction technique. Aumonia is not used in the rtaction with
PCI 5 in the formation of (PNC! 2 )0 be.a•'e ovor-ammcnolysis viii
occur. The initial produ•cts obtained fror the liquid ammonia
reaction with (C8 Hj5) 2 1•ln are watpr-sensitive, chlorine-containing
compounds which must be heated to about 275 0 C in order to convert
them to the cyclic d 1nylphosphinic nitrides. Ii t-
that the cyclic tetramer is formed almost exclusively.

(¢61s)2PNL4 forms a higher polyier on!y when heated t.o
tem•eratures above 4000 C. When it is heated in a -ealed tube at
540'C for short intervals, a brtt.1z" iber glass is forwed, together
with a q,.antity of benzene oquivalent to th- los* of two phenyi

groups per tetramer molecule. The glassy substance is insoluble in
all solvents and resists molding even at 400-5000 C. This evidence
strongly sggests that ext=isive cross-linking must occur. Heating
at 40W°C for one hour in the air leads to !ear than 5ý loss in
weight, but prolonged heating in air leads to its conversion into a
tarry mass.

The preparation of the jie ylp G"pbi nic nitride_(1!)
follown i nizdhar pth to that outlined for the diphenyl derivatives.
Again the mois'ture-seneitive intermediates are converted to the
cyL:_E,, comaounds by heat-in at elevated tt.e•peraturei, (0....2..O..

The cyclic dialkylphonphinic nitrides are uniqu;5 in that
they are water soluble and can be recovered unchanged from a cold
water solution. When t(C2Hr)2PNJ3 is heated to 3400C for 16 houirs
in an ev. cuc-4ýt.': tube, a dark, brittle, resinous material is formed.
together w!+" A P'iaji`.ty of ethane gas equivalent to the loss of 2
ethyl gro-ps o'r Lyibierlc molecule. The polymer begins to decompohe
wI'en heated above 3O 0?C.

Dimethylphosphinic nitride, recently prepared by Searle,(12)
was feund to have properties similar to those of the diethyl deriva-
t ire.

Another method of obtaining substituted pbosphinic nitrides
involves the replacement ef the chlorine atoms on the already formed
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(PNC12)3.

When (PNCl 2 )3 or 4 in treated with C6LSUgBr, partial or
complete replacement of Ci occurs. However, the yielde are not sat.is-
factory duo to the tendency of the Grigrard reagent to cleave the
(PNC1 2 ) 3 ring and thus form unidentifiable tars.

A more ectisfactory C! replafee?, ,qaction occurs vhen
(PNCl2)3 and 4 are treated with KSO2 F.o

-V. 3  +2 KS• QF 4 • -PNF 2 ) 3 and 4

+ 2 KCI * 2 SO2

Figure 7

Here. the conversion to (PNF 21 - and. 4 is better than 75%, Hea+tIz
(PNF2)3 and 4 in an ovacnxted tub4 at 3500 C for 11 hours yieldm a
clear, colorless elastomer which is .e"o-..aily stable up. to 4500C.
The hydrolytic stability, howsvo,., ý..i very poor, since overni;iLt
exposure to the atmospha.re e•o.• , 'khe material to a white, sticky
mass having little or no eiastici'."-

The reaction betwe.ci sodium aside and halophosphines(1-6)
provides an Interesting and potentially important method of preparing
phosphinic nitrides.

R2 PC1 + NaN3 -- )-L.X... [pN 3]3 [RPN + NaC!
1 ÷

R - C6.q, Cl, Br

Figure 8

The reaction occurs when the &tide ie -ddsd dropw.se to the heated
halophomphine. Nitrogen i, evolved as the intermediate phosphorus
aside decomposes to yield a stxture of polymeric phosphinic nitride-.
If the reaction temperature is too Jow, the phosphorus aside may
accumulate and explode violently, as happen•J in the rercLion of
(CF 3 ) 2 PI with NaN3 . PCIa with NaN3 also yields ma ea li veo
(PNCI 2 ) 3 yields the dissidophosphinic nitride, [PN( 3)2J3:' wben

treated with NaN3 .
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lvreciabl. yi.elds of L~t 6 t)2FNJ4 are obtained by Uhii
method when the polymerized material, obtained from the azidz, iz
heated to ^745

0 C.

C6H5PC] 2 and NaN'j react to gize a soluble polymeric,
fibrous material of molecuhar weight in excess of 5,000.

(Pm•ro)x el'ptotw'r in obtained directly by this method.

in addition to the oyathetic phase of e ioilg&aIc po4i-r
program at NOL CoDrona, a kinetic studyki8) of the polymerization of
the dichlorophosphinic nitr.den- it •l-a- irn progress. The uncatal.yMed
thermal polymerization of (PNC1 2 )3 or 4 is difficult to study because
ru!•_dt• ¢ot|d not be reuroduced despite strenuous efforts to control
all reaction variables.' These diificulties were alleviated when it
was discovered that a large miber of organic compounda and some
metals catalyze the reaction to a jpr-j•a;iiaca-d d.gr.., bringing about
an extensive polymerization in 24 hours at 210 0 C. Among the cata-
lytically active materialt are ethers, ketones, alcohols, and organic
acids, zinc, tin, and sodium.

Bulk polyserizntion dais typicai of (PNC1 2 )3 are xhown
below:

to -i ----
S, .sq.,

U ' -stO 30 so0 s

POLYMERIZATIONt VIME, HOU$S

Figure 9

Curve I is the reaction catalyzed by 8.4 mg of ether per gram trimer;
Curve II, 2.6 mg of ethyl alcohol per gram trimer; and Curve III, by
20 •g of tin per gram of triver.
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At the temperature at which our investigations "'re
carried out,' nam-ely 210 0 C, the increasing amount of polymer being
formed causes the reaction medium to be quite viscous, thus the data
from the bulk polymerizations only lend themselves to mathematical
analysis during the early stages of polymerization. In order to
obtain results more amenable to kinetic interpretation, the polymeri-
zation was carried out i- solution.

Figare 10 shows the polymerization data using beizene
solutions cnPtagining 22% by weight of (PNC1 2 ). and different concen-
trations of benzoic acid an catalyst.

0- 1

, 4 0 . .. . .r

0.J

0 20 -.i--

0 so Ik 20 -60 200

TIME, POURS

Figujre 10

Curve I was obtained when 2.89 mg of benzoic acid per graw of benzene
was used; Curve II, 5,.70 mg; Curve Ill, 9.80 mg; and Curve IV,
13.7 mg of benzoic acid.

FiLure 1] gives the firRt order plot of the same data, as
seen on the next page.
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I__

20 _ _ _F_ 
__7

0 40 eC' i0 60O 200 240 ZIO

Fi0ure 11

All curves appear to satisfy an equation for a first order reaction
with respect to cagtalyxt concentration.

The -aluf_ of the first ordcr rate constants, calculated
from the first order relationships shown in Figure 11 are plotted an
functions of benzoic acid concentration in Figure 12.

INENZOIC ACID (UG PER GRAM BENZENE)

Figure 12

The ratem are seen ta be directly Proportional to the concent ration
: ~of the catalyst. The high value of the rate at ihe 'lowest concentra-
e•' tion of benzoic neold in attr:ibuted to the uncatalyzed ,4olut.ion

ii polymerization of the trimer., Since data for the uncatalyzed noln-
• tion are nP poorly reproducible as those for the bulk polymerization,
• a reliable correction cannot, be made! hob-ever, vaiues as nigh an t%
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polywcrisatinn tn 100 hours have bhen obnerved, and ratep of thim
9'Rnltude vold account for the obherred elevation.

The comparable effectiveness of Itt.1, very ditffrent tylies of
catalysts makes it obvious that their action is nv* .,,A -cific, 'TLe
catalysis by metals and the forn'ation o0 hydroaer ck' w-ide from the
organic cosnounds suggest that the itayltrtant 9 tKi. ,• •:he initiation
is the removal of a chlorine atom from t.hxo phý i,-.:-. Thfr rcac.tion
must occur in an environment where the ,orr- cannot be repLhced
by another si tble group, for water and asnrd,ý'.ý 'ad only a -'cMl
effect on the po!yawr.zeticn, although thiy rea,., readily w1:iL
(P'.Ci2) 3 . In view of these considerat.,>-.i, it al.pear, t!;.t
removal of a chlorine atom from phoa.hleru-• . :-ivntd species.
such as P3 N3 CI 5 * -A-- fOr'.-d. The propaga•i. ol v. polyerizai.,.
proceeds when thib ac'-,Ave species react furt~her witi otheyr ritusir
molecules. The ter"Iii~aion step couid pos•ibly j.ccur upon ceotbira-
tion of two long chain ruacti've specie.
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ZFflCTS OF ELEVATED 19MhRATURE
ON KIECTTICAL, PROPERTIES OF

THEIUMvETTINr3 PL&~rICS

W. Hand
Naval Mats*rial Labori&bory

New York Naval Miivyard
Brooklyn,, Now York

In recent years., the evaluation of heat resistance of elec-
trical insulation has becom a subject" of growing interest and impor-
tance among research and design engineers. Irxereased interest ir' be-
ing generated by the widespread and continuing trend towtard mirLa.-
turization of electrical and electrmric equipmnent, necessitating the
functioning of insulation at ever higher temperatuires. rutrthermnore
the rapid development of printed -circuits,, grciring Naval electron~ic
applications, and sajce flight technology have also served to crriate
a demand by the Navy &nd o'ther 14iilt*ry ageflc1.e5 for !21_gflA!~trnp

ture ieslectricsi and for specific engL-mering rt! nregardiig
thIe twhavior of indai~ terials at antic ip-ntodt.t":
&51"ficuities in sol.ving these problems arise from the wide variety of
environmental conditions encountered in applicaltions, the demand on
the pert of" d~volopont and design engineers for concise, yet. =Cicn-
tificafly sound, heat resistance cla-3sifications of insulating materci-
als arid the disagreement of research~ers on methods of obtaining and
interpreting the required data.

Recognizing the future need for specific in~formaticn -nn
elevated Vemperatnre properties of insulating materiAls for shipboard
applicaticca the Nrval Mater~il Laboratory., under the sponsorship of
the Eux'eati of Ships undertook a proggras of intvestigations to obtain a
comprehnaive view of the heat resisrtance of dielectrics. it was
also intended that this program would promote the developnment of re-
go-arch 1--th'odes, p roednres and instrurA~tat~ion for the evaluation of
dielectric materials at elevaited temperatures as well as supplying
specific information useful for design miirposes.
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The test program included the development of apperatus arnd
procedures for conducting elevated temperat~ure wasuremgrrts of elec-
trical properties such as dielectric strength, dielectric constant,
dissipation factor, volume aria surface resist~ance.* In addition., this
electrical progrtm was paralleled by a similar elevated teasparat12rv
investigation of mechanical properties., described in reference (1).

In contrast to the urarvalent practice of conducting measuree-
merzte of properties of inzatlating matlerials at room temperature after
heat aging,, and often niot considering the duration of the heat aging
periodd, the ILaborata~ry' a evaluaiions were co 'rted by pearforming
measurements at elevated temperatures and as functions of time of ex-
posure &t these temperatures. In addition., i'recial c-tt~ention was de-
voted to investigating very short term exposure effects because of
unusual behavior olbmwrved on initial21 heating of some materials.

In accomplilshing these irnvestigations., special equipment or
modifications of conventional equa.I~nt were devised. These included
the construction of test cham-bers ftor conducting ueasturement:c =t ale-
vated temperature, the developmenit of high temperature electrode ays-
t*eia and the use of silver paint and spa, &a lcrds o
example, the chamber illustrAted in Figure I was constructed to con.-
duct dielectric strength measurements in the direction parallel to
forming pressurev of the materia! aradar test. Thid a-praturs '-onaeista
essentially of a thermally and electrically insulated enclosurs con-
taining a 3/4 inch diameter electrode sys-tm and thermofftetically con-
trolled alectric heaters. Spring loaded,. 3/4 inch electrode easse=-
blies are installed in clearance holes thirough Une center o f tMNo
7Aage ceramic insulat~ors. The upper insula-tor is fatevemd toc the- re-
en~ox-vd roof of the chamber and its electrode., protruding through a
hole in the roof., is connected to the high tension side of the test
voltage source. The lover insulator', containing the grounded elec-
trode is mounated concentrically on an insulated stand fastened
through a hole in the florr of the chamber to a hydraulic Jack. The
opposing ftces of the insula1.jrs are covered with 1/8 iLne thick
sheet silicone rubber with 3. inch center holes provided Ofor prctrn-
sion of ths electrodes. In ni tevtp the specimena is placipd ceentr:Ally
botiwe'rn electrodes and the low-r electrode assemibly hydraulicall~y
raised to compr'ess the specimen against the upper electrode a6G.'4=bly.
Thus, "flashover"l across the surfaces of the specimens is Iinhibited
,when voltage is applied. Altho3ugh the specimen is subjected to a
pressure of 25 to 50 psi.. when tested, the are& of the specimen under
the electrodes experiences only neizligible spring preeur.,". The
equipment is capable of withstanding7 voltages up to 60 kilaovolts and
operstin,,g at temperatures as high a&' 250C. To minimize statt ticai
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Fig. 1 -Dielectric Strength Measuring
Apparatus - Front Wall Removed

variability, date was taken as tta avorage of at leaAt 3 imasurements
for each test poinat on randomly selected 5peciimns.

MATERIALS

The -Aaterials inrvestigated were comro'rcially avmiltble, and
conmonly used laminated and molded thermosetting ploatics. The lad
natos were cut into 3 Inch squa~ms from 1/8 inch thick sheet3 and in-
cluded electrical grades of the followinpg types! rhe'riolie-paper
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" (PT) F .penolic-fabric (m,, , n.a imv,-glass cloth (MOCT0), and iil1.-
cone-glaeu cloth (OSk). F',olded materla.s we•.• phenolic-obes0tos
(W-1-20), phenolIc-c lluloes (CFO), mamine-glass fiber (*9-5)p
alk-d lasB fiber (i*I-60), ard silicone-glass ftir (MSI-30); mrolded
into 1/8 Lich thick, 4 inch diamter discs.

RESULTS

Dielectric strength, measured in the chamber described, was
investigated using a 500 volts per second linear rate of voltage, rise.
Measurements were conducted at 50C temperature incermnis c t tempera-
ture levels of from 50 to 250C. Dielectric strength war computed as
the ratio of breakdown voltage to specimen thickness in volts per m'il.

The resulta of dielectric strength, short time teraperature
exposure tests (measurements made during the first four hou'rs of heat
aging) are considered first. These may be separated into three
grmfrpe. In the first catagory are materials such as silco~ne-glaes
laminate, which show littlA chenge in properties during this initi;ýl
heating period. The second group includes phenolic materials am
typically illustrated in Figure 2
by the curves nbtained for phe-
nolic-fabric lami, ate. With these
materials a reduction in die- 400- DIELECTRIC STRENGTH
lectric strength starts almost as 5 1 D"run, ,I FA... ,_AMTEF
soon as the specimen is inserted ..A>

preheated test chamber and ,r0
t•l decline continues for five
minutes to four hours or more, 23C
dapending on material and ex- .
posure temperature. This is ia- cc200
mediately followed by rather rapid (n
recovery, often beyond initial o
strength. In the material shown, Xr
a dr:p frun a room temperature
valut -f 25au to 32 vpm was ob- -j

cerved within five minutes of in- I

sertion of the specimen and ex-
posing it to a constant tempera- C0 00 200 300
ture of 150C. Nper base phenolic, EXPOSURE TIME - MINUTES
rt this temperature and exposure
interval, dripped from an initial
value of 510 to 63 vpm; retaining Fig. 2 - Short-tern Ei•-
only 32f of ita original dio- rcated Temperature Die-
lectric strength. At moderate lectric Strength of
elevated temperaturis5, much as Phenolic-fabric Laminate
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50 and bOOC, the lose of dielectric skrength was not .c preat 3e ex-
hibited at higher temperatures, however longer tine was requirod to
reach minimum values. At temperatures of 200 and 25OC,. initial drops
were often so rapid that minimum strengths could not be measured with
certainty. After reaching minimum dielectric strengths, sor.tewat
slower recovery foliowod. Tmprovement, often b*y-.nd initial di-•I•'•-
tric strength values, was still continuing after 1.000 hours of heat-

Sing at thm milder temperatures, but the trend was aga.in reversed down-
ward within 24 hours for 250C exposures.

The third group of short Lnterv.l heat aging results are
represented by mulded and iaminata malamine-glass and molded alk-yd-
glass. The behavior these materials are typically illustrated by the
curves obtained with the melamine-gla~s molded material of Fligure 3.
Here, as in the becond group, a very
sharp drop in dielectric strength was 400r-

observed as soon as the material was -zD C
exposed to heat, but contrary to the G lEC DIS
previous gro'p., recovery on con- > 300
tinued heating was small no that • 3ooj
dielectric otrength remained sub- 3: I1
stantially at a low level. Typical I

' a -iW Whow a drop f rm 385 to 60 vpy. 20.

in 15 minutes of exposure at 150C;
a retention of only 16% of initial (n -

dielectric strength. The mazimum u - .C-
mibseq*.•,.rt reeovery to 1148 r 4iP_.,4i- 1-1o!41,t - _ - -
cated a gt lots of 62% of initial ,•J ..
dielectric strength. -W xC

Tho resnilte of die!ectric 10o 0 o
strength measurements dur,_,rng long EXPOSURE TIME - MIN.
term heat aging e;ted the
following: Fig. 3 - Short-term Ele-

vated Temperature Die-
Elevated temperature ex- lectric Strength of

posures for dmuations beyond the Melaminm-g•i5s Molded
initial transient rangae eventually Material
produced progressive dielectric
strength deterioration, determined
by temperature level and duration
of exposure. Many of the materials, however, did not follow a linea,
pattern of dielectric strength redcrwton with bent. a-gng time., par-
ticularly at higher temperatures. Under these conditions, it wam
foumd that deterioration progressed glowly for several hiindred hn-re
ani t•.en in a rel.atively short period dropped to a !,nAArtbly lower
level, qftp which slow deterioration was rovud. 7or example, in
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rigu2n 4 tQ lmig tore heat aging curves of molded s!licone-g!ase

show rap.d loss of dielectric strength at 200 and 750C; each of these

•*ropa cxcurrIng between intervals of slow decline On the other hand.

loc.r to e2rate\W exposures showed no sudden drops In dielectric

S\ oo250C

10-

400 690 N0

0) 
__J

EXPOSURE TIME- HOURS

Fig. 4 - Long-term Elevated Temperature Dit'"actric

Strength of Silico.,e-glasa Molded Material

stzsi-iAth, although it is conceivable that tlzy could occur boyond

1,500 houre , teh szinum aging pericd Investigated. In many cases

long term heat aging failed to produce the extremely low values ob-

served during initial heating. The salient aspects of these dielec-

t.z!_c strength meastrements are shown in Table I.

Many of the initial effects noted in dielectric strength

seasuzreents had their cýunterparts in measurements of other proper-

ties under similar circumstances, This was observed in such diverse

masue a as flexural Amrength (1), dielectric conotant, dissipa-

tion factor, volume razi&.ance and surface rceietance. Thus, Figure

5, illu•trating vol=* resict7vity of four laminate materials at



TABI I

Salient Results of Dielectric Strength
Elevated Temperature Investigatione

Dielectric Strength (!.S.)-Voits per Mil (VPM)

D.S. D.5.
Time to at. at

•t'l Transient Time to Recovery reach 768 1500
and Temp. Initial Mini-mum reach Maxiium max. hrs. hrs.

Group *C vpm vpm Minimim vpm hrs. v;M vpm

PwE 100 510 152 4 hrs. >600 >1000 >600 -
2 150 63 wn. 550 1000 -

200 " 40 <3 miin. Bliatered BUitered

FM 100 255 100 2 hrs. 420 300 hra. 420 -"w Fop Q•-

->V 30 5 rin. 361 96 hrs. 278 -
200 20 <3 min. Blistered Blistered

am 50 480 320 24 hrs. 3. 48 hrn. 3_ -
3 100 185 4 hrv. 21 24 hrs. 120 -

150 85 5 rin 230 3 hrs. 35 -
200 Not obtained 224 1 hr. 79 -
250 9 208 5 min. 60 -

nSG 100 372 No Transient 375 1 . r. 350 -
1 150 * Instability 0'%. 393 -

200 O Observed 471 4d hrs. 308 -
250 [428 5 min. 226 -

MMI-5 100 385 120 30 miin. 234 24 hrs. 151 149
3 150 60 15 min. 148 192 hre. 1he) 144

200 [47 15 min 169 4 hr• 106 94
250 U Not obtained W143 30 mrin. 59 52

t) 153
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TABU I (Cont'd)

Salient Resulte of i1ielectric Strwngth

Flavated Temperaturv Investigatl ons

Di electri 5treagthi (D.S.)-Volts per Mil (VRi')

. D.S.
Time to at at

Mat' 1 Transient Time to Recovery reach 768 1500

and Tezti. Initial Minimu reach Maximum max. hra. hrz.

Group 4C V vm Minimum vpM hrs. r v

MnI-60 100 405 315 5 min. 373 30 min. 323 340

3 150 * 200 30 min. 371 1 hr. 285 266

200 244 15 min. 268 4hr. 42 3

25(1 " 157 5 min. 202 4 hrso 43 41

MSI-30 100 304 No Transient 308 192 hr@. 247 239

I 150 Instability 279 24 hre. 165 123

200 Observed 367 30 minn. 59 58

250 " 346 30 rvin. 614 56

MFI-20 100 59 35 15 min. 103 192 hre. 89 107

2 150 * 19 15 min. 111 192 hrs. 108 122

200 17 15 min. 89 24 hrs. 35 27

250 "18 5 nizn. 66 4 hrs. 3.- 23

Notes: 1. Not measureable by method used. Minimu,. value occurs In

less than 5 minutes.
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150C, shows that 3 of the 4 mate-
rials exhibit characteristic in-
itial tr:n-ient effects, . .,.,A,,-
ing of rapid =mporary loss of

,AJV LAMINATEL MATEMALS resistance during the first
GS6, minutes of heatLng, followed oy

110 SG almer recovery on continued heat-

ing. Silicone-glass larmn•ite
SGMG.- -relatively stable during short in-
P8E terval elevated temperature die-, 06 a~

>_ 10 le~tric strength !reamimmentsa.
-.. E •so exhibLted similar stability

with respect to volure resiftance
04 1 and1 other elc.trical properties.

STo determine whether the
initial instability effects ob-

0 • served were attributable to under
EXPOSURE TIME - MIR. curing and therefore subject to

improveint by fufther hesting,
measuremnts were ccnducted to

Fig. 5 - Volume hasistance at determi,-e tt effect of cyclic pe-
"15DC of Four Laminated r~ods of heat avingo Thermal
Materials cyrles at 100 and 150C; consist-

ing of 6 hours at elevateed teut-r-
attrie and 18 hbo-s at rooi. temperature more repeated three times oil
the sensitive phcnolic cellulose (CFO) molded material. Meauu-nts
of d ilectric constant and dissipation factor at one kilocycle were
taken almost cotitinuously during the six hour heating periods. Fig-
ure 6 shows the effect of IOOC theraal cycles on dissipation factor.
Similar characteristic were found for dieloctric constant and for. the
masurements at 150C. It is evident from these curves that substan-
tial improvement is achieved after the first cycle, resulting in re-
duction of the initial peak by half. Subsequent cycles produced
minor furt~her improvennt, illustrating that inadequate cure may be
responsible for only part of the initial thermal instability.

CONCLUSIONS

Am a result of these investigations it is believed that Ln-
sulation failure or malfunction of electri:Cl apperatus nt elevated
temperatures can be caused by a form of transient instability occur-
ring within a few minutes of elevated temperature exposure. 7he
possibility of this form of early failure is inherent, in specific
types of insulating materials, and, in apparatus utilizing these ma-
terials, the danger of failure is greatest where temperature rises
are both sabstantial and rapid. Examples of such situations might be
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found in the electrical equi;swnt
of guided missiles, jet aircraft,r•\ proximity fusBe and shipboard and
airborne radar. Awarenss of the

PhEU" CELLULOSI MOL)D possibility of this form of feil-
MATZRIAL u.re ia needed to take pre", 4 '-

against it. 0 be condition is
Sp.F. -;'Cycle som what alleviated by the fact

that most applications of insu-
<. lating mater£ti~s do not involve

SMid - - - the rapid teaparatures rises em-
z 0 -. ployed in the Laboratory tests

0 Ad described. In ordinary applica-SIti!ons thia. Pey bj- sufficient to

0!carry , ho material beyond the
r -4rCZ "A. init ial. heating period.

o "-23C

The r-joults of the in-
(JI __2 ~ ~ 2L vestg~'tions also indicate that

EXP•SURE TIME- MINUTES the task of classifying insulatig
materials into temperature ratings

Fig. 6 - Effect of Thsr'i,. of heat resistance on a scientifi-
Cycling at .00C on Dieil nhl!y Toamnd basis will be more
pation Fuctor of CFO difficult than first anticimted.
Material T7, Tarious fcW -f in" itia

thermal behavior of materials =4
the nan-uniformity of their long term characteristics do not lend
themselves to the generalizatians m.rquired for simple thermal classi-
fication of materials or the rz•odiction of life expectancy under
specifieo conditions. For tr, imadiatA Tutturo it ppma-w +-•+- +-'%M
selection of dielectic, matei isls will continue to requirel t.nded
te•ting ;ts dictated by the siecifie envirnental requirseents of each
new a•licatior.
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LA A D F A PI CS
ST-IEXTURAL MATERIAL OF AIRSHIP EUVELWPES

W. T. Kelly

lava! Air Material Cente,
Aeronautical Materials Laboratory

Philadel-iU4 12, Pa.

Aviation pioneers used laminated febrics to manufacturenonrigid airships for first steered air flighkt. Since the

airship keeps its shape by pressure of the lifting gas, these
pioneers had considerable difficulty with change of shape after
inflation that could only be corrected by tailoring. in addition,
and more important, stresses applied by the rudder when turning
could bend the airship and n,,lt•fy the effect of the rudder. To
solve these problems, studies uf weave desiGn and biaxiai iocaxing
effects, the first scientific analysis of textile materitl, were
performed in the period of 1910 to 1915.(1i* From these stud.ea
developed high ntrength balloon cloths woven in plain -r•d 'bsket
weaves, diagonal lamination to control elcngation, and use of left
and right bias laminations in alternate panels&. These improvements
in fabric design eliminated elongation problese. However, as larger
airships could then be more readily designed in the rigid type,
there was little development work on nonrigid type airships uttil
World War II. The laminated fabrics used In nonrigid airships of
1940 to 1550 were similar to the earlier materials except that
neoprene vaa used in place of natural rubber.

The development of electronic seems of submarine
detection and use of airships as mobile radar in the early warning
network ne:essitated the development of la.rger airships. Th.z
sirships are required to be on patrol duty for longer continuous
periods; htnce, on a yearly basis, the fabric is subjected to more
weathering. The large size of thene airships results in a
considerable loss of helium as the laminated cotton fabric has a
*Numbers refer to literature cited
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40s loss of 1/8 cubic foot Per fiGuare yard per 24 hours. The higt
strength fabric requirement for these airships has been met by use
of two layer cotton laminated fabrics. A 6 ounce per square yard
cotton cloth is used for both plies of the fabric for ZFG-2W early
warning airships of 1,000,000 cubic foot volwee while 7.5 and. 8.0
ounce per square yard cloths are used for ZPG-3W airships of
1,500,000 cubic foot capacity. The heavier cottou yarns in these
clothe produce a rough surface so tha. wi• t.0i of coatingsprevloualy uzad, _h• pe =biJ.ity -nd weathr resistance have not

been -_ntirely satisfactory. To avoid use of increased coating,
yor wai directed to tii selection of high strength synthetic
textile materials of a smoother nature.

The number of synthetic textile fibers has increased in
the ,- t few years. Rowever, on a basis of strength and

'commercial availability, consideration is limited to use of
continuo•,A filament nylon, Dacron, Fortisan and glass fIbera. The
strongest fiber is nylon, whose strength is slightly more than twice
th'mt of cotton.

The strengths of glass, Dacron, and Fortisc.n are
approximately equal, 6 to 7 -rams per denier, when considered on a
S*rength-veig basis and are only slightly lower in strength than
nylon yarns.(2) Strengt.hwise, laminated fabrics from any of tbexe
synthetics should be suitable and in fact several airship envelopes
have been -PA of FortiLan cloZhe. Morto'er, t*,e strenuth of
textile materials is affected by atmospheric conditions. Moisture
has an appreciable effect as nylon losen 10 percent and Fortisan
and glass loso 15 percent of thair dry strength by being vet.(2)
The strength of Dacron is not changed by zcisture while cotton haM
a 10-30 percent higb. strength when wet. The high temperatu•r- - ich
result from absorption of radiant energy, s e0s thie wing Vf ftr
aircraft hcbing 193"Y in Tucson, Ar!7-or'k u r ý
reporte•d ¶'Jto effect the stringth of these filnert. The effect of
temNperatu&e, however, is ;vporttnt wben evaluating the laminated
fabric becatme softening of the fiber or losa of adhesion can reduce
strength at high temperatures. Laminated fbric• of Forti'en veý a
found to have a 4; percent lose in strength and R 50 percent loss
in adhesion when tested rt 14 .OWF. On the othe bhand, strength and
adhesion performed at room temperature on this Fortisan fabric
after exposure at 158eF for 6 days gave results equal to initial
test values.
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Another basic property for an airship fabric is low
elongation. Cotton, Fortisan, and gl.ass fiber* have approximately
7 percent elongation at ultimate strength. The elongation of ayl.oZ
and Dacron fibers A--pend upon thw degree of orientation received
during "nufacture. The high tenacity type of Dacron has
approximately 13 percent elongation while elongatic"- of high
tenacity nylon is 1i-23 percent. at ultimte strength. The strce*-
strain curve for Dacron, however, owr&; thAt the = part of the
elongati9g poccurs after 85 percent of the ultimate load 1--s 'een
applied.T / Thus, under operating load conditions in an airship,
the elongation of Dacron cloths would be less that that of cotton
:!otw. Th "'iber elogation also aff atms fiex and crease resistant
propertiet. Bending yarns ;,filov elongation fiber; riM astress the
fibers on the outside of te bend beyond its r•uptr- point. This
effect is severe on alass fiber yarns and to a leasor extent on
Fortisun yArns. Since the large envelope size wil. result in
considerable creasing and folding during "aufacture and erectlon,
glass and Fortisan cloths were not considered for this application.

The cloth properties are governed by the strength necessary
to couform to airship design requirements. Since envelope wveght
subtracts from t.w available lift, the envelope cannot be subjected
to a high weight disadvantage resulting from Wgk factors of safety.
The maximau oporating pressure in an envelope is designed to set
"fa- briC rreet at 25 pesrcent of the fabric's ultimate strength. This
strength is dbetermined on cylInders 8 inches in diameter and 15
inches Ii•, tested under rapid losding of 5 to 10 seconds. Time
lo• utuie&is based on I x 6 inch specimens have indicated that
application of .e maximum deaii•d load fcr 8 to 10 years would
chume failIL-'e. - aw'evr, t aaxiu, Ioads are l ied for sho:?t
periods ( 1 minute) &nd, apecimený; removed from nir•b-bip h-ave not
shown strength losses that could be attributed to sustalneo. loads.

The. airship ior which an improved fabriL was initiclly
desired was t e82-I desl. Thits • lope has Q total lengtl
of 282 feet, a .a•;mum diameter of 67 feet, Rnd a volum of
650,000 cubic fec.. The fabric stress is at 'ý mximum during
ascent when the gas pressure is at 3.5 inc"i X w.tc T :Tb:,_
stress u-n•er these conditions .s 66 potmA "+' r inch in warp an&
58 ijnwdx per inch iM tillIng. Therefore, the nominal strength
requirement in the directions of' t0, inner (straight) cloth is 2ý5
pounds per inch in v,':n trs4 ^20 poundb per inch ia filling. ThIA _,
equivalent to loads of 12,000 to 15,OC' psi. The cotton cloth
previoýusly used for both plies in the laxinatad fabric wvigbed fTiv
o'mces per square yaLrd and was woven in a 4 x 1 tdill weave.
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The nomimal weight of this laminated fabric was 18.8 oun'.es per
square yart of Vhich 6 ounces per square yar-i consisted of neoprene
betwee" tba plies.

Ie properties of a cloth are affected by its weave ca it
governs the surface c-.-aret.-riictei ye-n in raction= - us

clotk perse~bility, adhesion of the coatini;, weather resistance, and
-breakin resistance atreqg- •h f ! tttt4 are modified by the

weave. The tpe of yara a•d &egree of twist also affect surface
characteristics. Thus, selectiox of cloth detail's -1-- '-- be-- on a
cmbinstiom of factors and no one construction can be &&id to be the
optiin.

9%e desr-ed cloth construxciom from a nanufac-ig aspec
is one that wouid permit its ase in both plies. The Wjilability

of yarns of suitable streogths aid deniers to obtain desired
strength and optimum surfaa conditioss prevex!ts4 this type of
eons*nection. Thus, a heavier clath fr tt i.'ar-ight direction was
develce. This cloth weighed k.35 ounces per square yard and was
woven ia 2 x 2 basket weave from type 51 Zpacrou. ie nm
breaking strenth by the strip method was 205 pounds per inch in
warp amd filling directions. A Clcth we i&g 3-35 ounces per
square yard and woven in a 3 x 2 thrl1 weave from type 55 Dacron was
develapeL for the outer ply. Mtis cloth had a strength of 110
pounds in the vrrp and 100 pounds in the filling. fte strength
of the outer bias cloth is propeationately lower than that of the
inasr cl z incc high tent ~1 Oer-n War t neces-
sary denier were not availble. The smooth surface of continuous
filament varms produce a flatter fabric. Thus, less coating is
mecesaar- on D:.cron cloths for perme&bi'ity ' weatheri4 resistance.
In order to improve weather resistance !ai this Dacroa fabric, the
outer sur-Z'ces wert eoatc-d aore 1keaviYEL tha :L C~-'-m-~ with Cot-
ton airship fabrics. In addition, the Uluminized coating layer was
compounded of chiorosulfonated polyethylene known comercially as
Hypalon. This c:cing has good ozone resistance and should provide
good weather resistance.

Thic ixL4 mated fabric of Dacron has a slightly higher
cylinder bursting *7engtb half the permeability, aid weighs
approximately 3.0 ounces per iqusare yarxi lesii t- CG......"-!

cotton laninated fabric. 'Nis weight reduction results in a weight
saying of slightly over 600 pounda for a ZS2G-1 envelope. The
weight reduction on 03 rger airm0dps will be greater as h-ih
tenacity yarns will be used i% 'Lh plies. Studies are now in
progress to determine the minis= con,'ing weight for perncability
and weatneri, pr-.-pvr4.iea.
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The -- meability of the laminated fabric can be af#ec~ted by
the shearing stresses applied during service. Some fabrics developed
for airship envelopes, have GhovL a considerable increase in permea-
bility vhan tested under tensiou. When the tension is re oýA tI_
fabric rapidly returns to a low permeability state. The tensions
in this test are applied in the warp and filling direction of the
inner cloth. Thus the shear stresses on the inner coating layer Xre
small. To increase coating shear stresses, a test axis of 300 to the
filling of the inner cloth "as selected for z cyclic aPplication of
load. This direction is used as elongation of the fa-bric ia- higher
since the load is carried by filling yarns of both plies. The speci-
men is cut in a "duabbll! shape 6 inches wide at the 4 inchs, 1o-g
central portion and flaring o•. "o & lIci. width at t1he cds. A
load eq'z.l to 23 --srcent of the breaking load of an ldenticna spoui-
-wn is xvuiied at 30 cycles a minute. A total of 10,000 cycles are

applied with , tly i.n t !}40 0F. The permeability of fabrics
ub.ect. ... ths cyc:,_ tt _ b shown good correlation with per-

meability of simil1r cons•cvtteI fabrics removed from airships.

MTa cvaluation procedures performed on the Dacron ltuminated
fabric &re based on conditions occurrg.,f durivng .4s-rh --rv ce.
However, in service these variout conditions usally occur simul-
taneously and are not duplicated by various cc- bination: of 2_bor&-
tory tests. Thus, exposure in service is necegeary for a complete
evaluation. The ZS2G-l airship of laminated Dacron fabric has been
in service less thtn a year so that only limited Information Ic
%vailrble. The heiUq.* records, however, indicate that the 1 loim nf
helium is considerably less thmn thbat expmrt"e'ncud with cotton
lasm-ated airship fabric. Development of Dacron laminated fabrics
for the larger airships is continulnE and it is expected that all
near future a-irships will be of Dacron.
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FOREIGN WOODS OF INTEREST TO TIE NAVY
FOR SIPBUILDING APPLICATIONS

J. M, RicIolaon

A. O, sizek, Jr.
Waval Mate•rialJ Laboratory
Now York Naval Shipyard

Brocklyn, New York

INTRODUCTION

It would seem that wooden vessels have all but diesapwred
from the modern navy, and mod, itsef, appews to be an --- ri•
in a navy of super-carriers, fleet ballistic misailes and at~oaiz-
powered sarines.

T.hs, however, is far from true. Wood played, d -till
plays, a vital role a - temic rev mtr+..1 in nar Navy veil ae
in otbhr branches of the Defranme Department. During World War II
wood w= first in volme and second in tonnage of raw Materials
needed for all types of Naval cositruction afloat and ashore.

But with the compellirg exigencie:s of 'Akd War II drastic
changes vere wrought in the use of wood as an enC-t r=•,r material
in Naval construction. The historical craft methods of fabricating
ii 4Lpa SQ A.ALWAv tl• ' ivtr ship. and boats were serin.
ously ucodAed oi .. bandonoed oompletely. Nw concepts in vassel
desip,, ebodying unconventional, lbat, n*varthelesa, wound engineer-
ing practices, resulted in amss-production techniquen which enabled
the Nary to build over I&0a000 wooden boato &nd Phijpe auring th.it
period. This was am•e possible through comprehensive research Uk'
developent programs leading to improineenta :41 laminating and glu-
ing; praervation agbninst doecr, for and warino arganisar faster-
ing mytwueand bending of wood to fomi
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The outbre- of the Korean 2ti:;iilitieu garv r-.jaed rs.uetiu
to the oonzept of wood as an qgiy"•erzg mata•ial. Ttilir.'. the
structural capabilities of &a, u sr-ly nw aa I#' ofmc-
use~pars was conceived =zoit~-rted in which wood wam, t,;ae prirci-

pal material.

Tod•j teak is still the b6t, wood for dockixg on certs-n
classes of suwimrines. Teak laminated to Douglas fir, cvr Doug.1,. -t
al *Ae, •- um . ^ .4s,. =44n..tw.-4em A.tf Ch fy4oh4. A nf, + •h. •

class o&rriers. ikite oak is the prims structural wood for the far•
and keels of amIe.Mehoagwqny, oyprees and Alaskan cedar may
be found as planking in the hulls of the msaler wooden boa',s. White
pims makes an excellent templet wood for layirg uut steel ship cos-
poxnets. The ease of working and dimensional satbility favor maho
tany and wifte pir for parterm making vhiae creosoted son+kern
,yallov pine, whitis oak &ad greenheart are in use as piling or as toe
heavy structural tinbors of piers, wharves and drydocks.

In addition to thes specialised uses, millions of board
feet eo !-,ber are oomuned amm•lly by the Navy in a myriad of
industrial operations.

"The diminIshixg v •ply of the present, Navy woods in th,
qality and c.mensio- required for ship and boat constructim las
prompted a contnuing search b7 Nava. activities for t"--ic infoi.a-

. on alter'nate species. The WZ e&-iuv trpia =~t~tropi -L,
foreete offer V.x best propcts for finditg such woods ernie tney

omxprisri the moat sztamsive and diverse stanas of timber in the
urlk. It hs beem e•tUmated that the trapica contain mnorz than 3
Y'Amn, 100 million acres of pdodaetivt forests consisting of

sirabX iorm-lAuisa but ad taatoe t lcai data are 10ilab for
relatively fev', ?r w•rt is known about them ad f"rom what infer-
matior Is• 1 •m• vel1-d on this amd similar progri• at other labo-
ratorieM thtx* are 2z:.! .o tc that certain tropical "pecies equal,
or are F•lerior, in Aaq respeem to the traditional Naval wmcde now
in age,

The flow chzrt, Fig. 1j, illustrates the organization of the
Bureau of Shipis foreign wood progrma w part played in it by the
Haval Material Laboratory.

The program has bean de•lsed to progressively screen out
unprcmising species as technicul information is developed on them
and to continUe rosearch on those :isU ted unti*, Ultiately, the
most qw1if-^d .pe&es are placed in service. The initial selection
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is made fro& information supplied by importers of foein tiAmbers,
or by local users in the oountries to 1hich the species is indigSenosB,
or frox xv.1farewers to the wwd in technical or trade Journale. Up=
authoriUation by *h Bwea= of SLI-p6 a p ii=. ary wtulY i. th•n
undertaken. This consists of a aore thorough sear-- of the literp-
ture and linited laborator7 testing of certain major phb-aal - i_. d

WORLD- WIDE TIMBER RESOURCES

I T I AL DoVTsIJT AL

SO. AMER. J AFRICA IAIUSTI

l SELECTED FORMERLY W- YALE UNIV.

AST4 VALUES ASTM VALUES
FROM F FROM TESTS AT

[•• SEIAL NAVAL PROPERTIES .!

MAT. A&& MTHRT. LADS.

RES. FRE] i STR. [GL NA

IEXPERIMENTAL SERVICe APPLICATIONSj

.. ,,AT NAVAL LISE

Fig. 1 Organis:tior_ of BUSaIPS foreign wood program

mechanical properties to determine if further izrrestigation is wr-
ranted. A favorable j~i iniluiates a c~qi1 - '- -3 "i, o'
the wood's physical and mechanical properties in the Uee& amd air-
dry condition of moisture. These are ascertained by the eetablished
AMII test procedures. The results are reviewed a.xi campard aaix*t
a back•Frmr• of gtil.r infO. 4tioon getrafly available from litera-
ture for the traditional oipbuilding woods. Following this pha o,
the mere promising speciae =re scrutinized for their behavior under
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conditions pertinent to Miveal use. TIus iDistgai azv lizted
individually in the flaw chart under "SP!A3IAL NAVAL PRiOflRT L2850.
Those cooftated. at the Naval MateriAl Laboratcc'y w@2u weatering and

abrasion resistanc*, fire resistan~ce. faistening &.rerigth, cox-rosivity

of wood to metal and stem-bowding to fors. Those studies ccrducted

at other laboratories are cosicar-m -Atb. decz7 resistarce9 mar'ine

borer resistance, preservatikonp gluing iand laminatirv{g and nailural

veatberines TUpmw ocapleis of this stage, or s'a~eime conc-arrent

with it,, exparirnontal ser-vice Vpplicati.ofl wq be, mithc'rized for the

species in questioc. Frinally,# if th'e vowd h~sholmf high quality in

all these respects,, it ir a'ncepted for Naval use.

The species now being processed through the program and the

geographi1cal areas to which theme. woodi. zivnative are irdicated in

the iwrld pFig& 2. The traditional shipbuilding mods arc%: t"
'whdite oak, mahogany, Douglas fir,, cypressv, and Alaskan coear. The

A JW 7

........

Z Kf4 A\

Fig. 2 Distribution of speci~pa currently
ii, f orelgn wood -Po&-& =

EOkLth American species are: courbaril., angelique., wnidirolba, Yellow
sanders,, freijo., determap greenheart, and corisa. Those frcmu Africa
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arc.: kkid, kokrodu~sp Liberian pine, Liberi~an oakj, and idesimors

Most or the work on the ph~ysical mid mobau±cal projlmrties
of these wooda 'A--a been evaluated, Values fcr their mechanical prop-
erties are sahown In T!ables 1 and 2.

Commn ar~d Ca.,- %.,tc at twgMr-- 'r ,' ta ,. Szlm

d-Alioa .a "t ýra it ,./,O L imi
' 

t~ y it.

Clrrý ;10 a1*-o Yr P~i ,Y 31-r " I 1;, 1 t

rantral 4 Mrsn S1 '1', ,100 I.Im 1.,U1 L.11.

~'.ldfir .orthoat 'nwao 4A '.M Ia I* M_' I"." ;.

mena1.o O t esi A. &lP-8,, 12 '1." 1.1 .'VWW I,,% V

11a~~ cdmr laaa I .W. 'Ion 91 'Up7 L.-,'O .F0 '

So$ra.'a P-r.
1

. 1'. 1r"n__

r~k ig -r Air-dr '? 1 2 :.,A '.- 1 I-~' iA1 jIW 1,

,-.* - .' -- i _- , -W. -Tr, 'Z.' '00 1O 00
~I'v a Aroal 1.10D 1~ 170 '.0 A 1,-77 'Iq 100

Tooakar .a Air-dry %M1c '1l' - '0 7 - ~ 01:1 )111 17

""' Pat 7W- )1.. m - : 1,14 1'-1H ?V I m.,;.y. ?Pl

Theffrr bAr4 grahM Fi I 3, h,, 5, and 6, illstat 1 a5 2 pca
eval, atim, of the preen v-7 poenia alent sP;0 iond I

structura 1ubr, plnln, e1nd dekn o ot IdAhiO
marim imbers" A n heavy. ccqtutin rep'Ap1y o ±1e i70p
ofwt trrom liiteraturen onllyfour OU sproperte haveL bon PUu

The1Jibar,- toph, Figes.t3, 4 5an 6,, frign woods foa typca
pecaluatinl ofhepriesefor andptehntiae Naulteanteriaollm Labortor iW
sructuralmembiters* plnecesea fird tokdevelor c botst± and:hip3an
toe- the pibrne~r heavy since th~ruioznot rspet!nad siilr toe theov

AM~ procedures for the mechanical properties of woode With these
techniques, reference values mere obt~ained for the present navy vnod&-
These vrlues are disiauseed for four of the flyt special Naval
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propertilas, th first of which is weath•ring and abraclon resistance.
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WAT4EaIN A1pD A~.AION RMSIOTANCE

It has been demonstrated that the abrasion characteristic e
of & wood under heM~ traffic are mitered **~n,) in adeý.L.Ionp the wood
is wiposed to the dete.wricwat~ing effects Of ou+Aoor "aheing. T-esee
conditions Wre *Oritinwaily "pv~wmt in vood used &as the flight decks
of carriers or the irnatier de~cu of other vlessels. Uhi V ieto"a
tion attmpt~ed Vi quantitatively estimate ths dletaei~oration &ie to
wsathaeing and to detez'iiins the rate at which the Weatbztrod mwfoac
vw--W being abraded. Teak and DWO~gaLi :Mr vezv~ se-leectd ao' tlie refiv-
ence apevies since they are the predominant deo*ing V"a
abrasiwa phacse has yet Vo boa. completed. But wheiL it is finished
these procedures wini be mupicyd in iaimiar inweW-i.=-'g.*ons of Ub'e
tropical woods potentially suitable Zor deckings.

Esmita~ly;the eatheing f treeti ng the

surface of unweatvired and labaratory weathered teak and Da~ias fir
with a radioactive isotope soluttoa -'wd determinIzM the activity rate
of each as then sections were 934o fvatlhe surface with a xicro-
toMe imtil the background wciiyuas reacrheado Thle nit~ tt f,

shown In Figure 7a conisited of a Ricro-oaýi, Part A, 1-0r- eequwtial
sectioning of the test surfaoe, a TOG geiger bilbev Part B,0 nuumed so

Fig* 7 Instrumentation used in conjunction with~ rsidii4
isotope tracer technique for determining weatherkng
characteristics of wood.
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a t cnable it to l* swung over the test warface Own the activity
count was read and away when the test surface vae being eectioted,
and a scalift umit, Part C, for recodin the activity. Tho basic

toeps in the prooedure wer an Pn foUn: The four sides of the teat•
"&lock ow coated with a paraffin Iaz md the surface to be #valuated
was sealed with a proprietary srilicon compound to prevent absorptiou
of the isotope solution beneath the surface. The us. of silicon con-
pound did nrt occlude the cavities in the surface uw alter its con-
tOUR. Radioactive phosphoric acid, 4th a little aerosol added as a
wttiing ag was flowed onto the iwifaae in *exes and The troaed
biock osntriClaged to thra.. excess.. enr-m gwa onine
until a constant aotivity count was oablished The przparo1 u,.-I-,
was carefully oriented in the microtome ani an iritial count taken.
A 30 micron sectlon was removed by slicing with the microtome knife,
Alternately thereafter, counting and slicing were continued to back-
grounmd

The folloving results were obtained: Fre 8 aho-ws the
results for teak and Figure 9, those for Douglas fir. The shaded

,001
S SUA.TS WitI UNWEATItE~tD AND ACCtLEPRATZO

WEATNIERD DOUGLAS, FIR SNOWING INITIAL

RESULTS WV1'u U#VWEATMEREC A9W ACCELE~RATEDADM RESADCEAII AIATVT
'0004 ~ t'*47ZRD TEAK &NOWjW41 INITIAL C'.-M L

%W P00ftMSSIVF DECREASE IN MAIOACTIVITY
WITH SEOUENTIaj. SECTIONINo

00001 - 40cj

4 0(0lUr 6WfEf DAA

"/7 / -- WEft,41O4 0OIAS
0. /0 /

1001000 / ,

L .--0, ACTIVITY "/. . ...

0 1 4 6 • t IS 1 I0 IO
b.fW CIRMfW• "9 Il owUr6) 09PTY. 0"k"Sft or SO cUTS)

fig. 8 Ravulti for the Fig. 9 Results for the
accelerated weathering accle rated weat'hering
of teak. of Douglas fir.
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area,. iul.Oh represent the volum, of weathered wood removed,, in.-
dicate that teask weathers approxisate~ly t tI'ec better thain
Douglas f). and shipboard experience testiftieB to the cupcri-ority
of teak.

Verification of the sensitivity of the radicizztope tracer
technique in %easuring the weathering effects v*"m deM~-&-d
series of associated experiments. The first e.Verizent showed that
the z4j or 14-terioration produiced by natural weather aging of wo~od
could be r-aprroduced by exposure In the Laboratory's a =cel-.ated light
anid weather *&Ig apparatus. ~Ti* results are il21'trated in Figures
10 and U. the first shows the change in teak before azud aft~er aging

Fig. 1C0 Suriace of teak before and after accelerated
veathering.

tirn proliferation of surface checks and erosion of~ the 3oft~er uaren-
cb~mat4Raous tissuea are eviedent. The secondi t-al3 simil~r --anzas
in Douglas fir with the accomapnying effeota of *raised -ain'"
crinn in the nat~ural weathering of softiwods * The erecozni ezp~riment
indicated that the mnount of surface deteriorati on indu'ned by a:cel-
erated weathering could be integrated by the radioisotope tracer
te,:hzique into a quantitative inwam~ae of this dc',erioration. To
test this,, sets of wood blooks,. sawn fr= materiall which had been
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Fig. 11 Sirface of Douglas fir before and aftor accalerate.d

Prevously plaxi d smooth, were individwally sceard *with 1.. 2s 4,, 8

Initial- activity comts were made on each hh-lack of eac set; th
average initial catmt of oeach se of blocks war* plotted against the

i.miir-L. _ I - "q .. .3 ,V..- ..... Ai .."1"M " Ca a "--&7

Zi~w- s.L &LLvwP re-1 Nis.wu NOW A.JiW AJAJSW L114 Mv.ALV .VJ

vith an increase in the nur-ber of grofteras Tbo- third eqxpeiment
demorFtrated that the depth of srfa ae deterfa aitron ould be deter-
minod by jwc*:ing %tth the tracer solution. To confirm this,. blocks
seimilarly prepared to those above, we scarimatiflsy ectio•ed in
the microtome and the nu~er of sections required to be removed to
reach background activity, was recoded Each section averaged 30
aicrona intial csa. The averae obok ziber of p eations removed
adltiplied by 30 micros equalled of rf Je inch iich is within 8 per

O•-t (if V32din 114,h-• Ma-oe ý I.'a1e, iolu l-on. to oDn •is 'LL' ocs

nt mirdr of sections required to reach backgrorem for ohered teak

the diameters of their largest voW coUs which wculd tiov as troughs
in the su-rface of wood planed r sooth.

FASTENING SrMThi24
It beomne evident early in the Inv stigatioh of fazthn eing
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strength that the tandmards developsd for indhw ,rial uie with the low
to moderately dense J.S.-grown woods, using #+ta*•l screwy, Uwe not
directly applicable to the high du~ity tropical wooes for vhich
naval constructiv requiros the invmrti.n of .,,. -rvw -uc,
as silicon brem- and brtna. As the svrew I' ddvan deeper into ths
wood, driving resixtance 'ncreasea (Figures 12, 13 an 1i) and, if
suffioieot1- high, may result In torvional failure of the fastener.

DRIVINC RESISTADCE
AS A FU,'4CTION

JLU RICATMON
DRIV14.4 PESISTANZf

,AS AFUK•T"•
SK P•IFIr GRA•/JTY

a 0

- 7

1i .9 I/E e'/G 3•t,'iS i4 3i . 13,2 51 R 4 ?

to -he a decx-eaase in the specific

Driving resistance may be considerably reduced by the use of a"

lubricant (Figure 12). It Is less with the lower den.sty -. .s
(Figue 13) and also decreases with an increase in the size f the

lead hole (Figure 14).

But the over-riding factor in the lead hn1P sise - .t. it
1' tan M2 eithcr th-a sC'! ay £e•i in uri'dng or the wood my
split; if too large, holding power is lost. Conseuently there is
an opti&1mut 0! ! for the I.-d hole. Theee were empirically deter-
mined for each fcreign wood before the fastening strength value
for the wood was investigated. The results for fastening strength
show that, as a grour, the tropical voods exceed the tracLtional
woods in screw-holding pouer. This observation wsa £Pzther e.Vlored
in a study of the relationship between specific gravity and fasten-
ing strength with values abstracted from the literature. The results
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of this study are shown in Figure 15. The Wood Handbook equatisn
represents predicted values for holding power derived from elqperi-
mental data on domestic wimid, the bulk of which lIe in a s8ecific

VA4jTFNIdWi 
4
?U&S.IVM Al A V0CIV

Of S1P'VI'C Qqa'bvI

DA'•6q'," RM.9STANCE
AS A FUNCT•ON4 0 'OoO A O UATO.

('F LEAD MOLE WIEV eA140 0[ O LTS n fl*
I O •i IT 9 Woo-$

LEAD MOLE SIZE 05% 1000
Of ftOOT DIAE

T
ER 4

S FROM (.)T•rATtOW --i " • foo .'~.CO a

o- I

t o 400

I/" MATEI•AL fAO"TOrY OATU
1 o0 / T•O ,OPICAL WOODS

/ 7
VI . V

4 ( T 3 0 1 2 !/ !INETNAT0 1 1-1/111 70. 02 0 3 0 4 0 5 0 ,4 0? Oe 09

DE[PTH Of PENErTRATION, IN. ?0qGI~tG. GRAVITY'

Fig. i4 Reduction in Fig. 15 Pelationship be-
drivine resistance screw tween fastening strergth of
due to nn increase in the wood and its specific gravity.
lead hole size.

gravity range between 0.40 and 0.70. The Material Laboratory equa-
tion is lower than that computed from tbe data for tropical woods
taken from the literature since in the latter case holding power
values were obtaixod with ferrous screws of ahorzt ingththe comb'ua-
tion of which permitted the use of smaller lead holes.

CORROSIVITY OF 1DOD TO METAL

Wood wd ,metal in intimate contact in a marine environmrnt
undergo a deterioration which involves electrochemical reactions
tUt Induce ietaflic corrosion and degenerates of wood fibers in
the i.Mediate vicinity of the metal. When it occurs in wooden
vesselo, it is commonly referred to as "nail sickness" since it is
most frequently found in association with petal facteners. In
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z-varnced cases leakage around the faeatw-r rev .. io,. 'he jicnt
may become slack resdlting in &L strktar,-a. weaiairss W.ich may become
aggravated by tiv working strezee3 of the Te=4l to a po--.A w1&tre
the vessel ia no longer seaworthy.

Erpoped tA, conditinns whic-h fav-c' goosion in.n
envirmumnt, al woods are su?'ject to electrochemical attack* Woods
differ, hovever, in their abi~lv,Iy ,u resist such attack a in their
inharent coz-rrcsivenes to va-iocu L-tals. In thi im-reatiration a
technique was developed ft~r dettrmining Uhe relative .orrosivity of
various voodz -t different clast.- of metal screws. '-est specimens
were prepared from each kind of wood with tiye classee of screws;
each specimen consisted of a wood block, 1 x 1 x P. inc.1o,, and in
embedded screw countersunk and cap..a. with a wood piug. Three sets
of specimns wre prepared; one set was placed in an accelerated
corrosion test cabinet and subjected to continuous salt fog hwidity
at a temperature of 959F. A second set was immersed in salt rater
at roo tsmperatozf. This set and the sal:t fog hmidity set -eare
composed of specimens containin sorews lubricated with a beeswax
compound before iruertion. The third vet was also immersd in _slt

water but oonmiited of apecidawn -t unlubricated screw. -LU'iI--
ticm of screws to eaas inserti%. is a ommor shipyard practice and,
therefore, was included in the tUt procedure. The screws wre
carefullj cleaned az. =ighed before insertion, Periodically, eight
specimens for each wood block-screN combination "ere removed from the
test conditions. The blocks wre then split open, and the screw2
extracted. chemic all cleaned. and reveimhed. '.' L!- -nt l i+'0s in

weight of metal was interpreted as a -easure of tho corroeivity of
the wood.

The reference values obtainad with the traditional ship-
building woods are shown in Figuros i,, 1? -nd 18. Figure 16 shows
the relative corrosivity of five nav•! woods 3fe4r various intervals
of exposure to a high salt fog huaiA!!& -,., 9, t- prvtire of 950F.
Each curve is the com osite value of •Av. d,,'":,Mt -'asses of screws.
Figure 17 shows the same data that pre,,i(,- rly " e:i h. ere the
relative differono in corrO~ZI.O&na. &Vf , *: -.acatod by a-qer-
aging tI* valuen for the five kinds of wo)!. It is of Interest to
note the position of the silicon bronze ;crewa with re.,pe=t to brass
and chrceeplatod brass. Figure 18 indicateAs the re*ltavse caferencc.
in corrosion effects induced by the three te~t cor$,itiozi describnd
above. The tendency of the screw lubricant ÷, ret.,ap con osion 10
evldovt, from the results for the salt vat.r iwersLojh tOt condition.

AebEA-f-EENDINO

A ccrmon method for bending to foxw is to !Arst

is 1 "77
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plasticise the ood by stewing and thsn bead it in it machue to the
desizvd mumpe. Several baaic strps ani' Zollosed In ;errorz.g tzfau
o.er-t!on. They *me (1) seleoticn of suitable 1eneing atock; (2)
eeawning of the wcod to a moisture content, moout 25 per cent; (3)
saving and planin the bending blank from the stock; (4) softening the
bending blank by steming; (5) bendLug the blank by machine into a
bent amber; and (6) fi aviw drying the bft amber.

Bending stock, which is prad n.in-ntly obt-rC Lfom .-•iita
oak, is required to be straight graixed, reasonabiy free of defects,
and at a moisture content in exceab of 20 per cent, After selection
the stock io machined by sawing ad planing to apprcdiately thi
desire dimensions into bendmin blanks. T6m blanks are then softened
by steaming at atwopheric pressure scheduled at one hour of steming
for each inch of thit*nss. After steming the plastici-sed blank is
Placed in a bending mazhine amd bent to form. End i- -.ed
to prevet exessivr, elong;at"I. of the convex side of the bond arn toc
induce =1 unifo=l distri•btad cmprccicc failm-rees to form om t.he
concave side. rilowiJng this operation the bent aeder is kept in
restraint, and dried to an appropriate moistare conteat, ready for use.
"I- !.WorAny in its studies followed tne above basic steps in
preparation of tert specimen of white oak, 1 x 1 3/4 x 28 1/2 inches
in dimensio. Figurnr 19 wnd 20 show a bent specimen at the start
and •Osplzti•c of the bending operation. The code l2tter• refer to
the following parts:

Code Letter Part

A-A: E~rlrmauic ream

C Minor straps (with shackles for securing turn-
buckle)

D Wood test usecimen
E Bending form

F-F' Revrwsed levers
G Major strap (welded at ends to reversed levers)

H Clamping screw
T •lo?. Iara on-m.ndie,.c-t,• "emobly

J-J' Flexible high pressrte '&Wdrualic hoso
K-K' Hydraulic rm t•rackets (bolted to reverned

levers)
L Hiah pressure c,_rmpr tubing (connected to

hydraulic pim, riOt shown)
H-VI' Flexible wire rope (pulled by winch connected

t-) electric motor net :ho-en)
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Code Lato Per

N Doub3e pulW a8061y
0 Turfbuckle (for seu'ing winor strap durin

P Stay lath - (a som sd stay lati Ile *wed to

it in ztmavd from the fori. to pro vent twI-ti3g
durin diyiz~o

Fig. 19 Wood beding mahine showing specimn at start
of bending operation.

The bent xpecIZM in subsequently brpt in retrsant as
ahmn i Fiure23.duriw_ tbe f-iz5ng and drying stage.

Ahr~i F gure .21- a I %--.i

2t.:W - %A& 0 -- P~ "w blu__ *.. 41-4 .

roesidal strenzfh by testing 'w ir "tt0 bending and oompa2-i
the renlts for modulus of elasticit£r fiber strest at the jp-'~.-
tiODuIm 14t and modulus of rqvtur idth edzilar values obaim'")
fro static bending tests an natcind straig.t qecimne., n .,,
22 show te start and finish of a static bending test on a
spwa.e n-. Results for uhit. oak indicate that thu wood rorixs 45
per cent of its original stiAffrwcw, 72 per cent of it* resistance to
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MIS. 20 Wood bendlf mebim abowrir osdsmin at com-
platlan o~f bo~ing operzU.~

* 21~.u~_g spociaz chareln s3tm of et.n

&Lrij* fix.1d w~ad dryin pbase.
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Fig. 22 f 1~ndi ~speci"en sat stwt and as art± of
atatic buindirg test.

dformption and 74~ per cent of its ultimate 9st-osgtb after bending.
Theme values are considered as the referencex. zgainst which will be

~A~uI ,zvm alu.u~.Aýz~ obtairmdc an xore ign woods.

TIIAL APPLICATIONS

Coneurret id~th thesm investi~gations trial applicationo of
several of the foreipi vods are in progress. An exzerlswtal in-
stallation of ekki, and angeliq~ue has be=n made in tha retZ.-actab3.e
fender sywbw of the Now York Naval Shipyzrd. Eldd. 1-1. m- nt-t,
ezperimentally,9 as the bumper timbers in the battous of acid-pickling
tanks in the shinpyard uhile the Pattern Shop has found coris. to bo
a favorable alternate for vahogany for certain types of patterns.

ADDITIORAL BENWIS TO TRE KAVY

The ultima~te objective of the foreign -mod progra =a

defined %n the flow c-hart, Figure I ~t~d it r'ealiation i_ -ei
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demonstrated in tht tria,_ applications just mentioned, But as in _v"y
research endeavor the solutior of one problem generally uncovers
others, new and unraqpeoted. Or freqnently, a laburatory technique,
developed for one etudy ma be applied, in its essentials, to anocher.
For ample, the rardioisotope tracer tedlmiqua developed in the
matlwrli•. Prhy has the potentialitit o£ bting ved in .....-
studies for trwaing the absorption vv. a e-.-,+-,,-.vr. n of •od preserva-
tives. Durizg the fiasir41zdng stavrgU. irJL~r s tai on iL Wa" QeLUu-
stratod that indiscrminate use of , . 0.-l avealble counter-
sink and wood drill to bore lead hol3a emid rev-lt in a lose in
holding power as much as 25 per cent in certain wooda. This has
generated interest in the sll tool section of the Bureau of Ships.
The need for e*co.ionally large lead holes to insert the non-
ferrous screws in high density tropical bardwoods to avoid f.il!wre of
the screw has been brought to the attention of the wood screw i"-
dustry by the Metallurgical Process Section of the Bureau for the
purpose of developing higher strength screw. Thc.-oac_,c- in
driving resistance and in the rate of corrosion thr-caghihe use of
the beeswax eonmound demonstrated in the fasteving strength and cor-

* roeivity investigations. respectively, point to the possibility of
developing a polymerizing c.pooud which in its liquid phase could be
.inserted into te lead hole to act as _- screw lubricant, and in its
pol*erised state, encapsulate the fastener in an anti-oorrosion
coating ile at the saw time adding to the strength of the wood
fibers deforted by the driven --crew.7 The uxnticipated behavior of
the silicon bronze screws oompscd idth that for brass and chroie-
rP1atod br4,jmn *ci.E in the ooroosiwitv iirrestisration varrnr~tx futeý:
ex•mnation. The difficIties exD.erienced in b.mdina certain
tropical woods in the steam-bending izweatigetions currently under-
way indicate a need for impring the methods of plasticizing the
wood .nvd for mrLitaining clc~e control durning the bending operation.

As the foreign w-$d pX- • e --_o btcdly oat:r
problems will also arise to demand solution, but, we trust, the
results of all these efforts will accru6 to the benefit of thp Navy
in those areas were the special properties of wood make it deeir-
able for us.
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MECi.!CM. ScY.STEMS - MATERIAL SELECTION AND M1,"A'7;T!.G
PRCCESSES

Captain Roland A. Bosee, MSC, USN, Jaives V. Correale, Jr., BS in NIE
and Dino A. Mancinelli, BS in WIE, Air Crew Equipment Laboratory, Naval

Air Materinl Center,Philadelphia 12,Pa.

The expanded flight envelope of curient and future first
line naval aircraft has demanded correspondingly expanded performence
spettrI" nf the aircrew safety and survival equiLpment Sech.n;e-.ai

sys.tems. Tolerances on performance is critical an-i it has been
necessary to conduct a concurrent program of minieturiz:tion and re-
design. 1n order to satisfy these requirements and trernds, designers
have had t:o utilize the latest developments in material engineering
and introiluce the "unique" in basic designs.

Tbin pappr will deal exclusively with the recent develop-
ment and production difficultlex encountered with sviators oxygen
breathing regulator: tnd the cnrt sylteTessenti! for the oDera-
tion of the full pressure or space suit system.

BEATHIR; REGULATORS

New concepts ;.n breathing regulator designs have made
possible a reduction in the envelope of the regulator to the extent
shown in figures I and 2 and a reduction of weight from 2.75 pounds
to 0.5 pounds. The many possible advantages apparent Irom tinis major
change Pd to an expedited program of prototype design evaluation,
qualification tests, and preproduction tests.

Design prototypes o. these ........ i- me. S .e in
figtre 2 were developed. After the normal developmental evaluation
difficulties and redefinition and realignment of performance charac-
teristics, qualific:.tion items were produced. At this point relia-
bility and materi6l selection difficulties were encountered.
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Figu,-,,. Cnnrole mounted
dez-n dt...A ty7 .e oxygen breat-h.-
ing regulator

.... .... ... ....

Figure 2 - Miniaturi zed demand type
oxygen breathing regulator
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On the first model oxygen -regulator, the qualification item
was approved after several minor performance pdbwlms were solved.
Upon receipt of a procurement contract, the contractor submitted pre-
production sampies. Because of urgent delivery requirements and
because prototype and qualification samples had been recently complete-
ly tested. lengthy endurance evaluations were not conducted and only
spot tests were performed. As a result of this limited investigation
the preproduction sampies were approved. However, after limited oper-
at ionsl .•,•, !eak• ,I•,e1,- throu, t-e ema-4 .'l"ve of thae U- t tj-
requlator. A visual inspection revealed cuts in the valve seat, figure
3. A complete investigation including lengthy endurance tests revealed
that the failure w due to the valve seat materials which oriqinally
were only marginally inadequate, these being improperly cured and
adversely affected by a c-nnhinat!on of the detail desigvn deficiencies
of the demand valve stem, motion of the demand valve stem, and inade-
quate mountinc of the valve seat material. Finure 4 shows the
-4cw- •try of motion of the demnand valve. One of Lhe demand valve 0e-
sign deficiencies was attributed to the sharp edge of the valve which
benrs aaa:irst the valve seat, thus causing the seat to be cut. This
seeminqly sin.pie'l4onday mnrnirng quarterback" type of improvement was a
result of the painful "process of elimination" type of evaluation pro-
cedure. As indicated the diffic!_ty once determined was corrected
by the simple process of increasing the radius of the demand valve
stem.

The results of tests conducted on preproduction samples
submitted for "follow on" procurement contracts revealed that the
"pressure breathing" (7haracteristics of the regulators were not repro-
ducible. This difficulty was Cnnountprpd _fte.r the "a-! :r :'--
permitted to remain static four to six days. T1.e performance of the
renultor .. n ..... tcd 4- iatel, after Jell .........
ficatlon requirements but after remaining static ch-rnqes in perform-
ance characteristics were observed throughout the temperature range
with a non-return to calibration when retested at standard n'hticn.

^-1".. ....• .,-ra"i- " fali stabiiize the periorm-
ance of the regulator in most instances. Further investigation re-
vealed that the lack of performance reliability was due to the
instability of the pressure breathing aneroid which was caused by atf *p_*-*t c -=-i... .. .... .. . .V.. . .

was changed by a sub-contractor, to facilitate his incr!!ased produc-
tion. The aging and curing procedure of aneroids and the aneroid seal
material was changed by the prime contractor, also to 9 cilt0t1
Increased production requirements. These changes were made without
Navy approval and without tests to determine their effect on aneroid
stability. Currently the contractor is endeavoring to correct t,,is
problem,
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Figure 3 - Demand valve seat on
miniature demand type oxygen
breathing regulator showing cuts

WM

Figure 4 - Motion of demand valve
of miniature demand type oxygen
breathing regulator
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On ,ie'*'... contractor's qualificati--- model. diaphragm and

pilet valve instability were encountered during evaluation u;der maxi-

mum and minimum temperature ipecifications. Calibration shift !:nd
complete change in pressure output were encountered at -701F and
+16÷ CF. However, origiin ll p"mrsurept•.•A .... .....

recalibrated at standaz ' temperatire coiiditiois - thus inrdicat.ing that
the basic design wts sound but that the be•i.ivc.r of the material of
the silicone diaphragm and the metal aneroid varied excessively under
the thermal stress. A change of the material of each component
resulted in acceptabile performance. Subsequent preproduction samples

manufactured accordingly were approved.
-___,11 i I .r: -"P

On a third CarstraiO'.' UWý o-C qua'l AL CiS-;,. -1 S
approved but with a reservation relative to the method of mounting
and Installing the inlet port. figure 5. The method used dictated the
use of a clamp to retain the oxygen supply hose. A change in the
method of attachment was made and preproduction models submitted, In

this change, a gasket was used and retained by a screw down retaining
method, figure 6. After several days a cold flow of the gasket
ma.erial caused dimensional changes and thereby permitted leakage of
oxygen. Additional tightening of the fitting to prevent liakage
caus-ed the gasket to fail, figure 7. A change in the de•si•g of the
fitting whereby the gasket was retained within a slotted sufcc
remedied this difficulty. In additional tests to ascertain conforzn-
nnce with the specification requiren-:its, aneroid instability was
:.4=o -_.m...ed to exist in this model regulator. Investigations
revealed that a change in the procedure for aginq and curing of
aneroids established by tfte nrneuctinn r~nartfn~nt. whith fahricate-d t~hp

preproduct-ion sample %A A Af.f .... t.. L M U V sied by tf
engineering department, fabricators of. the! a.-roved •,ualification
sample.

The prototype design of the fourth regulator model, one
which has been refined and de'signed to permit diluter demand type
breathing (allows air to be mixed with the iLresthing oxygen to con-
Serve the oxygen supply) is currently being evaluated. At thI-;
writing problems concerning application and performance of aneroid and

From the foregoing ex."ples it can be understr,• that
equipment reliability depends gre5atly on the establishment of typical
production techniques for tho. fabrication and assembly of qualificatic
~s.,pl• so that a minimum of chan.ges are necessary for preproduction
and subsequent production ItemR.

SUIT COMi, OLLERS
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Figure 6 - Inlet port
gasket installation of

Figure: 5 Inlet port gasket miniature demand type
installation of miniature oxygen breathing reg-
demlnditypr oXygen breath- ulator showing gasket

Figure 7 -Inlet port gasket of miniature
demand type oxygen breathing regulator
showing damage 18
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Fleet operational acceptance of t1it� full pressure suit
system i� contingent ott n�ny factors. Since the suit system 5s flown
more than 99 percent of the time in the normal condition and less than
one porflent of the time in the emergencY condition, conifort in the
normal condition isof priwe importance to assur� suita-
bility.. One primary factor In cc��i�o� � related to the amount of
presiure build up in the suit system t�; the vAntiXating air requirod
for thermal con�fort. �e �&trment is 8iY impermeuLie t�nu

stops nor�1 porspiratlen loss �1Lh leads tO eRt i�hnlanc�. Thi5
pressure is for the most part caused by the resistance of the suit
controi�er t.- the flow of air. The controller is located do� �!re�m
to the suit. This reflected pressure is called "residual back
pressure". A definitely unacceptable residual back pressure is above
1/2 inch �f mercury. A desirable back pressure is below 1/4 inch of
mercury. Avail�ible controllers incorporated sliohtly above 1/2 inch
and pIlot acceptance was poor. Therefore a redesign of some specific
features of the controller was required.

Figure 8 illustrates three pressure suit controllers, The
ori�iir!al controller has a flow restriction and high back pressu�e that
precludes fleet acceptability of the suIt system. The other two con-
trollers have increased flow crtpability which enhances acceptability
of� the suit system. The first contgoller perforrn� adequately under
all envIronmental conditions and possesses stabilized performance.
The second and third controllers performed satisfactorily or'�.y in the
prototype design.

Quallficatlon samples of the second controller woui� not
hold calIbration and the difficulty at this writing appears to be in
the de�ign and material selection of the aneroid �eiribiy that contr�
t�c pressure output. The de�ijn was az� trapolatlozi o� t�ie pre-
viously satIsfactory design to an extent that so called "feathEr
edge" performance was apparent in the design theory. 1-lowever, all the
shifts in performance could not be logically attributed to design
extrapolation. This portion of the difficulty was clearly an unpre-
dicted dimensional change of the aneroid caused by improper curing
and/or incorrect nateriai selection that produced poor behavior under
temperature extremes and could not be adJudicated by calibration. The
difficulty was identical in some aspects to the *rneroid dirnicuity
encountered in the breathing regulator. As a rei�ult of the two factors
apparent unwarranted design e,�trcpolation and apparently erroneous
material selection, both a ch�rnge in basic design and the selection of
a more suitable material are necessary.

The qualification Lest sample oi the third controller showed
no inconsistency in performance up to 50.000 feet altitude throughout

V.
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Figure 8 - Th•ee full pressure suit pressure controllers
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Pr the environmen'al conditions of eva-luatlon. 'This consistent perform-
ance did not persist In the altitude range above 50,000 feet. Above
this pressure altitude, a shift in pressure schedule occurred that in
effect produced higher pressure output. This resulted In undesirable
and untv-.ceptable residual back pressure In the suit system and caused
restrictions and limitations in mobility. The fault was trac' t t.
d-sign shape of the diaphragm wohich at a specific pressure did riot
function smoothly but jumped to a new position. Desinn changes in
diaphragm shape eventually remedied this condition.

The foregoing aqain illustrates an apparent difficulty in
the transition between the prototype design, the qualiAficat-lon sanmple
and the production item from the aspects of design details, material1
sdection and quality of workmans!1-@p and the various combinations
thereof. Great difficulty exists in cs-bllsh - r- ?=facturing
processes which yield consistently ae~eptpble and reliable equir.i1ent
with a low reject quoteý Sorn.a experience reveals thratt prototype desý,u
samples and qualification swnples are produced by a certain segment
of an organization that have not adequate technical liaison with the
production segment. It appears that techniques and special knowledge!
are lost in this transition and that in some instances extremely

-- !features are viot properly "f lagged" and 4 ather efore do not
receive the attention that is essential for the Production of con-
sistently reliable tculpmnent. In add~ton other vv rvp'
that the materials are substituted in the chrnge_ from research and
development to production due to more desirable production handling.
This results in Lhe loss of consistent and precise performsnce that
is essential to ailrcrcez equipment mechanical system~s and not infre-
quently mny m'e= the difference of sun-Tvalc or dentlh.
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Washington 25, D. C.

Introduction

History descibing methods to combat degrading influences in
nature on material is as old as written records. L*deed, there is
considerable evidence to indicate that organic protective films in
the form of natural gum solutions have been eiMrployed even longer.
However, it's equally certain thiaL thee earliest formu.ator.. -u-d
hardlfy foresee the application of sucbh f is to the protection of
equipment from the heat of a nuclear blast, for example. Present
design criteria require that components tnd iate•a.. -, ,heter L-Le e
alone or in complex weapons syFtens, be highly resistant tU attack

from all influences Df the envirorments in which they must function.
Preferably this required stability may be assured by a judicious sel-
ection of inherently resistant materials. Often, however, materials
possessing the preferred properties do not exist and compromises must
be made which often serve to allay considerably the deteriorating
process where it cannot be stopped entirely. The situation within
the Navy !4 Pggravated particularly by the corroaing influenrct uP sea
water ,and tUe salt-laden atmospheres in which the Navy operates.

Degracd.ng assaults may be in the form of corrosive attack
on metal components, nr thermal destruction resuLting from the ab-
sorption characteristics of a painted surface exposed to excessive
heat. Organic polymers may degrade rapidly through exposure to
energy frequencies producing depolymerization aid secondary chemical
reactions. And deterioration resulting from biological attack by
bacteria, fungi, insects and marine organisms has been the subject of
careful otudy for perhaps longer than any phase except possibly that
produced by corrosion. Only rec3ntly the degradation of aviati.on
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fuels by microbiological growths has been suspected for the loss of
at least one aircraft. The drop in efficiency of transmission of so-
nar signals through accoustically tranapap-ent surfaces increases al-
most exponentially with the thickness of the layer of macro marine
organisms attached to the surface. An improperly desigced picr,
erected at the cost of millions of dollars, under the exigencies of
war time collapsed into the sea after only five years from attack by
Limnoria and Teredo on its supporting piles. Another wartJne inci-
dent is reported in whinh a detachmAnt of marinp.s wnu virtuaW].y iso-
lated from its comparny through failure of its communication equipment
which became inoperative from the destruction of insulation media by

+'k. in-tion of cellulose-destroying fungi. Quite recently creosoted
-egraph poles at a Pacific island base were obscrved to be rotting,

not at the base but rather at the top, from attack by a strain of
•,:.... subsequently demons t.ravad All ur lat..'.m to be not only
resistant to creosote but able to utilize it as a nutrient source.

Among the Navy's earliest problems was the continuing
effort to maintain ships' hulls free from the attachment of encrus-
tating organisms which retard speed and increase fuel consumption.
Recently smoother hulls have assumed additional significance as they
affect the noise level of submarines rigged for silent operation. An
extension of this problem was manifest when 12 flying boats were an-
chored =n tropical waters "duri-g man.. .uvers following w.hiC " 1" cou1d
iir get 0' , the wa..e. U11t1 tad been scrapped to r".ovc

fouling.

Unfortunately some early efforts toward the solution of
some of these problems were somewhat misguided. For example, at one E
stage copper sheathing was attached to iron hulls to combat fouling
with rather disastrous results. Not only did the copper itself foul
readily on becoming the cathode in a galvanic couple, but the corro-
sion rate of the steel hull plates was accelerated as they assumed
the role of anodes in the circuit.

From this brief review of several types of deterioration
it should be of interest to look at some specific situations where
attack can be severe and to examine some measures which tend to elim-
inatej Lhe problem.

Among the papers which follow several are devoted to rauia-
tion effects, and one to damage resulting from thermal radiation. irn
each instance degradation may occur. Little attempt will be made
here to discuss this type of deterioration although one reference to
irradiation will De made. Subsequent papers also describe progress
that is being made in corrosion control. Since damage from corrosion
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may occur under varied uirnuuatuaio rnd a. emong the most ;everc :z-d
costl~y types of deteriorations, mention *.I! bli tý-dc ot sc-e of our
studies designed to understand and thus control or at best retard the
corrosion process.

No introduction is required to familiarize this audience
with the effects of metallic corrosion. As mentioned earlier, how-
ever, the consequonces of corrosion are of special concern to the
Navy as its ships and aircraft are required to operate under, on and
above the seas. No doubt the most effective means of eliminating cor-
rosion is the specification of mW.hrials which do not corrode. Obvi-
ously, however, such materials are rzt economically available in
..•,Aes sufficient to meet even 4 •nll f of th. .leetfs

requirements. Therefore considerable effort is being made to assu~re
the selection of the most compatible components for use -n corrosive
envirorments and to devise continually improved means of protection
for thoze metals subject to attack. This includes the proper appli-
cation of inhibitive techniques which can be just as critical as their
proper selection.

To illustrate this point attention is invited to Figure l,
a P4 ot0graph of tUh.cutc-r hull of a ib1.rine Just below the water
li.nc. Thir hull was prssumed to have been protected adequately since
it had received some time earlier the standard bottom paint system
currently specified for the protection of ships' hulls from corrosion
and fouling. Hiuevei, ou cheking the -: g t w1. rclvealed that
this normally adequate paint system had been applied during the month
of February in a Northeastern yard during a snow storm at an ambient
tepprAtkire of 21' F. As way be seen, all of the cold plastic anti-
fouling paint along with most of the primary anticorrosive coats had
long since disappeared - under the conditions of application any
other result would have been surprising indeed. Of further interest
is the quite obvious pitmeasuring 11/32 in. in depth which was traced
to stray currents, arising from improperly insulated welding equipment
that had been brought aboard, which found an easy return path through
the hull and sea water to ground.

In spite of derelictions like these, organic coatings
S=li remain nmong the more formidable weapons against
Corecosion. The continuing development of film-forming polymers of
now and distinct properties enhance their effectiveness and range of
adaptability. Recent examples include the epoxies, polyurethanes,
mid vinyls. When applied alone or in combination with older materi-
als, new properties are obtained. The epoxies, used In combination
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Figure 1I Outer hull of submarine below water line

Figure 2 -Top side C,,,.t system podtoatsry
for six months

Figure 3 -Top side paint system with one coat a
primer exposed to salt spray six months
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with coal tar enamels an well as the vinyls, have made popaible new
applications of cathodic protection heretofore unavailable. Perhaps
the single most significant development in this area in the paýt, dec-
ade has been the wide scale adoption of the so-called wash primer (1)
developed by industry under Bureau of Ships cognizance. This pre-
treatment for metal, connisting of a basic zinc yellow pigment dis-
persed in a solution of polyvinylbutyral And reduced with a mixture

pf honphoric Hc.d and alcohols, opened the new field to vnys for
metal proteetion and vastly improved many existing systerms. To il-
lustrate, Figure 2 is a photograph of four panels finished with a
standard top side paint system for ships following exposure to four
concentrations of salt spray for six months. Figu.re 3 shows the same
ystem exposed to identical conditions for an equal period of time

except that the metal received & _.2--m4i. c'ni '. w-sh primer prior to
the application of the specification system.

The use of a coating which probably results in the forma-
tion of some phosphate crystals at the interface recalls the excel-
lent results achieved through proprietary processes involving
chemical bath treatments so -ridely used on automobiles and major
household appliances. Burbank (2) in a study of phosphate crystal
formation on ferrous surfaces makes the novel suggestion that inhibi-
tive phosphate coatings, such as applied normally from hot chemical
baths, might be applied successfu]_ly to major surfaces, a ship's hull
for example, by means of a gel medium containing the required compo-
nents. Zinc phosphate coatings were deposited from a hot solution
and similarly from a gel medium onto steel surfaces. in the latter
case the coating -ona-lst•'- of small adherent crystals that covered
the surface uniformly. A photomicrograph of panels prepared in each
fashion is shown in Figure 4. The similarity of the coating is ap-
parent from these photomicrographs. Further, X-ray diffraction
patterns suggest that both coatings are oriented, although along
different crystal planes. Future work along these lines could result
in revolutionary metal-pretreatment methods.

Beginning about 1953 both the Maritime Commission and the
Navy adopted cathodic protection for retarding co rosion in their
reserve fleets and this has proven to be a major factor in shipal
preservation. Of course the general principles of this teclhique
were quite well known but systems had to be tailored specifically to
the ships involved. Resulting largely from work at the Naval
Research Laboratory it has been demonstrated repeatedly that a cur-
rent supply of 3 milliamperes per square foot of surface properly
distributed is sufficient to protect adequately the hull of a ship
in average need of repainting as compared with 10 milliamperes per
square foot for bare steel. A newly painted hull w .1 require as
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(a) (b)

Figure 4 - Zinc phosphate coatings on eteel. (a) Panel
phosphated in hot bath, (b) panel phosphated in Gel
medi uml

Figure 5 Ingtallation of zinc anode
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little as 0.1 milliamperes per .9quare foot. Care must be exercised
to assure an even current distribution which has be~en most satierac-
torily applied frcm carbon anodes appropriately spaced around the
ships.

Related work (3) at NRL has described the advantages of high
puxity zinc f.or 2,qe as sacrificial cnzdes in protec'Ging anodlc areaq
of active ships. Such applications arc normalhy made in proximity to
propeller struts to combat the cathodic role of bronz• propellers. A
typical installation is shown in Figure 5.

During recent years we have made studies of the corrosion
rates of metals in the tropics, and compared these in some instances
with rates for the same metals and alloys in teanp;ata lati-Aude6.
The results obtained to date with several pure metals and a number of
structural steels should be of interest. Reference should be made to
the original publications (4, 5, 6) for details of methods employed.
In the data presented here corrosion rates are reported as average
reduction in thickness or as average penetration in mils calculated
from weight loss, as a futiction of time exposed. In Figure 6 the
corrosion rate for a structural steel in the tropical marine atmos-
phere of Panama is compared with the corrosion rate of a similar alloy
exposed at Kure Beach, N. C. As might be expected in the warmer humid
rclimate of the tropics corrosion proceeds more rapidly. Figure 7 pre-
sents similar data for the same steels exposed at a site inland from
the nea in the tropics and in the typically industrial atmosphere of
Kearny, N. J. It is evident here that the warm, humid atmosphere of
the tropics may be even more uorrosive thAn an average induzt~ial
a tmosphere in a more temperate climate.

The effect of mill scale on the corrosion rate of steels
has received considerable attention. The data of Figure 8 offered
some opportunity to observe mill scale effects on tne corrosion of
low-alloy steel in the tropics. For the shorter term it appears to
make little difference. After 8 years, however, corrosion on panels
from which mill scale was not removed proceeds somewhat further than
on pickled surfaces. For continuous immersion in sea water, however,
pickling helps; a particularly good example is shown in Figure 9 where
pitting to perforation has occurred on a low-carbon unalloyed steel
after 8 years in the sea whereas the pickled companion is comparative-
ly intact.

It was something of a surprise to note that a low-carbon
cteel continuously immersed in sea water at Kure Beach, N. C. cor-
roded at approximately the same rate as a similar sample at Ft.
Amador, C. Z., Figure 10. Certainly the compositions of tie environ-
ments were almost identical but the slightly higher average

199



Alexander

20

1041
* I-

wU Figure 8. Comnparison

~[ H of Miliscale and Pickled

wI

EXPOSED EXPOSED
4 YEARS a YEARS

(b) Pckle

Figure Apearence o i-iinscle n ikedS.ae

afte 14t Yars nme~io in ea ate

200



Al exanaer

I SEASHORE, C IC
20 - K, 9~ SC ASHORE -. KURE BLACm, N C

I.

tC
4-4

0 2 48
YEARS EXPOSED

C-tNLAND EXPOSURE -MIRAFLORES, C Z
20~ Y, AND K, INDUSTRIAL EMPSURE - 'rEAR~NY, N J

2

Su.

0 1O2
-ER EX-OSED

COROSICS' CVPVES rCOR S'r~JC'LPAt STFrL tATMorPHFPIC EXPOSUKp

Figure 7, Rcelative Atmnosphere Corrosior. hates

S 201



Alexander

teq) f'ures of the tropics did not induce the accelerated rate an.-
ticipated.

During the past two decades marked advances have been made
in metallurgy in the production in commercial quantity of new alloys
and metals which provide longer life in corrosive environments.
P:rogress in supplementary techniques such as organic coatings also
has advanced and may be expectet to continue to improve. However, it
is our belief that the more, italr. imrovements -ext to appnar
wJ.I be provided by metallurgists in the alloys themselves although
the coatings industry can be erxected to continue its productive
efforts.

Irradiation Effects

.c-: papers will deal with specific problemr, related
to radiation. It i: bel.ieved. however, that one proj,ýc pt Lj'entJy in
progress in our laboatory will be of some interest here. Among the
fetrogest accelerae weaherng mah.e ...... ora devl.sources of degradation of paint films the ultraviolet portion of the
spectrum long has been recognized as rather severe•. Ar n matter o'
fact most accelerated weathering machines designed for a r~pid e'ial-

uation of organic coatings use a light source ri(ýh in ultraviolet.
Work has been reported previously (7, 8) on the degradation of drying
oil films by irradiation with ultraviolet light under ambient condi-
tions and in the absence of air. The course of changes in film
structure was followed by infrared spectrometry and the same tech-
nique was used for analysis of the gaseous products evolved. With
the prospect that properly pigmented organic coatings would find some
utility in controll..ing tbi-mal r"adiaticr an-d =zcivity from c;atcI
lites and space vehicles, the current study was Undertaken with a
view .f establishing the stability of film-forming polymers toward
the short (unfiltered by air) ultraviolet. To date a number of such
polymers have been irradiated in air and structural changes in films
as detected by infrared spectroscopy have been followed. Siil"ar
films were then irradiated in 4 vacuim by an ultraviolet source at
wavelengths ranging from 1150 A (LiF filter) i)to tha I. A u An
example of the data derived from such measurements is shown in
Figure 11. The res{ni stiidJd ws n pheny2. s•liconc •"clected bc-
cause it was used as the vehicle for a white coating used to pait
the third stage of Vanguard I. In the presence of o:,yren distinct
absorbance changes were noted for bands characteristic of OH, C02,
C-0 and aromatics. In vacuum, or in the absence of oxygen ne marked
changes in absorbance at any of these bands were detected. Toward
the end of the irradiation period in vacuum a small amount of oxygen
was bled irato the system following which small changes in absorbance
were again observed ira line with those shown in Figure 11.
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This wiork has not yet proceeded to a point to permit far-
reaching conclusioLt but it is suggested that the rate of degradation
induced by the short ultraviolet above the atmosphere, in the absence
of oxygen, may not be so severe as expected.

B iofoulinw-

As in the case of cuorrusion the dcteriorating effects of
buth micro- and macroorganisms arp mentioned in earliest recorded
history and we are still working vigorously on the problem. Thu
antiquity of the subject is illustrated certainly by reference to thU
latter part of the 13th chapter of Leviticus in the Old Testament
where the "- --.!its th ,-.t of the "leprosy of garmentz,," the
criteria for deteiminirg whether a gannent be clean cr not, and tie
techniques for disposing of unclean garments. This "leprosy" which
plagued the garments of the early Hebrews probably was no different
in kind from that currently referred to as mildew, rot or fungus in-
fection. Along with a change of nomenclature we also have achieved a
better t understanding of the nature of the problem but we have not yet
succeeded in eliminating it.

Fungi Control - The interest of the Naval Research Labora-
tory was first directed to the effects of fungi as a result of re-
peated failure of electronic communication equipment, allegedly as
the result of fungal action. As our studies developed this assump-
tion was partially justified. Today specifications for the design
and construction of all naval communication equipment are quite
specific, first in the designation of materials and components in-
herently resistant to moisture and fungal attack and where this is
not possible auxiliary measures are required to alleviate or reduce
these effects as far as possible. To illiustratc the type of thinpg
which does happen, your attention is invited to Figure 12 which is a
photograph of a 500 watt "portable" transmitter as it appeared after
a period of storage, not in a tropical depot as is frequently re-
quired with such equipment, but rather in nearbý Mechanicsburg,
Pennsylvania. The equipment was covered over its top and sides by a
wnterproof package but was open at the bottom. In such an arrange-
ment fingol spores had easy access to the equipment surfaces and the
stagnant moist air within the enclosure provided stimuiating uoudL-
tions for growth arid propagation. In this instance the mure pres-
ence of such growth constituted a severe hazard althoi-.:h no prior
d.,ma,_ae may h.a've been imrparted to the equipment in supporting funrULu
growth. The apparently parallel rings at the top of the figure are
in fa,.t sections o. a coil under quite high potential of several
thousacdvolts woeri activated. At sucil time as this equipment might
be ener,;[;ed the ' ondictivity of the fungal filaments to ground ia
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quito cuffivienL to cause innediate shortirn and thereby completely
Lobilizing the equipment. A notable gain in this area resulted
simply from the design of a packing case which excludes moisture and
fungal spores.

In an early approach to the problem as typified by the
transmitter the practice was followed of grinding recognized fungi-
cides into clear varnishols ard lRcq',rs and wrnyin' or, where per-
missible, dipping enti-c as!,blie!s with them. It was noted, however.
that many potent fungicides as revealed by the usual bioassay tech-
niques (petri dish experiments) were of little or no value after
incorporation into organic matrices., Thus we were prompted to look
more closely into the nature of fungicidal oompounds themselves with
special emphasib on functional substituent groups. The scope of this
paper doe6 r-ot pezLit any detailed description of techniqucs and
methods by which a considerable number of compounds were studied
rather exhaustively for their fungicidal characteristics. These have
been described in other publications (9, 10, 11, 12, 13). Some geii-
eralization should be of interest, however. For example, aliphatic
-hydrocarbons, with one or two exceptions, are notably inefficient as
fungicides. Only a few of the higher alcohols possess fungicidal
merit while, as might be predicted, phenolic cccoounds are among the
more promising and there is evidence to suggest that the phenolic
hydroxyl group is the most effective of the substituents studied in
imparting toxicity toward fungi in a relatively simple organic mole-
cule. An interesting poiiit was raised, however, by the observation
that carboxy phenols and their esters and sAmnee generally are non-
toxic. The phenols present an excellent example of the inadvisabiblity
of loading a molecule with an excessive number of substituents, toxic
or not. For example, 2-hydroxy-5-nitrobenzyl thiocyanate, in spite
of containing three very active groups, is itself without activity.
Nearly all of the nontoxic phenols fall into this category of over-
substitution. An explanation may be in the fact that cach group is
involved in a separate, relatively individual biological mechanism.
Steric hindrance is many times an important factor. An excellent

* example of this may be seen in the comparison of the molecular models
of the fungicidal o-phenyl phenol with the considerably less active

* o-cyclohexanol. In the first case the hydroxyl group is perched in
a free, conspiuous position, whereas in o-cyclohexvl phenol it is
nestled neatly among adjacent substituents.

1k- From numerous experiments additional facts have emerged,
interesting examples of which will be mentioned. In the following
tables the inhibition of specific compounds ic listed in terms of
growth rate of uninhibited controls, i.e., an inhibition of 25% in-
dicates that the growth rate of the test fungus is only 75% of that
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of an unii biLtcd ouitrul at equal conc2ntrntionr of toxi,'. Tribic I
lists a ntnber" of arunatic compounds along with the degree to which
they inhibit growth.

Table

Inhibition of Aromatic Compounds

Toluene 14
M-xylene 4
Mesitylene 11
Tetramethylbenzene 57
Pentam ethylbenzene 78
Hexametnylenzene 44
Cyclohexane -44

It L; interesting to note that in this instance inhibition generally
increases with the substitution of methyl groups (xylenes excepted)
unt•il rnmrpetc r.lacement of hydrogen is reached whereupon molecular
activity is somewhat reduced. On the other hand some side chain addi-
tives such as that on p-cymene, which is saturated, show decided stim-
ulating properties.

The nitro compoimds, particularly where some chlorine sub-
stitution also has been included, provide some interesting data. The
inhibition qualities of a number of aliphatic nitro compounds are
shown in able 2.

Table 2

Inhibiticn of AJ•i!hatic Nitro Compounds

Ni tromethane 0%
Nitroethane -20
1-N!i tropropane -16
2-N itropropane -33
1-Chloro-l-nitropropane -2
2-Chloro-2-nitropropane 53
I. l-Dichloro-l-nitropropane 50
N i trocyclhex anc 0

In each instance where substitution of one group or another ha, been
made thc compound tends to stimulatc fungal growth rather than sup-
press it. On the other hand, inhibitive qualities are usually stim-
,nlated by introducing both a nitro group and a chlorine group into
the same molecules. Similar studies revealed that the presence of
bromine alone in the absence of a nitro group imparted considerable
Inhibition, and in some instances the greater the degree of
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substitution the more pronounced the inhibition.

Returning again to the ring compounds, substitution by both
chlorine and the nitro group are required for optimum fungal growrth
inhibition. This is illustrated by the data of Table 3.

Table 3

Inhibition Qf Aromatic Nitro Conroundt3

Nitrobenzene 75%
m-Nitrotoluene 100
2-Nitrocymene 67
1-N itronaphthal ene 90
",-Dinitrobenzene 100
2, 4-Dinitrotoluene lO1
1,3, 5-Trinitrobenzene 100
1-Chloro-2-nitrobenzene 100
1-Chloro-4-nitrobenzene 100
l-Chloro-2,4-dinitrobenzene 100

For example chlorobenzene (not shown) is almost nointoxic and nitro-
benzene is only partially effective; both substituents introduced
.into the same ring provide complete protection. In additional ex-
periments it was demonstrated that chlorine introduced directly into
the rLng was much more active than when attached to a side chain
where its effect was neutral.

Before concluding the discussion of fungi as they might
affect electronic components we would like to cite one experLment of
significant interest because it represents an ingenious separation
of two almost inseparable phenomena - moisture and fungus. Samples
of a vinyl insulated wire were cleansed and one set contaminated
with "sterile" or dead fungus spores as a control. The second set
was inoculated with perfectly normal live spores of the same species
and both sets incubated under optimum conditions for stimulating
growth. Periodically the resistance of the insulation was measured
with the results shown in Figure 13. In the case of the sterile in-
sulation no breakdown in resistance was nuted even under conditions
of high humidity. With the growth and multiplication of the healthy
spores a situation quickly developed which could cause direct short-
ing and resulting damage even though the insulauing medium itself
was not necessarily degraded.

Quite rccently the role which fungi, and bacteria for that
matter, can and do assume in another area has been demonstrated
rather forcibly. Instances have been reported where biological
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growths have contri1.ted directly to the degradation of aviation fuel.
This detc•ioration has been manifested by an accunulation of the or-
ganisms them.3elves and mycelia or debris associated with them. When
further complicated by corrosion product the result can be 1,he clog-
ging of filters at critical moments In flignt. Figure 14 shows a
collection of such debris and organisms sustained at the water-fUcl
interface of a sample removed from the tanks of an aircraft carrier.
S,.b~q,:ently n nii1 ture was made of these organisms, the result of
which I shown in Figure 15. The darker areas are fungus whcreas thc
light spots a'J Oacteria. The unuigus, a photomicrograph Cf v.:hich is
shown in Figure 16, was subsequently identified tentatively as be-
UlougiLtW to the Hormodendron generus and -is capable of' utilizing either
the fl.-2. -h- ½h 1,ncterla !-'evitably assiociated with it a.s its source
of carbon. The solution to this problem is rather complex. The in-
clusion of chemical additives which could be expected to eliminate
mos't biological activity is not always ccmpatible with fuel ingredi-
ents. Presently recommended practices require immaculate care and
'ood housekeeping at all stages of fuel transfer.

Before leaving our work on fungi and their control we would
like to add that our hopes were that work of the type described would
lead to the suggestion of a structure for an ideal fungicide. How-
ever, as is too often the case in studying the habits, attitudes and
behavior of naturally occurring organisms, these behaviors cannot be
too well predicted and perhap8 in some cases these "beasts" of nature
ate thoroughly capable of changing their normal habits to combat with
some success changing situations confronting them. It is impossible
to go very far beyond the generalizations already cited with refer-
ence to specific classes of compounds. In the formulation of spec-
ific inhibitive coatings reliance must be placed on field performance
of siých materials without specific reference to the tnxie's behavior
under carefully controlled in vitro conditions. Examples of popular
additives for inducing toxicity to organic films are pentachloro-
phenol and phenylmercuric salicylate, both of which respond convinc-
inglly to petri dish tests but which require excessive loadings in
organic films for comparable protection. Better result,; to be ex-
pected in the field may be obtained from salcylanilide and para-
toluene-sulfonamide which require more feasible loadings as well. as
being more economical. In concluding this phuse uf this di.zcssion,
it should be pointed out that suitable precaution must be observed in
handling and applying products containing the organomercurials and
their use uhould be avoided in proximity with sensitive selenium
rectifiers in many electronic assemblies.

Macro Organlims - The problems of protecting wood piling
and hulls from destruction by shipworms and maintaining ships' hulls
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frae of enorustating fouling attachment is us old as the history of
sea power and improved methods are still being sought to meet them.
To Llluntrato tkie sovortty of foi.~1.ng n~tachmunt toi urprotuatod Olur-
faces attention is invited to Figure 17, which is a photograph of a
PDM wing pontoon anchored in Biscayne Bay at Miami for 12 woeks. The
lef Aide wia protooltd witl a thin 11In antifouling patit duignt1
for tlying boat hulls and the right stDie had received a coating of
nontoxic enamel. This subjlect has been reviewed so often that the
discussion here will be limited to a brief rcs-e of pre:Žent prac-
tices. During World War !I investigators at the Woods Hole Oceano-
graphic Institution (14) clearly demonstrated that any painted surface
immersed in the sea would remain free off fouling attachment for such
timne as the paint could provide copper metal available at the surface
for solution in the sea at a minimum rate of 10 micrograms per square
decimeter of surface per 24 hours. This provided a higLLy use..u too).
which has been widely adapted To the development of presently speci-
fied ship bottom paints. The result has been t1e formulation of a
variety of several paint types with specific properties related to
pazticular application requirements. Thin film paints based on
chlorinated rubber are available eor application to accoustical sur-
faces of underwater sound gear. Plastics paints (both hot and cold
at time of application) are available in thick Cilms for major ships
which are capable of giving protection for up to three years. Hard
films, usually based on vinyl resins, are applied to racing hull:; and
so on. Opportunity for further improvements in this field would ap-
pear to derive from advances in the physical properties of the paints
or perhaps in the evolution of an effective organic toxicant to re-
place the inevitable copper cr mercury. Some progress has been made
in the use of supersonics and radiation as a means of £flling control
but attor.dnnt requirements are somewhat incompatible with the or1 nrq-
tion of ships of the fleet.

Before concluding any discussion on deterioration some ref-
erence must be made to the destructive effects of the shipworm.
Perhaps the most troublesome organisms with which we must deal in
this area. 1re the Teredo and Limnoria. The piling shown in Figure 18
illustrates the damaging onslaughts of which Limnoria are capable.
These piles are as neatly severed as if by beavers constructing a
dam. Limnoria do not inhabit wood but attack it from its surface.
On the other hand Teredo seek wood as a place of abode and systemat-
ically destroy wooden structures while seeking a home. This is shown
quite clearly in the cutaway piling in Figure 19. Between them these
two organisms comprise a formidable foe. Historically the most
effective means of protecting wood from such deterioration has been
relatively heavy impregnations with creosote or blends of creosote
with coal tar. In the pact decade a number of alternate treatments
have been proposed and indeed a few have been adopted for Lhe
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impregnation of wood to be used in terrestrial installationf. Ex-
amples are pentachlorophenol and several varieties, of copper com-
pounds. No such treatments, however., have proved etitively effective
in marine service.

In reviewing the history of the development of current creo-
sote specifications it appears that most modifications have -eoulted
from factors other than a redefinition of some chemical or toxicologi-
cal property which would describe a more effective preservative. Work
has been in progress at NRL daring the past six years, the objective
of which has been the chakacterization of creosote with a view of cor-
relating specific properties, preferably chemical, with its efficacy
as a preservative.

The approach has beento separate creosote into fractions
which subsequently are amenable to study by ultraviolet and infrared
spectroscopy. Simultaneously these fractions were evaluated for
their protective qualities by exposing panels impregnated with them
to a marine environment heavily infested with Teredo and Limnoria.
There is little evidence that some well defined fraction of creoscte
is substantially richer in preservative qualities than the whole.
Valuable data have been produced, however, to suggest that some frac-
tions contribute to the staying power of the preservative whereas
others contribute more forcibly to its toxicity. Obviously the most
effective poison is of little or no value if it is leached rapidly
and thus exhausted. Reference is made to published papers (15-20)
for details of this work.

I would like to cite one technique that has proven of value
in attacking this problem. It has been difficult in the past to de-
termine by experiment, short of a full tcrm exposure of a representa-
tive batch sample, the efficiency of a creosote sample. This is
related closely to the fact that creosote steadily leaches from the
wood until finally a point is reachcd beyond which its preservaLive
qualities are lost. In order to simulate this behavior, some leach-
ing experiments were conducted in which sapwood panels were impreg-
naLed with measured retention quantities and then leached under
artificial but accelerated conditions. Figure 20 describes the rate
at which whole creosote is leached from wood under several sets of
conditions. Following a number of experiments the conclusion was
reached that flowing water at 80' C provided an accelerated condi-
tion that more closely approximated studies on samples leached nat-
urally in the sea. For example it may be aoon from Figure 20 that
following an initial interval the amount of creosote removed from
wood by flowing water at 800 C after any given number of hourn in
approxlmntoly 4quivnIY rit, tr,, th nx M)ut rjmvpd in nornIy dayttli
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Figure 19. Piling Attacked mr Teredo
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25° C in stnignnnt water.

This technique wa,• used to study the rate at which individ-
ual fractions of creosote mnLght be removed from wood. The data from,
one such experiment are shown in Figure ;21. As might be expected,
the heavier the fraction the stronger its staying power.

With the niaJo"r cheinical uuou±tiLueiiUz kziowL if was thougrit
to be of interest to observe the rate at which these individual com-
pounds mlght be leached from wood. The result is shown Li Figure 22.
Following this result a "synthetic" creosote was prepared from pure
chemicsls which on exposure was quite comparable to a creosote con-
trol when unleached before placing on test. However, a sample
leached for 16 days prior to exposure failed early when compared to a
leached creosote control. Thus the synthetic lacked the staying pow-
er of the natural product. Cul'vant experiments to improve this prop-
erty are in progress in which resins are being added to simulate the
inevitable residue present in creosote.

In conclusion T would like to show you that not only wood
but some metals as well are attacked by marine ufganisms looking for
an abode. Figure 23 is a photograph of a 1/4" magnesium panel immed-
iately on its removal fr~m 7-1/2 years' immersion in the sea at Ft.
Amador, C. Z. The perforations in this panel were made by the organ-
ism Lithophaga which in this case may be seen in the burrows. Figure
24 is a duplicate panel that has been cleaned and in which the per-
forations are quite evident.

It has been the purpose of this paper to point out some of
the many factors in nature that are continuously at work to degrade
the materials of human productivity. A2so we have tried to point to
a few instances where successful efforts are being made to eliminate
or at least reduce the impact of these forces.
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f'igure 23. Lithophaga "infVested" Magneziumi
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RESPONSE OF AIRCRAFT SKIN MATerIAIS TO
RADIATION FROM HIGH-TWIPERATURE SOUCES

J. Bracciaventi -T. I. Morahan
Material Laboratory

New Tork Naval Shipyrd
Brooklyn 1, Now Ttk

INTRODUCTION

Since 1950 the Naval Material Laboratory under the sponsor-
ship of the Armed Forces Special Weapons Project has been engaged in
a study of the effects of the thermal radiation of nuclear detcr-ntions
on materials. The study has included nut only participation in the
several AEC-DOD field tests at the Nevada and Eniwetok Proving Groundas,
but also extensive experimental investigations in the laboratory.
Far this program, a number of high-intensity sources of ther•l radi-
ation have been developed, either at the Liboratory or under the
Laboratory' s technical cognizance. These soomrce% sim_,late the heat
output of a nuclear detonetion. In addition to prosecuting aevcra,3
problems of a research nature, the Laboratory has studied the therrfl
damage phenomenology of materials of interest to the several Military
and Civil Defense agencies.

"he Naval Material Laboratory has collaborated with the
Strategic Air C~cm-nd, the Wright Development Center, the Bureau of
Aeronautics and the Naval Air Material Center in studies to determine
the thermal radiation characteristics of the various components of an
aircraft, so as to estimate the capabilities and limitations involved
in dropping a nuclear weapon from an aircraft without damaging the
plane or its escort craft. Experience has shown that aircraft in the
line of sight of a nuclear detonation can be severly damaged and
rendered non-operational by the intense thermal radiation of the
burst. As the yield of a nuclear weapon inci'csda and approacdes
that of a thermonuclear weapon, protection against thermal radiation
becomes more important than protection against either blast or ioniz-
•rng radiation. In these cases the distance of closest safe approach
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to the burst will tvw -ited siore by the optical and thermal properties
of the aircraft skin than by its structural strengths

The critical areas on an aircraft are those which Nsee•t the
fireball of an explosion, and on which the fireball radiation is
incident and, therefore, at litast partially absorbed. Consequently,
%0, p&Lnt s teoa coveving an ircra' is critical. 7..
and blistering of the paint, due to the direct abeorpiton of radiant
energy, are hazards involving possible destruction of the aircraft;
in addition, stresses generated in the aircraft by the unequal di;tPi-

bution of toe" at., ,es in the structure arising from the heating o'*
the skin may ca'6-a buckling and, therefore, destruction. The thinner
or less massive the aircraft skin and'the greater the abeorptance of
the surface, the greater will be the thermal hazard. Particularly
mesceptible are t!e thin control msrfaces that useew the burst., The
thicknesses of aircraft skin are dictated by design require-nta and
are not readily amenable to change. The surfaca conditiou of the
skin, as it affects the absorptance or color, lends itself more easily
to modification at the needs of the service.

The Naval Material Laboratory has collaborated with the
Bureau of Aeronautics and the Ai!- Force in a program V develop a
satisfactory coating. The Laboratory has beow concerned with the
physics of the problem. The chemiaýiy of the paint systems has been
a direct concern of the other agencies, their laboratories and
contractor s.

DAMAGE CRITERIA

A principal consideratlon in evaluating a painted surface
is its reflectance, which determines the amount of energy which i_
absorbed by the paint layer. Assuming that the paints of two air-
craft have reflectances of 20 and 80 percent, respectively, th,:z
radiant energy absorbed by these surfaces would vary in the ratio of
1to 1.

The studies at the Naval Material Laboratory, have included
measurements of the spectral reflectance of several paint systems.
While the absorptance of the paints in the ultraviolet is appreciabl.ý,
tie percentage of the bomb spectrum in the ultraviolet is relatively
small, less than 10 percent. Consequently, reflectance measurements
were not made in the ultraviolet, but were confined to the visible
and infrared regions.

A second criterion to be employed in considering an aircraft
skin coating is its Ocritical radiant exposure', that is, the thermal
energy corresponding to specit1c damage to the paint. Charring and
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b~istering of the paint surface are euch points, wnich deZine the
limitations of a given paint system, and which can be recojnized
readily upon examination.

The third criterion to be employed in considering an air-
craft p.tnt system is its temperature characteristic. A paint-3 system
mAr suffer little damage in itself but may cause the temperature of
the aircraftts skin to rise to a dangerous level, generating stresues
Ln t1he aircraft which lead to b-.Ucklng -. d de+tructi.on.

THFIMAL RADIATION SOURCE
f

In evaluating the damage to siveval pane'l of materials
exposed during Operation CROSSROADS, several laboratory methodss of
duplicating thermal damage were tried at the Naval Material Iabcrator-ý.eading to the development of the carbon-arc source oi Int--ra thermal
rz!ttion, in which the radiation emitted by the arc is imaged b-
appropriate optics.

The source employed in these studies consists of a standard
Na~vy 36-inch carbon-arc na i-hli&. ThLe are u s 1 mm diameter
positive carbons and !1 mm diameter negative carborns, Xnd normally
operates at 78 volts and 155 amps. An optical diagram of t-he thermal
source is shown in Figure 1. In operation, a crater in Uth ponitive
carbon is filled by a glowing gas ball which emits the radiation.
This gas bqll is at the focus of a paraboloidal mirror -'±t. 36-inch
diameter which collimates the radiation. A second, similar 36-inch
paraboloidal mirror mounted coaxially with the first several feet
away, refocuiaes the radiation at the focal point of the mirror and
forms an image of the glowing gas ball. Exposures of materials are
generally made in the focal region. With optics in good -ondition,
the spot has an irradiance which avprages 90 cal/cm2 sec over an area
5 mm in diameter, and which falls to an average of 70 cal/cm2 sec
over a region 9 mn in diuameter. Thia- Pradiance is more than suf-
ficient for most exposures since it reprenents the peak irrsd~i-nea At

less than one mile from a 20 kt burst. Screens are inserted in the
collimated beam to reduce the irradiance to U1e desired level.

Control of exposure time is exercised by a solenoid-operater:
knife-blade shutter placed just forward of the fo'•]1 plone as shown
in Figure 2. The shutter systera is actuate-d bt- an electronic timing
circuit and the "open" time is r:egistered on an clectric clock. This
shutter operation produces an essentially equare wave pulse whose
total radiant exposure is given by the product of the irradiazce and
time.
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Figure 1 -NML 36-inch paraboloidal-rnirror
arc-image source of thermal radlation

Figure 2 -Knife-blade shutter at foctin of
thermal radiation source
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Exposur-s are monitoý;rd by exposing a copper-button calori-
meter with an appropriate aperture, which for the aircraft skin speci-
mens is a 9 m' round aperture in a polished aluminum plate.

At distances of operational interest, the spectral (wave-
length) distribution of the incident thermal radiation, integratLd
with msapt-t to time, resemblec very closely the spectral distribution
of sunlight. For each, slightly less than one-half of the ralatiarn
occurs in the visible region ot" Lith ipectkvi, a•ppru.xL",'4 cna-a'l.
occurs in the infrared region, and a very small fraction (rrely
greater than 10 percent) lies in the ultraviolet region of the spectrUC6
The color temperatures of the sun and of an air burst are both about
6000*Ko The color temperature of the carbon arc is approximately
5800*K, and there is substantially more infrared energy in its spec.-
traup than in that of the sun or nuclear detonation.

The results of numerous •field tests have shoon that the bou
of fire in a nuclear detonation does not behave as a perfect radiator.
This is due to a number of factors. The surface temperature during
the first radiation pulse is modified by the disturbed air iwmediate4
around the fireball ani, at later time, thb temperature is not that

of the surface but the result of radiation some distance withLn the
fireball. The radius of the fireball during the second thermal pulse
is Yei7 difficult to determine because the surface of the luminous
fireball becomes very diffuse. Since the radii and surface temper-
atures will depend on the energy yield of the explosion, a different
curve will be obtained for every value of yield. However, it is possi-
ble to generalise the results by means of scaling laws, so that a
curve applicable to the second pulae for all energy yields can be ob-
tained from a single set of rtilcu3Itions, Actually, the power P, is
measured directly as a function time, t, for each explosion. However
instead of plottin.4 P versus t, a curve is drawn of the scaled power,
i.e., P/P mx vermis the scaled time, t/t max, where P max is the
=mzimim w alue - the thermal power, corresponding to the temperature

maxdmum in the second pulse, and t max is the time at irshiih this
miaxim. is attained. The resulting curve, shown in Figure 3, is of
general applicability, irqspective of the yield of the explosion.
Also shown in Figpre 3 is tha irradiance-time characteristic of the
laboratory souroe, which results from the modulation of the radiation
try a cam-operated venetian blind shutter placed in the collimated
beam. The properly cut cam is driven by a variable speed motor and
pulset are produced corresponding to weapon yields in the range from
50 kilotons to miq megatons. The pulsing shutter and drive mechanim
are suown in Figvre 4. The timing of the pulse is again control-led
by the kmife-blade abutter and timer system which is synchronized
viitb thz c.m, The knife blade shutter is set to open as the venetian
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Figure 3 - Laboratory replicati>r 0±o generalized field pulse

Figurc 4 -Shutter and drive mcchanism-
of thermal radiation source
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blind starts to open and to close at a time equal to approximately 10
time. the time to iaximum Irradiance.

Table I.

Critical Radiant Exposures of Various Coatin%", (? mill
on 0.032 Aluminum

clair AjsiwQp Lauq 5 k T

White 0.27 43 61
Gray 0.68 22 32
Blue 0.93 12 17

3PECTRkL REFLECTANCE DATA

The spectral reflectance measurements i.~i.... . e in the
spectral region from 4000 to 27,000 Argstroms. In general, the data
in the visible and near infrared regions (00C-12(OC0 Angstroms) worf
obtained, using a General flectric Recording Spectay)photcaeter (1);
a Perkin-Ejmer Infrared Spectrometer (2) wa-s %b- baic i -.-- n
employed for the measurements beyond 10,000 Argsatrona. The measure-
=~ts using the Perk*,t-Eler instrument iiers c:xten.2d to thos; =ave

lengths covered by the General Electric Spectrophotmeter tc enable
proper c~rrelation of the two sets of data, an important considera-
tion because of Uw diZif1,rent methods empl4yad to irradiate the swple
and collect the reflected enigv.

Reflectance measurements with the G.n.(•al Bloctz-ic Spectro-.
photometer ve-e taken in a straightforward, manner. Special auliary
equipment (3), ds&pigned &-d constructed at the Naval Material Labora-
tcry, was elojd for t.b- reflectance ReIe-_ementu in the infra~red.
This attachment is *u,sentiany a hevi..pherical integrator mounted at
the exit window of t2he Perkin-.MEer -cnochrýevmaor.

The reflectanca d.ta for three paint colors used in Naval
a4ircr-_ft ýr- 0ven in l.pupre 5. From these data one conclud¢e that
tha goill gray and sea blue coatings are 2.5 and 35 times as ab-
earbing as the ensign white coatings

C TaICAL RADIANT EXPOSURE

To determine t'.,c •!ritical radiant exposure which could cuse
the paint to blister, specimris, 9 m in diam@ter, were .iimped out
of painted sheets of aluminia. The si:e of the specien is dictated
by the rize of the irradlated spot. The specimens were mounted in

2.e
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the focal plane of the oondensing mirror betweei three knife-edge
pins, as shown in PIgure 6. Since there measurepnts were 'mde prior
to the development of the nuclear pulse simulator, zonetant-ir.,Aiiarce
pulses wie applied to the thre.- paint se*+tms which are typical of

those employee in Naval aircraft. For given pulse leiigths t.he irra-
diance was varied and the threshold them.tal flux to cause blistering
of the paint was determined, using an Wup-and-idwnw statistical
method. From the data obtained and from empir'cal relstionships
develoned in a similar invesiti antifon the eriticAl radiant exposures
were determined for laboratory pulses simulating nuclear wep-on
yields of 50 and 1,000 kt. The data are given in Table 1. The
superiority of the white paint is demcnstratod. Also; it nay be
-•t--A t.h~t critical radiant e~pcuure of a given paint systzm is

inversely proportional to its abaorptance.

SPECIFIC TE)U'N/ATURE RIS

The Naval Material Laboratory has developed a convenient
method to measure reliably the transient temperature rise of a speci-
men which results from exposure to intense thermal radiation for du-
rations as chort as 0.3 second4 A thermocouple technique is mpl1ryed,
with the thermocouple's output read on a .ecording potenticmeter.
Contact with the! rear surface of We specimen is achievd .i..out

c-htrein--al-t the ;ýI t.- - he Paint1C-on-metal 3rfce

A constantan and an iron wire are ,hld against the back of
the specimen by spring pressure, and the other ends of the wires are
cohnected to the potentiometer. The circuit through the thermocouple
is completed by the speciien itself. Tbls provides a 'rapid method of
C creeni-n sumnles vithout the necen-sity for w"lding. so'derinu or
peening thermocouples into the specimen.

For comparative purposcs, samples -ith different coatLngs
were exposed to constant-.irradiance pulses of equal duration and in-
tensity ivtl, ,nd from the observed temperatures, the specif.ic
temperature rise (the teur'mrata • n- . a•r unit radiant exposuv-e) was
computed. As mntionied above; thi ipecific t .. "

S the reIzttve prtectino nfr of a mqtinv.

Th'ý ependence of the sapctfic texperature rise on the
abaorptance of the i4-radiated painted "ipecimen is Phown in jiu'r 7.
In this phase of the study heat losses in the system were disregarded.
It is to be noted that any strict relationship breaks down du- to
failure to account for heat losses in the vystem, and to degradation
of the coating and attendait changes in absorptance. These data
clearly indicate the drastic effect which dArk colors have in cauainIT
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Figure 5 - Spectrzd reflectance of naval aircraft paints

Figure 6 - Method of m-ounting namples for anrpourc

to intense thermal radiation
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extreme temperatures and, thereby, possible damage tc an aircraft..
For the lightest colorj, the t•tmperature rise is highur for the 0.3
second pulse than for the 1.5 second pulse, indicating that not only
is the total flux important b,.t also the rate at which it is applied.

The effect of thickness of the metal substrate on tho temper-
ature rise of the system is shown in Figure 8. As expected, the
tiaz-er÷ of r O .t a sbs3tratz iso 1ivei-atiy proportional to Its
thickness. Tf the data given in Figures 7 and 8 are compared one
may note that gray paint on OoO80 inch thick subetrato gives a temper-
ature rise roughly equivalent to that on a white-painted 0,032 inch
thick alloy. Decreasing the absorptance by approximaetely ne-haif
provides t -e iame -rof pr.tectic. . as increasing the w.Pe of the
metal by 150 pr.:ent.

Another variv'ule •-hich has been investigated is paint film
thickness. Some. re-ults for onn paint arc- 4Izen J.a iiux- y. it if

to be noted that a l00-percint increase in film thickness gives a 32
percent decrease in temperature rise. This added protection, of
course, is at the cost of additionuLl weight*

It As b"en shoun that varying t+a reiative concentrations
of the pigment solids in a paint can affect the temperature rise of
the substrate by as much as 25 percent. Similarly, incvrcaing tbe
pigiient-vehicle concentration can also affect the temperature r!en of
the substrate by as much as 15 percent. In actuall usage, howeveir.
control of these variables does not always yield a desirable paint;
such qualities as adhesion and resistance to hydrocarbons are lost.

The temperature rise data presented thus far have been
derived froaa constant-irradiance exposures and are not corrc'Wd for
losses due to re-radiation and conduction. Such data have merit for
comparing the relative value of various paint systems as temperature-
rise inhibitors, but do not yield a ready estimate of expected tenper-
ature rises in the skin of aircraft expoeed to actual nuclear deto-
nations. Use of the pulsing shutter developed by the Naval Material
Laboratory together with a simple correction for heat losses provides
r. ore realin-tic c-timate of the temperature rise and dciree of
damage that can be expected from a given pulse. The data for one
paint system in both the clean and soilud condition and in two color
modifIcadions of the system are presented in Figure 10. For the two
colors, small amounts of blackening were added to the original white
paint to approximate different degrees of soiling. T,.e soiled mpeci-
mwrs were exposed to an industrial atmosphere for a period of approxi-
mately six months, during which time they received an uneven, oily,
sooty coat of soil. These specimens were exposed to the laboratory

4ý -19
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sLaulated-field pulses for e cuivalent W*non yields of approximately
55 kt and 10 Ht. All specimens were then irradiated oy a second

pulse equivalent to a 55 kt detonation. Tw..e..tu: correacto.-
made by exposing unpainted, blackened specir--ns of the same type
through a large range of radiant exposures for each pulse of interest.
Los.7sus temperatures for such exposures on these s.4-sna were
calc~ulated; loss rate curves for each pulsoe wer. deterAiv.ned AS a
function of the measured temperatures. The corrections indicated by
the curves for each case were applied to the paintVd Gp;=nz. TA

tesperature rises of the paint systems, particularly for the more
highly reflecting paints, are proportional to their absorptances. it
is to be noted that the curve for the second exposure showi a linear
relationship between temperature rise end absorptance, with r! higher
slops *.h% that which the data for the first expofefires in-id catm. it
is believed that +the higher absorbing paints suffer greater degra-
dation during exposure, which ther. cause a higher temperature rize
rate during the second exposure. Blistering and emission of volatile
products by s paint film cause a loss of desirable film properties,
and a decrease in thermal resistance on re-exposure.

CONCLUSIONS

The results of these studies at the Naval Material Labora-
tory have led to the adoption of a white aircraft coating by the Navy
and Air Force. In addition to providing the basic data for determing
the thermal envelopes of aircraft, the studies 1ave indicated the
directions for improving these coatings. In collaboration with the

iav.$.. Air Material Center the Laboratory is co-nt+"-... itn ' -I - to
develop a superior coating* Such a system must have initially, and
miintain in service, a low radiant absorptance. The ccating must be
able to withstand repeated exposures to thermal radiation: yet have a
reasonable thickness.
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Rosa K. Mor1k.
Rubber Laboratory, Mire Island Nvanl Shipyard

Vallejo, California

In order to design equipment for operation in a nuclear
radiattin fiold, it io ijnportnt to know thAv effects of the radia-
tion on t.he materials to be used in the structure. The workiing life
'of a material under these conditions depends on the length of time
that its ppertia which are ariAtcal to the operation rumin at
aloequte levels. Tb. obhmic- changes which oemu in a material
during irradiation are of consew)e.i.•e eray in so fl&r as th-y affect
its rhysical properties, or affect the phyaical properties of adja-
cent materials.

Rubber Items are often necessary parte of aechanical
devices, particularly for sealing fluids at joints and at sliding
contacts of bydraulic systems. The unique properties of a rubber
vuloanisate whicbk imke it outstandin for this purpose a:e its
softanss "n ito zeoovory stress against the restraining surfaces.
Its softness enables it to confcrm to minor irregularities on the
reostraimug surfaoet, and its recovery eotess prwents the paaago
of fluid. These are the critical properties jtich must be retained
by gaskets anasals utseý i, ,iuvi.ur raoLation 11ieci.

Softness or its inverse, hardness, is an easy property to
measure and is being employed by this laboratory as a criterion in
i,he devslopemnt of vulcanisatea for gaskets and seal. to be subjected
to vzclear radiation. The objective is to find a vulcanizate which
underg.*ea the least change in softness after extensive exposure to
nileer ridlFtion. The ability cf a vuloanisato V% retain its re-
c,•'r• i''. while under oompression is a mire difficult prpe: -t',
to measure, and therefore is not being used as a criterion at this
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&tage of" the development work. Inztead, the seio t of thr.
vuloanizate after irradiatica is being used. Compression &at is a

Z"W~v C LUv 3- ,jl~ of a cu~mpr~ewi* rubi~mr apaul.jmefl t w-,v
its original height khen released. This property is generally re-
zarded as beIng directly rolated to ntress relaxation (1).

Considerable Inrormation on the deterloration of rubber
aIrcanlza'tea '- z±laar radiation has already 'een obtained. This

information has been ably sumuarized by the 11adiation Effects
Information Center (2). The only previous data concerning the offect
of radiation on compression set were published by Bopp and Sim-uan (3).
They compressed specimens of various types of rubbers to 75% of their
original height and exposed them to neutron and gamma radition in
a -;ter-ociooed c~mn"_iý 'ý f a graphite reac tor-. T~hay 0-''
natural, :tyrone-obutadiene and aorylonitril&-butadiene rubber vul.-
oanizates exhibited the least compression set after irradiation.

The ~ ,hittk"i)ty1. nib-- reached 100% set
and the latter ;s depolymerized to a t~trry fluid. j neopree -unl-
canizate attained a high compression set even though -not irradiated.

_- t •"avior ins not discussed by Bopp and Si'an. it Vi
perhaps due to the tendency of neoprene to crystallize when com-
pressed at moderate temperatures.

The investigation described here differed from that of
Bopp and Siman in the following regards: -more types of rubbers
were tested; the rubbers were cozuounded in such a manner that the
vulea"izates met definite requirements for initial softness and
resistance to coapression set engendered by heat; and only gamma
rays were used for irradiating the compressed specimens.

With regard to the use of gama radiation in lieu of the
more complex radiation emitted from nuclear reactors, Bopp and
Siunan (3) and Charlesby (4) believe that similar changes are pro-
duced in polymers by different types of nuclear radiation when tho
effects of tho, radiations are compared on the basis of ecual enerzy
eobaorption. Gawaa radiation is usually mo'e convenient to employ
"for testing purposes them. othar nucloar radiations (al'~n, beta,
slov neutrons or fast neutrons) because it has •,reater penetration
and it does not induce radioactivity in +t samples. Good penetra-
tion in desirable in order that many rubber specimens in a metallic
container can be subjected throughout to an even dosage.

The variables studied in the present investigation w-et
type of rubber, type of curing agent, presence and type of anti-
oxidant, presence and type of high resonant energy ingredient, and
dosage of gamms radiation.
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RUBBERS AND COMPOUNDING INGEDMI"TS USED IN TEZTS

Twenty-three rubbers were ealectv fGr - ...-
specimens. These incl-idad repreoent tis, a of P.l1 types of commerciui2.

survoy in view of the indlngs n and Simvi I ,A-A-t - -
the rubbers tested and their chemlCal compositions as defir-ed 1- the
respective manufacturers. Although a silicono rubber, Silastic 7-170,
had poor reade stance to radiation according to Bopp and Sisman,
silicone rubbers which differed chemically from Silastic 7-170 were
included in t9 present inr-eatigatioh.

Sulfur was used fL- auring all of the vulcanizates of the
several styrene-butad-ene rbb._r;--nd. aC-lU onitri1• -htMdi•c.,h.
which rvro tasted excapt one of each, which was cu-rcx with li cumy
peroxide. Other .-ub-)r!.- were, cured wtJ.h Uhe i..al ingredients.

loughborough &:d coworkers at the B. F. Goodrich Co pany(5)
found that the presence of certain antioxidants in rubber vulcani-
za toe increased their resistence to deterioration of tensile proper-
ties by gma reation. They coined the term "antirad" for '.heae
materials. Many antioxidants were tested in this investigation to
find antirads for protecting vulcanizates against compression net
caused by u radliation. The amount of antioxidant compounded
into the various rubbers %,s generally 5 parts per 100 parts by
weight of rubber. Antioxidants were not compounded into rzbbers to
be cured by dicumyl peroxide o. other pero.ides since thiay in tArfered
with the peroxide cure.

'rhe presence of benseno rings in polymers Is known to
bring about improved zsistance to nuclear radiation (2, 3),
possibly duo to tel.- high resonance energy (6). It therefore
seemed worthwhile to find out whather the presence in the vulcani-
Zates Of lOv-amoU'',%4r--& 4 -ht Ch.-I-ICam4 cn ~+-4,4,-- ~-~ ~so
condensed arometio structures would be beneficial. The antioxidants
mentioned above were raterials of this type, but they also contained
amine or phenolic groups which are reactive with free radicals. It
was desired to eatn]ite other aromatic compounds for use as antirads.
Ace-ov,-dim--+, a n'-ber of plasticizere containin benzene rings, for
example, btyl bensyl phth•lat., were comporunded into different
rubber stocks in the amount of 10 parts per 100 parts of rubber.
In addition. other cbmelc•l . with . gher me+ti. points and con-
tainAng banzone rings or condensed aromatic structures, for example,
phenanthrene. were compounded into different rubber stocks in the
amount of 5 parts per 100 parts of rubber, in moat cases.
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(Shoot i of 2 inhooe!)

Natur..1 rubber Isoprene polymer

SynT~ol 1000 Styrene/butazliene cOolpoywa (okbout 231C enrmhrin*A

Nauppo1 1023 Styrene/butadA ene copolymer (about 13% combined

Synpol 1500 Styrene/atwitaial conpolymer (about 23% eca~uec
a t~rr, low-ta ,'aturq wnn17MAaried

Naga I 15;Wfl ~:,! ~i
styrw,*) low.-t~apirture poliymerized

Hycar 2001 Styi'.ne/1Wtddiene copolyimer (higher combined w~tyrone
than Synpol 1500)

tyna~r 1001 AcrylonitriLle/butadiene co :(_-bcý:t O% "'

Uined acrylonitrile)

*'nar 1002 cr3oiile/..tadiene o-opo3yver (about 33% com-
binied aoz'ylonitrile)

Hycar 1014 Acrylonitril*/butadiene copolymer (about 20% amo-
Ibined. acrylonitrile)

Hycar 1041 Acrylonitril./butadienseoopol~ynr (about 40% comn-
bined aoryJlonitril.) low-oteaperatur. polymerized

lycaro 1042 AMrynltrile/butadiene oopolymer (about 33% comn-
4 ~bined 'icrylonitril.) low-otemperatmre pol~ymerized

H'yoar 1043 Acrylonitrile/butadien. copolyimer (about 2-4 con-
blned acrylonitrile) lov-temperature pol~merized

H~w 107' Acyonitrile/but1 di= &o~' (Hycar 1041
modified to contain oarboq'l ~grouzps)

Hyosr 1072 A=7ylonitT'ile/butadiene copolymer (Hycar 104.2
modifid to contain o#Lrbo.V1" groupe)
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T&BLE 1. 1RJBBEW USED FOR r!'AA =.CA TI=T SPDMIME S
(Sh~et 2 of 2 ah"'Ota)

Philpren. VP-25 2-4Wtbkt1-54viAYl pr AIdn/tutadIL=* oorobver (abowt
25% py~ridins deriva-Z.ve)

heopraw WIR Chioroprene Pol~y=

Viton A-lW Vinylidans fluoridefhmm~fluoropropylene oopol~ser

Adiprons C Po~yurtbmne "in-diusno. =216:0

11y0&1 402 aciosod o~tte/baog+A-w-tL4i40i,,,da-tive
polyw-Or

SIa cone W96A Mothyl VLI~y 81io=nO po1ja.r

Siliconz 2W4 Compounded nothyl phmkyl ai--xnn pol~mer (higher
tian normal phevyl content)

Silicone LS-53 Compound f!"wrtre--ontainin~ a lio--ne polymer



?brri.

The recipes for all of the vulcanizates, except thoese of
Philprene VP-25, VIiI A-,V and the silioone rubhers, contained
b."black A as a reinforcing filler. Philblack A is a carb-" .'lack
classafied as a fast extzudiag furnace blaaok. 7.o PhT1.rn-o VP-25
vulaniste con'tained no carbon black bnce adeqate properties were
obuLLnef w~umt its use. The Viton A-yV vuloanizate contained
Thez--., -. ±ch ir oal-SIzM as a medium thezJi olack. The Silicone
14% vuOlanizt* contalned RISOU X303; a •*• T5_- _L_-!i1•a. The
wineril fillere in the Silastic S-204- n S-*'-sJt5. L-8-5 vulcani-
mates were not identified by the manufacturer of these stocks.

In the case of each stock compounded by this laboratory,
the content of reinforcing ijier was adjusted to yield a vulcan,-,te
having a 15-second Shore A hardness of 70+5. The hardness of
Silastic S-2048 was 60 and that of Silasti- TMS-53 was 57. AU of
the vulcanizates including the two Silastcs had compression ".ta of
"4% or less after 70 hous at 212°F when tested by ASTM D395-55,

ethod B. Thus, mo of thee vuicanisates had the hardness and

resistance tz hot compr•cion set of e typical O-ring seal.

WHOD Or T GSTIG

The vulcanizates were ep•w sd to gaima radiation in the
form of compressed cylindrical specimens. The ripecimens originally
0.75 inch in diameter and 0.50 inch thick, were compressed dmdng
axposxue to a thickness of 0.35 inch (30% conpicealon). Throe
replicate specimens of each vuloanizate were subjected to each of
the conditions to be described later.

The speclawes were held. in special containers during expo-
sure to @ radiation. One of these dewices is showa in Figure 1.
It consisted of a stack of eight square plates made from 613 aluminu
held together by five aluminum tIU rode (aluminum is esoentially
transparent to gamm radiation). Rubber specimens were clanped be-
tweeon eacb pair of plaee !n the atack. The top plate was plane on
both faces. Ile other plates wer4 plane on their bottom face, but
were milled out on their top face to provide a flat bearing surface
for the specimens as We.-l an shoulders for limiting the compression
of the specimens. The aluminum surfaces in contact with the speci-
men= had a roughross not greater than 63 microinches.

The arrangement of the speclaens on each plate of the
containers is shown in FVure 2. Each container held 42 specimena
diatributed between seven levels. The locations of the three
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II~~ ~~ nsi~ I-Aembled aluminum con-
I? ' I ~ tain.t' fnr exposing compresscd rubII r

| I -- , specimens to gamma radiation

Figure 2 -A~rrangemnent of K
Rpecimens on each milled
plate of container
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{ii• More•- a

Leplicate specimens of each vulcanizate, dhich were being subjected
to the mam text cmditions, were randomized between two containers
and the Nven levels of each container. The purpose of the random
arrangeait wrs to redu~e the error in the averaged test results in
the vvent 4hat Intensity of gaoma radiation ws non-uniform.

The load•d oonaw~i ipra , u- nt t- -ha A tvnirc Energy

Containers boldin three specimens of etch vulcanizate -. lich uns e•rt
for irradiation were retained at the laboratory in a room maintained
opt 73.5120F. These specimens served as kir-exaosed controls.

The smzosure to gaum radiation wa carried nut in the
water columns shown in Fmyirs 3 and 4. The canal in which týia
wter columns stood had a water depth of 15 1/2 feet down to the
Pual elmint ariAd nlat. The %t •ar nacliuns vi-c a]oacd at tha
bottom, but had a dmineraiLzed water line injecting clean water into
the !ovr part of the coluns which overflowed at the top and thus

pxý%-.ef - -- " -M -a tune ----

750F. The containers uw-e raised to the upper end of the water col-
,=.- when it was desired to remove them from the field of radiation
but keep them in the water. This was dose when replicate ecimen
were being exposed to different dosages of gem=n radiation, and it
was desired to leave all of them in water for the same period.

Containers holding three speo•rwns of each •,-,.=I ;ata
were imwered in the water but kept out of the radiation zteJA.
These specimens served as water-expoced controls.

When The containers were returned from Idaho Fa1.•, all
8peimmno, including the a!_r-exposed and wter-ezpoiscd controls, were
"released at the same time. The specimens ufere let s~tand for 24 hours
at 73.512OF and then measured for thickness.

An indentation reading was obtained on each spc-oimen in-
eluding the controls by &*aais of a Mast Indentometer, Model 650-2.
Since =ost of the apcimn ".ro =,d. -e" 214, -'.
on a 3/44 h din t!... f ...t.. centered under the indentor
"MWiC t the reading. The critical features of this test were' O.!2•~-4- dip• te. hemispherical indent.-r, !00-q.r- ••-.•. ••t..
on the indemtor for eomotly one-minute reading, and the indentation
expresowd in hundred ths or a nillllmtr 'Leao g~ Iv a' oil uthe Mast Indentoneter, the softer was the stock. The Mast Indntco-
aeter measured hardnesm (inversely) more precisely tL, did the
Shore durometer.
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Figure 3- MTR fuel elements
positione d around vatriousi
water columns in canal

0£4

7 Figure 4 Aluminumn containers
being held above the psitiorns
they occupicd in the ,.aat er
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Since some of the spenimoen shoved poor recovery frrm
oompreasion even though they had not been exposed to reaiation, all
of the specimens wer, placed in an ,ven for 4 hours at 212°F, cooled
on a ood-en surface for 30 minutes, the-n, again measured. for 1hu-sight..
This treatment was for the purpose of ovr'ccoming the effect of high
internal viscosity and thereby hastening any recovery in height
which .rAId eventually occur.

The comV-;ion ;;Ot valucs;, .. f.r ,And aftor th, oven trcnt-
ment, were calculated using tha following equation:

Percent compression set = To - Tr
To - Tx

Where To = specimen thickness before compression
Ti = ff4c~m•_ki thicknes.i when comnressed
Tr = specimen thickness aster recovery

RESULTS OF TESTS

Tn the first phase of this investil ation, compressed speci-
mans were oxposed to ;amma-ray dosages of 107, 108"and 109 roentgens.
The results or these tests showed that all of the vulcanizates had
loo t-than 95% compression set after exposure to 107 roent ens, that
7rost of them had not reached 95% set after exposure to iO9 roentgens,
but t1at all of then had attained 95-100% get after exposure to 109
roentgncs. Figu-re 5 ahzwe the difference in thickoess of specimens
of thl; -j.- vilcanizate after receiving variou • t of radilation.
Since 108 rosintgens vas the highest dosage of those tried at which
there was a graded behavior of the vulcanizates, most of the testing
was done with this dosage.

Tha wter-axposed and alr-exposed controls, with two excep-
tions, exhibited negligible compression set after release and oven
treatment. "his was the case evw though some of the apecimens had
been compressed for periods aa long as 29 days. The exCOeption were
the Silicone W96 and Silastic S-2048 specimens. The water-exposed
and air-exposed controls of these rubbers had about 30% set.

Tat-' 2 shows the results of exposures to 108 ro.ntg.e,
All of the be-ic vulcan!zates are listed in this table, alao those
which .ontainad Neozone D, an antioxidant (candidate antirad). and
those which co)ntained the most effective antirad or combination of
antirads found to date. The compression oat values given in this

"V 2 4Z
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Figure 5 - Appearance of specimens of same vulcanizate after
different dosages (roentgens)of radiation. They had been com-
pressed 30% during exposure.
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table were those calculated from thickness moasuraments made after
the ov treatment,

One of the two rubbers which were fo1und to have the beat
inherent resistance to gems, radiation us Adiprene C, a polyurethane.
Its compression set wes low (56% with Santicizer 10 plasticizer) and
its indentation mas high (67) after a dosage of fl0 roentgens, Some
of the speciamns of this vulcanizate, however, were found to be
crushed when released from tbe containers after being compressed for

d ays. The n occurred hether the specimens bad be-. ir-
radiated or !-ct_ Thig as hv-r indicated that the Adiprene C vulcari-
zate vas too brittle for use in a gaskct or seal.

The rubber which equalld Adiprene C in resistance to
Vs~m radiation ws Synpol 1500, a atyrene-butediene copo2!7er. The
owpeimens of this rubber were not cru&hed by comprossion. The Synpol
1500 stook cu•..d by dicuryi peroxida had better re,;cxc, to K--1aa-
tion tha the •aufur-cured 6tock, altough .he re~isr~uce of the
latter is enkhnced by compounding with &r, antAiozx4A t nC d -- plasti-
cizer vtdich cont&Alned benzene rings. For exmple, Synpol 1500 cured
wit1 sulfur and containing Ther-coflc A &iLAoxidant and dibenzy!
phthaliate had the lowest compression set (49%) after a dosage of 108
roentgens of any vuloanizate tested in this program. It also had a
high indentation (64). Acriditne, a high resonant zgy am-^_zz.n-
also proved to be an efficient antirad for Synpo&. 1500. It mas as
beneficial as the boat antioxidant, Sn.toflex GP.

Properly compounded Synpol 1500 (cr it- t--livalent) is
therefore the best rubber found to date for use in gaskets and seals
where resistance to gamma radiatinn is rnq;V.red. This rubber- ho.-
ever, is not resistant to petroleum oils or gasoline. Where gaskeat
and ieals with resistance to petroleum oils az wall as to gam=
radiation are required, Hycar 1072, an acrylonitrile-bItadiene oopoly-
mer modified to contain caxrboil' groups, is the best rabbet to use.
Its compression set was quite low (58%) nd its indentation mas
reasonably high (46) after a dosage of T0• roentgens, providing that
the stock contained a suitable antioxidant such axs Win;,tay 100. If
p-ekets or seals are to be used in contact with aromi+t4, gasoline.
they should be made from Hycar 1071. This rubber ir similar to
HyBar 1072 except that it contains more acry,1onitrile. It is slight-
ly inferior to Hycar 1072 in resistance to -adiation.

The vulcanizates Included in thic investigation which pos-
sessed the ultimate in heat resistance '.ero a fluoro rubber, a
fluorinated silicone rubber and two ailLooiae rubbers. These four
rubbers had less than 95% set after 10? roentgens, but had reached
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95 to 100% set after 108 roentgens#. However, the fluorine-containing
•,'e-., VLton A-MV and Silaetic 1.-53, 0.e d~oe by t" :md-4-- e
tion with Uhbertion of a corrosive chemical. probably hydr&fluoric
acid. The aluminum plates which pressed against specimens of the-w
vulcan9*t"s during imadiation were corroded on and near the area
of contact. The condition of thi mzrfaco of a plate which prosied
against a Viton A.ZV specimen is ahoun in Figure 6. The product of
corrosion was en a-buminum fluoride.. 1 view of this finding, it is
ooncluded that rubbers containing fluorine should not be used In. a
:vAiation field, and that a gasket or sea'- requirrd to op-erte at
tuiperstures above 3000F in a radiation field should be made from a
ailicone rubber not uontaining fluorLie.

The fidings of this iwaestiga tion have certain theoretical

implications. The pernanent compression set of fally vulcanized
rubber 1P bliew#ed to be "-at4 1 na - i&^!.- +_ý-% ^k.-4o- -- ^-÷..

(1) breaking of primary -valence bonds in rtressed polymor chains,
or In cross linkg between the chaine, with ponesqueot flow of the
rozAdues to positions of lower stress, ax& (2) formation of n-,, cross
links between stressed polymer chains, or chain residues, which tend
to hold then in their new positions. Bot..h f tf i molecular
phenomena also affect the mecsnical stiffness of the rubber; the
first tends to soften it and the second tends to harden it. The
hardnesxs of all of the vulaaniza-es .•icluded in this investigatl1n,
Oexcept CGsth•ne S, a polyurethane, were conviestnt0y increased by ex-
posure to radiation. Thus it appears that the compression sets of
th~ss rubbers were largely due to the fortion of new- cross links.
Cenv*.h-c UL A I.= Axperienced consi&-_bibrecakage of primary
valence bonds iu the earlier stages of irradiation.

S~SUMMARY

To summarize the results of this Ltvestigation, it has been
shoun that nnA of tha rubbers toted wuld yield gaskets or seals
"capable of perfonir.ng satisfactorily aftar being irradiated w1th 10"
roentgens of gamma rays. For lower dosages of radia Lon, best resuiis
doald be obtained by using properly compounded otyrene-- tadia. rub-
ber, or acrylonitrile-butadiene rubber containing carboxyl groupo if
oil and gasolino resistance is required. Silicone ribber is the beot
"uere the gasket or seal must also resist high temperatures.
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Figure 6 -Alumninumi plates showing corrosion caused by
philprcne VP-25 specimen (top circular area on left plate)
and viton A-HV specimen (top circiilar area on right plate)
during irradiation
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NUCLEAR RADIATION EFFECTS IN MAGO1'fi.C CORE

14ATM-IALS ADUL MAGNETS

D. I. Cordon, R. S. Sery and t. T.i.undsten

U. S. Naval Ordnance• Laboratory
Whit,! Oak. Silver Spring, Maryland

In view of the increasing severity of environmental

requirements for materials needed in electronic equipment for

nuclear.-pewered ,venpons and space vehieles, th. I. S. N.val

Ordnance Laboratory, White Oak (Magnetic Materials DiLvision) has been
conducting Gtuaies of thie effects of sova of -hei ÷ t .... a.. ..

factcrs :zn magnetic materials. High temperature effects and
pressure effects in magr~etic materials were reported in recent
publicatior. (1, 2).

Nuclear radiation effects are also included in this

environmental effects program. The Nsal Ordn-nce Laboratory
results on soft (i.e. hLgh permeability - low coercive force)
magnetic materials have been reported (3-7). Detailed res.ults of

radiation effects on hard (i.e. "permanent" or high coerciv'e force)
magnetic materialn will be presented In NAVORD Report 6276 (8). It

is the purpose of this paper to present the highlights of both of
these irradiation studies and to summarize the status of research

in this area.

The Advisory Group on Electronic Parts (AGEP) has
published an environmental requirements guide which reprccents the
needs of the three military departments (9). The neutron radiation
conditions, summaurized in Table I, are shown ir three groups,
Groups VII, IX, and X, the flux level increasing with group number.
The Naval Ordnance Laboratory magnetic materials dincussed here
were irradiated in the Brookhaven National Laboratory (MNL) Ree.,tor
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at an epicadmium flux (rv) of rl.OI neutrons/cm2 sec. for •-e
rzactor operating period (v2 veeks). The corresponding integrated
epicadmium flux (nvt) neutrons/cm2 . Details of the test

k~~AAJ are inL~ .f L~~ -T Cnikruwr nrv U.fll rPfl1z4-.Qf

condition vith the AGEP test levels shown in Table I, one sees that
&&w M~air- Qrdiar-%ce LabC-"VW-y tes0t- level exc~eds that of Environ-

mental Group VII (fur nj-ulear zr_ -± .... + nd b-.lli-tL
missiles) by two orders of mamnitudft and corresponds very 0- ¢o*teiy
to the Group IX level (for other nuclear -,owo-.-ed eapon6s). Tae
Group X Ltvel (ri&019 nyt) is being considered for f,_ture tests.

Pbysical Picture

Coercive force end initial permeability are &%oz the
several. structure sensltive properties of magnetic materials. They

pnez nl' Ah ,,a v *1.t U .,- A - -

I~n meta2llurfri cs- tveajtinent ana imp~urity uP zaer n

contrast, pro--perties which are not noyAlfily strwature rlT'ktive are
density and saturation mzanetization. Although the physics of
structure sensitive propertles is not well understood. coercive
for4e ma~mop-a.,iithP sh nT' ag M eaqur ctterSitanCe 1-Co

domain wall motion due to imperfections and non-umiformity in the
bulk materiai•. These in turn are attributed to inbhogeeneoua
internal strains, non-magnetic inclusioimA, crystallite dimensions,
etc. Since nuclear irradiation is knorn to introduce imperfections
and inhbmogeneities in the ...attice th•rough thhe produe-tion n- n'
vacsnc!Aee and interstitial@, or other te-echanism_., onenrw gh"
anticipate that those mataari&25 With the-----tc---------- rc
(i.e. v-ith the minimim number of imperfections) would be affected
most by the radiation created imperfections. Similarly, one
might expect the high coercive force materials (-'-aich already have
large nrubers of imperfections fnd non-uniforuities) to be
unaffected.

In the case of materials composed of very small grains or fine

po-ders, coercive force dependb upon magnetocrystalline
anisotropy, shape anisotropy, strain, -knd particle size.
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Since ordering is related both to magnecic hardness and
magnetic softness through the degrec and manner of producing
!i".erecticr, wi since neutron irradiation has been shown to
safezt ordering, one might expect those magnetic .- aterials waote
propertle -.- e correlated with degree of order to be radiation

sensitive.

General Results

In general agreement with the physical picture sketched
above, magnetic mLterials -ith co-eW- . c~rcive force le
thanwO.5 oersted shoved appreciable cha-nges in properties, while
those materials with pre-irradiation coercive forces groc--ter then

O0.5 oersted shoved no appreciable changes. In other words, only
the softest magnetic materials changed. The harder cort mat!r1?0s

and t hkAMMI "I" - 1. pe -i mane A rA'imble ch.n..es.
However, the soft magnetic materia1,! -;hat did change n.re of
con@eraoie tehnoilcal, importancad Vt c e* ere

manerally drastic degradations. Table III zhovs the changes iu U C

pro--.-,ez of the sof t -.m.-et. .- tz-ir che, 4-

60 cps properties are shown in Table IV. For the permanent magnets,
the results are shown in Table Ve Esentially. all of the permunent
magnet changes are within the limits of experimentai error.

Radiation Sensitivity of Structure Sensitive Properties

Also in agreement with the physical picture. ,.be rc'aul1t
shc: that aatitraton induction, a structur•e in tienrc=,er - '.

did not change Zor any of the materials irrad.ated. This is
illustrated in Figure 1, which shows magnetic saturation as a

ftction of integrated neutron flux. Me small initial decrease
which apnears in some of the curves is explainable in terms of
temperature effects. The nensitivlty to radiation of structure
sensitive properties is she-wn very effectively in Figures 2, 1 and
4, which are seial-logp.c.. ofc.' e±ere..ve foie," '', .. .- ,,ab y,' ,
and maximum permeability respectively, as functions of integrated
neutron flux. (T"nhe A--ta shcnrn were obtained from in-oile measnre-
miwnts). These curves show (as do Tables III and IV) that the
highest permeability, lowst coercive force materials (SupLcrmalloy,
4-79 Mo-Perm!lly,, Mumetal, oriented 50 nickel-iron, and 48 nickel-
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TABLE IV. 60 CPS MAGNETIC PROPERTIES
%('--P IMAGNErIC MATERIA-LS) ~~l 9

¶Tf

AS, RESULT OF !RADIATION WITHv2 x 1018 N/,ýM2 (TOTAL)

Material A Hc a

,SuPH iO00 -B6

4-79 MO-PERMALMY 110 -51
,•I•.! 3 5- 16

48 WICeL-IRON 70 -W3

50 NICKEL-DIUO (OR.IENTED) v -20

3.5 SILICON-IOON .

3 ST7ýTCN-IRO_? (o.•urrn) 0 o

3-.l SILICON-ALtUI4I"K4-IRON 0 0

1I ALWINUM-IROT (ORDERED) 8 -2

1A .AT!YTWtN-JON (DISORDERED) 0 0

2 .- ' •E," -6

He - 60 Cps coercive force

Br - 60 Cps residual induction
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22
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16 ALUWIXU~g- IRON 0 (DISORDERED)

-~ ~yPW__ALOY 8
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2 ~NICKEL PtkNift

0. 0. 1. .6202.2.

; L

"Figure I Magnetic "saturation" (induction at a field strength
of 30 oersteds) as a function of integrated neutron flux
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iron, were degraded the most*. For example, permeabilitics of
Supermalloy decreased 93% with a corresponding 8&o% increase in
coercive force, T"e higher coercive force materials (ordered 16

aluminum-iron, silicava.-Iron, iiilicon-aluminum- iron, and Permendur)
showed little or no charge.

Fast, Neutron integrated Flux Meter

Further inspection of Figures 2; 3 and 4 shows progressive
changes of structure sensitive properties with Increaijing nvt. In
fct; the experimental curves of initial permeability (pa) vs. nvt
itre hyperbolic, as evidenced- by the linear relationship of 1!A/, vs.
nvt shown in Figure 5. This bebavioir indicates the possibility of

,dyaamiic metering of integrated faat neutron fix by in-pile meabt•-
ment of one of the radiaticn sensitive magnetic properties. Present
experience in&icates that such a meter would be Insensit~ve to
gamma and thermal neutron radiation. This could be a useful tool
for in-pile metering of fast neutrons used in radiation effects
studies of engineering materials.

Effect of ReanneclLg after Irradiation

.1-eauaemns fthi! =axe~ "_rvPTP of 444---b 1

and tape wound toroidei. cores as late as one yeaecr -Z-÷ ter i.rd.iatCon
indicate that the radiati=o 4in e is permanent. However, reheat

StemAt"cn Wf' =_smt~I reotore the orig'inni p P-
irradiation properties. This was demonstrated in the car.e of a
4-79 Mo-Permalloy (1/8 mlu tape wound) core originally heat treated
to produce a good switching field vs. time cha-aeteristic for
computer raemory application. As shoun in Figure 6, neutron
irradiation destroyed this good switching chr.racteriatic. However,
by giving this irradiated core the saeme heat treatment it had
received before irradiation, the original switching characteristic
a-_d d-c =8:ntic properties v-e~re res°ar-ed, -es ehov_ in Figu1re 6.

This experiment indicates that transmutation effects (i.e, changes
in chemical ccmposition) were either not present or were

Disordered 16 aluminian-iron (Alfenol) is a notable exception to
this group. Although its pre-irradiation coercive force waz lets
than 0.5 oersted, it suffered only negligible radiation damage.
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insignificant. For had there been a composition cvmge, reannealir7
could not have restored the original magnetic properties.. The
experiment indicates, rather, that nagnetic hardness (i~e. higher
coercive force and lower :,nitial permeability) was increased through

the production of additional inhumcgeneities in the form of
vacancies and interstitials. or more comprlex defoes, and that this
added hardness could be removed by proper mnneaiing.

"Softest" Core Materials

Examples of the drastic cbanges wbh5h occurred in the
properties of the magnetically softest materia1s are shown in

7 - 12, which 1il,--tr'ate the effects of irreiationn on
induction curves &wd bystu=ci• •;..0 Supermalloy, 4-79 Mo-
Per-malloy, ad oriented 50 nickel-iron (Orthonol). In addition to
severe lowering of permeam'iiity, increases in coercivs force, and
drops in remaaance, distortions of hy-te-res. s loop shape allso
resulted from the neutron irradiation. Figures 8, 10 and U1 bhow
this "kink" effect clearly. These diat*rt i o or ink s be
wssociated with changes In degre' of order as previously suggested
by the auth'or- (3-7) ard 'W Schindler, Sa2Lkovitz-, et al (10). The
distortions way also be due to aon-uniform radiation damage in the
sample ca:used by selfst.e.M.•., - .. e., 1- t-e possibility that the
interior of the sample izry receive significantly less radiation then
the outer portion. This wuuid in efftcL p-oAu.i a pc 1t ir-.
with consequent distortions in loop shape (6, 7).

"Harder" Magnetic Core Materials

Magnetic core (soft) materials with higher coercive forces
(> 0.5 oersted), wVich shoved little or no change in propertics arc
illustrated in Figures 13 - 16. fIare one sees exampvles of the
insensitivity to irradiation of materials in this categor-, which
includes 3.5% silicon-iron, oriented 3% silicon-iron, 3-1% silicon-
aluninum-iron, ordered 16 aluminum-iron, and 2V Permendur. Because
of its high cobalt content (h-9%),. the Permendur nore became highly
radioactive. However, its mr-.etic propertiea were not affected.

Pover and Ferrite Cores

As shown in Table VI, nickel ferrite, 2-81 Mo-Permalloy
dust, and Sendust flake exhibited significant increases in high
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frequency losses. However, (within experimental error) Cearbonyl
iron dust cores shoved none. The high frequency loss sepm-ation
measurements which showed. overall locine ncreauies showed no changes
in permeability or in hysteresis for any of the materials. This was
confirmed by d-c aw power frequency measurements wihich alho
indicated no changes In perme~abiltty or hysteresi±, or other bw

The nickel-ferrite core and the 2-81 Mo-Permalloy were
retested 10 months after irrdiýtl-on. In contraat to the lpminated

&ad ~ ~ ~ 4- *vUiA c'aj b e~ttb 5o-e alib'I scum de rea of reCoverry
vith time towad the original. preLL-rradlation properties. Rece'M"ey
of pca.wrties of ferrites with time was also observed by Sakiotis
et al (11) in microwave measurtenents. Salkovitz, Schindler, ot al
are conducting &n extensive study of radiation effoects ins ferri+ts
(12).

Permanent Magnets

As shown in Table V, per-mament magnets exposed to the
some nuclear environment as wi-re the zoft, 'iatterials, showed no
appreciable changes beyond tbý limits ut exnriate l -

Demagnetization curves of the thirteen representative materials
studied are shown in Figure 17. T1his group ccm.rs most of today's
t~ech ji•=lvy a iorant permanent magneto. Coercive forces range
frm %X ti 2.200 oerateds. Tn this experiment, cS-pte Ift+-
zation curves were measured before =d after irrediation on one set
of samples. Open magnetic circuit induction values (before and
after irradiation) were meastred on a second set of scuples. In
"-dd-ti. n, both open circuit inductuon values and demuetizaticm
curves w-z e obteiaed on unirrradiatedi co0.ntrol -e-ples •ihich vere held
in a furnace for twelve days at the reactor hole tempi-rature of 90"C.

Pre- and post-ir iadation dersgti7ton curves of the
Alnicos are shown in Figure 18. As Table V indicates, results for
the other permanent magnets were similar. In a ro limited
experiment, using open circuit magnets only, Fennel, et al, also
obtained a negative result for effects of irradiation on the
magnetic properties of similar magnets, such as "Alni" (13% Al,
25% Ni, 4% Cu, 0.06% C) and of 6% tungsten steel (13).

Z€ p



Gordon, Sery and Lundsteii

-41

P.:-

2UA

Igo

0

(s~ssyso-I)II wou)n-N

276'



Gordon, Sery and L-,,_deten

'14

*BEFORE ;RRAMAT;IOý-

, FTR2 .3r 10l /CM2

L 6  /
i IIi 2,6

4i 7 Ii
t4 I I:

* E4 I ;--4
h i i|!I i " I

Figure 14 - 3 -silicon-iron (oriented): effect of irradiation
on hystere sis loop



Gordon. Sery and Lundsten

TnFFORE IRRADIATION

I AFT•• AFER 2 .2 n1 0 ie N/CM 2

t '0

fI (
r ~40

S0 .2 6 .4 0 .6 C. ;. • , .

I ~

* "

n!

Figure 15 31 lcnauinr-rn fetoI, 1I

irradiation on hysteresis loop

2'78



Gordon, stry- mad "undsten

TV

I AF-FORE oRRADIATION

iH ,i
t I

4" 2

i--+----4--- 0.09 0.- 0.1 0.20
H (OhERSTEDS)

Fig0.04 0.0 161 0.16inrr 0.20Hsrdce:efeto

i~c~ra iato ohyte si slo

i7!



Gordon, Sery and Lundsten

16

I. 3j/ CHROMf" Z'TE.EL

2. 36 COBALT STEEL

3. ALNWCO 11 Kl 4
4. ALNI(.U V r
S. ALNICO X /

6. CUNICO I / 1
7. CUNIFE I

8. S#LMANAL(

9. FINE IR)•N A I
10. F;NE tfo N e J

I'. PLATINUM COBALT

12. BAR,•UJM FERRITE (UNORIENTED).I

13. BARIUM FERRITE (ORiENTED)

I., 8 w

I II

6

/J~j 4

7 ..ILL Ji 0

2400 2000 1600 1200 800 400 0

H (OEPSTEDS)

Figure 17 - Demagnetization curves of the permanent
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TABLE VI. FYFEJTS OF IRRADIATION
WrrHI!N X 1018 Nlm;"', (TOTAL)
ON POWDa. AND F--RMEE CORES

Material • a e c R

Before 14 450 - - 9,000
NICKEL FERRI"E After 14 400 13,000

(50Kc, jg)*
Aef o.,; 20 10 500

2-81 M0-MALLo5 After 122 1 -

_2 5Kc,20g)
Befor! 9 - - 3,500

CARB0=7" IRON
(PLASTIC BINDER) After 9 2.5 2,500

( 0, -• : . Z)!

Before 9 - 2.5 3,000
C(LASONYL INDE
(CLA3S BI•IDEA) After 9 1.5 3,500

B1fore 175 iO 5 i80 500

(FLAKENOL) After 195 11 30 20 1,100
(25>Kc,0)

2 R •aB +ef +c

where R - core loss factor (Legg)
AIf

a - hysteresis loss coefficient

e - eddy current loss coefficient

Sc - residual loss coefficient

f* - gaustn (or gausses)
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In-pile Measuare•ents on Core Materials

The soft (magnetic core) mar4,ebrl Ze.gples were all
toroidal in shape. Most of these wcrz! fabricated of punched ring
laminations, some were tape wound, anti othera were rings of prssaed
metallic po%4er, flake, or ferrite. The toroi1s were mounted on
core as shown i.n Figure 19 core'S Primar, and
secondary -eat windings connected inturnally to octal receptacles
blIt Into the ends of the holders. Using this arrangement. it was
possible to make in-pile measurements of mtngetic properties by
plWu.gin.v. appropriate cables into the 6ore 'olde.r recepta•-les and
connecting the other enas of the calties to the remotely located
magnetic measurement instrumentation. Most of the data shown in
the curye- for the soft mf.gnetic materials were obtained by this
kind of in-pil measurement.

Iei nt!-'.%=nen•-t Teat Samples

Unlike the soft muterials, whnse low coercive .orce permite.
their ewaluation in relatively low magnetic fields (usually not more
than 30 oersted.), permaent magnets re=u±re high field In-xenstiae-
#kup to 15,00C oersteds) for . -=-+4,...= a, propher e-.•t +
Therefore, the toroidal forum is generally not suitable for permanent
magnet test samples. Insteadl, short rods or bars which may be
placedi between the pole pieces of hi--field produ-ci electro-
magnets are xwed. In this ±:->eriment, cylinders with diameters
ranging from approximately OX," to O. 5" and lengths rangAii frcC.t %. - t. . %-..... ;___ dem"--eization

curve) tests, a length to diameter ratio of apprordimately one was
used. For the open magnetic circuit induction tests, thc 1.---+th t
diameter ratio chosen for any particular sample dipended upon the
demagnetization curve of that sample. An attempt w-as e to
operate in the neighborhood of the maximumi energy product (i.e.,
optimum operating point) wherever- pasoibc.

Becaze of the i.xgh field requirement in testing
permanent magnets and because of pile-hole space limitations, in-
pile measurements were not made on the permanent mWgnets. The data
presented above are the result of pre-irradiation and post-
irradiation measurements, on irradi&ated sampleu and unirradiated
controls, both in open magnetic circuit condition wid in closed
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magnetic circuit operation.

For the irreiation, the s--ples Wv-e p!=.-,, 4 " four
specially designed aluminum traysT, shcvu in Figure 20. The turc
smaller trays contain the demagnetization curve samrples. Here
proximXt.ir of @A itent mAe. .. na nat important. since these iere
rc-naoM t"- ~ n circut- sa'--- * J.a.
however, it was important to make the spce between adjacent magnetc
large enough to prevent mutual magnetic interaction. Hence, these
were placed on the larger trays. After euwsembly, the four trays
were placed in the rectz-n.,lar. ai_-•n•_ma box sh_.n__ in Figureo 20 and
21. This box is a standard Brookhaven pile hole container.

OL Reactor Test Conditions

The temperature and radiation conditions of the soft and
hard magnetic materials irrsadations are given in Table II. It is
the epicsadmium neutron flux which Is of ccn.cern in military
applications. In order to eliminate temperature a• a variable in
these experiments, Man-. =,nit on ;n...-.A4-,.,. .roBs heid at
reactor temperaturts were also made.

Radioactivity and Post-irradiation Testing

Because of induced radioactivity (primarily in the cobalt,
but also in IrCh. nickel and sc-e of the other elements) post-
irradiation testing presented some special handling problems. In
the case of the aot oaterjials, the pt -wire;1 core e!iaeniy (which
had become radioactive) shown in Figuy"e 19, was t.r.. ferreA r it i
shipping container to a specially designed lead shielded test
container; whose covers contained cables and octal plugs which mated
wilth the recee)tacles in the core holder. i1 was then possible to
make the magnetic measurements without the use o!' a hot cell.

rcr +11e permanent magnets. however, iuch a procedure was
not posnible. Her-, each magnet tested, whether for a complete
demagnetization curve or for an open circuit induction test, had to
be handled individually. This necessitated the use of a hot-cell
facility with master-slave hand and power manipulators. A schematic
floor plan of the arrangement used for testing radi &': p :'xn•-
magnets is shown in Figure 22. The U. S. Naval Research
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Laboratory Reactor Hot Cell Facility was u'-_ r-o• khese tests.

A compreherksive survey of the effects of :reactor irradia-

tion (1017 epithermal neutronr/cm.2 ) on technologically important
magetic m.teriale (soft -_nd herd) h.s been made, It vas found thp.t

except for radioactivity, all perme-nvent magnetic 1-ate-ials and those

soft materials with coercive force gleater than 0.5 oerated (such as
silicon-irons, aliinumiirons, and Permendur) showed no appreciable
changes in this environment. However, the softer core materials,
i.e., with coercive force lesi than 0.5 oersted (such as Superrialloy,

4-79 Mo-Permalloy and other nickel-lrons) "sere drastically degraded.

some properties chaiging as much as ten times. As a matter of fact,
Table VII adapted from SIsmuan and Wilson (l4), shows that of all the

physical properties oT metali n; d al.., =2e .......
magnetic properties of the nickel-iron alloys (containing large

amounts of nickel) are the most sensitive to fast neutron irradiation.
(They approach the sensitivity of silicon diodes, which shov ioss of

rectification at 1016 nvt.) This rensitivity may find application

in f&!t n-eut'r dosimetry problems.

"This means that most w-tagnetic materials will perform

adequately in presently required nuclear environments, althbob

"~ rU•rlic-timt land some present ones) vill. require teet~ng at
higher radiation levcla. For the nickel-irons. however, significant
damage occurs at 3 x 1016 epithermal nvt.
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CCORROSION4 lkLHANISM IN THE REA$CTION OF STL wITh WAT E
AND OXYGEWTED SOLUTIONS AT ROOM TB*&ATURE aND 3160C

M. C. Eloom aad iary Boehm Strauss
U, S. Navel Research Laboratory

Washington 25, D. Go

At thz MR aMoatma held in Washington t'* years ago a
summary of results obtained in a basic study of corrosion echanismus
of iM`44ste4l under oonditions pertinent to boiler opera1,ton was
givenk-J. ihis paper is a report uf further progress in these mocha-

nism studies. Soame higblidhtz of the report givn at the 19-57 Syu-
p~osumi are illustratod in A. £r ~~
ill- +--- (I) the protective tilm of magnetitr (I"e0 4 1 F'-"-,-h f or"

on n1ild steel subjected to treatment with water at 3il° (E'F) in

the ab~cnce of oxygen and (2) the pits surroimded by red patches of

hematite (OL-Fe2O3 ) which develop when this steel is eapos3d to oxf-
gonated water at roam temperature and then subJectod to fui-ther ax-
posure to oxygenated water at 3160 C (60o0F), & toerature approacbed
in moderni Naval boiler plant operati"ons.

'rq •dev--opment of ;At' e•ze-- to beasAo-+tO "''h the

development of the corrosion product 7'-Fe(OiH st room tew:erature
and its subsequent conversion to O-Fe2 03 upon heatig to 3160 C.

Continued studics of oorrsion-mech.-uilis in capsule sys3ens

i to a f u rt " tr C 1 tr :o-zo roios 1%.i '1 ij!

is the subject of this report. The method of fabricatiou of the

capsules employed was described in the previous reportUl). A typical

capsule is sho% in Figure 3. For examination of the reaction
products formed in oxygenated systems, mild steel capsulos of thi s
kind filled with air-satarated water or bydrogen percvde solutions
were used. In the presence of ferrous or ferric ions generated by
the corrosion process, hydrogen peroxide decomposes readily to form
oxygen and water and these zolutione thus provide a simplo means for
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Figvire la - Mild steel pipe after 131I days'
treatment at 316 0 CA with high purity wvater

Figure lb -After 21 days treatment. at 31600 with
high purity water pressurized WitLh t~ygen at roumn
temnperrature prior to hea'..ng

Figure 2 - Gross section through Figure 3 -Capsule

one of red islands in lower half
of Fig. 1. 1150 X
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introducing o.Vgen into the sealed capsueb. The specimens were ex-
posed at room tecperature (250C) and 3160L for selected lengths ef
time. The capsu.es wace thehi zpened and the ph measUeci. I LSo•. me
Ca~t383 rifipl es of the liqi-,.. were evaiprated to drynes . .yz

spf--tro"c•- pically. Any suspended solids, were tested with a magnet
'to determine the possible presence of ferromagnetic corrosion
products, and then all cf the suspended solids were colleuted on
f Ia ter's, dried, and analyzed by X-ray diffraction, s-ided in gone

cases by chemical analysis. After reoval of th fluid from the
capsules the wallR were examined microscopically to detenmine the ex-
tvrt inmi character of tna attack and were subjected to X-ray and e-
lectron diffraction anal;'sis to determine the nature of the corrosion
product films.

The data obtained from the examination of the corrosion
products forracd at room terperature in c&Vsuie.q initially filled -With
distilled waster .,re shown jr. Figure 4. Attentr on is directed to the
following ractst-

The water was initi-lly a:Lr-3aturated and the *aaL. vari-
atlon in pH at t.e outset i3 prcbably due to variations in the carbon
dioxide content of the laborato.ry atmosphere. It may be noted that
after six hours the ph has risen to 9.4. This is aproa-al Ithe
pH of a saturated solution of Fe'(Oh)2 . ubzequently the ph riss to
9.9 whosre it is found one year latar. Tis t - se S- ph " aa
sho-on to be due to the presence of manganese in the steel and the
fom--ti~n of ý'M) w-dich in sa-tumrated solution roduces this high
pH. Next it may be noted thai the initial product of reaction is
'r- FZ(eJH. This phase shows up both as ialanads or, otherwise unattack-
ed metal anid as suspended material in solution. Finally, it may be
noted that within 2• hours. the spinel phase (Fe304) has made its
appearance.. The fact that the nA of the solution has reached the
saturation ph of Fe(OH) 2 at the time the spinel phase appears sug-
ge3to that the p.inel p.hace is formed by the decomposition of FA(OH) 2
which is kcio-n to take place under analogous conditions (2,3,4).

Figure 5 BtmflXizes data at -Loveral oxygen concentrations.
It may be observed that when oxygen is absent, the ph rises rapidly
to 9.3, the saturation value for Fe(OH) 2 and a little less rapidly
to 9.9-10, the saturation value for Mn(OH) 2 . In the presence of
sufficient oxygen, however, this rise in ph is arrested in the
region of 8.5 undoubtedly due to the removal of Fe(OH) 2 and YMnOH) 2
by oxidation. It may further be rnted that in the absence of oxygen,
the spinel phase (Fe 3 04 ) is the solid corrosion product but that in
the presence of oxygen 7'-FeOOH is the initial corrosion product and
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rorroioau Fto," ,a b th.. Ak. !-A, Of.#-,, W,
In Mtid ]Pol Capsule@ at 5'C

ISoltlaU PHj Tt MKI nesJolutl'ja PH Apaa~ 1 A ie ~rs~aai'djafter Of O prodct
ro.trYz to LN)IUhO; reactlo•a"' olutia' ,M"al on meow

-"- L hr. 3.5 IYe w Jpeckle4 With Y-FOOI4
tiage brwahaht

5.0 G 1r. 9.4 Clear, lamemin above Y-FTOOH
Colorless and pos.bly

I spinal

6.0 24 hr. 9.5 Clear, Same u above Y-FNCOH
Colorless and 4ptnel

6.0 1 wk. i 9,8 Cloar, ; Same asbe,% I .o.)
Cotorleb : and spinal

6.0 1:wk. P.9 Clear, . Tin gray7 3pliel and

C.0 olo- le . . Col I brown fLlm wo •-F@OOH

[~~ ,pift;* 1_..

Te* water wa• laltlidly air .Iucratd.
*OXaeh value represents ,h* mean of I tr1#ptie.

Figure 4

Summary of Corrosion Products Formed by the
Action of Water* and H.0 2 Solutions in ,l,1d

Steel Capsules at ?50C

Time of H2 0 0.2% H2 0, J4% H),O

E'xpos0r'J Ihp Product KHT r c I ISpr oPodurc

1 hour 8.51 VFeOOH 17.11 V-FeOOHjTA1 Y-FeO

I24 hours 9. 0. ti some 173 y-FeOOHf
ndme Spine

I week , ndS-FeOOH 7.4 Spinel 8.2 a-FeOOH
arnd Spinel _____ ____

4 weeks -- -- 8.6 Spinel 3.6 ct-FeOOH

1 year 9.9 Spinel 10.0 Spinel f.5 a a-FeOOH
*The water was in'tia..ly air saturated.

Figure 5
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S -FýOOH is the secondary corrosion prouct -whcn sufficient oxyen
is present and the pH rises above 8.

When capsules expoosed to room temperature treatment in this
way were subsequently heated to 3160C the following observations were
made : -

The pH dropyed back to the vicinity of 7 4ithin 24 hours,
any Y -FeOOH or e -FeOOH present being converted to &- -F0203 which
was subsequently reduced to magnetite when the oxygen in the capsule
had been used up.

it would appear that the p~ecence of 7 -FeOOH, a non-ad-
herent corrosion product wMich appears when oxygen is present at
room temperature, is to be avoided. Not only has its genesis been
accompanied by incipient pit formation, but also the a -Fe203 t
which it is converted and the Fe30, to ,,hich it will be r•_iiis by
subsequent operations at elevated temperature will be a loose mater!-
0. which may be transported in the flowing stream and deposited at
some point in the system where it may interfere with heat transfer,
or act as a mechanical plug.

A further deleterious effect of 7'-FeOOH was (i" scovered in
the course of some transformation studies. In these studies a com-
mercial supply of 'f -FeOXH Wa3 introduced into capsules in a slurry
with water and heated to 3160C. Some of the capsules burst as indi-
cated in Figure 6 and all showed stress- corrosion cracking of the
type illustrated in Figure 7. Investigation showed that this crack-
ing was due to the presence oif a smail quantity of h-Loride ion W"'h
the 7 -FeOOH and emphasized the'deleterious effects which the
7- _eCk can produce when precipltA.d in the presence of chloride.

It was found that less than 100 parts per million (ppm) of chloride
reacting with Y' -FeOOU can cause thin tenA nf -ttresq cor.oronrr r nrrck-
ing., which is appcxrently asociated with the formation oU FeCI'.

Experiments in these static systems indicate that the boiler
water treatment chemicals may have more effect upon the uoidance of
the formation of I -FeOOH P-,d pits during shut-doxm periods when air
may be present than upon the general corrosion rate at hbiler oper-
ating temperatures.

Figure 8 shows the appearance of capsule walls opened up
after 24 houirs of contact at room tcnp3rature with a solution withinv
the apecifications for Naval boilers operating at 1200 psi and 950OF
superheat. The air was initially air-saturated. It may be noted
that the addition of i .. .. l-ocali zcd the pitting someihat, that "U1-
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Figure 6 - Burst caDSdle heated at 3160C'
,Ih n -F'eOOH containing chloride

FiLgure 7 -Stress-corrosion cracking of mild
steel capsuile heated at 316 0 C with -y-FeOOII
containing chloride
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Figure 8 -Appearance of mUd steel
treated at room temperature for one day
with Navvb,-sler water treat-ment additives
as follows: A - pure water, B - NaOHI
solution (pH IO.6ý, Ce - NaOH solution

w2.t h 2'5 pp-m, pho bph.-at1c a~ - *a 2H ':POs (pH
IQ n 4 TI o 1~1- souat.-ion with 2 5 ppm
Chloride --g NaCL (PH 10 " 51
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phosphate addition nearly eliminated it) but that if 350 ppm of
chloride was alloted to enter even in the presence of both caustic
and phosphate, the attack became much worses, Additional experiments
have only served to confirm this indication. That the attack can be
eliminated even in the presence of air when sufficient phosphate is
present has been clearly demonstrated, but the quantity of phosphate
necessary may be very large if much chloride is present. A ratio of
phosphate to chloride greater tha.n 10 to 1 may be requir;id.

To summarize the most important practical conclusionss It
apare thaRt boiler water additions within present specifications
may have more effect u-on the reaC .+4n taa1ng place in the presence
of air at room temperature than upon the rate of corrosion at boiler
operating tenperatures.

Thei presence of stobstantial =rmounts of chloride in boilem
water systeus may be very deleterious, and pr--en- "ler water
treatment specifications are not adequate to control its possible
ravages under shut-down conditions with access of air.

(1) A Decade of Basic and Applied Science in the NaVy, Ol.
Symposiun, March 19 and 20. 1957, pp. 572-579.

(2) Corey, R. C., and Finnegan, T. J., Am. ioc. Testing Materials
Proc. 39:1242 (1939).

(3) Evans, U. R., and Wanklyn, J. N., Nature 162:27 (1948)e

(4) Shipko, F. J., and Douglas, D. L.,, "Thermal Stability of
Ferrous Hydroxide Precipitates", Knolls Atomic Power Lab.
KAPL-1377, November 1, 1955.

ACKNOWLEDG).aTS

The authors are indebted to W. A. Fraser and G. N. Newport
for assistance throughout the course of this work; to C. 0. Timmons
for the preparation and treatment of many of the specimens; to
Evelyn Cisney and W. G. Sadler for £-ray diffraction patterns; to
D. H. Price for the metallo&raphy, to the Analytical Branch for
chemical analyses, to A. J. Pollard for aid in the exploration of
phosphate-chloride ratios and to Jeanne B. Burbank for assistance
with the electron diffraction studies.

.a 300



RECENT CONTREIBUTIONS OF CHEMISTRY
!N THE

PREVENlIrON AND OONTROL OF COWROSION IN TI¶E NAVY

W. L. Miller
Material Laboiatory

New York Naval Shipyard
Brooklyn 1, New York

Corrosion control in the Navy is at times accomplished by
mechanical means such as improved design or substitution of mat rials,
but in general it is necesisary to use chemical methods or products to
stop the widespread corrosive destruction. A comprehensive coverage

* of this subject would require an excessively long prescntation. Con-
sequently, this parer is limited to high spots of comparatively re-

Scent Naval usages, particularly where the New York Naval Material
Laboratory has participated.

In any review of chemical control of corrosion, the develop-
ment of new coatings must take a prominent place. Recent developments

* " in epoxy resin coatings are being used for cargo ballast tanks of
tanker ships and Z-viation fuel tn"k-k o ^.•c•--i- ... Vp--

polyamide types in particular are showing promise in applications
under difficult conditions. The Laboratory is currently exploring
such coatings withi painting being done on water-met surfaces. The
Laboratory has also investigated the use of conversion coatings in
which the basis metal is oxidized, eitfhei chemically or electro-
chemically, to produce an adherent film, Altnwn radar waveg....ts

' have demonstrated the value of such coatings following extensive ex-
posure at Kure Beach, North Carolina. Consequently a new specifica-
tion will be drawn to require suitable conversion coatings on the
wsveguii de s

The value of corrosion inhibitors has been recognized by the
Navy, especially in aircraft fuels. Some formerly used inhibitors

* have shown undesirable side effects, such as emulsification tenden-
cies. The Material Laboratory has conducted a study of the extent of
emulsification of jet fuel by corrosion inhibitors. Fortunately,
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inhibit.,a that do not cause serious emulsification are available and
a•specified* Axntent stud by the Laboratory hits made of the use of

chloride as an inhibiting additive to hot sulfuric acid pickling
baths. As a ?3sult of this studs, 1.5 percent of sodium chloride is
now specified as an additive to sulfuric acid baths for pickling
Special Treatawnt Steel. This is in addition to the commonly used
organic pickling inhibitors. Various other developments in inhibitors
have been made throughout the Navy. High pressure boilers are now in-
hibited by careful control of pH and phosphate ion. NItrite inhib-
itors are used in wet sand blasting. New inhibitors 1mve been de-
veloped for lubricating and preservative oils and greases. V!Tpor
phase inhlbiltuvrs ar being used in packaging and octadecyi amine is
being used as a volatile film-forming inhibitor for steam lines, in-
cluding thore th-roughut the New York Naval Shipyard.

Among other chemical controls for corrosion, the use of ion
exchange reesins is important for obtaining high purity water necessary
for battery make-up and cooling water in submarines and for pres-
surised vter nuzlear powered system. The Navy h art eq_+ly
maintained a study of composition and uses of neily developed resins
for water, p-=ification.

Among developments by Material Laboratory chemists is an
acid descaling process suitable for removing heavy rust scale frc.
lsarge tanks. This originated as an independent idea of the inventors
and a patent application has been filed by the Navy in their nwmes,
While not an anticorrosive measure in itself it is an econo.-1-cal
process for use in connection with pretreatments for painting or othr
corrosion control methods. So far the method has been used on tanker
ships with two Navy MSTS oilers and at least six comnercial ships
using it dueing 1958. Using one-half percent by vol tie of sulfuric
acid the method is capable of descaling the cargo tAnks of tanker
ships at a cost of less than tw• cents per square foot, of descaled
surface for acid w th. an approximately equal cost for labor. The de-
ecaled surfaces -nay then be given a brush sandbiaetin, with a savings

of about 30 cents per square foot over heavy descallng and blasting
as prepaint treatment. Note: Tw slides are shomi to illustrate a
heavily rusted tank. bulkhead of t•he USS MARIAS before and after do-
scaling.

iietallic corrosion in aqueous environment is an electro-
chenical process and one of the most effectiv-e means of stopping it
is by applying electrochemical counter measures, in other vords,
cathodic protection. Cathodic p:rotection is now widely used by the
Navy in large and small applications using either impressed current

7.-sta, sacrificWal anodes, oz imd.)d zyst.i. An impreabod cul-reliL
system is used in the protection cf underground cables and piping
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Figure 1 -No. 1 starboard tank, section of
iorward bulkhead-before descaling

Flgurc 2 -No. 1 starboard tan~k, section of
forward bulkhead-after descalinga
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throughout the New York Naval Shipyard. This system uses twenty
rectific.rs, with each one having a vertical ground bed 100 feet deep

containing a string of graphite anodes, During operation for the past
two years, only one blowout of underground pDoer cables has occurred.
Prior to this period, the average time between cable blowoute as ap-

proximately twenty-fouri days.

The Material Laboratory started its cathodic protection
studies with the dovelopment of Specification ,oL-A-182?9 c...i-g i-•
pregnated graphite rod anodes for protection of Reserve Fleet shipz.
Anodes used previcusly in groundi beds by ti* Maritire Adrinistration
were modified by incorporating more flexible cables, chlorine and
oxygen resistant collars and an improved cable anchor within the
anode. With normal use at sea water sites these anodes have an esti-
mated life of at least five years. With a moderate expenditure for
current, 22 anodes suspended over the sides of an aircraft carrier for
example, can prevent corrosion of the underwater hall. Fouling by
marine organisms is not prevented,, and -aintenance painting is still
required, but time intervals between drydockings have already been
doubled with very large savings to the Navy.

In the ONR 1957 Symposium the writer gave detailed infnrme.-
tion on the relative performance of graphite versus silicon-i;.on
anodes at various current densities and in waters of various :Iesis-
tivities. Subsequent to this, additional Laboratory tests su;l5ple-
mented by service tests have since resolved the selection of unodes
into the following for reserve ship hulls:

a. Either graphite or silicon-iron in low-resistivity
(sea) water at current densities up to 10 aaf,

b. Graphite for sea water use at current densities aboveSI10 aef,
LL

Sc. Silicon-iron for all current densities in high-
V resistivity (fresh or somewhat brackish) ;ater.

In March of 1958 an experimental system. is installed on
the UVIR TEXINGTON in an attempt to prevent cavitation erosion of the
propellers by electrolytic generation of 17rdrogen gas on the propel-
ler blades. The system was designed jointly by the Bureau of Ships,
the New York Naval Shipyard, and a contractor, and was installed by
the Puget Sound Naval Shipyard. The Material laboratory coordinated

z the work and analyzed operational reports of the systen as recorded
and forwarded by ship personnel. After two months of operation there

4 was a noticeable increase in electrical resistance. By August the
resistance showed a large increase to the point where protection ias
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probably impaired. Thu- increase in reaistarre could have resulted
from failed anodes, line fuses or certain ot er cau;i- . Uamortunately

the ship was operating in a remote area and Laboratory inspection uas
infeasible. The system was secured and eleren of si-xteen anods iM&
removed &rxm the ship's hull. These have susequently been inspected
at the Material Laboratory and five of these were found to be incap-
able of operation., Tnspectinn of the shi'p's stern area by t.- repair
facility shoved l1ss of some coatings on struts and rudders but with
no pitting or corrosion evident, Some light ro'aghenirg of propeller
blades wis reported. Pending further work on electrolytic prevention
of cavitation erosion the results appear inconclusive.

In connection with cathodic proiection the Laboratory has
noted unusual dielectric shielding properties in a coal tar modified
epoxy resin coating which can be applied by brush or spray. A steel
panel coated with this material wws made the cathode in a synthetic
sea water electrolyte. At 115 volts D.C. a small hole ws for-med in
the coating and arcing began. The potential was regulated to 35 volts
and electrolysis van continued for several weks. As the hole in the
coating enlarged, the current automatically increased and the poten-
'tial dropped slowly to about 22 volts. It then remained constant for
more than one month with no further change. nor was there any furtier
increase in the size of the openings; This can now be recognized as
an effective means of dete'rnding the limiting potential In testing
electrolytically resistant coatings aiid the Laboratory anticipates
us cf ;&his method in determining the effectiveness of such coatingso
It im. assumed that the limiting potential for any one coating is a
balance point. between adcesion -and-the pressure of hydrogen produced
under the edge of the coating. A coating must have exceptional ad-
hesion to withstand 22 volta continuouslv in an elcctro••--c circuite
It may be added at this t•im that as a result of this test, future
use is anticipated for modified epoxy resin coatings on ship hulls as
dielect.ric shielding for Impressed current cathodic protectior systems.
This will include use on the newer submarir-ws 0

As part of its cathodic protection prograrn the ftteerinl
Laboratory explores various metals and combinations of metals for
anodes. As a result of one Laboratory study, experimental applica-
tions are now being made of platinum-clad tantalum anodes. Platinum-
clad titanium may -Plso be uscod, but is limited to a 10-volt potential.
The tantalum base anodes may bc subjected to much higher potentials
without deterioration of the tantalum in the event of dawage to the
thin platinum coating. Such anodes should be ideal for mounting on
active ship hulls. A good possibility for low-cost impressed current
anodes lies in antimony-silver-lead alloys. Laboratory tests indi-
cate very good performance for these alloys at current densities up
to 15 azlf except in 1000-ho.- :entimetoea (brackish) t.tr if inupromed

305



V Miller

alloy aopaosition or other means c olve the problem of the high
resiativity deterlorption it ma becom fea"ible to protect a ship
with a singlo lead cable mo•tad lo'g ;i side of the underwater
hul.

Although the labaratory ii concerned mostly with impressed-
current cathodic proteotion vyuteis, it also does work on sacriiicial
.-y- . Thwirg the past year a iovoi system was installed on an
VSTS oiler ship Ath Laboratory aseistawa.e This system consists of
magnesium anodes, all mounted in the bottoms of cargo-ballast tanks
and having the tank bottome and bottm structures painted with a
solvent-resistant dielectric coating. The coating serves a triple
purpose as an electrolytic reflector to direct cmnment uniformly to
all uncoated tank arwa4. to protect: th tank bottoms from corrosion
caived by small amounts of ;w=;- i- epty ÷ks and to ina.re
against sparking hazards in the event of an anode falkln -Ile the
tank has explosive vtpors,. The no-ml features of this system &-re
covered in a patent application.

Nuaros references could be made to new chemical techn. qusa
for identifying types of corrosion and mea*,uring corrosion rates, but
proper description of this work would need a sizeable paper in itzelfl

3
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D-ITRIORATION OF PLASTICIZIT- POLYMFiIC ':AT--RALS;
APPIICATmON OF RADIOCHP-1ICAL TFHCWC iUUF-S

J. L. X_&!in-ky and L. H. ha1ndler
Mate rial Laboratory

New York Naval Shipyard
Brooklyni 1, New York

The present study of the degradation of plasticized poly-
meric materials has been subdivided into two categories: (a) de-
gradation of polymeric insulation and sheathing components of co.nuni-
cation cable, caused by migration of plasticizers, and (b) degradation
of rubber nm.+tAls, desi.&ed for low t eprture serice, catued by
solvent leachirg of the plasticizers. I[ both cases, plasticizer dis-
location occurs ' ,- " - tr '-tn of •
gradation in each is similar* The extent of degoradation is a function
of the amount of plasticizer diffusion and such effect would be re-
flected in the change of che!mical, physical and electrical properties.

Plasticizers play an essential role in the formulation of
several of the synthetic polymeric insulation, sheathingv and sealant
components MC Nlectri-.rl commuxnication cable. The recent emaphasis on
reduced diameter cable has accentuated the service problems associated
with the loss of properties dae to plasticize-r migration. Excessive
migration of plasticizer from vinyl sqhaths may cause stiffenin-
the plastic, softening and deterioration of other components vich
absorb the plasticizer Aith consoquent deleterious effects on the
dielectric strength arnd power factor of conductor insulation. There-
fore, the study of the rate extent, and prevention of plasticizer
migration is of considerable interest and importance.

A diffusion mechanism also plays a strong role in the
leaching of plasticizers from rubber stocks designed for low tempera-
ture use. The problem of designing elastomeric materials for use
under low temperature service conditions has confronted the rubber
industry and the 1Dpartment of Defense for a considerable time. Re-
sistance to solvents such as hydraulic fluidsp fuels, oil, and water,
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with continued serviceability under extreme shipboard conditions, is
therefore of concern to the Navy. The solvent extraction resistances
Of some spxicially formulated rubber stocks were studied.

Various commornl used test methods for studying plasticizer
migration require measurement of dimensional changes (such as volmz-e
swell tests), burial of specimen in activated charcoal or silica
gel,(1) lacquer crazing, weight loss by vacuum (2) or rub-off.(3)
These methods are time consuming, and' Ln ad'dition U te cA.. -* ±itiorn
are unreal, often requiring extreme extrapolation of test data to
simulate actual service conditions. The most direct and valid ap-
proach to this problem is to. providde e ra,^, serStive, and qpanti-
tative method for the deternnA+Aon~of plasticizer ingress or egress
under condItions simulating as clmsely as possible those actually
encountered in shipboard service. Such a method is available through
the use of radioisotope tracccr, 41ich provide extreme sersiitivityp
reliability and precision.

With the use of a sliding microtome and radioactively
labeled plasticizers, rapid and reliable determinatiois can be made
regarding the rate and extevt of neat or compounrd plasticizer migra-
tion into various insuiating and protectiwi mat..ials such as poly-
vinyl chloride, silicone rubbers, and polyvthylene.

Three radioactively labeled plasticizers were used. Two
were monomerics phosphorous-32 tagged tricresyl phosphate (TCP) and
carbon-1L tagged di-octyl (2-ethyl hexyl) phthalate (IP), and the
thi-rd was a po2'•.jric plasticizer of a proprietary nature. These
radioactive plasticizers, were synthesized at the Material laboratory.
Two series of experiments were run, one where a thin film of neat or
uncompounded radioactive plasticizer is pDLced between two polymeric
discs ^.f identical composition, and the second; mhere a plastic com-
pounded with the radioactive plasticizer is placed between two un-
plasticized polyer discs. Tnh specimona arc ='.tained in intim.ate
contact as a s•aAwich. The time and temperature used are controlled
+.o avoid complete penetration of the polymer by the plasticizer, so
that the boundary conditions are in accordance with the limitationa
se', up by the derivation of Fick's Second Law. The center part of
each disc is cored out with a leather punch to eliminate edge effects,
and the cored center is serially sectioned on the microtome at hO

4 microns thickness. The companion disc for each set is kept in a
chilled condition before slicing to retard additional diffusion. For
calibration purposes, the sectioned portions are weighed on a semi-
micro balance.

Figure la represents a plot of the specific activity of TCP
diffusing into Dow Corning Silastic Rubber 172 after one-half hour at
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room temperature. By plotting the specific activity of plasticizer as
a function of penetration for both top and bottom discs, a typica•
bell shaped yummetrical curve is obtained. }{oliver, if the log .of the
specific activity in plotted against the squa:!. of the penetration
(Figure ib) a straight line is obtained for each disc, the closeness
of the curves obtained depending on the reproducibility of the nrsults
obtained for duplicate discs.

Th e dif fusion of neat 7CP 41mt+o "V40,ln.4t cized poly-

virql chloride is illustrated in Figure 2. The specific activity of
TCP, normalized to 1000 c/m/rng, at 24*, 50, and 75"C, respectively,
is plotted against the square of the nenetration. The equation m-hown
is derived from Fick's Second Law (4L)and relates the concentration
as a function of the diffusion coefficient, time, and surface area of
the disc. The diffusion coefficient is calculated knowing the slope
of the line &nd time of exposure, and is expressed in term-a of cm2 /sec.
As expected, the higher the temperature, the greater the penetration.

perature is illustrated in Figure 3. D riz-s expoepztially with
temperature, obeying the Arrheniua Equation shcrwn. •5) Therefore,
knowing the energy of plasticization and the activation constant, it
should be possible to predict the diffusion characteristics of plasti-
cized polymers at different hemperat,-resO provided there is no phase
transition.,

The effect of plasticizer concentration of the plasticized
virnl on the self diffusion coefficient is illustrated in the semi-
log plot of Figure 4, ihere it is aeon that the diffusion coefficient
increases with increasing concentration. Mth indicates that the
diffusion coefficient is not truly concentration-independent as as.-
sumed in the derivation of Fick's equation. It also indicates that
at lowr plasticizer contents, there should be less diffusion or ex-
udation.

A comparison of D values for different polymer systems,
particularly heterogenous systems., is of limited value and might not
show up true differences in migration rate. Therefore another term
called the "K" value has been used to measure more realisticafly the
rate and extent of migration.( 6 ) The "K" value is expressed as a
function of the amount of plasticizer migrated per unit surface area
of polymer per square root of time.

Figure 5 show results of experiments performed with the
proprietary polymeric plasticizer. Due to the expected spread in
molecular weights in the synthesis of this polymeric material, more
than one component is present. Therefore the diffusion curves ob-
tainel dlfr•ed from those obtained fur monomeric plasticizers.
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Shown here is the diffusion of pojiacri.c plasticizer into Silastic 131
at 25, 50"% '785 and 125"%. The low;r molecilar weight component dif-
fused rapidly, giving a horizontal straig.it :Line, which indicates that
th•s component has r--ch.•1d an, aneq-3LbViw- Concentration in the rubber.
The high molecular weight component diffuses much more slowly, giving
a steep vertical line. Trunpera'.mre had very little efec'- on the dif-
fusion of polymoer'in plasticizer, and the a..oiunts diffased were in all
cases ver-y much lower than for monomeric plastici-s. Exposure tines
of at least 166 hcur were used, as opposed td ora-!-Aa:lf hour for
monomeric plasticizers.

Table I is a saixaumaiy qf reoults -i- for AW---A- U dI'UG-A
of urncompotnded monoeric and polymseric plazticizers into dielVctric
cable materials. showing the differenoes in ".ir~tion late for a
silicone rubber and polyethylene ry diffussion coeff1cients and I","
values. It was found that both TCP and DOP migrated to the same ex-
tent in the silicone rubber, a stwadard dimethylpolysiloxane stock
cuureed with benzoyl peroxide. Howirver dJfftion )f polymeric plasti-
cizer was rmch slowcr, an exposuru tirL of .69 ,o..... .t i -. .- ield-
ing a very low "K" value. Experiments inwl-ving polymueric plasti-
cizor were performed at temperatures xanging from 25*C to 125%C, but
the effect of tei,-perature on the diffusion characteristics of the
plasticizer was almost negligible. The temperature shovni here repre-
sents tU highest encounttered in act3Wa cable testing, and under
service conditions. Polyethylene was much voi-•e i*sistant to plasti-
cizer diffusion, "K1" values boing considerably lower. Polyethylene
was found to be more resistant to plasticizer migration over extended
periods of time at 50"C for both TCP and XD)P. 7AtL "K" value Lorpclvnmeric plasticizer diffusing 4In^ polyethyiene is so low as to be
alm•)st meaningless.

Table 2 shows the effect of pol~er coýmposition on the dif-
fusion of D0P in insulation and sheathing materias'.. The effect of
cure can be seen in -A1e '"V values obtained for diUfferent types of
silicone rubbers. Chemically cured Silastic 2010, a virnl modified
polysiloxane stock cured with dichlorobenzoyl p'eroxide, had a "in.hcr
"K" value, in other wordsj, was less resistant to migration than con-
ventional stocks as represented by Silastics 181 and 172, Wihich are
straight dimethylpolysiloxane stocks cured witb benzoyl peroxide.
Curing of Silastic 181 by gamma irradiation iroved its resistance
to migration by 28%. A dose of 1.3 x 107 rep was used. A fluorine
modified silicone was found to have greater migration resistance than
all the other silicones tested, but was less resistant than both
polyethylene and polyvinyl chloride.
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.:alinsky and Handler

The results of experiments involving compounded UL)P diffus-
ing from a polyvinyl chloride organosol into a silicone rubber are
shown in ýigiire 6. As expected, diffi,sion gms greater at 50'G than
at 25"C, equilibrium being attained after 2 days of exposure, as com-
pared to 5 days at 256C. A comparison of the diffusion of uco;-
pounded and compounded monomeric and polyracric pLasticizers into
chemically cured Zilastic 181 is shoin in Table 3. It can be seen
that the diffusion of uncompounded DOP is much more rapid over a very
short period of time than compounded •iP over a longer expos,.ýre tim.6.
Uncompownded polymeric plasticizer diffused iery slowly corpa.:d to
DOP. The diffusion of "nir.or" c-ponrnt of polymeric plasticizer was
the same for both compounded and uncompounnded material for the same
temperature and exposure time. and Pmaior"t corponpnt diffusion v.as
not much higher. Compounded polymelric plasticizer diffusing into
siliccne rubber reached on equl librilam concentration of "minor" cor-
ponent in less than 200 hours which did n.t increase on additional
exposure up to 8.40 hours. T'i"s u equiva.-,.nt + .,19 perce*.t of
total plasticizer, as compared to -3.12 percent diffwuion of total
plasticizer fcr compunid Q- 'IAjF at CG" -^ter I r lo d,.. "' _
ferences bt-e.n monomex-ric and pol5yrmrIc plasticizer dfusn a
apparent, and demonstrate the superior qualities of polymcric plas t.-
cizer in this respect.

Table 3
Comparison of the DiiTusion of Neat and Compounded
Plasticizers into Chemically Cured Silastic 181

Time Temp. 2uP
Plasticizer jiHrs~ . c. _(cm /sec.) Di f"4$UZ 2 )

MP-

Unconpounded 0.5 28 0.25 x 10-6 253 268

Compounded 24 25 1.31 x 10- 279 3
Polymeric Plasti-
cizer - -11eUncomrounded 168 50 1.82 x 10 50 2.9 (Major)

(Major)
--- 17 1.0 0! inor)

Polymeric Plasti-
cizer -

Compounded 168 50 19.0
504 50 18.6
840 50 18.6
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Radioisotope techniques have thus provided a rapid and re-liable method for measuring the migrational teiid*zxcies or plasticizers
in polymeric cable components. These techniques make possible theprediction of plasticizer behavior ait different tenperatures with aminimum of assuriptions, and under test conditions more realistic than
previously used. This information is necessary in th3. study of com-patibility of materials and in-service degradation of cable compon-
ents. In suwmmary of this first phase of wrk, it has been derron-
strated that:

a The ..... ation resisetnce of ccn.... n.iora.. silicone stocks
i5 Of te 6ame ord~er ni" -M...... fcx1 P-r !L"Lth Thl and IXJPe

b. Conventional silicone stocks are quite vulnerable to
jnonomeric plasticizer migration. althou%?h e'.t th-
yli.Lvoxane rubbers are less vulnerable to plasticizer
sorption than vinyl modified silicone rubbre.-

C. Cure by irradiation instead of by chemica! near.s so•e-
what improves the migration resistance of corrvntional
dimethylpolysiloxane silicone rubber.

d. Fluorine modified silicone rubber is more resistant to
monomeric plasticizer diffusion than conventional stocks•

e. Migration resistane of polyethylene at 50C or less., is
better than plastici.ed po].yvinyl chloride, which hn
turn is superior to _Ore ri-ibIL-r.

f datd -. been presented to show the Low
nigratienal tendencies of polymeric plasticizer at t'am-.
perature, higher than those encountered in actual
service.

In the second phase of studies concerning diffusion regu-lated processes, tr..er technique- wcre util±-- to 4. ---4tuý he e&fectof different plasticizers, activated carbon black, polymer, and type
of cure-that is, chemical versus nuclear irnTadiatlon. on the lcir-h^-.Z
of plasticized rubber stocks by water and vaiiou soivents, reipec-tively. Rubbers are plasticized so that unde&r n.ow terture
ditions a maximum amount of flexibility is retained. M.•rlomerir
plasticizers such as tributyl carbitol formal (TfP-9OB), CP., tri.-octyl phosphate (TOF), and di-octyl adipate (DOA), are com•only usedfor this purpose. Leaching of plasticizer tends to redixe the flexi-
bilty, henc6 the st.jviceabiitv, of fe c r , I 1 7ays havoc wit!
gFskstu Wn:d Othcr parts ustd in crit,•.cal appIjcationsw ity the use of
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r~d_1o1.,otnopc tracE'r techniquns,, "dritiona). ivnforrnat~ior' remirrdin,ý the
retention charactaristis -of plasticizers in polymers can be obtained*

It has 'long been established in carbon-blAck studies that
different types Of carbon-black have dffcr~e1t .e-forcemnt q-j-irlitieS
in rubloer stocks, T~he degre~e of reinforcement of a rubber stock bya
spricific carbon blIack is dependent or rhe agglomerate storucture of the
pelletized black usad, the sorptive c~kpa.zity viich dependo G Cor~I"ae
'pavticle diameter and surface area of the carbon black., and the mode
and number of carbon black-rubber attachmrent~s. it isE to be expected
that a c,,rhon black wit-h a lagrsurface- area should have a larger
,ý?orptive capac-ity., -and thus have higlnr Plasticizer retention. For
t~hiS reason the effect of ýýn activated carbon black-1Nucharl wasz
studied.

The production of' cross-links in rubber -.-hen suje,ýtved W
ar pira'v r'atiiatA on ha~ benpre*ViOuLy~~ .0o~n.w .'!V -,, ___miks - T 9)

I t wa hovn that crosalinking predominates upon gamma irr~adiation iS
active sites are present,, such as sare found in atz-~idght chair. polymer

~t~r~ctres.Thu, naura. '~"b., and synthetics such as the Hlycars,.
would be cross-linked, It !A@ also ),een previously shoun that the
cross link densjit y increases with, and is directl.y proportional to the
radiation dose, 7t This results in increased solvent retention prop-
ertiesp av%4 would1 be. pf'rm^~to'4'~+ I4~~+

propeeties favorably.

Tests unrve sot up in the laboratory to 9sirnuate as re-aliSti-
cally as possible actual conditions of solvent extraction, so that the
rate, extent, and riechanism of p1-a-sticize~r e:'traction by various
solvents could be determined. INeoprene-ON, 11r.car-O.R. and =P-ZS stocks
were used in the accelerated extraction tests. It was found that the
accelerated depletion of plasticizers by watter extraction proceeds by
mech~anisms which. involve the surface resistance of the rubber and the
rdiffusio~n coefficient of the plasticizer; the not result being depen-
dont on tohic sample thickness.

Three plast~icizers, two of' which uere labolsd withn
phos-hcorus-"~ n- nd tri-uctyl .phospha-`!eq and one carbor-14. la-beled
plasticizer, dl-octyl adipatte, were studtied In low tempera ~ ~rt
lations of Hycar-OR r,,1bber stocks., igure 7 shows comparative e x.
tr-action raten of' plasticizers from Hfycar-OR rubber. 1.6 ndj.s thick,
by water at 60*C. It can be seen that both TOF' and 1J)A w~re superior
to TOPj, IX)A showing the highest extraction resistance ofthe three
plasticizers studied,

The effect of vulcanization time on extractailit-r af' -,p
from :;eoprene--GN stocks by water and gasolire was a)-50 sttudied.
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TOF DOA

40} PERCENT Wa~er Flowing Continua!1*
IPLASTIIZER \'
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Figure 7 -The comparative extraction rates of plasti-
cizers from plds:.icized hycar rubber, 1.6 mnils thick,by
water at 60 0 GC
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Longer curing timo was found to be correl.ated with greater resistance
to solvent extraction. It was also found that a straight line rela-
tionghip is o\~tair~d on plottrinpercent -l!2stic izer reats~n," vtersuss
the square root of time., indicating that extraction proced.da via a
diffusion process. Similar results were obtained !for the suibstitution
of Nuchar activated carbon black for' the conventional ru.-nace and
thermal blacks, and it was found that such a substitution markedly re-
duces the rate of extraction of TCP froim plasticized elastomers by
Mater at 60*C, and gasoline at room temperature. Althou.gh the de-
sired physical properties of the vulcanizates were adversely affected
initiaflr by the use of activated •roon, the &g-ater rcteation of
plasticizer would tend to enhmmnc th phys•-•• In low- t"u
service. Gasolirm extraction 4as used in thPse ecperiments as an
index of the resistance of rubber stocks to the general class of
petroleum type liquids.

71h num.q thR. &ffrec. mf eyarna 4 irradiat4 q+.4 e 'n t-WA -

tractAtbility of TCP from Nycar-OR stocks by gasoline. It is seen that
irradiation ot Hycar stocks at 25 megarep improves their resistance
to plasticize:x leaching as compared to a Hycar stock cured by chemical

""*ea". At 63 megArp. this solvent resistaunce is Pzthera-proved but
Aith some reduction in physical properties. The sawe ordcr of ex-
troctabilitiies is found for wator extraction. The e!'feot. ,f &-+A-

-4.s'er om-position on extractability ia also steadied. using TP-90B. a
more o)latile liquid given in the Bueau of Ships ?.bber Formulary as

* a plasticizer for low temperature rubber stocks. It was found that a
stock forulated with 15 parts of TP-9OB and 15 parts of TCP had a
higher extraction rate than a stock formulated with 30 parts of TCP
aloe•, Thi.s is showin as a duo- . ni3 12 -. hL e',r•.

A summaz7 of the effects of polymer, carbon black, and gamma
Sir-6iat~n on extra-ctabillty of TCP by =ter is g!ven in Figure 9 as

a bargraph. The s-ame eff',cts were found in gasoline extraction.
Neoprene chemically vulcanized stocks are seen to offer the greatest
resistance to extraction compared to Hycar and GR-S. The use of
Nuchar activated carbon in place of conventioral ferrie and thern9:.
blacks, greatly improves the resistance of all stocks to plasticizer
extraction by gasoline, resulting in a four-fold increase in plasti-
cizer retention. Total substitution of Nuchar does, however, adver-
i e]y affect initial phyzical properties. High energy nuclear ir-
radiation enhances the retention of plasticizer in Hycar stock sub-
jected to leaching, a dose of 25-60 megarep being required to effect
a cure with efficient plasticizer retention properties. The results
given here for the extraction resistance of various low temperature
rubber stocks may be utilized as a guide in the selection c0" polymerr,
ouring time, type of curing, etc.

9,

320



Kalinsky and Handler

CA* C byi ~vIffedlf 63 MOWOiiP

. OwmicalCtwo,TCP PlIviicizet Abne

F9 4,3---C)~.W~aICw@,TCP4TP-9O3

le

4.

40-

i3h'ERSIOtd TIME (HOUJRS)

Figure 8

7 IMERSION TIME
W !00HOURS

23 225 HOURS SPECIMEN T,';"CKNESS-0O50'

ci 0 400HOURS

p all

_*O

CL~

TCP by water (600 G)

321



sa.insky and Handler

Radioisotope techniques have provided a rapid and reljabli

ms`%hod fl-- .--a-rinW ttagratlona.L tenrienclob ta
polymeric cable components and low temperature rubbers. These
techniques make possible the prediction of plasti.cizer behavior under
different conditions with a minimmur of asswnptions, and under test
conditions more realistic thwi previously used, which is necessary in
the study of compatibility of materials and in-service degradation of
plasticized materials.

The authors wish to acknowisdgs the effortus and guidar- e of.

Mr: V7.z aLttA and the late Mr. T. Werkenthin of the Bureau of Ships,
arn Mr. A. Ra Allison of the Naval M'teriai Laboratory, in foSterng

th •1.lcation "f , ,^ - t-e '"hniqus in n.vi mareaA
problems.
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ENVIWOEMTAL DET'IORATION OF RIGID PUSTICS

N, Fried

Naval Material Laboratory
Now Tork Naval Shipyra.,

%ai ý.p, pew York

The rational application of a material of conm.-uction in
the design of a "cific end itm depends upon a knowiodge of the

cozi .ons uaich may bz *~n tiU* In sor-wic juxi the oh.-xac-tar;~
tics of the material under such c'v-ndittion-s. Th-us jr_*erevt
centered on the behavior of a reinforced plastic lminate exposed to
a tmperature of 1,000*C for 10 seconds or, at the other extreme,
informAtion ma be required on the charactezI1 -1"c- of a. bcZ 11
mg"Z!eril alfte~ L-MrIMMc-n I&M sea watm-r 'f'm a ýAber of years. COwi-
oUVly# +,a -ariations in service 2.0eitioz may be prTct calliy 1=. it=
leSS.

The most fruitful approach to such problems would be the
de1veloment Or detailed, comprehnsive kwO•ladge of the piysico-
chemical characteristics of materials, ruffident to enable the
prediction of response to specific oonditions. In the absezme of
such information, the investigator must resort to studies of the be-
havior of the materials in actual service or under laboratory condi-
tions. In sa instances "accelerated" tests m.V be applied but
results of such evaluations must be intsr,ýrtited Judiciously, with
particular attention to correlation vith Iehavior under actual
service conditions. The technical literature abounds with repcrts
of such simulated service investigations and, undoubtedly, this type
of iork will continue until such time as more fundsmental information
is developed. This report discusses a number of prograus ot tniis
nature, itich have been, or are being, conducted at the Naval
11aterial Laboratory, to determine the effects on plastic materials
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I ~of Ospcific onmirouzm etl conditions of interest- in Naval appli*&-
tioume including oxtended ewposure to elevsated tomperatuw and ?Iigh

t hisdity Mabienta, Immersion in sea water an other mdiaa, wad out-
door weather. aging.

EKflCS OF EURA1MKT TEM-IACME

j Ilevate toewratvire stadi es have been limiited to tempera-
ture levels at wh~ich plastic ininulative materi~le right conceivably
be required t-. operate** Investigations have been conducted on- bot~h
ladinated mn okied thermosetting pvlastic uaterialij after weposur
to elevated tp-raturus up to 25)oC for-paz'iods of time up to 768
In'. (32 4y).e In this Ivorki mo~amnicel arA electrical. properties
were detamind at ~intervals both at t~ c~dto-r--woau

old at r'ocs temperature, on specimens which had been heated and then
cooled,~

It hsbaza~ found
(1) that, uhen tested at
elevated tamperatures, Un~rmo-
setting materiala, in getur4,

diownstrate a na&*ed doeease
in strengtb =~d 3tiffnes.,
after a e24t-II1 lcttAW

of eiqrcoure "the MUtet of the
tlec beeiWg mpereAure

_________~qCOSM ýW ditions, depe-nding on the
mnaterial, thi mar be followed
by increasing strength as
heatiLng continues. Finally,
particularly at the higher

DMAW" tooperatures, strength iaq
CUWEfanl ctf again as chemical

degradation bocoes; the con-
trolling factors Stiffness
characteristics parallel this
behavior* It is kbyotbeuized
that the obearve pattern may

ELEATE T!CRAh~t CO~m~~eoTUEbe due to ti'wee main effects
whiich ax-e superimposed on one

Figure 1 - Hypothetical stren~gth another. An initial seofteo-
0 1. Ume curve for thermosetting ingms whichi is a Physical

hamninates a ffect analogou~s to a demrern,
in riscosityp and ihich re.-

salte in decreased strength and stiffness, occurs after a short.
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are again noted at 200*C ad these effects are nomarked at 2500C as
to mask any effects due to additional cure,

~.Aq%*],oUa effee-41 +o +Now&~ iAt'ii Abedao he's. beon notedý
In Studies of the electrical chwaractaristics of~ therm~osetting PISS-
ties at elevated temperatures (2)1 this work isi discuestd in another
paper in this as'uoeiui

As a result of theme stvdieep the Bureau of Ships has es-n
*tabliuhed an elevated twnperature stlrantJh retention requirment for

beat reuistant materials,, uwhich-Mee been incorporated in a nmmber of
zPadificatioe (3, Wo) It has been determtined that,, in gineral.
conventional Phenolic laminates (i~s., Navy Types PEE anid MI.) imay
be employed at temperatuves in tUe rc~g of 100-1500C anid glatz-
melamine (Navy Type CMV) mater'ials in the range 3$)rn200OC. Silicone
materials genrmafl Wwv low strength characteristicsa after short

time~csresbiat are inheruuntly stable, ctmaically at tmparzturea
up to 2.0% Recently developed m4rati.2s -include phenc!"ca

exclletbeat resiwtamwe andlsspz materials (Navy Type 9BE),
used frPrinted circuits, ¶~iiEZh Wq bo operated am Class B insula-.
tiosi at temperaturmes up to 1300c,

WATER AND FUEL IHO2&ON

The effects of molisbare on plastic materials hav,been
studied In a nmtab of separate ikivestig ati ons, commencing w'ith am
evaluation of the chwracterintics of convsationsll high pressure

* therwosetting laminates afteir extended cioeiire to Several different
"met" =Xnbmts. Electrical characteristics wae" determined =der
conditiors of high hvmidityý and-after inhersion in distilled wateT.,

adIn xyntlwtic sea water, at 250C and 500Cp for periods up to
1#000hr. HCMecaICal properties vuex studiedi after prolonged ia-.

g mersion in synthetic sea water and distilled water at 259C aid 50C
for pc24vxde qrp to 4145P0 1wr. In both lastaw 4.; a,&-~ii of the
materials to "recover" by drying was also investigated, The lmini
notes included in these investigatione were paper and fabric ba=
phenolics (Navy Types PEE and FBG), an glass base selamine and
silicons (Navy TYPeS (p10 nW 030) * P~mtesl are typified in Figs. 3

wA4 and listed, in part,, in Tables 1 and 2 * It wes found (5) that
there was no essential differsnc- Uin effects on seebe.nical, poperties
between luuieruion in P~ea water as agaitw %"A-ti11ed w~eari, ncr did
raising the temperature of the water to '00c produos amy substantial
differences in effects, On the other haWd, in sftdiLes of electrical
ichraeristics,,h themefecatsr of thea iwmerp sio mighdiito be 0 also
chOaterWIIMMstvercsa thefecsofse aujdb itle water, amihbepecthed9incrxe in m hmor sevperaue t of thoe caused istillediu wto erO Faltsro
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Figure 3 - Flexural strength
(face loaded) vs time of im-
ixiersion in Pica water at 50"C
and after subsequent drying

onstituted a more newre condition, so that the moot deleterious
medim, with reepcet to electrical properties we syntbetic sea
uatar at W)C. Of the four materi*als evalu-ted, the glass-Aticem
lo mte was most resistant to degpadation by kruidity or vatec im-

I •mrsio, both mechanically and electricaLlye lWuher; thic material
abowad mellet recovery of medajmical strength upon drying follow-
Lag Ime.uionj hboevar, reoovery of electrical cha-atm.riutics upco

* ~dring we liiiited. The phsnoiio Iminates were meot ee-nitiva to
ut4r, suffering sevme degradation in both mehmnical and electiJcal

* ~prop~t165 on i=aini'Lon.

The mergmn• e of the low preswe" lasduatesa, uwh as the
Sless reinforoed polyestero, as tt•}r'ials of construction for boat
hull. and in slatmr applicationsp, necessitated the development of
Wsemation on the effecto of extended sea water i•erd:mn on mch

materials. An imetigat1on alog these lires, ifitb will, exten
over a five yewr period, 4 omit tly being conducted by the Naval
Material Laborttrym. Sumples of pollyeeter Ilminatee, fabricated
ith five different typical reinforeet Iayp, a•i teing Imersed
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Figure 4 Dielectric
strengthvs condition-
ingtime at 96 percent
RH, .5)0 C; recovery at
250C, 50 percent R-H.
Glass - silicone and
paper b as e phenolic
laminates.

In m intar a" the V. F. Cl•p Laboratories ezpome Ite at
VlehtesJi11 Iea*#, N. C. A p'op of samples is zmoved from the
Snonlon site amiaU mwd sbinep, under vater# to the atrwlal
Laborato ft owdratinm. ?e ta an' condwtod on samples in the
wt ouoittm and after driftl, Fe, rr yiw Immrsion data ero *mr. in
T*e 3 (6). In INtepztnizg Imero.on data, &A* oonidersam
domdd be give= to resin contest, msie ezperinee has shom that
for a given rlo aomenme, p lsMtU with too low a resin oentent
ans neptIb2a le epe Wa tin by water. RNes•l t6 date indioats
04a the iameafte with ths fine s ave-Iaproved finJAi glas cloth

ISf'M _-e- (Stql2 181) is most resletant to deterioration b7
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TARLZ 1

Strength Retention of Plastic Lai±Date

After IMmersion sad an RAcoV*ena
infr g~~£inila lw1srng retainod

Lminate Pa Leaded Ldts ded
(Ma~W dye enon Recovery, Imp-.amruo SeOve

PEU 30 1065 85
70 7K 79 75

am5D 80 i6 OD
030 15300 85 90

B. Per cent of initial ccum rsulve utsntrea rot d

Limnate ___ __ __ _______

ayye) Imeri mergimHonf

PEE 45 80 4075
0D 0 90 70 85

(3380 80 50 70

*IPNersGL Average per cent of initial atrengthi retaimd after in.-
aeralan for 149D0 bra.
Rsocvsr7 -Average per cent of initial utrmigth retained after ex-
t,.en drying for 4a5D0 ks. ym~oeded by 14500 br. of imarsion in~
distilled water at 2M0 ___

TABLE Z

Dielectric Proprer'isa of Plastic Lcsinates
After Immersion and mn Recovery a

Per cent of initl.ia dAl.-

Telectric 6stwttb rqteirtd'

2f Laie bmmersion liecmvrW7
BS1%5 85
m8 79

am4 LL 93
080 43 61

a~mesin-. Immcahsion In water at 2VGC- 1000 r,
ROcoMeY - Drying 1000 11r, following iummrsion.
'Di~eleotric st ew-i parallel to forming pres-
mwe, volts/mdl ¶VS).
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Imersion of Poiyester - Glaws Lminsoes

Lminatea

181 1,000 tovqmPrm- Condition cloth cloth M.,

Fla u A 45A1 35.0 29.2 28.8
M*s th: 1 yr S.w. 5. 34.9 23.6 22.9

ps. z lo-3  2 yr S.W, 49.3 32.7 n*.,5 24.4
3 yr S.V. 52A1 31,.9 22.6 23.0
4 77 S*W. 4" 26"l 20.5 22,,1

4a Yr SoW. A Dr 16.3 32.0 20.o 26.3

A :r7*4 26.9 "614 oSS--.=•, 1•r,.."u ,..,•" .12 18.8 .12.3
2 yr S.W. 3.2 19d4 18.1 12.4
3 yr St.W. 29.7 17.2 17eo 11.0
4 Yr S.W. 26.0 17.0 17.7 11.9

Reuft Content., A .1 1.7 72.6 .
% by vt

al,81 - 0,ma glass cloth.
1,000 - Volan glAs cloth.
1 1/2 es - Gm glam m•it, igh eaoluviity IAer.
Omwe finished wvn roving, 5 x 4, 24 os.
""A - Reference condition.
S*Wo - Sea water :b 1 Ln
S No & Dry - Sea water esimplas 4 wmi'drying.

mater inmm•r•i=; the oormc %won ±ting reinfor t poWUOes a
* L tot. *ieh is vMot water sensitive. While flezural properties

of the lminates we adversely affected by ••mrsicn., edge oompres-
jsve prqpeties we degraded to a greater extent. Significantly, it
has been found that speclams cut from internal areas of an Iersed
smple are no less adversely affeuted than are specimns taken from
the edge of a sample, indicating that water does not, enter exalu-
siiwly at the edges of a laminate but diffuses through all sirface.

The proJected aRplieation of reinforced plastics in the

fabrication of fuel tan necessitated a study of the effects of
the More CoMM= fuels an such materials. Investigation has shown

I that po024eter and qp laminates Which are properly fabricated
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aM n-reid are eves.,otia1ly iloff" tAg &W wrerL e --ninA b 1 =

jet ft.elesmuch as RP-5. .

As -an ad.Junt to the above, it vnka also zmoessary to doteir-
mine uhather the reinforcedI plAstic materuaii had mn., etleter1i',1M of-

feats on utored fusels %woh an investigati~on has bewtra o00&ctp,, at

Haval Asitinal Laboratory,. This grcem ctr mtonA ritiý,ed il#_
reinfort~ed polyestgr &Wv qPo07y miazAi" Laoia~d u~horr
-dif1f.t-n realn systmoms unx~difewV a corzaA-0a8.t Vy .a

n a kr of different techniques. Materialp vitro evalluat&ed L-.
moining smpls t4 in aviation igasollria# 'T-4 jet erginw fuel.
miarizw diesal fuel.. andi Nay Special fuel o~r 6 !Ic'this At UOýF. an-I
noting permeability (as measured by gairs in kwight on~ dny

iprse u vvato ~we4&+on g,som *fjRI'0l -- inE1eI -C l 7
that glass reinforc(4 Vpolyestanr !,md epmW 2aoinnatee casn be Froduio'ed
which mv iinpes-eable to fwel: mrd^ vahich01 dJzt " ~
creasie Vie g~m contwat of ae-.t~iti gaso~line. On the other hand1, the
data indiicated that not *32 polyester resins are inert, i.e. certa-r
raeirl ay~r 0ei ws O~L. . ~d.1 r.Ai1L~

fue~le. P~rthozwuore, undencuwed pol--ft-'or reains may also be ex-
pecteld to mve a siimlasr affmct. En the ause of -roqxy=re sins. &Lf-
fertnt gmie ý-r%:vwers iay niot be equally inert and there is awe
evidence ft, 1Lndicate that e".s,-ivo har~dener oorneentration PIV
de'leterious effects*

OtvMCOR VEAkiM AGlING

The mnost~ comon., and perhaps the most important. of the
condit± cm, which may affect the aeryiceabil'Uty of plasticis is out-
door exposi-o. Vethea¶ing inveetigati one to determine such affectj
are most extensivel, not only for plastics, bunt for materials of
constriti~cm in gencriul. Som eae s ago t~he Na-val Meterial
Leboratory vmdirtatook a, program to study the effects- of outdoor
veather song on a number of tbarmoplastitc mid thrioetting t~rfm-e-
parent materials and several representative plastic lazin.ates. In
order to obtain a representation of f~r~ 2Aaooia
conditions to which such nataer'ale, might be wposed, five axposuire
sites wise selected, as roilows: Panama.C, & Z. (tropical),, Nýw
York (teperat.e), New Mexico (dry, desert), Fort Churchillp Can.
(Ndb-&z-ctic)P and ?to Barrows, Alaska (arctic)*

The original progran ran for three ye arsp during which
period s~ampe were rgaoved from wqposur. sites at ini..rvals and
shipped to the Naval Material Laboratory for evaluation of nechan-
ioel, electrical, and optical properties. Results are aum~iariad,.
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kXrCi

* ** ~ W14.6

7* ý7R

Figure 5 -Cast p;henolic exposed at- variou-,S
sites for 3 years

qu~alit,&t&-b17 In Table 4, In esercep it MWa found (6) Viiatp of
tkwt trainsparont nateri.els c.~ methyl metkxaorlate a&d oa'vt alyl.
vwz relatively unaffected; the Unimited raiterialp icare rxchanica13j
stable bmt s!hwsd moms swfaos erosion addegradation ifr elsatricM-3

pr~z~~a.7~: ~ uzt scruattvc gn±~rsich 15 the
vinyl ocapolyzerD wero seriously degraded at Now Ytztcol, which cli-
mate otki~vlse Prored :relatively add It is intra&Ung to note,.
also, that the Canada and Alaska sites mwee most dualetorioua to
electri'cal. characteristics of lsii-Lted insulating zaterials. 3
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A- MZ ..

Fiue6 CsAhnlc xWe tNwYr
fIr peid-uMo2 er
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3Sumtu7 of Xffacts of Tik-,co Toir Weather 4girg e.'n Plastic 14ateviale'

Metbyl Ne-gligible of- Sli.ght eff~cci a.L ; ht yecirlng9
Xeth1Scrylata freut. all sits$ at Pan, Iý=T a

Cellulone S'*ure dograd*.. Slight effects Parall6el zs'han-
Acetate tion, at N.Y; ia ffc?

XA-xeer dtegrwada-
td.on at Pan*

Cast Allyl S-ight offe.;t0 SlIgbt~ effects. Slight yellowing

vinyl Moderate do- Slght Zej~Cts vora -dark=-
gradationi, tug at Pan. ai
at Pant, and Noll*; mark-ed

Uwx~ening otkez'

Cast Degradation at Devraded vt N.Y,, Sem d~gri&--a.w
Pholall &UZIte , umost iriid law.; ali,--ht- t-4-i N.!. Pen.

saeva at N J. ly improed at Lar~
=1d Pon. z ýý

Poly"-at~er-. Slight de- G-onewal noder--
GlAss gradotion all,' 'ito degra*ationp
Laminate sit~en siost severe at

Cano and Alanka

Slight effct ITtf A d~iO&& :t
Can.* and Alaska

PBE Slight effects DegrQdat ion at

ME Slight effects Degradation at--
ran, and Alaska

050 Slight effectse Degradation at-
Can. mid Alaska
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REFERENE ~S ~~~ NEW YODRK
, ~4,

~-T-

ASO -

Figure 7 -Melamnine-glass lamninate exposed
at various sites for 2 years

an ovez an basinp the Raw York clim~atological cond~itions worit quite
severe, ref1.ot&pg the combined effects of a seaboard locatiwo o nd an
industzial atmosphere.

U~Pon oouple1tion of the 3 year progrwi it. waa docidcod to
extend the duration of tue tost period to ton yews at oze vdte,
Now York#, umizng serviceable uimterial idiich had bean exposed in the
original progrm. Six ý,eer dste Indicate that irethyl uiatha.cr-ylat~e
and cast allyl continu~e to be relatively umaffeotod vt±ile the
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44:v ft.v wq u 10 a~j&

Figurý- 2 Mela -nine- glass laminate exposed
at ew orkfor periods up to 7 years

sensitive cellulose WA)at $ ' vi A-jJ #_ __A C_ tkh--C1

degradod fut-sze-mr all of the laminatod mate. L&A-ts Emlozw ftietz'j. '&iv-Ae
of surf ace reein. Shrfmae effvt arse eIho~ in the photomi cographs,
Figs. 5 through 8.

NEW PROCRAi

At present, the Narki. ?1aVllal Laboxratory is schecuiling a
new wasther eging investigation, with emph~asis on reinforced p)amticB
including both polyester aid epmq laminates fabricated with various
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glass reonfor-ements, and inoorporsc"ng, a study of the effects of a
number of fabricational variablew. Also rm~lude6 in this ;ogrem
will be ueuh newly developed materials as Lexan and lalrin.

In addition to the above proaected progrum; there is in the
planning stage at the Laboratory a progrm for stiadyii• the erosive
effect, tm glass reinforced plastics oe water flowing ove the l=i-
nate z•r'wes at velocities up to 100 fitsec. For this ivvestigati!
a lasi2.atve tet is being devieed and an atteapt wil be Aaade to
darelop tm aocelerated proceCem2.

Considering the imne.-Ugations describ.• -m m l r
work prferor d by m=y other laboratarlgs, it is utill difficult to
arrive at any broad generalisatiom Nith rgard to envim••ental
effects on plastic materials, The develoomat of informatics on the
behavior of a material under one set of coinditions bill in
general, enable te prediction of behavior under other econitions,
particularly if the aond.tions are widely di.fferent or a noew en-
'-,mental factor is added. It Wu therefore be r"- cted that, as
no plastice € dw .-Woad =d as presty --aZieabLaa •a•rl are
extended to now applicatd.ons, inveStijga#Ao of the tw v besm"Vit
above will contion to tsv required, at least =ntil such time as the
fundmtal phkdicel '%heamiGtry of materials has been completely
defined.

(1) 1. Fried, R. R. Winans ad L. 9. Sieffertj Proosedings, i. Soc.
Testing MaLStj V .o, 1383 (1990)

(2) R. R. Winms and W. Ki.d; A. Soc. Teoting Patrs Special
Technical Publication No. 161, 1954

(3) Speeci catia nLX -m2i4 , as Amnded 20 epteber 1957

(4.) vecificatuon HIL-P-x81?7Bj, 31 ma.-eh 195g-

(5) R. R. Win&=,, N. f., and W. Hand, le. Nariuf., July 95S5,
p106

(6) P. X. Ol•da-.b; NATLAB NAVS1IPTn ProJect 4860-J-4,, Progress
Report 5, 18 Septeaber 1958

(7) Ht. L, Walsh; U~IE R & D JReort 070357B,, 15 March 1957
(8) B. Z. Yustqin, R. R. Winans, and H. J. Stark; Am. Soc. Testing

Matls Bull. No. 196, 29 (1954)
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A Discussion of Some of the Problems of
Therinoelectric Efficiency and Coefficient of P.-rforman",ce

William' H. Lucke
U. S. Naval Research Laboratory

Washington 25, D. C.

INTRODUCTION

Any discussion of the analysis of thermoelectric devices
necessarily involves the use of the terms which describe quantita-
tively the phenomena or properties of interest. Accordingly, we
introduce our discussion by defining the pertinent terms and pre-
senting the symbols we shall use to represent them.

, Seebeck Voltage. - The open circu-it voltage of a thermo-
couple supporting a temperature difference.

Y dE Thermoelectric Power. - The derivative of the Seebeck
dT• voltage with respect to absolute temperature. Since two

materials are necessary to form a thermocouple J\
necessarily dc cnds on both. However, it is possible to
determine the d9for a single material by making measure-

I ments of its Thomson coefficient and using the first Kelvin
relation. Such a ,is called "absolute. " The determina-
tion of absolute I 's for various metals has been carried
out by Borelius (1) and others.

i Peltier Coefficient. - The product of 7r and the electric
current through junction of tviro dissimilar materials gives
the rate at which Peltier heat is absorbed or evolved at
the junction.I 338
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The Thomson Coefficient. - The product of 'T,, the current

4 | I, and the temperature gradient dT/ dX gives the rate at
which Thomson heat is absorbed or evolved in a length dX
of a thermocouple element. We shall in this paper also
make use of the magnitude of the Thomson coefficient,
writing the sign explicitly. For this purpose, it is conven-
ient to use the symbolo:'where tV=VI'e

I Z The Figure of Merit. - An approximate calculation of gen-
erator efficiency leads directly to z. We suppose that the
generator consisting of the two elements a and b, is working
into a matched load, hence the power out is

P 2 __

0 L 4R

where R is the resistance of the couple and is the surn of
Ra and Rb, the electrical resistances of the elements.

Now £ may be equated to aJ• (Th-Tc) where C' is an average
or effective • such that

hdT (1)
Tc

where Th is the absolute temperature of the hot junction,
and Tc that of the cold. Hence, we may write

iP 2 (Th- Tc)2

4 0 4R

The power into the couple is applied as heat flow. This heat
flow is composed of the sum of several terms of which the
heat cunvcrte"d to elcctricity is one, but the larges term by
far is that of the conducted heat. Ignoring the others, the
power in is

0. ~K(T -T)

in h c

where K = Ka + Kb, the sum of the thermal conductances of
the elements.
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Thus, the effi.ciency, ~is

a. (Th -Tc)

/ 4RK (Th-TC)

-~~ A -Ax ~

TIt is easily ahown that the optimum geometric proportioning
of the two legs leads to( 2 -.)

RK ]= + V b kb]2

where and k stand for the electrical resistivity a~nd ther -
m~al conduictivity respec-i-vely. M-r~vr inhicase

Ra Ka a aka

Thus, the figure of merit z is defined for a couple as

Ther,: is no easy way of breaking this down into a z for each
element. However, if one makes use of the fact that the
highest thermoelectric aow rsae archieved by a combina-
t-,on of N and P-type semiconductors, in which case the
a()soiuatc Ck i are added., z becomes

a

Clearly, if the 's of each material are each made as
la~rge as possible, and the products of F'k as sm~all as pus-
sible, z will be at; large as possible. Hence, it is comn-
mnonly accepted practice to speak of the z of a material
and to write it Oa

a a ~a
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We have written equation (Z) so that a Carnot effi-ciency term
is explicit. From the point of view that it is profitable to

compare the efficiency of any ther:mal engine with. that of a
Carnot engine, this is justified. However, the implication
that the maximurm_ theoretical eff'icinc y o .. tf i
'is Garnot is not in general uLA.' Awh• w Ale.j•o•.,,.•as we shall see

presently.

THOMSON HEAT

Of the ierms so far discussed, there is the greatest confu-
sion concerning the Thomson heat. Text book definitions of it are
-generally vague and confused, and give little aid to the designer of
a generator or refrigerator. There is even confusion concerning
the proper sign to be used in relating it to the derivative of the
thermoelectric power, i. c. , the first Kelvin relation

T dT

One of the primary objectives of this naper is to clarify this situa-
'tion by showing how the magnitude of Tho,.n&son heat may easily be
calculated, and what its role is in the calculation of efficiency.

Thomson Heat For P-Type Materials

Instead of writing the Secbe,:k voltage of a circ lit i•T tho
usual way as the sum of the Peltier and Thomson voltages, i.e.

C

we begin with the fact of the definition of ( as the temperature

derivative of C , hence

= dT 4const.

For convenience, we shall assuree that we are dealing with
a thermocouple composed of a P-type semiconductor as one element
and an ideal reference substance having no thermoelectric activity
as the other. (Strictly, this reference substance would have to be
a metal in a superconducting stat.e. F-vowevcr, coppcr approximnates
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to our ideal quitc well at ordinary temperatures, having a therrno-
electric power of a few microvolts per degree (1), ;',whereas our P-

type material may have an Q\ of a few hundred microvolts per dogree.)

Suppose that an experimental plot of the thermoelectric power of this

* couple (which is really a plot of the absolute thermoelectric power of

the P-type material) is as shown in Figure I by the segment x - y.

aC E k---Tdal

XZ]F

a

- IA0 Tc Th
4

t

Figure 1. The O Characteristic of Type I Material.

Therefore, we have

S= h P d

T

Integrating by parts we get E = %pT h - Td bp
i T2
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d-p, - T TdT0 (dh

We see that the first term is the area OBCDO. This area represents

the Peltier voltage at t e hot junction since, by the second Kelvin

relation, w = T . Tc is the area OAFEO, and represents

the Peltier voltage at the cold junction. Finally, examining the inte-

gral term we see that TdcP is tne element of area of the area'UT-fDE
and that the integral itself gives the total area. That this integral
represents the Thomson voltage can be seen by transforming it to
integration with respect to T.

• Ph Td1_.h d(P/ h .

T T dT = -T dT
d'Pc Tc dT Tc

The last equality holds by virtue of the first Kelvin relation, There-
fore, we may write

_/- T d (ý"d

h h C Tc

and the magnitude of each of the terms is clearly seen by referring
to Figure 1.

It will be seen from this that Joffe's use of an average or
effective Ci' such that

SON-(Th - T ABCFA

is justifiable and quit,- ,iseful, hilt that his policy of ignorinng the
Thomson voltage is not. Siuce the area representing the Thomson

term extends back to the absolute zero of tern erature, it does not
take a large difference between the A• h and 9c to produce a voltage
quite comparable to the net voltage.

It is seen from the figure that the Pclticr voltage at the hot
junction, C , is equal to the voltage generated, A plus
the Peltier voltage of the cold junction O plus the Thomson
voltage
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Now if we multiply the equation for Eby I we have

01Ph '1h c dT
I C

The term on the left is power generated, and the terms on the right
represent rates of absorption or 'rejection of heat. This can be done
graphically by multiplying all the ordinates of Figure 1 by 1. T1,us

I x OBCDO = I xABCFA + Ix OAFEO + I x EFCDE
t rTh dd

Ix T Ix E4 !x T T + Ix/ T-dT

Tc

Clearly, since I•pjTc represents the Peltier heat rejccted
at the cold junction, the Thomson heat term, having the same sign,
also represents heat rejected. We see, moreover, that this Thomson
heat was originally absorbed at the hot junction as Peltier heat.

Now the direction of conventional current in a thermoe]ect-ic
generator such as we have assumed is down the temperature gradient
in the P-element (the direction from C to F in Figure 1). In other
words, for P-type material with d4./ dTr > 0 and current flow down
the gradient Thomson heat is rejected. We shall designate this as a
type I element.

In Figure 2 we represent an experimental plot of a therrno-
couple similar to the first, except that the slope is negative. We
designate this a type II element. (See next page.)

Here again, the areas represent voltages and the product of
areas by current, power, or heat flow.

I E = I x ABCDA

I O hTh = I x OBCFO

I A T = I x OADEO
c c

Thomson heat= I JfTh ` dT = I x FCDEF
Tc P
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ar n Th

T + / T I-TdId dT.
Tr

IE D

I'2PhF

a
_ _ _ _ _ A

0 1 Tc Th

Figure Z. The C)% Characteristic of a Type II Material.

The total rate of heat absorption is given by the area I x OBCDEO

(the sum of the Thomson and hot junction Peltier heats). Subtraction

of the cold junction Peltier heat I x O, leaves the area

I xY, wAhich is just the clcctrical powcr gcncratcd. Thus,
Thomson heat is absorbed when current flows down the gradient in
a P-type element, with d Q\/ dT < 0.

As Thomson originally envisaged it, this heat was absorbed

through the lateral surfaces of the element. However, in present
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generator practice theee surfaces are thermally insulated and the
question aristi as to the source of this Thormson heat. An approxi-
mate solution, correct to within about 2%, of the heat conduction
equation of an element, shows that half of the Thomson heat flows
directly from the hot junction and that the other half is abstracted
from the ordinary conducted heat. (This will be discus:ied in
greater detail further on.)

Thomson Hleat for N-Type Materials

N-type elements may be analyzed in the same way as the P-
types. The figure for type III materials :may be obtained by a
rcr.lcction of Figure 1 in the T axis since the abnoiute thermoelectric
power of N-type matcriali is negative. Such a reflection changes
tbh. sian of the slope (i.e. , d &/ dt < 0). However, in an N-element
used in a generator, current flow is up the temperature gradient
from F' to C', thus the negative slope combines with ,the reversal
of current to give rejection of Thomson heat. The same argunment
holds for type IV materials, i.e. , reflection of a type II character-
islic gives a positive slope, but again the current flow is reversed
so that absorption of Thomson heat occurs.

The case of both P and N-type materials in which a maximum
or minimum of 6 occurs between the temperature3 Th and Tc can
also be handled by the present analysis, but we shall not discuss it
here.

It is worth pointing ,ut that the pres;ent analysis is quite
practical. It requires only an experimental plot of the absolute
thermoelectric power of an element which can easily be obtained by
using copper' as the reference since values of the absolute thermo-
electric power of copper have been published. (1). The areas
representing generated voltage, hot and cold junction Peltier heats
and Thomson heat can then be found graphically.

Combination of P and N-Type Materials

We suppose now that we have a thermoelectric generator
composed of a type I P-element and a type IV N-element. The
characteristic is shown in Figure 3. (See next page.) Clearly,
the total voltage generated is the sum of the individual voltages
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"E D

PINI

_ __nh_-_ _ _ _--M

aL

anc L•HW/

Figure 3. Te Characteristics of a Generator
Composed of Type I and XV Elements. (Arrows
indicate conventional current flow. )

or the area HMCFH. The total Peltier heat absorbed at the hot
junction is given by the product of the current and the area )313DJ.
The Peltier heat rejected at the :old junction is the current times
the area L The net Thomson voltage is a positive term
being the difference between the areas 11n= AND EFCDE, i.e.,
Thomson heat is rejected by the P-element and absorbed by the
N-element. The absorbed Thomson heat is greater than the rejected
Thomson heat in this hypothetical case.

Thus, the total heat absorbed is T

IxJMCD3 + Ix • MJL I Th + Ix f'h dT (3)
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"rhc total heat rejected is

I x LHFEL . I x EFCDE I x •6T + I xJTh P dT (4)
SC c

EFFICIENCY

We are now in a position to write the expression for the
reversible or theoretical efficiency for the case of Figure 3. Using
the expression

in 'out
Efficiency in ou

in

and substituting from equations (3) and (4) above

(Th J' dT ýI'%T <Th ~ dT)

J h Tc

I ÷ dT)h hT h + fT)

I(hTh .fen . f
- c "

i- T c TT

. T hTh + fTh' ndT
Tc

It is seen at once that this is not Carnot efficiency. Carnot efficiency
will be achieved only when = = 0 (in which case, 6h -

S= c)%) That is

CýTl CTc T -,T_ _ _ _ _ c

This leads at once to thbe important conclusion that to achieve
the highest cfficiencies materiz,.ls must be sought having negligible
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Thomson coefficients in the operating range.

Conversevly, higher efficiencies may be obtained by limiting
the operating range of temperature to that part of the 6% character-
istic having the smallest Thomson coefficient. In such a case,
increasing the tem erature difference, Th - Tc, may, by including
a region of high -', lead to a lower efficiency than is obtainable
with a smaller value of Th - T c.

As a corollary it may be shown that setting the operating
range equally above and below a maximum (or minimum) in the
characteristic so that C = h= d, c but the f Is are not zero still does
not give Carnot efficiency. Practically, however, this will usually
confine us to a region of srniall T'so that the best efficiencies may
be realized.

Refrigeration

The same hypothetical thermocouple whose characteristic is
diagramed in Figure 3 may be used as a refrigerator. In this case,
the current is reversed, i. e. , flow is clockwise.

Since the currents are reversed, heat absorption and rejection
are reversed. The Peltier heat absorbed at the cold junction O cTc
is now give-n by the product of I and the area LHFEL. The Pelti,-r
heat rt-jectcd at the hot junction, •hTh, is I times the area 5MCDJ.

Thomson heat, IfTh -'PdT,

T c

is absorbed by the P-elemrent in the amount I times EFCDE and the
Thomson heat, I (Th ,

c
rejected by the N-element is I times thiw area TT-IMJL. The voltage
against which the current source works is given by the area HMCFH.

Here again the question is raised: What happens to the Thom-
son heat absorbed or rejected in a laterally insulated element? The
answer is the same as before. To a good approximation, half the
Thomson heat absorbed (in the P-elernent) is taken from the cold
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junction and half the heat rejected (from the N-element) goes.to the
coid junction.

The reversible or theoretical coefficient of performance
(COP) is

COP LHFEL + EFCD.
HMC FH

or in tcrms of Thomson and Peltier !iats 1

Scc+ -T TdT

COP - ...
f•h~h TchTc

h h

n T
s Tc Tc

II
and a Carnot coefficient of perforrmance ii achieved for this special
case. In this connection, it is interesting to note that if a couple
were constructed of type II and IV materials so that both the P-
element and the N-element reject Thomson heat and a h is very
much smaller than a., a theoretical coefficient of performance
greater than Carnot can be demonstrated. (See Figure 4 on next
paget.)

.• FC DEF
"That is. COP ____

CHDGC

The COP for a Carnot refrigerator would be given by the ratio

FCDEF

CABDC

,*: which is clearly smaller. However, we realize that since Thorn-
soo heat is rejected at temperatures less than T we are effectively

h
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!E

I
a E B

I I
a p n,

I I

Pn'

1' I
jA

Figure 4. Refrigerator Using Ty-pe II and IV Materials.
(Dotted lines indicate the Carnot cycle which would have
the same refrigerating capacity. )

cooling by a lesser amount than the Carnot which rejects all its
hieat at Th. Hence, the larger apparent COP is not surprising.

BIeat Pump

The aairs.- r4f the heat pulmp proceeds quite similarly to
that of the refriger.,tor, hence we shall not undertake to discuss
it hcre.

Thomson Heat and Practical Efficiency

The calculation of practical efficiencies involves the

)
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inclusion of the irreversible processes of heat conduction and Joul-
can heating. The calculation of heat conduction involves a knowledge
*f the thermal gradient. Unfortunately, our boundary conditions
are known only in terms of the operating temperatures Th and Tc,
hence we must solve the heat conduction equation to get the temp-
erature T as a function of the spatial coordinates and then differen.
tiate to get the gradient. In this calculation we visualize the
thermocouple element as cylindrical, taking the axis of the cylinder
as the x-axis, and assuming that current flow and temperature dis-
tribution are independent of the y and z axes. In the most general
case, the thermal corductivity, k, the Thomson coefficient Iand
the electrical resistivity, p, are all functions of the abtol'ite term.-
perature T and the !heat conduction equation is

+d. k(TV +J ';(T) 'd + J2'• (T) = 0

Clearly this it a job for a computer. However, for many materials
some or all these parameters are practically independent of tem-
perature, and for many more their variation with temperature is
not large. Hence, while a solution of the heat equation, treating
the parameterE as constants is only approximate, it gives some
insight into the problem,

Treating k, el and p as constants we have

kdT i dT +':'r)2 P _0
dX

where I/A is the current density assumed constant over the cross-
section A. The -lus sign in front of the Thomson heat term is used
when Thomson ht*Le is evolved, and the minus when it is absorbed.

The solution is

T - T c rx + e + TL

where r - , P = , and L length of element.
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Making use of an appropriate series expansion, we find the heatI flow into the hot :end of the element to be

kA T 1 -T l2
-I-4h L h c 2 h c 2 -A

and the heat flow out of the cold end is
*0 •KA 1T c 12T) Ii
o -(T -T + 1 0'(T -T + -- + C, (6)

C) L h c 2 h c 2 A

where the correction terrr, is

C =Vl-.__c Z•(Th-Tb) - --

1(T Th (TT.T
1 I L (Th-c J

" (Th-T)J )

It will be noted that the terms in the first bracket are identical with the
last two terms in equations (5) and (6). The two terrns in the braces
represent the first two terms in an alternating series expansion, in
which the variable is the ratio of the Thomson heat to the conducted
hcat. In any practical case, this ratio is probably no greater than
I to 10. Hence, the correction term represents less than 2% of the
tern-s immediately preceding it and we shall neglect it.

For the purpose of exposition we write the equation for heat
flow into the hot Pnd of a type I element used in a generator (i. e.
Thomson heat evolved).

OQ = (T,-'r -I (T-T I2
ii L h 2hc 2 A

Twe first terrr iR seen to be simply the heat conducted because
of the temperature diffcrence Th - Tc. The coefficient kA/ L is just
tCie therrmal conductance K, The third tern- is clearly half the total
Joulean heat evolved since eL/A is just the resistance R. The
rr iaus sign indicates that the heat flow into the hot end is diminished
by half the total Joulean heat generated, in other words half the
.Toulean hf'at flows "back" to the hot end.
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t The second term is half the total Thomson heat generated

and since it is evolved, has the same sign as the Jonlean term.
Here again, half the Thomson heat flows back to the hot end,
diminishing the demand on the hot source. However, the original
source of this Thomsonheat is, as we have already seen, the
Peltier heat absorbed by the hot junction. Hence, the evolution
of Thomson heat costs, in terms of the heat taken from the hot
source, half of the total Thomson heat.

The heat flow out of the cold end of the type I element is

S(Th-Tc)+ -11 R
c h ch c 2

A,.. , A ,% s;.Lat the net Thoxnson heat absorbed from the hot
sou'ce is simply rejected to the cold reservoir as is half the
Joule heat.

Thomson Heat and Practical COP

The heat flow into the hot end of a type 1I element acting as
a generator (i. e. , Thomson heat absorbed)is

Kh c'(Th-T) + .- I1 (ThTc) - I2.

In this case, half of the Thomson heat is taken from the hot source
(which is the sarne as the net result for the previous case) by what
may be considered an apparent increase in the thermal conducti-.
vity. Since the heat flow out of the cold end for the present case
is

Q K (T-Tc - •-I TY(Th-Tc) + I R

we see that the heat flow out of the cold end is diminished by half
the total Thomson heat. We may think of this in terms of half the
Thomson heat being abstracted from the conducted heat. In any
event, the total Thomson heat is the source of part of the Peltier
heat rejected at he cold junction (See Figure 2). Thus, the net
#'ffect for this case is the same as that of the previous one: The
hcat taken from the hot source is increased by half the Thomson
heat, and this is just the net. amount of Thomson heat which appears
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at the cold junction.

Taking the case of a type I element (Figure 1, with current
reversed) used as a refrigerator, we ,ot! that since the direction
of current flow is reversed Thomson heat it now absorbed. The
heat flowing to the refrigerated junction i-i

0 K(T-TI (T T ) + R
cC c" 2

and the heat flowing from the hot junction (toward the cold) is
h K (Th-T) + +1 -(Th:T) 1

In this case, the Thomson heat aids vs in that it diminishes
the flow of heat to the refrigerated junction. Of the total Thomson
heat, half is abstracted from the conducted heat and half from the
hot junction. Since the total Thomson heat is rejected at the hot
junction as part of the Peltier heat and only half of this flows back
through the element the net effect is to abstract half the Thomson
heat from the refrigerated junction (though strictly we only dirr.-
inish the inevitable flow of conducted heat to the junction by this
amount) and reject it to the hot reservoir.

Turning now to a type II element used to refrigerate
(Figure 2 with current reversed), Thomson heat is evolved. The
heat flow into the refrigerated junction is

K (T- T)+ I hTc1 (T-T) + -121

a.,d the heat flow from the hot junction toward the cold is

o K (Th-Tc) I e- (Th-T - ZR

Hcre mo•t..of the Thomson hcat is abstracted from the refrigerated
junctiun hi the form of Peltier heat (the rest.being furnished by
the current source), but by tht: equation for Qc half is allowed to
flow back with the conducted heat. From the Oh equation, we see
that the conducted heat flow from the hot reservoir is diminished
by half the Thornson heat. Hence, the net effect is again to re-
m ove about half the Thomson heat from the refrigerated junction
and pass it to the hot reservoir.
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The above discus5ion of Thomson heat has been carried out
on the baimis of type I and II elements orly for the sake of simnpli-
city. A little thought will show that the same arguments hold for
types III and IV. Thus, to the extent that our solution of the ther-
mal conduction equation is correct, there is little choice to be
made between the types for use as either refrigerator or genera-
tor insofar as the absorption or rejection of Thomson heat is con-
cerned.

THE CALCULATION OF PRACTICAL EFFICIENCY

The calculation of the practical efficiency of the generator
whose characteristic is shown in Figure 3 is straightforward,
though highly algebraic.

The heat flow iroi-m the hot junction for the P-element is

" 1 -K(p(Th.TT) £IR
h(P) p h - I d - I h

SFor the N-elcin-rPn i- IS

0 K (T T• ) ! ( IZRN

h(N) N h + N h-T) -

"The total heat abstracted from the hot source is obtained
by summ:i.ng these flows and adding the Peltier heat. Thus

I 12
a I AhTh+ K(Th-Tc) - I ' (Th-Tc)- I R P

+ KN (TNT) + Z1'(T -T. )- .1 I2R

1 N h 2 N

h h+K(h c) Z h c'

where CIh 4~h ;n K =K 4.K ; O: = - OV;R =R +

R The net Tho~mson coefficient may be plus or minus or zero.

The power out may be found byi finding the heat flow out of
the cold junction, adding the cold junction Peltier heat arid sub-
tracting the re,,itilt from the heat flow in. This approach, however,

produces an algebraic expression which simply reduces to the one
found by the usual electrical approach, i. e.,
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P0 " 2 'tL
L)

It is simplest to express as
(T •lh T ).:

Thus, the effiziency is R

-2 (ThTc)Z L(R+RL)z

'" a (7)
I J\ T + K(T -T )+-•1 TI (T -T I R

h h hc Z h c 2

Using I = (Th'Tc)

R+RL

and proceeding as Joffe does to find the value of the ratio of RL to
R giving the greatest efficiency we find

opt. 1+ z Th (-1 T+

If •h - 4c (in which case :'"= 0), this reduces to Joffe's
expression. In the practical case if Pand k are known, the other
necessary parameters may be determined graphically and the
optimum value of the load is then readily determined. Substitution
of this value into equation (7) gives the optimum efficiency.

It shuuld be evident from this example that using ecliations
(5) and (6), the calculation of generator efficiencies is straight-
forward and simple, If Thomson heat is evolved, the sign of the
second term In_. the equation is negative (the same as the Joul--an
term); if Thomson heat is absorbed, it is positive (the opposite
of the Joulean term which is always negative since Joule heat is
always evolved). Summing the heat flows of the two elements and
adding the Peltier heat gives the total heat abotractcd from the
hot source.
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THE CALCULATION OF PRACTICAL COP

Suppose now that the couple whose characteristic is dip-

gramed in Figure 3 is to be used as a refrigerator. Since the
current is reversed, Thomson heat will be absorbed in the P-
element and evolved in the N-element. Hence

Ocl)=Kp (Th-T) _T•F (T -Tc) + I TZR

I() P h I R

0 c(N) KN(Th'Tc) 1 (Th T) + _ 12R

and the total heat flow to the cold junction is

Q K (Thc) + I T(Th-T I• R

where 4J

n TP

Hence, the heat abstracted from the cold reservoir is the Peltier
heat minus the flow to the cold junction or

IR - K (T-T) -. T(-TcT -I2R (8)Rn thi ae th homo c' 2 h"-

In this case, the Thomnson ,cat is seen to subtract from the
refrigerated heat. However, if Tp were greater than "-rn or if
a couple composed of types I and III elements were used the Thom-

son heat term would be positive, i.e. , aiding the refrigerated heat.
In such a case, it can be shown that the maximum temperature
dificrence available under conditions of zero refrigerator load is

T1 2

/•)ax 1 2I1- T ZT

f is zero,this is seen to reduce to Joffe's expression for
maximum temperature difference. For O~rcomparable to a'c
the present expression indie'ates a larger maximum temperature
difference than that indicated by Joffe.
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The basis on which equation (8) for the refrigerator heat-is
derived is clearly quite rsimilar to those already outlined for the
generator. As usual the electrical power required can'be written

E'I + I R

or 2
I (T h-T ) + I R.

Hence, the COP is given by

CO 1 T - K (ThTc) -T INT-T

I (T h-Tc J+I R

Calculationq for optimum current and best COP procced in a.
straightforward, if somewhat laborious manner.

Heat Pump

Using the thermocouple of Figure 3 as a heat pump. We note
that here, as in the refrigerator, the P-element absorbs Thomson
heat and the N-element rejects it. Therefore, we have for the heat
flow from the hot junction

Q1 1 Zno

Qh = Kp (Th -T 1- 4 I1' ( (T -T + A
'c Ph c 2

0 hN = KN (Th-T)+ . T h-T

Hence, the hbat rejected to the hot reservoir is the Peltier heat
minus the flow away

Q= 0hT - K (Th-Tc) !I I h' -T - I R.
e h h h C 2 h c T'

The electrical power required is the same as that for the
refrigerator and we have

I hTh K (Th-TC) - "I (Th-T ) - I R
COP 3 5 "

,I T Th -T-c) + I R
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Here again we may improve the COP by making ^fop jeater than

01eN or by choosing types I and 17I elements to make Vlarge and
the Thoneon term positive. This consideration may, however, be
overbalanced by the importance of making • hTh as large as posi-
sLble.

GENERAL REMARKS AND SUMMARY

It is hoped that the foregoing discussion makes clear the
qualitative aspects of the phenomena of Thomsor. and Peltier
heating. It is also hope.d that the meth6ddof graphical analysis of
thermoelectric characteristics has been made clear. This method
should prove to be a valuable tool in design.

The calculation of practical efflciencies dcnnand- the solution
of the heat conduction equation including ter-:nr, . both Thomson
and Joulean heats. The fact that a rigorous solution of the general
equation demands that the coefficients be expressed as functions of
the temperature means that the solution presented here has a dis-
tinctly limited accuracy. However, the present solution,including
as it does the Thomson heat, represents a Lttep beyond Joffe's work.
Calculations of generator efficiency, where large temperature
differences are used, will probably be consilderably in error. The
present a4b'ition may, however, be entirely adequate for use in
calculating refrigerator coefficients of performance since here
the temperature diffcrences are relatively small. Work is being
planned to veriiy Lhis pzcdicticn.

The third point which it is hoped is clarified is that the
reversible thermoelectric cycle is not a Carnot cycle. This mis-
apprehension may have been fostered by Joffe's work in which he
sets the Thomson coefficient equal to zero, thereby allowing the
Seebeck volta3e to be written simply as

E = &Th- T C).

A further simplification result# from' the fact that the Peltier heats
may be written as OTTh and OTC which permits the collection of
either of these terms with the terms expressing the Seebeck voltage.
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'It has been my experience that where Joffe's simplification
is not folloqed, calculations are expedited if an average value of
6 (i.e., Ch ) it used in the expression for the voltage. Hlence,

it is suggested that where the figure of ericrit Z arise, in tv
course of a covnputation based on a fixed temperature difference
that it be understood to denote

pk

where X is the quantity defined in eqpaticn (1).
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THMLPROPERTIES OF CADMIUM ANTIW)NIDE

G. G. Kretscniar, R. F. Pdtter
U. S. Naval Ordnance Laboratory

Corona, California

'Me deLermination of the thermal conductiv!ty v.Md the See-
beck coefficient of a thermoelectric material is of importance for the
evaluation of the "figure of merit" of the material. with possibili-
ties for refrigeration or electrical generation. For an efficient
refrigerator, for example, one needs a mat.erial having a high Seebeck
coefficient and a low heat conductivity and low electrical resistivi-
ty over the temperature range of interest.

Heat conductivity measurements were made on samples of CdSb,
which holds some promise as a thermoelectric material. The measure-
meints wer¶ Man.e by means of a modified form of the Fitch conductit'itv
apparatus-1 familiar to many college physics students. The Fitch me--
thod offers a means of determining conductivity in a rapid manner
with relatively small sample size. It can also be adapted to rnaeasure-
ments over a considerable range of temperature. in conventional ther-
mal conductivity measurements, the sample is placed between a
measured sourcc o f heat and a sink and the heat required to maintain
a steady temperature gradient is determined. In the Fitch experi-
ment the problem of measuring heat conductivity is greatly s impli-
fied because the sink or receiver is allowed to vary in temperature;
only the source remains constant and the rate of change of tempera-
ture of the receiver block is measured. With a knowledge of the
block mass and the gram heat capacity, the rate of heat flow into the
block uan be determined. Fitch equated this to the heat flow through
the sample, obtaining the heat conductivity in terms of the slope
of i linear plot of the temperature reedings.
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The heat through a sample of crocs section A and length L with
temperature difference T0 - TB and thermal conductivity K is g'iven by:

-q -KA (T T) (1)

I S L

The rate of gain of the Block B with gram heat capacity CB) mass MB
and a rate of temperature cii•agti of ATB

at

C~M B"BA (2)
B at

Equating (1) and (2) and interating, we get

(T 0 T B)K

1n ;(,T -. It t 0 )k- )O "- o 7 t -

For any two successive values of t this becomes

]_n(To T TB), KAW, =C;K1-(t2 t t1)
Co T B) 2

From which ; - CA- L F (T -T)Bl)I /(t

A L (TToJ j)

It is to be noted that the tacit assumption is made that the
heat capacity of the receiver is very much greater than that of the
sample; ýn other words, the energy -etained by the sample is negli-
gible. This condition is easily rep'-ed in practice by making the
receiver J.Rrge and of a material of h--h specific heat, and the
sample proportionately very small. The error introduced by this
assumption is of the order (C8Ms)/ 2 CJ4BM where the subscript S refers
to the sample.

Experimental

The apparatus as constructed for our experiment is shown in
Fig. 1. The sample is at L. It should be from about 2 to 10 mm in
length. The copper heat receiver is K and it is supported only by
the sample, so that conduction losses are only those due to Lhe
slight contacts of the thermocouple ceramic tubing. The receiver
K i.' completely surrounded by the copper radiation shield J. The
heat receiver has a nickel wire sensing eleme,'L Z wound arounid i L,
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E -

FR

Figure I - Cross
section of assem-
bled apparatus
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and this is one arm of a Wheatt3tone bridge of which the opposite arm
is C, the control element of the copper heat shield. By means of an
electronic control circuit, the temperature of the heat shield is
made to follow the temperature of the receiver to a difference of
less than 0.1°C. Thu:a, for a large range of tapereture the radia-
tion losses from the receiver can be taken as negligible. The tem-
perature equality of the receiver and the heat shield is monitored
by the 4 mil cooper constantan thermocouple I.

The copper base R is attached to the shield by three very
thin stainlesm steel suppores (not shown). It has a sensing winding
0 and a heater P, which can hold the base to a very constant prede-
tormined temperature by means of a separate sensitive electronic
control. The base temperature is boditored by means of the thermo-
couple N and it can usually be held constant to less thr-- 0.010 C for
Dpriods longer than 10 minutes. The wires attached to the sample M
are probes for measuring the thermal EM developed by the sample mat-
erial at different gradients across the sample.

The whole apparatus is put inside of a .arge pyrex glass
tube and pumped out to a vacuum of about 10 -am ;o that gaseous
convection losaes are eliminated. The -drex tu-t_ also permits
umrsion in liquid nitrongen or dry ice, or in a heating furnace, so
that the experiment can be made over an extendad temperature range.

The differential thermocouple 7 measures the changing
temperature differenci between the base and the heat receiver. Its
output is fed into a Liston-Folb DC amplifier and thence into a Broin
recorder. The photograph Fig. 2 shows the thermal conductivity
apparatus attached to a vacuum system and around it can be seen the
two Leeds and Northrup potentica=tr indicators, a large Denaar for
cold iuersion and a to.mperatura controller for use with furnace
iusersion. In the rack are the DC amplifier, the Brown recorder and
the two temperature controllers. Since the thermal conductivity of
CdSb is quite low, about that of glass or hard wood, it is necessary
to make a good thermal contact between the sample and the copper base
and also between the sample and the heat receiver. The best techni-
que to date seems to be to make the surfaces flat and then press
them together with a @smll amomnt of tow Corning high vacuum grease
between.

Measurements were made on an n-type sample of CdSb over the
range 160 0 K to 4760 K. Th'e results are presented in Fig. 3 for the
thermal conductivity and in Fig. 4 for the Seebeck coefficient.
Similar data for the p-type sample are presented in Fig. 5 and
Fig. 6, Low temperature runs for sample 34 P showed considerable
scatter and are considered unreliable because of uncertain thermal
contact with the base and receiver.
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a. Thormal Conductivity
it is apparent from Pigs. 4 and 6 that the thermal

conductivity of the two samplas is very similar over the ranee of

1000 K to 500°K. Rach sample exhibits a behavior T-1 up to a

temperature of between 300 and 4000 K at whi•ch point a deviation froC,

this law occurs. The conductivity is acsled to consist of two

terms; one due to a phonon contribution ý the other attribitted to

i -,•urious thermal conductance caused by radiation (K),

eog.#< *Kp+ RR

b. 'Phonon Thermal Conductivity
The thermal conductivity of insulating crystals has

shown a T-1 Z&peLdance at temperatures corresponding to--y larger

than, their respective Debye characteristic temperature - . It is

also generally -accepted that this behavior is characteristic of

phonon interaction with the lattice. Dugdale and MacDonald _/ have

given an approximate expression for the product rT by considering

a mean free patl 1pfor phonons (by which momentum io trarsported)
and having that 1p limited by the anharmonic nature of the lattice.

T : V 1/3 CV/k 4c v
S(4)

where c -. ^olum of Unit cell

Cv - Specific heat/vol

V - sound velocity

,A - coefficient of linear expansion

S- Gruneigen's constant

By considering a suggestion by Pierls _t/ that thermal resistance
effects are contributed by Um!-lapp processes (such processes corres-

pond to phonons undergoing Bragg reflect ons in a periodic lattice)
Klemens I/ and Subfried and Schloemann L obtain an expression for

KT. The latter obtained the follo'ing estimate
K 3 &% 4 (Vc) (5)

Although therc are many ap-roximations in (5), it is

of interest to compare !t with the experimental value obtained from
CdSb;?T'-4 watts/cm as d'-ermined from Figs. 3 and 3. When this

valulis equated with (2) t'singX(: 2, ; n 9.6 x 10-2 gns and
(Vc)/ 3 = 7.4 x 10-8 cm one obtains a value ror.o0f SvK. A
reasonable suess for the Debye temperature for CdSb would plece it
between 100 and 2000 K. Thus wthin the guess for &nnd( values

368

roo



Kxetschmar

the xt.erimental data is in reasonable agreement with (5).
c. Gray Body Radiation Effects

;i is estimated that at 5000 K a correction of approxi-
mately 1 0 tO ' (cal/cm sec dog) must be made to the thermal
conductivity measured with the apparatus of Fig. 1. This is-caused
by the exposure of thv receiver K to the heat source R. The
correction te-,% is given by/r t- 4 -T 3 L AK/Aj., where o.'
StePhan-Bolt_-_=n conetant end .: emissivity of copper, The ratio
Ax/ALL!-3 L - I cm and C-0.2 are used for the estimate.

Fige, 4 and 6 she-m such an effect at temperatures above
4000 K. The apparatus is being modified by extending the rediaAnn
shielding in order to reduce the ratio AK/h and minimize Kr.

d. Zlectronics Contribution. Lo Thermal Contribution.
The estimate for the radiation conductance does not

appear large enough to account for all the extra conductence obs-trv-
ed. Aubipolar diffusion of electrons and holes haj been suggested as
a possible source of thermal conductance in semicond-,ctors 7/.

For an intrinsic semiconductor with equal hole and elec-
tron mobilities this electronic thermal conductivitye can be
approximated by

k -4 (6)
The approximation is valid when electron scattering terms

of the order 2 to 6 can be neglected compared to Eg (kT.)

ES - energy gap (0.4 ev. for CdSb)

e - electron change
a" - electrical conductivity (50 (ohm cm) -1 for CdSb)

T - absolute temperature

The values for Ke determined from eq 6 are of the
right magnitude to fit the obaervations it the radiation f•!ect3 _re
no larger than estimated in paragraph c. It is intended to check
this with the new apparatus.

s. Seebeck e.m4f.
The thertoelectric potentials ware observed against

coprer electrodes. As can be seen from Figs. 3 and 5, the amf
values drop off at the lower temperatures which is normal behavior
for similar materials. Future studies will determine how the
Seebeck eGa values behave as functior, f innPurity content and
crystalline nature,
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""hh- i2ermal conductivity of the semiconductor CdSb has
been measured from l(O'X to 5000K using a modified Fitch's apparatus.
The principal mode of conductance up to 4000K is that nontributec. by
the laltice. At higher temperatures, the conductivity deviates from
the I• law characteristic of phonon conductance. A modification
of the apparatus should minimize spurious effects due to radiation,
allowing a determination whether an electronic thermal conductance
is present at higher temperatures.

The Seebeck emf v as seen to fall off at lower temperatures.
lu•ire experiments with irrproved crstLa: and various doping agentz

may indicate how the Seebeck emf can be raised or suitably moiIied
in a suitable Lemperature range.

The authors wish to thank D. H. Jolnson who took most of the
measurements reported here.
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SOME ASPECTS OF THE LUMINESCENCE OF
CLASS AND ITS APPLICATIONS

Robert J. Ginther and Jamsee H. Schulman
U. S. Naval Research Laboratory

Washington, D. C.

Introduction

While a large number of luminescent glass composition! are

known there has been no large application of luminescent glass in
devices which require a high luminescent light output. There is a
general impression that the luminescence of gla~s phosphors is less
efficient than that of crystalline materials and that this difference
in efficiency is accentuated when the phosphors are excited by high
energy radiation such as high velocity electrons(l). A lower ef-
ficiency for Slasses than for crystals seems reasonable since
glasses, lacking long range order, might not be expectcd to trans -

fer energy from absorbing to emitting sites as efficiently as do
crystals. This should be true not only for electrons but for any
process in which energy is absorbed in ions of the glass structure
other than emitting centers. It should be true for x-rays, for
gamma rays and even for ultraviolet light absorbed in other than a
discrete absorption band of the activator. However, when light is
absorbed in the characteristic absorption band of the activator
there seems to be no fundamental reason for a le-;.'r efficiency in
glass phosphors than in crystals.

Since the efficiency of glass phosphors with high energy excita-
tion is very likely restricted by the limited transfer of energy one
might expect to improve the efficiency of glasses by preparing
samples of either high activator concentration or of high concen-
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trations of ions which can transfer energy to the activator by res-
onance processes. With increasing concentration of eiter of
these species an increasing portion of the incident energy will be
absorbed by either the activator ions or at sites favorable to the
transfer of energy to the activator, A requirement of such an
improvement would be that the high concentrations employed do not
quench the luminescence process.

The current program of the investigation of luminescence in
glass has as its primary practical goal the development of an in.-
organic glass scintillation phosphor. In the co'rae of this program
the performance of some of the glasses prepared vrere examined
with cathode-ray excitation, and as a result of this examination a
program of preparatiun of cathodoluminesccnt glass has recently
been started.

Glass scintillators have the obvious advantage that they could
presumably be fashioned in almost any desired shape or thickness
and at a cost much lower than that of clear single crystals. A
glass phosphor could even conceivably be made or, ;nt••ral part of
the electronic deteCtor such as the window of a photomultiplier
tube. Glass cathode ray screens would have the advantages af-
forded by their transparency. These include improved resolution,
and contrast as demonstrated for transparent cathodoluminescent
films by Studer and Cusano(2) and by Feldman and O'Hara(3).

Only a few glass scintillators have been reported previously.
Kovacevic and Kostic have employed a uranium glass for the de-
tection of neutrons,(4) but its efficiency is believed to be very lowv.
The Corning Glass Co. has prepared a gamma-ray sensitive
cerium-activated 96.0% silica glass, similar in type to the high
silica glass known as "Vycor". Corning ha's also prepared
several experimental cerium-activated glasses of undisclosed
composition, which detect gamma rays.

Experimental Procedure

The evaluation of scintillating glasses consisted of compari-
son of their pulse heights with that of a Harshaw crystal of thal-lium activated sodium iodide. Pulses excited by a gamrma ray

source were detected with RCA photomultiplier tubes 66S or

S372



V
Ginthe r -Schulman

6903 in an Atomic Instruments Company rnodel 223 scintillation
head, and observed on a Tektronix type 545 oscilloscope equipped
with a 53/54K plug-in unit.

The evaluation of the response of the glasses to neutron ex-
citation was made by Drs. Lowell Bollinger and Frank Thomas of
the Argonne National Laboratory.

Performance with cathode ray excitation consisted of measure-
ment of the screen brightness as a function of applied voltage at
constant beam currents, and the determination of emission spectra
and decay rate. Samples were excited in either a dernountable
cathode-ray tube or in sealed tubes prepared by the N.R.L.,
Electron Tube Engineering Section. Both the demountable and
sealed tubes employed R.C.A. type 5AB electron guns. Screen
brightnesses were measured with a Spectra Brightness Spot Meter
(Photo Research Corp. 1/2' Ultrasensitive Model). Emission
spectra were determined with a calibrated spectroradiomzeter.
Decay times were obtained by exciting the phosphors with a square
wave catu-"_- ray pulse of 100-microsecond duration and observing
the decay of the luminescence with a photomultiplier tube and oscil-
loscope.

Cerium activated high silica glass was prepared by the
Corning Glass Co. presumably by impregnating porous 96% silica
glass with a cerium solution and then heating the impregnated
samples to a high temperature to produce a luminescent glass(5).
In our laboratory, luminescent high silica glatis was prepared by
impregnating Corning No. 7930 porouri glass with solution of Ce,
Eu, Sm, Ti, Mn, Sn, V, Cu, U, and Yb and heating subsequently
to 1200"C. It was found that samples prepared with No. 7930 glass
as received would not produce efficient phosphors since the porous
glass was contaminated with both organic matter and inorganic
impurities. Boiling the No. 7930 glass with concentrated nitric
and sulfuric acids, followed by extended washing with water in a
Soxhlet extractor rendered the porous glass suitable for the pre-
paration of luminescent high silica glass.

Meltable type glasses were prepared by melting together the
component oxides, carbonates, or oxalntes and either casting the
melts into a steel mold or allowing them to cool in the crucible
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in which they were prepared. Simple borate glasses could be melt-

ed at temperatijreb a% low as 1000"C, but ,;amples containing high

concentrations of AIz0 3 or SiO2 'equired a melting temperature of
about 1400"C. Silicate glasses rontaining no boron were melted at

1500"C. Samples contpii,.ing cerium require melting in a reducing
atmosphere. This war conveniently provided by pl acing the plati-
n,-. crucible containing the raw materials in an alumina crucible
of about the same size, and suspending the latter crucibie on a bzd
of carbon inside a large covered alumina crucible. The reducing
atmosphere was also used for samples containing Eu and Mn.

The raw materials employcd in glass preparation were gener-
ally of reagent grade or were specially purified in our labo;',tory.

-Reagent grade sodium carbonate, borax, and boric avid were used.
Magnesium carbonate was of a grade ernkployed in the preparation
of luminescent magnesium tungstate. Linde A. alumina was used
as the source of aluminum. Lithium carbonate and cerous oxalate
were prepared in our own laboratory as random selection of com-
mercially available lots gave erratic results. Potter's sand was
used in early silicate glasses, but it was found that substitution of
silica prepared from ethyl silicate gave improved scintillation
efficiency.

Results

A. Development and evaluation of glass scintillators.

Of the various glass samples submitted to our laboratory for
evaluation by commercial manufacturers only the Corning cerium-
activatcd high silica glass and some cerium activated meltable
glasses also prepared by the Corning Glass Co. exhibited scinti!-
lation pulses. The pulse height of these materials were 7.0 and

S3.5% of that of thallium activated sodium iodide respectively.
The samples prepared in our laboratory included borate, silicate,
borosilicate and phosphate glasses activated with most of the ions
generally known to produce luminescence in crystal phosphors.
Of these, promising scintillation pulses were observed only with
cerium activated samples.

"t The first materials prepared were alkali borate and boro-
silicate glasses. Development of these materials is best illus-
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I
trated with reference to Table 1.

Table I

Sample Composition Pulse Height as
percent of

Nal(T1)

1 l.ONa 2 O 0.03 Ce 2 0 3  4. 0 B2 03  1. 5

2 1.0 Na 2O 0.03 Ce 2 03  4.0(B 2 03 +SiO2 ) 1.5

3 1.0 Na 2 O 0.10 Ce 2 03  4.0(B 03 +SiO0) 1.8

4 1,Al 03 1.U NaO 0.03 Ce 2 03 4,0(B 03 +Sioz) 3.0

S1,O A1 2 0 1.0 N a20 0,10 C e 03  4 .0(8 i 03 + i102 ) 5.0

6 1.3A12 03 1.0 NaZO 0.10 Ge 2 02 1.0 B2 0 3 1.5 SiOZ 7.0

The first scintillating samples were sodium borate glasses.
The most efficient of these proved to have a Na 2 O-B 2 03 ratio of
1-4. The optimum ceriam content proved to be the maximum
amount which could be incorporated, 0.03 mole. Substitution of
silica for boric oxide did not change the efficiency at least up to a
ratio of 1. 0 B2 03 - 3.0 SiO2 . With higher silica content smaller
pulses were obtairned. In s-ample- cnntain.ng at least 1.0 mole of
Si0 2 the cerium solubility was increased to at least 0.10 mole
with a slight improvement of efficiency. Alumina was found to

improve the efficiency further as shown by samples 4 and 5.
Variation of the mole ratio of all of the constituents has produced
the optirmum formula represented by sample 6. Its pulse height
of 7.0% 's equal tothat of the Corning cerium-activated high silica
glass. Further variation of the composition of this material has
not led to improvement. It has been found that substitution oC
either potassium or lithium for sodium produced slightly poorer
pulses, whereas the incorporation of alkaliue earths produced
more serious quenching. Calcium and strontium incorporation
reduced the pulse height greatly, and barium produced complete
quenching when these ions were substituted for half the alkali.
When phosphorus was used to replace silica z., ' similar
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quenching occurred, ions which would be reduced to meal ,r ik,

highly colored products by the reducing atrnosphe:. could rz, iA.

employed, even though among these are a numbe-:r of ions wr,,'
would be of great interest both because of their ~lans forming ,-d
gamma ray abso.t-ption properties.

Cerium activated high silica glass bas been prepared in our

laboratory with a pulse heigbt 6.0% of that of Nal(TI), but the
7.0% efficiency of the Corning product was not obtained. Our most
efficient samples were obtained only by prolonged purification ot
the Corning No. 7930 porous glass raw material and it appears
likely that the discrepancy between the iefficiency of the Corning
product and our own is due to variation in the purity of the porous
glass employed.

Among the crystalline compounds which have been activated
with cerium to produce cathode ray excited phosphors, the mnos,:
efficient appear to be the compounds Mg0.Ca0" OSio 2 ; 2CaO-MgO'
ZSi0 2 (6 ) and 2Ca0"A1 2 0 3 SiO 2z'). The first of these was chosen as
amodel to explore as a scintillating glass since glasses of rather
similar composition have been reported by Larsen(8) and since
the other two compounds would very likely require melting tempera-
tures in excess of 1500"C , the upper limit of our present furnaces.
The development of glasses based originally on magnesium calcium
silicate is outlined in Table IH.

Table 1J
No. Composition Pulse

MgO CaO Sio 2  Ce 2 0 3  Li 0 Al 03 Height as
"3Y of Nal

(T1)

1 .326 . Z34 .44 0
2 .301 .Z09 .44 .025
3 .276 .184 .44 .025 .025 3.5
4 .226 .134 .44 .025 .05 .02, 6.5
5 .z6 .50 .005 .065 .05 14.0

Glass numnber I is a formula of Larsen. Activation of this
glass with cerium produces a weak pulse as zhown by sample No. Z.
It has been observed that the substitution of cerium for a divalent
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ilo in sorri. cryst& ] ine compounds i~facilitated by the s~multane-ous

iricorpuvatiozi of ain equal concentration of a monovalent io() The

total posftive ion lhat 1jg is thereby Unchanged from that of the sub-

stitu-tod divalent. itins. This was the basis of the original addition
of lith.,urli to this glass %-:en though there has not been any demon-
stration that. this; type *)f Th-harge comoensation is uaeful in glass

fo-rrulation. The lithiul.I.hli. o is shown by sample 3 to improve
tite pulse height to 3.516. The incorporation of aluminum followed

from its beneficial effect rin boýrate arkd bbiro-.5ilicate samples an~d

ilic firstd aluminurfl-(oriLaining P~ass of this series exhibited a pulse
lteight of 6.51o. The most effic.ceit glass produced to date is the
tI'ai i~unipn.-sition of Table 11. 11, wab ol~t~airxed by empirical varia-
,lot- of the ý_urponent oxides andi employment of the purest raw

miaterials~ availabltL. It was found that the c cncirtrn'tonm ýmployed

were not extremneiy c~ritica~l. Silica ri-iy be varied from 0.45-0.55
rriole without app reciahle cliangr's in pulse height. The sarr.e pulse

- r~~ !t~iw tli di t i iii conc ent ration limit of '1, .01 -0 .03 mole,

ý,ind the Li/Mg ratio cant be doLubled without affecting the pulse height.
IL~r ~-orcseOf lithium rcdu,-c~ the pulse. The aluminum-n

lkrntration is not c ritice-1 with regard to pulse height b-ut at least

8 mole A0 must be present 'to produce cleir glass.q. The

flct± of :alciurn in the original f6rrmul.& as fbirind "o be detri-
%,%,as the incorporation of other alkaline earths. Substi-

t.M i 'I -#orIic oxide for sill.-a produced much smaller pulses.

A- ýquest of Dr. Lowell Bolliniger samples of boron and
lit. --n t.kairti,,g glasses wecrc submitted to the Argonne National
Lak ,,L in order to test their performance as neutron scintil-
lator-. ~I hchivior of :2.tdsamples., representing the fo',ir
types of g :~>p eto both ncutrori antd gamima excitation at
Argonne is own ;,i Table M~.. From this table it is apparent that
all four t -'Ls -r- neutron sensitive as well as gamma sensitive.
Sample 2 , r- !(it for time of flight cxpecriments because n( iZs

high boron corat. .though its netitron pulse is the lowtes* of the
four and its neut. gamma pul.-e ratio the poorest, this ratio
is superior to t:-ýzt ir es...rtly employed boron io'cded li;uidsiO 0).
Although sample 3 K *t" better neutron pulse and neutron to gamn'ýa

ratio, its lower bt.,-* -ntetit is believed to render it less useýuil
for time nf nlight le~vpi .ents. 'h960 siiicra gi i ~such
low boron content th'-t s use asi a neutron scintiliator is not likzly.
The largest neutron e3,.c. -d pul.ses as well up the m~ust favora'bic
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neutron to gamma ratios have been obtained with lithium -containing
glasses of the type represented by sample 4. The relatively low
lithium content as well as the lower neutron cross section of lithium
compared to that of boron render this glass of less interest for time
of flight work than the borate glasses. The lithium content has been
increased to Z. 5 times the concentration of sample 4 , but thi3 in-
crease is not considered a significant quantity when compared to the
boron concentrations obtainable in borate glasses. Increased
lithium lowers the gamma excited pulse height and improves the
neutron to gamma ratio. Other parameters such as the resolution
of the gamma pulse have been found to be dependent on glass corn-
position, so that choice of an optimum composition of the lithium
containing glasses will depend upon their intended use.

Table Ill

Sample Compopition Relative Pulse with
height neutrons
with Pul'e with

neutrons 2.3 Mev

C Ce-activated 96% silica, 120 .218
S1. 0Na 2 0,l. 3A12 0 3 ,3.0BZ0 3 ,0.l0CeZ0 3  39 .064

33 1.0Na 2 0,1.3AI2 03 ,l. 0B 2 03 ,1.5Si02 , 56 .085
0.10Ce203

4 0.Z5Mg0O0.065Li 2 0,0.05A12 03 0.50Si02 ,0951 .277
0.01Ce22

B. Evaluation of Glass Cathode Ray Screens

One of the routine tests applied to the glass samples prepared
S.the scintillator development program was the observation of
heir J''-inescence under excitation with a low pressure gas dis-

" Leniled to -imulate their performance under cathode rays.
'. saniles tested the most promising appeared to be the high
.i~,jf i;•sp' b¢.ivated with cerium, copper, and manganc-c.

" . ".gl', ..n investigation of the properties of these materials
46b '1 le ray ncreens was unde rtaken. Included in the test was a
ura. glass, Corning No. 3750 whose cathodoluminescence had
been ,iiserved to be outstanding amohg commercially available
;?bv,.Ar& 8BAsses.
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The emission spec :i.a of the glasses chosen are showix in Fig. 1.
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Figure ] -Spectra~l distribution of
lUrr ine s,:: e,ic e of e athodolurnine sc ent
gla: se s

The uranium glass has th,! gr-'en emission typical of uranium acti-
vated phosphors. C pnrer activation produced a blue-green lumi-
nescence. The manjaanes, activated glass has its main emission
peak near 6200A, bu" iii a-..dition to the familiar orange-yellow
manganese emission tCie emission spectrum reveals a blue com-
ponent believed to be iden:ic :I to the emission of unactivated high
silica glass. The cei ivLvi lkccvated glass has only a portion of its

,4 emission in the visibl rej.ion. Fig. 2 shows a curv.e of its
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Fig u r e 2 - Unc orrected phototube
response curve cf ceriu.m activated
glass

uncorrected emission spectrum obsef',,ei through a Bausch & Lombe
grating monochrownator with a 1P'28 phnotrmultiplier tube.

Fig. 3 shows the brightness of the: cerium, manganese,
and uranium glasses as a function of accelerating voltage at a
currant density of 5.0 ua/cm2 . Te ,t conditions did not per•mit
a similar measurement of the coppt r wi:ivated samples.

Figs. 4 and 5 show the afterglow of the glass samples excited
by a square wave pulse of 100 micr.,-ccond duration. Fig. 4 in-
dicates that the decay time of the m.,ingaitese glass is in the miUi..
second range. Various samples havyt been found to have decay
times bstween 2.Oxl0"3 and 4.0x10"3 sec. There is in addition to
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Figure 3 - B3rightness of 61ass screens as a
function of electron beam voltage; beam cur-

* rent approximately 5 microamperes per uq cm

I

I the initial exponential decay a long afterglow associated with tbe
I r•.,zanese emission. Our equipment did not permit accurate deter-

mination of emission intensity at levels lower than 10 percent of

the initial value. The decay curves of the cerium, uranium and

copper activated glasses are ehown in Fig. 5. The copper acivat-

ed material apparently decays exponentially with two different time
constants. For the initial portion of the curve the decay time is
about Zxl0 5 sec. The uranium glass decays exponentially with a
decay time of about 10.4 sec. The cerium glass hat the shor•est
afterglow, its decay time is not more than about 4 microseconds.
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Figure 4 - DLk-c rates of manganese activated glasses
after l00 miorosecor.d pulse of cathode ray excitation

Discussion

The regults nttained i, t ',e preparation of glass scintillators
have been enr.cu:aging. Gamma def.-!ctors with an efficiency
fourteen percent of thallium tctivted sodium iodide as well as
glasses sensitive to'neutrons have been prepared. To date little
attention has been given to an investigation of the mechanism of
scintillation in glass, and progressive improvement of the glass
samples was obtained by the general procedures employed in
phosphor development. These have included choice of glass matri-
ces having good solubility for the activator, and the use of mater-
Iias and processing ter n:,&ues which do not introduce impurities
into the samlee, A nin- biv of interesting questions related to the
scintillation behavior )! thw,.ý glasses deserve attention. The role
of ions such as ba..i%,,, an boaphr hich quench the scintillation
process but do not seriously affect photoluminescence behavior is
unknown. a.milarify,. the beneficial effect upon the scintillation be-
"havio'f of t,,. ratp and phosphat• Fleis produced by incorporation
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Figure 5 -Decay rates of cerium, copper, and uranium
i * glasses after 100 microsecond pulse of cathode ray

1vexcitation

3
o! ziluminum is una!:companied bj-: ay change in photoluminescence
efficiency.. It seems reascnable to assume that the role of these
ions is to improve or quench energy transfer processes in the
glass, but no proof can yet be offered. Measurements of absolute
conversion efficiency as well as optical studies of the glasses may
help to elucidate these mechartisms.

The field of scintillation glass development has by no means
been completely explored, but some of the present findings if
continuously confirmed would appear to limit the search for new
scintillating compositions, Among these findings are the fact that
to date only cerium activation has been useful despite the fact that
photoluminescent glasses activated by a large number of ions are
known. At present best performance has been obtained in only
borate, and silicate glasses containing only alkalis, magnesium or
aluminum. Introduction of any other ion has never improved the
pulse height, atud most often produced quenching. The inability to
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employ heavy elements which woi~d be reduced -to metais byithe
reducing atmosphere required by cerium is a furtr'er restriction.
On the other hand, the possible corn~buiations of the! ions whicb have
been found useful with cerium have by no means been erxh&Psted.
It is entirely possible that gradual further impro'-.m.nt of the
present glasses can be obtained by variation of t>,F presently per-
mitted t-omponents. The use of activators other Ž1ceriula is not
precluci'd by the present'resultsY however., for it !P_ entirely pos -
sible that glasses so far prepared with these uctivetcris con'tain
q~enchers for these activators -tvbich do not quen~ch. -ýuxrncri-
lation.

The screen brightnesses obtained with catb,--doluznine scent ex-
citatibn of the glasses prepared in this prgrarn are low coruiparcd&
to those obtaina*ble with conventional settled screens~ of poly-
crystali~ne phosphors. Since the luminescence~ of glasis pho-sphors
along with that of trawistparerit cry-mt-aInlne filmns is subject to totPA
internal reflection, glass screewi cannot be expected to approach
the brigSIMMneas of polycrystalline Alayers aad shlou"d M.10re prop'!riy
be compared to transparent phosphor iiizrib o&' approx~ratcly mnt
same emission spectra. By comparison with the results of Feld-man
with transparent screens it appears that the uranium glass has a
brightness of only 4. 0% of a clear Zn2 SiO4 :Mn screen, the manga-.
nese glass 33. 0% of a ZnS:Mn screen., and the cerium glass 30. 0%
Of a CaWO04 screen. Comparison of screen brightness does not give
a comparison of energy efficiency since the samples compared do
not have identical emission spectra. When allowance is made for
the relative luminosity of the spectra compared it appears that the
energy efficiency of the manganese glass is 38-40% of the ZnS:Mn
film and the ceriumn gi~ass is 60% an efficient as the CaWO4 film.

It is unlikely that glass scr~tvis can be prepared whose bright-
nesses would appreach those of polycrystalline screens., but for
applications in which contrast or definition are rnore important 'than
brightness it would appear that further research on cathodolumi-'ftescent screens is in order. We have recently undertaken a rl
gram of cathodoluminescent glass development whose primary
purpose is to obtain meltable glasses whose persistence chart-ter-
istics would enable their employment in military field devices. 7'o
date g-reatest attention has been devoted t~o silicate and borosilicatc
glasses activated by manganese. Efficiencies produced to date are

384



Ginther- Schulkiian

superior to that of the mauganese activated high silica 9iws rc-

portc•d, but no glaso of useful persistence is yet available.
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