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PREFACE

More than in any previcus period,advances in engineer-
ing design and weapons development are frequently limited
by the lack of suitable materials. In spite ot this situation,
materials research and development as such:is not yet
receiving the attention it merits, As a result, any step
which will increase the effectiveness of materiale research
ir " Wavy is of great importance, It is expected that this

~wsium will contribute to the improvement of the ma.e-
ri~!- rapabilities of the Navy by providing a forum for the
rapid exchange of already existing information, and even
mure s0, by bringing to the attention of a broad group of
exp:rts the pressing problems which have to be solved in
order to take full advantage of new ideas for the design of
equiprmnents and weapons,

R. BENNETT

Rear Admiral, USN
Chief of Naval Research
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Remarks by

Dr. I. E&termanu
Symposium Chsirmaan
Office of Maval Reseawch

This year's symposium will concentrate on material research,
a4 subject which has recently received a tremendous amount of attern-
tion, But, to paraphrase Mark Twain, '"Zverybody talls about i:r, but
far too little is being done about it". I hope that this symposium
will, et least in part, correct the situvation,

. Holding tnis sywposium iz Philadelphia 18 no accident. This
city has a tradition of basic and applied research as exemplified by
the large number of scientific and educational instii:tions within its
borders., In particuisr, holding it at this hotel is even more weaning-
ful because the hotel bears the name of one of the foremost applied
scientists in the United States, Benjsmin Franklin, Moreover, the Navy
has had associatfons with Philadelphia for a very long time end is
operating a large number of research and development estsblishments in
this area, Unfortunately, these establishments 2re much less known
than they deserve, even within internal Navy civcies, This may be due
to the fact that Philadelphia is ec close to New York on one hand and
Washington on the other hand that most of us don’t ever bother to stop
here. I, personally, have bean through Philadeipnia at least 2 hun-
dred times, but I think this is the third time that I hsave ever gotten
off the plane or off the train, I must confess that many of the Navy
Research and Development Activities in this ares are still unknown to
me., A symposium here will give us an oppertunity to become more fa-
miliar with the excellent work that is being done by the Navy in this
area,

ix
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‘Remazks by =

Rear Admiral J. N. Murphy, USN
Commander
U. S. Naval Air Researcn and Develcpment
Activities Command

The Naval Air Research and Development Activities Command,
until very recently known as tlie Naval Air Development and Material
Center, is greatly honored and is most appreclative of the fact that
one of its activities, the Naval Air Material Center, hac been se-
lected by the Office of Naval Research to serve as your host for the
Third Navy Science Symvosium,

-

The Naval Alr Research and Developmant Activities Command
(or NARDAC) has on board today just under sever thousanc capsble and
dedicated pesople, Cur aission covirs practically every aspect ci
research, develomment, test, and evsiuation of naval aviation cquip-
ment other than complete weapnn systemd,

Almost avery component and sub-system that {8 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, 13 of vital interast to the various activities of our command.

Concentrated in the Delaware valley area, NARDAC is composad
of five subordinate activitiea. Thege are: The Naval Air Development
Center, Johnsville, Pennsylvania; The Naval Air Turbine Test Station,
Trenton, New Jersey; The Naval Alr Test Pacility (Ship Installations),
Lakenurst,, New Jersey; The Naval Air Technical Services Facility,
Philadelphia; and last, but the oldest and largest, The Navel 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
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plays in our complex technolcgy today,

To the public, the discovery of & new alloy, or 2 new lub-
ricant, or perhaps a nev fabrication technique Ils not as glomorous
as a rocket soaring into space, or, » super-sonic airplane golug
through its trails. But we can gain everlasting satisfaction from
the knowledge that, without matcrials research ithese rockets and
super-sonic aircraft would have been .impractical. Every day we see
examples of ideas thet 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 symposium, we may gain knowledge,
and exchangz ideas which will provide new materials, and new ap-
plications of materials, so that our technological progress will be
outstanding in the years ahead,

xi
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Rear Admiral R. Bennett, USN
Chief of Naval Res=arch
Washington, ™. .

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 &ll aprre-
ciate the importance of the Yactors of reliability and availability
in meeting our material needs. However, I do not think that gener-
2lly-.althongh T would exemnt most of those here-~there is enough
appreciation of the hottlenecking that is occurring because we do
not have enoupgh investigation of materials and components. I would
say that there is hardly a development project on the tooks in Wash-
ington today which will not have to be compromised or, at best,
delayrd 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 fort to outer space. Fach of these areas of operation has
ita own requirements. One thing I must continually stress is relia-
bility. 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 puts a man in space or not, the Navy i{s bouni to have some
vehicles in space since such vehicles would be of paramount import-
ance in carrying out that part of our mission which involves observ-
ing and controlling the seas of the worll. And yet when one
congiders the degree of reliability that must be nchieved in such
vehicles, one can really get cold feet.

We have already had a taste of this in the very interesting
Havy Vanguard prolect. The original engineerins vredicticns were

xii



Bennett

that {t would require the lsunching of six vehicles to place nne
full.scale satellite in orbit during the 18-month IGY, which ended
December 31, 1958. We are pleased that Vanguard has performed
exactly according to these predictions, barring & six weske delay
beyond tiie Navy's czonircl. 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.

Actuully, we tecelived a bonus in the form of the first or
baby satellite. To place that or the more recent one into orbit, not
only did the 300,000 odd parts of this three-stege vehicle have to
hold together but more than 10,000 of them had to function in proper
order. .If this were not enough, the sstellite itself had tc 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
fear they will be laughed at. Actually, the estimate of 20C years
in orbit is probably a gross understatement. What ir 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 measurable change
in signal atrength.

Now 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
emphasie of this role is why this sort of symposium is & must. I
wish you all the best of luck and success in obtaining the greatest
increase of information in the course of your meeting. I especially
recommend that in talking to your colleagues from other latoratories,
vov meke a special point of findirng out what they did that did not
work. This is sometimes a most important piece of research informa-
tion, and 1{t {s almost never published. Thank you.
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MATERIALS RESEARCH IN THE NAVY

i

Keynote Address by
VAIM E. W, Clexton, USN, Chief of Naval Material
Before the Third Ravy Science Symposiux

Good Morning Dr. Esteraann, ADM Murphy. AIM Bennett. CAPT Arnold,
Ladies snd Gentlmen:

I am very pieauzi O nave the opportunity to address this
group, pariicularly here in Philadelphia. The holding of the Third
Novy Science Symposi - &t . nig 3ite is most propiticus, Ior it ie
here that ve see ‘he shedow =f une of America's men of science
everyvhere that we loci. As far back as 1727 Benjamin Fruuxiin
oraanized a group of men who were interested in keeping t).emselves
informed of the developmentz in literature, art and science. This
group vas the forerunner of the American Philosophical Society,
which was founded in 1743, the oldest scientific society oa the
American continent. Today we still bhave this society in Phila-
delphia. In addition, we have other famous organizatvions in this
city that are contributing materially to the fields of science:
the Franklin Institute, which 18 devoted to the study and promotion
of mechanical and applied science, the University of Pennsylvenia
and Tewple University. These are but a few organizations who are
making an cutstanding contribution to the sciences. The list of
the outstanding companies working in this arem 1s too long for me
to list.

For pearly forty (40) years my life has been the Navy.
All devoted Navy men have one goal: To see to it that the United
States has the finest Navy in the world. Today, more than ever
before, this is s tesk which is dependent upon obtaining better
tools than any hostile forces can get. To attain this goal, the
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Navy is dependent upon you, our scientists, and later on our engi-
neers and productiou paople.

The fact that you are avare of the importance of the Navy
to the nation is evidenced by your presence here today. S0 I am not
going tco talk Navy with you. I am going to talk on the importance of
a coordinated materials research program, because I perscnally feel
thet if ve are to0 make significent advances in materials technolcgy,
it will onliy be done through s properly coordinated program.

Engineering design has outstripped meterisls research. The
design engineer in translating military requiremernte into & bluspring,
searches, all too often, for a materisl that he cannot find, Like
Mother Hubbard, seeking & bone for her dog, he go=8 to the cupboard,
only to find it bere. Unlike Mother Hubbard, however, he is looking
for an item vhose supply is not merely depleted but something ha
suspects does not exist. How, then, does he obtain it? VWe all kncw
the answer -~ “A crash program” is initiated. The crash program
eventually solves the problem at hand, and, although it is very
expensive in sclentific talent and effort; it contributes little to
the over=-all understanding soc necessary for significant advances in
materiale technology. To make matters worse, wiless tae maximm
dissemination of this “"hard to come by" knowledge is made, & similar
provlem may Ue the cause Of & further crash progrem that dissipates
additional research effort. Such symposia as this will, it iz cur
sincerest belief, help the Navy, and eventually the wvhole Defense
Department, realize the greatest retaum for its investment. We rust
continue working on & 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 Aifficult because every time our
potential enemies have made a breakthrough in a given area, we seem
to have to resort to the cresh program approach so thst we too can
show that we have made equal or greater advances. Whatever we do in
cur approach {0 sulving our wany problems in this area 1 feel that
we must think alceng these linege-

The time avaiisble to us;
The vse of every available individual; and finally,
The cost.

Navy procurement and production mmst 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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materials of a magnitude never before conceived of. The list of rew
produats which the Navy i gesking le oo great for me o spumernte
here. Leét it smuffice to say that supersonic aircraft and engines,
miniaturization, automation, high reliability, exact navigaticn
systems, fire control., communications, anti-submsrine detectiun
identification and dez*ruction devices, and guidzncc systems are
only a few of the haunting unanswered probliem:i. Answers to inese
provlems are boing sought from you ladies and genitlemen. Problems
that perhaps none of us have considered at all may be but a moment
avay. For one of *he most significant changes in our national life
is that no longer can we be sure that time is vorking in our favor.
Indeed, there is every cvidence that it is not working in our favor,
and tkat we must seek rew avenues and new approaches ‘o solving our
problems which will cffset this former reliance on time.

At the turn of the present century the U. S, Navy had 2
nev coal burning fleet. The dreadnought, an all big gun ship, was
on the drawing boards. Today we have attack aircraft carriers,
super high pressure steam, nucleay power, und our big guns are now
missiles. In 1900, the Wrights firet flight was threc ycara away.
Today the 2xploration ~f cutler space and the depths of the s=u are

upon us. In the fields of humanity, new diseases are being conquered
year by year; and nev improvements for cur comfort, for our eantertain

ment, and for our happiness, surround us,

But in the annals of history, what a short period of time
this is! And how little we have lerrned about controlling these
inventions that they may hbe used for peaceful purposes! The Russo-
Japanese War, World Wars I and II, Koree 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 enswer to this most com-
pelling problem of ell,

The pressure is on our research institu.ions--private and
Piblic-~ to give us more and more technical superiority in our
military epdeavor. This must be a rapid and continuing deveiopment.
The usars of your scientific schievemente are impatient for your
dreams of tomorrow. Advances in technology required to modernize
military equipment come either directly or iadirectly 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 criticainess of time ve
are forced to look at compensating means. This means the testing of

xvi
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Clexton

every idca, thes use of all existing resources, mnd the coordirstion
of effort. Can you really think of any wore staggering problem?

It means digesting, synthesizing the experiments of basic
research and broadcasting the etforts and results to the nation's
scientinte so thet like 22f0rd 15 notl expended Dy them once &
development has become successful; or, that the pattern of failure
may be made known to them and to szolicit their help for snother
attempt, It mcans the discoveries of one individual or group on
which to build for future developments. How very nice and vhat 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 specirum we seek would be reduced. But you will note
that I seid might. For competition is still the best stimulus o
new breakthroughs.

I know of no simple way for coordinating the efforts of a
materials research program except the patlient 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 ccmpetitive research programs
should be coordinated by the Director of Research and Engineering
of the 0ffice of the Secrelary of Defense wno 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, frum whom you have
Just heard, heads our Office of Naval Research, whose mission is to
coordinate the Navy's research effcrts. 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, I 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 ie going to be
costly. On the other hand, we cannot afford either time, manpower
or monoy 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
thet we are driving a Cadillac when a Rambler will get us there.

5o, Ladies and Gentlemen, I would like to leave these few
thoughts with you ac you enter upon your extensive and excellent
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program. You need & strong Navy, including the Marine Corps, and you
also need a strong Army and Air Forca. The country expects each “o
be ready and expert in its field. These Services cost & great Jeal
of monsy, but they provide, with our Allies, the only known shield
today for our western way of life. A strong Mavy is dependent upon
the most lwproved tecnnical systaws contimially flowing {ram cur
research laboratories. '

Time is priceless, since we do not know what the scientists
in Moscow have Just presented to the Soviet Minister of Defense. To
gain this itime, we must capture and:disseminate every idea, break-
througnh, discovery, and development %o insure that we have what we
need and we get the most for our efforts.

This whole problem is one to which the Govermment and
inGustry has given a great deal ¢ thought. As I stated earlier, I
am sure that there is no easy answer. Bit there is an answer. We
mist continue--both industry and the military--to seek an optimum
answer in this aren of materials regearch planning and programing
to insure 2 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
channeied properly, and it is to you, 1adles and Contlomen, that
we look for our ancuers &s to how best we can do this,.

xviii
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‘Research and Matarials

Dr. A. B, Kinzel
Vice President - Research
Union Carbide Corporation

Mr. Chairman, fellow citizens of the United States of America.
It is really a particuler plessure to be here with you today, not only
because of my associations with the Navy, buct «lac because of my as-
sociations with the city of Philadelphia, Mv first association with
the Navy actually had to do with the Naval Shipyard here, where Mac
Kennedy wa2 and is the Metallurgist. Be would bring his problems to
Temple University. Mac and I ran the Laborstory at Temple University
where we gave the laboratory course, {n connection with a series of
lectures tiat I gave in Advanced Metellurgy. I, too, have been th-
rough Philadelphia more then a hundred times bu. once I stayed here
for a few years, It is also a rare pleasure to be haere because one
of my pet avocations i{s the International Benjamin Franklin Associ-
ation of which I am a member of the Board of Trustees. So putting
it all together, you sce why I am heppy to be here with you.

In introducing a symposium on materials of this kind, it
seems 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 drav so many conclusions from them,

My pet illustration on that subject has to do with the life insurance
tables, The companies put out tabies 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 centurier, I am going to take the spesed of wan as
s first {llustration, For hundrels of thousands of years, man conld
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go no faster than his feet would carry him, One mile in slightly more
than four minutes, In che last few years man has done it in slightly
less than four minutes, But that is unimportant, And he could go no
faster than that from time immemorizl until about 4000 years ago, when
he got on the back of a horse, And when he got on the bacik of a2 horse
he doubled his sneed, A mile in two minutes  roughly, That wea 2000
ago. Then from 4000 years ago until the first third of the last cen-
tury he went no faster. Then we had the steam engine and ths railroe<
trocks, It wasn't long before he was doing a mile in one wiaute. Wal,
he did essentially no better than thst 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 jet, 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 secound,

This makes a very imposing, rising, accelerating curve even
if you plot it on log-log paper and with it, of course, have come new
material problems. Let's see what happened to materials while this
was going on., Man used stone and wood origineslly and then discovered
those elements that occur in their native state - gold and copper.
Somehow or other he discovered hov to handle the essily reduceable
ores that were gv~ilable, He had . ive: snd le~§, zinz, tin and irson
and this was pretty much the 1list during the uge when he was travel-
ling as fast a8 a horse would carry him, Then we come into the nine-
teenth century, Just bafore that time, Watt had discovered the steam
engine and with it came a demand for stronger and better materials and
then, with the railroad, %his dexnend increased further, Chemistry
changed from a black art to a science and the science of Themistry
was appiied to materials and so, in the nineteenth century, we 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
posaibility, but they had bteen made, they were there, they were re-
cognized and they were used - tungsten, columbium and so on, Now,
vhat 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 1t. 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 plcture in
» big way and then what hdappened? During World War I and shortiy
thereafter, Bragg, in England, following up on the work of the French
and the Germanz 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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materiales, and with this combination of the application of'chemistry

and the appiication of physics to the science of materials we come

to the present, Today we truly have = sclence of materials, We can

begin to think in theoretical terms of producing materials tov a truly
tallor-made specif{ication, and to apply that theory and rcslly do it,

AY e P mamem he -
Bow I want tc go off on enother traclk, parrly hictorical,

partly psycholegical, You've heard from my predecessors hcre on the
platform this morning that now, as never before, we've neadcd new
materials and that materials are the grestest limiidiion in engi-
neering, I submit that there's nothing new about that at ail. Ma-
terials have alwaye been the limiring factor on engineering decign,
But there 18 a difference, 1I'm not contradicting what they said but
1 am trying to point out that tHis is not a new phenomenon, It is
new in degree, but not in lind, What happened all through the last

century? We built ships, we built telephone lines, we built machinery
and what did the engineers do? They had 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 and we did get bet-

ter materisls later. Materials were improved., Tne two hundred thou-
sand pound per square inch landing gear steel of world War IL 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
beczuse of the cry of the engineer, but tha en$ineer didn't wait for
them and didn’t count on them., He still doesn't., This {s 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, military
snd otharwise, we have getten to a stage where a good many of the
newver things dreamed up by the sclentists are being put into develop-
ment and tc to use so fast that the engineer hardly gets a look at
them, They're eng’neered by the physicists and thz scientis{s in
large measure, Now these people have a difierent tradition. These
pezople know that the science of materisls has potentialities, These
people noi only cry for new materials, they say this i{s what we want
te do, we know we can't do {t without the new materials, we are not
going to do anything less - so roll up your 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
engineers take the pozition that relisbilitv ig still the most impor-
tant factor as Rawson Bennett said, By virtuc of their training and
upbringing, engineers feel that the only way to guarantee reliability
i1s by experience. Now the physicist and the scientist feel otherwise,
They feel that they can guarantee reliability by having a device that
i3 theuretically correct, There 15 something to be said for both
points of view, but it explains why we now have this terrific cry

and urge for new materials,

xxi



Kinzel F &

What are we doing gbnut it, and whers <oves industry come into
the picture? Here, we come to tha quaation of motivation. The de-
fense forces, including the Navy, are motivated by a need to meet a
requirement without the same kind of an economic iimitation that mo-
tivates industry to meer a requirement, Now I do not mean by that
that there are no economics in the defense picture, There are! The
titanium svory is a casze in poiat, The Air Corps s=id they could usa
titanium - at $20,00 & pound. The Navy said they couldn't uee it un-
til it was under $6,00 a pound, 1f 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 ¢ new battery that 1s goiung
to last forever powered by one of the radio-isotopas. The newspaper
accounts were glorious, and the battery will do evarything that the
newspapers said ic will do, Whet they £3iled to state waid that it
took about $425,000 worth of thie narticular radio-isotope to make
one small dattery! This, you se>, brings in the economic factor again,
S0, even in the military problem we have the economic factor, but it
is there to a lesser degree., Often, the two motivations can jibe;
that {s, the material needed for a military (Navy) requirement is al-
80 needed for a civilian requirement, and can be made chesply enough’
if we are smart enough to do the right kind of research in irdustry,
g0 that it meate indusiry's proflit woiive. Whan this happens, it is
wenderful. 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 prodiucing, developing and getting into the market with scan-
dium, and so we need a slightly diffsrsnt approach. Now, if somewhere
in industry you have the skills to do thiz but industry does not want
to do it, but rhe WNavy or the Military do want to do it, we have the
possibility of gerting together by virtue of financial support to in-
dustry for this particular kind of work from the defense departmonts,
and I say that this {s 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, i{f you really want them solved,
you must take a look at the incentives tc solve them, and see that the
incentives are properly set forth. The matter of what you do in in-
Justry 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 rassarch in about the same degree,
This has not come about by collusion or even by swapping nctas; it
hes just happened as a result of the best judgment of the people that
are directing these programa, Today, in ¢hese companies, about
thirty-five per cent of the research, and I distinguish research
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from development now, is basic. When you do basic research, you
don't know what you're going to come up with, and you frequently come
up with somathing that may vet have sconomic interest to your par-
ticular company or to any other compeny. Rowever, it may have great
interest and be able to stand on its oun feet within the economicel
limitation put on by the Miiitary or the Navy. When this happens,
it behooves industry and the Defense Dspartments to get together and
to get together fast. How can thia be prowmulgated? How can we speed
up this process and better this process? Well, cne way to dc it 1s
to do basic research in the Uefense Dzpartments; and you may say:
What's that got to do with it? It is very simple. I submit that you
cannot appreciate, much less nroject into an exploitable area, basic
research findings by reading a paper, by loccking over a guy's shoulder
or by having people whose business it is to just walk around and find
out what is happening. They wili not get the result because they can-
net appreciseté the findings. These findings are only anpreciated and
spotted by men 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 progrem, 2nd expand it in large measure,
is what we call "coupling effect'. Without it, the Navy is going

to lose a2 good many of the findings that are appearing in other la-
boratories, be they industrizl laboratories or in the academic world,

No one imstitution can do wore than a very few per cent of
all the work in the field. The Ravy research in the basic area that
they are vorking in, as I figured it out casually, is of the order
of magnitude of less than one par cent of the nation's total research
activity in these areas, Sure, they may stuwmble on something; they
may have good luck and hit the jackpot. But L{f that one per cent
figure is anywhere near right, there are ninety nine other people
competing reseserch wise, Therefore, there are ninety nine other
chances to hit a jeckpot. This number i{s 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 tield., Mow, you can couple in thie way - simply
by having people that know; you can also couple by letting your re-
quirements be knowa. These requirements have to knowm not only to
ths chief salesman of a company but to the men down at the working
level i{n research und development, If & waterial doesn't exist yet,
and you need it, these are the fellows that have to know. They'll
keep their eyes opan for it, We are zble today, between Physics and
Chenistry 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 fuels, We not
only can make such new materials, but we can make others., In the
field of medicine for example, todsy, there i{s real hope with respect
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to the chemotharapy approuch to cancer, The purines certalnly destroy
cancer celis, There is no question about this at #'i, it has been
very well established, ‘ihe only ¢rsuble is that they are apt to des-
troy about everything else arcund, including the normal cells, They
are somewhat preferential, As the physicists and the chemists look
at them, they 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 & cancer cell than a normal cell. We actually have taken
certain of these purines and uaid they would be much less toxic te
living cells if it were not for a particular bonded radical. So let
us make a modification of it in which'we eiiminate that or tack some-
thing 2lse on to it or shift its location. The modified flurourosils
are one outceme of this approach sand therc are more coming., I cite

‘this simply tec tell you that in the science of materizls tocday, know-

ing how tc 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 us remember that
all you are doing in a crach progr=m is using up the assets that you
have stored up in your past basic research, Let us have gsome 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 absolutel: true, Just before World War 11, Imperial
Chemicals in England figured ocut how to make a new kind of insulating
material called polyethylene in the laboratory, The process that they
had for making it was 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 some of their
radar and they took this stuff to industry. They came to Carbide
a3 well as to many others, and in Carbide, and I know the ssme thing
happened in many of the other first class chemical companies, thec
Chemical Engineers toock a look at it and they threw up their hands.
There is no way to take this process and make this atuff in quan-
tities without getting intc the class of $425,000 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 enginecrs
happensd 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. 1In one week, hLe
turned out more polyethylene than had been turned out in the previous
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six months by everybody, In three wecks, we were Ia pilet plant pro-
ducticn and three months latter, wa were taking care of the Navy's
needs for polyethylene, This was war time, we were motivzted by not-
hing but the desire to help the defense effort, We have a very nice
by-product in rhat husineas roday, we are one oi ihe dominant factors
tn the pslycthylens bLuwsiness, (That means squeeze the boiile to you
who don't recognize polyethylene as such,) 1it’'s 2 busineas that runs
up inte the high, high millions of dollars. We got the lazd jusi as
described. I submit that this is not necessarily an isolated case;
that if we heve more basic research going on in the Navy, more pe-ple
that understand wha: it is that they are trying to, that if we Lir-
crease their communications with the men at the bench in industry,

we shall have many more cases such as this to the great glory ard
effectiveness of the defense forces and profit to industry,



Capteain R, C, Ferguson, USN
Executive N€¢isn~
Naval Air Materiai Cudicer

Dr., Estermann, Admirals, Conferees, Ladies, Gentlemen and
Friends., Before 1 start I would iike 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, Commanding Officer of the Naval iir Material
Center, your host activity, regrets very much that he cannot be here
cersonally to greet you. In his behalf and for all cof us &t NAMC, we
welcome you to Ben Franklin's home town, the Cradle of Liberty, Dec-
laration of Independence, Continental Congress 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 pleasarit and
rrofitable experiencea,

It {8 quite appropriate thet this all-Navy Symposium be held
in Philadelphia. The Philadelphia Navy Shipvard was the Navy's first
primary shipbuilding yard. The Navy, being farsighted and economy
minded, bought a thousand acres from Philadelphis in 1868 for one dol-
lar. The shipyard has progressed and developed through fouir wars and
three or four campaigns to its preseut status. The Naval Air Material
Center is the site of what used to be the old Neval Aircraft Factory
which dates back to 1917. It is closely related to Naval Aviatfon
progress throughout the years, During World War I we designed, de-
veloped and Lulit approximately two hundred seapiunes and patrol planes,
If you know your early aviation history, you read of the old F5L Pa-
trol Plane, After the war the mission of the NAF was changed to de-
velopment and manufacture of experimental aircraft and aircraft
accegssories of a nature requiring confidential development. During
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" this period wa built the Shenamdoah, the first of our dirigibles, WUe

developed and built the famcus PN-9 airplame, whick establishad six
world records. Ome of 1its world records was climbing to an alititude

of 19,593 feet, Another was the first trans Pacific flight. Its de-
stgn atill is basically the srmae for today's seaplanes. During this
period, 1a additicn to ssaplanss we designed and manufactured Newy
fighters, scouts, torpedo snd hombing pianés. In the LY30's, we started
building parschutes and, for wany years, built all of the Xavy's para-

[ ST
chutes,

In 1934, under the terms of a Congressional Act, 1C% of all
goverument aircraft and aircraft engines had to be comstructed and/or
manufactured in government aircraft factories. NAF, as the govermment's
only aircraft fzctory, designed and developed the famoue Yellow Peril
(N3N) training plane - still used at Annspolis, The plares were
powered by engines designed and built at NAF, One thousand were built
ptior to Worid War II, During the war years, the NAF produced fourteen
airplanes of various types, thirteen hundred aircraft engines, thirty-
thousand parachutes, three hundred thousand tow target sleeves,

In addition to aircraft and aircr=it engines, the NAF has
been the center of catapult and srreating gear deveiopment since 1919
vhen it wza 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. 8, Fieet; likewise, we have had the primary res-

- ponsidbilit; for the design and development of the arvesting gear for

all carriers -99- thru Worlid War II.

Following World War II we again reorganized from our war time
endeavor to an experimantal and development activity,

The Naval Air Matarial Center now is a major research and
development activity, with four laboratories and the Naval Air Engi-
neering Facility (Ship Installations) - a sixty millicn 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 vhere -rogress toward
our technical goals i{s 1imited by the capadbiiities of our structural
and functional materials, Structural design criterie and materials
previouely used are no longer adequate and we rapidly are deveioping
enginsering requirements far beyond the state of the arts involved.
Therefore, I feel it highly desirable and worthwhile for thosé en-
gaged in the field of materials research to hold a conference such
as this, vhere 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 will be made to more cleerly define
the problems, the solutions to which control the rate and directien
of technical adv-ance,

Now T would like to quote our vesrbook of thirty years ago:

"Our work consists of the assembly ‘and repair of ail types
of craft, from the swift, breathtaking fighting planes te the mas-
sive, powerful pe“vol ships. Engines, controls, guns, bomb mechanisms,
navigating instruments, communication devices and safety devices must
operate smoothly and perfectly., The finished ship must be a perfect
machi e, 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 iis highest pezk; peirfect planes. Our
perfect planes mean adequate defense; defense {s 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 Junlor Grade
was the assistant officer-in-charge of this werk, His only labora-
tory was two cmall rooms, He must have been a pretty good Junior
Crade for now he's a Vice Admiral. His name - CLEXTON - with us
today as {hief of iiaval Materiai.

We certainly are pleased and gratified at the response to
this Third Navy Science Symposfium. 500 of you distinguished repre-
sentatives are 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. FKave a good meeting. Thank you,
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ACCEPTANCE OF
CAPTAIN ROBERT DEXTER COMRAD AWAKD

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 Defenss 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 t:;> his name
especially prized by the Naval scientist. It is therefore with warmth
of pleasure and gratitude that I accept this award tonight.

In this particular instance, however, I like to think that this
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 sclientific research. The achievements which just-
ify this award were not only made 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-
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
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.

Note: The Captain Robert Dexter Conrad Award was presented to Dr. Page by Rear Admirel
Rawson Bennett ot the Symposium banquet on March 17, 1989,
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TOXICOLOGY IN RELATION TO NAVY MATERIAL rROBLEMS

Cdr, J, Siegel, M5C, USY
U. S. Navy Toxicology Unit
National Naval Medical Center
Bethesda, Maryiand

The rapid development of new materials and military chemicals
and the concurrent development of nuclear-powered submarines and
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 withcut 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
wee doesg not apply. Closely related to the submarine problem, {s
the protlem 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 uti{lization of the materials by the fleet,

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

asked:

1. Does it meet performance sbjectives, and

2. Is {t potentlally toxic?
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DEFINITION OF SUBJEGT

For the purpose of this presentatfon, only that purtion of the
Navy's toxicology program pertaining to militzry chemicals will be
discussed. Many of these chericals and related materials are new;
others are well known substances being used in & new way. Soms are
exotic in nature like tho high energy fuels; others are run-of-the-
mill compounds like carbon tstrachloride and freon., They ell have
a common aenominator in that toxicity is an unwanted property.

Several examples ﬁay be ngseful at this point to indicate the
range of our interest as follows:

MATERIALS f USE
1. Triaryl phosphate hydraulic To replace petroieum based
fluids hydrauvlic fluids
2. Waterless hand cleaners Conservation of water in
submarines
3. Exotic fuels Missile propellents
4, Red fuming nitric acid Oxidizers for propeliants
5. Rocket and missile decom- Weapons systems

position products

6. Freons Refrigerante

7. Pire extinguishment agents For use {in polar regions
8. Rubber-based paints Navy wide

9., '"Teflon" (plastics) Coatings, gaskets

These {1lustrations will serve to indicate the diversity of
materials on which we are called upon to make toxicological evalu-
atiocns, At the present time, we are involved in evaluating approxi-
mately 150 materials, over 100 of which are tied in with the fieet
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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BACKGROUND

As a result of the leyte and Bennington disasters in 1953 and
1954, an intensive search was started by the Bureau of Ships for
substitute non-flammable hydraulic fluids which would meet perfor-
mance requirements., HMany compounds weiré screened aud iu june 1554,
ne material, a triaryl phosphate compound (T.A.P.)} appearad to
stivw promise from su engineering polnt of view., One major question
had to be resolved firat, and that was the question of toxicity.

The Bureau of Medicine and Surgery was requested to come up with a2
fast answer to the following question: Could thias new hydraulflc
fluid be used without limit aboard carriers from the texicity point
of view? The predicament we were in is shown Iin figure #1. Not only
did we not know the composition of this material, the manufacturer
did not know {t either! Only extremely meager information was avail-
able on the oral toxicity of these types of compounds, but nothirg
was known about inhalat{on toxicity or skin absorption toxicity-----
our main intereets, ¢ methcds were available for detecting and
measuring the minute --~-- yet physiologically significant -------
quantities of material which might be generated into the atwosphere,
end even if the concentrations would have been meazured, no standards
Lad been developed or proposed.

It {5 not the intent of thig paper tn Adelve {nto the complicated
mcde of action by which the organo-phosporous compounds act on the
body. Suffice it to say, there was enough *'smoke' to indicate that
expnsure of personnel to an unknown mixture cf organic phosphate

‘compounds wlght be extremely risky.

This hydrezulic fluld problem pointed up our weakness in the
field of toxicology. The mechanisms which were avallible were too
slow &nd cumbersomc; they were not conductive to 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 committee on toxicology of the national research
council, This committee has always been of great assistance to
BuMed, anu 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
=issicn, waws the performaice of crash projects by the Naval Medical
Research Institute, Bethesda. However, because of lack of over-all
adequste mechanisms {t was two years before we were finished with
the aircraft carvier hydraulic fluid problem,

AR o L AL D 150

T e O 8 L it 120 s s 4 bk enaen oo e

!



Siegel

UNKNOWN
/ ,"—'"\

SxN TOXICITY | PERMISSISLE
LMTS 8 HR
DAY, K4 N\
. / '

. 7
BCLTE TOXICITY

INHALATION
/SHORT Expoeuy/\

TOXICITY
\
CONCENTRATIONS
EXPECTED ABOARD
o

/

7

METHODS OF

..... N/
\ 7
KNOWN—”;”'./

L TYPE OF COMFOUNDS IN MXTURL
2. ORAL TOXIKCITY OF TRI-O-CRESYL

PHOSPHATE.
3 INHALATION OF INSECTICIDES OF
THIS TYPE ARE CONSIDERABLY

TOXIC.

Figure 1 - Nonflammable
hydraulic fluids



Siegel

The need for better mechanisms was obvious, fer {t just didn't
make z2nse te arrive at critical decisions affecting the heal:zh of
personnel, and costiiig a considzrable smount of money, without basic
data, Nor did it make szenss to begin to Jeveiop the needed toxicity
data only after the msterial was placed intc service-wide usage.

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

STEPS TAKEN TC PROVIDE INFORMATLiON
ON POTENTIALLY TOXIC MATERIALS

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

2. SECNAVINST 6260.4 - May 1957 ~ Establishment of
Toxicological Informati{in Certer - N.R,.C,

3. Establishment of liafscn with each bureau and office
4, Establishment of U, S. Navy Toxicology Umit - Jan 1959
S. 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. 1% sets out step by step the
responsibilities and actions required of the varifous bureaus and
offices {nvolved, When a toxicity problem is submitted to BuMed,
the following machinery is set in motion, figure #2,

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

2. If insufficient information is available, (a) BuMed sends
back 2 tentative evaluation with tentative precautionary measures
via The Office of Naval Research, and (b) The problem is referred
to the Yoxicological Information Center and/or the Committee on
Toxicology of the National Research Council,
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3. 1f on the basis of advice from BuMed, the requesting bureau
decides to spoasor toxicity work then BuMed assists in setting up an
adequate toxicity protucol, This is usuaily done in conjunction with
the Office of Naval Research if a contract is to be let,

4. Tf *he nrh‘onr {ia urcant RuMad mey a2et up = pvant P:Cj?--:i:

at cne cf 1its medical research laboratorins.

S. Pinally, BuMed re-evaluates the toxicity of the material in
light of the additional fnformation developed by contract and/or in-
service studies and gands back to the requestor a complete estimate
of the health hazards involved together with recommended precaution-
ary measures.

JOXICOLOGICAL INFORMATION CENTER

The second major step taken by BuMed was the anearheading of
the establishment of a toxicclogical information center as part of
the National Research Council. This center {s 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
1657, 1Its major function, as the name 1mplies, is to provide a
central source of toxicological information and advice on military
chemicels.

The center got underway in February 1957, just twc years ago.
During this period it has worked up 20 toxfcity reports for the
Navy aloné, The speed-up in obtaining snswers has been amazing,
Ingtesd of the previous average of 1 to 3 years, we are now ob-
taining answers in 1 to 3 months, This {8 a ¢ribute 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 Offfce to the Toxicological Information Center.
Al] bureaus and offices were asked to refer their problems to BuMed
through designated liaisons established at bureaus and offices.

U,S, NAVY TOXICOLOGY UNIT

The Toxicological Inforwation Center is essentially advisory
in nature and is intended to supplement rather than supplant cur-
rent toxicological activities In the Navy, It is a pap=r organization
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and performs no research, animal testing, or laboratory work. Ths
Navy oxicology Unit was established to provide this missing linok.
BEfforts to obtain needed laboratory and field data through estsh-
1ished mechanisme have vroven unsuccessful. The type of data needed
was inhalation toxicity data over prolonged periods of explosure for
30, 60, 390, or nore days. was weis unavis o intsrest comtractore in
these types of studies for {t apparuntly introduced extremely com-
plicated administrative problems involving round-the-clock operations.

The Navy Toxicology Unit was established by the Secretary of the
Nevy on 1 January 1959 as an activity under the managemant control cf
RuMed, It will cccupy 3600 square feet at the National Naval Madical
Center, Betheeda, and will be staffed by 4 officers, 10 enlisted and
5 civil service parsonnel, The initial funding is being provided
primarily by BuShips and by BuOrd's special project office for the
Polaris Missile; personnel and space ere being provided by RuMad,

The mission of the unit is to provide rapid, practical ansvers
to toxicity problems. The animal toxicity tests will be of a
"crash" nature and all problems will be handled on an urgent basis.
The philoszophy will be such as to stop the work as soon as suifficient
data are developed for design purposes and operational needs, Al-
though adequate for operational purposes, the data developed will
net have the comnletenass or finaase required of basic research,
This type of data should nevertheless enable the various buresus
and offices to proceed intelligently with their procurement plans,
and the deaign of new weapon systems, The two major spheres of
operation of the Navy Toxicology unit will be:

1. Fleld testing during sctual operations, and
2. Animal and Laboratory studies,

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

It is ocur hope that this new toxicology unit, by being con-
tinually i{n a ready state, will be in an excelient wosition to
provide rapid toxicity answers to urgent problems so that lead
time in weapons development car be reduced to a minimm,

AN
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BuMED' PHY ON P 1 C_MATE

The Bureau of Medicine and Surgery is charged by Navy regu-
lations with maintaining the health and safety of Naval Personnel,
To achieve this end it sets heaiih standards and prescribes pre-
ventive precautionary messuras whenever hsalth {s threscened.

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 i{s our belief at BuMed that almost every material ------
regardliess of its toxicity ------ can be handlsd without hazard
to health, It should be noted that BuMed does not forbid or
prohibit the use of materials. It advises on the health measures
that should be instituted if the material is to be used without
111 effect to personnel., These health measures include limitas 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 parsmeters for design and operetions. The
chances are good that our estimate will be in the right ball park,
1L not 3lumd center. It Lz our belisf, not orizinal with usz, that
"a preliminary analysis based on fincomplete data may often be much
more valuable than a more thorough study using adequste data,
gimply becsuse the crucial decisions czmnot wait on the slower
atudy 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 toxicelogy. It is hoped
that through these 5 mechanisms we will be able to provide you
with fast, practical answers in the field of toxicolegy.

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

* Methods of Operations Research, by Philip M. Morse and George
F. Kimball, John Wiley and Sons, Pirst Editiomn, 1950,
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TOXICOLOGY MECHANISMS AVAILABLE

PAST PRESENT PUTURE
1954 1958 1959

COMMITTEE ON TOXICOLOGY N.R.C. X X X
ARMY CHEMICAL CENTER (LIMITED) X X X
O.%.R. CONTRACTS (PRIVATE LABS) ; X X X
.HEDICAL RESEARCH INSTITUTE (LIMITED) X X X
SECNAVINSTR 6260.2 - X X
TOXICOLOGYCAL INFORMATION 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
potentisl. It takes time to run animal work. We would like to keep
parallel with your requirements sc 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,
10 l’
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APPLIZD TO MATERIAL

H AND SELLCTION

Ee Jo Nucci
Office of Electronics

Office of the Director of Defense Research and ingineering
viashington, D. C.

v.hen asked to particimpate in this symposium I was very
gratified for it offers me an excellent opportunity to present my
thoughts on the urgent need for accelerating reseirch on new
naterials tc 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 ol
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 structural and
propulsion requirements of missiles, But far less emphasis--indeed,
far too little--has been placed on research to provide the materials
necded to make electronic equipment that can be ;roduced 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 technicues and elecironic components,
vhich to my way <of thinking is a2 serious one, li¢ are asked t¢ facs
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 only say that persons advancing this argument are misinformed
or, perhaps, are taking too narrow a viewpoint, for the facts do not
bear out this conclusion,

11
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I suggest that an analysis be made to determine what costs
of development and :sroduction are atirioutable to component derating,
circuit redundancy and other special design techniques-——-perhaps
better labeled "design dodges”—-which are necessary tc obtain even
partially acceptable relisbility. Similarly, we need to determine
the costs ol critical mechanical design and construcbion technigues
that are reeded to crowd all tiie required components into the ever-
shrinking space available in high-performance aircraft and missiles
and to reduce the internal environmental levels, such as temperature,
shock and wibration, to a level commensurate with the capabilities
of availiuble components. Do we realize how much money, manpower and
facilities are used annually in testing available cempenent 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 reliabilitv of some of our so-called
"modern" electronic systems and compute their logistics supply
and maintenance costs,

then all these factors are objectively considered, there
are certain unavoidable conclusions., It costs a fantastic sum to
produce and maintain todey'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,croximately one humdred million dollars. This amount
would buy more than 200,000 home television receivers of high
quality. Of course, we can't be sure how much the costs would be
reduced by an adequately supported program of research in materials
ond electronic components, but I am confident that such a program
would save us many millions of dollars every year, perhaps more than
one hundred millicn,

In FY 1958, the combined expenditure of the three military
departments for supgorting research in the area of electron tubes
and component parts amcunted to roughly 73C million., This is only
3/l of 1 percent of the approximately four billion dollars spent on
developing and producing military electronic equipment and systems,
Tnis imbalance is more slaring when we consider the annual
expenditure for maintenance, which for fiscal year (FY) 1960 is
estimated at (8.5 billion and about 25 percent of this will be

charjed to electronice systems maintenance,

Now let's look at some problems of operational weapons
requiraments, for both today and the future, and try to correlate
the role of electronic parts and materials research with the whole.
In what respect are these recuirements so demanding? (1) There is
a continual demand for more electronic functions with better

12



fiucci

performance, and all within the same size envelope as before, or
even a smzller one; (2) aircraft space travel and satellite
operations are establishing reguirements for much longer missions
(in time) that, for some period to come, will demand unattended,
failure-free OpbrathH. On the other hand, ground eguipment for
survellliance, air dei:zpo=, guidance and weoapen control; as well as
communications systems, will have to be much more relisble than ever
before, in v1ew of the time compression resulting from new teapon
cupubilitizs. (2) In many cases, the operational environments of
the future :ill be much more sevcre, for inctance, with respect to
temperature, nuclear radiation, -acceleration, vibration, etc.
furthermore, somc pgicces of the anironmqnt flcture are still
unknown, or not known very well,

liow the tirst of these problems is, "Ho. critical is the
situation?" Based on its present orbit, the most recent Vanguard
weather satellite is expected to stay up there for a period of 10 to
10C years, Yet how long will the ¢lectronic ecuijment perform
satisfactorily? Next, -shat are the con=iderations for a moon
vehicle? Since a one-way trip to the moon is raughly 23 days, the
over-all system requirement for a 95-percent assurance of reaching
the moon is of the order of 50 days mean time betieen failure (HTBF);
if :c vant a 99-percent probsbility of success, in view of the
tremendous cost of this type of operatinn, the MIBF design reaquire-
ment would be something like 250 days. .hen we consider a 250-day,
one-way trip to lMars, with a 99-percent probability of completing
the trip vwith no ecuipment faijure, the MIBF recuirement for the
system becomes fantastic--about 25,000 days, or rourhly seven years)

What will the environmental wvroblems be? ‘!ith high-
perforaince aircraft and missiles, again for penetration of deep
space, ve face the need for equipments fabricoted from parts and
rmaterials thut are resistant to the effects of high temperature,
nuclcar radiatien, vibr-tion, acceleration and pressure. ' 'hereas
up to no. we were striving for relirble operation at 859C to 1259C
and =re ncw interested in the rangze from 3509 to 500°C, ve are
looking forvard to future requirements for prolonged exposure at
temperatures on the order of 12009 to 2500°F,

“lectronic equipment for power control of nuclear-
propulsion systems vill be built in close proximity to the reactor
to avoid the coxtra weight recuircd by shielding. At the associnted
speeds, extreme vibration and acoustical noise are generated., I
could mention still other envircnmental factors that must be taken
into account in designing electronic ecuipment for advanced systems.

13
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And, Lo 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 wjill change the mode,
pattern and stress levels of failure,

Thic 1cads me tc a2 very important c2pest of this problame—a
the expectation that we will encounter new and unknown environments
and the need for anticipating the conszquent requirements., 1In
reaching for new capabilities (such as higher power ocutputs and
higher missile and aircraft speeds for probing outer space), we are
continually meeting new environmental conditions, \ie 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 probolem of the
uninown environmental aspects, aggravated by the mixture of these
unknown factors; is perhaps tougher than the problem of developing
parts and materials tc very high knovm levels,

Coming down to the practical needs of the moment, can we
meet some of our new requirements with present-day parts, 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 125°C, we can
cocl the units or compartmenis to achleve a degree of sucscess,
However, there is a penalty—and quite 2 substantial one--in temms
of the weight and space taken up by the oversized parts, blower
motors, refrizeration units and blocks of heat-sink material, plus
added power for cooling and oversized propulsion plant to compensate
for thc additional weight. Ve 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 increcase results
in an increase in power plant weight in the order of 300 to 1. The
obvious inference is that the use of parts and materials specifically
designed 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 arez 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 previousiy
mentioned environments,

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

In the field of component rellability, again, new mission
requirements and demands for higher performance lecading to increased
complexity are causing our people in component-parts work to think in
terms of failure rates on the order of 0,001 persent per 1,000 hours
for future designs, as compared tc present fi; .~ s of 0.2 percent to
10 percent per 1,000 hours, 1In the past, we tried to meet our
systems requirements mainly by using available parts and materials
and designing around deficiencies. Thermal design, redundancy
techniques and d erating to a permissible failure-rate level have
helped us thus far; but--let's face it}-—— ecuipment and systems
employing parts and materials now at hand have just about reached
thelr ultimate application.

The only hope for fulfilling new requirements, which will
surely demand greuter reliability by at least an order of magnitude,
lies in carrying out research on bzsic roperties of materials and
new design concepts based upon total iw.cticnil 3yatems requirements,
It is not enough to gain marginal improvements through rigid
‘engineering discipline applied to availavle circuit elewents., Only
by achieving major breakthroughs can we succeed. Vwe have seen this
principle demonstrated before, pernhaps to A lesser degree than is
needful today. The atyrenas, the glaas capacitor, teflon and ferrits
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 religble 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 tubes in 13554 to the presently used higher quality line,
there has been an 1ll-to-l improvement for aircraft applications and
a l2-to~l 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 breakthroush 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 attuntion
was focysed 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 improvements I mentioned and with the advent
of semiconductor diodes and transistors in their electronic roles,
the failure Adistribution of clocironls parts has changed. Desile
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 Irogram. Those of you familiar with
this effort know that the first objective is to develop micro-modules
utilizing available techniques and matierials, then to improve the
module capability to meet requirements for higher temperature,
greater reliability, etc. It is interesting to me that 21 sub-
contracters are materials suppliers offering advanced material:z., It
is also noteworthy that the research and development program proposed
by the Signal Corps, which is necessary to provide the back-up to
the present effort and to prepzre for future requirements. This
projected effort consists mainly of materials research.

i 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 breaktnroughs in the near future. Closely
allied to these efforts are development and research efforts on
fabrication techniques, which may prove 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, Ve are thinking in terms of thin
films and solid circuits employing molecular elements for redundancy
and greater reliability. Ve are working out technicues 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
components and the numerous connections needed--promises to make
possible further miniaturization and improved reliability. Only
through these efforts will we achieve objectives such as obtaining
microscopic sized filters of virtually infinitc "." (limited only by
dielectric loss) or a 3-inch-cube, solid-circuit com;uter with a
storage capacity of a billion bits. Following present trends, the
future technology vill employ the basic electrical nature of matter
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to nerform electronic functions,

I do not wish to give you the impression thst I feel all is
fine, so let's relax., FIresent rescarch and developmznt efforts are
very encouraging, but there is still much to be done, Once the
feasibility of an item is established, we must then conduct follow~-up
development to im .rove these new devices so that they will withstand
the prevailing environments and attain, the necessary reliability
levels, Furthermore once these items are developed, test technigues
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 size and weight of the associated
refrigeration equipment; in solid-cirecuit com. uters, the input and
output techniques and the required power supply.

Recognizing the importance of suprorting research programs
in the electronics parts, tubes and materials area, the Deputy
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 materids
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 ‘fdvisory Group on Electronic Parts.
This publication is -z21l2d the Invironmental Reguirements Cuide for
Electronic Component Parts. Moreover, all rescarch 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 develorments and to speed up
systems programs, it is most important that details of new applica-
tions be quickly disseminated to the hardware designers. Ve 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 d evelopment 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
tvo to ten times the rate of normal progress.
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The Advisory Group on Electronic Parts recently issued a
repert entitled "A Capsule Summary of the AGEP Program in the Area of
Zlectronic Parts and Materials." Copies of this report as well as
detailed information on specific projects can be obtained from the
Secretariat of the Advisory Group.

In this matter of dissemination of infermation I understand
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 AircraftIdustries Association and the Electronic
Idugtries issociation with lists of new xi-eport-s on file at ASTIA.

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

I'd like to leave two thoughts with you. First, our
abillty to meet future requirements for electronic sjatems will
depend significantly upon new developments in materials, process
control and fabrication techniques. Seccnd, the speed with which
new principles, techniques and materials are used will be a function
of the time required to make known the zvailability of the new
application data and associated design techniques,
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DEVELOPMENT OF URETHANE PLASTIC FOAMS AND INORGANIC
CERAMIC FOAMS FOR PRECISION RADOMES

Dr. Howard' R. Moore
U. S. Naval Alr Development Center
Jonnsville, Pennsylvania

Radomes (radar domes) are aerodynamic housings to protect
the antenna and assoclated electronic equipment from the air stream,
so designed as to transmit maximm radar epergy 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 serodynamic requirements,

Radomes may be classified broadly as "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 nose radomes are in-
stalled in the Navy's P2V bomber and WV-2 Super Constellation,
Search racdomes approximaste the ideal hemispherical structure shown
in Figure 1 since these configurntions are characterized bty minimum
pattern distortion, rhase delay, and refraction of the radiated beam.
In this sense, hemispherical domes may be considered broadly as 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 anterna 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 guidaence
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 1 - Schematic designs of three
precision foamed radomes
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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 reflecticn, 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 "finenesa ratios" of precision domes, expressed in terms of
the ratics of their altitudes to base diameters., Fineness ratice for
ths ogive and conical shapes shown in Figure 1 are 2.210 and 1,375,
respectively. Ogive shapcs are more versetile than conical types in
this respect, since their continually varying radii of curvature per-
mit the transmissiorn of radlation at slightly higher angies of inci-
dence than their average angles of séan.

Although it has teen demonstrated that both ogive and conical
domes can be designed to give 9C percent and even higher power trans-
mission at design microwave incidence angles of 70 to 85 degrees,
corresponiing to progressivz increases in fineness ratios and aero-
dynamic efficiency, this approach scon recches a point of diminish-
ing returns heemause of sbrupt reductions in power transmission at
angles of incidence ranging from zero to 6D degrees. These unfavor-
sble results can be mitigated by sharp reductions in wall thickness,
and by increasing the dielectric constant of the materials used in
fabricating "haif 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 #7.005-in., However, still tighter fabri-
cation tolerances of #0,002~in. are required in the thickness of the
facings for precision sandwich structure conical aand/or ogival dones
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 frocm a considerstion of
transmission curves and numerical 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 design permits more eccurate tracking of the target than
sandwich designs. This favorable result was believed due to better
control of variations in phase delay ¢f emergent rays within limits
consistent with maximum 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. Mureover, the cdesign thickness,
41, of half wave domes is independent of the power loss (loss tan~
rent) in the dielrctric, and msy be readily calculated from the
equation
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dl = A' ——— (1)
2 € - sin“e

wvhere the free space wavelength, )l;is 1,26 inches for X band fre-

quency 9375 mec; &, , the dielectric®constant of the radome wall; and
®, the design angfe of incidence.

Desplte the greater thecretical and practical justiflcaticn
for half wave versus sandwich structure radome designs, the nose
radomes of the Navy's F4i% interceptor and F11F fighter are presently
based on plastic sandwich structures with glass reinforced horneycomb
cores and facings, The greater weight penalty in using solid helf
wave structures was undoubtedly a factor in the adoption of sandwich
designs, For exagple, a radome wall of this type 0,32-in. thick
weighs 2,92 1b/ft<, as contrasted to 0.88 1b/ft< for & plastic sand-
wich construction based on honeycomb of 9.9 lb/cft density and glass
reinforced facings 0,03-in, thick., HNevertheless, there was no alter-
native to the use of rigid urethane foamed-in-place (FIF) foams in
the nose sections of all catege>les of precislon radomes of thie
type, because of the impracticality of machining plastie honeycomb
to sharp radii of curvaturs, This circumstancse emphasizes the need
of increasing the strength of FIP cores to the level required to

Justify their substitution for honeycomb for the entire sandwich
structure,

Several ycars ago, the Emerscn Eiectrlc Company demonstrated
the reduced torcsight siror obtained by suhstituting rigid urethane
foams of 10 to 12 1b/cft density for honeycomb cores in sendwich
structure domes ( 2 ). At this time, Rehrens called attention 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 Mamufacturing
Company subsequently confirmed Behrens'® calculations in the design
of the now obsolete lark surface-to-alr 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 repeir 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 designa 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 addliiives could be
incorporated in both plastic and ceramic formulations to raise the
dielectric constants of the foams tc any desired level, within the
range 4 to 10, to mateh the dielectric constants of the sandwich
facinge within the same range. The envisioned sandwich structurcs
should then possess the advantages of 1ight weight and high strength/
weight ratios, and function eleetrically ir ihe same way as presently
used solid wall half wave structures,

Part I is a review of the present status of materlals and
processes investigations conducted by this Center on improved urethane
plastic foams. Part IT is likewise a brief summery of contract
studies on ceramic foams carried out by Professor A. J. Metzger and
his assistants in the Department of Ceramic Engineering, Virzinia
Polytechnic Instituts, from 1950 tc the present time,

D w T
s

4 Chd W
Urethans Tlactic Foams

. This research relates to the development, first, of low
temperature-viscosity cycling processing techniques to increase the
degree of crcas linking of unesterified hydroxyl and carboxyl groups
in foam 1esin compositions; and secondly, the synthesis and evalua-
tion of four classes of fosming resins based on widely different
functionality patterns of interacting poly~ and monofunctionsal re-
actante,

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 corndensaticn of orpanie diisoerarztza, such us
toluene diisocymnate (TDI), with partiaily ecteriliei alkyd resins,
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
AMrcraft Corporation develcped a constant temperature process by
which the preferred resin, Alkyd 100, later offered to industry as
Selestron 5922 by Pittsburgh Plate Glass Compary, was reacted at
temreratures of 80-85°F for 32-35 mimutes until decarboxylation was
firmiy zstablizhed, 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 wes well adapted to the mamufacturc of rademec
since the increased induction tims to foaming ellowsd remavil of air
bubbles and accurate placement of matehed dies before pouring. Never-
theless, a study of tha Coodyear revoris incdicsied that ..i-irarable
improvements were needed in upgrading the cross linking efficiency
of free carboxyl groups in the resin before the newly expended foams
were immobilized by gelation, Thus il was fourd that Zommed radcnes
based on recormended materials and processes specifications ( 5 )}
were subject o usiontaneous blistering and delaminaiion in service
and on prolonged storzge ( 6 ). This effect could be produced at
Yill)by subjecting foamed radez~t tv a second post-curing operation

7 Je

Similar evidence of incomplete cross linking was obtained

" by this Center in foaming severzal lark radomes with the lockfcam

A-210 quick-mix formulation for a training course on foam repair
methods { 4 ). Thus it was found necessary to cure foamed~in~-place
(FIP) patches for 3 hrs. at 175°F, considerably below the recon-
mended cure temperature of 225-250°F, to prevent Immadiate vost~
curing blistering snd delamination effects.

In seeking the reasons for the post-curing evolution of
CO2, Goodyeer Aircraft Corporation concluded that the foams con~
tained substantial amount of partially cross linked polymers of the
type

0 0
] 1]
OCN - R' - NH& ﬁdp ~0C-N-R'=-¥.-C-OR- COOH
5! i ] oM

This conclusion was bagsed on the following observaticns:

1. Ismersion of cured foex ~zuasd 8 seccndary expension
of 40% and a 4O0°F rise in heat distortion temperatures.

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

These experiments proved the existence of free NCO and COOH
groups in cured foams. Since primary urethsne and amide linkages
are resistant to hydrolysis, the relatively high water vapor ab-
sorption of the fcams at 160°F 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 resesrch was then to devise proces-
sing techniques capable of minimizing the occlusion of partially
cross linked low molecular polymers in the cured foam. 1In devising
these techniques, it appesred desirable to stavilize the viscoaity
of the condcnsate for as lung a tlme us possible in consideration of

Vit

Hebermehl's findings ( 8 ) that the rate of viscosity increase in
such cystoms is so rapld that not all fres groups can possibly react
due ¥2 eteris hindrance effccts caused by the rapid increase in

molecular sizee.

In achieving this objective, due consideretion was given
the need of gsomehow compenssting for the higher TDI resctivity of
residual water of esterification in the resin and unesterified
hydroxyl groups, as expressed by Bayer's reactivity series

HN"H ) HO*H ) RO<H 2 RCOO*H 7 CgHsO-H > HC-H

In this respect, it was concluded that neither Bayer nor American
investigators ( 9) had optimized the selection of polyfunctiocnsl
reactants, starting OH/COOH functional group ratios, and the degree
of es*sarification of these groups in synthesizing resins. A de-
sir- balance of these factors presumably might reduce the steric
nind.ence of adjacent free OH groups in branched polymers, and point
up the edvuniages of controlling the degree of branching 4o reduc
the competition of these groups for TDI in the production of foams,

Goodyear 's asuccess in obtaining a 1004 improvement in the
tensile strengths of foams hased on Selectzon 5922 rrovided further
incerntive for a resin development program, This resin was made
merely by rajucing the starting OM/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 Desmopher 800S ( 5 ). FHowever, Selectron
5922 still contrine an undesirably high OH/CCOH free group ratio of
11:1, as computed from analytical determinations of 475 ard 44 for
the hydroxyl and acid numbers,

As a result of thies survey, a research rroposel was drafted
for the synthesis of 100 partially esterified alkyds of widely dif-
ferent functionality patterns devending 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 Ordnunce Laboratory
(NOL), White Oak, Md. would prevare the resins in accordance with
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the principles delineated by the proposal, The National Bureau of
Standards {¥8S), in turn, would determine the physical nroperties
of resulting foams in accordance with improved processing techniques
developed by this Center.

Process Develorment

The main goal in process studies was to develop long time
mixing cycies ¢epable of generating a sufficienlly low pour poini
viscosity to offset the need of adding solvents, such as acestone-
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 unicellular foam structure after cure. Secordlr. 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, whiie sti1ll mobile, before gelation of the

expanded foam,

Both of these objectives have been reslized by various low

< temperature processing cycles, wherein pulverized Dry-Ice served as

a refrigerant to conserve a sufficient fraction of the total poten-
tial exothermic heat of the system, in early stages of ths condensa-
tior, to activate more complete decarboxylation on cessatlicn of cool-
ing, as 1llustrated by the reaction

NP Bt _
HO-R-COOH + OCN=R?$~NCO —3 OCN-R! 1:1-8—0-9 ;?OH
. HO OOH
q
(intermediate unstable acid amide arhydride)

OCN-R'-N~C-R-OH + CO»
[

(polyamide )

In this connection, it is pointed out that the C02 gas liberated by
the sublimation of dry ice solid COp dces not contribute to the ex~
pansion of the foam; the gas is promptly expelled from the bateh,
thereb{ insulating the reactants from ambient air of varying moisture
content.

Carbon dioxide snow obtained by sudden release of COp gas

from inverted cylinders and pulverized Dry-Ice from 50 1lb blocks may
be used optionally in these proceases if precautions are taken to
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ntore the material in a vented dessicator or Nevwar flask to prevent
the ingress of moicst air. Moisture added in this way supplementisthe
quantity of linear polyureas formed, due to residual water of ester-
ification in the resin, in accordance with the TDI hydrolysis re-
action '

noH

Vo

2 OCN-R-NCO + H20 —7 OCN=R-N-C~-N-R~RCO

cyanate groups)

o~
i)
§
b
»
)
L o
pole
&
j
{D
=2
bdo
[ ]
Q

Obviously, the conceniration of linear polyureas should be held to a
minimm because of their plasticizing action on der’ved foams.

While it is true that equivalent results, in terms of foam
product properties, were obtained by intermittent outside ice-water
cooling of smell batches of condensates based on normal reacting
resins similar to Selectron 5922; early experimenits proved thai there
was no alternative to the use of solid CO; in removing exotherm from
highly reactive NOIL 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 varying TDI reactivity.

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 sdopted as the comparison standard.

Complete details on the remaining six mixing schedules in-
vestigated for Selectron 5922 are given in a detailed report on both
?he theoretical and practical aspects of wviscosity cycling methods

10 ).

At the sutset, due emphasis should be given the fact that
the mixing schedules cited by Table I were predietermined by the
relatively high solidification temperature, 69.8°F, nf the meta
(2,4~) iscmer 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,A°F and 35 to 41°F, respectively, have been offered. Theoreti-
cally, these isomer blerds 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 Tlecosity urethane linkages with the following Nos. I and

IT hypothetical configuretions: H3C
R\ ocrx(\]N "G70 }
HyC py-¢=¢0 (1) e cooy (D
\-—, i n J—_ !
H-Om¥~COOH | L\u’) A1
OH
(TalZTn cavmmdblao o V2 ovo o
[{Terile urcthane linkags {1abile yrethane Jlndage
‘from 3,5~ {somer) rom 2,6~ isomer

should then develop higher tempsratures on cessation of coolinz with
resultant more complete foaming (decarboxylaticn) reactions,

The lot of Selectron 5922 used in determining the effect of
different mixing schedules required 0.37 grams of TDI per gram of

resin, as calenlated from the sguation

W
gns TDI _ _ n+h p .
gms resin 1/2 [56,100 T JDOJ 174, (2)

where n and h represent the acid and hydroxyl rumbers, 44 and 475 as
determined analytically, and Wp the weight percentage residual water
of esterification, 1.5% as obtained by the Dean-Stark msthod.

In further reference to Table I, Methed 1 exp. was developed
originally as a screening test to classify NOL resins intc three
groups of "normal™, "fast",  and Pevery fazt" TDI reactivity relative
to Selectron 5922 adopted as standard., The procedure in this case
was to maintain temperatures of 80-35°F until the end point of TDI
compativility, as indicated by the initial formation of a one phase
system in spatula smear tests. At this stage, cooling was stopped
and mixing contimued until decarboxylation was firmly established
subsequent to reaching a viscosity minimum considerably below the
compatibllity viscosity.

Mothod 1A exp., was identical witk the above procedure, ex-
cept that prscooling temperatures of 70-72°F, slightly above the
cerystallization temperature of 2,4-TDI, were maintained to the end
point of conpatibility before allowing the rsactisn to zroceed on
its own exotherm,

Method 2 exp. was similar to *the prior art constant tem-
perature method "Y" in failing to develop a viscosity minimum. This
method, ostensibly developed to convert very fast reacting NOL resins
to foams, was carried out by precooling the resin to temperatures
5 to 10°F below the 2,4-TDI crystallization temperature of 69,%°F,
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and maintaining these temperatures for 12 ¢c 11 minutes before dis-
continuing solid C0p additions. GSubsequenti siow meltine of the TDI.
crystals slowed un tha reaction speed, but the ierminal incipient
feaming viscosity was too high to yield foams of acceptable texture
and physical propertios,

These resulin empniasized the poteniial unselulness ol lhe
lower mslting 2,4~ 2,6-TDI isomer blends, cited a2bove, in achleving
true compatibility at a lower temperature range.

whod 3 exp. was carried out by continued additions of
solid COp for 17-18 mimutes beyond the end point of compitibility
tomnoratures of 70-72°F. At this stage an abrupt increase in vis-
cosity tvok place, conceivably due to the transition of secondary
labile urethane linkages to primary types. Thereafter, on ceasation
cf cooling, mixing was continued until foaming occurrel subsequent
to the attainment of a viscosity minimum of about 300 poises.

Characteristically, each of the solvent-free methcds of
Table I developed minimum viscosities before the condensates gradu-
ally changed in appearance from transperent amber to a white opaque
color due to the evolution of CO2 bubbies throughout 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 rapld rate than the incresse normelly attending cross linking
reactions, This phenouenon is advantageous since it permits the
preperation of condensates with low pour points, not exceeding 490
poises, to obtain rigid solvent-free foams of improved physical

properties,

Incidentally, the prior art methed "X" of no temperature
control is also & viscosity cycling process in consideration of the
recorded minimm of 35 ps prior to attainment of the foaming thresh-
old at 90 ps. However, the mixing time, 10 minutes, was so short
that a major fraction of the total exothermic heat of reaction was
trapped in the expanded foam, The resulting high internal tempera-
tures frequently caused cracking and incipient carbonization of
thick reactions of the foam, Users of this process (1l ) have
recommended 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 3 - Plastograph used in mixing alkyd-TDI
condensates by the dry-ice method
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Figure 4 - Typical plastograph recording of condensate
viacousity to the pour point
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Figure 4 1s a typi~al Tiastograch chart recording of con-
densate viscoslities and temperatures as a function of time for a
clew rescting NOL rocin prepared by Method 1A, This chart illus=
trates a gradual decrease of condensate viscosity from a maximum of
280 metergrams at the end point of compatibility to a minimum of 3%
metergrams, followed by an increase to 125 metergrams where de-
carboxylation was noted, Metergram velunes were converted %o polses
with the aid of a calibration chart (not shown), based on independent
determinations of the metergram readings of NCL resins whose vis-
cosities varied from 50 te 2,000 poises cover temperatures ranging
from 70 to 15C°F.

The automatic viscosity recording feature renders thc
Plastograph ideally suited for determining process criteria; however,
the 525 gram limitation in bateh size and 7000 poises upper limit in
viscosity comprised restrictions not shared by Hobart Planctary
Mixers, fThe main disadvantage of these machines was the necessity
of interrupting the mixing for Brookfisld viszcsity determinations,
but this is no longer a drawback after visccaity variavions fer a
given resin have been established in preliminary tests,

Figure 5 depicts the 1/8 H.P. laboratory size Hobart Mixer
used in procuring sll intermediate and final pour point eriteria,
Much stronger 1/3 to 1 H.P. mixers were required in variations of
the extended compatibiiity procednre, Method 3 exp., developed by
Raytheon Manufacturing Co. in an early sandwich design for Sperrow
ITT radomes,

In general, all viscosity cycling methods, whether carried
out by the release of exothermic heat at the compstibility end point.,
or after reaching an abrupt "peak viscosity" following a visccsity
plateau of considerable duration, were characterized by a pronounced
drop in viscosity followed by a slow increase to the foaming thresh-
old. Figure 6 illustrates this property for cessation of ccoling at
the compatibility end point (Methods 1 exp. and 1A exp.) and an
earlier version of Method 2 exp. wherein solid CO2 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., end 750 to 852 ps for the
long time (75-90 minutes) modifications of this process adopted by
Raytheon Manufacturing Co,

Table II gives the terminal pour point eriteria for 525
gram batches of condensates orocessed by each of six different
methods, 357 grams of which was poured into demountable aluminum
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Figure 5 - Planetary mixer used in vreparing
condensates by internal or external coolin

RSN NN SIS ESEN SNSRI
e R RS S S SR Y
[ METROD 1A WICONTRGLLED LISERATINN OF EXOTEERM O | ‘41%44
1200 | ATTABSND COMPATRBITY AT 12" ¥ R T
METEID 3 CONTROLLED LIMERA pumu T A
-lﬂummlfﬂ . M 4 1
e . o oS
_ ey
P ) ! \ : P R
— : U SRR Y S AU
- - —— g B o - -
ARSI SR ERT A TR
g 00 oy
»
z
8 600
3
5
aco
200
0 e l"“.' 1' L 1] .
22 24 28 28 b o) 32 34 % 0 40 2

MHONG TIRE (MIN)

Figure 6- Typical process curves obtained by hand
and machine mixing
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molds with internal dimensione cf © x 10 x 1-1/2 in, ¢ produce re-
stricted foams of about 10 1b/cft density. Prior to pouring, the
molds were preheated to 150°F to awvoid sudden chilling of the batch.
Freshly poured condensates were then tranaferred to an air circulating
oven pre~-set to 150°F to comnlete expansion and gelation of the foams
within 1/2 hour bafore raising the temperature to 275° for poszt-
gelation cure cyclies of 3 hours.

Helf size batches of pondensetss vere made 4n separsts ox-
periments to ascertain the ranges in expansion temperatures, vis-
cocities, and gelation times of 100 gram quantities poured into quart-
size paper cups. The purpose here was to determine whether increased
duration of mixing was accompanied by inercass? mobility and higher
gelation viscosities of cxpanding condensates. In gensrzl, these
data support a direct correletion between pre-pour and post-pour
criteria on the one hand, an? foam performance properties on the
other,

Table II vroduct data show thatl Methods 1 exp. and 1A exp.
were equal, within experimental 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
eid of a Williams Plastometer. Percentage decreases in thickneass of
specimens subjected to a 1 hour heat-soak at 266°F in a thormo-
statically controlled oven wors found to be 15, 28, 4.5, 2.5, 6.3
ard 1,7 for each of the six processes in the order given by Table II.
Poor cross linking was undoubdadly reeponaibls for Process "Y' re-
sults, while entrapme=t o an appreciable quantily of saastone-Aerosol
0T solvent in "Y" processed foams could easily account for their stiil
higher heat deflection,

As stated above, Table II 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 1limits by outside cold water eirculation
through jacketed Hobart and 3rabender reaction vesseis, Intermittent
cooling with a removable cold water source was usually required,
Further difficulties were encountered in the solidificstion of resin
condensate on the walls of the container, The solid CO, method of
viscosity~cycling bypasses these difficulties. Corneil Acronautical
Laboratory, for example, has adopted preferred versions of the solid
CO2 procedure in preparing 75 1b batches of condensate in foaming
KDM=-1 dronre 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 mndular wmits for
tuilding and housing sonstruetion (13 ).

Confirmatory evidence on the improved cross linking ef-
ficiency of Method 3 exp. relative to Method "™Y" wss obtained by
prolonged (200 nour) exiractions of 25 gm samples of pulverized loams
placad in Soxhlet extractions containing 257 ml butyl acetate., Analy-
sis of the amober colored resin extracts, in amouni equal Lo 7457 and
4535 by welight 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 numbers 137 units for Method 3 exp. This degree of re-
duction in the content of low molecular eross linked polymers with
fre= NMCO, COOY and OH groups, while significant, was considerably
below the level sought for improved foame, Evidently, improved pro-
cessing techniques cannot in themselves compensate for defects in-

- 4 A1, N o]
herent in the compositicn of the resin itself,

Resin Development

In order to obtain data on the effects of variations in the
chemical structure of poly- and mon:T:rnational reactants, starting
functional group :atlio, and degree of esverification in controlling
the number of free hydroxyl and carboxyl groups and the molecular
weights of resulting polymers, NOL made 75 foaming alkyds classified
as follows with respect to the condensation functionality of inter-
acting materials:

Functionality Mumber of
Patterns Reainsg
Class T
(Unmodified Desmophen 3:2,2 28
Types) 3:2,2,2
4:2,2
Class T7T
(Diol or Aibasic acid 3-2:2,2 33
modified tyres) 3-2:2,2,2
3-2,2,2:2,2
342:2,2,2
L=2:2,2*
L= %
3’3-2:2*
2,2:3-2,2%
Class TI7J
(*onotasic acid 3-1:2,2 10
modificd types) L=1:2 2%
2-1:3%

36

Py
Nl

i«



Moore

Fonctionality NMumber of
Patterns Resing
Class IV
(Diol and monobasic 3-2-1:4,2 A
acid Yodified types) 3-2:3=2,2%

*¥lole: 30 formulations based on functionelity palterns
designated by asterislks were rejescted because of
excess TDI reactivity.

The functionality patterns of all reactants used in making
the resins are herein defined in terms of the number of OH equivalents
prasent in the branching alcohols followed by a minus sign and the
integers 2 or 1 if diols or monobasic brancning reducers are present;
these are succeeded by a colon and another inteper, or integers,
separated by commas designating the functionelity of the acids or
combinatlons of organic aclids uscd in making the resins. In this
connection, 1t 1s pointed out that monobasic acids, such as caprylic
and laurlc, are consjdered branching reducers since their first action
in the cooking cycle 1s production of the mono~csters of branching
and dihyGric alcohcls in proportions ecorresponding to the 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 2 fortheoming report (14 ),
which interprets the rhysical properties of resulting foams in terms
of an extension of Flory's theory of branching to partially esteri-
fled alkyds based on starting functional group ratios in excess of
the minima required to produce polymers free from surplus brenching
monomers and branching controllers {15 j.

Unfortunately, due to their high TDI reactivity, 37 of the
75 resins could not be converted to foams because of their rapid
gelation tendencies when processed by Method 2 ext. considerad most
effective of the four experimental processes cited by Table T in re-
tarding the rate of 2,4-TDI cross linking reactions. However, it is
iikely that saiisfectlory foams would have been obtained if the 80/20
and €5/35 2,4=2,6=TDT had been available when these experiments were
performed .,

Table IJI lists the molar vronortions of the reaciants usel
in making four tynical Class T resins and four Class IT types with
functionality patierns of 3:2,2 and 3-2:2,2, respectively.

Column 9 tabulates the percentages of starting carboxyl
equivalents attributed to chort chain aliphatic and aromatic dibasic
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acids in thece formulations. These data were utilizad in Inter-
preting the behavior of resulting foams., Types 1 and 2 acids were
required to counteract the plasticity induced by increased chain
lengths between branch points, due to the use of sebacic acid in
resin formulations 4 and 4-D and increasing proportions of dicls in
Resins Nos. 5-8 inclusive,

The OH/COOH starting equivalent ratioa, r, tebulated in
Col, 10 were obtained from the ratjos'gé, where N; and Np are the

. vy
products of the functionality of the alecohol and acid reactants and
the numbers of corresponding molar equivalents initially present.

Table IV shows that the duﬁlicate "ND" resins are low acid
number counterparts of Resins 1-4, inclusive, whose acid numbers
varied from 60 to 66, Resin 1-D 13 essentially a match focr Selectiron
€022 .

PV

he resins we:c determined by

[t et

e LR ) ~ Ia
the umial methods of allalin and aco'ylsiisn with a 7/1
blend of pyridine and acstic anhydride. The extents of reaction of
c

Acid and hydroxyl rumbers of

ne titratl

e ride

carboxyl group equivalents were calculated from the equation

- (3)
b Np(45,000)
[V}
¥y

where Np 1s the mumber of cerboxyl equivalents in the original form-
lations; 45,000, the equivalent weight of the carboxvl group in
miiligrams; AN, the observed acid number; 0,802, the COOH/KOH con-
version factor; end Wi, the weight of the inf*ial charge in grams
equal to the sum of the products of the molecular wc!-hts and number
of moles of each reactant,

Equation 3 was based on the assumption that the cbserved
ecid numberc repressiil the total [ree 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 numbers below their real values, it is evident that the
reaction extent of €O0H equivalents is given by the quotient of the
rumber of esterified equivalents to the total number of COCH eqiiva~
lents in the starting formilation. The nmumber of esterified egiliva-
lents, in turn, 1s equal to the difference between the number ori-
ginally present per gram of charge and the number remaining per gram
of product as calculated from acid nwsber determinations.
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Column 6 data on the theoretical hydroxyi mumbers, h, of the
resin compusitions were obtained from the formuia

A
[¥) - ]

We

7
NA b4 17,000 X 303 /

7\
\ 24/

where NK' is the number of unreacted hydroxyl equivalents; 17’0005
the equivalent weight of the OH group in milligrams; 3.3, the KOH/OH
conversion factor; and We the final welght, cr yield, of the resin in
grams, ;

Equation 4 was derived from a consideration of the identity
PNy = PpNg (5)

wherein Pp designates the extent of reaction of all hydroxyl group
equivalents, Nj, initially present, But since the number of un~
reacted OH equivalents is the difference between the mumber origin-
ally present and the number that have reacted,

Ny = Ny - Pgip (6)

Further, it is obvious that the theoretical yield cf resin may be
ralculated from the equation
We = Wy -~ Wa (7)

Fe

where the theoreticel welght of aqueous distillate, W3, is PpNg x 18
since one molecule of water is svolvad for cach esterified earboxyl
group. Hence, product yleld is given by

We = Wy - FgNpx 18 @)

Hydroxyl rnmumbers were readily. calculated by substituting equations
5 and 8 data for Ny and We in equation 4.

Calculated values of Wg were always slightly higher than
experimental values obtained by measuring the volume of aqueous
condensate expelled by the reactants dvring the esterificaticn »ro-~
cess. Measured values of Wy were always somewhat less than theo-
retical values predicted by the product PpNp x 18. However, the
order of agreement was sufficiently good to preclude the possibility
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of higher than theoretical quantities of water due tn etherification
rcactions,

Table IV shows that the calculated hydroxyl nimbers were
alvzys higher than the observed values. Much better agreement was
obtained for the Class II types, as expected by the effectiveness of
diol modificavions in reducing ithe steric hindrance ¢f adlzcent hy-

droxyl groups ih uie resin polymera,

Total free group percentages and free 2H/COOH group ratios,
also tabulated in Tablie IV, were computed from the equivalent weight
percentages ratios for carboxyl and hydroxyl groups; namsly,

n(obsd) x 0,802 h{caled) x 0,303
1000 x 100 and 1650 x 100,

vhere 0,802 and 0.303 represent the CCOH/KOH and CH/KOK conversion
factors.

Total free group concentration is a measure of ths poten-
tial cross linking density of ths rssins, and free OH/GOOH ratios
~their foaming capacity. The total Iree group content of Resins 1-4
was appreclably higher than their 1D-4D counterparts, while their
free group rztios were aprreciably lower. These conditiona presage
a high density of TDI cross linking reactions and reduced comzcii-
tion of hydroxyl for carboxyl groups in converting to fosus. How~
ever, the total free group concertraticn in Resins 5-2 wus consides-
ably lower than the Class I types. This circumstance may contribute
to their greater freedom from steric hindrance anc capability for
undergoin more complete cross linking reasctions.

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

-~
e

A = 2
r

fn N
A

derived by Flory for unmodified branched polymers with short growth
chains, The expression
2
Pp

A = F_ PBZ(I_P)]’ (10)

42

N



P
F

‘ ‘ !
«

Moore

also developed by Flory ( 16), was used to calculate the branching
coeffiaients of the remaining four Class II resins with elongated
growth chains,

The factor P in equation 10 is defined by the ratio

f11)

e = Na(v)
! Naw) * Na(a)

where Fa(p) ard Na(a) designate the nmumber of OH groups originating
from branching alcchols and diol branching roducers. From this it

follows that the branching reducdtion factor, i-4, is given by the

inverse ratio

la § = : (12)
Na(p) * Na(a)

Tahle IIT rocords the 1- 0 values for four of the 22 Class IT resins
made in this research whose branching reduction ratios varied over
the range 8,8 to 67.8 percent.,

The branching coefficient, oA as defined by Flory, is the
probability that a hydroxyl group emanating from a tri- or higher
functionality aleohol is conrecled via a linear growth chain to
another hydroxyl group originating from a branching alcohol rather
than to a chain terminated by an unreacted hydroxyl or carboxyl
grcup,

Since it was assumed that hydroxyl and carboxyl groups
have equal reactivity, the probability of formation of branched
polymers with short growth chains 1s the product of separate OH and
COOH reaction probabilities, hence

al = PyPy (13)

for Class I polymers., But if dlols are present, as in Class IT
polymers, the branching probability becomes

PpPpf
% = —AZ (14)
1 - FsPp(i-p) N

Proceeding on the assumption that the reaction probabili-
ties, P, and Pg, 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 enuations 9 and 10
by substituting :B,r for Py in equations 12 and 13,

Incidentélly, Pp measurements should be avoided wherever
rogeibhle. aince analytical determinations of hydroxyl mumber are
auhiset to the magnitude of the steric factor and to variations in
the concentration of acetic anhydride in the pyridine acetylating

reagent.

Numerical values of the branching coefficients, as such,
previde no informatior on the molecular weights or mmbers of branch
points present in thic pclymer 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

typeec: in thic case, for fixed values of Pp and r, the branching
009f1101ent decreazcs with increcsed values of the brenching re-
duction ratio, I-P + Hence low values of & for Class I] resgins
indicete high molecular weights of their polymer components. Linear
molecules, for example, with zero values for ¢ , can attain molec-
ular weights of 25,000 or more ( 16 ), considerably higher than
recent estimates of the molecular weiphts of different classes of
partially esterified branched polymers { 15).

Figure 7 shows the NOL reaction trsin used for preparing
each of the 75 resins in a three necked {lnsk of 2=litors cermecity.
The temperature of the charge at various stages of the condensation
was controlled with the aid of a Glas-Col electrically heated mantle
connected to a Varisc, Provisions wers made for aspirating nitrogen
contimiously through the charge during the reaction cycle, removinﬁ
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 comndensation process was first passed through a Friedrichs
steam condenser to expedite its removal before passage through a West
condenser and collection in the Bogert distillation receiver,

Table V shows a definite relation between the numericsal

values of QA for the Class I rcsins and their foam product properties.

The high acid nunber version of thesze resins, with branching coef-
ficients of 0.34 to 0.40, gave decidedly stronzer foams at normal
and elevated tempereture than their "D" more highly esterified
counterparts whose branching coefficients varied from 0.39 to 0.;%
As explained in the forthcoming report on resin formulations (14)
Yethois 1 exp., 1A exp., and 2 exp, were used in converting thesc
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resins to foams rather than the preferred method >f extended competi-
bility, Method 3 exp., since these methodz are similar ond normitted
conclusions to be draun on the role of resin constitution in deter-
mining foam properties rather than processing technique, However,
1t was concluded that most of the reaine were midermived 4n con-
sidteration of their 1f“'\~ pour m""* ""‘“L:itiuu, which ouuult have
approached 400 poissa to yleld stronger foams in accordance with the
proved advantages { 10 ) of proionging mobiiity 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 runber 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 compression, 15 to 37 percent in shear, and 20 to 75 per-
cent in tensiie over the contrcl, Selectron 5922, processel by
Method 1A exp. OSignificant improvements also were recorded in re-
duced water vapor absorption at 160°F and compres3ive heat distor-
tion at 230 and 266°F.

The data recorded in Tables ITI, IV and V indicate a
gensral correlation between the kinds of polyfunctional reactants,
their starting functional group ratios, degrees of esterification,
and resultant foam perf{ormance characteristics. Further work shou’d
be done to optimize these variables for Resins 4, 4-D, 6, 7 and 8
which gave snperior results in these prelimiuafy tests. For examnlz;
it 1s conceivable that the replacenent of succinic enhydride and
adipic scid by phthalic anhydride and/or tetrachlorophthalic anhy-
dride in Resins 6, 7 and 8 would improve the comoression strengths
of derived foams at both normal and elevated temveratures. Tt is
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 250°C. Several
yeers ago, Pruntzinger and co-workers found that low condensation

sible to forestall rapid viscosity buili-up o’ polyesters for the
same degree of esterification( 17),

Polymer Structure

Flory's equations for branching coefficients immediately
suggest methods of controlling the degree of branching of foam resin
polymers by judicious menipulation of the variables r, .
These equations take on a new meaning if ‘nterprem sd in ghe 1light of
the schematic branched structures (n% and (b) shown in Figure 8,
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(2) Class | - Polymer Componeni Basedonr = 1.500
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Figure 8 - Branched structures of alkyd foam
polymers and gel based on decreasing starting
functional group ratios
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These concepts of polymer structure are useful in explain-
ing the phenomenon of steriec hindrance of unesterificd functionnl
groupa, Flory has interpreted steric hindrance in terms of the eoil-
ing tendencies of branched molecules ( 18), Highly branched molecules
of low acid rnumber are more subject to colling than low molecular
species of relatively high acid numbers. Short growth chaing in
Class I polymers may increase the steric factor because of the proxi-
mity of free hydroxyl groups, The introduction cf esterified diols
in the chain structure of Class IT polymars reduces the mognitude of
this effect to a considerable extent; consequently, it was expected
that TDI cross linking reaciions would proceed to a higher degree of
completion with polymers cf this type.

Dostal {19 ), and Dostal and Mark (20 ) have prooosed
equations for determining the magnitude of the steric factor for
partially cross linked polymers of varying molecular weight. YMor-
mally  the terminal carboxyl groups in such polymers are sterically
unhindered, bu* sdjacenti O4Y gps in condensation polymers are subject
t0 varying degrees of steric hindrance denending on chain lengths
between branch points and the degree of branching of the molsenle as

a whole,

Bawn hag vointed out that the total mimber of growth and
terminal chains in branched molecules may be compuied from the for-~
mula

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

where y and z represent tiie number of branch noints attributed to
short and elongated growth chains (21 ), Structures {a) and (b) of
Figure 8 cach possess three branch points, two growth chains, and
fiva terminal groups, one of whinsh is zarboxyl. Obtviously, z is
zero for structure (b), Structure {(b) has a higher molecular weight
than (a); further, it can be shown that for ecual molecular weights
Class II polymers possess fewer branch points than Class I tvpes.
Iikewjge, 1t 13 evident thet gy the number of btranch voints inercase
with higher deogrces of esterification the number of free OH groups
also increase, although the weight percentages of these groups, ex-
prreesed in terms of hydroxyl numbers or fres group percentages, be-
come progressively less, The data recorded in Columns 6 and 7 for
the Class I resins in Table IV bear outl thils point,

The symbol R in structures (a) and (b) of Fijure S repre~
sents a single partially esterified dibacsic acid in these polymers
and g.veral comnletely esterified residues derending on the mumber

2

of -OCOROCO- growth chains, y, in the molecule. R represents a
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a single completely esterified diol residue in the elongated growth
chain 2 of structure (b)s The maximm starting functional group
ratios, r, required to produce these polymers free from monomer are
1.5 and 1.,375. These ratios ars constant, independent of the number
of branch points in the moleculs,

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 wmity, correspond-
ing to equimolecular propertions of branching aleohols with dibasic
acids (22 ) (23 ), This circumstance, more than any other, has de-
layed the application of btranching theory in the design of resins
with reduced moncmer content. Théoretically, the coexistence of low
molecular polyurethanes derived from these polyfunctional aleohol

- o - o v ——n o &£ Lo
monomers will degrads tho propertics of the foome in mromortion to

their concentration,

Branched molecules based on equivalent functional group
ratios undergo rapid erosa linking raactions of the tyne 1l1luetrated
by structure (c) of Figure 8, resulting in gelation when only 63 to
79.5 percent of the reactanis are esterified. It has been estimated

‘ that branched molecules of thiz 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 econcept of
the existence of a critical, or gelation threshold value of the

branching coefficient, O&_, as defined by the equation

X, = =3 (16)

where f is 3 for reactions based on trihydric alecohols and equi-
molecular proportions of OH and COOH groups. In this case, the
critical exient of reaction, pe, is squal to®, , since P, and Py
are equal, While it is conceivable that, foams made by interrupting
the condensation at lower Py and Pp values than correspond to gela-
tion, such foams would be umusable because of their high monomer
contert and the need of a high surplus of OH groups to impart

rigidity by urethane cross linking reactions,

mw e e ke e se

TN B

The supplementary 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

5
A
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more such groups. Clearly, insufficient quantities of dibasic acics
were used in Class I formmiations, and still lesser quantities in
Class IT types, to tie in all the polyfunctional aleohols into a
single polymeric complex. Selectron 5522, for example, was based on
the reaction of 2.5 moles adipic acid and 0,5 moles phthalic anhy-
dride with 3.2 molcs of glycerine, Sinece only two of the three 03
groups are caterified in the produstion of branched polymers, only
3¢0 moles of glycerine, or integrsl multiplcs of 2.7 moles, esn he
condensed with 3.0 moles or integral multiples of 3,0 moles of di-
basic acids. Therefore the excess, 0.2 moles of glycerine, or inte-
gral multiples of 0.8 moles, depending on the degree of esterifica-
tion of the resin, must rumair admixed with the polymer comnmonents
whose number average molecular weight satisfies the equation

- -
i

/e \
s aw wf \,“. ‘c) I
ARp = —, (17)
Wp

[T

vhere AN, 1s the aversge acid mmber of the polymers; AN., the ob-
served acid mumber of the resin compesition; Wp, the resin yield; and
wp the weight percent polymer in the product as obtuained from the
equation
We - W
L2 4100 (18)
we

%y =

dm is the welight percent free triol monomer in excess of the quantity
required to produce bhrenchod polymors with one or more free COOH ter-
minal groups,

It 1s shown, further, thet the supposition of two or three
free COOH groups can only be satisfied by starting functional group
ratios of 1.350 and 1,312, considerably lower than the 1.5 retio re-
quired for the production of Class T pelymers with one free COOH

group.

Since 1.9 to 2,0 functionel 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 calculated ANp value of 49,/ 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 poiymers
with +wo 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 glvcerine monomer to obtain poclymer samples for molesu~
lar weight determinations. Alternately, quantitative analysis of the
monomer extract was expected to throw light on the structure of the
polymer since resinous comp:sitions bssed on pelymer components with
one, two or three free COOH groups should contain 10,6, 14.%4, and
15,6 weight percent free glycerine,

Since facilities were not irmediately aveilable for molecu-
ler weight deoterminctions of the polymer fresctions, 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 agqueous extrzet was evaporated to dryness in an
inert atmosrhere., 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 periodate method ( 24). This method
utilizes sulfurlc acid to liberate periodic acid from sodium meta-
periodate, which oxidizes glycerine in accordance with the eguation

C3lis(CH)3 + 2H5I0g —y 2CH0 + CHy0p + 2HIO3 + 5H0

Alkaline titration of the formic acid liberasted by the reaction cor-
responded to a glycerine content of 8.5 pnercent, appreciably less
than 10,6 percent predicted on the hypothesis of only one terminal
COOH group in the polymer fractions of the resin, Control tests
carried out with ethyl acetate solutions of the water insoluble
fraction, comprizing 85 percent by weight of the resin, revealed no
formic ac?d or lodic acid whatsoever,

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

Figure 8 structures of *he resin polymers has received
added support from celculations of the hydroxyl nmumber econtributicns
of the polymer and monomer fractions of the resins. Hydroxyl numbers
ggr the polymer and monomer fraction:; are given by equations 19 and
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Ny! x 17,000 x 3.3

% OR in monomer x 3.3 x 1000 X Wp )
) 100 (20)

For Selectron 5922, hp end hm are 294 and 194, Their sum,
LA8, ngrees exnctly with the calculated value recorded in Table V
for this resin, ;

This proof of the existenée;of free monomers, as predicted
from branching theory, highlights the need of preparing resins with

‘1ittle or no unreacted monomers., The 1imiting fector in such a vro-

ject 15 the anticipated high viscosity of partially esterified poly-
mers not containing free monomers which exercise a nlasticizing ef-
fect. However, it is felt 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 II
Inorganic Ceramic Foams

Dense unexpanded ceramics have leng been considered desir-
able radome materials because »f their good dimensional, electrical
and chemical stability over a wide temperature range, and thelr low
water absorption and resistance to rain erosion; Hence, it is not
surprising that the 0ffice of Naval Recearch awarded a contract to
Rutgers niversity 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 symmetrical sandwich ani half
wave wall plastics constructions. The need of fundamental research
to increase the tensile strength and impact re:‘stance of thess
dense bodies also was recognized,

Even if these limitations are surmounted, their high weight
penalty will always remain =2 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
Alr Force sponsored contract studies with Stupakoff Ceremic and Manu-
facturing Company to investigate the efficacy of the "turn out" oro-
cess for levigating solid ceramic formulations (26). Wwhen 1t was
demonstrated that foamed radomes based on this process had non uni-
form' electrical properties due to lack of homogenelty in ineir vore
gtructure, this Center epproved a contract propvasl submitted by
Professor A. J. Metzger of Virginia Polytechnic Institute to in-
vestigate porous bodies made by the aeration of aqueous suspensions
of inorganic materials,

nitially, Metzger's studies were direcisd to the develop-
ment of porous ceramics of dielectric constants ranging from 1.4 to
1.8 for "A" type symmetrical sandwich atructure radomes. Some 20
monthly an? anarterly rzporte covering this phase of the work, have
been summarized by twc final reports published in 1352 and 1955 (27)
(28). A third report summarizirg progress in the development of
alkaline earth titanate bodies was publishcd in 1957 (29). Recent
studies describe high alumins levigated bodies of low dielectric
constants and exceptionally high flexural strengths (30}, While
. presently 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 Zlelectric con-
stantis to the levels required for half wavs domess of variable fine-
ness ratios without undue sacrifice in their resistance to thermal
shock,

Table VI 1ists the starting materials and resulting foam
body compositions of two typieal low dielectric constant ceramic
foams (277 and B-109) and four ~alcium titanate formulatione (CT-3,
CT-3, CT-15 and CT-1§) whose dielectric constants varied from 4 to
12, Ploneer Georgia Kaolin was used in B-77 and Ball Clay in B-109
formulas,

Each of the components listed by Table VI was functional
in contributing te desirable properties of the aerated slips and
the end product properties of the resulting foams, Plaster of FParis,
for examnle, served as & binder and stabilizer for the lime-alumina-
silice systems B-1 through B~8l, and as a source of caleiuu oxide
for the CT~ series of foams. Initial}y, CT=3 was based on the
X

starting formulation CaTi03,39/Ti02,5/Kaolin,25/alimina,9/plaster,22
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until it was found thut calecium aluminate formed by metathesis re-
actions during firing accomplished the same result, Ploneer 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 formz, and in providing aluminmum silicate
fluxes for accelerating solid state reactions during firing.

Phase riie three dimensional equilibriim diagrams prepared
by ths Geophysical Laboratory were utilized in selecting desirable
proportions of lime, alumina, and silica for the B~ series porous
ceramic foams with dielectric constants varyine from 1.4 to 2.2,
The isoliquidus Loundary lines of these diagrams aliso were helptul
in predicting vhe maturing heats, firing range, quantities of glass
(S102 phase), and the kinds and amcunts of different crystalline

compounds formed,

Unfortunately, no phase equilibrium diasrams were available
fer the CT- series of foams; hence there was no alternative tc the
use of empirical methods in ascertaining their optimum body com-
vositions,

Predictior. of Dielectric Constants

The successful use of 211 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 Rsdiation laboratory (31) and
the Telecommunications Research Establishment in England (32) foumd
that the dielectric constants of organic plastics foams could be
predicted reliably by the equation

log €. = %s log -.gi- (1)
(o]

where eﬁ' is the dielectric constant of the foam relative to air

(€ =1.7008), @ and P the densities of the foams and unexpanded
p;asdcs of the same composition, and ez/e the relative diclectiric
constants of the unexpanded plastie component of the foam,

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

€, = 1+kp , (2)
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in contrast, gave much better agreement with experimental values
when k was set equal to 0,02, Howover, cquation 2 gave unreagonably
high calculated values of €, for calelum 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 comparatively high dielectric constants, Metzger derived
the equation i

€, = (+kxpP (3)

for predicting relative foam dielectric constants from density deter-
minations. The constant k in this enuaticn was computed from the
expression

Ve -1

k = —= (4)

Os

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

o

x = n° -1
Ps
since €, = n? by electromagnetic theory. The numerical value of k

in equation 4 was found to be 3.4522 with a standard deviation of
*0,1462, :

Figure 9 shows that gseveral meas e £ the dielectris
constants of calcium and strontium titanate foema coincided with nre~
dicrted valnes given by Curve B plot of equation 3. In this regard,
the application of equations 3 and 4 to foams of known density has
indicated that {airly wide variations in the dielectric constants of
corresponiing solid CT- ceramics gave substantlially the same cal-
enlated values of €, for the levigated bodies., For example, 53
can vary {rom 4/ tr 53 and from 63 o 76 to obtain half wave core
dielectrics of 4.0 en? 5.0, respectively,

®
[¥+]
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Curve A of Fipure 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-
phnsize wide differences between the values of €4 given by equa-
tions 1 and 3. Curve C plot of eaunation 1 has been included to
11lustrate the marked discrepancies between the dielectric constants
and densitlies of plastic and ceramic foams,
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Processing Methods

Metzger's 1952 and 1955 summation reporis for the B~ saries
foams (27) (28), and the 1957 report for the CT- series (29), give
full details on the progressive stages of processing, compriging:

(1) preparetion of aerated slips, (2) forming procedures, (3) firing
schedules, and (4) application cf sealant and impervious glazed coat-
ings, Meticulous observance of theso instructionzs is required 5
secure light weight vodies meeting ihe stiuplated performance chor-
acteristics,

‘ 1. Preparation of Aerated Slips - A three speed Hobart
Planetary Mixer provided with a 12-qt. bowli was used to prepare 5 to
10 1b. batches of aqueous suspensions. DNry mixes nf the various
ingredients were first blended with Style B flat beater befors adding
43 to 52 parts by weight of water containing 0,5 percent Aresket 240
(Monsanto's monobutyl biphenyl socdium monosulfonate), The B- ssries

. Tormilations 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
and viscosity of the batch simultaneously increased to predetermined

levels correspending to desired porosities in the final products,

Prior to casting the slip into molds for preparestion of
the green foams, one or more deflocculents similer or equal to scdium
or ammonium alginste and carboxymethylcellulose (CC) was added, and
the py adjusted to 7.35-7..5 with dilute amonium hydroxide. Armac
12D or Armac CD cationic surfactants in amount equal to 0,1 pereent
on the welght cf the water were substitutad advantagecsusly for the
anionic surfactant, Aresket 240, in several of the CT- formulations
to obtain finer pore structure, but these substituticns 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 2 bese dianater
of 26=in. and altiiude of 30-in, The linear shrinkages of B- series
graen forms obtained by this technique wers 24-26 percent, but the

CT- series developed appreciably higher shrinkages of 30-32 percent.

3. Firing Schedules - The preferred firing schedule for
most of the 81 Series B- lime/alwmina/siiica foams was a preliminary
12 hr, heat soak at 2200°F to remove the last traces of sulfur tri-
oxide 1iberated by thermal decomposition of the plaster of paris in-
gradiant. Thereafter, the temperature of the kiln was brought up
rapidiy to 2552°F 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 placel
domardo

The E107-B115, inclusive, high alumina bodies {3} ware
fired at much higher temperatures of 2700-2800°F to realize optimm
strength, The CT- bodies, in contract, were fired at a considerably
lower temperature range o? 2200-2357°F, The upper limit of this
range was very critical, and must be held within 225°F 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 foams, Clearly, in producing redomes of specified core thick-
ness, the thickness of newly cast 2lips must be estimated with great
sccuracy to forestall excessive machining of inner and outer surfaces
of the conical shapes and the outer surfaces of specimens prepared
for physical property evaluation,

4. Application of Sealant and Ceramic Cla:zv - Regcanse of
their high porosity, light weight bodies made by the aeration process
first must be treated with appropriate secalants to prevent penetra-
tion of the glaze into the foam cores. Preliminary experiments con-
ducted with B-77 bar stock of 35 1b/cft density showed that a non-
aerated slip of the same composition could be applied 4o provide an
impervious czalant 0,025-in, thick. The firing temperature of this
unexranded coating was 2200°F. Thereafter, two applications of a

igh lime-boric acid glaze were made in separate steps. Maturing
temperature of the glaze was 2037°F,

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.
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buse diameter sealed and glazed by thias procedwre, FEventunlly siress
cracks developed in the core due to inequalitics in the thermsl con-
ductivities of the glased coating and core. New ceramic finishes and
novel muthods of application are teing investigated at the present
time to equalize the coefficients of thermal expansion of the imper-
vious coating and the foamed core.

Physicel Properties of Porous Ceramics

Tabulated in Table VIT =re numerical data on the mechanical,
thermal, and electrical properties of two each B- and CT- light
weight ceramics at arbitrery densities given in parentheses.

The flexural strengths of these bodiss were obtained by
.single point loading of 6 x 1/2 x 1/4-in. thick specimens mounted
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 mimute. oduli of
elasticity in flexure were calculated from the slopes of the load-
deflection curves before attaining the proportional limit.

Compressive strenpgth data were based on 3/4-in. deformations
of 2 x 2 x 1-in, thick specimens 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 erushing strengths were 2,5 tc /4 times
as high as ultimate strenpths in flexure,

Linear coefficients of thermal expansion and porosities were
determined in accordsnce with ASTM Designations C210-4€ and C20-L€,
The method and apparatus described by Watts and ¥ing (33) was used
in measuring thermal conducstivities.

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
Aeveloped by “oore (34) was used.

Dielectric constents 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-2 and CT-1& bodies have
1limited usefulness because of their poor resistance to thermal shoci.
In other respects, these foams were satisfactory, The two CT- foams
not listed, CT-8 and CT-15, had flerural strongths of 1057 and 218
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psi, dlelectric constants of 6.6 and 11.3, and loss tangunts less
than 0,005 at density levels of 57 and 52 lu/cft, respectively.

: : Smyth has pointed out that the resistance to thermal shock

X cf porous ceramics is a composite function of their mechanical
strengths, moduli of elasticity, thermsl conductivities, and thermal
coefficlente of expansion (34), Sandwich structure ceramin Adielestries
offer a better prognosis for rademe installetions on supersonic air-
craft and missiles than solid wall tvpes, since their cosf{licients

of thermal expension and elastic constants are significantly lower
and their thermal conductivities are not appreciably higher than
values recorded for solid ceramics,
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TNTRODUCTION

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, moving
gases. DBecause of these properties, reinforced plastics have been
found to provide such excellent temporary, lightweipght protection
for heat-sensitive siructures, and to ablate or srods away S0 5Slowly,
that it becomes practical to employ them as liners for rocket motors
and rocket nozzles and as protective overlays on re-entry bodies.

In 19L3, the Naval Ordnance Laboratory undertook the
development of reinforced plastics cartridpge cases and reinforced
plastics rocket motor casings with the goal 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 gcod thermal insulation and
that the weight of structures required to survive temporary exnnsure
to het. eaces is much less than the weight required by similar
structures constructed of steel, brass or aluminum. As a result
of this investigation, reinforced plastics cartridege cases were
developed for 5", 6" and 8" Vaval runs which performed satisfactori-
ly and weighed less than the corresponding brass cases. 4lso, as
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a result of this work, a satisfactory reinforced plastic motor casing
was developed for a smallecaliber solid-propeilant rocket which was
lirhter than the eaquivalent alumiryium casinge Further, under a task
assigmment from the Office of Chief of Ordnance, a reinforced plastic
cartridge case was developed for the 105 mn Howitzer which performs
satisfactorily under all service conditions and weighs much less than
the corrasponding hrass or steel case. Many similar applications have
been found for reinforced plastics in JATO units and in larger air-air
and ground-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 againsi gross deterioration and mechanical weakening during
short periods of exposure of flames,

With the inception of majecr programs for the development of
larpe~-caliber solid=-propellant rockets such us POLARIS and YMINUTFPMAN
the engineering problems involved in the exploitation of the favorable
properties of reinforced plastics to resisi contact with moving flames
has increased greatly in severity, It became imperative to increase
the chamber pressures, the combustion temperatures and the burning
times in order that the total impulse of the rocket could be made to
meet operational requirements. Tn attaining higher specific impulses
it became necessary to employ novel solidepropellants; some of which
discharge abrasive materials in their exhaust. For the same reasons
it is also imperative that dimensional changes, although permitted,
te kept at a minimum and that structural weight also be kept at a
rdinimum, The reinforced plastics which were adequate in the older
rockets are now deemed inadequate 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-puise to
be endured by a rocket motor lining. However, the heatwsource temper-
atures in an aerodynamic boundary layer may greatly exceed any known
flame temperature and the pas 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 oxypen. A comparison of the various conditions to which a
reinforced plastic may be exposed is present in Figure l. A rein-
forced plastic which is adequate for use in a 1rocket may not be suited
for atmospheric re-entry.
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Since the survival of a man, or a weapon, will depend on {ne
venicle during acceleration and re-eniry, it is imperative that the
performance of the rocket and heat shield, and the materials of which
they may be constructed, be known with a high degres si confidence.

Methods for testing matsrials for their resistoncs o contact
with very hot gases have been found to be very costly, particularly
when it becomes necessary to provide close simulation of actual flight
conditions, Figure 2 presents curves showing the variation of tempera-~
ture of air at the stagnation point of 2 flight vehicle and shows the
positions occupied by various {ypes 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 similating the aerothermodynamis conditions at higher Mach Numters
will consume enormous amounts of electric poweres 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 commosite
materials consisting of a thermopiastic or thermosetting resin matrix
containing fibrous reuifcrcements, vhich fibers may be either
polymeric or ceramic in chemical compositione Typical combinations
include: Phenolic-fiberglass laminates, Teflon-fibersilica laminates
and Fhenclic-nylencloth 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 filier, the function of which is to
absorb thermal energy, or to convert the other components into a more
heat-resistant substance, or bocth, These never forms of reinforced
plastics show greatly improved resistance to hot, moving gases and
of fer considerable promise for tue solution of curreni problems in the
construction of large~caliber rockets and re-entry hLeat shields.

Considering the very preat number of possible combinations
of resins, fiber and fillers, and considering the tremendous expense
and lead-time involved in screening, testing and obtaining reliable
engineering cata 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 diccuss
the current status of ablation theory, to discuss a mathematical
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 ccntext may be defined as the loss or
removal of matter from a solid surface, due in part to the acticn cf
heat. The physical and chemical effects involved in ablation are
shown in Figure 3. The theory of melting ablation is now under de-
velopment covering the behavior of surface consisting entirely of a
frezible substance such as plass or ceramic, Sutton (1) chiained
numerical solutions for pyrex and was restricted tc the case of no
vaporization, He pointed out the important influence of viscosity
on the surface temperature. The higher the viscosity the higher the
surface temperature., Bethe and Adams (2) extended the theory to
include partial vapciization of the molten surface, They showed that
the viscosity has an eqrall; important effect on the energy absorbed

. by vaporization, namely as the viscosity is increased co iz the

fraction of ablated material which vaporizes,

The instabilitv of moltcn 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 (L) who considered
a homoreneous laycr and illustrated that both the stress and the
heat-transfer at the surface are decreased simultancously. A cone
siderable amount of attention has been focused on this effect and the
field of mass~transfer cooling is beinp explored extensively (S).
Also, means have been developed for coupling a molten vaporizing
surface to an acmodynamics boundary layer in the mathematical theory
of ablation {2), (S¥i

The other physical effects of spalling, sloughing and
mechanical 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
ceramics, if any, tne pyrolysis of the resins in the matrix and, in
some cases, the melting and pyrolysis of polymeric fibers. Since the
rpases evolved will disrupt any molten layers when they emerge from
the ablating surface, and since the rases 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 during the chemical reactions and phase charres involved in
their pyrolysis, it is of interest to consider the energy-trarsier
and mass-transfer balances which may be established in an ablating
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surface and to develop mathematical means for including pyrolytic
effects in the foregoing thecries of ablation.

Ceneral Chemical Rehavior during Ablation

Up to this point, the paper has discussed the physical
aspects of ablation., Ancther acpect of the probleom is the relaticne
ship between the chemical compesition and molecular structure of a
resin and its ablatjon resistance. From available information on the
thermal degradation of resins and the conversion of organic matter tc
carbon residuves. certain general concepts regarding these rclatlichn-
ships can be postulated.

)

The thermal flux attained in re-entry and rocket exhausts
is penerally sufficient to decompose all organic matter. However,
within the relatively short pericds of exposure to intense heat,
larrpe differences in ablation rates are found to occur with various
recsin systems, Although these diffecrences, in part, are attributable
to the presence of reinforcement and filler, the chemistry of the
resin is believed to play a major role in affecting the ablation rate.

The subject of therma2l degradation of re2sins has been
treated by several investigators (6), (7), (8). Much of what has
been found can be used as a basis for understanding the pyrolytic
behavior of resins in ablation. In ablation, the specimen is sub-
jected to high heating rates on the atside surface. At any one
time, the specimen is undergoing varyineg degrees 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 rresent state of knowledge, to prescribe a definitive mechanism
to ccver the multitude of possible reactions. In addition to the
expenditvre of energy in dissociation of ‘he resin, oxidation effects
at the surface complicate the energy bhalance by the exotherm of the
combustion processe.

It has been shown that thermoplastics vary in their thermal
behavior depending 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 essentlially 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 monomer 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 te above L,00°C; returns only
15% of the original carbon in the original sample: polyvinylidene
chloride, on the other hand, converts quantitatively to carbon (6).

'he high dissociation enerecy of the C-F “uid (107 K-cal/mol)
makes fluorinated rezins attractive for their thermal resistance.
Under ablating conditions, it is doubtful that the end~thermic
potontialities of this class of resins are fully reaiiznde Since
the C-C bond is (62 K-cal/mol) is weaker than the C-F bond, degra=
dation in Teflon occurs at the C~C bond with the formation of the
tetrafluorcetii:yiene monomer in a molecular chain-end type of
scission: 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 contained at or near the heated
surface, Teflon as an ablating material would be more effective.
Polyvinylidene fluoride, containing two fluorines to Teflon's four,
vields a coke deposit close to 100G% of the original carbon content.
By a process of dehydrohalogenation, six membered carbon cyclic
adducts are formed by a Diels-Alder addition across double bondse.
Further dehydrohalogenation-condensation sequences lead to bridred

hexapgon carbon ring systems.

The ease of forming carbon residues can be controlled to a
considerable extent by the cross-linking preperties of the resin (7).
It has been shown that by intrcducing divinyl and trivinyl benzene
into polystyrene, that ihe added cross-linking retards depolymeri-
zation, produces dark colored polymer residues of increased thermal
stability and gives up to atout a &% carbonaceous residue (6). Ry
preoxidizing 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-
active sites to form additional cyclic compounds. On further heating,
by a process of dehydrogenation and loss of carbon oxides, a
structvre of highly cross-linked polyphenyl results, vhich js the
basis for the hexaronal graphitic crystallites in carbon residues.

Tt is thus apparent that not only the chemical composition
but the structural characteristics of the resin are important aspccts
of the problems. If the presence of an ammatic structure, oxXypen
and high cross-linking density are characteris*ics of a hiph carbon
residue formation, then one would expect phenolic resins to be high
earhon formers. Laboratory data show that some resins heated in air
rive residuves close to 100% of theoretical. On the basis that high
carbon formers arc desirable materials for ablation applications,
then one would expect phenolics to show a high depree 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 , catalyst, and curing conditionse Long
chain compounds with little cross-linking occur where certain phenols
are sterically hindered, preventing substitution in all three active
positions (11{. In such cases, one wonld expect these long chain
segments to break-off with the formation of volatiles. It would be
desirable to eliminate such chain formotions and 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 yleld by
employing higher concentrations of formaldehyde (1l).

£ .
In practice, phenolic resins are geierally compounded with
fiijers. These [fillers can concalvably nave catalytic effects on the

.thermal stability of the resin. Evidence is available %o show that

the addition of small concentrations (1%) of variouc inorganic
chemicale to sugar resulted in close to theoretical yleld of carbon
residue (7). Similar effects probably will occur in other resin
systems, particularly in those oxyrenated 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 minimizing the effects of ablation,
in practice, the generation of such gases 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
minimize the formtions of volatiles and favor a high degree of cross-
linking with attencdant high carbon formation appear to be more
desirabie.

As previously stated, the higher thermal fluxes generally
result in a decreasing ablation rate per heat input. At the extreme
conditions in which pas temperatures of over 5000% are at*ained,
dissociation of gases into atomic and ionic species can occur with
the absorption of considerzble amounts of energy. Such a condition
would prevail if the heating rate was sufficiently fast and tempera-
tures sufficiently high so that dissoclation occurred at the surface
or in the boundary layers before the decomposition products from the
resin escaped inte the gas stream. Crundfest and Shenker (11} have
shown that an all-organic resin system, such as nylon fiber reinforced
phenolic capable of penerating relatively hirher amounts of N, and
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Ho, actually outperform the glass reinforced phenolic at the higher
temperature repgimese.

' Certain pgoneral degradation effects can be anticipated in
resins at different temperatures (13). BRelow 600°C, molecular re=
actions occur in which are liberated volatiles consisting of water,
hydrocarbons, oxygenated compounds and hydrogen, and in thc case of
nitropenous resins %H; ~nd Yoo The solid residue remainirg is es-
sentially a carbon skeleton to which are bound H2, 02 and Nye Above
600°C, chemical rearrangements occur in the solid residue with the
elimination of additional gases, non-condensable in nature such as

00, Ho and ¥p. For example, (1h), melamine formaldehyde resin heated
to 500°C forms a product which contains about L2% nitrogen, Heated

to 1000°C, the nitrogen content is reduced to O.L%. At tempera’ures
above 1000°C, ehanges contimue to éccur in the carbon structure which
form the bhasis of a graphitic or amorpho.s rocidue. Hydropen continues
to be evolved at temperaturcs greatly in excess of 1000°C,

For aklation purposes, the phwsical characteristics of the
carbon residue are expected to have important effects, Carbon
residues, which are structurally weak and contain high internal
stresses, may, particularly on rzpid heating, disintegrate into a
powder (8) and be carried away in the gas stream, The carbon must
be capahble of serving as a refractery 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 3500°C) and heat of sublimation (170 K-cal/g. atom) (15).

In order to understand those factors which determire the
physical structurs of carton, it would be advantageous to review the
results of investigations of coke and graphitic materials. Graphite
is a crystalline material with a weakly cross-linked hexagonal carbon
structure which is formed synthetically by the thermal treatment of
cokess 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-
sraphitic 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, tut 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 extremely hard and strong in
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" contrast to graphite. Further heat ireatiinnt up to 3000°C does not

effectively change this striucture., Organic materials having a high
fraction of hLydrogen, scuch as pitch or petrelem enke. produce
crystalline nuclei which remain relatively mobile. On further heat-
ing, these crystallites are favorably oriented and a grachitic carbon
is formed with maximum density and a small number of pores.

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

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

Heat-Transfer in a Pyrolyzing Surface

The process of ablation of a decomposable surface urider

" heat, wind and accelerations passes through three phases: an

initiation phase, a terminal phase, and, in some cases, a sieady-
state phase,

The conditions fer steady-state ablation are as follows:
a constant heat input to the surface over a period of time, which
is larpe with respect to the response time in the initiation phase;
a relatively homogenevus material; a thickness of material large with
respect to the thickness of the ablation zone at the ablation rate
involved; and & one-dimensional heat-flux,

Under steady-state conditions tne surface recedes at a
constant velocity when the velocity is measured in the coordinate
system of the structure. This coordinate system is imporiant for
engineering purposes, say for the design and prediction of per-
formance of a rocket nozzle or of a re-entry body, cince by inte-
#ration of the ablation rate the progressive dimensional changes of
the device can be calculated as a function of time. However, the
use of this coordinate system in the analysis of ablation phenomena
presents a number of formidable difficulties. Instead, it is con-
venlent to fix the coordinates on the ablating surface (x, y, z)A
where in the ablation rate (%) now appears as the velocity of
material toward x =0,
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In ablation zoordinates (x, y; z)A under steady-state:

a. The rate of mass-transfer toward x = 0 is a
constant throughout the semi-infinite body in compliance with the
law of conservation of matter,

bs. The energy enﬁerinz any given zone in the surface
is equal to the energy leaving that zone in compliance with the law
of conservation of energy.

The following phenomena are jriariant with time: heat-flux, tempera-
tures, materiz] preoperties; reaction rates, gas velccitiea,; and
pressures.

These phenomena may be variable in (x), the distarnce from
the ablatinp surface ‘n the body, ard also in terms of (x), che mass-
transfer velocitye.

Let us consider a cubical element (dx, dy, dz) at depth
(x) in the ablating zote, as shown in 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 under s=teady state.

e (1)
dx

where (M) is the weipht of matter and

*
3
g

i

~dM_ o x

S=F

and () is the oripginal density of the laminate.

In accordance with the law of conservation of enerpgy, the sum of the

energies in all forms entering and leaving the element (dx, dy, dz)
muct also bhe equal to zero. Thus:

Fon* i+ TE s Gt Ep) = Qi B TE Bl (0

where

q = heat energy (calories or Rritish thermal uniis).
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tj = internal energy of matier including vibrational
energies and energies of formation of molecules
(cal. or BTU).

E¢ = flow-work energy (PV).

Ex = kinetic energy (1/2 mv®)

Ep = potential mechanical bénergy (energy stored by virtue
of the melative vertical elevation above a horizontal
reference plane).

J = Joule's mechanical équivalent of heat.

However, in the distance.(dx)z
%in—'%ouf: d%/dx
Em -Eou{ :-.JE/JX

dy + g I(f e e d)e0 O

To render this equation compatiblie with aerodvnamic heat-

transfer theory and with Equation (1), it is necessary and proper
to differentiate Emuation (3) with respect to time. Then

where (q)

di , dEs, J(dEs, da ., dE)
Fef e frem)o

and the terms JE have the dimensions of power (one BTU/sec

= 778 .Lv-.n.ba/Sec = 1,06 kilowatts = 1.06 x 10° e’i’Fjs/Lr\,um} = 1.0
horsepower), Equation (L) states that thc sum of the rates of change
of power with respect to (x) equals zero. Since none of these deriva-

tives are

measurable directly, it is necessary to expand the terms

us ing measurable quantities,

through a

é - Heat-Transfer Rate. The rate of heat conduction

solid, liouid or gas is eoual to the thermal conductivity

(K) of the material times the temperature sradient (dT/dx) in the

materiel:
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Since the thermal conductivity (k) can be a variable in (x), and
differentiating with respect to (x):

dg _ T dK _ di
22 = K, 9__& %;dx Z"“d"dx (5)

E - Internal Fnergy Transfer Rate. The rate of transfer
of enerpy as internai enerpy of matter is equal to the sum of the
rates of transfer via sensible heat and via the heats of formation
of the molecules:

. ' °
Eii =m, cS'F;‘+- EZ; YY%}

X T
)
vhere
ﬁs = mass~transfer rate of solids.
m§ = mass-transfer rate of the jth molecular species.

cg = specific heat of solids.
F4 = heat of formation of the jth molecular species.
= temperature of the solids.

The sensible heat of the rases is not included in this term, tut it is
taken account in the (PV) flow-work temm. Differentiating with
respect to (x)

d"é& — oy T | dm iR de 1 4T m
—_— = m.C —3 4. St — = JNE. DT (6)
$°s x(?’.'sdx Cs dx i ) d Y

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

ép - Potential Energy Transfer Rate. Since the differences
in elevation within an ablation zone ars smali, it is assumed that:

C,=0 (7)
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éf = Flow-Work Rate. The net work done¢ by a unit mass of

fas on the surroundings In expanding from Py to Py is riven by
Ey'=,P2V1“ P. V; « The work done in expanding along a path with
length (dx) is o By/dx = d(P¥)§y. For a non-idcal pas,PV=CnRT
where (C) is a compressibillty factor varving about unity dependirg
weakly on pressure, and (n) is the number of moles occupving volume
(V)e Considering one mole, {n =1}, P¥ = CRT. Then the wcrk perform-
ed in expanding (n) meles per second past (dx) is

dE, _diicrn) _ o diaT)

dx T dx - Tdx

or A dn
R(Vz dx) (8)

Here

<3

P
T T meloat),,, and mJ“M s

Ey, - Kinetin Mechanical Energy Transfer Rate. The kinetic
energy inv E

olved in the transfer of matter throuph (dx) is eaqual to
the sum of the kinetic energy of the moving solids and the kinetic
energy of the moving gases. Since the solids are moving very slowly,
1t is reasonable to ignore this factor. The moving gases with
velocity (Uy) have the following kinetic energy:

» . 2

m U dEg 1 dtm,U)
= — —- 2
E"' 79%6 ? dx —s& dx

and
354 ___,} dUp = w2 dm,
- dx Us dx‘+2'£dx (9)

where ¢ = the acceleration due to gravity.

U? - Velocity of fNases. The averapge velocity of rases in

Uy = (JTV';: )X

where (Pg ) is the density of the ras mixture and (ap) 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 unchanred in the procesc of atlatien,
Ap= L2 and Uy=5—

8,

: The density of a gas mixture at standard conditions is
ecual to the averapre molecular weirht divided by the standard molal
volume., Corrected for temperature and pressure at (x),

A = moi.- Wt T= %
3}( mol.veluwe Ps Tx

S5ince we would like Lo eliminate prescure 3s a variable
in Fauation (L), onc can look for other relationshipse. Darcy's law
(17) states that the wolume of fluid (V) crossing unit area of a
porous medium per uni%t time under pressure gradient (dr/dx) is
related empirically:

w4l v

where k’/ is a constant depencdent on both the fluid and the porous
medium. Further, k’= k/,a where ( 4 ) is the coefficient of shear
viscosity of the fluid and (k) is the permeability of the medium.
Kozeny's Fquation (17) gives a rood approximation of the permea-
bility of porous media havinr a minimum of blind pores. This
equation is:

2

' L
k -____ _'/40- = — i
20w 7247 ) = i (g
i 2
and \/._ __! f/ Vﬁ ﬁ!i?
20MM, \ 51— m2/ dx
but, ’ ‘ ‘

v = 22
so S

-2
= T, melwt Tg (- )
terrating from fw: (ﬁy)beiny the pressuz eéat the wall,

R[0T
- 1) )

Thus, it apprars that the velocity terw becomes small at very high
pressures, as in a rocket. A5 a result, the kinetic cnerery term

and
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2
becomes very small, since (.pw ) becomps very large. Therefore, the
kinetic energy term can be neglected in intemal ballistic proh%ems.
However, it may be inclucded in high-altitude problems where (F.") is

relatively small,

Substituting in Faquation (9),

e e 2 . ,2 . e
dEy _ ™ (maI.Va/' PR /__"*d__}_),f-,(‘..,q_,. \J x| dmg (10)
d

dx G \mawt. F)T TR X Tadx /TR dx

m_ - Mass-Transfer Rate of Gas. The amount of gas passing

a point (x) in the body is equal 1.0 the amount of gas generated
deeper in the body. In this coordinate system, with temperature
gradients which are invariant with t.ime, and with a conctant supply
of matter, it can be expected that the types and rates of chemical
reactions at any given point in the body will alsc be invariant with
times As a generalization, the chemical thecry of rate processes

(7) states that the jth reaction pracgeds at the rate:

AH As”
* “RT TR (11)
. i*_g_— \
n==¢C T= 1€ e

h

where

*
1

a constant determined by the nature of the reactants

Boltzmann constant

=,
7]
I

h” = Plank's constant

H* = a heat of activation for the reaction

S%* = an entropy of activation for the reaction.
If the rate (R) is defined as the number of moles of gas generated
per second, then the weirht of gas being generated per second at
point (x) is eaual to the product of the mole rate and the molecular

weight of the raz evolved (P4%b  Summing up for all reactinns from
first to the Kth and integrating forward to (x),
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AHy  ASY
-\ -
. y . 7T +%®’ (12)

* " 5
The wnknowns in this equation are (CI ) (AH" ) and (A54 )e

In those instances when thess data are available on all of the
reactions in the body, then the mass-transfer rates of gases and
solids could be calculated by computer techniques. In the absence
of these datz, it will be sufficient to develop technicues for
determining the rate of evolution of gas from the solids at pgiven
rates of hcating, to sample and analyze the gases evolved, and to
assign values tc ths average molecular weipght an< the apparent
specific heat of the gas (MW) and (C)) .

Asseinbly of Terms, Referring to Figure 1, the flow of
heat is to the right and the mass transfer is to the left. Therefore,

+ Eouation (L) can be written:

di _ aeA dE;  dEA
7X ’J( + )

/ dx
vhere é
d€r 20
dx |
Substituting Fouations (5), (%), (8) and (10) in FEquation (L),

ds 14T '
K?i JK (M m/“ /l : T Tdx 'm? /)

~Neydrd L JER /s dT )

’ Efzrx ol aR. (maa;z

J’M(malvo‘ Pe (r}\ g _ g dP _'gg_lf)
+G-moi.w+13&)i‘x P d% T dx /-

od g
"'é“o‘;?‘ (13)
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Figure 1 - Flight conditions and current facilities
for testing materials

ROCKET G AERODYNAMIC
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GAS TEMPERATURE 3000°¢ | 3000°C 7000
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Figure 2 - Range of ablation conditions
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Collecting derivatives,

dx | & / B4 g% 3
& Px ; 7 dX
i /
and é.!:’_. =0 {15)
X
. nH™ 8%
| " BT TR
vhere . 3 k -
n=c, 5w Ix€ S

ée_
L4 = 1% ? ux
g (a ;w) 4
ol

\/__ MO/ lfa/UM‘f ?s T;(

s P\ (S ) (2o S T,

'N‘?" / “:‘,q val, ,5

dP _ ! Mi%ﬂ mol W 1P
d x B FX( ﬂ.’)q mol. l]l—)’n [%)iaﬁ;/u X

and_A/ = viscosity of ras at (x).
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RBoundary Conditions

Assuming an original temperature of the laminate (To )s the
tenpcrature at X =00 /s Ty s T'e , Also assuming an original flow
of gas through the laminate ( /g, }, the gas transfer rate at x= o0
is Mgy~ Mg, . The original gas trancfer rate ( Mg ,) uay not equal
yore if the lominate is Aacsmposine at { T~ ). This situation might
prevasl if the laminate hiid t=en subjected to heating at an earlisr
TiMO . .

Equation {13) nolds only for on=-dimensional heat and mase
flow. Therefore, a boundary condition for Bquation (13) at x = C is

' »

At the melt-gas interface,

' . 4
K et ( %}-)m/t = 4 (Te ~Tnelt)+ TE, &l Tmeit)

Using tiiese boundary equations, it would be possible to propram the
ablation and melting zone equations with a set of etuations for the
aerodynamic boundary layer for computations on a dipital computer,
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Properties of f{atarialfz

" Equations (1) and (13) are simultaneous differential
equations in the mass-iransfer rate (M), the temperature {(T) and
coordinate (x). Equation (13) also containe nroperties of materials
vhich must be known asz functions of temperature (1), togather with
a term for the gas mass-transfer rate ( m? f widch depends on rates
of reactions in the materiai. zquabicns ° and (28) also contain
certaln propsriiss of melied materials which must be known a3
fuctions of temperature (T)e

The preperties required consist of:

(K)o = the thermal mnfhv‘Hvﬂ" af the colids
at temperature (T).

{eg)y = the specific heat of the solids at
temperature (T).
\/'J Jp = the viscosity of the gas at temperature Tie
. }’n’T = the viscosity of the molten material
at temperatire 7),
(M1),, = the average molecular weipht of the gase
(E4) = the heat of formation of the jth species

in the matter being transferred, solid,
liquid and gaseous.

The chemicc=itinetic data needed sre:

(AHJ) = heat of reaction of jth rsaction

( AM*) = heat of activation of the jth reactiom.
A{ = entropy of activation of the jth reaction,

( & 4 = concentration factor for the jth reaction.

Tue reactions taking place during pyrclysis of somc resins
can be quite inveoiveds For example, after fifty wears of common use
the phenolics are pooriy understood and their exact structurs remaine
unknowne. On the other hand, polymers such as polymethylmethacrylate
decompose thermally to yleld a large percentage of monomer fragments,
Lhe further degradation of which can be studied quite readily. Other
materials, such as nylon, polytetrafluoroethylene and polvethylens,
may also yleld 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 peiroleum refining industry on the
thermodynamics of cracking processes will yield data which will
be applicable in these calsulations.

Approximete ™ares Ralanca at, a Pyvrolvzine Surface

The foregoing second-order partial M fferential eaquations
offer promise for the calculation of many i n¢ .ant factors in the
pyrolytic ablation of polymeric materials and for the prediction of
ablation rates and temperature profiles under sisady-state ablation.
However, Equaticns (1L) and (15) are not readily amenable to solution
by analytical means., Further, the relative importance of the many
materials properties in thez phenomencn of ablatien cannot be estimated
readily by inspection of these equations. A simpler relationship
oetween abhtion rate and materials properties would be useful for
some purposes, even at some loss of accuracy.

Referring again to Equatiors (1) and (2) we may consider
the enersy balance at the pyrnlvz1n, surface. ¥ = 0, Under steady-
‘state conditions the heat-flux (q) into the surface must jnat equal
the heat~-flux out of the surfacs. The heat-fiux out must take the
form of sensible heat-energy, intrinsic energy and kinetic energy.
Again; it is assumed that the potential energy term is negligible.
Cn tth basis.

4 . v Z ﬁ [ N - N
3*=J—ZYURT.~+L-!’" U, vfnjAHt- (16)

ashere (n.) is the number of moles of the jth species of gas passing
through t'ne surface, {Al;) is the heat of formation per mole of the
jth species, (T ) is tue gall terrperature and (U) is the velocity of
the gases pa.ssinp‘ through the surface. But,

L& an‘,(ma/a/\/c umq) P\/TW

When the exacti composidisn of 3 ::'"‘9" '“"itt are not known, it may
be assumed t“h‘ .
Zn = »
//vsr'.
and

m
'y o —E—AH
i’Q?AHf (Mw)est 7

t
hlso, in the case of complete volatilization,

r"g = M =/”>'<

(1)
(9 2]
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wvhere ( ) is the original density of the polymer, (AH ) is the
heat of pyrolysis as dotermined by experiment and (MWegt.) is the
estimated moleculur weight of the gases of pyrolyeise.

Substituting and rearrangins, Equation (16) becomes
{(riv’) ect.

,c:. ‘;b‘ ...E':-?‘_'? (17)
/LAH +J(FTV 26’ Mw)os Fw")

3= (meleivelu ‘”")(P‘/Ts) 5 (Pg) it the pressure at
one atmosphere and (Tg) is the standard tempprature.

[ 4
X =
LY

where

This relationship supports the generally accepted philosophy
concerning the desired characteristics of an ablation-resistant
plactic, namely that the abiation mte is approximately proportional
to the molecular weirht of the rases evolved and inversely proportional
to the heat of prxrolysis. However. Touation (17) also indicates the
role of temperaturc and pressure in the process. As the wall tempera-
ture is increased and the wall pressure is reduced the fraction of
ehergy going into mechanical forms is increased. Considering that in
some circumstances the incomine energv may consist almost entirely of
raciant encrgy 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 acecclerating the racses evolved, The addition of
ceramic materials to the plastic composition which wouid accumulate
on the surface and attain a hirher temperature, or the formation of
coke which could also sustain a higher temperature would alseo tend
to increase the energy going into mechanical forms,

Termperature Profiles in the Ablation 7one

In certain design prcblems it is of value to be able to
forecast the thickness of the ablation 2one and the associated
temperature profiles in the slab, particularly wvhen the reinforced
plastic =erves both as a sacrificial layer and as a thermal insulation
for temp:rature-sensitive devices or structures. The thickness of
the ablation zone and the temperature sradients in the reinforced
plastic during stcady-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,

If, however, it can be assumrd with a reasonable desree of
accuracy that the thermal diffusjvity of the material is a constant,
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or if an average value is assumed, then an estimate can be made of
the thicikness of the ablation zone by the use of the well known

equation for haat-transter in solids:

{ R
dT_ Kk dT
dt IOC i ) (18)
With coordinaies moving with vel ._-+-y":

% ,lx

= dt |

The above equaticn iz transformed (8) as follows:

dT _ K d5 T _odT .

l,rv A ,ﬂz - j(:;;; (19/

—— —
4 A

a | N J “ re

Under steady-state abiation with velocity {X) the torm

ar _
F =0

LY
\

lﬁ and
Kk dT _ 2dT
F£E dx* d X

o}
—~
e
A
¢

A solution of the above equation wis
L J

zero, is of the fbm +')0R" X
/ n”
~ -

>y

gl

it x=e0, TYr, = 0, then
(21)

*.:éﬁg. X;)z
= £ K
1% (X is constant, and (xg) is that depth at which T =

L {

-e

1f X=0O, T;:.Tw

aoLg!

.ﬁld

K

Fe
At three times this depth, the temperaturc (T,) is O OL9BT.

(T ) is 0.368 Twallc
Also, in erencral, it can

=of » then x = OC/
In general, one can conclude that a high themal diffu ivity leads to

This is the depth in the material at which the temperature
At twice this depth, the temperature (T,) is

OQ_J))JWQ
deep penetration of heat into the material.
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be concluded that the thicknese of the ablation zone in any given
material is inversely proportional to the ablation rate. )

Experiments

Equation (1llL) and its boundary conditions indicate, as may
be expected, that the thermal conductivity of the ablating material
has 2 marked influence on the amount of heat entering the reinforced
plastic to deteriorate it, 1It, therefore, becomes of considerable
interest, as a first 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.

Ir (K/fc) is a variable 4n (T), it can be shown (20)

. . z )
K ) _ T,
! ( d%jﬁ

where (dT/dt) is the slope of a time-temperature curve at point (x)
in tho atlating solid. Since the ablation rate (X), the temperature
(Tx) and the time derivative of the temperature (dT/dt) are all
measurable quantities, it becomes possible to determine the effsciive
diffusivity (Kbe) ¢ » @8 a function of temperature and ablation
rate. YHowever, (K? cannot be separated from { Pc).

Moasurement of Effective Diffusivity

The design of an experiment for determining the effective
thermal diffusivity(®/ec)r,%x of an ablating material as a function
of temperature and ablation rate requires that the conditions for
stoady-state ablation be maintained, and further, that ths 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-
inely, it was sugpested by Mr. Kendall of this Laboratory, that a
thermonouple 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 point (x); that the ablation rate (%) be measured; that these
data be substitrted in Touation (21); and that the effective diffuvgie
vity be plotted as a function of temperature for each measured
ablation rate, or, with enough repeated tests, as a function of
ablation rate for typical temperatures in the ablating material.
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A criterion for a one-dimensional heat flow was taken to be
the maintenance of a flat surface during ablation since any inezquality
or nonlinearity of flow could be expected to cause unequal ablation
and a curved surface. It was then possible to experiment with variocus
ratice of thermocouple depth to specimen width and to observe the
flatness of the ablated curface in the reglon ef the thermocoupls.

It was also thought that a guard ring around the sides of a specimen
would assist in maintaining a flabl surface during ablation; partirular-
ly on small camrlzs of experimental materials for whish larpge specimers
covld not be constructed for iack 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 tc be backsd-up using identical laminate,; or in the
absence of sufficient material, to back it up using a laminate whose
Properties might come as close as possible to that of the sample.
Finally, it was decided to employ the thinnest possible thermccouple
wires in order that the heat capacity of the wires might influence
the heat flux past the wires to the least possible extent,

The experimenial set-up, as shown in Figure L, consizis
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 Figure 5. Having transformed the curve 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 letting

X
t= =< (2k)
b 4
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 thia
laminate in the ablatlon zone,

Measurement of Volumetric Heat Capacity During Pyrolysis

Equation (13) calls for data on the conduetivity ot the
material as a function nf depthe It is, therefore, not possible to
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Figure 5 - Steady-state ablation temperature

profile in a phenolic glass-cloth laminate
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employ directly the diffusivity-depth data of the type presented in
Figure 6. Accordingly, means were sought for determining the value

of (PC) under equivalent conditions so that (K)_ and its devivatives
could be calculated. This rsguired that the heat input %o ralse a
unit volume of materizl a degree of tcmporature ve meastured; the
measurements being made at the temrsratures and heating rates of
ablation.

Two methods suggested themselves: %Uig DMMffereniial Thermal
?na;yzer (pTA) (21), and a Hot-Sandwicl: Method suggested by Kendall
20). : '

It should be noted that the :emperature rise obgerved in
the specimen ablating in the torch is azbout 150°%/second, 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 0.,167°/second, or atout one tliousand times slower. Remember-
ing the chemico~kinetic term for (m,) in Equaticn (13), it was
thought that the DTA would yield valuable data under essentially
equilibrium conditions, 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 diffsr from those generated at very slow temperature
" riges, The Hot=Sandwich Methcd sesmzd to offer promise of attaining

* this goal,

DTA Estimation of Heats of Pyrolysis

Differential Thermal Analysis (2i) is a dynamic technique
which consists essentially of heating simultaneously, at a constant
rate, a reference materiai (e. go, aluminum oxide) and the substance
being studieds The temperature difference developed between the
refereiice and sample is recorded as a continuous function of %time
and/or tomperature. 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 neat of decomposition of the samples can be
obtained from the area under the thermal peak and the following
equation:

— K(CsWs+CpWy + CpW;)fATdf

(25)
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Where(AH)is the lumped heat of reacton, (Gg), (Cy) and (Cg\are specific

heats of the plastic samples, filler, and glass, raspectively,(wa‘),
(W) and(Wg) are the respective weights, and(a t)reprcsents ths time
interval over which the integral is evaluated, The intaegrol ,
represents the area under the exothermic or endothermic peak. (¥ /is
a constant for the apparatus used and may be evaltated by calibrating
with substances of known thermodynamic properties.

The DTA experimental arranssmont 1s described in refarence
(21)s It is a modification of that used by CGérdon and Campbell (22).
It consists mainly of the following: an X, Y recorder, with a built-
in time marker, for recording the differential temperature versue
temperature of the sarvple and time; a program controller for msine
taining a constant heating rate in the furnaces; a Brown recorder
for monitoring the furnace temperaturs; and a metal heating block for

holding the Pyrex sample cells in the furnace.

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

. Some of the factors which may contribute to the inaccuracy
of the(A H)value are: (a) shifting of the base line due to unsymmet-
rical location of the differential themmocouples or dus to dis-
similar thermal parameters (specific heat, heat conductivity, ete.).
of the sample and reference; (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 bese lins; and {c), changing specific heais due vo tvhe

decomposition.

Estimation of Effective Volumetric Heat Capacity and Gas Evolution
Rates as Functions of Temperaturs by "Hol~Sandwich Metnod®

Under adiabatic conditions,

»* { . (26)
(Pc)'c += v 3

*
where (P C)p ., is the effective volumetric heat capacity as a

fynction of femperature (T) and heating rate ( T =dT/dt) and where
(a) 4is the heat flux into sample of Volume (V). Also,

(P)T,‘f‘z E'\:f\;‘r“i_ (27)
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where (j’) s the density as a function of temperature (T) and
heating rate (T} and (W)T, 7 is the weight of sample of Volume (v)
as a rfunction of temperature (T) and heatiny rate (T). Then,

*
C F= . | - (28)
(¢ )r+ Wiy, + O

where (c")p ¢ is the effective specific heat,

Rased on this theory sandwiches were assembled of alternate
- zs 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 blocke The
assembly is shown in Figure 9, and was "instrumented as shown in
Tigure 10 :

fhe specimen 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 scalee. 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 series to a stepdown transformer
© with a watiage measuring device, The power input into the transformer
was controlled by a Variac., The specimen was suspendec in a venti-
lated hood,

In running the test the power was turned on and maintained
at a constant level by constant mamual adjustment of the Variace
Fleure ll shiows a typical temperature-timc curve and a typical weipht-
curve for a glass cloth phenolic laminate with density of 1.6 grams
per cce Tt 1s to be noted that the center of the block sandwich was
essentially adiabatic, since the two thermocouples fcllowed together
within fifty dezrees. The weipht-time recording was smooth. The
cental thermocouple circuit opened for unknown canses at the end of
five minutes of heating. By that time the temperature had reached
1500°F (870°C),

Duiung the course of the heating cycle the siope of the
LomDerauire-time curve remained constant up to LB0°C. Reyond 680°C
the temperature..ime curve took a lessar slopes At abount 260°C an
offact ~ceourrcd an the curve:. IL{ has not yet “z-n determined whether
tnds oo oan instrumental es ur or whether this represented a rather
temporary andotherm’ . -eactiune This offset has been temporarily
ignored in interpreting *!e results. At 5109C 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
deteriiined by graphical means. These were measured to be:

30 -~ LBOC -~ 6e3%/second
510°C ~ Te7°/second
G80°C up = 3,45%/52c0ond

The above data were inserted in Equations (22), (23) and
(24)« The results are plotisd in Figure e

Figure 6 also shows plots of (c) and (d p/dt). The plots
indicate that the sperific heat (c)epp remains constant in this
material as the temperature rises unﬁl a transition takes place
at about LBO°C, 2t which temperature (c),pe dips and then rises to
a new level which was maintained constant up to 8LO°C. The (d,/dat)
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 capzcity of the materials The peak in (d P/dt)

‘occurred at the instant when the observed amount of smoke gushing
. from the specimen was at a peake At that instant, the weight loss

in the laminate was about L%. Later, the heating cycle having been
contimied long after the thermccouple had turned out; the wmight loss
reached a level of 13%, beyond swhich it dld not pass evan though the
whole biock sandwich assembly became incandescent., On disassembly,
the glass cloth residue was found to be cemented together and located
with a black deposit, presumably a graphitic form of carbon,

Mhlon bawd muwanandad ad o bl wrmda w8 L 20 P T
ASAderd WO v ’JAWOUUO\A v l VaAdb 6 F-3" -] \JL V.J V, \I& AW v

thirty-eight times faster than ths Di't‘erential Thermal Analyzer
could proceede It would appear that useful information can be
obtained by this method. Steps are beirng 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 ons-ninth the volume and with
twice the power input 4% 3= hoped to reach a heating rate of 150°/
seconds 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 formla:

* *

(O( )twgh (PC)T,'f'

it

(K)T T (29)

’
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*
Since the (P c) test can be conducted at variable power levels and
hence at veriable 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 6-7°C per secord
is not directly comparable with an ablation rate of 150°C per second,
tne thermal conductivity was calcuiated as a matter of curiositye
This questionable result is tshown also in Figurz 6, This curve
indicates that the thermal conductivity may be reduced at first as
the material enters the ablation zore, and then increase as pyrolysis
becomes more advanced. This is possible in view of the carbonization
of the organic residues and of the increase of conductivity of glass
by lonization at higher temperatures.

Heating Rates versus Reaction Rates

In comparing the curves obtained on the phenolic glass-cloth
lamingte in the Differential Thermal Analyzer at 1/6°C/second, the
(P c) test at 6-79C/second and the ablation test at 150°C/second, it
becomes apparent that the DTA shows the effects of a reaction at low
‘temperatures which is not apparent in the higher speed tests. Also;
“the temperature of the second peak in the DTA test does not correlate
with the tempsrature at which the big changes occurred in the faster
tests. Thersfore, these preliminary measurements indicate that the
chemical reactions are rate sensitive,

High Speed Photography of Ablating Laminate

There is considerabls speculation on the behzwiar of the
moltsn glass in the sblation of a glase-fiher reinforcsd phanclic
plastice Accordingly, it was of interest to take movine pictures
of the ablating surface. This was done at a speed of 750 frames a
second,

Figurs 12 shows two frames selected from the moticn

picture. The unguarded ablating surface was being maintained in a
relatively flat conditlon., The ablation 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 film of glass
conlaining 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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Figure 11 - Mass-transfer and

power balance during steady-
state ablation

12 - Phenolic glass-cloth laminate in
oxyacetylene flame

102

L T o RS



Perry

velocity so that the 700 frame/second camera did not stop it. These
streaks were found at frequent intervals in the film, occupying one
frame only,

Figures 13, 1L and 15 show six censccutive frames ol the
film in which a droplet at the shoulder of the specimen is ticaking
away. The droplet has left a Jark spot at the spot it had occupied,
which may be taken to indicate that the droplets are hollow. This is
supported by the observation that hollow droplets of frozen glass
were found around the test equipment, The formation of such drcplets
is not impossible in view of the considerable surface tension which
must exist in the glass at thiz temperature a3 will be discussed
later, . P

The droplet is still attached to the site by a filament of
molten glass. In very rapid succession the filament elongates,
develops two distinct nodes bhetween tne 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 was completed in
1/7C0 of a second. Tt would secm, therefore, that the surface tension
in the glass at this temperature (about 1800°C) is very stronge The

 Xittle droplets then accelerated faster than the large droplet and
won the race off the screen. The diameter of the specimen was 3/L

inches. The larpge droplet appears to be about 0,08 inches in diameter.
The small droplets appear to be about 0¢02 inches in diametere

In view of soms of th €s s raised by these photo-
graphs, it is intended to invasiigate %ihese phenomena at higher
film specdas. Some modifications of the theories of melting ablation
(1), (2), (3), may be required to adapt them to the conditions
encountered in pyrolytic ablatione

I3

Possible Future Exporiments

The phernolics and other highly cross-linked thermosetting
laminating resins irepresent an important and interesting class of
resins in connect.on with applications wherein the reinforced plastic
is in contact with hot gases. Further investigation of the
mechanisms of depgradation at high heating rates of these resins seems
to be indicateds Ir vicw of the complicated and somewhat mysterious
strurtiure 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 undertake an Investipallon of the {rapmenis emitted by
the materials as a function of time, temperature and composition,

Th: use of pas gampling tochnlioues topether with mass-cpectrometry,
infra-red analyslis, chromatopraphy, Xeray diffraction and chemical
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Figure 13 - 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 formatio
of 2 phenolic glassg-clot
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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 estimatsd their proportions as a function of (T) and (T), we
should then be closer to beinpg able to pradict the behavior of thase
materiele in contact with molten gloes 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 chemlcal 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 1is
not highe 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 photograpns and the
condition of the specimens after a test there it no evidence that this
weax body force had any appreclahble effect on the motion of the molten
layers. The full simulation of conjoint wind-shear and body stresses
under a iargs heat flux can of course be accomplished employing large
whirlinpg-arm devices. Perhaps a simpler bepinning iii this direction
could be undertaken il the right-circular cylindriczl cpscimen were
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 present test are about one
atmospherees As noted in connection with the theory of pyrolytic

_ablation, (Py,) cx: have a significant effect on the chemical kinetics

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 casinge Perhaps the simulation of
these conditions during ablation could be accomplished by the
enclosure of the test specimen and heat source in a pressurized
chamber,
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DEVELOFMENTS IN REINFORCED PLASTICS
AT THE RAVAL ORDNANCE LABORATORY

I. Silver

P. W. Erickson

F. R. Barnet

H. A. Per=y
U. 5. Naval Ordnsnce Laboratory
White Oak, Silver Sprirng, Maryland

INTRODUCTION

For many years nov glass reinforced plastics bave been
finding wvide use as primery plastics structures in naval ordnance
and other military applications. This wide acceptance by material
deaign engineers is due in ypart to the inherent high strengths in
&ia5s reinforced plastics end confidence in the quality and repro-
ducibility of this class of materials.

This situation 414 not prevail ten years ago and the
deficiencies in glass reinforced plastics were such as to cast doudt
on their accsptance in critical strucstursl naval ordnance applics-
tions. At the Naval Ordnance laboratory, it was realized that con-
siuerably more work was necessary to upgrede the strength, to improve
the heat and moisture resistance of glass reinforced plastics, end
to advance the status of assembly technigques, quelity control, and
test wethodn, as well as to accumuilate an adequate body of engineer-
ing performance data.

Considerable progress towards these goals has been made by
both industrial. and military laboratories. This paper describes in
summary form the results of the exparimentel work carried out at the
Naval Ordnance Iaboratory in the folioswing areas of interest:

A. The upgrading of the strengtii 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 davelopmont of a test method to characterize tha
properties of glass roving for use in filament wound structures.

C. The aiudy of the sngineering properticc of exteornal
pressure vessels as a basis for the derign <f sush vessels as housings
in underwater applications.

A. Chemicel Finishes for Glass Fidvers

There are potentislly many applicaticas in naval ordrence
vhere reinforced nlsstics are the ideal rmaterials of construction.
This is, however, conditicasd oo thai~ 2bility to retain for rela-
tively long periocds of time a substant’al fraction of their inherent
strength properties in & moist environment. The problem of wet
strength retention in reinforced plastics is known to be dspendent on
the adhesive bond between the cured resin and the glass fiber surface.
At the start of this investigation, ths use of fiberglass reinforced
piastics in structural items for naval ordnance was zcverely limited
in applications requiring Lime immereion in soa vater. This
limitation still exists but to a lesssr degree.

The main objective of this research was the developnent of
glass fider reinforced plastics with improved strengths, both dry and
alter prolonged exposurs t0 moisture. The approach to the problem
wvas to devise novel trestments (finishes) for the glass fiber which
would lead to improvad bonding betveen the fibers and the cured resin.

A total of 38 organo-chlorosilanes, most of which were syn-
taesized at this Laboratory, were spplied to glas:s fabric and eval-
usted for their effect on the dry and wet strength properties of
lomipates made with soversl commonly used thermnsaviiog resine. Thess
finishes ware selected on the premise that appropriate chemical
functional groups riraly fixed to the glass surface couid partake in
the curing reaction of the resin and in this manner bridge the glass-
resin interface with chamical bonds. Many of the finishes vere
designed tc contain more than one type of functional group so that
the finish could be effective with e variety of thermogetting resin
types.

The mechanism by which chemical finishes for glass fibers
lead to better strength proupertiss 18 not too well understood, dut
there is much evidence that aprropriate chemical functional groups
in the finish are essential in ssouring leminates with superior
strength properties. The reason for selecting chlorosilanes as a
vehicle to place chemical functional groups on the glass was that
these vere known to react with trace amounts of absorbed water, which
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is ever present on glass surfeces. Chlorosilanes react with this
absorbed vater with the evolution of hyérogen chloride and in the
process becoms 2ttached in a manner suggesting shemical bonding,
since they can be removed only by strong hot alkali or abrasion.
Thus, the problem of the bonding of the finish to the glass wvas
simnlified by salecting chblorosilanes as the vehicle for irtroducing
difforent functional. groups into these finishes.

The nev finish resgents, vhich are sensitive to moisture,
vere dissolved in dry xyleus at & concentrstion of about 1-2%. The
treatment consisted of immersing glass fadbric in these solutions for
varying periods of time and temperature. The various finishes and
their methods of application have been tke subject of several reports
(1.2, 3,4, 5 and 6).

The finish designated NOIL-2L4, which is the product from the
reaction of allylisichlorosilane and resorcinol, wves selected for
further etudy and development. This finish was found o be univarsal
in character; since it was effective with many resin systems. Poly-
cster, epoxy, phemolic and melaxins laminates meds vith NOL-24
treated cloth give not only improved dry flexw=l strength properties

* but superior wet strength retention, in some cases up to 100%.

As a result of the good laminate strength data cbteined in
the laboratory phase of this study, e commercial finisher tccame
interested in the NOL-2% ireatmsat. With the cooperation cf NOL,
this processor carried out several treatments on a pilot scale.
Treated fabric became availabie in 100 yard quantities, some of
vhich vas evaluated at this laboratory. Teble I shows ultimate
flexural strengih data from laminates made with Tabric from the first
four oilot treatments. Included for comparison are strength values
from laminates with other commervial finishss.

The laminates in Table I werc made in & similar manner and
had resin contentes in the range 29 to 34% (4). The averages shown
vith NOL-2l4 laminates with polyester, epoxy and phemolic resins are
based on 27, 24 and 21 laminates, respectively, and include up to
four different pilot treatments. Ultimate flexural strength averages
of over 100,000 were cbtained for all three resin systems under dry
conditions. Averages of 80,000, 98,000 and 100,000 psi were obtained
after & two-hour boillag water conditioning with polyester, epoxy and
pbhenolic resins, respectively. These data show that NOL-2L yielded
higher flexural strengths than the best commercial finish , both dry
and vet, respectivaly, of 20% and 11% with the polyester resin, 16%
and 22% with the epoxy resin, and 24% and 289 with the phenolic resin
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TABLE 1

ULTIMATE FLEYURAL STRENCTH FROM LAMIRATES USING
181 STYLE GLASS FABRIC WITH VARIOUS FINISHES

Pareplex F-U3 Epon 828 with CL BV 17085
Finish Iy wWet Dry Wet Try Vet
n2 73,000 39, 88,000 73,000 52,000 30,000
Garan

000

£5,000 7h,000 k49,000 51,000 45,000 47,000
000
000

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

volan  86,0r 72, 93,000 80,000 84,000 78,000

NOL-24 103,000 80,000 108,000 G8,000 104,000 100,000

TABLE II

VARIATION UF COLLAPSING FRESSURE RESISTANCE AND
FFFECTIVE MODULUS WITH INCREASING TUBE DIAMEY

Collspaing Effactive
T™bes I. D. Pragajre Modulus
inches psi : pei
3.06 355 3.90 X 100
6.02 350 3.85 x 100
9.86 350 3.81 X 10°

Each value is an average of three tests.
L/D = 2.90 t/D = 0,025
Tubes reinforced with 181-Volan glass fabric and bondaed with

a general purpose polyester resin mixture of 80% rigid resin.
15% flexidble resin and 5% styrene.
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A more recent svaluation was carried out at this ILauoratory
in eonnection with & sxvey to determine whether the present specifi-
cation for strength properties of reinforced plastic lsminates wes
realistic in terms of what could be achieved with the ners improved
fabric finishes. Another object of this evaluation wss to determine
the effect of iesin content over the range 35 * % on various
strength properties of the laminate. This study was carried out with
181 style fabric having A-1100, A-172 (Silicones Div., Union Carbide
Co.) and NOL-24 finishes and using polyester, epoxy, phemolic and
melamine resins. The reason for selecting A-1100 and A-172 finishes
for this study was that these were more recently developed finishes
vhich were shoving promisze in a rather widsspread evaluation by
industry and the militery agencies. Ultimate flexural strengths were
cbtained, as well es a limited amount of tensile and compressive

strength Aata (6).

The ultimate flexural strength dats are shown in Figures 1
through 4. The laminate strength data in Fig. 1 were obtained with
an epoxy resin cured vith metaphenylenediamine {(CL). The results
shov that flexural strength is not particularly dependemt upon 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 polyester .axminates
mede from fabric with A-172 &nd RCL-2% finishes are shown in ¥ig. 2.
The results show that with the A-172 finish the strength proporties
are not affected over the range of resin content 31.1 to 38.5%.
Resin content had a slight effect on the dry strength with the NOL-2L
finish but none on the wet strength. The NOL-24 iaminute dry
strengtha were 12 to 15% higher than those from the A-172 laminates,
The NOL~24 laminate wet strengths were about the sams 23 for the
A-1T2 lzminates.

Similar data for phenolic laminates made with A-1100 and
KOL-2L4 finighed fabrics are shown in Fig. 3. Resin content seems
to be unimportant over the range 26.6 tc 37.1% with ths A-1100 firich
Qast, gtrengths are obtained with the KOL-24 laminates in the 29 to
35% range. With both finishes, 100% (or better) wet strength
retention obtained in 9 out of 12 cases. The present specifica-
tion requirds values of 50,000 and 45,000 psi dry and wet,

respectively.

Flexural suichgihs from >elanine laminates made with
A~1100 and NOL-24 finished fabric ars shown in Fig. 4. Reein con-
ten%, as thiv rulates to laminate strength, appears to be unimportant
over the range 29.1 to 39.0%. The dry and wet streugths from the
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Figure 1 - Ultimate flexural strength for laminates with
A-1100 and NOL-24 finishes using Epon 828 and CL
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NOL-24 lamina‘~s are at least 50% higher than thos¢ from the A-1100
laminates. Wet strengih retention with the NOL-24 finish is 1004
vi' better in five out of six cases.

It is apparent from those azts ihat ROL-24, A-1100 and
A-172 produce leminates with substantielly higher stirengths than the
requiremanta set forth in current specifications for the ssveral
types of laminating resine discussed here. In most cases, NOL-2k
gave strengths over a range of resin contentes higher than thoase
obtained with the other twun finisghes. In view of this, it s propoessd
in Fig. 1-4 thet the specification limits be raised to provide for s
new class of quality finished cloth to reflect the higher dry and wet
strengths possible with the new commercial and experimental finishes.
The preoposed values are tentative and are only offered as a basis
for discussion leading to the revision of present specifications sc
that the full potential of these new and better material combinations

can become available to the design engineer.

Thies study at NOL of chemical treatments for glass fibers
not only resulted in the development of the universsl type chemical
finish, WOL-24, but it =lso stimulated this type of work i{n industry.
As a result, ccnsiderable work in this area has vezn done by at least
three large industrial concerns. While the work at NCIL haos net
proved chat the resin becomes chemically bornded tc the finish, much
indirect evidence has been accumnilated in favor of the chemical
theory of finishes.

It is believed that finlishes to be effective musti nct only
fulfill the chenicel requirementzs with respect to functional groups
but must also be cepable cf perivriiing sevaral other functions. The
finish ashould provide a polymeric sheath to protect the fiber against
strength degradation by self-abrasion and moistwre attack; it should
result in better wetting ¢f the fiber with the elimination of voids
and consequent iumprovement in moisture resistance; and it should act
48 & deformable layer capable of accommodating ilocal stresses along
the fiber which are set up in curing and in temperature cyecling.

Further work on finighes is needed to understand more fully
the mechanism by which certain finishes lead to better dry and wet
strength luminate 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 improvement of
laminate wet strength properties. Perhaps it is time to begin the
plani.ing of new finishes designed to resist the effects of high
temperature on laminates. A better knowledge of the mecheniws of
?ggding i urgently need2d in the design of the finishes of the

ure
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R. The NOL Ring Test Method for the Evaluation of
Chemical Finlahes on Glasa Roving

rThe subject of glass roving reinforced plastics is current-
ly of growing interest to both industry and several of the defense
agencies. Much effort is being expended with these materials in
developing rsans of economical machine fabrication of cylindrical and
spherical structurcs and the evaluation of the performance charac-
teristics of these products. :

In the area of reinforced plastics, glase roving will
undoubtedly become steadily more important as a reinforcement material.
One reason for this is cost, as compared wwith that of woven glass
fabric. In addition, glass fiber in roving form offers ihe rein-
forced plastics engineer a means ¢f controlling directicnel strength
properties, which iz not possible in designing with glass Tabric or
met.

A major obstarle in the develcopment of thig clase of
structural material hss been the problem of testing the strergtn
properties. The design data usually needed, such ae flexural, com-
pressive, shear and tensile strengths, baccd on standard testc, have
not been available to the cngineer. As a result, test specimenc in
many caccs 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. This also often leads Lo cver-design,
thereby lcaing much ©f the pescitle weight saving advantage which is
critical in many applications, such ss those involving missiles.

As ar extension of the vork with glass fobrie finishes, a
study of the effect of various chemical finishes on glass roving,
as this related to the strength propertiss of the reinforced plastic,
wvas undertaken. It soon became apparent that test methods werc very
inadequate, as compared to those for fabric reinforced plestics. A
licerature survey on ihc¢ aubject 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
difficuity with all the test methods tried had been the preblex of
fabrication of unifcrm and reprcducidble test gpecimens. Tn order,
therefore, to evaluate roving treatments, the laboratory undertook
the additional problem of developing more reliable test methods for
determlining various strength properties of parallel fiber reinforced
vlestics.

The NOL Ring Test Method is built around a ring which can
be eas’ly ond inexpensively made with a high degree of uniformity
and reproducitility. 'This ring has an outside diameter of 5" and is
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1/4" wide and 1/8" thick. It is fabricated by drewing B-end roving
uhrough & resin bath onto a split circular r:ld under controiled con-
ditions of temperature, temsion, and angle of wind. Ligquid epoxy
and polyester resins are used wiil: eyual ease. Up tw 3': rings can
be consecutively made with & single catalyzed batch of these resines
using only 250 grams of resin. Resin contont can be varied fror. 15
to 30%. In sddition, this typs of spsciumcn has the edvanisze that
it is more closely related geometrically to shapes that are =oci
likely ‘n practice to be Pfat -ated, such as tubes and spheres.

Figure S5 iz a schematic Adisgram of e functisning parts.
The eutire apperatus consists of tbhree paris; the tensioning devica,
the resin impregnation buth, and ths mschanism for drawing and viscing
in a uniform fashion the impregnstad roving into the mold. The
detaéle of the fabrication of a8 ring are discussed in references 7
and J.

All the important strength properties for design purposes
may be obtained from the ring or segments of it. Ultimate flexural
strength is obtained from segmsnte of the ring, which are 3" long.
Horizontal sheur strength is obtained from segments meesuring 0.6" to
0.8" long. Tensile strength can be obtained on the entire ring,
vhich is hydraulically pressurized internelly between parallel plates
to failure. Cozpressive strength could be similarly obtained by
pressurizing the ring externally to failure. FleTiral test specimens
are shown in Fig. 6, item 1, and horizontal shear test specimens are
ghowp in item 2 of the same figure. A typical horizontal shear
failure is shown in Fig. 7.

This Isboratory was primarily interested in develoning the
test methnd for use iy the svaluation of chemical finishes {axd
31zes) on roving &8 thesc r=lsta 4o the various strength properties
of the rel forceel wliaaviz. Tvo (sats have now bean Tiought to the
point that thiz has been accomplisbed. The u.Ltimte Tiexural strength
test and the horlzontel shien+ strength test can both be used for this
purpose.

Ultimate flexural strength data are shown in Fig. 8 for
rings v.th various roving surface tresatzents, vhich were muds with an
epoxy resin cured with henylenediamine. It should be noted that
testing under standard (dry com'_ition does not clesrly differentiate
between treatments. It was found with this resirn systeam that boiling
the speciwens up to 12 hours before teating was necessary to bring
out the differences shown. Horizontal shear strength date from
duplicate rings of those shown in Fig. 8 are shown in Fig. 9. Again
it 1s seen that the specimens have to be severely boil conditioned
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to bring out Ad.sfferences dua to finishes. It should be noted that
no vet sheaxr values are reported for several of the rcving treatments
in Fig. 9. Serious degradations occur in these specimens on bvoiling
and failure by shear does not result. The coefficients of variation
shown indicate that both methods have fair to good reliability. The
coefficients of variction tend to increase when the values get low.

INtimate flexural strength data with a polyester resin are
shown in Fig. 10. A two-hour boiling water conditioning is sufficient
here to differentiate betwear roving treatments. The relative order
of values is what would have been expected frcm fabric laminates.
Horizontal shear strength data on duplicate rings for those shown in
Fig. 10 are shown in Fig. 11. Ageain it is seen that tha gpscimens
baving inferior roving surface treatments fail to shear. The coef-
ficients of variation indicate that both methods have sufficient
reliability to be useful.

n .
Fioe b :*y-»t.fﬁ”‘ff*‘_ﬁ‘ﬁ,‘W@W TeRny ’v

RAvES.

This Laboratory has designed a test fixture to obtain
itonaile data on the entire ring. It is expected that these data will
« also be avallable in the necr future. There are at the moment no
Plans to design a similar fixture to get compresszive stirengin data,
but this would be highly desirable, since many end items of interest
are external pressure vessels.

I .

The NOL Ring Test Method is being proposed tentatively as
a standard test method for specifications use. Perhaps wore work
needs to be done on the method of meking rings and the manner of
testing. At this time, however, it is possible to make rings uni-
formly and reproducitbly, and for this lLaboratory's purpose it has
besn abls {o differentiate very clearly between glass roving surface

[ R IR |

treatments.

C. Reinforced Plastics in the Construction of
External Pressure Vessels

Reinforced plastics are structural materials which are
suitable for the fabrication of mine cases and other underwater
housings. They ars non-magnetic with high electrical resistivities
and cre corrosion resistant, lightweight and utilize non-critical
materiale. Vvhen they were first considered for this use, their
creep and fatigue characteristics under long-term pressure conditions
vere wknown. Therefore, it was necessary to develop basic data on
the selaction of -materials and on the design of pressure vessels
prior to their acceptance for the fabrication of mine cases.

A half-scale model pro wvas initiated to provide these
data with emphuis on the submarine lawnched mine case Mk S7 (9).
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Small tubes were used to establish the variation of collapsing ‘
pressure with length-diameter ratlos, thickness-diameter ratios, and
reinforcement strength characteristics. Large tubes and models were
investigated with respect to the degree to which ribbing would rein-
force a tube and increase its ccllapsing pressure resistance. Long-
term hydrostatic loading of models was carried out tc determine the
time~to-failure of promising designs and fabrications.

A formula for calculating the collspsing pressure {(Pc) of
reinforced plastics vesgels wag taken from one used for metal
structures. For short cylinders (L = £D maximum) under uniform
external radial and axial pressures the PTrilling-Windenburg formila
was used: -

Pe = 2:42 E (¢/p)%/2
(1 -x2)37 (1 - 0.5 (t/D)lfQ]
D

Where t/D is the wall thickness-to-diameter ratio and L/D is the
length-to~diameter ratic. Poisson's ratio (s« ) had been determined
eg equal to 0.3 and was used as a constant in the equation. The
formila 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
formle is not strictly applicable. Neverthelz2ss, it was used
empirically to permit calculations of experimental vessels of known
dimensions. This required the collapsing of cylinders of verying
L/D and t/D ratios and the calculation of E (Effective Young's
Modulus) to demonstrate iis characteristic variations.

The initial series of experiments wes with small digmeter,
convolutely wound cylindrical pressure vessels. Fig. 12 shows data
for style 181 glass fabric reinforced polyester tubes. It is readily
seen that Pc increases with a decrease in the L/D ratio and with an
inerease in the t/D ratio. Here then are two ways by which the
strength may be controlled. It should also be noted that the slopes
of these curves change markedly in tne rang: of L/D ratios from one
%0 two. At I/D ratios above this range, failure in the specimen is
of a typical instability nature, while below the failure is typically
vield. At extremely low L/D ratios, the axial comrression strength
0f the cylinder appeared to be the yield rechanism of impoitance.

Once Pc was determined on o gerics 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 Pe for
experimental cylinders. The drop in E at low L/D ratios again
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STYLE 181~ VOLAN GLASS FABRIC
POLYESTER RESIN SYSTEM
TUBE 1.D.= 306"

40 t, «0.020

3

%, 0.029
v} 0.8 i.0 .95 20 23 30
L
/D RATIO

Figure 13 - Zffective modulus variation of
reinforcced plastic tubces
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iliustrates the limited applicability of the formula to faillures of
a yleid nature. I{ can, however, be used empirically by introducing
an estimated E consistent with the specific t/D and L/D ratio of

the jroposed vessel.

Glass rovings were also used in a helical pattern to rein-
force a cyliidrical structwre. Excellent results were obtained, as
indicaled Ly the variations of Fc and E versus the heiix angie of
wind, as shown in Fig. 14, Similerly, ec with fabric reinforced
tubes, it was noted that as the hoop strength of the tube is increased
pressure resistance and stiffness increased. In contrast to tbe
helical), distribution of glass, tlie rovings were also placed so that
they lay only in the axial and hoop directions (C-50° wind). With
this technique, the axial hoop strength rautio can be controlled ae
with helical 8. The effect of these variations is shown by
the points 2:1 and 4:1 (representing the hoop-to-axial retio) over
the 90° helix line in Fig. 14. Certain theoretical advantages accrue
by using the 0° - 90° wind techaigue, 22 the glass is put more nearly
in direct line with the applied stresses than when wound helically.
I¢ is, therefore, to be expected that these structures would have
better stress resisting characteristics under both short-term and
long-term loading conditions. Also, at the higher collapsing
pressurec, the maximum axial strengths for the application can be
more readily maintained. The 0° - 90® wound tubes have axial com-
pression strengths of 23,000 psi for a 2:1 axial-to-hoop strength
ratio, as comparad to 18,000 psi and 15,000 psi for a 60° and 80°
helix wind, respectively.

Scale factor is sn important consideration in the use of
the toregoing data. A series of data in ‘fable I show that the
scale factor is effectively 1l: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 1:1 scale factor ratio will hold true at diameters larger
than those ‘ested to date.

In practical appiications, & cylinder will genmerally havc
a specified length, yet ite collapsing pressure requirement may
demond a much lower effective L/D ratio than that of the basic tube.
The use of ribs represents a means by vhich the effective IL/D ratio
can be reduced. Fig. 15 shows that Pc was controlled in the insta-
bility failure region by this method. In the yield region, however,
these same ribs failed to give sufficient support to obtain Pe
values as great as the ones on tha theoretical Pc-L/D cuzve. The
units failed in instadility. Although tue theoretical curve was not
followed, the collapsing resistance was increased three-ifold without
& major weight increase. Further increeses in collapsing pressure
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vere obtained by increasing the rib crosg-sectlion or the number of
ribs but at the expense of an increasc in weight as well. Increasing
the rib size resulted in a yield failure.

Not only must & reinforced plastics pressure vessel have a

igh reeistance to short-term external pressure, but it must be able
to resist a high proportion of this pressure for an extended period
cf dtime, Rooulis of long-ltarm siplsuie VO GAlernda presbule in
Fig. 16 showed that convolutely wound cloth vescsal: loaded to 80% of
thoir short-term strengths did not withstand contipnuous oressure for
any great length of time. At 60%, these vessels lasted about 300
days. It was shown that with a load of not over 50% cf the short-
term strength, the vessel lasted well in excess of one year. Vessgels
lcaded at 40% of their ultimate strength ware found to maintain their
full short-term strength even after one year's long-term loading.
Glass roviag helically wound tubas, although having initially higher
ccllopslig presswies, were found to fall off more rapidly on exposurc
than cloth wound tulbecs and meaximum allowable pressure for long-term
use was below that of the cloth wound tubes.
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TiE PHOSPHINIC NITRIDES - POTENTIAL UIGH TEMPERATURL
POLYMERIC DIELECTRICS

A. J. Dilbo

U. 8. Naval Ordnance lLaboratory
urona, Chiifornia

During the past! ten years, the demand for polymeric di-
electiric materials which car withntand temperatures in the region of
500 to 1,000°C has become increasingly insistent. Since most ~f the
cogventional orgenic polywer systema fail Jong hefore the resmired
temperatures are reached, a molution in the field ef inorganic
polymer chemistry is being socught with increesing viger by research
lahoratories,

0f thes several areas studied by the rroup at NOL Corona,
*he most promising invergenic system im that known as phosphinic
nitrides {almo commonly referred tc as phesphonitriles). The systew
is made up of alternate phosphorus and nitrogen atcms forming a con—

jugated, unasaturated polymer chain.

i
i

—P=N—pP=N—P=N;

28

R

il

—

" R
-

Figure 1
In thin type of molecule, the phoaphorus is pentavaleni and wide
variation in mechanical, physical and chemical properties can be
ohteined hy varying the zide chatn submstituerts on the phosphoruv

atom.

The varioua phosphinic nitride compounds with which our
lL.ahoratory has becn working are shovn on the next page.

137



Hilho

?\ ) rTr 7 'f 7

F=\N-~ dp =n— ~4 p=N—

| | ]

CI _Jx .Br =4x h}. dx

) B - P~ i “1

f2”5 %6“5 ] fﬁ*5

P=N- b =N—}* +p=N—

) 1

| 3 |

ngll.’ Jx L G:lg Jx L Ol Je
Figure*2_

Historically, the parent materials in this fumil{ re the
dtchlorophosphlnlc nitridee, firut made in 1834 by Liebig. 1) The
loweat aolecular weight members of that sysiem are the trimer and
tetramer,

I
R/
R R T PN
/ N P
N N x:\!l iR
¥ N
R\, P R '/v
,° P AN /
R\ # R N=P
N / R
R
(PNC1g)q (PNC15 )4
Figurs 2

Studies fx)tte)electron diffraction ptg ern (2) infrared
and Raman spectra, and crystal siructure'“’ have estahlished
the cyclic structure of both trimer and tetramer. The trimer ring
is planar, but the tetramer has a puckered ring configuration,

When (PNCl5)3 ,p 4 in Leated in a sealed tube at 270°C, {8)

the ring is ruptured and iiic products shown belcw are chtained '*he
yields of each depend on the len:-th of heatine),
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(A. Mligh Mol. Wt. Oils
B, Guma
C. Waxen
- (PNClg)g np 4 —>P. "Inorganic lubber”

Yol, wt. 37,000 - 78,000
Infurible Non-=lantic
Solids

r ™

Fioura 4
At 250°C, conmversion to the "inmorgenic rubber” cccurs within an bour.
The “inorganic rubber” bears a remarkable resemblance to a good grade
of mlighktly vulcanized naturai rubber, Tte zlaatic quality is as

good, or better than naturai rubdber. Iii is colerless when made from

. pure trimer or tetramer, and is insoluble in ordinary eolvents, but

awells in henzene. The elastomer is stable toward acids and bawses,

but is decomposed by long boiling with water. A loss of elasticity

occurs vhen the material is exposed to air for a period of wecks and
it eventually bescomes quite brittle. Slow heating of the elastomer

to red heat converts it tc a porous horny maes.

Let us now consider the methods by which the wmembers of the
phosphinic nitride sysiem can be made.

(PNC12)3 and 4 can be obtaic:d(7) io zatisfectory quantities
by the reaction of PClp with NH;Cl in an inert zolvent,
, {;FNCIQ 3
135°C (PNClo )4
PCly + NH4Cl  —FheT,oncT,” fPlus Higher
\lloroliogs
Figure 5

The mixture of preducts is separated by benzene extirac®ion, frac-
tional Adistillation, and slow sublimation,

[4
(PNBrs)a and 4\3) are obtained in an analogous reaction
hetween NH Br and PDrj.

Mixed phenylchlorophosphinje nitridee c=n be obtained by
the reaction of CgHgPCly with Nuzc1 \%)

Fully substituted pheanylphosphinic nitrides can be prepared

by the reaction of diphenylphoaphorus trichloride with NH4Cl in an
inert molvent, ;
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~40°
(CqHg)2PClly + Ny —yy
155° . [(Gatis JoPA] 5

NH,Cl ——-

Figure 8

The use c? liquid ammonia instead of NH4CI(10) gives a more con-
venient reaction technique, Ammonia is not used in the revaction with
PClg in the formstion of (PNC1,), beecanse ovnr-ammcnolysis will
occutr. The initial products obtained iror the liquid ammonia
reaction with (C555)2PCIQ are water-sensitive, chlorine-containing
compounds which must he heated to abont 275°C in order ts coavert

e T

them to the cyzlic dijLenylphosphinic pitrides. 1t is= sclswsuthy

- that the cyclic tetramey iz formed almost exclusively,

ECsﬂb)gPﬁ]4 forms a higher polymar only when heated to
temperatures above 400°C. When it is heated in = sesled tuhe at
540°C for short intervals, a britil: sszher giass is formed, together
with a quantity of benzene equivalent to the loss of t¢wo phoenyi
groups per tetramer molecule. The glassy substance is inmsoluble in
all solvents and resists mclding even at 400-500°C. This evidence
strongly snggests that extonzive cross-linking must cceur, Heating
et 4060°C for one hour im the air leads te lesc than 5% loss in
weight, but prolonged heating in air leads to it= conversion into a
iarry mass,

The preparation of the disihyiphosphimic nitridee(ll)
follown a similar path to that outlined for the diphenyl derivatives.
ain the moisiure-senzitive intermediates are converted to the

*1ie compuunds by heating &b elevated tewmperatures {182.200°C).

The cyclic dialkylphosphinie nitrides are uniguc in that
they are water soluble, and can be recovered unchanged from a cold
vater eolution, When [(ColHy)oPN]3 is heated to 340°C for 16 hours
in an evacustsd tube, & dark, brittle, resinous material ia formed,
togeiher wi*l a onan*ity of ethane gae equivalent to the loss of 2
ethyl greons per iriweric molecule. The polymer begins to decompose
when heated above 35C°C,

Dimethylphosphinic nitride, recently prepared by Seurie,(12)
was fcund to have properties similer {o those of the diethyl deriva-

tivec
1)

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

When (PNClg)g or 4 is treated with CglgMgBr, partial or
? Cl occurs, However, the yielis are not satis-

factory due to the tenden:zy of the Grigrard reagent to cleave the
(PNC1y)3 ring and thus form unidentifiable ars.

A more asutisfactory Cl repla;;:ga%,ggaction pccurs vhen
(PN012)3 and 4 are treated with KSOpF. "~ ;L2

’

)
(PKClz)a and 4 * 2 K30oF —lgé—gb(PNFg)a and 4

i

+ 2 KC1 + 2 SGo
Figure 7

Here the conversion to (PNFg;- and 4 ie better than 75%. Hesticg
(PNP2)3 and 4 in an ovacusted tube at 350°C for !2 hours yjields a
clear, colorless elastomer wkich is ‘herzaily stable up to 450°C,
The hydrolytic stability, howave:', iz very poor, since overni;it
exposure to the atmosphurs comi::*. :he material to a white, sticky
mass having little or no elasticiv:

The reaction betweru sodium axide and hllophosphines(lﬁ)

" provides an interesting and potentially important method of preparing

phosphinic nitrides,

RpPC1 + NaNy —2i20_ [Rzi-.n;,] + NaCl
(RQPN)I + No
R = CgHy, C1, Br
Figure 8

The reaction occurs when the amide is =ddzd dropwise to the heated
halophosphine. Nitrogem is evolved as the intermediate phosphorus
azide decomposes to yield a mixture of polymeric phosphinic nitrides,
It the reaction temperature is too Jow, the phosphorus azide may
accumulate and explode violently, as happencd in the reaciion of
(CF3)2PI with NaNg, PClg with Na¥Ng also yields _an expl nize onpound,
(PNCl5)3 yields the dissidopbosphinic nitride, [pn(wggjaﬁ 179 L ben
treated with NaNg,

141



Bilbe

aporeciable yields of [(Ugly)oPN], are obtsined by this
method when the polymerized material, obtained from the azids, iz
heated to 273°C,

CglisPCio and NaNjy react to give a soluble polymeric,
fibrous material of molecular weight in exceszs of 5,000.

(PNBro ), elastomer in obtained directly by this method.

in addition to the synthetic phase oi ilue inorganic poiymss
program at NOL Corona, a kinetic studyl18) of the polymerization of
the dichlorophosphinic nitrides iz alzc ip progress, The unceatalyzed
thermal polymerization of (PNClo)g or 4 is difficuli to atudy because
results conld not be reprcduced despite strenuous eiforis to control
all reaction variables. These difficulties were alleviated when it
was discovered that a large number of organic compounda and some
" metale catalyze the reaction to a prowvuncel degrse, bringing about
an extensive polymerization in 24 hours at 210°C, Among the cata-
lytically active materiale are ethers, ketones, alcohols, and orgaaic
acids, zinc, tin, and sodium,

Bulk polymeriraiion dais typical of {PNClpj3 are zhown
below:

T ot i = ) :
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© 7 I ; 4
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3 | . o
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2 i ! | // ! i | 1
. *Q[ o1 P "4 - L _f’ ¢
5 | ¢ | m4 E
s | 7 ! I [
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¥ 20 I| «.—,—_T‘_;/,‘i( . : " , SUUUTS S
! ,/'T * ! | !
o azo=d” ' | ! !
] 6 35 45 36 % 70

POLYMERIZATIOR TIME, HOURS

Figure 9

Curve 1 is the reaction catalysed by 8.4 mg of ether per gram triwer;
Curve 11, 2.8 mg of ethyl alcohol per gram trimer; and Curve III, by
20 mg of tin per gram of trimer.
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At the temperature at which our investigations were '
carried out, namely 210°C, the increasing zwount of pclymer beiag
formed causes the reaction medivm to be quite viscous, thus the data
from the bulk polymerizations only lend themselves to mathematical
analysis during the early stages of polywerization., In order to
obtain results more amenatle to kinetic imterpretation, the polymeri-
zation was carried out in seclutioen,

Fignre 16 shows the polymerizatioh data using benzene
soiutions ceniaining 22% by weight of (PNC12)3 and different concen-
trations of benzroic acid as catvalyst.

PERCENY POLYMERIZATION

(4] 40 DJ 120 16C 2
TIME, HOURS

Fignre 10

Curve I was ohbtained when 2,89 mg of benzoic acid per graw of benzene
was used; Curve II, 5,70 mg; Curve I1l, 9.80 mg; and Curve 1V,
13.7 mg of benzoic acid,

Figure 11 gives the firat order plot of the sume data., as
seen on tbhe next page.
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All curves appear to satisfy an equaticn for a firat order reaction
with reapect to catalyat concentration.

The walnea of the firat order rate constants, calculated
from the first order rclationships shown in Figure 11 are plotted an
furctions of benzoic acid ecncentration in Figure 12,
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Figure 12

The rates are seen t5 be directly proporticnal to the concentration

of the catalyat, The high value of the rate at the lowest concentra-
tion eof henzoie neid is attributed te the uncatalyzed solution
polymerization of the trimer, Since data for the uncatalyzed molu-
tion are am poorly reproducible as those for the bulk peclymerization,
a reliable correction cannot, be made; however, vaiues as iiigh as 6%
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polywerizatiaon in 100 hours have heen nbsmerved, and rates of this
wagnitude wonld account for the obaerved clevation, ‘

The comparable effectiveness of the verv ditferent types of
catalystes maken it obvious that their action is ne* ., zcific, The
catalysis by wetals and the forvation o1 hydreoren ck® i~ide from the
organic compounds suggest that the iwpsrtant stc; 31 the initiation
is the removal oi a chlorine atom from the rhaosprazi-, Thir recction
wust occur jin an environment where the :tior.rc cannot be repleced
by another st ble group, for water and ammcn« “ad only a =mu)’
effect on the pelymmrizatien, although they reaz. readily with
(PﬁClg)a. In view of these considerati,us, it anpears ihai upen
removal of a chlorine atom from phespherus, =n» :ciivated species
such aw P3N3Clg* !5 formed. The propagativi nf the polymerizative
proceeds when this asciive gpecies rerct further witt other {riwer
molecules, The termiuciion step conld pessibily sccur upon cowbina-
tion of two long chain reactive specie,
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EFFECTS OF ELEVATED TEMFERATURE
ON ELECTRICAL PROPERTIES OF
THERMOSETTING PLASTICS

W, Hard
Navel Material Laboralory
Ney York Naval Shipyard
Brooklyn, New York

In recent years, the evaluation of heat resistance of elec-
trical insulation has becoms a subjsct of growing interest and impor-
tance among research and design engineers., Increased interest is be-
ing generated by the widespread and continuing trend toward miniz-
turization of electrical and electronic equipment, necessitating the
functimning of insulation at ever higher temperatures. ™urthermore
the rapid develoment of prirnted circuits, growing Naval slectrondic
applications, and space flight technology hsve also served to cruate
a demand by tha Nawvy snd other Military agenclas for highar tempars.
ture dielectrics and for specific enginvering infomeetion regarding
the behevior of insulsling moterisle at anticipated tampe rature:s.
Difficuicies in soiving these problems arise from the wide variety of
environmental conditions encountered in applications, the demend on
the purt of development and design engineers for concise, yet scien-
tifically sound, heat resistance classifications of insulating materi-
als and ths disagreement of researcrsrs on methods of obtaining and
interpreting the required dsta.

Recognizing the future need for specific informaticn on
aslevated temperatnre properties of insulating materiais for shipboard
applicatirma the Nzval Materinl Laboratory, under the aponsorship of
the Buresu of Ships undertook a program of investigationa to obtain a
comprehensive vieyw of the heat resistance of dielectrics. It was
also intended that this program would promote the developmsnt of re-
ssarch methods  procednres and inghrumentation for the evaluation of
dislectric materiels at elovated temperatures as well as supplying
specific information useful for design murposes.
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METHOD

The test program included the cdevelopment of apperatus and
procedures for conducting elevated temperature msasuremnts of elec-
trical propertiss such as dislectric strength, dislectric constant,
dissipation factor, volums ana surface resistance. In addition, the
elsctrical program was peralleled by a similar slevated tempsrature
investication of mechanical propertiea, describsd in referemnce (1).

In contrast to the provalent practice of conducting msasure-
ments of properties of inswlating materials at room 4emperature after
heat aging, and oftex not considering the duration of the heat aging
pericd, the Laborsiory's evsluations were condncted by parforming
measurements at elevated tempsratures snd as functions of tims of ex-
posure &t these tamperatures. In addition, sracial sttention was de-
voted to investigating wery short term exposure effects bscause of
unmusual bshavior obsserved on initis=) heating of soms materials.

In accomplishing these investigations, spacial equipment or
modifications of conventionsl equipwent were devised. Thess included
the construction of test chamtura for conducting mdasurements ot éle-
vated temperature, the developmernt of high tamperature electrode sys-
tems, and the use of silver paint and spray meial electrodes. For
example, the chamber illustruted in Figure 1 was constructed to con~
duct dielectric strength measurements in the direction paralisl to
forming pressure of ths matsrisi undsr test. Thiz apperstne conzists
essentially of a thermally and electrically insulated enclosurs: con-
taining 3 3/4 inch diameter electrode systsm and tharmostetically con-
trolled slectric heaters. Spring loaded, 3/l inch electrode sessem-
blies are installed in clearances holes through the center of ¢wo
large ceramic insulators. The upper insulstor is fasisncd o the re-
en.viccd roof of the chawber and its slectrode, protruding through a
hole in the roof, is comected to the high tension side of the test
voltage source. The lowor insulator, containing the gromded elec-
trode is mounted concentricaily on an insulsted stand fastsned
through a hole in the flonr of the chamber to a hydraulic jack. The
opposing faces of the insulaiors are covered with 1/3 ineh thick
shest silicone rubber with ] inch center holes provided for pretra-
sion of the electrodes. 1In a test, the specimen is placsd centrally
betienn electrodas and the lowsr electrode assenbdbly hydrsulically
raised to compress the specimen againat the upper electrode aszswuably.
Thus, "[lashover® across the surfaces of the spscimns is inhibited
vwhen voltage is applied. Although the specimen is subjscted to a
prossure of 25 to 50 wsl. when tested, the area of the specimen under
the electrodes experiences only negligible spring pressure., The
equipment is capable of withstanding wnltages up to 60 kilovolts and
operatins at temperatures as high as 250C. To minimize statistical
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Fig. 1 -~ Dielectric Strength Measuring
Apparatus - Front Wall Removed

variability, dats was taken as tls avorags of at least 3 measurements
for each test polnt on randomly selected specimens,

MATERIALS
The naterials investigated were commercially availsble, &nd
commonly used laminated and molded thermosstting plaoatics. The lomi-

nates were cut into 3 inch squaros from 1/8 inch thick sheets and in-
¢luded electrical grades of the following typss: phenolic-papsr
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(P), phenolic-fabric (Fi5), mwizmine-glass cloth (CHG), and sili-
core-glass cloth (0S3). Folded materials weie phenolic-asbestos
(MFT-20), phenolic-cellulose (CFO), mlmins-glass fiber (MMI-S),
alkyd-glass fiber (MRI-60), and silicone-glass fitsr {MSI-30}; molded
into 1/8 inch thick, L inch diamster discs.

RESULTS

Dielsctric strength, measured in the chamber descrided, was
investigated using a 500 voits par second linsar rate of voltage rise.
Measuremnts were conducted at 50C temperature incremenis ot tempera-
ture lsvels of from SO to 250C. Dislectric strength wae computed as
the ratio of breakdown voltage to specimen thicknsss in volts per mil

(vpm).
The resuits of dislectric strength, short time temperature

| exposure tests (measurements made during the first four hours of heat

aging) are considered first. These may be separated intc three
gromns, In the first catagory are materials such as silicone-glass
laminate, which show littls change in properties during this initisl
heating period. The second group includes phenolic materials as
typically illustrated in Pigure 2

by the curves nbtsined for phe-

nolic-fabric laminate. With these |

materials s reduction in die- 4 ~

lectric strength starts almost as oo DE,LE: ?E.,ET,R‘E':ELH
soon as the spscimen is inserted TR T T
is thc prehssted test chamber and
tihs decline continues for five
minutes to four hours or more,
dapending on material and ex-
posure temperaturc. This is im-
nediately followed by rather rapid
recovery, often beyond initial
strength. In the material showm,
a2 drcp fvun a room temperasture
value ~f 254 ¢0 32 vpm was ob-
cterved within five minutes of in-

—23C
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sertion of the spscimen and ex- Ol ! L L
posing it to a constant tempera- 0 00 200 ' 300
ture of 150C, Paper base phenolic, EXPOSURE TIME - MINUTES

et this temperature and exposure
interval, drcpped from an initial

value of 510 to 63 vypm; retaining Fig. 2 - Short-term Elu-
only 12% of its original dio- vated Tomperature Die-
lectric strength. At moderate lectric Strength of
elevated tempersturis, such an Phenolic~fabric Laminate
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SO and 100C, the losa of dielectric sirength was no* cc rreat as ex-
hibited at higher temperatures, however longer time wasz requirsd io
reach minimum values, At tompera turez of 200 and 250C, initial dropo
were often 8o rapid that minimm strengths could not be measured with
certainty. After reaching minimum dielectric strengths, somewhat
slower recovery foliowed. Tmprovement K often bsyond initial dielec-
tric strength values, was still continuing after 1,000 hours of heat-
ing at the mllder temparaturas but the trend was szain reverssd down-
ward within 2L hours for 250C exposurea.

The third group of short mterval neat aging results are
rerrasanted Dy wmuidea and ‘aminatia mSlamine-glass and molded alk
glass. The behavior vnesge materisis are typically illustrated by the
curve? obtained with the melamine-glass molded material of Figure 3.
Here, as in the second group, a very (

sg:erp drop in dielectric strength was 400 .
observed as soon as the material was ’
exposed to heat, but contrary to the = DIELECTRIC STR.
previous group, recovery on con- o~ A S s MOLDED
tinued heating was small so that T
dlelectric strengtnh remained sub- E b
stmtially at a8 low level, Typicsal Q i
data show a 3drop from 385 to 6C vpm 5200Lj
in 15 minutes of exposure at 150C; x ';
a retention of only 16¢ of initial P e T
dielectric strength. The maximum S
subsecuent recovery to 148 vpm, indi- =gk Y T
cated a pet loss of 627 of initial D e
dielectric atrength. :uj *\{?/OOC

= .

The rasnlts of dielectric O- " igg " Tude T
strength me asurements dvring long EXPOSURE TIME - MIN
term heat aging ‘ndiriied the
following: Fig. 3 - Short-tern Ele-

vated Temperature Ole-

Elevated tempe rature ex- lectric Strength of
posures for dwations bteyond the Melaminc-giass Mollded
initial trensient range eventually Material

produced progressive dislectric

strength deterioration, determined

by temperature level and duration

of exposure. Many of the materiais, however, did not foilow a linea:
nettern of dielectric strength reduction with hant aging time, par-
ticularly at higher temperatures. Under theoe condttions it wom
found that deteriorstion progressed siowly for seversl hunured hours
and then in a relatively short period dropped to g rAnmidarably lower
level, after which slow deterioration was resumsd. Tor example, in
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Fgure 4, thc long tem heat aging curves of molded silicone-glass
show rapld loss of dislectric strength at 200 and 750C; each of these
lrops occurring between intervals of slow decline. On the other hand;
loter temperaiuve erposuwres showed no sudden drope in dielectric
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}ig. is - Long-term Elevated Temperature Mielscbric
Strength of Silicone-glass Molded Material

strength, although it is conceivabls that they could occur beyond
1,500 hows, tho maximum sging pericd investigated. In many cases
long term heat aging failed to produce the extremely low values ob-
served during initisl heating. The salient aspects of thase dielec-
tvis strength measurements are shown in Table I.

Many of the initial effects noted in dielectric strength
measurements had their counterparts in msasurements of other proper-
~isg wmder simiisr circumstancez. This was observed in such diverse
masurements ss flexural strength (1), dielectric constant, dissipa-
tion factor, volume resiztance and surface resictance. Thus, Flgure
¢, {1lustrsting volume resiziivity of four laminate materials at
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TABLE I

Salient Results of Dielsctric Strength
Elevated Temperature Inveatigatione

Dieloctric Strength (D.S.)-Volts per Mii (VPM)

Temp.

*C

100
150
200

100

o e

LDV

200

50
100
150

200

S

250

100
150
200
250

100
150

200
250

vpm

510

152
63
Lo

100

30
20

320
185
85

Transient Time to
Initial Minimum - reach
vpm

Minimum

b hrs,
S min.
<3 min,

2; hrs.
S min,
<3 min,

2 hrs,

b hrgo,
!

5 m;ni

Not obtained
] »

No Transisnt
Instability
Obserwad

120
60
L7

30 min.
15 min.
15 mini

Not obtained

Time to

Recovery reach
Maximuom  max,

vpm hrs,
>600 >1000
550 1000
Blistered
L2¢ 300 hra.
361 96 hrs.
Blistered
3gg )18 hra,
215 2L hrs.
230 3 hrs.
224 1 hr.
208 S min,
37€ 1 ar.
hn“ , }.‘:'.‘50
471 L8 hrs.
428 5 min.
23} 2l hra,
1118 192 hrﬁ.
169 L hre,
13 30 min.

D.S. DQSQ

at. at
768 1500
hrs. hrs.
VEm  vpm
>600 -
850 -
Blistered
b20 -
271 -
Blistered
R -
120 -
85 -
19 -
50 -
350 -
323 -
306 -
226 -
151 149
LS5 1Lk
106 9
59 52
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MAI-60

3

MSI-30

¥F1-20

Notes:

Temv.
*C

100
150
200
250

100
150

250

100
150
200
250

1.

TARLE T (Cont'd)

Selient Resulta of Dis

Hand

tric Stmeagth

Rlavated Temperature Investigetions

Mslectiric Streagth {D.3.)-Volts per Mil (VA4)

Time to

Transient Time to Recovery reach

1ess than 5 minutes,

Initigl Minimum reach Maximum  max.
v vpa Minipun vpt hrs.
405 315 ¢ min. 373 30 min.

. 200 30 min. 3N 1 hr.
n 24h 15 min. 263 L hrs.
" 157 S min, 202 5 hrs.
304 No Transient 308 192 hre.
" Instability 279 2L hrs.
n Observed 367 30 min.
n 346 30 nin.
59 35 15 min. 103 192 hrs.
" 19 15 min. 111 192 hrs.
" 17 15 =in. 89 2 hrs.
" 13 5 =, 66 L, hra.
Not measureable by mathod used. Minimu. value

D.S.
at

768

hrs.

323
2?5

(1 ¥a4

L3

2L7

89
108
35

kY

o

107
122
27
23

occurs in

wal
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150C, shows that 3 of the L mate-

; rials exhibit characteristic in-
10'% tial tronsient effects, conoist-

| ing of rapid temporary loss of
resistance during the first
minutes of heating followed oy
glower recovery on continued heat-
ing. Silicone-glass laminste
relatively stable during short in-
terval alevated temperature die-
lectiric strength measurements, al--
s0 exhitlted similar stability
with respect toc volums resistance
and other elsctrical propertics.

To determine whether the
initial instability effects ob-
served were attributable to under

EXPOSURE TIME - MIN, curing and therefore subject to
improvement by fuither hesting,
measurerents wore ccaducted to

 Mg. S - Volums Ruusistance at determine toe effect of cyciic pe-
150C of Four laminsted riods of heat aging. Thermal
Materials cyclss at 100 and 150C; consist-
ing of 6 hours at olevsted temper-
ature and 18 hoxve at room temperature were repeated three times on
the sensitive phemolic cellulose (CFG) molded material. Measuiz=snts
of dislectric constant and dissipation factor at ome kilocycle were
taken almost coiitimuously during the six hour hesting periods. Pig-
ure 6 shows the effect of 100C thermal cycles on dissipation factor.
Similar characteristic were found for dielsctric constant and for the
rmeasurements at 150C. It 1s evident from thess curves that substan-
tial improvement 1s achieved after the first cycle, resulting in re-
duction of the initial peak by half. Subsequent cycles produced
minor further improvement, illustrating that inadequate cure may te
responsible for only part of the initial thermsl instability.

CONCLUSIONS

As a result of these investigations it {s bNelisved that in-
sulstion failure or malfunction of electricsl apparatus at elevated
temperatures can be caused by a form of transisnt instability occur-
ring within a faw minutes of elevated temperature exposure. The
possibility of this form of early failure is inherent in apecific
types of insulating naterlals, and, in apparatus utilizing these ma-
torials, the danger of failure is greatest whero temperature rises
are both swbetantizl and rapid. Examples of such situations might be
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found in the electrical equipment
| of guided missiles, Jet alrcraft,
|f \ proximity fuses and shipboard and
\ airborne radar. Awarenass of the
PHENOLIC CELLULOSE MOLDED possibility of this form of fail-
\ MATERIAL ure 15 needed to take praansntime
\ against it. The condition is
- &n'cmﬂ soméwhat allevisted by ‘he fact
that most applicstions of insu-
\\ lating materisls cdo not involve
Tt ey ——— the rapid teaparatures rises em-
T :'T* ployed in the Latoratory tests
' descrived. In ordinary applica-
tiona this may ko sufficient to
oud carry ibe material beyond the
3 T critical initisl heating period.
-23C

-
”
vt ey

DISSIPATION  FAGTO
. o .
\-—-A\
| [

‘ . - The rosults of the in-
L A 2 s 2 vestigations also indicate that

EXPCSURE  VIME - MINUTES the task of clasaifying insulatisg
materials into temperature ratings
Fig. 6 - Bffect of Thersui of heat resistance on a scientifi-
‘ Cycling at 1C00C on Dilasg!: rally soynd baeis will be wore
pation Factor of CFG difficult than first snticipated.
Material Ths warious forms of initis}

‘ thermal behavior of materials =4
the non-uniformity of their long terw cha:acteristics do not lexd
thenselves to the generalizations jequired for simple thermal clasei-
fication of materials or the r.ediction of life expectancy under
specifiea conditions. For thr immsdiata future it apresra that tha
selection of dielectiic msteiliels will continue to require axrtendsd
tost.ing s dictated by the swecific savircomental requirsments of each
naw apolicatior,
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TAMINATED FARRICS
STRUCTURAL MATERIAL OF AIRSHIP EXVELOPES

¥W. T. Kelly
Haval Air Material Cente:

Aeraonautical Materials Laboratory
Philadelpaia 12, Ts.

Aviation pioneers used lsminated febrics i manufacture

'nonrigid airships for first steered air flight. Since the
- airship keepe its shape by pressure of the 1ifting gas, these

pioneers had considerable difficulty with cbharnge of shape after
inflation that could only be corrected by tailoring. 1In addition,
and more important, stresses applied by the rudder vhen turning
could bend the airship and nullify the effect of the rudder. To
solve these probiems; studiss vi weave desin and biaxial lowaing
effecis, Lthe first scientific analysis of g textile matericl, were
performed in the period of 1910 to 1915.{1)* From these studies
developed high strepgth balloon cloths wovan in plain 222 bmsgket
vesves, diagonal lamination to comirol eloagation, and use of left
apd right bias laminations in alternate panels. These improvements
in fabric design eliminated elongation problems., However, as larger
airships could then be more readily designed in the rigid type,
there was littlc development work on nonrigid type airships uctil
World War I1. The laminated fabrica used in nonrigid airships of
1940 to 1650 were similar to the earlier materials except that
neoprene waa used- in place of natural rubber.

The development of slectronic mesens of submarine
detection and use of airships as mobile radar in the early warning
network necessiteted the development of larger airships, Theses
s.rships are required to be on patrol duty for longer continuous
periods; bence, on a yearly basis, the fabric is subjected to more
veathering. Tha large size ¢f thesce airships resulte in e
considerable loss of helium as the laminated cotton fabrxric has a
*Numbers refer to literature cited
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3a8 loss of 1/8 cubic foot per square yard par 24 hours. The high
strength fabric requirement for these airships has been met by use
of two layer cotton leminated fabrics. A 6 ounce per square yard
cotton cloth is used for both plies of the fabric for ZFG-2W early
varning airships of 1,000,000 cubic foot volume while 7.5 and 8.0
ounce per square yard cloths are used for ZPG-3W airshipse of
1,500,000 cubic foot capacity. The heavier cottous yarns in these
clcths produce a rough surface so that wiivi amounts of cocatings
previcusily ussd, thd permsshility 2nd weather resistence have not
teen ontirely satisfactory. To avoid use of incressed coating,
voira was directed to iie selection of high strength synthetic
textile materiale of a smoother reture,

The number of synthetic fextile fibers has increased ir
the lmat fev yzars. However, on a basis of strength aund

. coumercial availability, consideration is limited to use of

continuous filament nylon, Decron, Fortisan and glass fibers. The
strongest fiber is nylon, wvhose strength is slightly more than twice
that of cotton.

The strengths of glass, Dacrcn, and Fortisss ar
approximately equal, 6 to 7 grams per denier, vwhen considered on a
strsngth-veifhs basis and are only slightly lower in strength than
nylon yarns.l2) Strengthwise, laminated fabrics from any of tbese
synthetics should be suitable and in fact severa) airship envelopes
heve been mede of Fortisan cloths, Moresover, the gtrensth of
textile materials is affected by atmospheric conditions. Moisture
has an appreciadble effect as nylon loser 10 percent and Fortis
and glass lose 15 percent of their dry strength by being vet.(gg
The strength of Dacron 18 not changed by zcizture while cotton has
& 10-30 percent higk strength when wet. The high temperatus~ wizich
result from absorption cf radiant energy, syg? &8s the wing of ar
aircraft iz’ching 193°F 4in Tucson, Avizona 3/ ure haicer that
reported to effect the strangtk of these fikerz. The effect of
temperature, hovever, is iumportent when evaluating tbhe laminated
fabric because softening of the fiber or losa of adhesion can reduce
strength at high temperatures. Lamineted Z-orics of Foriisen vepe
found to bave a 40 percent loss in strength and a 50 percen® loss
in adhesior vhen testcd ot 140"F. Cn the other band, strengit and
adhesion performed at room temperature on this Fortisan fabrie
after exposure at 158°F for 6 days gave rzgults equal to initiasl
test values,
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Another basic property for an eirship fabric is low
elongation. Cotton, Fortisan, and glase fibers have approximately
7 percent elongation at ultimate strength. The elongation of nyiou
and Dacron {ibers 4spend upon the degree of orientation reczived
during manufacture. The high tenacity type of Decron has
approximately 13 percent siongation while elcagatien of high
tenecity nyion is 15-23 perceav at ultimete sireagin. Toe sirsss-
strair curve for Dacrom, however, skowue thst the —sjior part of the
elongnti?g)occura after 85 percent of the ultimmte load ks deen
applied, Thus, under operating lcad conditions in an airship,
the elongation of Dscrcon cloths wculd be less that that of cotton
2lztha, he Tiber elongation algo affscis filex and crease reeistant
properties, Bending yarns <f lov elongmtion Tibers ¥will strese the
ficers on the outside of the bend beyond iis ruplwre point. Tais
effect is severe on glass fiber yarns and to a leaser extent on
Fortisux yarns. Since the large envelope site will resuli in
considerable creasing and folding during ssaufacture and erectica,
glass and Fortisan cloths wers not considerzd for thie s2pplication.

The cloihk properties are goverred by the strength necessary
to couform to airsiaip deeign requirements. Since envelope veight
subtracts from the available 1ift, the envelope cannct be subjected
tc & high veight disadvantage rasulting from h'gh factors of safety.
The m&ximum opcrating pressure in an envelope is idesigned to sat
fabric stress at 25 parcent of thke fabric'sz ultimate strength. This
strangth is deter=zined on cylinders § inches i dismeter and 15
inches long, tested under r2pid loading of 5 ts 10 seconds. Time
los< etudies based on 1 x € inch specimens have indiceted that
spplication of %*‘ meximum designsd load for 8 to 10 years would
cuuse 9aalur ( Eowever, maximur Joads are ozly soilied for short
periode | 1 livute\ and apectmenm removed from airghi 8 hesve nct
shown strength lossee that could be attributed to sustainec loads.

The airship £cor which an improved fobric was initielly
desired was ‘he Eg2C-l degige. TRis wovelope bas « total lengtic
of 282 feet, a vax'rum diameter of 67 reet, rud & vciume of
650,000 cubic feci. The fabric stress is &t A\ mximuw during
agcent when the gas pressure is at 3.5 incues ol walsr. Thr febric
stress under these conditione 53 66 pounds nsr imch in werp anc
58 ;ouuda per inchk 4n tilling. Therefore, the nominal strength
requirement iz the directions of the inner (straight) cloth is 265
pounds per inch in vu:p and 220 pounds per inch {u rilling. Thias [«
equivalent to lo2ds of 12,000 to 15,007 peai. The cotton cloth
previously ueed fer both plies in the lewminstod fabric weighed five
o'mces per square yard and was woven in a 4 x 1 twill weave.
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The mominal veight of this lamimated fabric ves 18.8 ounces per
square yard of wvhich 5 ocunces per square yarZ consisted of meoprene
betveaa L2 plies. ’

The propertics of a cloth arc affected by its veave 235 it
goveras ths surface cheoractorfstics awmd varr {ateraction. Thug
cloth permecbility, sdhesiom of the coating, weather resistance, and

reakine registemce strencth and clonirtiow are modified by the
veave, The type of yara and degree of twist also affect surface

characteristics. Thus, selsctior of cloth details wmust be bascd s
cambimetion cf factors and mo one comstruction cam be said to be the

optisosm,

e desired cloth comzdructiom from & manufuciuring aepec’
is one Tast wouid permit ite use 1s both plies. The uwsavyailability
of yarns of suitable strengthe and deniers to obteim desired
strength amd optimum surfacc comditicns prevenied this %ype of
comstruction. Thus, e heavier cloth for the streight direction vas
develcped. This cioth veighed k.35 oumces per sguare yard and was
voven iR 2 x 2 basket weave from type 51 Dacron., Tue acmimal
breaking astreagth by the atrip method vas 205 pouals per inch in
varp amd filling directicas. 4 cluth veighime 3,35 ounces per
square yard and voven im & 3 x 2 twill veave from type 55 Dacron was
developed for the outer ply. This cloth hed = streegth of 1i0
pounds im the varp amd 100 poumds iz the filling. The strength
of the outer bies cloth is proportiomately lower tham that of the
1;-.—.31— £loth zimce hi;‘.’. eé-s-aag#h +--.a= -J Dacren yares of the neces-
sary deamier vere not avuilnble. ihe snooth aurface of comtizuous
filsment yarms produce s flaitter fabric, Thus, less coating ia
peceszasy OR Dicron cloths for permesni’ity 2nd weatbering resistance,
In order tv improve veather rasistance o' this Dacrom fabric, the
outer suriaces were coated Mora meavily ham is cusicmery with ooi-
ton airship fabrics. In edditiom; the zluminized coating layer was
campounded of chlorosulfomated polyethylene known commercially as
Hypalon. This ccaling has good ozome resistance and should provide
good weather resistance,

Thic lcotuated fabric of Dacron has a slightly higher
cylinder bursting it-ength, half the permeadbi:ity, and weighs
approximately 3.0 ovuces per aynare yard less lhai the coamparable
cotton lamimated fabric. Tris weight reduction results in & weight
saving of slightly over 800 pounds for a ZS2G-1 envelope., 'The
veight reductione om l:rger airships will be greater as high
tenscity yarns will be ueed iw tuth plies. Studies are mow in
progress to determine the minimuww coniing weight for permeability
end veatneriss properties.
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The per=cablliily of the lamineted fabric can be effected by
the shearing stresses applied during service. Some fabrics developed
for airship envelopes, bave siovr a considerable increase in permea-
bility whcn tested under tension., When the tenglon {8 remowad the
fabric rapidly returns to a low permeadility etate. The tensione
in this test ere apprlied in the warp and filiing direction of the
inner cloth. Thus the shesr stresses on the inner coating layer are
small. To incremse ccating shear stresses, a test axis of 30° to ihe
filling of the inner cloth was selectzd for e cyclie application of
load. This direction is used as elongation of the fazbric iz higher
since the load is carried by {illing yarns of both plies. The speci-
men is cut in a "dumbdell” shaps 6 inches wide at the 4 inches lecug
central portion and flaring oui to & 10-izmch width at the cuds., A
load eguel to &% percent of the breaking loed of an identical speci-
men is appiicd at 30 cycles a minute. A total of 10,000 cycles are
applied with tbw anecisen at LW0CF. The permeability of fabrics
subjected Lo ikis c¢ycliic teat bms shown good correlation with per-

meability of similar consirvated fabrics removed from airshipe.

Ths evaiuatiorn procedures perfcocrmed on the Dacron laminsted
fabric &re based on conditicns oncurring during sirship sarvice,
Eowever, in service these wvarious conditions usually occur simul-
taneously and are not duplicated by varicus combinationg of 2abors-
tory tests. Thus, exposure in service is necevssry for a complete
evalustion. The 2S52G-1l airship of laminated Dacron fabric has been
in gervice less than & year so that only limited information iz
avajilcble, The heiiwn records, however, iadicate that the iosa of
helium is considerably less then that experienced with cotton
lam!nated airship fabric, Development of Dacron laminated fabrics
for the larger airships is continuing and it is expected that all
near future =2irships will be of Dacron.
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FOREIGN WOODS CF INTEREST TO THE NAVY
FOR SHIPBUILDIRG APPLICATIONS

J» M. Richolson
D. H, Kallas
A, ¥, Cigek, Jre.
Naval Material Laboratory
New York Naval Shipyard

Brocklyn, New York

INTRODUCTION

It would seam that wooden vessels have all bui disspprared
from the mocdarn navy, and wood, itself, appears to be an snashronism
in 3 navy of super-carriers, flesct ballisztic missiles and stoaic-
powsred submarines.

This, however, is far from true. Wood played, & still
plays, & vital role am 2 hamic raw materdisl in ony Navy az wwl] an
in other branches of the Defense Department. Duwring World War II
wood was firet in volume and sscond in tomnage of raw materisls
needed for all types of Naval construction afloat =md ashore.

But with the compelling exigencies of “World Wer II drestic
changes were wrovught in the use of wood #s an englmcaring material
in Naval construction, The historical oraft methods of fabricating
WOUlel mEBiLErs ol fesnioning Vise intc ships and bosts were seri-
ously modified o. .bandoned completely. New concepts in vessol
design, embodying unconventional, wut, nevertheless, wound engineer-
ing practices, resulted in msss-production {echnigues which ensbled
the Navy to tuild over 45,000 wooden boats &nd shipc Curing thas
period. This was mzide possible through comprehensive research an’
developzent programs lsading to improvements im laminating snd glu-
ing; preservation sysinst decsay, fire and marine orpganisms; fasten-
ing systeseand bending of wood to form.
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The ountbrasit of the Xorean Lostilities garn renswed imuatus
to the ooncept of wod as & enginesring material, Wilizing ihe
structural capabiiities of wnold, ao eutizely mew wlass o Tlies-
sw3cpera was cnnoeived o constructed in which wood waz tue princi-
pel material.

Today teak is atill the best wood for decking on certarn
classes of sulmarines, Teak lminated to Dougles fir, or Douglee fix

alone . somname the maisr nortion of the flicht dedc of the Faxr
class carriers, Vhite oek is the prime structural wod for the frorss
and keels of mineecwesyors. Mahogany, cypress and Alaskan cedar may
be found as planking in the hulls of the mmaller wooden bosis. W¥hite
pine makss an excellent tesplet wood for laying cut steel ship cus~
pononts, The ease of working and dimensionsl stability favor maln
gany md white pine for pattern making while crecsoted sovthern

ysllow pine, white oak gnd greenheart are in use az piling or as tas

heavy structursl timbors of piars, wharves and drydocks.

In additicn to these specialised uees, millions of board
feet of Vrmber are consumed amnually by ths Navy in a myriad of
indugtrisl operatiors,

The diminishinrg supply of the present Wavy woods in the
quality end dimensions required for ship smd boat construction has
prompted a continuing search by Newl activities for besic infor=a-
t1m on alternate species, The extensive 4ropicsl snd sub-tropical
forsets of%sr t'p best progpects for finding such woods eince tneyv
comprisn tho most sxtensive and diverse stands of timber in the
world. It bnc boen estimated thet the tropics contain mas than 2
¢ 1ion, OC mdllion acrese of produstive forests consisting of
thougands of s5peoiss. Many of ihess speciss sppssr 40 possess de-
siradle prove tins it adegquates technicas data sre swailsvic for
relatively fav. Fron whnt 1s known about them, und from what infer-
natior 1z belng develciwd on this and similar progresc st other labdbo-
ratories there are 1i7 .sfionz that certain tropical species equal,
or are saperior . in amiy respects to the traditional Naval wocde now
in ase.

The flow chaxrt. Fig. 1, 1llustrates the organization cf the
Bureau of Ships foreign wood progre ard part played in it by *Ne
Kaval Material Laboratory.

The progrsm has besn devised to progressively screen ocut
unpromising species as techricsl information is developed on them
and to continue rusearch on those ssiscted until, witimately, the
most qualified spexies are placed in service, The initial selection
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15 made from informetion supplied by importers of foreign timbers,

or by local users in the countries to which ths species is indigencus,
or from refsrandes Yo the wod in technical or trade journals., Upen
authorisation by the Buresu of Skipe a pre=lizinary stuiy is then
undartaken, This oonsists of a more thorough ssarch <f the litera-
ture and limited lahoratory testing of certain major physical aad

WORLD- WIDE TIMBER RESCURCES

ST AR
TRADITIONAL POTENTIAL WAVAL WOODS
NAVAL._WOODS | TV EIRTIAL NAVAL TUY

FNNANNRNNN AN
SO. AMER. AFRIGA | [ASIA, AUST
AN | SELECTED FORMERLY EY VALE UNIV. !
N | PRESENTLY BY BUSHIPS B WAL LAB. |
DN AN S SNRNN N YA
ASTM VALUES ASTM VALUES
FROM FROM TESTS AT
LITERATURE { YALE 8 MAT. LAB.
l\'}[::::::::::\'\::\.SEE?}:::?N:'
VAL PROPERTIES I
OSOSSY MAT. LAB. \\\\\\1 &mﬁmm R_LABS. SN
) N DN § : % ) 'Q
wea.| i FIRe| [FasT] .% - Fﬁ- BOR. [sLug] [NaT.
LRES] IFESJ' ![ sm.i !ggg, BEND [car i RES, | |PRES, Mé WEA.
: . S LA =

r

|[EXPERIMENTAL SERVIGE APPLICAT IONS i

-
IULTIMATE NAVAL USE |

Fig. 1 Organization of BUSHIPS foreign wood prograx

nechanical properties to deteriine if further imvestigetion is war-
ranted. A favorsbie .opord inidiates s ca@prelsasive evaluavica of
the wood's physical and meohsnical propsrtises in the green and =ir-
dry cozditiorn of moisture., Thesze sre ascertained by the established
ASTH test procedures. The results are reviewed and compared sgainst
a backgrourd of aimilar information generally avadlable froa litera~-
ture for the traditionsl ehipbuilding woods. Following this phaco,
the mcre promising species are scrutiniszed for their behavior under
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conditions pertinent to Kaval use. Thess investigatices are listed
individuaily in the flow chart under "SPECIAL NAVAL PROPERTTES®,
Thoss condusted at the Naval Msterial Laboratcry are: weathering and
abrasior resistancs, fire resistance, fastening ctrength, corrosivity
of wood to metal and steam-bending tc¢ form. Those giediss conducted
at other lsboratories ave comcermsd ih decsy resisturce, marine
borer resistance, preservstion, gluing and laminatiny, and nafurali
weathering, Tpmn ompletion of this stage, o7 scaetimes concurrent
with it, axperimontal service applications may bs anthorized for the
apecies in question. Finally, if the w552 has shoun high quality in
all these respects, it iz ancepted for Nevali use.

The species nov being processed through the prograa and the
geographiczl arsas to which these wodis arc assivs are indicated in
the world m.p, Fig. 2. The traditionsl shipbuilding woods ars: ted,

. white oak, mahogany, Douglas fir, cypress, and Aleskan cedar. The

.......

. PR
i oo g+ 4 B e e o e+ g%

B DOMESTIC AND FOREICN WOODS UNDFR  STUDY

&Y et

MAVAL  MATERIAL t ARADATAEY

Fig. 2 Distribution of species currently
ir foreign wosd program

South imerican species are: courbaril, angslique, andiroba, yeilow
sanders, freijo, determa, greenheart, and corisa. Those from Africa
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are: okki, kokrodua, Liberian pine, Liberisn cak, and wiskmore,

Most of the work on the physical and mechauicai propsrtiss
of these wods a3 been eveluated., Values for their mechanios:l prop-
erties are shown in Tables 1 and 2.

TARIL 1, STREET MUPNTING Y OTAATTUOUC UTL IR TITIT Uens e

Mois- fireen

3 Lure  TedoeY Flier Nrein Codulas delad woart 3 York 42
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. ral. 8. 5 el N G-18/TRY
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™ otlas fir “orthw e roen LA Lh 1,4 /A 1,10 noAY h.b
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Tazodlus diatichim .., iMr-dey 12 "o 7.2 10,00 1,47 .19 bt
Alzsken cedor Ateava & v W, reen » b2 1,'n A 1, 0,77 (4
%M‘: o iredry 12 LA T, n,m»" i, (% 14
alens ¢
[« aimn Perellwl %o TMain Tenwinn
ﬁln YaxTmsm  voX Tus fo~rreenion Mervane
Comman at Pronore Crushing of Yordness SaEndtevlar Merter

Comition tionsl *imit Wrensth Elesticity T "{I~ 1o "rain®® to waln Tear “lesysgs  Toughrmoe
D P T TN T wt. . Tyt T e, TTTRT mte T

——— e
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reen LS 3.0 - - o Lan T A 110 -
Alasiken ceder Alredry AL 5,02 - Ve [+ ERD) W [T 1%0 129

e Nate from litsrsture »s Fidar stc-:e ac proportiunal 1imit

The bar graphs, Figs. 3, L, 5 and 6, illustrate a typical
evaluation of the present and potential alternate speciss used as
structwral members, planking. and dacking for boats and ehipz and
narine timbers for heavy ccnstruction, respectively., For the pmpose
of these illustrations only four properties have bsen inciuded,

Praliminsry 4o investigating the foreisn woods for thosa
special Naval reoporiies for which the Naval Materiai Laboratory is
responsible, it was necessary first to develop nsw tesiing tecimicunas
for these properties since there wers not standards similar to the
ASTM procedures fcr the mechanical properties of wood, With these
techniques, reference valuss were obtained for the present DAYY wOoda,
These vrlues are Ziscussed for four of the five special Naval
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Propertiss; the first of which is weathering and abrasion' registance.
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Fig. 3 Fow mechanical prop-
erties of traditional shij-

woods compared with
those tropical species po-
tentialiy suitable as
structural woods.

TRADITIONAL FOTENTIAL
w0oUs TROPICAL wooas L
im £ax ANG KOK OAK Psnewsn
FoER
STRESS 'L
1 PSl
MO0 or} r ﬂ [
M0 .- - Us'e%w-ﬂ-rg-- --,!--”L
9 1
1

oo Ll LR

Pig. 5 Four mechanical prop-
erties of traditional ahip-
bullding woods compared with
those tropical spscies po-
tentially suitcble as decking
woods,

- I (R - S N i e
o E gD
Fig. 4 Pour mechanical mop-
ertiss of traditional ship-
building woods compared with
those tropical species po-

tentially suitable as plank-
ing woods.

TRADITIOMAL POTENTIAL
wo00S TROPICAL WOODS
wHT L
OAk  cwrl ANG EKKI OAK
FIBER |
STRESS "'!
1] T e |
MOO OF | i
ELAST !
r Twey T T T T T

i
oo, 1
i I

'; |t { st i i
coMp I m A
PAR. TO
ol | o T LR

Fig. & Four mechsnical prop-
erties of traditional ship-
huilding wods casipared with
those tropical specios jpo-
tontially suitable 2= marins
timbers for heavy construc-
tlen.

170



¢

Richolaon, Kallas, Cizek

WEATHERING AND ABRASION RESISTANCE

It has been demonstrated that the abrasion characteristics
of & wood under heavy traffic are altered when, in adcii.;on, the wood
is axposed to ths dsteriorsiing affects of outdoor wmathe _n,,o Thege
conditions 2re continually present in wood used as the xu@t decks
of carriers or the weather decks of other vesseis. Thnis invesiiga~
tion sttempted to gquantitatively estimate this detsrioration due to

woathsring and (0 deteruiine the rate at which the weathared surface
was being abraded. Teak and Dougles fir were seliectod ad the reler-
ence species zince they are the predominant dedcing wocdis. The
abrasici phase has yet to be completed. But whei 1t is finished
these procedures will be employsd in similar investigsiions of the
tropical woods potentially suitable Zor deckings.

Essentially,; the weatherins atudy sonaisted of treating the
surface of umuat!mred and laboratory westhered teszk and Douglas fir
with a redioactive isotope solutica and determining the activity rats
of each zz then sections ware slioad from thso surface with a aicro-
wome until the background activity was reachsd. The instrmsnistion,

. shown in Pigure 7, consisted of a microioms, Part &, for sequential
ssctioning of the test surface, a TGC geiger tube, Part B, mountsd sc

Fig. 7 Instrumentation used in conjunction witl racic -
isotope tracer technique for determining weathering
characteristics of wood.

4,
!
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22 %o snzble 1% te bs swung over tha test surfacs when the activity
count was read and awiy when the test surface was baing rectioned,
and a scaling unit, Part C, for recording the activity. The basic
steps in the procedure were as frllows: The four sides of the test
baock were coated with a paraffin wax snd the surface o be avaluated
was sealed with a proprietary silicon compound to prevent abaorption
of the isotope soiuticn bensath the surfacs. The use of silicon com=
pound did net ocolude the cavities in the rmrfaec por alter its con-
tour. Radioactive phosphoric acdd, =dth 2 11%%1¢ asrosol addad as a
wotting agent. was flowed onto the swlace 1n 8X0ess aud Lhe tresated
biock centrifuged tc rs=cvs the exness. ucmnhgﬁ.ng was oontinued
until a constant activity eomrt was eatsblished. The prepare: tlcosk
was carafully oriented in the micretome an an tritial count taken.
4 30 micron section was removed by slicing with the microtome knife.
Adltsrnately thereafter, courting and slicing were continusd to back-
ground,

The following results were obtained: Figure 8 shsws the
results for teak and Figursz 9, those for Douglas ﬁr The shaded

* RESULTS WiTH UNWEATHEAED AND ACCELERATED
WEATHERED DOUGLAS FIR SHMOWING IMITIAL
RESULTS Witk UNWEATHEREC AND ACCELERSTED 1 ANQ PROGRESSIVE DECREASE W RADIOACTIVITY

rose WEATHIRED TEAK SOWING INITIAL 7820 ‘ T BMITHT AL SELTiomNg

AND PROGAEISIVE DECREASE IN RADIOACTIVITY
WITH SEQUENTIAL SECTIONING
l
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i N2
g : // //\} [T URWEATHERED DOUGLAS M1l
y £ 3000 f, s 7
5 ATHERTD TEax 4 /:////
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acceleratead weathering accelarsted weathering
of teak. of Douglas fir.
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areas, which repressnt the volume of weathered woud removed, in-
dicate thet teak weathers approximately t'wes timzs better than
Doyglas f£i- and shipboard experience testifies to the superiority
of teak.

Verification of the sensitivity of the radicizctope tracer
technique in weasuring the weathering effecte was denonstrated in a
soeries of associated experimonts. The firat experimsnt showed that
the major dstericration produced by matural weather aging of wood
could be rsproduced by exposure in the Laboratory's accelsrated light
and weather sging apparatus. The resulis are iiiuzirated in Figures
10 and 11. The first shows the change in teak before and after aging

Fig. 10 OSuriface of teak before and after accelerated
weathiering.

toe proliieration of surface checks and erosion of the softer varen-
chymatomous tissues are evident. The second reveals similar changes
in Douglas fir with the accompanying affecta of "raised s—ain®

common in the naturel weathering of softwods. The wecond expariment
indicated that the smmount of surface deterloration indused by a:cel-
erated weathering could be integrated bty the radioisctope tracsr
teshnique into a guantitative measure of this detaerioration., To
test this, sets of wood blocks, sawn from materie)l which had been
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Fig. 11 Surface of Douglas fir befaore and after accalerated
“ltbm‘

previously pisned mmooth, were individually scered with 1, 2, kL, §
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Tnitial sotivity ocounts were made on sach Ylock of each sat; the
average initial count of ea.h sw of blocks were plstted againat the
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with an incresse in thea nuwber of grooves, Tho third experiment
demonstrated that ths depth of surface deterioration conid be deter-
minsed by probing Wlth the tracer solution., To confirm this, blocks
similarly prepared to those above, were sacuentially sectiomed in
the microtoms and the nmber of sections required to be removed to
reach background sctivity, was recoirded. Each section averaged 30
microns in thicknesz, The average “u %zl numbsr of sections removed
multiplied by 30 microns equalled :; ﬂ‘*'? i.nch which is ui‘t.hizs. 8 per
cent of 1/32 iuch. Moreowwr, it lo & ialerest W avte wmat tho
meber of seations required to reach backgrounu Yor umvecihered tesk
and Douglas iz, when =ulilplizd %y 30 =ieroms, coincidad well =itk
the diamsters of their lu.rgest uow coils vh:lch would phow as tronghs
in the surface of wod planed smooth,

FASTENING STRENCTH
It became evident early in the investigation of faste:ing
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strength that the standards developsd for induc.rial use with the low
to moderately dense U.S..grown woods, using ste:l screws, were not
directly spplicabls to the high dersity tropical woods for which .
naval constructicu requiros the insavtion of ‘sofier msiil acrews such
as silicon bremz -+ smd brass. As the serew iu diivan dseper intc thes
wood, driving resistunce ‘ncreases (Figures 12, 13 and 1i) and, i1
sufficiei:tly high, may result ir torsional failure of the fastener.

DRIVING RESISTANCE
AS A FUNCTION
IF LUBRICATION .
804 X OMVIMG RESISTANCE
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OF SPECIFIC GRAVITY
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Fig. 12 Reduction in Fig. 13 Reduction in
driving resistance dus driving reelisiteanca due o
- . - .
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Driving resistance may be considerably reduced by the use of =
lubricant (Figure 12). It is ioss with the lower density ouds
(Figure 13) and also decreases with an increase in th: size of the
lead hole (Figure 1k).

But the over-riding factor is the lead hale size - 17 it
ia ton emal} ofiher the sciew day f2il in driving or the wood may
split; if too large, holding power is lost. Conssquerily ithere is
an cptinui ¢l ze for the lsad hols., These were empirically deter-
mined for each fcrelgn wood before the fartening straangih value
for the wood was investigated. The resuits for fastening sirength
show that, as a groun, the tropical woods exceed thes traditional
woods in screw-holding pouer. Thias observation wss Nirthar explored
in a study of the relationship between specific gravity axd faszten-
ing strength with values abstracted from the literature. The results
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of this study are shown in Figure 15. The Viood Handbook equation
represents predicted values for holding power derived from experi-
mental data on domestic woods, the btulk of which lie in a specific
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dvre tov an increase in the wood and its specifiic ravity.

lead hole 3zize.

gravity range between 0,0 and 0.70. The Material Laboratory equa-
tion is lower than that computed from the data for tropicel wocds
taken from the literature since in the latter case holding power
values were obtained with ferrous screws of shori lengin,ine comvina-
tion of which permitted the use of smaller lead holes,

CORROSIVITY OF ¥OOD TO METAL

Wood end metal in intimate contact in a marine envirommant
undergo s deterioration which involves electrochemical reactions
that induce metallic corrosion and degenersiicn of wood fibers in
the iwmmediate vicinity of the metal, When it occurs in wooden
vessela, it is commonly referred to as "nail sickness™ since it is
most frequently found in assoclation with metsgl facteners. In
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acvanced cases leakage sround the fastersy wav ' .. 7vigeuh, *he jeint
may become slack resulting in u siructural weakiwss which %uy become
sggravated by tne working strezeex of the verdsl to & proi.l whire
the vessel is no longer seaworthy.

Exposed to conditions which feror corrosion in » uiyine
enviroment, all woods are suhject tc electrochemical attack. Woods
d1ffcr, however, in their abiliiy “u resist such attack aua in their
inherent corrcsivenesa to wordicus ratels, In dhie dnveatization a
technique was developed fur detsrmining ithe relative =ecrroaivity of
various wodz ic dfferent clas:sz of metal screws. Test epacimens
were prepared from aach kind oif wood wiin five classec of acrews;
each specimen consisted of a wood block, 1 x 1 x 2 inciws, and &
embedded screw countersunk srd cap.s_ with & wood plug. Three sets
of specimens were prepared; one set was placed in an accelsrated
corrosion test cabinet and subjected to continuous salt fog hunidity
at a tempersture of 95°F. A secont set was immersed in salt waler
st romm temperature. This set snd the sait fog humidity set were
. composed of specixens conteinirg screaws lubricated with a beeswax
campound before insertion, The third set was also ismerssd in ezlt
water but oonmisted of specimers wth unlubricatsd sorews. Luviica-
tion of screws to easv inserti.r. is & common shipyard practice and,
therefore, was included in the tcat procedure. The screvws were
carsfully cleaned anc wolghed before inseriion: Periodically, eight
specimens for each wood block-scres combinstion vere removed from the
test conditions. The blocks were then split open, and the screws
extracted. chemicaily cleaned. and rewaighad. The per cemnt leas in
weight of metal was irtsrpreted ag 2 neasure of tho corrosiviiy of
the wood,

The reference values obtained with the traditional ship-
building woods are shown in Figurcs 36, 17 and 18, Figure 16 shows
the relative corrosivity of five nev=l woods af*er warious intervals
of exposure to a high salt fog nuwmidicy . s “amparsture of 95°F.
Each curve is the coxrosite vaive of J.v= M - ent lauses of screws.
Figure 17 ghows the ssme data that pre<ic <7 zeam = here the
relative differanics in corresion of the surswna 1o Ldicsied by aver-
agirg the values for the five kinds of wond, It is of interest to
note the position of the silicon bronge 2crews with re.psst to brass
and chroxeplated brass. Figure 18 indicat<s the relativa diflerence
in corrosion effacts induced by the three tes? coniditionr describ~d
above. The tendency of the screw lubricant %o vetwrap corosion ‘e
evidart fram the resilts for the salt wvator iwmersion test condition.

STEAV.~-EENDING
A cormon method for bending »mo* to form is to first
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pPlasticise the wod by stesming and then bend it in ¢ machine to the
dexiied siape. Sevsral basic steéps aiv roliowed in perform:ing this
operation. They sre: (1) selsction of suitable bencing stock; (2)
esasoning of the weod to a moisture contenv avout 25 per cent; (3)
saving and planing the bending blank from the stock; (L) softening the
btending blank by stesming: (5) bending the blank by machine imto a
bent member; and (6) fixi=z and drying the bont member.

Bending stock, which is predcinantly obilainsd fiom whitls
osk, is required %o be straight grainad, reasonabiy iree of defects,
and at « woisture content in excess of 20 per cent, After selection
the stock is machinod by sawing and planing to spproxixately the
desired dimensions into bending blanks. The blanks are then softened
by ateaming at stmoepheric prsssure schedulsd at one hour of stemming
for each inch of thickness., After steming the plasticised blank is
placed in a bending machine and bent to form. End prectare is wed
to prevent axcessive salongstian of the comvex side of the bend anl %
induce small uniformly distributed campression failures to form on the
concave side. Yollowing this operstion the bent mesber is kept in
restraint. and dried to an appropriate moisture content, ready for use.
The 1sooraiury in its studies follomed the above basic steps in
. Preparation of tert specimens of white oak, 1 x 1 3/L x 28 1/2 inches
in dmension, Figurers 19 snd 20 show a bent specimen at the start
and cofplsticn of the bending operation. The code lstters refer to
the following parte:

Code Letter Part
A-A? Hydraulic rass
=D ! End nlates
c Minor straps (with shackles for securing turn-
buckle)
D Wood test specimen
E Bending form
F-F! Reversed levers
G Major strap (welded ct ends to reversed levers)
o4 Clamping screw
T RElongation-indicstor assembly
J=J! Flsxible high pressure hydrualic hoso
K-K! Hydraulic ram brackets (boliad %o reverned
levers)
L High pressure <opner tubing (connected to
hydraulic pu=g, not shown)
HM? Flexible wire rope (pulled by winch conmected

t5 electric motor not zhowm)
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Ccde Latter Paxt
| Double pulley assembly
0 _ Tarnbuckle (for secwring winor strap during
Mm
P Stvhth-(almmttsyama.-mdto

wderaids of s bent oood=sn Lmsdiotaly alter
1thmadfrmt&nfombomvmttmtiag

Fig. 19 Vood bending machine ghowing specizmsn at sixxt
of bending operstion.

The bent specimsn i gubseguently ¥ort in regtrsint as
shovn in Figure 21 durine ths fixing amd drying stage.

A Bl Socnad onm Alon Ymamd  m—e o~ .a-. ahad m

B VBl e g oA ) wees wwesv ayodd—un- w=rs ovaluated verc -a

residual strength by testing wem ir static bending and ocomparing
the results for modulus of slasticitly, fiber stress at the jropov-
tiongl limit end modunlus of rapture wth sdmilar veluss obitainel
from static bending tests onm maiched straight specimens., Tixwww
22 show the start and fimigh of a static bending test on a -:ut

spaci=si. Results for white oa) indicate that thir wood reteins 45
per cent of its original ctiffrsce, 72 per cent of its resistance to
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Pig. 20 Wood bending meshine showing specimen at com-
plstion of bending operzticm.

Tig. 21 DBeading speciasn showing system of restraint
during fixing end drying phase.
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Fig. 22 Dending specimen of start and psar completicn of
static bending test.

deformation gnd 74 per cent of its ultimate strength after bending.
Thess values are considered as the references zgainst which will bhe
Somparsd Lnose similarly ovlsined on Ioreign woods.

TRIAL APPLICATIONS

Concurrent with these investigations trial applicationo of
several of the foreign woods are in progress. in experizental in-
stallation of ekki and angelique has been made in tha retrsctable
fender gystex of the Kew York Naval Shiryzrd. Ekki 12 also in nea,
experinentelly, as the bumper timbers in the botioms of acid-pickling
tenks in the shipyard while the Patterm Shop has found corisa to be
a favorabls altermate for mshogany for certadn types cf patterns.

ADDITIONAL BENEFITS TO THE NAVY

The ultimate objective of the foreign weod rogrem was
defined in the flow chart, Figuire 1 and iva realisation is hedne
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demonstrated in th: tria). applications just mentioned, DLut as in smy
research endesvor the solutior of one problex generally uncovers
others, new and uncxpected. Or frequently, a laboratory technique,
developed {or ons ctudy may be spplied, in its esssntials, to another,
For exmmple, the radioisotope tracer teclmigus developed in the
weutherliry study has Wae potentialitisu of belhg wed in preservetiam
studies for tracing the abgorption .n¢ penctrastisn of wnnd praserva-
tives., During the fasiening strengu: investigation it was desivi-
stratsd that indiscriminate use of » . miri¢lally avsilable counter-
sink and wod drill to bore lead holas gould resilt in a loss in
nolding power as much as 25 per cent in certain wooda. This has
generated intersest in tie small tool section of the Buresu of Ships.
The need for excertionally large lead holes to insert the non-
ferrous screws in high density tropical hardwoods to avoid fzilwre of
the screw hes been brought to the attention of the wood screw Lii-
dustry by the Metallurgical Process Section of the Bureau for the
purposs of developing higher strength screws. Ths reducticn in
driving rezcistance and in the rate of corrosion through the use of
the boeswax compound denonstrated in the fastening strength and cor-
rosivity investigations, respectively, point to the possibility of
developing a polymerizing campound which in its 1iquid phase could be
Anserted into he lisad nole to sct 28 = screw lubricant, and in its
polyserizad state, encapsulate the fastensr in sn anti-corrosion
couting swhile at the sane time adding to ths strength of the wood
fibers deformed by the driven =crew. The unsnticipated behavior of
the silicon bronze screws oospircd with that for brass snd chrome-
pPlated brazs screws in ths gorresivity imvastigation warrants furthar
examination. The difficultisa experienced in bending certain
tropical woods in the steswm-bending investigations currentiy under-
way indicate a nsed for improving the methods of plasticizing the
wood end for malntaining close control during the bending operation.

As the forelgn wssd progrem advangss, undewntsdly other
probless will alsc arise to demand solution, but, we trust, the
results of zll these efforts will accrusc to the benefit of the Navy
in those aress vhere the special properties of wood make it desir-
sble for uss.
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MECHAMICAI, SYSTEMS - MATERIAL SELECTION AND L T ACTIRING
PRCCESSES

Captain Roland A. Bosee, MSC, USN, James V. Correale, Jr., BS in ME
and Diro A. Mancinelli, BS in ME, Air Crew £quipment Laboratory, Naval
Air Mater‘al Center,Philadelphis 12,Pa.

The expanded flight envelope of current and future first

line naval aircrart has demanded correspondingly expanded performance
spacirom of the aircrew safety and survival eguipment mechenical
‘systems. Tolerances on performance is créitical and it has been
necessary to conduct a concurrent program of miniaturizeti
acsign. In order to satisfy these reguiremenis and tren
have had ~“0 utilize the latest developments in material
and introduce the "unique” in basic designs.

Thiz paper will deel exclusively with the recent develop-
ment and production difficulties encountered with aviztors’ oxvgen
breathiing regulators and the contral syrstam aecentinl for the opera-
tion of the full pressure or space suit system.

BREATHING REGULATORS

New concepts in breathing requlator designs have made
possible a reduction in the envelope of the segulator to the extent
shown in figures 1 and 2 and a rcduction of weight from 2,75 pounds
to 0.5 pounds. The many possible advantages apparent from tnis mujor
change j«d to an expedited program of protoiype design evaluation,
qualification tests, and preproduction tests,

Design prototypes of thsse oquipment orticlos ag shown in
figure 2 were developed. After the normal developmental evaluation
difficulties and redefinition and realignment of perfnrmance charac-
ter.stics, qualificuiion items were produced. At this point relia-
bility and materisl selection difficulties were encountered.
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Figu:~ i . Lnnsole mounted
demand type oxygen breath-
ing regulator

Figure 2 - Miniaturized demand lype
oxygen breathing regulator
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On the first model oxygen regulator, the qualification item
was approved after several minor performance pi¥chlems were solved.
Upon receipt of a procurement contract, the contiactor submitted pre-
production sampies. Because of urgent delivery requirements and
because protctype and qualification samples had been recently complete-
ly tested, lengthy endurance evaluations were siot conducted asnd oniy
spot tests were periormed. As a result of this limited investigation
the preproduction samples were approved. However, after limited oper-
ational use, leske developed ¢through the demand veive of the bresthing
requlator, A visual inspection revealed cuts in the valve seat, figure
3. A complete investigation including lengthy endurance tests revealed
that the failure was due to the,valve seat materials which oriqginally
were oniy marginally 1nadequ8te, these being impraperly cured and
adversely affected by a comhination of the detail desigrn deficiencies
of the demand valve stem, moticn of the demand valve stem, and inades-
quate mountinc of the valve seat meterial, Fiaure 4 shows ihe
goometty of motion of the demand valve. Oie of ine demand valve de-
sign deficiencies was attributed to the sharp edge of the valve which
besrs against the valve seat, thus csausing thke seat to be cui. This
seemingly simpie'Monday morning quarterback” type of improvement was a
result of the painful "process of elimination" type ¢f evaluation pro-
cedure. As indicated the difficulty once determined was correc?ed
by the simple process of increasing the radius of the demand valve
stem,

The results of tests conducted on preproduction samples
submitted for "fellow on" procurement contracts revealed that the
"pressure breathing" Pharacteristics of the regulators were not repro-
ducible, This difficulty was ancountered af?ar the wanul Mows wors
permitted to remain ctatic four to six days. Tie perxurmanre of the

Te -ls AL o
rpnulato": 'n'uen 8'1'317.:3 »u imuvdiaoaxv dj.b!:l. uell\!!:lv st k‘ib"i!! Bp"'bA-

fication requirements but after rmmaining static cbanaes in perform-
ance characteristics were observed throughout the temperature range
with a non-return to calibration when retested at standard conditicn;.
Continued sdjusiment of calibiation falied to stabiiize the perform-
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 bresathing aneroid which was caused by a

ks * 1 - 1
huildg-up of processing 2nd materigl changes. The anercid material

was changed by a sub-contractor, to facilitate his incrsased produc-
tion. The aging and curing procedure of aneroids and the aneroid seal
material was changed Ly the prime contractor, also to facilitate
increased production roquirenents. These changes were made without
Navy approval and without tests to determine their effect on aneroid
stability., Currently the contractor is endeavoring to correct tiis
problen,

186



Bosee, Correale, Mancinelli

Figure 3 - Demand valve seat on
miniature demand type oxygen
breathing regulator showing cuts
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Figure 4 - Motion of demandvalve

of miniature demand type oxygen
breathing regulator
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On suother contractor's qualificstion model, diaphragm and
pilct valve instability were encountered during evaluation uider mexi -
mum and minimum temperaturs specifications. Caiibration shift und
complete change in pressure output were encountered at -70°F and
+160%F. However, original pressure/pecformance was vrestaored whan
racelibrated at standai ' iempersiure conditivns - thus indicating that
the hasic design wse sound but that the bepavicr of the material of
the silicone diaphragm and the metal aneroid varied excessively under
the thermal stress. A change of the materisl of each component
resulted in acceptabie performance. Subsequent preproduction samples
wanufactured accordingly were approved,

On a third coniracior's modsi, gusiificati =T
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 te retain tiie oxvgen supply hose. A change in the
method of attachment was made and preproduction models submitted., 1In
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
meierial caused dimensional changes ard thereby permitted leakage of
oxygen., Additional tightening of the fitting to prevent leakage
caused the gasket to fall, figure 7. A change in the design of the
fiiting whereby the gaskzt was retained within a siotted surizacs
remedied this difficulty. In additional tests to ascertazin conform-
ence with the specification requiremeite, aneroid instability was
2152 datermined to exist in this model requlator. Investigations
Tevealed that a change in the procedure for aging and curing of
aneroids estabiished by the nroduction denartment which fahricated the
preproductisn sample differed Iram the procedurss estsblish

ua

j cSuures ¢ 1ished by the
engineering department, fabricators of the anproved qualification
sample,

SN SamiNg B¥ETT

The prototype design of the fourth recgulstor medel, one
which has been refined and designed to permit diluter demand type
breathing (allows air to be mixed with the ireathing oxygen to con-
secve the oxygen supply) is currently being evaluated. At this
writing problems concerning application and performance of aneroid and

L R Ry o and B - Y L U R T T e gk
Gadpns agin MawSTid15 are weiny €ndoilileied,

From the foregoing exasmples it can be understrc ' thet
equipment reliability depends greatly on the establishment of typical
production techniques for tho fabrication and assembly of qualificatim
smaplos 8o that a minimum of changes 2re necessary for preproduction
and subsequent production items,

SUIT CONTROLLERS
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Figure 6 - Inlet port
gasket instaliation of

Figure 5 - Inlet port gasket miniature demand type
installation of miniature oxygen breathing reg-
demand typs oxygen breain- ulator showing gasket
ing regulator “sgueeze out”

" _.‘ _.q"é'.:*?
o -
. ‘.‘..'*..\J;..m.._..k.'.._»_‘-

Figure 7 - Inlet port gasket of miniature
demand type oxygen breathing regulator
showing damage
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Fleet operational acceptance of the full pressure suit
system is contingent on msny factors. Since the suit system ‘s flown

more than 99 percent of the time in the normel condition and less than
one percent of the time in the emergency conditicn, comfort in the
normal condition is of prime importance to assure vpersiional suita-
hility. One primery factor in cawfori is releted to the amount of
pressure build up in the suit system by the ventilating air required
for thermal comfort, ‘The carment is air impermeuiie and vuziefove
stops normal pcrspiration loss whih leads to heat imbalence. This
pressure is for the mest part caused by the resistance of ihe suit
coniroiler ¢. the flow of air, The controller is located down 2tream
to the suit. This reflected pressure is called "residual back
pressure”, A definitely unacceptable residual back preszure is above
1/2 inch of mercury. A desirable back pressure is below 1/4 inch of
mercury. Available controllers incorporated slightly above 1/2 inch
and pilot acceptence was poor. Therefore a redesign of some specific
features of the controliler was required,

Fiqure 8 illustrates three pressure suit controllers, The
sriginal controller has a flow restriction and high back pressure that
procludes fleet acceptability of the suit system, The other two con-
trolilers have increased flow capability which enhances acceptability
of' the suit system. The first controller performs adequately under
all environmential conditions and possesses stabilized performance.

The second and third controllers performed satisfactorily only in the
prototype design.

]
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Qualification samples of the second controller woulu
hold calibration and the difficulty at this writing appears tc
the design &nd material selection of the aneroid &ssembiy that
the pressure outpui. The design was aw oxtrapsilation of the pre-
viously satisfactory design to sm extent that s¢ called "feather
edge” performance was apparent in the design thecry. However, all the
shifts in performance could not be logically attributed to design
extrapolation, Thie portion of the difficulty was clearly an unpre-
dicted dimensional change of the aneroid caused by improper curing
and/or incorrect material selection that produced poor behevior under
temperaturc extremes and could not bhe adjudicated by calibration. The
difficulty was identical in some aspects iv ihe aneroid difficuity
encountered in the breathing regulator. As a rasult of the two factors
apparent unwarranted design ertrepoletion and apparently erroneous
material selection, hoth a change In basic design and the selection of
8 more suitable material are necessary.
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The qualification test sampie of the third controller showed
ro inconsistency in performance up to 50,000 feet altitude throughout
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Figure 8 - Three full pressure suit pressure controllers
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the environmental conditions of evalustion, This consistent perform-
ance di¢ not persist in the eltitude range above 50,000 feet. Above
this pressure altitude, & shift in pressure schedule occurred that in
effect produced higher presesure output. This resulted in undesirable
and unauceptable residual back pressure in the suit system and caused
restrictions and limitations in mobility. The fault was traced o the
design shape of the diaphragm which at a specific pressure did not
function smoothly but jumped tc a new position, Desion changes in
diaphragm shape eventually remedied this conditien,

The foreyoing again illustrates an apparent difficulty ir
the transition between the prototype design, ihe qualification sample
and the production item from the aspects of design details, materiel
slection and gquality of workmanship and the various combinations
thereof. Great difficulty exists in cstablishing menufacturing
acceptsble and reliable equipment

with a low reject quotq, Soms experience reveals that prototype desim
samples and qualification samples are produced by a certain segment

of an organization that have not adeauaie technical liaison with the
production segment. It appears that techniques and special knowledge

are lost in this trancition and that in some instances extremely

~riti~al features are not croperly “"flagged” and therefore dec not

receive tiie attention that is essential for the production of con-

sistently reliable sguipment. In additicn other cvideale vevesls
that the materials are substituted in the chenze from research and

development to production duz to more desirable production handling,
This results In rhe loss of consistent and precise performance that
is essential to sircrev equipment mechanical systems and not infre-

quently may mean the difference of survival or death,
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DETERIORATION

Allen L. Alexander
U. <. haval heseaich 1-he atery
Washington 25, D. C.

Introduction

History descibing methods to combat degrading influences in
nature on material is as cld es written records. Indeed; there is
considerable evidence to indicate that organic protective films in
the form of natural gum s~lutions have been employed even lenger.
However, it's equally certain that ihese earllest formulators ccul
hardly foresee the application of such films to the protection of
equipment from the heat of a nuclear blast, for example. Present
design criteria require that components and material, whether used
alone or in complex weapons systems, be highly resistant to attack
from all influences of 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 conslderably the deteriorating
process where it cannot be stopped entirely. The situation within
the Navy ie mogravated particularly by the corroaing influence of sea
water and the ‘sali-)laden atmospheres in which the Navy opersates.

Degracing assaultc 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
cnergy frequencies producing depolymerization and secondary chemical
reacilons. And deterioration resulting from biological attack by
bacteria, fungi, insects and marine organisms has been the subject of
careful ctudy for perhaps longer than any phase except possibly that
produced by corrosion.. Only recently the degradation of uviation
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fuels by microblological growths has been suspected for the loss of
at least one aircraft. The drop in sfficlency of transmlssion of so-
nar signals through accoustically transpuarent surfaces increases al-
most exponentially with the thickness of the layer of macro marine
organisms attached to the surface. An improperly desigred picr,
erected at the cost of millions of dollars, under the exigencies of
wer time collapsed into the sea after only five years from attack by
Limnoria and Teredc on its supporting piles. Another wartime inci-
dent is reported in which a detachment of marines was virtually iso-
lated from ita campany through failure of its communication equipment
which became inoperative fram the destruction of insuiatlon media by
+ ¢ action 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
Tigus subsequenlly demonstratved i our latoswtory tc be not only
registant 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 {ree from the attachment of encrus-
tating organisms which retard speed and increase fuel consumption.
Recently smoother hulls lLiave 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 in tropical waters during mansuvers following which 11 ccould
s

not getv off the wauter witil
fouling.
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Unfortunately some early efforis toward the soiution of
some of these problems were somewhat misgulded. For example, at cne
stage copper sheathing was attached to iron hulls to combat fculing
with rather disastrous results. Not only did the copper itself foul
readily on becoming the cathode in a galvanic couple, tut the corro-
gion 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 intereat to look at some specific situations where
attack can be savere and to examine some measures which tend to elim-
inaie the problem.

Among the papers which follow several are devoted to racla-
tion effects, and one to damage resulting from thermal radiation. 1In
cach instance degradation may ovccur. Little attempt will be made
here to discuss this type of deterioration although one reference to
irradiation will be made. Subsequent papers also describe progress
that 18 being made in corrosion control. Since damage from corrosion
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may oocur under varied cilrcumstances and s among the most aeverc o
costly types of deterioration, menticn will Le m=lc of sume of our
studles designed to understand and thus control or at best retard the
corrosion process.

Corrosion

No introduction is required to famlliarize this audience
with the effects of metallic corrosion. As mentioned earlier, how-
ever, the consequences of corrosion ere of special concern to the
Navy as its ships and aircrafi are required to operate under, on and
above the geas. No doubt the moqt effective means of eliminating cor-
rosion is the specification of mu: orials which do not corrode. Obvi-
ous'v, however, such materisls are nct econamically available in
Cinobivies sufficient to meet even o unall fructicon of the fleet's
requirements. Therefore considerable effort is being mede to assure
the seclection of the most compatible components for use in corrosive
envirnmments and to devise continually improved means of protection
for those 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 1,

& pnowgraph of the cuter hull cf e submerine just below the water
line. Trie hull was presumed 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. However, oo checxking the zhinfs log It woo rovealed that
thie normally edequate paint system had been applied during the month
of February in a Northeastern yard during a snow storm at an ambient
temperature of 21° F. As may 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 becn surprising indeed. Of further interest
is the quite obvious pit measuring 11/32 in. in depth which was traced
to stray currents, arising from improperly insulated welding equipment
tiwat had been brought aboard, which found an easy return path through
the hull and cea water to ground.

In spite of derelictions like these, organic coatings
Drosexly axplicd remein among the more formidable weapons against
corrosion. The continuing development of film-forming polymers of
ney and distinct properties enhance their effectiveness and range of
adaptability. Recent examples include the epoxles, polyurethanes,
nnd vinyls., When applied alone or in cambinatlion with older materi-
als, new properties are obtained. The epoxies, used In combination
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with coal tar enamels ac well as the vinyls, have made possible new
applications of cathodic protection heretofore unavailable. Perhaps
the single most significant development in this area in the past dec-
ade has been the wide scale adoption of the so~called wash primer (1)
developed by industry under Bureau of Ships nognizance. This pre-
treatment for metal, consisting of a basic zine yellow pigment dis-
persed in a solution of polyvinylbutyrel and reduced with a mixture
ol phosphorie acid and alcohols, opened the new fileld tc vinyls tor
metal proiectiion and vastly improved many existing systems. 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. Figure 3 shows the same
'vstem exposed to identical conditions for an equal period of time
except that the metal received «.2-mil coa™ ~f wash primer prior to
the application of the specification system.

The use of a coating which probably resuits in the forma-~
tion of some phosphate crystals at the interface recalls the excel-
lent results achieved through preprictery processes involving
chemical bath treatments so widely used on automobiles and major
household appliances. Burbank (2) in a study of phosphate crysisl

‘ formation on ferrous surfaces makes the novel suggestion that inhibi-~

tive phosphate coatings, such us applied normally from hct chemical
baths, might be applied successfully to major surfaces, a ship's hull
for example, by means of a gel medium containing the required compo-
nents. Zinec phosphate coatings were deposited from a hot solution
and similarly from a gel medium onto steel surfaces, In the latter
case the coating consistcd 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 coirosion in their
reserve fleets and this has proven to be a major factor in ships!
praeservation. Of course the genersl principles of this techmnique
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 Trepainting as compared with 10 milliamperes per
gquare foot for bare steel. A newly painted hull w .l require as

197




ke

o ? 24

TRy w

T

i >

B

Alexander

Figure4 . Zinc phosphate coatings on steel, (a) Panel
phosphated in hot bath, {b) panel phosphatedin Gel
medium

Figure 5 - Installation of zinc anode
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little as 0.1 milliamperes per square foot. Care must be exercised
to assure an even current distribution which hes been most satierac-
torlly applied frca carbon anodes appropriamtely spaced around the
ships.

Related work (3) at NRL has described the adventages of high
purily zine for 2s8e as sacrificial arodes in protecting ansdic areas
of active ships. Such applications ars normally made in proximity to
propeller struts to combat the cathodic role of bronzs propellers. A
typical installation is shown in Figure 5.

During recent years we have made atudies of the corrosion
rates of metals in the tropics, and comparcd these in some instances
with rates for the same metals and alloys in tempcrate laticudes.

The results obtainad to date with several pure metals end a number of
structural steels should be of interest. HReference should be made to
the original publications (4, 5, G) 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 funiction of time exposed. In Figure 6 the
corrosicn rate for a structural steel in the tropical marine atmos-
phere of Panama is compared with the corrosicn rate of a similar alloy
nxposed at Kure Beach, N. C. As might be expected in the warmer humid
climate of the tropics corrosion proceeds more rapidly. Figure 7 pre-
sente similar data for the same steels exposed at & site inland from
the sea 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 corrosive than an average indusirial
atmosphere 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 scaie effects on the corrosion of
low~-alloy steel 1n the tropics. For the shorter term it sppears 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 lmmersion in sea water, however,
pickling helps; a particularly good example is shown in Figure 9 where
pitting to perforation has occurred on & low-carbon unalloyed steel
after 8 years in the sea whereas the pickled companion is comparative-
ly intact.

It wes 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 sampie at Ft.
Amador, C. 2., Figure 10. Certainly the compositions of the environ-
ments were almost identlcal but the slightly higher average
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tempisatures of the tropics did not induce the uccelerated rate an.-
ticipated.

aring the pust two decades marked advences have been made
in metallurgy in the production in commercial quantity of new alloys
and metals which provide longer life in corrosive environments.
Progress in supplementary techniques such as organic coatings also
haus advanced and may be expected to continue to improve. However, it
is our belief that the more spectacular improvements next 4o appeer
w.ll be provided by metallurgists in the alloys themselves although
the coatings industry can be expected to continue its productive
efforts.

Irvadiation Effects
Suceo=iing papers will deal with specific problems related

to radiation. It iz believed, however, that one projecl precentiy in
progress in our laborestcry will be of some interest here. Among the

sources of degradation of paint films the ultraviolet portion nf the

spectrum long has been recognized as rather severs. A a matter of
fect most accelerated weathering machines designed for a rapid evul-
uation of organic coatings use a light source rieh 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 controlling thermel radieticn end emiscivity from satel-
1lites and space vehicles, the current study was undertaken with a
view of establishing the stabllity 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 spectrosccpy have been followed. Similar
films were then irradiated in g vacuum by an ultraviolet source at
wavelengths ranging from 1150 A (LiF filter) ioto the visiiiv. An
exemple of the desta derived from such measurements is shown in
Flgure 11. The resin studied was a phenyl slliccne sclected be-
cause it was used as the vehicle for a white coating used to paint
the third stage of Vanguard I. In the presence of ciyren distinct
absorbance changes were noted for bands characteristic of OH, CO,,
C=0 and aromatics. In vacuum, or in the absence of oxygen nc marked
changes in absorbance at any of these bands were detected., Towerd
the end of the irradiation perind in vacuum a small amount of oxygen
was bled into the system following whieh smell changes in absorbance
were again observed in line with those shown in Figure 11.
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This work has not yet proceeded to & point to permit far-
reaching conclusious but it is suggested that the rate of degradatlon
induced by the short ultravliclet above the atmosphere, in the absence
of oxygen, may not be so severe as expected.

Blofouling

As in the case of corrusion the deterioreting effects of
both micro- and macroorgenisms are mentioned in earliest recorded
history and we are still working vigorously on the problem. The
antiquity of the subject is illustrated certainly by reference to the
latter part of the 13th chapter of Leviticus in the 0ld Testament
where the sciloe 'reats tne mntter of the "leprosy of garments,™ the
criteria for detemmining whether = germent be clean cr not, and the
techniques for disposing of unclean garmenls. This "leprosy" which
plagued tiie garments of the early Hebrews probably was nc 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 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 [irst directed to the effects of fungi as a result of re-
peated railure 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 illustratc the type of thing
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 nearby Mechanicsburg,
Pennsylvania. The equipment was covered over its top and sides by a
waterproof package but was open at the bottom, In such an arrange-
ment fungal spores had easy access to the equipment surfacec and the
stagnant moist air within the enclosure provided stimuiating condi-
tions fnr growth and propagation. In this instance the mere pres-
ence of such growth constituted a severe hazard althouprh no prior
dama, e may have bLeen imparted to the enuipment in supporting fungus
growthi, The apparently parallel rings at the top of the flgure are
in fact sect.ons of a coil under quite high potentiul of several
itnousands volus wien activated. At suchh btlme as thls equipment mipght
be ener;iced the conductivity of the fungal {ilamentsy to ground is
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Figure 12, Fungus Infested Transmitter
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quite cufficient to cause immediate shorting and thereby completely
lomodllizing 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 varnishos and lacquers and spraving or, where per-
missible, dipping entirc assmmblies with them. It was noted, however,
that maany potent fungicides as revealed by the usual biocassay tech-
niques (petri dish experiments) were of little or no value after
incorporaticn into organic matrices. Thus we were prompted itc look
more closely into the nature of fungicidal compounds themselves with
special emphasis on functional substituent groups. The acope of this
paper dues not permit any detalled description of techniques 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 gen~-
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 campounds are among the
more promising and there is evidence to suggest thet tuec phenolic
hydroxyl group is the most effective of the substituents studied in
imparting toxicily toward fungl in a relatively simple organic mole-
cule. An interesting point was ralsed, however, by the observation
that carboxy phenols and their esters ond amines generally ore non-
toxic. The phenols present an excellent example of the inadvisubility
of loading a molecule with an excessive number of substltuents, toxic
or not. For example, 2-hydroxy-5-nitrobenzyl thiocyanate, in spite
of contairing three very active groups, 1s itself without activity.
Nearly all of the ncntoxic phenols fall into this cstegory of over-
substitution. An explanation may he in the fact that cach group is
involved in a separate, relatively individual blological 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 considerebly less active
o-cyclohexanol., In the first case the hydroxyl group is perched in
a free, conspliuous position, whereas in o-cyclohexvl phenol it is
nestled neatly among adjacen: substituents.

From numerous experiments additional facts have emerged,
interesting examples of which will be mentioned. In the following
tables the inhibition of specific campounds 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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ot an uniahiblted control at equal concentrations of toxic., Tublc 1
lists a number of arcmatic compounds along with the degree to which
ey inhibit growth.

Jable L
Inhibition of Aromatic Compounds
Benzene v 25%
Toluena , 14
M-xylene A
Mesltylene 11
Tetramethylbenzene ) 5T
Pentsmethylbenzene L 78
Hexametnylbenzene . 4L,
Cyclohexane =44

It 1s interesting to note that in this instance inhibition generally
increases with the substitution of methyl groups (xylenes excepted)
until eomplete roplocement 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 compcunds, 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 Table 2.

Jable 2

Inhibiticn of Aliphatic Nitro Compounds
Nitromethane 0%
Nitroethane -20
1l-iNitropropane -16
2-Nitropropane -33
1-Chloro-l-nitropropane -2
¢-Chloro-2-nitropropane 53
1.1-Dichloro-l-nitropropane 5Q
Nitrocyclchexane 0

In each instance where substitution of one group or another has been
made the compound tends to stimulatc fungal growth rather than sup-
press it. On the other hand, inhibitive qualities are usually stim-
ulated by introducing both a nitro group and a chlorine group into
the oame molecules. Similar studies revealed that the presence of
bromine anlone in the absence of & nitro group imparted considerable
{nhibition, and in some instances the greater the degree of
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substitution the more pronounced the innibition.

Returning again to the ring compounds, substitution by both
chlorine and the nitro group are required for opltimum fungal grovth
inhibition. This is illustrated by the data of Table 3.

Table 3
[nhibition of Aromatic Nitro Compounds
Nitrobenzene o 75%
m-Nitrotoluene 100
2-Nitrocymene 67
1-Nitronaphthalene oC
w-Dinitrcbenzene L 100
2,4=-Dinitrotoluene 100
1,3,5-Trinitrobenzene 100
1-Chloro-2-nitrobenzene 100
l-Chloro-4-nitrobenzene 100
1-Chloro-2,4-dinitrobenzene 100

For example chlorobenzene (not shown) is almost noutoxic and nitro-
benzene is only partially effective; both substituents introduced
into the same ring provide complete protection. In additional ex-
periments it was demcnstrated that chlorine introduced directly into
the ring was much more active than when attached to a side chain
where its effect was neutral.

Before concluding the discussion of fungl as they might
affect electronic components we would like to cite one experiment of
significant interest beceuse it represents an ingeninus separetion
of two almost inseparable pnenomena - moisture and fungus. Samples
of a vinyl insulated wire were cleansed and one set contamineted
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 insulatior was measured
with the results shown in Figure 12, 1In the case of the sterile in-
sulation no oreakdown in resistance was ncted 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 insulaiing medium itself

c not necessarily depgraded.

Quite recently the role which fungi, and bacteria for that
matter, can and do assume in another area has becn demonsirated
rather forcibly. Instances have been reported where blological
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growths have contiibuued directly to the degradation of aviation fuel.
This detcricration hags been manifested by an accwnulation of the or-
ganisms themsolves and mycelia or debris associated with them. When
further complicated by corrosion product the result can be Lhe clog-
ging of filters at critical moments In flignt. Figure 14 shows @
collectlon of such debris and organisms sustained at the watcr-fucl
iuterface of a sample removed {rom the tanks of an aircraft carrier.
Subsequently a culture was made of these organisms, the result of
which ls shown in Figure 15. The darker -areas are funguc whereas the
light spots wse vacteriu, The fungus, & phctomlcrograph off which ic
shown in Figure 16, was subsequently identifled tentatively as be-
longiny to the Hormoderdron generus and ic cepable of utilizing either
the [ucl .~ the bacteria irevitably associated with 1t as its source
of carbon. The solution to this problem is rather complex. The in-
clusion of chemlcal additives which could be expected to eliminate
most biological activity is not always compatible with fuel ingredi-
ents. Presently reccmmended practices require immaculate care and
'vod housckeeping at all stages of fuel tLransfer.

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 iz too often the case in studying the habits, attitudes and
behavior of naturally occurring organisms, these behaviors cannot be
toc well predicted and perhaps in some cases these ''beasis" of nature
are thorougnly 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 formulaticn of spec-
ific inhibitive coatings reliance must be placed on field performance
of such materials without cpecific reference to the toxic's behavior
under carefully controlled in vitrgo conditions, Examples of popular
additives for inducing toxicity to organic {ilms are pentachloro-
phenol and phenylmercuric salicylate, bcoth of which respond convinc-
ingly to petri dish tests but which require excessive loadings in
organic films for comparable protection. Better results to be cx-
pected in the field may be obtained from salicylunilide and paru-
toluene-sulfonamide which require more feasible loadings as well as
being more economical. In concluding this phuse of tnis discucsion,
it should bLe pointed out that suitable precaution must be observed in
handling and applying products containing the organomercurials and
thelr use should be avoided in proximity with sensitive selenium
rectifiers in many electronic assemblles.

- The problems of protecting wood piling
and hulls {rom destruction by shipworms and maintaining ships' hulls
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Figure 14, FKungal Debiis at Fuel-Water
Interface

F'igure 15, Culture of Urganisms Removed
trom Fuel Tank
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frce of enorustating foullng attachment 1o us old as the history of
sea power and lmproved methods are still being sought to meet them.
To {llustrate the severity of feuling actachment to unprolectisd gur=
faces attention is invited to Figure 17, which is a photograph of &
FBM wing pontoon ancliored in Blscayne Bay at Miami for 12 woeks., The
left alde waa protected with a thin Liim antifeulling paint deaigned
for flying boat hulls and the right slde had recoived a coating of
nontoxic enamel. This subject has been reviewed so often that the
discussion here will be limited to & drief rccume of precent prac-
tices. During World War II investigators at the Woods Hole Oceann-
graphic Institution (14) clearly demongtrated that any painted surface
immersed in the sea would remain frse of fouling attachment for such
time as the paint could provide copper metal available at the surface
for solutlon irn the sea at a minimum rate of 10 micrograms per square
decimeter of surface per 24 hours. This provided a higliy useful ‘ool
which has been widely adapted to the development of presently speci-
fied ship bottom paints. The result has been the formulation of a
variety of several paint types with specific properties related to
particular application requirements. Thin film paints based on
chiorinated rubber are available ror application to accoustical sur-
faces of underwater sound gear. Plastics paints (both hot and cold
at time of application) are available in thick films for major ships
which are capable of giving protecticn for up to three years. Hard
films, usually based on vinyl resins, are applied to racing huils 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 perheps 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 fouling ccntrol
but atterdant requirements are somewhat incompatible with the orera-
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 fre the Teredo and Limnoria. The piling shown in Figure 18
11llustrates 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 niling 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. 1In the past decade a number of alternate treatments
have been proposed and indeed a few have been adopied for the
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impregnation of wood to be used in terrestrial installations, Ex-
amples are pentachlorophenol and several varieties of copper com-
pounds. No such treatments, however, have proved enllirely effective
in marine service.

In reviewing the hlstory of the development of current crco-
sote specifications it appears that most modifications have resulted
fram factors other than a redefinitlon of some chemical or toxicoloyi-
cal property which would describe a more effective preservative. Work
has been in progress at NRL during the past six years, the objective
of which has been the characterization of creosote with a view of cor-
relating specific properties, preferably chemical, with its efficacy
as a preservative.

The approach has been-to separate creosote into fractions
which subsequently are amenablie to study by ultraviolet and infrared
spectroscopy. Simultanecugly 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 fracticn of creoscte
is substantislly richer in preservative qualities than the whole.
Valuabie 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 polson 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 »f value
in attacking this problem. It has been difficult in the past to de-
termine by experiment, short of a full term cxposure of a representa-
tive batch sample, the efficlency of a creosote sample. This is
related clogely to the fact that creosote steadily leaches fram the
wood untll 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 sapwocd panels were impreg-
nated with measured retention quantities and then leached under
artificial but accelerated conditions. Figure 20 describes the rate
at which whole creosote is leached from wcod under several sets of
conditions. Following a number of experiments the conclusion was
reached that flowlng water at 80° C provided an accelerated condi-
tion that more closely approximated studles on samples leached nat-
urally in the sea. For example it may be ooon {rom Figure 20 that
following an initial interval the amount of creosote removed from
wond by flowing water at 80° C after any givan number of hours in
approximately aquivalunt o the amount removed in as many dayy al

213



70
‘ FLOWING 80°
60 |— 0 0
. / _x="STATIC 86" |
-
8 40 / B
o FLOWING 25°
@x
O
w 30}
v
75}
S 20
e
10
o —
o 2 a 3 8 0 12 14 16

TIME OF LEACHING (DAYS FOR BO*CL: MONTHS FOR 25°C)

¥izure 20, Leaching of Creosote from Wood

214

b e v

e

g A e

bt



Alexanier

25° C in stnagnant water,

This technigue was used to study the rate at which Individ-
ual fractions of creosote might be remnved {rom 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 major chemlecal coustiluents kunown 1L was thougnt
to be of interest to oboerve the rate at which these individual com-
pounds might be leached from wood. The result is shown i. Figure 22.
Following this result a "synthetic" creosote was prepared from pure
chemicals 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
leacned creosote control. Thus the synthetic lacked the staying pow-
er of the natural product. Cuwirent experiments to improve this prop-
erty are in progress in which resins are being added to simulete 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 uvrganicms looking for
an abode. Figure 23 is a photograph of & 1/4" magnesium panel immed-
iately on its removal {rém 7-1/2 years' immersion in thc sea at Fit,
Amador, C. Z. The perforatlons in this panel were made hy *the organ-
ism Lithophaga which in this case may be seen in the burrows. Figure
2% 1is 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 scme of
the many fuacters in nature that are continuously at work to degrade
the materials of human productivity. A'so 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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RESPONSE OF AIRCRAFT SKIN MATERIALS TO
RADIATION FROM HIGH-TEMPERATURE SOURCES

J. Bracciaventi = T. I. Honahan
Material Laboratory
New York Naval Shipyard
Brooklyn 1, New Yark

INTRODUCTION

Since 1950 the Naval Material Laboratory under ihe sponsor-

ahip of the Armed Forces Special Wespons Project has been engaged in

a study of the effects of the thermal rudiation of muclear detcnations
on materials. The study has included nut only participation in the
several AEC-DOD field tests st the Nevada and Eniwetok Proving Grounds,.,
hut alsc sxtensive experimental investigations in the laboratory.
Foar this program, a number of high-intensity sources of thermsl radi-
ation have been developed, either at the Laboratory or under the
labaratory's technical cognizance. These sourcer simmlate the heat
output of a nuclear detonation. Tn addition to prosecuting several
problems of a research nature, the Laboratory has studied tha therm.l
damage phenomenology of materials of interes’ to the several Military
and Civil Defense agencies.

"he Naval Material Laboratory has collaborated with the
Stratcgic Air Coemand, 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 nmuclesr weapon from an aircraft without damaging ths
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-operatiomal by the intense thermal radiation of the
turst, As the yield of a nuclear weapon increasds and approaches
that of a thermonuclear weapon, protection sgainst thermal radiation
becomes more important than prclection against either blast or ioniz=-
ing radiation. In thesc cases the distance of closest safe approach
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to the burst will bLe iirited more by the optical and thermal properties
of the aircraft skin than by its structural strength. '

The criticel areas on an aircraft are those which *see® the
fireball of sn explosion, and on which the fireball radiation is
incident and, therefore, at loast partially absorbed. Consequently,
i paint systea coveving an alreralt 16 critical, TFlazming, charvlng
and bilstering of the paint, due %c the direct absorpiton of radiant
energy, are hazards involving possible destruction of the aircraft;
in addition, stresses generated in the aircraft by the unequal distri-
bution of tempe.atures in the structure arising from ths heating o
the skin may ca'. -8 buckling and, therefore, destruction. The thinner
or lesz massive the aircraft skin and the greater the absorptance of
the surface, the greater will be the thermsl hszard,., Particularly
susceptible are the thin control surfaces that "see® the burst, The
thicknesses of aircraft skin are dictated by design requirementz and
are not readily amenable to change. The surface conditioa of 4he
skin, as it affects the absorptance or color, lends iiself more easily
to modification at the needs of the service,

The Navel Material Laboratory has collaborated with ths
* Bureau of Aeronautics and the Ai> Force in a program ic develop a
satisfactary ocoating. The Laboratory has beer. concerned with the
physics of the problem. The chemisiiy of the naint systems has -been
a direct concem of the other agencies, their laboratories and
contractars.

DAMAGE CRITERIA

A principal consideration in evaluating a painted surface
is its reflectance, which determines the amount of energy which i3
absorbed by the paint layer., Assuming that the paints of ‘wo alir=
¢raft have reflectances of 20 and 80 percent, respectively, tho
{:dimt energy absorbed by these surfaces would vary in the ratio of
3 Lo 10

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 appreciabila,
tae 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 confimed to the visible
and infrared regions,

A second criterion to be employed in considering an aircraft
skin coating 1s its "critical radiant exposure®, that is, the thermal
energy corresponding to speciiic damage to the paint. Charring and
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piistering of the paini surface are guch points, wnich deline the
limitations of a given paint system, and which can be recopnized
readily upon examination,

The third criterion to be employed in considering an air-
craft peint system is its temperature characteristic. A paint system
may suffer little damage in itself but may cause the temperature of
the aircraflits skin to rise to a dangerous level, generating stresues
in the aircraft which lead tc buckling ond destruction,

THERMAL RADIATION SQOURCE

In evaluating the damage to swveral panels 02 maierials
exposed during Operation CROSSROADS, several laboratory methods of
duplicating thermal damage were tried at the Naval Material latcratory
“eading to the development of the carbon-arc source oi !n%tanze thermal
radiation, in which the radistion emitted by the arc is imaged Wy
appropriate optics.

The source employed in these studies consists of a standard
Navy 36-inch carbon-arc searchlighte The arc utilizes 16 mm dianmeter
positive carbons and 11 mm diameter negative carbores, ond normally
operates at 78 volts and 155 amps. An opiicsl diagrsm of the thermal
source is shown in Flgure 1. In operation, a crater in ihe positive
carbon is filled by a glowing gas ball which emits the radiation,
This gas ball is at the focus of 2 paraboloidal mirrer with 36~inch
diameter which collimates the radiation. A second, similar 36-inch
paraboloidal mirror mounted coaxially with the first several feet
away, refocuzes 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 sondition,
the spot has an irradiance which averages 90 cal/cm? sec over an area
5 mm in diameter, and which falls %o an zverage of 70 cal/cwl sec
over a region 9 mm in diameter., This i-radiance is more than suf-
Tficient for most exposures since it represents the peak irradiancs at
less than one mile from a 20 kt burst., Screens are irserted in the
collimated beam to reduce the irrradiance to thé desired level.

Control of exposure time is exercised by a solenoid-cperated
knife-blade shutter placed just forward of the footl plene as shown
in Flgure 2. The shutter system is acluated by an electronic timing
circuit and the “open" time is registered on an alectric clock. This
shutter operation produces an essentially vquare wave pulse whose
total radiant exposure is given by the preduct of the irradiance and
time,
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Expesur<s are monitorsd by exposing a copper-button calori-
meter with an apprcpriate aperture, which for the aircraft skin speci-
mens is a 9 mm yound aperture in a polished aluminum plate.

At distances of operational interest, the spectral (wave-
length) distribution of the incident thermal radlation, integraied
with rospest to time, resembles wery ciossly the spectral distribution
of suniight. For each, slightly less than one-half of the radiatvicn
occurs. in the visible region of inhe speclrum, opproilmaiely e=nalil
occurs in the infrared region, and a very small fraction (rarely
grsater than 10 percent) lies in the ultraviolet region of the cpectrwun
The color temperatures of the sun and of an air burst are both about
6000°K. The color temperature of the carbon arc is approximately
5800°K, and there is substantially more infrared energy in its spec-
true than in that of the sun or nuclear detonation.

The results of numerous fieid tests have shown that the ball
of fire in a muclear detonation does not behave as a perfect resdizter,
This is due to a number of factors. The surface temperature during
the first radiation pulse is modified by the disturbed air immediaiely

around the fireball and, at later time, the temperature iz not that
of the surface but the result of radiation some distance within ihe
fireball, The radius of the fireball during the second thermal pulse
is very difficult {4 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 wilil 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 pulse for all energy yilalds can be ob=-
tained from a single set of calculstions, Actuzlly, the power P, is
measured direcily as a function time, ¢, for each explosion, However
instead of rlotiing P versus t, a curve is drawn of the scaled power,
i.e,, P/P max versus the scaled time, t/t max, where P max is the
maximum value -I the thermal power, corresponding to the temperature
maximum in the secord pulse, and ¢ max is the time at which this
maxisum is sttained, The rasulting curve, shown in Figure 3, is of
general applicahility, ir-espective of the yleld of the explosion,
Also shown in Figpre 3 is ths irradiance-time characteristic of the
laboratory sourcs, which resulta from the modulation of the radiation
by & cam-operated venetian blind shutte:r placed in the collimated
bzame. The properly cut cam ia driven by a variable speed motor and
pulser are produced corresponding to weapon yields in the range from
50 kliotons to many megatons, The pulsing shutter and drive mechsnism
are snown in Figure L, The timing of the pulne is again controlled
by the knife~blade shutter and timer system which is synchronized
with the cam, The Lnife blade shutter is set to open as thevenetian
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blind starts %c open and to close at a time equal to approximately 10
times the time to maximum irrediance,

Table 1

Critical Radiant Exposures of Various Ceasting: (2 mil)
on 0,032 Alwdnun

CO&“".S Oritical Daddant Fy_}'\nm_]ra ]_/HHZ)
Color AUSOIp bance E__ Tﬂﬁ =

White 0.27 _ L3 51

Gray 0.68 ' 2 32

Blue 0.93 12 17

SPECTRAL REFLECTANCE DATA

The spectral reflectance meazurements weae wede in the
spectral region from L0OOO to 27,000 Argstroms. In gensral, the data
in the virible and near infrared regions (LOOC=1D,(C0 Angstroms) were
obtained, using a General Electric Recording Spectrophotcaeter (1);

a Perkin<Elmer Infrared Spectrometer (2) was ‘he bisic ins<sument
employed for the measurements beyond 10,000 Argstroma, The messure-
ments using the Perkin<Elmer instrument were «xiended to thoss wave
lengths covered by the (eneral Electric Spectiophotcaeter tc enabie
proper correlation of the two sets of data, an important considera-
tion because of the diifrrent methods emplsyad to irradiete the sample
and collect the reflected energy.

Reflectance neasurements with the Ceneral Electric Spectro-
photometer vere taken ir 2z streightforward manner. Specisl auxdliary
equipment (3), udssigned acd constructed at the Naval Heterial Labora-
tary, was employed fnr the reflectance messurements i{n the infrared.
This attachment 1is casentially a hemispherical integrator mounted at
the exit window of the Periin-Flmes monochromator,

The reflectance deta for three paint colola used in Nawvel
alreraft are oiven in Ploure 5. From thess data ons concludec that
the gmll gray and sea blue coatings are 2,5 and 3.5 times as abe
ecrbing as the ensign white coatinge.

CRITICAL RADIANT EXPOSURE
To determine i, oritical radiant exposure which could cause
the paint to blister, specimens, 9 mx in diamater, were stemped out

of painted sheets of aluminun., The si:s cf the specimen is dictated
by the rize of the irradiated apot. The specimens were mounted in
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the focal plane of the ocondensing mirror between three knife-edge
pins, as shown in Figure 6. Since these measurements were made prior
to the development of the nuclear pulse simulator, constant-lirradiance
pulses wcis applied to the thre: paint systems which are typical of
those employed in Naval aircraft. For given pulse ieéngths the irra-
diannce was varied and the threshold ther.aal flux io cause blistering
of the paint was determined, using an #up-and=down" statistical
method. From the data obtained and from empirical relationships
developed in a similar investigation the critical radiant exposures
were determined for laboratory pulses simulating ruclear wesron
yislds of 50 and 1,000 kt, The data are given in Teble 1, The
superiority of the white paint is demcnstratad, Also; it may be
noctsd that 4he critical radlant exposure of s glven paint systom 1s
inversely proportional to its absorptance,

SPECIFIC TEMPRRATURE RISE

The Navel Material lLaboratory has developed a convenient
me 2hod to measure reliably the transient temperature rise of a specie-
men which results from exposure to intense thermal radiation for du-
rations as chort as 0.3 second. » themooouple technique is employed,
witlt ihe thermocouple's output read on s recording pounm xeter.
Contact with the rear surface ol Liie specimen is achlevsd without
affonting the phycicel chorectariatics of the paint-cn-metal surface,

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
connected to the potontiomster, The circuit through the thermccouple
is completed by the specinmen itsel?., This provides a rapid method of
acreening samples without the necsessity for wslding., soldering or
peening thermocouples into the specimen,

For comparatlve purpesss, samples with dfferent costings
were exposed to constant.irmadiance pulses of equal duration and ine-
tensivy ievel, °nd from the observed temperatures, the specific
temperature rise {the temmaratuis s+ rear unit radiant exposu:rs) was
computed., Ac mentiioned above,; the ..y.ci"a Wiwpdra ture yifre Wm oo

measure o7 the relative protecting naaey of & coatine.

Th~ dependence cf the spaciiic temperature rise on the
absorptance of the 4{rradisted painted specimen is shown in Fieuwa 7.
In tide phase of the study heat losses in the system were disregarded.
It is to be noted that any strict relaliouship breaks down due to
failure to account for heat losses in the system, and to degradation
of the coating and attendsnt changes in absorptance., These data
clearly indicate the drastic effect which cark colors heve in causing



1.0

0.8

0.4

0.0

Bracciaventi, Monahan

L

» ' Ensign White

f‘/‘\_\auiiu )
- ]
—

T~

} Sea Blue // ]
’\N .
4 [ 4 J 4 e V' 4 1 e I i 1

0.2 0.6 1.0 1.8 1.8 2.2 246 3«0

Wavelength (¥icrons)

rigure 5 - Spectr:al reflectance of naval aircraft paints

Figure 6 - Method of mounting samples for cxposure
to intense thermal radiation

228



-

Bracciaventi, Monahan

extyreme temperatures and, thereby, pcasible damage %c an aircraft,
For the lightest color, the tumperature rise is hignér for ths 0,3
second pulse than for the 1.5 second pulse, indicating that mot only
is ths total flux important ut 2lso the rate at which it is applied.

The effect of thickréss of the metal substrate on the ‘emper-
ature rise of the system is shown in Figure 8, As expected, the
tommeraturs 1158 of the subsirai® is inverseiy proporiional to its
thickness, If the data given in Figures 7 and 8 are compared one
mey note that gray paint on 0,080 inch thick substrate gives a temper-
ature rise roughly equivalent to that on a2 vhite-painted 0,032 inch
thick alloye. Decreasing the absorptance by approximately one-hailf
provides the mame desrse of nrotectlsrn ss increasing the mmse of the
metal by 150 percent,

Another variable which has been investigsted is paint film
thicknesa, Some resuli=: for cne paint are givea io Figurs Je 1L is
to be noted that a 100-percent increase in film thiclkness gives a 32
percent decrease in temperature rise, This added protection, of
ceurse, 18 at the cost of additicnnl weighte.

It has Lsen shown that varying tha relativs concentrations
of the pigment s0lids in a paint can affect the temperature rise of
the substrate by as much as 25 percent. Similarly, incrsasing the
pigmentevehicle concentration can also affect the temperature ri=s of
the substrate by as much as 15 percent, In actusl usage, however,
conirol of these variables does not always yield a desirable peint;
such quali ties &3 adhesion and resistance to hydrocarbons are lost,

The temperature rise data presented thus far have been
derived frow constant-irradiance exposures and are not correcied for
losses due to re-radiation and conduction, Such data have merit for
comparing the relative value of various paint systems as temperature-
rise inhibitore, hut do not yleld a ready estimate of expected terper-
ature rises in the skin of aircraft exposed 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
¢ meore realistic cotimate of the temperature rise and degree of
damage that can be expected from a given pulse, The data for one
paint system in both the clean and soilsd condition and in two color
modificaiions of the system are presented in Figure 10, For the two
colorsa, small amounts of blackening were added to the original white
paint to approximate different degrees ot soiling. The soiled apeci-
mens 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 spacimens were exposed to the lahoratory
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simulated-field pulses for emuivalent wazpon vields of approximately
55 kt and 10 Mt. All specimens were then irradiated by a second
pulas equivalent to a 55 kt detonatica, Te:-.per-.-.’"‘- corrections vere
nade by exposing unpainted, tlackensd specimcns of the same type
through a large range of radiant exposures for each pulse of interest
Losa’.ees temperatures for such exposures on these s:~~i~mns wers
calculated; loas ratec curves for each pulse were determined as a
function of the measursd temperatures, The corrections indicated by
the curves for each case were applled to ths paintsd spocimsns. The
temperature rises of the paint systsms, particularly for the more
highly reflecting paints, are proportional to their absorpiances, It
is to b® noted that the curve for the second exposwre shows a linear
relationship between temperature rise and absorptance, with a higher
s8lopé than that which the data for the firat exnosuree indicats. It
i3 Uelieved that the higher absorbing painis suffer greater degra-
dation during exposure, which ther cause a higher temperature rice

" rate dwing the socond oxposure. Blistering and emission of volatile

products by 2 paint film cause g loss of desirables film properties,
and a decrease in thermal resistance on re-sxposure,

CONCLUSIONS

The results of thease studles at the Naval Material Labora-
tory have led to the adoption of a whiie aircraft coating by the Navy
and Alr Forces In addition to providing the basic data for determing
the thermal envelopes of alrcraft, the studies have indicated the
directions for improving these coatings. In collaboration with the
Navel Air Material Center the Labaratory is continuing its =2ffcxis to
deévaiop a superior coatings Such a system must have initially, and
mintain in service, a low radiant absorptance., The ccating must be
able to withstand repeated exposures to thermal radiation, yet have a
reasmadble thicimess,

l. Michaelson, J. L., Constructiosn af the Genersl Flesctric Recondiyg
Spectrophotometer, J. UEE. Soc. Am,, 20, 355 (19535

2¢ Bam”, R, Bo, HcmMId, R, So, Nilllmu, Ve 2 Gey and Kinnaird,
R. {"g; Small Prism Infrared Spectrometry, J. App. Phys., 16, 77
(19

3. Derksen, W. L., Monahan, T. I., and Lawes, A. J., A Recordin
Reflectoneter for Measur Diffuse Reflectance in the Visid
and Infrared Heglons, J, Opt. Soc. Am. L7, (1357)
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Ross E. Morris
Rubber laboratory, Hare Island Nzval Shipyard
Vallejo, California

In order to design squipment for opersation in a nmuclear
radiation fieid; it is imporiant to know thy effects of the radia-
tion on the materials to be ueed iz the structurs, The working life
‘of & material under these conditions depends on the length of time
that its propertics waich ars critical to the operation remain at
sdesueate levels., Thae chemics) changes which occur in a material
during irrediation are of consequenie only in so far as hsy affect
its physical properties, or affect the physical properties uf adja~
cent materials.

Rubber items are often necsssary parte of mechanical
devices, partiocularly for sealing fiulds at joints and at sliding
contacts of hydraulic systems. The uniqus properties of a rubber
vulcanisats which imke it outstanding for this purpose are its
softness ad it» recovery strowss against the restraining surfaces,
Itea softnegs enables it to confcrm to minor irregularities on the
restraining surfacer, and its recovery siress prevents the passage
of fluid. These are the critical properties which must be retained
by gnskets end #eéalis Useu :u unuwicwr radiation tieldas,

Softness or its inverse, hardnees, is an easy nroperty to
usasure and is being employed by this laboratory as a criterion in
ihe development of vulcanizates for gaskets and seals to bes subjected
to ncolsar radiation. The objective 1s to find a vulcanizate whioch
vadergoes the least change in softness after extansive exposure to
niclear redintion. The ability cf a vulecanizato t» retain its re-
covery stry=a wvhile urder compression is a more difficulit prope:ty
% measure, and therefore is not beinyg used ns & ocriterion at this
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stage of the development work, Insteed, the compression set of the
vulocanizate after irrediation ip being used. Compression set 1s a
Zeaaulv ol LWuw Anaviiivy Of u Cumpressed rubver specimsn W Iovuves
its original height when released, This property is generally re-
garded as being directly rclated to stress relaxation (1).

Considerable inrormation orn the detcrioration or rubber
Twlcanlaates Uy nuolear rediation nas aiready been obtained, This
informe tion has been ably summarized by the Radiation Effects
Informetion Center (2). The only previous data concerning the offect
of radiation on compresaion set werps published by Bopp and Sigrman (3).
They compressed specimens of warious types of rubbers to 75% of their
original beight and expored them to neuiron and gamma redistion in
.3 wmisr—cooled channal ~f a graphite reactor. They Ifound ithai
natural, styrene-butadiene and acrylonitrile-butadiene rubber vul-
canizates exnibited the least compression set after irradiaticn.

The silicaue Thislkol and ty]l rubbar vilesnizetes reached 100% ast
and the latiar wms depoclymerizsd to e tarry fluld., : necprena vunl-
canizete attained a high compression set even though rot irrediated.
This latier behavior was not discuseed >y Bopp and Si:man. It was
perhaps due to the tendency of neopreme to crystallize when com-
pressed at moderate temperatures,

The investigation described here differed from that of
Bopp and Sisman in the following regarda: more typss cf rubbers
were tested: the rubbers were compounded in such a manner that the
vulcarizates met definite requirements for initial softness and
resistance to coapression set engendered by heat; and only gamma
raya were i(sed for irradiating the coapressed specimens.

With regard to the use of gemma radiation in lieu of the
more complex radiation emitted from nuclear reactors, Bopp and
Simman (3) and Charlesby (4) believe that similar changes are pro-
duced in polymers by different types of nuclear radiation whan the
offocts of thy radiations are compared on the basis of equal energy
shsorption. Gamma radistion 1e usually more convenient to employ
for testing purposes then other nuclear radiaticns (alpha, beta,
slow neutrons or fast neutrons) because it has greater penetration
and 1t does not induce radioactivity in ths sampies., Coocd penetra-
tion is desirable in order that many rubber specimens in a metallic
container can bs subjected throughout to an even dosage.

The variables studied in the present investigation were:
type of rubber, type of curing agent, presence and type of anti-
oxidant, presence and type of high resonant energy ingredient, and
dosage of gamma radiation,
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RUBBERS AND COMPOUNDING INGREDIENTS USED IN TESTS

EadiE PN

’hnnty-throe rubbers wers polectcd for zrazarotleon o8 tozt
specimens. Those included rcpreaent{tti ves of a1l tvnes of commercinl

rubbere avient butyl and Thigkol, which were not insludsd in tals
survoy in view of t.he firdinga of Ropp and Sieman, Tablc 1 lizts

the rubbers testsd and their chanical compositions as defirad hy the
respective marufacturers., Although a silicone rubber, Silastic 7-170,
bad pcor resistance to radiation according to Bopp and Sieman,
silicone rubbers which differed chemically from Silastlc 7-170 were
included in the present investigation.

Sulfur was used fo: curing all of the vulcanizates of the
several styrene-butadiens rubhnrsz and acryicnitrila-hutadiens mibba
which were iosted excopt one of each, vhich was cured with dicumyl
peroxide. Other rubbwrs were cured \-‘J.th the uoanl ingredisnts,

TR

Ioughborough and coworkers at the B, F., Goodrich Company(5)
fcund that the presence of certain antioxidants in rubber vulcani-
za tes increased their resistance to doterioration of tensile proper-
ties by gamma radiation., They coined the term Mantirad" for *hesze
malerials. Many antioxidants were tested in this investigation to
find antirsds for protecting vulcanizates against compression set
caused by gamma radlaticn. The amount of antioxidant compounded
into the various rubbers was generally 5 parts per 100 parts by
weight of rubber. Antioxidants ware not compounded iato rbbers to
be cured by dicumyl peroxide o:r other peroxides since tisy interfered
with the peroxide cure.

The presence of benzens rings in polymers is known to
bring about improved resistance to nuclear radiation (2, 3),
possibly dus to thair high resonance energy (6). It therefore
seemed worthwhile to find out whether the presence in the vulca.ni—
zaten of low-molacular.umicht shemdsals contadning bonzons vings or
condensed aromatic structures would be benefieial. The antioxidants
montioned above were materismls of this type, but they also contained
anine or phsnolic groups which are reactive with free redicals, It
was desired to ovaliuvate other aromatic compounds for use as antirads,
Accordingl~ = number of plasticizers containing bencens rings, for
exanple, butyl benzyl phthalats, were compounded into different
rubbsr stocks in the amsunt of 10 parts per 100 parts of rubber.
In addition, other chemicalsz with highay meltin~ peints and con-
taining benzone ringe or condensed sromatic a..runturoa, for example,
phenanthrene, were compounded into different ruhber stocks in the
amount of 5 parts per 100 parts of rubber, in most cases.
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RUBBERS USED FOR PREPARING TEST STECIMENS
(Sheet 1 of 2 sheets)

Type

Natural rubber
Synpol 1000

Naugapol 1023

Synpol 1500

Naugapol 15C%

Hycar 2001

Hyosxr 1001

Rysar 100R

Hycar 1014

Hycar 1041

Hycer 1042

Fyocar 1043

Hyonr 1077

Hycar 1072

Isoprene polymer

Styrens/butadiene copoiymar (about 23% comhinad
styrens)

Styrens/butadiens copolymer (about 13% combined
styruie) '

Styrene/tutadiene copolymer (about 23% cozhined
styrena} lov-temporatuse polymarized

Styrene/butasiens sopoiymsr (stoui iZf comoined
styrens) low-tempeorature pciymerized

Sty.ene/tutadiens copolymer (higher ccmbired =tyrene
than Synpol 1500)

Aorylonitrile/tutadiens copviymar {abcut 40% com-
hined acrylonitrile)

Acrylonitriis/butadiens copolymer (about 33% com-
bined acrylonitrile)

Acrylonitrils/tutadiene copolymer (sbout 20% com-
bined acrylonitrile)

Acrylonitrile/butadiens copolymsr (about 40% com-
bined morylonitrils) low-temperature polymerised

Acryionitrile/butadiene copolymer (about 33% com-
bined narylonitrile) low-temperature polymerised

Acrylonitrile/butadiens copolymer (about 29% com-
bined acrylonitrile) low-temperaturs polymerized

Acrylopitrile/tutadians copolyuar (Hycar 1041
modified to contain carboxyl groups)

Aorylonitrile/tutadiene copolymer (Hycar 1042
modified to contain oarboxyl groups)
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Philprene VP25 2-Methyl-5-vinyl prridine/butadiens copolymer (abouvt
25% pyridine derivu‘ive)

Neoprene WRT Chloroprene polynsr

Viton A-HV Vinylidene fiuoride/hexafluoropropylene copol-mer
Genthans S Polyurechans (indins ne. = 1)
 Adiprens C Polyurethane {iodine nc., = 20)
Ryear 4023 ur];:; acid estar/balogen-containing-derivative
po

Siligone WOH Hsllyl vinyl ailoxane polymer

Silicons 2048 Compounded mstliiyl phenyl siloxane polymer (higher

Silicone 1LS-53 Compounded flnarina.sontaining slloxane polymer
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The recipes for all of tte vulcanizates, exvept those of
Philprene VP.25, Vitcha AV and the sliiiocone rubbers, contained
Pailblack A as a reinforeing filler, Philblack 4 1s a carbrr olack
ciasaified as a fast extrudiag furnace biack. T..e Philnrans VP-25
vulcanisate contaived no carbon “lack wance adequate properties wers
obwminec wiunout its use, The Viton A-HV wulcanizate contained
Thermnx, which 16 dlasaified as a medivm thermal biack, The Silicone
w96 wulcanizate containad HiS11 X303, a verv fins aiiigm, The
nineml fillers in ths Silastic S-2048 mnd Silastic 18.53 vuleani .-
sates were not identified by the manufacturer of these stocke.

In the case of sach stock compounded by this laboratory,
the content of reinforcing iiiler was adjusted to yield a vvlcarizate
haviag a 15-second Shors A hardness of 7015, The hardness of
Silastic S-2048 wes 60 and that of Silasiis IS-53 was 57. Al of
the vulcanizates including the two Silastics had compression sets of
40% or less after 70 bouzs at 212°F when tested by ASTM D395.45,
Mothod 5. Thus, most of thess vulcanizates Lad the hardness and
resistance tc hot coamprsseion set of » typical O-ring seal,

METAOD OF TESTING

The vulcanizates were expcsed to gamma radiation in tne
form of compressed cylindrical specimens, The specimens originully
0.75 inch in diameter and 0.50 inch thick, were compressed during
oxposure to a thickness of 0.35 inch (30% compiresasion). Th-se
replicate specimans of each vulcanisate were subjected to each of
the conditions to be deacribed later,

The specimens were held in special containers during expo-
sure ic germma rediation. One of these devices is shown in Figure 1.
It conslsted of a stack of eight aquare plates nade from 613 aluminum,
held together by five aluminum tie rode (aiuminum is essentially
traneperent to gamme redlation). Rubber specimens were clarped bLe-
tween each pair of pla‘ms in the atack. The top rlate was plane on
toth faces, lhe other plates wares plane on taeir tottom face, but
wore milled out on their top face to provide a flat bearing surface
for the specimens as wel!l as shoulders for limiting the compression
of the spscimens. The aluminum surfaces in contact with the speci-
meng had a roughnosg not grester than 63 microinches.

The arrangement of the speciuens on each plats of the
con‘ainers is shown in Pigure 2, Each container held 42 specikena
distributed between seven levels. The locations of the three
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Figure 2 - Arrangement of
specimens on each milled
plate of container

Morris

Tignre 1 - Assembled aluminum con-
taine» for exposing compresscd rubber
specimens to gamma radiation
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1eplicate specimens of oach vulcanizate, which were being subjected
to the mne test conditions, were randomized between two containers
and the seven levels of each container, The purpose of the random
arrangamsat wie to reduse the srror in the averaged test resulte in
the sveni ihai intensity of gamma mdiation was non-uniform.

The loaded containers wero sant t» the Atomic Energy
Divizdez of the Phillips Petroleum Company at Ydahe Falie, Tdsha.
Containers holding three specimens of each vulcanizate which wamg seni
for irrediation were retained at the laboratory in a room matintained

#t 73.522°F. These specimens served == air-exposed controls.

The exposure to gamma radiation was carried out in the
wter coluuns shown in Figures 3 and 4. The canal in which the
water columns stocd had a water depth of 15 1/2 fest down to ths
fuel elemani erid plate. The wetser columa wore ciczad st tha
bottom, but had a demineralized water line injecting clean water into
the lower part of the columns which overflowed at the top and thus
purged the columms contimuously, Tha wmter tammaratura wme about
75°F. The containers were raised to the upper end of the water col-
umne when it was desired to remove them from the fiell of radiation
but keep them in the water. This was done when replicate specimens
wvere being exposed tc different dosages of gamma radistion, and it
was desired to leave all of them in wmter for the same pericd,

Containers holding thres specimens of sach vulcarliiais
were lwmersed in the water but kept out of the radiation 1¢sld,
These specimens served as water-sxpozad controls.

When the containers were returned from Idaho Falls, all
specimenc, including the air-sxpossd and wviter-exposod controls, were
released at ths same time. The specimens were let stand for 2/ hours
at 73.522°F and then measured for thickness.

An Indentation reading wms obtained on eack spceimen 1a-
cluding the contiols by means of a Mast Indentometer, Model 650-2.
Since most of the spacimenn wore somewhot cupped, thsy were summortad
on & 1/4~inch diametar fiat pedsziz) centersd under the indentor
while taking the reading., The oritical features of thig test ware
0.125-inch diameter hemispherical indentor, 1000-gram wsisht resting
on the indentor for exactly one-ainute reading, and the indentation
expressed in hundredths of e millimeter. The oigher We reading on
the Mast Indentometer, the softer was ths stock. The Mast Indeato-
meter measured hardness (inversely) more precisely thax did the
Shore duroaeter.
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Figure 3 - MTR fuel eclements
positioned around various;
watcr columns in canal

Figure 4 - Aluminum containers
being held above the pusitions
they occupied in the watrer
culumns
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Since some o the spenimena showad poar recovery from
ocmpression even though they had not been exposed to reaiation, all
of the specimsns were placed in an cven for 4 hours at 212°F, cooled
on a wocien surrace for 30 minutes, thesn again meazured for hmighti.
This treatment waa for the purpose of oveicoming the effact of high
internal vieccaity and thereby hastening any recovery in height
whiich wouvld sventually occur.

The compasssion oot valucs, bafore and after ths oven treat-

ment, were calsulated uaing the followirg equation:

Percent compression set = 0= Tr X 100

To = Ty
wbhere T, = specimen thickness before coupression
T~ = apecimen thickress when compressed
Tr = specimen thickness after reccvery

RESULTS OF TESTS

In the firet phase of this investigation, compressed speci-
mens were oxposed to gauma-ray dosages of 107, 108 sand 107 roentgens.
The results of these tests showsd that all of the vulcanizates had
losa than 95% compression set after exposure to 107 roemtgens, that
most of them had not reached 95% set after exposure to 10° roentgens,
but that all of them had attained 95-100% est after axposure to 109
roentgena, Figure 5 shows the difference in thicimess of specimens
of tha ggmn vulcanizate after receiving various zusunts of radletion,
Since 10° roantgens w=s the higheat dosage of thome tried at which
there was a graded behavior of the vulcanizates, most of the testing
wag done with this dosage,

Tha vater-sxposed and air-exposed ccntrols, with two excep-
tions, exhibited negligible compression set after release and oven
treatoment., This was the case even though scme of the specimens had
been compressed for periods ae long as 29 days. The exceptions were
the 331icone W96 and Silastic S-2048 specimens, The water-expceed
and ajr-exposed controls of these rubbers had about 30% set.

Tatls 2 shows the results of exposuraes to 108 roantgensa,
All of the basic vulcanizates are listed in this table, also those
which -ontainsd Neozone D, an antioxidant (candidate antirad). and

those which contained the most effective antired or combination of
antirads founl to date., The compression set values given in this
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Figure 5 - Appearance of specimens of same vulcanizate after
diffcrent dosages (roenigens) of radiation. They had been com-
pressed 30Y% during exposure,
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table ware those caiculated from thickness neasurasents made after
ths oven treatment,

One of the two rubbers which were found to have the best
inherent resisiance to gemca rediation was Adiprene C, a polyursthane.
Its compression set was low (56% with Santicizer 160 plasticizer) and
its indentation was high (67) alter a domsage of 10° roentgeas. Some
of the specimens of this vulcanizate, however, were found to be
crushed when released from the containers after being compressed for
22 days. The crushing occurred vhether the specimens bad been ir-
radisted or nct. Thie hshavicr indicated that the Adiprene C vulcani-
zate was too brittle for use in a gaskst or seal.

Ths rubber which equalliad Adiprene C in resistance to
samma rediation was Synpel 1500, a styrene-mtedisne copolymer. The
apecimens of this rubber were not crushed by comprission. The Sympol
1500 mtock cured by diouwmyli peroxide had better resisiance to radia-
+ion than ths mulfur-cured siock, although the resistance of the
latter was enhanced by compounding witih an antioxidant cnd & plastl-
clzer which contained benzene rings. For exampls, Synpol 1500 cured
with sulfur and containing Themwflsx A antioxidant and dibenzyl
phthalate had the lowest compression set (49%) after a dossge of 108
roentgens of any vulcanizate tested in this program. It also bad a
high indentation (64)., Acridine, a high resonant suczgy materizl,
also proved to be an efficient antirad for Synpel 1500. It was as
benericial as the bost aniloxident, tantoflex GP, "

Properly compounded Synpol 1500 (cr itz emivalent) is
therefore the best rubber found to dats for use in gaskets and seals
vhere reaistance to gamma radiatinon is reguired, Thias rubber, how-
sver, is not resistant to petroleum oils or gasoline, Where gaaskets
and seals with resistance to petrolsum oils az wsll as to gamma
radiation are required, Hycar 1072, an acrylonitrile-butadiene copoly-
mar modifisd to contain cearboxyl groups, is the best rubber tc use,
Its compression set was quite low (58%) and its indentation wms
reasonably high (46) after a dosage of 10° roentgens, providing that
the stock contained a suitable antioxidant such as Winputay 100, If
gaskets or seels are to be used in contact with aromati: gasoline,
they should be made {rom Hycar 1071. This rubber is similar to
Hycer 1072 except that it contains more acrylonitelile. It is alight-
ly inferior to Hycar 1072 ir resistance to radiation.

The vulcanizates included in this investigation which pos-
sessed the ultimate in heat resistance wer# a fluoro rubber, a
fluorinated silicone rubber and two sillcome rubbers. These four
rubbers had less than 95% met after 107 roentgens, but had reached
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95 to 100% set afrter 10° roancgensd, However, the fluworine-ccrntaining
mhhane, Viton AV and Silsatic 1S-53;, were dseemposed by ths redis..
tion with iibearation of & corrosive chemical, probebly hydrcfluoric
acid. The aluminum plates which pressed againat specimens of Lhese
vuloaniratas during Lirediation were corroded on and near the aree

of contact, The condition of the surface of a plate which pressed
against a Viton ARV specimen is ahown in Figure 6. The product of
corrosion wap an aluminmmr fluorids, In view of this {inding, it is
concluded that rubters containing fiunorine should not be used in a
adiation field, and that a gasket or seal required to operate at
temperatures above 300°F in a radiation fjeld should be made from a
silicone rubber not containing fluoriue.

The findings ot this investigs tion have certain theoreticali
implicaticns. The permanent compression set of fully vulcanized
rubbar ia balievad to be causaed by ona por tun shaminel reaciions;

(1) breaking of primary valence bonde in streased polymor chains,

or in cross linke between the chainy, with concsquent iiow of the
recidues to positions of lower streae, and (2) formation of rev croes
links between streased polymer chainu, or chain residues, which tend
to hold them in their new positions., Both of thess molecular
phenomena also affect the mecnanical stiffnees of the rubber; the
first tends to soften it and the second tends to harden it. The
hardnesscs of all of the vulcanizates iacluded in this investigaticn,
axcept Csnthane S, a polywrethane, were congistently increased by ex-
posure to radiation. Thus it appears that the comprassion sets of
these rubbers wers largsly due to the formation of new cross links.
Genuharc C appassuviy vxperienced considcrable breakage of primary
valence bords iu the earlier stages of irradiation.

SUMMARY

To suzmarize tho results of this Luveastigation, it has been
shown that nona of ths rubbers testsd would yleld gackets or seals ]
capable of performing satisfactorily aftsr being irradiated with 107
roentgens of gamma rays., For lower dosages of rudiaiion, best resulis
would be obtained by usiny properly compounded styrene-tmtaciene rub-
ber, or acrylonitrile-~butadiens rubber containing carboxyl groups if
0oil and gasolirs rcsistance is required., Silicone rubber is the bect

vhere the gasket ur seal must also resist high temperatures,
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Figure 6 - Aluminum plates showing corrosion caused by
philprene VP-25 specimen {topcircular area on left plate)
and viten A-HV gspecimen (topcircular area on right plate)
during irradiation
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NUCLEAR RADIATION EFFECTS IN MACWEL.T CORE
MATERIALS AND Penmanil MAGRETS

D. I. Cordon, R. 5. Sery ana :.. I ulundsten
U. S. Naval Ordnance Laboratory
White Ogk, Silver Spring, Maryland

In view of the increasing severity of enviroomental
requirements for materials ncaded in electronic equipment for
nuclear.povered weapcns and space vehicies, the U, S. Havel
Ordnance Laboratory, White Oak (Magnetic Materials Division) has been
‘conducting stucies of the effects of somc of theas envircimentzsl
factors on magnetic materials. High temperature effects and
pressure eifects in magretic materials wecre reported in recent
publicatiors (1, 2).

Ruclear radiat.ion effects are anlsn included in this
environmentel effects program. The Rsval Ordnance Laboratory
results on soft (i.e. high permeability - low coercive force)
magnetic materials have been reported [3-7). Detailed results of
radiation effects on hard (1.e. "permanent” or high coercive force)
magnetic materials will be presented in NAVORD Report 6276 (8). It
is the purpose of this paper to present the highlights of both of
thege irradiation studies and tc summarize the status of research
in this area.

The Advisory Group on Electronic Faris (AGEP) has
published an envirommental requirements guide which reprccents the
needs of the three military departments (9). The neutron radiation
conditions, sumnarized in Table I, are shown ir three groups,
Groups VII, IX, and X, the flux level increasing with group number.
The Naval Ordnance Laboratory magnctic materials dircussed here
vere irradiated in the Brookhaven Nationsl Laboratery (BNL) Reacrtor
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at an epicadmium flux {nv) ofa«;loll neutrons/cm2 sec. for ‘ne
rsactor operating period (2 weeks). The corresponding integrated
epicadmiun flux (nvt) was 21017 peutrons/cm®. Details of the test
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condition with the AGEP test levels shown in Table 1, one gees ihat
cads that of Environ-
mental Group VII {(fir puclear poversd siroraft and bzl =
missiles) by two orders of magnituds and corresponds very closely
tc the Group IX levei (for otber nuclesr nowered weapons)

Group X level (~1019 nvt) 1s being considered for future tests.

’i

the ™ by Ao evel
the Javel Ordnence abC?SvGJ.J teést level eil:
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Physical Picture

Coercive force and initial permesbility are gmongz ihe
geveral structure sgengitive properties of megnetic materials. They

R

Cr

.o S
Yhde W

may chenge in wvolus by Ilage axcunls a3 3 ress f smail chawsges
in metaliurgical treatment aand impurity of the material. 3y
contrast, properties vwhich are not normaily st ruct ire sensitive are

1

density and saturation negretization. Although the physics of

structure sensitive properties is not well undersiood, coercive
rerally thousht of a5 & measurs of Lhe resistance Lo

SEe LY SN pYeTesesy Yer-o— - =

dﬂnain wall motion due to imperfections and non-uniformity in the
tulk material®. These in turn are aitributed o ilnbomogeneocus
internal strains, non-magnetic iaclusiops, crystallite dimensions,
etc. Since nuclear irradiation is known to introduce imperreciions
and iphomogeneities in the lattice through the production of
vacsncieszs and interstitiale; or other mechanisms. one might
anticipate that those materigls with the lovezt ccarcive
(1.2. vith the minimum number of imperfections) would be affected
most by the radiaticn created imperfect.ions. Similarly, one

might expect the high coercive force materials {which already have
large numbers of imperfections and noz-uniformities) to be

unaffected.

..

CTrvrna
2 CIrCe

i

* In the case of materials composed of very small grains or fine
powders, ccoercive force depends upon magnetocryatalline
anisotropy, shape anisotropy, strain, and particle size.
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Gordon, Sery and Lundsten

Since ordering 1s related both te muznccic hardness and
negnetic softness through the degrec and manner of producing
imperfections, aud siuce neutrom irradiation has been shown to
affext ordering, one might expect those magnetic materials w
properiles are correlated wiih degree of order to be rediation
sensitive.

eI r.om
DA

General Regults

In general agreement witk the physical picture sketched
above, magnetic materials with pre-irrsdicticon coercive forces less
thann 0.5 oersted showed appraciable changes in prorerties, whils
those materisls with pre-irradiation ~oercive forces grezter than
~n 0,5 oersted showed no appreciable changes. In other words, only
the softest magnetic materizls changed. The harder cores materiale
and thoe permanent megnet msterials shiwred no apprecishle changes.

However, the sofi magnetic materials that did change are of

consiGeravie tennnoiogical importance and their changes voere
generally drastic degradations. Table III showa the changes in &=z
propertiies of the soft megme?!s =s*arialz; while theidr changes in

60 cps properties are shown in Table IV, For the permanent magnets,
the results are shown in Table V. Essentislly, all of the permanent
magnet changes are within the limits of experimental errcr.

Radiation Sensitivity of Structure Sensitive Properties

I TS

Also in agreement with the physical picture, the rosults
show that saturation induction, s structure imssnzitive property,
did not change ’cr any of the materials irradiated. This is
i1llustrated in rFigure i, wiich shows magnetic saturation as a
Twhaction of integrated neutron flux. The small initial decresse
which appears iz some of the curves 1s explainabie in terms cof
temperature effecta. The sensitivity to radiation of structure
sensitive properties is shown very effectively in Figures 2, 3 and
L, which are semi-log plotc of coercive foice, iailial permeability,
and maximum permeability respectively, as functions of integrated
neutron flux. {The data showm werc obtained from in-pile meagure-
mants). These curves show (as do Tables III and IV) that the
highest permeability, lowest coercive force materfals (Supcsrmalloy,
L-79 Mo-Permallgy, Mumetal, oriented 50 nickel-iron, and 48 nickel-
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TABLE IV. 60 CPS MAGNETIC PROPERTIES
{SOFT MAGNETIC MATERIALS) PERCENTAGE CHANGE

AS RESULT OF TRRADIATION WITH~2 x 1018 N/cM2 (TOTAL)

AR '

Material _H__}g_g ABET
SUPERMALLOY 1,080 -id
%=79 MO-PERMALLOY 110 -51
MUMETAL 35 -16
L8 NICKEL-IRON 70 -33
50 WICKEL-IRON (ORIENTED} Y -20
3.5 SILICON-IRON g 2
3 STLICOR-YROK (ORIENTED) 0 2
3-1 SILICON-ALUMINUM-IRON 0 3)
1¢ ALUMINUM-IRON (ORDERED) 8 -z
14 ATIMINIB4-YRON (DISORDERED) o 0
2 v PERMENDIR 5 s

Hé - 6 Cps coercive force

- 60 Cps residual induction
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iron, were degraded the most#*. For example, permeabilitics cf

Supermalloy decreased 93% with a corresponding 8G0% izcrease in
coercive force. The higher coercive force materiels (ordered 16

alurinum-iron, silicou-irsa, silicon-aluminum-iron, and Permendur)
showed little or no change.

Fast Neuiron inlegrated Flux Meter

Further inspection of Figures 2; 3 and 4 shows progressive
changes of strucfure sensitive properties with increasing nvt. In
fart, the experimental cwrves of initial permeesbility (n.) vs. nvt
ara hyperbolic, sz evidenced by tlie linear relationstip of 1/n, vs.
nvt ghown in Figure 5. This behavicr indicates the possibility of

Qynamic metering of integrated fast meutrom {lax bWy in-pile measure-

ment of one of the rediaticn sensitive megnetic properties. Present
experience indicates that such a meter would be insensitive to
gamts and thermal neutron radiation. 7This could be a useful tool
for in-pile metering of fast neutrorns used in radiation effects
studies of engineering materials.

Effect of Reannecligg after Irradiation

Messurenmentz cf the magnetic propertt

r3:3 4
and tape wound toroidal cores as late as cne year afts ]
icdicate that the radiatisz dunage ie permanent. However, reheat
tresatment of irradisted corss can restore the origtinal pre-
irradiation properties, This vas demonstrated in the case of a

479 Mo-Permalloy (1/8 mil tape wound) core originally heat trested
to producz a good switching field vs. time characteristic for
computer memory application. As shown in Figure 6, neutron
irradiation destroyed this good switching chiaractevistic. However,
by giving this irradiated core the ssme Leat treatment it had
received before irradiation, the orizinal switching charscteristic
end d-¢ magnsiic properiies were resiored, se shoun in Figure 6.
This experiment indicates that transmutation effects (i.e. changes
in chemical ccmposition) were either not present or were

»
DPisordered 16 aluminum-iron (Alfenol) is a notable exception to
this group. Although its pre-irradiation coercive force was less
than 0.5 oersted, it suffered only negligible radiation damage.
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insignificant. PFor had there been a composition change, reannesling
could not have restored the original magnetic properties. . The
experiment indicates, ratler, that magnetic hardness {1.e. higher
coercive force and lower initial permeability) was increased through
the production of additional inhomcgenzities in the form of
vacanciss and interstitiels. or more carplex deféc*s. and that this
added hardness could be removed by prope: zuneaiing.

"ngtest" Core Materials

Examples of the drastic cbanges which occurred in the
properties of the magneticelly softest materinls are shown in
Pigures 7 - 12, vhich illustrate the effects of irradiation on
induction curves end hystoresis Loops of Supermalloy, k-79 Mo-
'Permalicy, and oriented 50 nickel-iron (Orthonol). In addition to
severe lowering of permeabiiity, increases in ccercive force, and
drops in remansnce, distortions of hysteresis loop shepe also
resulted from the neutron irradiation. Figures 8, 10 and 11 show
this "kink"” effect clearly. These disicriicns or kinks may be
asgociated with changes in degren of crdzgr as previocously suggested
by the auttore {3-7) ard by Schindier, Salkovitz, et a1 (10}. The
distortions may also be due to non-uniform radiation damage in the
sample caused by self shlellding, f.e., 5y the possibility that the
interior of the sample sy receive gignificantly less rediation than
the outer portiom. This wuuld in effecl produce & CGmpisiie Ciit
with consequent distortions in loop shape (6, 7).

“Barder” Magnetic Core Materials

Magnetic core (scft) materials with higher coercive rforces
(> 0.5 oersted), which showed iittie or mo change in propertics are
11llustrated in Figures 13 - 16. Here one sees examples of the
insensitivity to irradiation of materials 4n this category, which
includes 3.5% silicon-iron, oriented 3% silicon-iron, 3-1% silicon-
aluminun-iron, ordered 16 aluminum-iron, and 2V Permendur. Because
of its high cobalt cortent (%9%). the Permendur core became highly
radiocactive. However, its magnestic properties were not arffected.

Pow’er and Ferrite Cores

As shovn in Table VI, nickel ferrite, 2-81 Mo-Permalloy
dust, and Sendust flake exhibited significant increases in high
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frequency losses. Hovever, (within experimsntal error) Carbonyl
iron dust cores showed nore. The high frequency loss separation
neasurements which showed overall logs increases showed no changes
in permeability or in hysteresis for any of the materisls. This was
confirmed by d-c and power frequency wmeasurements which also
indicated no charges in permaadbility or hysteresis, or other low

P aneman s e e d A n
*d ugavecte F LA pes LT

The nickel-ferri‘e core and the 2-81 Mo-Permalloy were

retested 10 months after irradiatiorn. In contraszt to the leminated
sovery

IS won
L AT Y J

&l Taps WYuwk corsc, the reguits hare show acme dezree of re
vith time toward the original preiirradiation properties. Re
of proparties of ferrites with time was als0 observed by Sakiotis
et al (11) in microwave measurementn. Salkovitz, Schindler, ¢t al
are conducting sn extensive study of radiation effects in ferrites
(12).

Fermanent Magnets

As showm in Table V, permanent magnetis exposed to the
same nuclesr envirorment as w:rs ihe soft materials, showed no
eppreciable changea beyond ths limits ol experimental soror.
Demagnetization curves of the thirteen representative materials
atudied are shown in Figure 17. This group covers most of today's
technclogically important permsnent magnets. Coercive torces range
from & to 2,200 ocersteds. Tn this experiment, crmplete demagnati-
zation curves were measured before snd after irrsdiation on one set
of samples. Open magnetic circuit inducticn values (before and
after irradiation) vere measurcd on a second set of sswples. 1n
2ddition, both open circuit induction values and demsgzmetization
curves were cbialaed on unirredisied contral samples which were held
in a furnace for twelve days at the reactior hole temperature of 50°C.

Pre- and post-irradistion demacnetization curves of the
Alnicos are shown in Figure 18. As Table V indicates, results for
the other permanent magnets were similar. In s mcre limited
experizent, using cpen circuii megnets canly, Feunel, et al, also
obtained a negative result for effects of irradistion on the
megnetic properties of similar magnete, such as "Alni" (13% Al,
25% K1, 4% Cu, 0.06% C) and of & tungsten steel {(13).
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TABLE VI. FFFECTS OF IRRADIATION
WITE~N O x 1016 N/oM< (ToTAL)
ON POWDER AND FERRITE CORES

P R Y g s BT

B 3

Material M a e c m%,.
Before ' 1L L50 - - 9,000
NICKEL FERRITE After R 400 13,000
(50K, lg)*
- Before 123 1.5 20 10 500
2-81 MO-FERMALLOY After 122 1 PEoRE VoS Wae e
{25Kc,20g)
Befors ° - z - 2,500
CARBONYL iIRON
(PLASTIC BTWDER) After 9 2.5 2,500
{ 500Kc.1.7g)
‘ Befcre 9 - 2.5 - 3,000
C/RBONYL IRON
(GLASS BINDER) After g 1.5 3,5C0
{ 500Kc,1.hg
Before 175 10 s 180 00
SENIXIST FLAKE
(FLAKENOL) After 195 11 30 20 1,100
(255¢,20g)

vhere

R =

o
|

-
L

core loss factor (Leggm)

hysteresis loss ccefficient

eddy current loss coefficient

residual loss coefficient

gauss {or gausses)
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In-pile Measurenents on Core Materials

The soit (magnetic core) material ssmples were all
toroidal in shape, Most of these wery fadbricaied of punched ring
laminations, some were tape wound, anci others were rings of picssed
metallic powder, flake, or ferrite. The toroids were mounted on
core holderz as shown in Figure 19 with ecch core's primary and
secondary .esi windings connected inturnelly to octal receptacles
tailt into the ends of the holders. Using this arrangement, it wes
possible to make in-nile measurements of mngnetic properties by
plugging appropriate cables into the dore holder receptavles and
conriecting the other enls of the caties to tihe remotely located
magnetic measuwrement ingtrumentatior. Most of the date shown in
the curvesz for the 50ft magnetic materials were obtained by this
kind of in-piiec measurement.

Permanani ¥sonat Test Samples

Unlike the soft muaterials, whose low coercive Icrce permits
t evaluation in relatively low magnetic fields (usually not more
thes 30 cversteds), permanent magmets require algh field intensities
{up to 15,000 oersteds) for magmetizetion and proper evaluation.
Therefore, the toroidal form is generally not suitable for permsuent
magnet test samples. Instesd, short rods or bars which may be
placed between the pole pleces of high-Tisld producing electro-
magnets are wsed. In this =¥periment, cylinders with diameters
ranging from epproximavely 0.1" to 0.5" and lengths rangiag from
0.2" Lo 3" were uscd. For the clossd cirsuit (4. e.. demacmetization
curve) tests, a length to diemeter ratio of approximately one was
used. For the open magnatic circuit ipduction tests, the length o
diemeter ratio chosen for any particular sample dapended upon the
demegnetization curve of that sample. An attempt was made to
operate in the neighborhood of the maximum energy product (i.e.,
optimum operating point} wuerever poasidle.

Because of the high field requirement in testing
permanent magnets and because of pile-hole space limitations, in-
pile measurements were not made on the permanent magnets. The data
presented above are the resuit of pre-irradiation and post-
irradiation measurements, on irradiated samples and unirradiated
controls, both in open magnetic circuit condition and in closed
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magnetic circuit operation.

For the irradistion, the samples were rlaced in four
specially designed aluminum trays, shcwn in Figure 20. The twc

smaller trays contain the demagnetization curve samples. Here
proximity of adjiacent magnelte weas nct {mportant. =ince thege were

I 5 S 4 - 1~
1emugn¢,!tuzeu in r\‘«t—v{?.""“ mtion "““tS. e the Spen circulit sam r.s8,

however, it was important to make the spuce between adjecent magnets
large enough to prevent mutual magnetic interaction. Bence, these
were placed on the larger trays. After sssembly, the four trays
vere placed in the rectengulisr -Humiﬂ"m box shown in Figureg 20 and
21. This box iz a standard Brockhaven pile hole container.

®BNL Reactor Test Conditions

‘The temperature and radiation conditions of the soft and
hard magnetic materials irradiations ere gziven in Table II. It is
the epicadmium neutron flux which is of concern in military
applications. In order to eliminate temperatures as a variable in
these experiments, measursusntz on unirradiasted cunirols neld at

reactor temperatuye«s were also made.

Radiocactivity and Post-irradiation Testing

Because of induced radioactivity (primarily in the cobslt,
but aleo in ircn, nickel and some of the other elements} post-
irradistion testing presented scme special handling problems. In
the case of the 50f1 materials, ile pre-wired core nsgemniy {which
had become ra_ioactiva) shown in Figure 19; was tranaferred from its
shipping container to a specielly des*gned lead shielded test
container, whose covers contained cables and octal plugs which mated
with the recepjtacles in the core hoider. It was toen possible to
make the megnetic measurements without the use of a hot cell.

ror the permenent magnets, however, such a procedurs was
not possible. Here, each magnet tested, whether for a complete
demagnetization curve or for an open circuit induction test, had to
be handied 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 raliszative narmenent
magnetls 1s shown in Figure 22, The U, 5. Naval Research

Py
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Laboratory Reactor Hot Cell Facility was used ror fthLege tests.

Summary

A comprehensive survey of the effects of reactor irradia-
tion (1017 apithermal neutrons/cm?) on technologicaily important
magnetic materiale (soft and hard) has been made. Tt was found that
except for radioactivity, all permensnt magnetic materials and those
soft materials witi coercive force greater than 0.5 oerated (such as
silicon-irons, alumihumwirons, and Permendur) showed no sppreciable
changes in this environment. EHowever, the scfter core materisle,
i.e., with coercive force less :than 0.5 oersted (such as Supermalloy,
L~79 Mo-Permalloy and other nickel -irons) were drastically degraded,
some properties changing as much as ten times. As a matter of fact,
Teble VII adapted from Sisman and Wilson (14), shows that of all the
physical propertise o metals and allcys, the siruvcturs sensitive
magnetic properiies of the nickel-iron alloys (containing large
amounts of nickel) are the most sensitive to fast neutron irrsdiation.
(They approach the sensitivity of silicon diodes, which show loss of
rectiricetion at 1016 nvt.) This gengitivity may find application
in feet ncutron dosimetry problems.

Tils msans that most magnetic materials will perform
adequately in preaently required nuclear enviromments, though
future eppiicaticnsz {and some present ones) wiil require teating at
higher redfation levcli. For the nickel-irons., however, significant
damage cccurs at 3 x 1016 epithermal nvt.
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CORAOSION MEGHAMISMS IN THE REACTION COF STEEL WITH WATER
AND OXYGENATED SOLUTIONS aT ROOM TEMPERATURE aND 316°C

M. C. Eloom and Mery Boemm 3Slrauss
Us S. Naval Research Laboratory
Haahlngton 25’ Do c.

At ths OMR aymposium held in Washington two> years ago a
summary of results obtained in a bazlic study of corrozion mechanians
of mild steel under condi ticns pertinent te builer operaldon was
giveni:i. :his paper is a roport of furiher progress in theae mecha-
riegn studies. Some highlights of the report given at the 1957 Sym-
poslum are illustratsd iz ths {irgt Lo figurss. Thess figures
11luztrats {1) ths protective film of magnetite (¥ wht oh forms
on nild steel subjected to treatment with water ai

Fez0.) w2
3185¢ (€0cRF) in
the abgence of oxygen and (2) the pits surrounded by red pelches of
hematite (0L -Foy03) which develop when this steel is exposad 0 oxy-
genated water at room temperature and then subjected to fuprther ox-
posure to oxygenated waicr at 3169C (600°F), & temperature approached
in modernu Naval boiler piant operations.

This devslopmert of pits seems to be assecdated with ihs
development of the corrosion product 7 -Fe0h a% room temperature

and its subsequent conversion to & -Fe,03 upon heating 316°C.

Continued studics of corrosion-mechanisis in capsule sysiens
have lvd to a further Qarificallon of the corrocicn reacilons, wudi
is the subject of this report. The method of fairication of the
capsules employed was described in the previous report 1), A typical
capsule is shown in Figure 3. For exsamination of thé reaction
producta formed in oxygenated systems, mild steel capsules of thiz
kind filled with air-ssturated water or bydrogen percxide svlutlions
were ussd. In the presence of ferrous or ferric ions genersted by
the corroasion process, hydrogen peroxide decomposes readlly w form
oxygen and water and thege scluticng thus provide a simpls means for
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Figure la - Mild steel pipe after 131 days’
treatment at 316°C with high purity water

Figure lb - After 21 days treatment at 316°C with
high purity water pressurized with ¢xygen at room

Figure
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1niroducing oxygen into the sealed czpsules. The specimens were sx-
posed at room vemperature (25°C) and 316%( for selected lengths of
timo. The cupsuwies weie thien cpened and the pH meesursd. In some
cu3es, samplss of the liquld were svaporated to dryness and analyzed
spuctroaecopically, Any suspended solids were tested with a magnet
0 determine the possible presence of ferromagnetic corrosion
products, and then all of the suspended solids were collected on
filters, dried, and analyzed by X-ray diffracticn, sided in some
cases by chemical analysis. After removal of thez fiuld from the
capsules ihe walle were examined aicroscopically to deternine the ox-
tror®, and character of iha attack and were subjected to L-ray and e-
lectiron diffraction analysis to determine the nature of the corrosion
product films,

The data obtained from the examination of the corrosion
products formed at room temperature in cepsuies initially filled with
dlstiiled weter are shown ir Figure 4. Attention is direcied to the
foliowing factss-

The wgter was initially sir-saturated and the mmall vari-
ation in pH at the outset i3 preiably due to variations in the carbon
dioxide content of the labaratzry atmosphere. It may be noted that
after six bours the pH has risen to 9.4. This is approdmately the
pH of & saturated solutdor of Fe(OH)pe oSubsequently the pE riszzs to
97 where it is found ons year later. This further rise in pH was
shown tec be due to the presence of manganese in the steel and the
formation of Mn{QH), which in saturated solution produces this high
pH. Next it may be noted ihai the initial product of reaction is
7-FeOOH, Thds phase shows up both as islands on cthervise unattack-
ed matel and as surpended materiel in solution, Finally, it may be
noted that within 2. hours, the spinel phase (Fe30,) has made its
appearance. The fact that the pH of the sclution has reached the
saturation ph of Fe(OH), at the time the spinel phuse appears sug-
geats that the spinel phase 1s formed by the decomposition of Fe(OH)p
which 13 kiown to take place under analogous conditions (2,3,4).

Flgure 5 summarizss data at s¢veral oxygen concentrations.
It may be observed that when oxygern is absent, the ph rises rapiciy
to 9.3, the saturation value for Fe{OH), and a little less rapidly
to 9.9-10, the saturation value for Mn(OH),. In the presence of
sufficient oxygen, however, this rise in pH is arrested in ile
region of 8.5 undoubtedly due to the removal of Fe(OH), and Mn,OH),
by oxdation. It may further Ye rn.ied that in the absence of oxygen,
the spinel phase (Fe30,) is the solid corrosion product but that in
the presonce of oxygen -y-FeOOH is the initial corrosion product and
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in MUZ Boe a1 38°C
Solution pH| Time pretal [ Solutton pl AppurmnT Loaurace ' C;r;c;non
hafpre  1waa expoeed after of of products
reactiot *< 1 o cwivtion B reactica®” |  solution metal oa metal
Y ine. | 85 | Yellow  |Bpeckisd with |y FeOOH
tiage browaish
yeliow islands
s.8 & hr 9.4 Clear, Samn as ghova | ¥ -FoOOH
Coloriess | and poseibly
. spinel
6.0 M4 rr 9.5 Clear, Same a8 above | y-FeCOH
Colorieas and spinel
6.0 1 wh 9.8 Cléar, = |Same as abov. . T220H
Coloriesk |- and spinsl
6.0 12 vk 0.8 Clear, = | Thin gray pliel and
Coloriess brown {ilm ao:ne y-FeOOH
8.0 b3 wi. s.e Tew partt. | Continpone » Foinel
cles of blact {ilm
Iyi”: l
J

“The water was lnitinlly air exducated,
**Each value represents *he mean of § cspsules.

Figure 4

Summary of Corrosion Products Formed by the
Action of Water* and H,0, 3olutions in Mild
Steel Capsules at 25°C

Time of H,0 0.2% H,0, 4% H,0,
Exposure pH| Product | pH | Product |pH | Product
1hour | 8.5]v-FeQOH | 7.1 | Y-FeOOH|7.1 | ¥-FeOOH
v-FaOOH Spinel
24 hours|{ 9.5 a'r:d.éwir‘lél 6.6 | and some [ 7.3 | y-FeOOH
P 7-FeOCH
Y-FeOOH
1 week | 9.8 and Spinel 7.4 Spinel |8.2 { a-FeOOH
4 weeks| -- -- 8.6 Spinel 3.8 | a-FeOOH
1year | 9.9/ Spinel 10.0 Spinal 8.5 | a-FeGOH

*The water was initia.ly air saturated.

Figure 5
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€X -Fa00H is ths secondary corrcsion product when sufficient oxygen
is prosent and the ph rises above 8,

when capsules syposed to rcom temperature treatment in this
way were subsequently heated to 216°C the following obserwvations were
mades-

The pH dropped back to the vicinity of 7 within 24 hours,
any 7 -FeOOH or ® -FeOOH present being converted to ot -FeyC3 which
was subsequently reducsd o magnetite when the oxygen in the capsule
had bsen used up.

It would appear that the presence of 7 -FelOH, a non-ad-
herent corrosion pruduct which appears when oxygen is present et
room temperature, is to be avoided, Not only has its geneais been
accompanied by inciplent pii fcruation, but also the & -Fepl3 W
which it is converted and the Fea0; to vhich it will be raduced by
subsequent operations at elevated temperature will be a loose materi-
&) 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 furtter deletericus effect of %/ -FeOOH was discovered in
the course of sume transformation studies. In these studies a com-
mercial supply of 7 -FeOCH was introduced into capsules in a slurry
with water and heated to 316°C. Soms of the capgules burst as indi-
cated in Figure 6 and all showed stress corrosicn cracking of the
type 1llustrated in Figure 7. Investigation showed that this crack-
ing was due to ihe presence o7 a small quantity of chioride ion witih
the 7 ~FeOOH and emphasized the deleterious esffects which the

7 -Fe(OH cen produce when precipiiataed in ihe presence of chioride,
It was found that less thszn 100 parts per million (ppm) of chloride
reacting with ¥ ~FeOOH can cause this tyve of stress corrosisn crack-

™

ing, which 1s appsrently associated with the formation of Frellj.

Experiments in these statlc systems indicate that the boller
vater treatment chemicals may have more effect upon the swidancs of
the formation of 7 ~FeOOH and pits during shut-down periods when air
may be present than upon the general corrosion rate at boiler oper-
ating temperatures,

Figure 8 shows the appearance of capsule walls opened up
after 24 hours of contact at room tarparature with a solution within
the specifications for Naval bollers operating at 1200 psi and 950°F
superheats The sir waa initlally air-saturated. It may be ncted

thotu the sdditicn of MalH lcceiized the pitting somewhat, that ine
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Figure 6 - Burst capsdle heated at 316°C
with ¥-FeOOH containing chioride

Figure 7 - Stress-corrosion cracking of mild
steel capsule heated at 316°C with -FeQOH
containing chloride
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Figure 8 - Appearance of miid steel
treated at room temperature for one day
with Navyboiler water treatment additives
as follows: A - pure water, B - NaOH
solution (pH 10.0;, C - NaOH salution
with 25 ppm phosphate as NaHPO4 (pH
10,4}, D - NaOH solution with 25 ppm
chloride ae NaCl (pH 10.,5)
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phosphate addition nearly elimdnated it, but that if 250 ppm of
chloride was allowed to enter even in the presence of both caustic
and phosphate, the attack became much worse., additicnal experiments
have only served to confirm this indication. That the gttack can be
elimlnated even in the presence of ailr when sufficient phosphate is
present has been clearly demonstrated, but the quantity of phosphate
necessary may be very large if much chloride ig prasent, A ratio of
phosphate to chloride greater than 10 to 1 may bs requirsd.

To summarize the most importsnt practical conclusionss It
sppeara that boller water additions within present specifications
may have more sffect upcn the reactions taldng place in the pressnce
of air at room temperature than upcn the rate of corrosion at boiler

pe P

1)

rating temperatures. P

Tha prasence of substantial amounts of chloride in boiler

'water systems may be very deleterious, and rréseni toller water

treatment specifications are not adequate to control its posgsible
ravages under shut-dowt conditicns with access of air,.

REFZRENCES

(1) A Decade of Basic and Applied Science in the Navy, OKE
Symposium, March 19 and 20, 1957, pp. 572-579.

(2)  Corey, R. C., and Finnegan, T. J,, Am. Soc. Testing Materials
Proc. 3911242 (1939),

(3) Evans, U. R., and Wanklym, J, No, Nature 162:27 (1948).

(4) Shipko, F. J., and Douglas, D. L., "Thermsl Stability of
Ferrous Hydroxide Precipitatea", Knolls stomic Fower Lab,
KAPL=1377, November 1, 1955,

ACKNOWLEDGMENTS

The authors are indebted to W. A. Frassr and G, N, Newport
for assistance throughout the course of this work; o C. O, Timmons
for the preparation and trestment of many of the specimens; %o
Evelyn Cisney and W. G. Sadler for L-ray diffraction patterns; to
D. H, Price for the metallography, to the Analytical Branch for
chemical analyses, to 4. J. Pollard for aid in the exploretion of
phosphate-chloride ratios and to Jeanne B, Burbank for assistance
with the electron diffraction studies. -

300



WBghs e

RECENT CONTRIBUTIONS OF CHEMISTRY
IN THE
PREVENTION AND CONTROL OF CORROSION IN THE NAVY

We Lo Miller
Material laboratory
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 materials,
but in general it is necessary tc use chemical methods or products to
stop the widespread corrcsive destruction. A comprehenscive coverage
of this subject would require an excessively long pressntaticn. Con-
sequently, this paper is limited to high spots of comparatively re-
cent 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 promirent. place, &Hecent developments
in epoxy resin coatings are baing used for cargo ballast tanks of
tanker ships and aviation fuel tanks of carrier vesscls. EHpoy
polyamide types in particular are showing promise in applications
under difficult conditions., The Laboratory is currently exploring
such coatings with painting being dome on water-wet surfaces. The
Laboratory has z2lso investigaited ths use of conversion coatings in
which the basis metal is oxidized, either chemically or eleciro-
chemically, to produce an adherent film. Aluminun radar waveguldes
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
waveguides,

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 extant of
emulsification of jet fuel by corrosion inhibitors. Fortunately,
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inhibitu.s that do not cause serious emulsification are available amd
s7s specified. Another study by the laboratory wis made of the use of
chloride as an inhibiting additive to hot sulfuric acid pickling
baths. As a =asult of this study, 1.5 percent of solium chioride is
now specified &8 an additive to sulfuric acid baths for pickling
Special Treatment Steel. This is in addition to ths commonly used
organic pickling inhibitors. Various other developmenis in inhibitors
have been mads throughout the Navy., High pressurs boilers are now in-
hibited by careful control of pH aud phosphate fon. Nitrite inhib-
itors are used in wet sand blasting. New inhibitors have been de-
veloped for lubricating and preservative oils and greases. Vapor
phase inhibiiors aie being used in packaging arsi cchadecyl amine is
baing used as a volatils film-forming inhibitor for stesm lines, in-
cluding thorge throughout the New York MNaval Shipyard,

‘ Among other chemical controls for corrosion, the use of iorn
exchangs resins is important for obtaining high purity water necessary
for battery make-up and cooling water in submarines and for pres-
surized water nuclear powered systams, The Navy has sonsequemtly
maintained & study of composition and uses of nevly deveioped resins
for water puxrification.

Among developments by Material Laboratory chemists is an

acid descaling process suitable for removing heavy rust scale frc=

large tanks. This originated as an independent idea of ths inventors
and a patent application has besn filed by the Navy in their names.
While not an anticorrosiwe msasure in iteelf it is an economical
process for uge in commection with pretreatmsntis for painting or other
corrosion control methods. So far the method has been used on tanker
ships with two Navy MSTS oilers and at least eix commercial ships
using it during 19558, Using ons-haif percent by volume of sulfuric
acid the method ie capable of descaling the carge tanks oi tanker
ships at a cost of less than twe cents per square foot of descaled
surface for acid with an approximately equal cost for labor. The de-
scaled surfaces nay thsn be given 2 brush sendhiasting with a savings
of about 30 cents per square foot ower heavy descaling and blasting
a8 prepaint treatment. Nots: Two slides are shownn to illustrate 2
heavily rusted tank bulkhead of tie USS MARIAS before and after de-
scaling, '

tietallic corrosion in aqueous environment 3is an electro-
chenical process and one of the most effective means of stopping it
is by applying electrochemical counter measures, in other words,
cathodic protection. Cathodic proteciion is now widely used by the
Navy in large and small applicaiions using esither impressed current
systamz, sacrificidl anodes, or mlxed systems. An impressed current
system is used in the protection of underground cables and piping
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throughout. the New York Naval Shipyard. This system uses twenty
rectificrs, with each one having a vertical ground bed 100 feet deep
containing a string ¢f graphite anodes. During operation for ths past
iwo years, only one blowout of underground power cables has occurred.
Prior tc this period, the average time between cable blowoute was ap-

proximately twenty-fouxr days.
The Material laboratory started Lts cathodic protection

studies with the development of Specification MIL-A=18279 covering ixm-
pregnated graphite rod anodes for protection of Reserve Fleet ships.
Anodes used previcusiy in ground beds by ths Marivime Administretion
were modified by incorporating more flexible cables, chlorine and
oxygen resistant collaras and an improved cable anchor within the
anods. With normal use at sea water sites these anodes have an esti-
mated life of at least five years. WWith a moderate expenditure for
current, 22 anodes suspended over the sides of an aircraft carrier for
example, can prevert corrosion of the undsrwater hull. Fouling by
marine organisms is not prevented, and maintenance paintirg is still
required, but time intervals between drydockings have already been

doubled with very large savings t¢ the Navye

In the ONR 1957 Symposium the writer gave detailed informe-
tion on the relative performance of graphite versus silicon-iion
anodes at various current densities and in waters of various resis-
tivities. Subsequent to this, additional laboratory tests supple-
mented by service tests have since rezolved the selection of #nodes
into the following for reserve shipr hulls: e

a. Either graphite or silicon-iron in low-resistivity
(sea) water at current densities up to 10 asf,

be Craphite for sea water use at current densities above
i0 aaf,

ce Silicon-iron for all current densities in high-
resistivity (fresh or somewhat brackish) water.

In March of 1958 an experimental system wes installed on
the 1SS IEXINGTON in an attempt to prevent cavitation erosion of the
propellers by electrolytic generation of hydrogen 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
the work and analyzed operational reports of the system as recerded
and forwarded by ship personnel. After two months of operation there
was a noticeable increase in electrical resistance. By August the
resistance showed a large increase to the point where protection was.
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probably impaired. This increzse in resistance could have resulted
from failed anodes, line fuses or certain other causus. Unfortunately,
ihe ship wae operating in a remote area and laboratory inspection was
infeasible. The system was secured and eleven of sirteen ancdes wers
removed from the ship's hull. These have susequently bean inspected
at the Material laboratory and five of these were found t¢ be incap-
able of operation. Tnspectinn of the ship's stern area by the repair
facility showed loss of some coatings on struts and rudders but with
no pitting or corrosion evident. Some light roughening of propeilsr
blades was reported. Pending further work on electrolytic prevention
of cavitation erosion the results appear inconclusive.

In connsction with cathodic protection 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 coatsd with this material was made the cathode irn a synthetic
sea water slectrolyte, At 115 volts D.C., a small hole wes formed in
the coating and arcing began. The potential was regulated to 35 volis
and electrolysis was continued for several weeks, As the hole in the
ccating enlarged, the current automatically increased and the poten-
‘¢ial dropped slouwly 10 about 22 volts. It then remained constant for
‘more than ons month with no further change. nor was there any further
increase in the size of the cpening. This can now be recognized as
an effective means of determining the 1limiting potential in tasting
electrolytically resistant ccatings and the Laboratory anticipates
uss ¢ ‘his method in determining the effectiveness of such coatings.
It is apsumed that the limiting potential for any one coating is a
balance point between adhesion and the pressure of hydrogen produced
urider the edge of the coaiting. A coating must have exceptional ad-
hesion to withstand 22 volts continuonsly in an eleccirelytic circuit,
I+ may be added at this time that as a result of this test, future
~use is anticipated for modified epoxy resin coatings on ship rulls as
Helectiric shielding Tor inmpressed cwrrent cathodic protection systems.
This vdll include use on the newer submarines,

As part of its cathodic protection program. the Material
Laberatory explorss 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 21soc be used, but is limited o0 & 10=-volt potenviale.
The tantalum base anodes may bs subjected to much higher potentials
without deterioration of the tantalum in the event of damage to the
thin platinum coatinge Such anodes should be ideal for mounting on
active ship hulls., A good possibility for low-cost impressed current.
anodes lies in antimony-gilver-lead alloys. lLaboratory tests indi-
cate very good performance for these alloys at current densities up
to 15 asf except in 1000-chm zentimeter (brackish) watere If improved
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alloy composition or other means con colve the problem of the Lhigh
resistivity deteriométion {t may become fearible to protect a ship
with a2 single lzad cadbls mountsid along sacihi sids of Lhe underwmter

hull,

Although the Labomatory is concerned mostly with impressed-
current cathodic protoction gystews; it also does work on sacrificial
systems. Durlng the past year & uovel sysion was installed on an
¥STS oiler ship with Laboratory assistance. This system consists of
magnesium anodes, all mownted in ths bottames of cargo-ballast tanks
and having the tank bottoms ard botitom structurcs paintsd with a
solvent-resistant dislectric coating. The coating serves a triple
purpose as an electrolytic retloctor to direct current uniformly %o
all uncoated tank areas, to protect the tank bottoms from corrcsion
caused by small amounts of waiter in smpty tanks; and to insure

. againsl sparking hazards in the event ¢f an snode falling whils the

tank has explosive vapors. The nowl festures of this system a-a
covered in a patent application.

Numerous references could be made to new chemical techniqueo

for identifying types of corrosion and measuring corrosion rates, but
proper description of thds work would need a sizeable paper in iteslf,
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DLTERICRATION OF PLASTICIZED POLYMEMIC AT RTALS;
APPLICATION OF HADIOCHREICAL TECHN ™ UES

Je Le Kﬁlinﬂkym Le He Handler
HMaterial Laboratory
Hew York MNaval Shipyard
Brooklyn 1, New Yori

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 communi-
cation cable, caused by migration of plasticizers, and (b) degradation
of rubbar materials, designed for low temperaturs service, caused Dy
solvent leaching of the plasticizers. I[n both cases, plasticizer dis-
location occurs by diffusion, 4in cither words, ihe mechanisn of de-
oradation in each is similar. The extent of degradation is a function
of the amount of plasticizer diffusion and such effect would be re-
flected in the change of chemical, physical and electrical propertiese.

Plasticizers play an essential role in the formulation of
several of the synthetic polymeric insulation, sheathing, and sezlant
components of slectrical communication cable. The recent emphasis on
reduced diameter cable has accentuated the service problems associated
with the loss of properties dre to plasticizer migration. Excessive
migration of plasticizer from vinyl sheaths may cause stiffening <7
the plastic, softening and deterioration of other corponents which
absorb the plasticizer with conscquent deleterious effects on the
dielectric strength and power factor of conductor insulation. There-
fore, the study of the rate ex*tent, 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 Nepartment of Defense for a considerable time. Re-
sistance to solvents such as hydraulic fluids, fuels, cil, and water.
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with contimied serviceability under extreme shipboard conditions, is
therefore of concarn to the Navy. The solvent extraction resistances
of some spocially formulated rubber stocks wers studied.

Various commonly used test methods for studying plasticizer
migration require measurement of dimensional changes (such as volume
swell tests), burial of specimen in activated charcoal or silica
gel, (1) lacquer crazing, weight loss by vacuum (2) or rub-eff.(3)
These methods are time consuming, and in sddition the tesi conaitlons
are unreal, often requiring extrems extrapolation of test data to
simlate actual service conditions., 7The most direct and valid ap-
proach to this problem is 4o provide a rapid, ssnsitive, and quanti-
tativs method for the dstermination’of plasticizer ingress or egress
under conditions simulating as closely as possible those actually
sncountered in shipboard service. Such 2 method is available through
the uses of radioisotops tracers, which provide extreme sensitivity,
reliability and precision.

With the use of a sliding microtome and radiocsctiwvely
labeled plasticizers, rapid and reliable determinatiovis can be made
regarding the rate and exter't of neat or compounied plasticizer migzra-
tion into various insuiaving and protectivs matarials such as poly-
vinyl chloride, silicone rubbers, and poiyethylene,

‘ Three radiocactively labeled plasticizers were used. Two
were monomeric; phosphorous-32 tagged tricresyl phosphate (TCP) and
carbon-1l; tagged di-octyl (2-ethyl hexyl) phthalata (IUP), and the
third wvas a polymeric plasticizer of 2 proprietary nature, These
radioactive plasticizers, wre synthesized at the Material lLahoratorye.
Two series of experiments were run, one where a2 thin film of neat or
uncompounded radiocactive plasticizer is placed betwsan two polymeric
discs ~f identical composition, and the aecond. where a plastic con-
pounded with the radicoactive plasticizer is placed betwsen two un-
plasticized polymer discs. The specimens are maintained in intimate
contact as a sanrdwich. The time and temperatura used are controlled
to aveid complete penetration of the polymer by the plasticizer, so
that the boundary cocnditions are in accordance with the limi tations
sel, up by the derivavion of Fick's Second Law. The centar part of
each disc 18 cored out with a leather punch to0 eliminate sdge eifects;
and the cored center is serially sectioned on the microtome at 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-
ricro 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 temperatureé. By plotting the specific activity of plasticizer as
a function of penstration for both top and bottom discs, a typical
bell shaped symmetrical curve is obtained. However, if the log of the
specific actvivity is plotted against the squar2 of the penetration
(Pigure 1b) a straight line is obtained for each disc, the closeness
of the curves obtained depending on the reproducibility of the results
obtained for duplicate discs,

The s21f diffusion of neat TCP initoc TCP-plasticizad poly-
vinyl chloride is illustrated in Figure 2. The specific activity of
TCP, normalized to 1000 c¢/m/mg, at 24°, 50°, and 75°C, respectively,
is plotted against the mquare of the penetration. The egquation shown
is derived from Pick's Second Law (i) and relates the concentration
as a funciion of the diffusion coefficient, time, and surface area of
the disce The diffusion coefficient is calculated knowing the slope

" of the line «nd time of exposure, and is expressed in terme of cml/sec.

AS expected, the higher the temperature, the greater the menetraticn,

Al A\ T oed dom e
[ AT

The dependencs of the diffusion cesflicisnt, T, on hs abusluts
perature is illustrated in Figuie 3. D rizes expopesttiany with
temperature, obeying the Axrhenius Equation shcwne(5) Therefore,
knowing the energy of plasticization and the 2ctivation constent, it
should be possible to predict the diffusion characteristics of plasti-
cized polymers at different temperatures, providad there is no phase

‘ransition,

The effect of plasticizer concentration of the plasticized
vinyl on the self diffusion coefficient is illustrated in the semi-
log plot of Pigurs I, where it is seen that the diffusion coefficiont
increases with increasing concentration. This indicatss that the
diffusion coefficient is not truly comcentration-independent as as~
sumed in the derivation of Fick's equation. It also indicates that
at lower 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 differencss in migration rate. Therefore ancthsr term
called the "K" value has been used to measure more realistically the
rate and extent of migration, (gg The "X" 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 shows 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 oh-
tained dilfeved from those obtained fur monomeric plasticizerse
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Shown here is the diffusicm of polymeric plasticizer into 5ilastic 181
at - 25°, 50°%, 758° and 125°C. The lowsr molecular weight component dif.-
fused rapidly, giving a horizontal straipght .dine, which indicates that
this component has reached an equilibrium conceniraztion in the rubber.
The high molecular weight component diffuses rmch more slowly, giving
a steep vertical line. Tempera®ure hsd very little effect on the dif-
fusion of polymeris plasticizer, and the amounts diffused were in all
cases very much lower than for monomeric¢ plasticizers. Exposure iimes
of at least 166 hours were used, as opposed t¢ ons-hall hour for
nonomeric plasticizers.

A o I |

Tavle 1 is a swmary \.g.L Tesulle obtal for ths bi on
of uncompounded monomeric and pelymeric plasiicizers into dislsctric
cable materizis,. showing the 4iff =ren':" in migraticn ratles for

%

silicone rubber and polyethvlane Wy duffusion coefficients and "I
values. It was found that both TCP and DOFP migrated to the same ex-
tent i the silicone rubber, a standard dimethylpoiysiloxane stock
cured with benzoyl peroxide, However diffusion of polymeric plasti-
cizer was much slowar, an sxposurs time of 168 hours a2t 125°C yield-
ing a very low "K" valus. Experiments inwclving pelymeric plasti-
cizor were performed at temperatures ranging from 25°C to 125°C, but
the effect nf terperature con the diffusiorn characteristics of the
plasticizer was almost negligible. The temperature shown here repre-
sents tha highest encountered in actual cable testing, and under
service conditions. Polyethylene was much wore resistant to plasti-
cizer diffusion, "K* values bsing considerably lower., Polyethylene
was found to be more resistant to plasticizer migration over extended
periods of time at 50°C fer both TCP and TOP., The "K" value for
pclymaric plasticizer diffusing ints polyethylene is s0 low as {0 be
almost meaningless,

Table 2 shows the effect of polyuwer cumposition on the dif-
fusion of DOP in insulation and sheathing materials. The effect of
cure can be seen in the "K" values obtained for different types of
silicone rubbers. Chemically cured Silastic 2010, a vinyl modified
polysiloxane stock cured with dichiorobenzoyl peroxide, had a higher
"K" value, in other words, was less resistant to migration than con-
ventional stocks as represented by Silastics 181 and 172, which are
straight dimethylpolysiloxane stocks cured with benzoyl peroxide.

Curing of Silastic 181 by gamma irradiation improved ite resistance
%o migration by 28%. A dose of 1.3 x 107 rep was used. A fluorine
modified silicone was found to have groater migration resistance than
all the other silicones tested, but was less resistant than both
polyethylene and polyvinyl chloride.
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The results of experiments involving compounded WP diffus=-
ing from a polyvinyl chloride organosol into a silicone rubber are
shown in Figure 6. As expected, diffvgion w2s greater at S0°C than
at 25°C, equilibrium being attained after 2 days of exposure, as com-
pared to 5 days at 25°C. A comparison of the diffusicn of wnicom-
pounded and compounded monomeric and polymecric plasticizers into
chemically cured Cilastic 181 is shown in Table 3. It can be seen
that the diffusion of uncompounded NUP is much more rapid over a very
short period of time than compounded UP over a longer exposure time.
Urcompounded polymeric plasticizer diffused very slowly compazzd 4o
DOP. The diffusion of "minor" cerponent of polymeric plasticizer was
the same for both compounded and uncompounded material for the came
temperature and exposure time, and "major"™ component, diffusion was
not much higher. Compounded polymeric plasticizer dif fusing into
siliccne rubber reached on equilibrium concentration of "minor" com-
penent in less than 200 hours whichi did nol increase on additional
exposure up to 84O hours. This war equivalent to 0.12 percent of
total plasticizer, as cormpared to .3.12 percent diffuston of total
plasticizer fcr compoundsd TGF at 5C°C after 13 hours, The dif-
ferences Letween monomeric and polymeric plasticiz : are
apparent, and demonsirate the superior qualities of polymeric plasti-
cizer in this respect.

Table 3

Comparison of the Diffusion of Neat and Compounded
Plagticizers into Chemically Cured Silastic 181

Time Temp. 2 ugr RN
Plasticizer (Hrse) (°C.) D (cm®/zec.) Diffused (uzm/cmg/hri)
P = &
Uncompounded 0.5 28 0.25 x 10~ 253 263
ICF =
Compounded 2l 25 1.3l x 30713 279 L3
Polymeric Plasti-
cizer - _11
Uncompounded 148 50 1.82 x 10 50 2.9 (lajor)
Major)
- 17 1.C ('inor)
Polymeric Plasti-
cizer -
L ompounded 168 50 19.0
SoL 50 18,¢€
840 50 18,6
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, Radioisotope techniques have thus provided a rapid and re-
liable method for measuring the migrational tendencies of plasticizers
in polymeric calle components. These techniques make possible the
prediction of plasticizer bashavior at different tenperatures with a
minimum of assumptions, and under test conditions more realistic than
previously used. This information is necessary in tha study of com-
patibility of materials and ineservice degradation of cable comnpon-

entse In swmmary of this first phase of work, it has beer demone
strated that:

8. The migration res(ieta.nce ef ceonventional silicone stocks
is of the sams order of magnituds for Loth TUl and DOP.

b, Conventional silicone stocks arve quite vulnerable to
monomeric plasticizer migration, although pol:meth-
yiziloxane rubbers are less vulnerable to plasticizer
sorption than vinyl modified silicone rubbers.

¢. Cure by irradiation instead of by chemical means some-
what improves the migraticn resistance of conveniional
dimethylpolysiloxane silicone rubber,

de Fluorine modified silicone rubber is more resistant to
mononeric plasticizer diffusion than conventional stocls,

©e Migration resistance of polyethylene at 50°C or lees, is
better than plasiticizel polyvinyl chloride, which in
turre is superior to silicone rubter,

. Cuanitituiive date nes vecn presented tG show the low
migrational tendencies of polymeric plasticizer at tom
peratures higher than those encountered in actual
service,

In the second phase of studies concerning diffusion regu-
lated processes, tracer techniques wore ubilizeld Lo study the effect
of different plasticizers, activated carbon black, polymer, and type
of cure~that is, chemical versus nuclear irradiation, on whe leaching
of plasticized rubber stocks by water and varions volvents, respec-
tively. Rubbers are placticized so that undar low temperature con-
ditions a maximum amount of flexibility is reta:ined. loromerie
plasticizers such as tributyl carbitol formal (TP~90B), TCP, trim-
octyl rhosphate (TOF), and di-octyl adipate ( CA); are commonly used
for this purpose. Leaching of plasiicizer tends to reduce the flexi-
bility, hence the sueviceahtlits o0 mibbe sz, and lavs havoe with
paskate and other parts used in critical applications, [y the use of
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radioisotope tracer techniques, additional information regarding the
retention charactaristics of plasticizers in polymers can be obtained,

It has iong been established in carbon-black studies that
different types of carbon=black have difforent reinforsement qualities
in rubber stocks. The degree of reinforcement of a rubber stock by a
specific carbon black is dependent or the agglomeraie siructure of the
relletized black used; the sorptive capaczity which depends cii the
particle diametesr and surface area of the carbon black, and the mode
and number of carbon black-rubber attachmenis. It i5 to be expected
that a carbon black with s larger surface area should have a larger
zorptive capacity, and thus have higher plasticizer retention., For
this reason the effect of =n activated carbon black=-Kuchar; was
studied. '

The production of c: ss~11nks in rubber when suUjected tg
ol anergy radiation has been previousliy shown By many mrk&rg 9)
It was shown thati crosslinking predomlnates upon gamma irradiation if
active sites are present; such as are found in q‘raigbt chain polvmer
structures, Thus, natural rvbver, and synthetics such as the Hycars,
would be cross-linked. It has also heen previcusly shown that the
cross link dens%7¥ increases with, and is directly proportional to the
Th

radiation dose, is results in increased solvent retention prop-
ortiog. :nv! t.vht-'lfl he amnﬁ-oﬂ r af fond the rﬂnv-b-{c‘l-por rotention

Wh Vel Fa sy - e A W W

properties favorably.

—

§

Tests wore set up in the laboratory to simulate 2s realisti-
cally as possible actual condivions of solvent extraction, so that the
rate, extent, and mechanism of plasticizer eriraction by various
solvents could be determined. leoprens-GN, !hwar-OR, and -5 stocks
vere used in the accelerated extraction tests. It was found that the

ccelerated depletion of plasticizers by water extraction proceeds by
mechanisms which invclve the surface resistance of the rubber and the
iffusicn coefficient of the plasticizer; the nct result being depen-
dant. on {he sample thickness,

Three v‘asticizers, two of which were labecled with
rhospherus-22;, TCP and tri-occtyl phosphzate, and one carbonell; laheled
plasticizer, di-octyl adipate, were studied in low temperaiurs fovim-
lations of Hycar-CR rubve:r stocks. Figure 7 shows corparative axe

traction rates of plasticizers from Hycar-OR rubber, 1.6 mils thick,
by water at 60°C. It can be seen that both TOF and WA were superior
to TCP, DOA showing the highest extraction resistance of the three
plasticlizers studied.

The effect of vulcanization time on extractability of TCP
from lleoprens-:ll stocks by water and gascline was 2lso studied,
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Longer curing time was found to be corrslated sdili greater reslstance
to solvent extraction. It was also found that & siraight line rela-

tionshin is ohtained on plotting rercent plasticizer retainsd versus
the square roct of time, indicating that extraction proceads via a
diffusion process. Similar results were obtained for the substitution
of Nuchar activated carbon black for the conventional fw.rnace and
thermal blacks, and it was found that such a substitution markedly re-
duces the rate of extraction of TCP from plasticized elastomers by
waver at 60°C, and gasoline ai room temperature. Although the de-
sired physical properties of the vulcanizates were adversely affected
initially by the use of activated zarben, the sm,wcr roteation of
p.lasticizer would tand to enhancs the pth;.Cc_s in low tenperaturs
service. Gasoline extraction was used in ihsse oxperiments as an
index of the resistance of rubber stocks to the general class of
petroleum type liquidse

Moura & showum the affoet o

- gy e e

tractability of TCP from rycar-OR st,o by gasolina, It is seen t.hat
irradiation of Hycar stocks at 25 megarep improves their resista

to plasticizer¢ leaching as compared to a Hycar stock cured by cnenical
means, At 63 mesaran, this solvent resigtance is further improvsd bul
with soie reduction in physical pmperties. The same order of ex-
tractabilities is found for wetor extraction. Tha alfect of plaati.
~izer composition on extractability was also studied; using 'I'P-9OB. a
more volatile 1iquid given in the Bursau of Ships Rbber Formulary as
a plasticizer for low temperature rubber stocks. It was found that a
stock formulated with 15 parts of TP=-90B and 15 parts of TCP had a
higher axtraction rate than a stock formulated with 30 parts of TCP
alone, This 18 ghown uf & Jovted il 23 Lthis Jigurs,

A summazy of the effects of polymer, carbon black, and gamma
irraaialinn on axtyractability of TCP by water is glven in Figure 9 as
a bargraph. The same eff=cts were found in gasoline extraction.
Neoprene chemically vulcanized stocks are seen tu offer the greatest
reaistance {0 extraciion compared to Hycar and GR=S. The use of
Nuchar activated carvon in place of conventional Iuxrace and thermal
blacks, greatly improves the resistarnce of all stocks to plasticizer
extraction by gasoline, resulting in a four-fold incrsass in plasti.
cizer retention. Total substitution of Nuchar does, however, adver-
sely alfect initial physical preperties. High energy nuclear ir-
radiation enhances the retention of plasticizer in Hyvar stock sub-
jected to leaching, a dose of 25-A0 megarep being required to effect
a cure with efficient plasticizer reteniion properties. The results
given here for the extraction resistance of various low temperature
rubber stocks may be utilized as a guide in the selectlion a1 polymer,
curing time, type of curing, etc.
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Radicisotope techniques have provided a rapid and reliabls

methed for messnwing tha migrational tendencies o plasticiecss il
polymeric cable components and low temperature rubbers. These
techniques make possible the prediction of plasticizer behavior under
different conditions with a minimum cf assumptions, and under test
conditions mers realistic than previously used, which is necessary in
the study of compatibility of materials and in-service degradaticn of
plasticized materizis,

- -~

The authors wish to acknowlsdzs the efforts and guldance of
My. V. Saitts and the late Mr. T. Werkenthin of the Bureau of Ships,
and Mr. Ae. Ro Allison of the Navel Material iLsboratory, in foster.ng
the sprlication of radioiaentare tracer tachnigues in Naval material

problems. o
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ENVIRONMENTAL DETERIORATION OF RIGID PLASTICS
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The rational spplicciien of s materisl of comsiruction in
the design of a svecific end item depands upon a knowiodge of the
condi tions hich mgy bs onscuntered in sarvics and the choracieris-
tics of the materisl under such conditions. Thus, irterest mer he

centered on the behavior of a reinforced plastic laminzte exposed to

‘s temperature of 1,000°C for 10 seconds or, st the other extreme,

information may be required on tha characleristics of & beal hull
matarial affer {wmareion in s62 water far a asber of years. OUovi-
ocusly, ths varlations im servics coptitions may be practically limit-
less,

Ths most fruitful approach to such problsms would be the
Gevelopment of detailed, comprersnsive knowlppdge of vhe pirysico-
chemical characteristics of materisgis, sufficient Lo snable thse
prediction of response to spscific conditions. In the absence of
such information, the investigstor must resort to studies of the be-
havior of the materials in actual service or under laboratory condi-
tions. In some instances "accelerated" tests may be applied but
results of such evaluations must be inter,reted judiclously, with
particuler sttention to correlation with Lehavior under actual

- ssrvice conditions, The technical literature abounds with repc-ts

of such simulated service investigations and, undoubtedly, this type
of work will continue until such time as more fundsmentel information
is developed. This report discusses a mumber cf programs of this
nature, which have been; or are being, conducted at the Naval
Material Laboratory, to determine the effects on plastic maturials
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of specific envivormrntal conditions of intersst in Naval spplica-
tions, including orxtended exposure to elevated temperature snd lgh
hmidity smbients, immersion in gec water snd other media, end out-
door weather aging.

EFFECTS OF ELEVATED TEMPFRATTRE

Elevated temperature studies have been lixited to tempera-
ture lovels st which plastic insulsting materiale right oonceivably
be required t» cperate, Investipstions have been conducted on beth
laminated and molded therwosetting plastic materials after exposure
to slevated temperatures up to 250°C for peiiods of time up to 768
hr. (32 days). In this work, mechsnicel aié elssirical properties
were determined, at intervals, both a2t the conditioning tempersturs
and st rom temperature, on specimens which had been heated and then

" ecooled.

I+ hes bsan fouad
(1) that, when tested at
elevated texpesratures, thermo-
setting materials, in gensrgl,
demonstrate a marked decrease
in strengih end stiifnes:s
sfter 2 relatdively short ¢iss
of expczure, the extent of the
tlecreave being temperatire
dependent. Under cortain con-
ditions, depending on the
material, this mgy de followed
by increasing strength as
heating continuss. Finally,
particularly at the higher
temperatures, strength uay
fall off sgain as chemical
degradation becoies the ocon-
trolling factor. 3tiffrness
characteristics parallel this
behavior. It is hypothesised
. that the obecerved pattera =gy
ELEVATED TEMPERATURE CONDITIONING TIME be du. w m. “in effms
- which sye superimpeoged vn one
Figure 1 - Hypothetical strength anothsr. An initisl "scften-
ve lime curve for thermosetting ing®, wvhich is a physical
«aminates effect snalogous to a decresse
in viscosity, and which re.
sults in deocreased strength and stiffness, ocours after a short

STRENGTH
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heating period, Additional cure, which is a time dependent chemical
reaction, may ocour ir tho resin upon further heating, It would ba
expectad that this would b rapid at firsv, ieveliing off with time
as rvattive sites are vonmmed, and that the overail effect would be
an increase in strength and otiffmess., Finelly, bond scission and
decozposi tien of resin and filler u«y occur, wiich would tend to de-
grade and weaken the material, The nst result would be a curve of
ths form shown in Fig. 1, ;

PBE-FACE LOADED

H

100 : -4

®
o -
1
)
q
)
o
oD

\-—( 100 ¢C
. d - o 2
60 )
- WM g o E N, A, ['509
/‘/r H ) I
Ja)
-

PER CENT OF INITIAL

FLEXURAL STRENGT4 RETAINED

e ﬂ 230¢C

! 5 10 S0 100 SOb 1000
CONDITIONING TIME ,HR,LOG SCALE

Figure 2 - Elevated temperature flexural strength vs time
of exposure: Paper base phenolic laminate

A typical set of data, for a paper base phonolic laminate;
is shown in Fig, 2, in which per cont of initial (room temperaturs)
flexural strength retained is plotted sgainst time of exposure at
various temperatures. At S0°C the predominant factor is the "soften-
ing® effect, s0 that strength drops and levele off, although- there
is same slight evidence of recovery on prolonged hsating. At 100°C,
the softening is more marked but recovery, due to further cure is,
quite evident, This is egain noted at 150°C but, st this tempersture
prolonged heating begine to cause degradation. Degradatisn nffects -

325



L

R i
e e Y. R PR O BT S0 TR 8 IRNAIESS () ST PR NS L R A i

AN P B L W @ BT

Sewmven b

Fried and Yustein

are again noted at 200°C snd these effects are no marksd at 250°C ss
to mask any effects due to additional cure.

' Analogous effects ¢o those deacribed sbove have heen notad
in studies of the electrical charactsristics of thermosetiing plas-
tics at elevated temperatures (2); this work is discussed in enother
peper in this symposiwm,

As a result of these stuiies, the Bureau of Shipe has es-
tablished an elevated temperature strangih retention requirement for
hsat rasistant meterials, vhich hae been inocorporated in a mmber of
specifications (3, 4). It has besu determined that, in gemeral,
convertional phenolic laminates (1.9., Navy Types PBE and FB}) kay
be employed at temperatures in the rags of 100-150°C and gless-
melamine (Navy Typs (MG) materisls in the range 150-200°C., Silicone
materials generally show low strength characteristics after short
time exposures but are inherently stable chemically abt temporstures
up to 250°C, Recently developed Baterials include phenclics with )
excellent heat resistance and glass-epoxy materials (Navy Type GEB),
uzed for printed circuile, vhioh may be operated as Class P insula-
tion at temparatures up to 130°C,

WATER AND FUEL IMMERSION

The effects of moisture on plastic waterials have bsen
studied in a number of separate investigations, commencing with an
evaluation of the characteristics of conventionel high pressure
thermossttiing laminates after extended exposurs to several different
"wet" mbients, Electrical characteristics were determined under
conditione of high humidity and after imsersion in distilled water,
and in synthetic sea water, at 25°C md 50°C, for periods up to
1,000 hr. Mechanical proper-ties were studied aftar prolcnged ix-
mersion in synthetic ses water and distilled water at 25°C snd 50°C
for perinde wp 10 4,500 . In Yoth iustancss the 2ilisy of the
matorials to "recover” by drying was also investigated. The lmi-
nates included in these investigations were paper and fabric bass
phenolics (Mavy Types PBE and ¥BG), and glass base melamine and
silicone (Navy Types (MG and GSG). Results are typified in Figs. 3
and L and listed, in pert, in Tables 1 and 2., It was found (5) that
there was nc essential differsnce in effects on meachanion)l properties
between immersion in sea water as aguiiwt 32s5t111cd waler, nor did
raising the temperature of the water to 50°C produce any substantial
differences in effectis. On the other hani, in studies of electrical
characteristics, the effects of sea vater, as might be oxpected,
were much more severe than those caused by Aistilled water. Rarther,
incraasing the tamperature of the immersion medium to 50°C also
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Figure 3 - Flexural strength
(face loaded) vs time of im-
imersion in sea water at 56°C
and after subsequent drying

oconstituted a more severe condition, so that the most deleterious
medimm, with rerpact to electrical properties was synthetic sea
watar at S0°C. Of the forr materinls evalusted, the glass~sdlicone
lmmingte was most resistant to degredation by humidity or water im-
mersion, both mechanically and elettrically. Further. thies =aterial
showed axoellent recovery of mechanical sirength upon drying follow-
ing immersion; however, recovery of elsctricel charavicristics wpon
drying wvas limited. The phenolic iminmtes were most sensitive to
wmter, suffering severe degradeiion in both machsnical and electxical
properties on immersion,

The emergence of the low pressurs laminates, such as the
glesse reinforoed polyesters, as metsariale of construction for boat
hulls sand in similar applications, necessitated the development of
information on the offects of extended sea water immerzion on such
naterials, An investigation slong these lines, which will extand
over a five year period, ‘» currently being oconducted by the Naval
Katerial Laboratory. Samples of polyestar laminates, fabricated
with five different typical reinforoement layjups, are heing Lmmersed
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Figure 4 - Dielectric
strengthvs condition-
ing time at 96 percent
RH, 50°C; recovery at
25%C, 50 percent RH,
Glass - silicone and
paper base phenolic
laminates,

in sea water at the W, F. Clapp Leboratories exposure =ite at
Beach, N. Co A group of sseples is rexoved from the
immersion site anmmally and shipped, under water, to the Material
for evalmtion. Tects ure conducted on samples in the
wt condition and after drying, Fc r year ismersion data sre showr in
Table 3 (6). In interpreting immersion data, due considerstion
sbould be given to resin content, sinoe experience has shown that
tcrcdmnmm laminates with to0 low a resin oontent
huwww. Results to dats indiocste
Mmmuwmnumwnmmum
reinforosment (8tyle 181) is most resistant to deteriorstion by
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TABLE 1

Strength Retention of Plastic Laminstes
After Immersion snd on Recovery®

Ao Por oent of initial f).exnrel strength re
Fm Loaded Edge Lc.ded

PEE 30
RO - 70
amMo 50
cSo 8

Recovery
Ry &5 85
7% 75 7t
8o o] 80
100 8s 90

B._Per cent of initial compressive strength rst'd
Face Loades Edge Losdsd

Laminste
{Navy Type) Dmersica Reeovery Irmersicn

Recovery
PEE 48 80 o 75
FBO 80 90 ‘ 70 8¢
o 80 80 50 70

STvmersion - Average per cent of initial strength retained after im-

mersion for L4500 hr,

Recovery - Average per cent of initial gtrength retainsd after ex-

tended drying for L4500 hr. proceded by 4S00 hr. of immarsion in
distilled water at 25°C,

TABLE 2

Dielsctric Properties of Plastic Lainates
After Immersion and cn Recovery

Per cent of initial di-

Lm olectrl.c !mg retaine
ANavy Type) Inmersion Recovery
PHE 15 85
FBO 8 79
Mo 1 93
(1] 43 61

STmmersion -~ Irmersion in water at 25°C « 1000 hr.
Recovery ~ Drying 1000 lhx, follwlng ismersion.
bniglectric ltn!n{.h paraiiel to forming pres-

sre, volts/mil

&/8).
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TABLE 3

Imersion of Polyester - Giass Lamincies

Leminate®
181 1,000 Voven
Property Condi tion® Cloth _ CGloth Mzt  Roving
Flexaral A g:l]; ;35.0 29e§ ggog
Strength 1 yr S.W, o9 23, °
pel x 10°3 2 yr 8.M, i3 32,7 22,5 2
3 » 8.W, 5202‘ .9 ?206 2340
h 11' 8.“. ‘ hﬁ“al 28.1 mes 22.31
L r SeWe & Dry ) 32,0 20.0 26,3
Compressivs A M 2.9 27,2 2,8
St:'::‘.gﬂl,‘ l b2y s.Y. 3309 : 21.2 18.8 1203
red » 107~ 2 yr 3.4, 352 19k 18,1 12.4
3 yr S.W, 29.7 17.2 17.0 11,0
h‘ » S.W. 26. 17.0 17.7 11,9
Resin Content,
’ by “ ‘ 901 MO? 7206 905

8181 - Garan glass cloth,
1,000 =~ Volan glass cloth,

12/2 o5 = Garmn

bA ~ Reference condition,
S.We = Sea water Immersion
S.We & Dry -~ Sea water immersiun pius i weei drying.

Yo

glase mut. high sointiliity hinder,
Oarsn finished woven roving, S x 4, 24 o3,

water immersion; the coarse wven i'oving reinforocement produces a

imimte which is mogt uwzater sensitive,
of the lminates are adversely affected by immercicn, edge compres-

sive properiies are degraded to a grester extent.

While flexural properties

Significantly, it
has been found that specimens cut from internsl areas of an immersed
sanple are no less adversely affected than are specimens taken from

the edge of a sample, indicating that water does not enter exclu-

siwly at the edges of a laminate but diffuses through all sarfaces.

The projected spplication of reinforced plastics in the

febrication of fuel tanks neocessitated a study of the effects of
the more comon fuels on such materials.
that polyester snd epoxy laminates which are properly fabricated

330
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and cured are essantis)iy maffectas by immersion in diessl Tozl or
jot fusls such as JP-5.

As an adjunct to tha above, it was also mecessary to deter-
mine whether the rMdnforced plastic materisls had any delstericus of-
feots on stored fusls., Such an investigation has bean candactsd at
UNFER. innennlis oo o mwmher of asenle leminades gubeittod T Che
Naval Msterial Laboratory. This groamp of materinls inciuded glass
reinforied polyestor and epoxy laminsten falwicaiud with ssveral
i fferznt regin systems, under U iferent cwring condilicns, oy 3
aunber of different techmniques. Materials wsre evelusted by Ix-
merging sample sirips in aviation gasciine, F-is jel ergims fuel,
marine diessl fuel, and Navy Special fvel Zor & momths at 110°F, ani
noting permeability (as measured by gain in weight) and tendency w
' incvease gum content of aviation gesolins, Resulis inmdicstsd (7)
that glass reinforecod polyestar sad epoxy laminates can be produced
which sre imnermeshle 4o fmele ond which do not Agllicatly in-
creash the gum contst of sviution gasolins, On the cther hand; the
dats indicated thst not &ll polyester resins are ineri, i.e, certain
regn systemez hawe & tendency to imcresss g centont of sviatliam
fuels., FPuarthermore, undercured polyesitsar resins may also bes ex-
pectad t0 have a similar effect. In the case of zpoxy-resins, 4 f-
ferent szine tardeners may not be equally imert amd there iz scue
evidence C indieate that exvessive hardensr concertration mey hove
deleterious effects,

OUTDCOR WEATHER AGING

The most coeon, axd perhaps the most important, of the
conditions wnich may affsct the serviceablliity of plastics ias out-
door exposure. Westharing investigations to determine such sffects
are most oxtengive, not only for pleatics, but for materisls of
constructicn in génerél. So=e joars ago the Naval Materigl
Laboratory undertook a program to study the effects of outdoor
wenthar aging on a numbsr of thermoplastic and thermosatting trans-
parent materials and several representative plastic laminztes. In
order to obtain a representation of Li. JllSfarent clizmsteologicsl
sonditions to which such materiules might be exposed, five axposure
sites were selected, as roilows: Panasma, C. Z, (tropical), Naw
York (temperate), New Mexico (dry, desert), Fort Churchill, Can.
(mub-grotic), and Pt. Barrow, Alaska (arctic).

The original program ran for three years, during which
period ssxplss were removed from exposurs gites at iniervals and
shipped to the Nawval Material Laboratory for evaluation of mechsn-
ical., electrical, and optical properties. Results are sumarised.
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Figure 5 - Cast phenolic exposed at various

gites for 3 years

queliteti«uly, in Table 4. In essence, it was found (8) tust, of
the transparent matsriels (cotcd, methyl methacrylates and corat allyd
wate relatively unaffected; th¢ leminated nmeterials wore muochanically
stable but shownd soms surfeoce erosion sl degradation ir elscirical
pacpertiss. Thooz matldds mogt sancitive 45 light, such as the
vinyl copolymer, were seriously degraded at New Mexlco, which cli-
mnate otherwise prored relativeiy miid. It ie interesting to note,
also, that the Canada and Aleska sitos were most dsleterious to
elsctrical characteristios of lsmiiated insulating materizls. C.
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Figure 6 - Cast phenolic exposed at New York
for periods up to 2 years
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TABLE 4

Suunary of Effacts of Trree Toar Weather Aging on Plastic Materiale

Mzatard &l

Ma:hrinie sl

Blaatical

Ootdcal

Methyl
Methacryliaie

Celiulose
Acetate

Cast A1yl

Vinyl

Cast
Phenclic

Polyeater-
Glass
Laminate

MG

PBE

GSG

Kagligible ef-

Zants all sltos

Severe degrade~
tion at N.Y.;
lasser degrada-
tien at Pan.

Siight sffeciz
all cltss

Modearate de-
gradation,
at Pap. and

W

wpgase

Degradation si
all sitas, wmost
aevere at N.Y.
sd Pan.
Slight de-
gredstion ali
sitss

Slisht effccis

Slight effects

Slight effects

Slight effects

Slight affccis

Slight effects

Slight effects

”~o o
"]

3iight effects

Dﬁg‘r‘d‘d &t Kele
fad Pane; slight-

‘1_{ ‘mpmved =t

-— e W

Cornsral Moders

ate degraiation,

zost severe at
Can., and Alsska

T\o}ﬂ-maa’n‘-if\n ad
Aty 6‘ “lAts VA WEE WV

Can. and Alaska

Degrodation at
Cenn, & alasks

Degradation at
Can. snd Alaska

Degradation &t
Can, and ilaska
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Figure 7 - Melamine-glass laminate exposed
at various sites for 2 years

an overall bagis, the New York climatological conditions were quite
severe, reflscting the camubined effects of a seaboard locativa and an
industrial atmosphere.

Upon ocmpletion of the 3 ysar program it was declded to
extend the duration of the tost period tc ten yew's at one site,
New York, using serviceable material which had been exposed in the
origingl progrm, Six yecr dstae irdicste that methyl mathacrylate
and cast allyl oontinue to be relatively unaffectod vhile thw
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Figure 2 - Mel2:nine-glass laminate exposed
at New York for periods up to 7 years

sensitive celluicse acetals, vinyl, aod cant ph::wlic meler)ale
degredod furinei; all of the laminated maverial s snow furvisi eicsian
of surface reein. Surface effa:ts are shown in the photcnicrographs,

Figs. S5 through 8.
NEW PROCRAMS
At present, the Kavsl iate:iel Laboratory is scheculing a

new waather sging investigation, with emphasis on reinforced plastics
including both polyester and spoxy laminates fabricated with various
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glass reinforcements, and inoorporsiing a study of the effects of a
nurber of fabricational varisbles, Also imsluded in this [rogrem
will bs such newly developed materials as Lexan end Dalrin,

" In addition to the adove projected program; there is in the
planning stage at the Laboratory a program ifor studyiiy the erosive
effecty (n glass reinforced plastics of water flowlng over the lami-
nate sirtaces at velocities up to 1K f¢/sec. For this inwestigation
a sixidative test 1s boing devised and an atteapt will be mades to
develop an socelersted proced:re,

Considering the Lireziigatiocns descrised sbots, =2 =#xilsr
work performed by many other laboratariss, it is vtill cifficult to
arrive st any broad generalisations with rogard to enviromaental
effects on plastic msterials., The develomment of informatica on the
bshaviur of & material wnder ome set of conditions will noi, in
general, enabie the prediction of behavior under othsr coniitionms,
particularly if the comditions are widely d fferent or & new en-
visoimental factor is added. It may therefore de pcdicted that, as
aew plastice ars dsveloed amd 35 prossuily Gvaliabls maveriels are
axtended to mew applications, investigations of ¢the ¢ype dessribed
above will continue to »9 required, at least until such time as the
mndn.;ntal physice) shamigtry of materials has been completely
defined,
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A Discussion of Some of the Problems of
Thermoelectric Efficiency and Coefficient of Performance

William'  H. Lucke
U. S. Naval Research Laboratory
Washington 25, I, C.

INTRODUCTION

Any discuasion of the analysis of thermoelectric devices
necessarily involves the use of the terms which describe quantita-
tively the phenomena or progperties of interest., Accordingly, we
introduce our discussion by defining the pertinent terms and pre-
senting the symbols we shall use to represent them,

g Seebeck Voltage, - The open circuit voltage of a thermo-
couple supporting a temperature difference,.

A= _d__g Thermoelectric Power, - The derivative of the Seebeck
dT voltage with respect to absolute temperature. Since two

materials are necessary to form a thermocoupie A
nccessarily decpends on both, However, it is possible to
determinc the Q\for a single material by making measure-
ments of its Thomson coefficient and using the first Kelvin
relation, Such a a\is called "absolute,'" The determina-
tion of absolute 3\ 's for various metals has been carried
out by Borelius (1) and others,

” Peltier Coeificient, - The product of v and the electric
current through junction of two dissimilar materials gives
the rate at which Peltier heat is absorbed or evolved at
the junction.
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The Thomson Coefficient, - The product of ’T’, the current
1, 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 symbo! ?’where F = !’}’!

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

b - 2r - € 2
o - 'L T T4

where R is the resistanrc of the couple and is the sum of

R; and Ry, the electrical resistances of the elements,

Now £ may be equated to A (Th-Tc) where @ is an average
or cffective oy such that

Ty
C\('Fh-TC) =J d dT (1)
Tc

where Th is thc absolute temperature of the hot junction,

and T¢ that of the cold. Hence, we may write

-2 2
P = _ (Th ~ Tc)
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 converted to electricity is one, but the larges term by

far is that of the conducted heat. Ignoring the others, the
power in is

Qi = K(T, -T)

where K = K; + Ky, the sum of the thermal conductances of
the elements,
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Thus, the efficiency, K is

- 2
&z (Th - TJ

M -
] 4RK (Tp-T,)
oL T T, <2 .
= fn L x rn x & {2)
Tw 4 <K

It is easily shown that the optimum geometric proportioning

- L

of the two legs leads to(Z)
£ . 2
- . S
RK E/ Pa ka + oy Pb b}

where B and k stand for the electrical resistivity and ther-

L
mal conductivity respectively, Moreover, in this case

F Paka
R, K, _ .

R Ky,

Iy} | o

Thus, the figure of merit z is defined for a couple as-

2
TR AT 2
;_‘;’Paa TOYELS __]

Ther= is no easy way of breaking this down into a z for each
However, if one makes use of the fact that the
powers are achieved by a combina-

clement,
highest thermoelectric
tion of N and P-type semiconductors, in which case the
ansolute o, 's are added, z becomes

ATy
t [7.Paka f ?Pbkb-_:]z

Clearly, if the & 's of ecach material are each made as
Iarge as possible, and the products of Fk as small as pos-
sible, z will be as large as possible, Hence, it is com-
monly accepted practice to speak of the z of a material
and tn write i é 2
1 1tz - ac

a Pa ka

340



ek it 6 G 1

il s U555 5

C ek mea e

Lucke

We have written equation {2) so that a Carnot efficiency term
is explicit, From the point of view that it is profitable to
compare tne efficiency of any thermal eugine with that of a
Carnot engine, this is justified., However, the implication
that the maximum thecretical efficiency of 2 thermacauple
18 Carnot is not in general justifiable zs we shall see

presently,

THOMSON EEAT

Of the ferms 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

_ZJ_ d h ...
T

-~

T dT
One of the primary objectives of this paper is to clarify this situa-

tion by showing how the magnitude of Thomson heat may easily be
calculated, and what is role is in the calculation of efficiency.

Thomson Heat For P-Type Materials

Instead of writing the Seebeck voltage of a circuit in the
usual way as the sum of the Peltier and Thomson voltages, i.e.,

Th
E = TY(Th‘-Tr(TC)~¥f ’TJdT

1
C

we begin with the fact of the definition of & as the temperature
derivative of E , hence

6 =f&\dT + const,

For convenience, we shall assumc that we arc dealing with
a thermocouple composed of a P-type semiconductor as one clement
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 state, However, copper approximates
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to cur ideal gquitc well at ordinary temperatures; having a thermo-
electric power of a few microvolts per degree (1), whereas our P-
type material may have an @\ of a tew hundred microvolts per degree,)
Suppose that an experimental plot of the thermoeclectric power of this
couple {which is reaily a plot of the absolute thermoelectric power of
the P-type material) is as shown in Figure 1 by the segment x - vy,

I>»
Tlm

Figure 1, The d Characteristic of Type 1 Material,

Therefore, we have

e-J"s
= dT
T P
c
T
Integrating by parts we get E =@PTJ h —f Td &P
T
c
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F a~Ph h Pp.Te /d(, 1d d‘P

We see that the first term is the area OBCDO. This area represents
the Peltier voltage at the hot junction since, by the second Kelvin
relation, m = ORT , pc¥c is the area OAFEQ, and represents
the Peltier voltage at the cold junction. Finally, examining the inte-
gral term we see that TddP is tne element of area of the area EFCDE
and that the integral itself gives the total area, That this integral
repregents the Thomson voltage can be seen by transforming it to
integration with respect to T,

op /r
h Th v
// TdP = _,[ T 9-‘?-;—Pdr - T ar

(}Pc Te ¢ T(:

The last equality holds by virtue of the first Kelvin relation, There-
fore, we may write

h

) F d g~

£ - a‘hTh - KT ar 97
[}

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 avecrage or
effective A such that

£ = &(T. -T ) = ABCFA
h c

is justifiable and quite useful, but that his policy of ignering the
Thomson voltage is not, Siuce the area representing the Thomson
term extends back to the absolute zero of temperature, it does not
take a large difference between the ch h and ¢ to produce a voltage
quite comparable to the net voltage,

It is seen from the figure that the Pcltier voltage at the hot

junction, OBTDO, is equal to the voltage generated, ABCFA, plus

the Peltier voltage of the cold junction ODAFED plus the Thomson
voltage EFCDE,
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Now if we multiply the equation for E by 1 we have

Th
d o
Er-10, T -1 &FCTC-IJ T 24T

(s

‘e

The term on the left is power generated, and the ¢erms on the right
represent rates of aksorption or rejection of heat. This can be done
graphically by multiplying all the ordinates of Figure 1 by I, Thus

IxOBCDO = IixABCFA +1x OAFEO +1x EFCDE

, T
#Th
. | do ..
dePhTh-IxE+de~chc+1x{ T2 dT
C

Clearly, since Ia*chc represents the Peltier heat rejeccted
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 abscorbed at the hot junction as Peltier heat,

Now the direction of conventional current in a thermoelectric
generator such as we have assumed is down the temperature gradient
in the P -element (the direction frorm C to F in Figure 1), In other
words, for P-type material with d&.,/ d[ 2> 0 and current flow down
the gradient Thomson heat is rejected. We shall designaie this as a
type I element,

In Figure 2 we represent an experimental plot of 2 thermo-
couple similar to the first, except that the slope is negative, We
designate this a type I[-element, (See next page,)

Here again, the areas represent voltages and the product of
areas by current, power, or heat flow,

1 £ - 1x ABCDA

Idh'rh = Ix OBCFO

IAT = 1x OADEO
C C

Thomson heat:I[Th ’?’P dT = I x FCDEF
NS
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and
L h
ddl
& =°\11Th"‘)i'r +T I‘dT .
E )
Gpc ’ \\
Ph
A
a
A B
T ———— TC Th

Figure 2, The O Characteristic of a Type 1I 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 OADED, leaves the area

1 » KBCDA, which is just the clectrical power gencrated., Thus,
Thomson heat is absorbed when current flows down the gradient in

a P-type element, with d d/4t1 < o,

As Thomson originally envisaged it, this heat was absorbed
through the lateral surfaces of the element, Howecver, in present
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generator practice these surfaces are thermally insulated and the
question arises as to the source of this Thormson heat, An approxi-
mate solution, corrcct to within about 2%, of the heat conduction
eguation 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 discusgsed in
greater detail further on, )

Thonmson Heat for N-Type Materials

N-type elements may be analyzed in the same way as the P-
types. The figure for typz III materials may be obtained by a
reflection of Figure 1 in the T axis since the absolute thermoelectric
power of N-type materials is negative, Such a reflection changes
the sign of the slope (i.e., d &/ dt < 0). However, in an N-element
used in a generateor, 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 argument
holds for type IV materials, i,e,, reflection of a type II character-
istic 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 materiais in which a maximum
or minimum of A\ occurs between the temperatures Th and T can
also be handled by the present analysis, but we shall not discuss it
here,

It is worth pointing out that the present 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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A B
0 T — Te Th
- M

Figure 3. The Characteristics of a Generator
Composed of Type I and [V 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 JMCDJ,
The Peltier heat rejected at the cold junction is the current times
the area LAFEL, The net Thomson voltage is a positive term

being the difference between the areas THMJL 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 absorhed is
c———— P Th o~
Ix JMCDJ +1x LHMJL = Io\l'r +1x Tt dT (3)
h Te
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The total heat rejected is

=T :
P — R e n
IxLHFEL + 1x EFCDE = Ix o\ T_ v1x f T Frar (a)
TC

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
Q -0

in out

Q.

in

Efficiency = ’V’ =

and substituting from equations (3) and (4) above

N 7

I(d\hTh+ /

]

It is seen at once that this is not Carnot efficiency, Carnot efficiency
will be achieved only when ’?n = ‘?';g = 0 (in which case, oy, =

. = ). Thatis
- a\Th } c}\Tc _ Th - Tc
’ch - "}‘Th - T,

A

This leads at once to the important conclusion that to achieve
the highest cfficiencies materisls must be sought having negligible
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Thomson coefficients in the operating range.

Conversevly, higher ={ficiencies may be obtained by limiting
the opcrating range cf temperature to that part of the character-
istic having the smallest Thomson coefficient, In such a case,
increasing the temperature difference, Ty - T, may, by including
a region of high , lead to a lower efficiency than is obtainable
with a smaller value of Ty - T¢.

As a corollary it may be shown that seiting the operating
range equally above and below a2 maximum {gr minimurn) in the
characteristic so that h = G but’ the “°f 's arc not zerc still does
not give Carnot efficiency, Practically, however, this will usually
confine us to a region of smmall ’rso that the best efficiencies may
be realized,

Refrigeration

The same hypothetical thermocouple whose characteristic is
diagramed in Figure 3 may be used as 2 refrigerator. In this case,
the current is reversed, i,e,, flow is clockwise.

Since the currents are reversed, heat ahsorption and rejection
are reversed, The Peltier heat absorbed at the cold junction cTe
is now given by the product of I and the area LHFEL, The Pelticr
heat rejectcd at the hot junction, MNLT), is I times the area JMTDJ.

Thomson heat T
' h T
I/ PdT,
Tc

is abscrbed by the P-element in the amount I times EFCDE and the
Thomsnn heat, Ty,
. I ( ; ndT,
c

rejected by the N-element is I times the area LHAMJL, The voltage
against which thc 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-elermnent) is taken from the cold
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junction and half the heat rejected (from the N-element) goes-to the
cold junction,

The reversible or theoretical coefficient of performance
(COP) is

LHFEL + EFCDE
HMCFH

COP =

or in tcrms of Thomsen and Peltier heats,

]

+

| o)
R
-

C
COP - T .= ys
h h
v ¥
AnTh + 4 Frar - AT_- 3 PdT

Here again, if ?JP =Tn = O (so that a\h = d\ = &)
. d.T TC

c
w = = = -
aTh B ch Th - rc

and a Carnot cgefi‘(i:icnt of performance is achieved for thia special
case. In this connection, it is interesting to note that if 2 couple
were constructed of type Il and IV materials so that both the P-
element and the N-element reject Thomson heat and A h is very
much smaller than c» a theoretical coefficient of performance
greater than Carnot can be demonstrated, (See Figure 4 on next

page.)

FCDEF
‘CHDGC

That is, COP =

The COP for a Carnot refrigerator would be given by the ratio

FCDEF
CABDC

which is clearly smaller, However, ve realize that since Thom-
sop heat is rejected at temperatures less than Th we ure effectively
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Figure 4. Refrigerator Using Type Il 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
heat at Ty, Hence, the larger apparent COP is not surprising,

Heat Pump

The anaiysis of the heat pump proceeds quite similarly to
that of the refrigerator, hence we shall not undertake to discuss
it here,

Thomson Heat and Practical Efficiency

The calculation of practical efficiencies involves the
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inclusion of the irreversible processecs of heat conduction and Joul-
ean heating, The calculation of heat conduction involves a knowledge
of the thermal gradient. Unfortunately, our boundary conditions
are known only in terms of the operating temperatures Ty, and T,
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 conductivity, k, the Thomson coefficicent “Fand
the electrical resistivity, p, are all functions of the absolute tem -
perature T and the l.eat conduction equation is

_@_[ km-‘-’j 1 Fm 8 —-—+Jp(T)

- Clearly this is 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 parameters as constants is only approximate, it gives some
insight into the problem,

Treating k, * and p as constants we have

%

where I/ A is the current density assumed constant over the cross-
section A, The rlus sign in front of the Thomson heat term is used
when Thomson heat i8 evolved, and the minus when it is absorbed,

The solution is

rL+ (T, -T ) -—
) - ='"h C +Px
T = TC + rx % ) :fﬂL (1 -e )

1
where r = 7‘%,, B = ;T; » and Lh = length of clement,
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Making use of an appropriate series expansion, we find the heat
flow into the hot end of the element to be

: KA . : 1 1.2PL
O, = AT, ~TOF sIF(T, -T)- 31" 5+C (5)

aud the heat flow out of the cold end is

¢ KA 1 : 1.2 gL
= fotlusiialigny | - — . - —— + ’ 6
QO 7 \Th TC)+ ZI ?(Th TC)+ 2I A C (6)

where the correction term is

! v e el [1o1 FirgT
C = L-I"F(T-T)-—I—-—] - h-lc 7
2 h "¢ 2 A 6
L | KA T, -T)
§ TS N
1 1’:;’(Th-'rc)l 3&

[

It will be noted that the terms in the first bracket are identical with the
last two terms in cquations {5) and {6). The two terms 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

1 to 10, Hence, the correction term represents less than 2% of the
termr s immediately preceding it and we shall neglect it.

For the purpose of exposition we write the equation for heat
flow into the hot »nd of a typc I element used in a generator (i.e.,
Thomson heat evolved),

L . kA , 1 1 2 PL
Qh - . (Th-rc) B Z.I ’:F‘(Th-'rc) ) ZI A

The first termr is seen to be simply the heat conducted because
of the temperature diffcrence Ty, - T.. The coefficient kA/ L is just
tue thermal conductance K, The third term is clearly half the total
Joulean heat evolved since @L/ A is just the resistance R, The
iinus sign indicates that the heat flow into the hot end is diminished
by half the total Joulcan heat generated, in other words half the
Toulean herat flows ''back'' to the hot end,
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The second term 18 half the total Thomson heat generated
and since it is evolved, has the same sign as the Joulean term,
Here again, half the Thomson heat flows back to the hot end,
diminishing the demand un the hot source, However, the original
source of this Thomson heat is, 2a we have alraady scen, 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

Q_ = K(T,-T )+ 3 Ct’('r -T ) + —IR

cTe W scc wiat the net Thomson heat absorbed from the hot
souice 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 II element acting as
a generator (i, e, , Thornson heat absorbed)is

Q = KI(T -T )+ —1’?’(1’ -T_) - —1 R

In this case, half of the Thomson heat is taken from the hot source
(which is the same 23 the net result for the previous case) by what
may be ccnsidered an apparent increase in the thermal conducti-

vity, Since the heat flow out of the cold end for the present case
is

Q, =KI(T -T)- 3 I’f’(T 'I‘)+-IR

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 Thomeon heat is the source of part of the Peltier
heat rejected at .he cold junction (See Figure 2), Thus, the net
rffect for this case is the same as that of the previcus one: The
heat taken from the hot source is increased by half the Thomson
neat, 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
rcversed) used as a refrigerator, we ‘ote that since the direction
of current flow is reversed Thomson huat is now absorbed, The
heat flowing to the refrigerated junction is

1.2

: | - 1
Q= K(T,-T) - EI”F(rh-TCH > I°R

and the heat flowing from the hot junction (toward the ccld) is

’ 1 Lo )
Q = K(T,-T )+ 31 F(T -T)- 3I'R

In this case, the Thomson heat z2ide us in that it diminishesy
the flow of heat to the refrigerated junction, Of the total Thomson
nieat, half is abstracted fron: 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 dim.-
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

2

: 1. e .
Q, = K(T,-T )+ 31 ’w"*'nh-rcu 1°R

N

1
2
and the heat flow from the hot junction toward the cold is
: 1 1.2
Q, =K(T,-T)- 1 F(T -T)- IR
Here most of the Thomson hcat is abstracted from the refrigerated
junctiun in the form of Peltier heat (the rest being furnished by
the current source), but by the equation for Q. half is allowed to
flow back with the conducted heat, From the Qj equation, we ree
that the conducted heat flow from the hot reservoir is diminished
by half thc Thomson heat, Hence, the net effect is again to re-
move about half the Thomson heat from the refrigerated junctien
and pass it to the hot rescrvoir,
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. v The above discusaicn of Thomson heat has been cartied out
* on the bauis of type I and II elements only for the sake of simpli-

: 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, therc is little choice to be
made between the types for use as either refrigerator or genera-
tor insofar as the absorption or reJectmn of Thomson heat is con-
cerned,

e % K, g s

THE CALCULATION OF PRACTICAL EFFICIENCY

Y s

Tke calculation of the practical efficiency of the generator
. whose characteristic is shown in Figure 3 is straightforward,
though highly algebraic.

The heat flow iroin the hot junction for the P-element is
) 1 1.2

| . ey = Kp Ty T) - 31 vp(Th-Tc) - 71 Rp
5‘ ‘ For the N-element ii is

. - 1 1.2
Onny = En (T * 3t Fa (T T) - 2T Ry
:

The total heat abstracted from the hot source is obtained
by summiing these flows and adding the Peltier heat, Thus

) i 1.2
Q= ld\h'rhu(p('rh-'rc) - 21’¥p (Th-Tc) - s1R,
- 1,
+KN(1h-TC)+ i‘?’N(T -T ) -2- Ry

1 1.2
= I&h'rh+ K (T, -T )+ E?I(Th-'rc) - s IR

/
where a-h=a~ph+ &nh; K= KP + KN; ?:'f-/n ~?Jp; R = Rp+

Rn. The net Thomson coefficient may be plus or minus or zero,

The power out may be found by finding the heat flow out of
the cold junction, adding the cold junction Peltier heat and sub-
tracting the rensult 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,,

9
|
i
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2 R’L
P = —_—
0o =& (R + Ry )?

It is simplest to express E as

———

£= (T, -T).

Thus, the effiziency is | RL

-— 2 L —
& T X meR )2

{7)
el l g -\ _1_ 2
1 a\hTh + K(Th-xc) + 5 "FI (Th"c’ -3 IR

Using I = S (Th-Tc)

R + RL
and proceeding as Joffe does to find the value of the ratio of Ry, to
R giving the greatest efficiency we find

(fﬁl:-) Opt.=‘./1+% T'”*T*q:]

1f a“n = ‘}c = & (in which case T: 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 ia then readily determined. Substitution
of this value into equation (7) gives the optimum efficiency,

It shiould be evident from this example that using ecuations
(5) and (6), the calculation of generator zfficiencies is straight-
forward and simple, If Thomson heat is evolved, the sign of the
second term ir. the equation is negative (the same as the Joulean
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 Pelticr heat gives the totzl heat abstracted from the
hot source,
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THE CALCULATION OF PRACTICAL COP

Suppose now that the couple whose characteristic is dia-
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

2

Q = Ky (T, T)-"T'PI(T T )+ -;- R,

c{P)

1
Qi = Ky (TyoT )+ ’-‘FI(T T)+-—IR

and the total heat flow to the cold junction is

* i 1 .2
Q, = K(Th-TC)+-51"F'(Th-TC)+§I R

where 7=r?fn . ?’p

Hence, the heat abstracted from the cold reservoir is the Peltier
heat minus the flow to the cold junction or

1 _ 1.2
= 1 &CTC - K(T,-T ) - 2—1?’(1h-TC) - IR (8)

In this case, the Thomson hcat is seen to subtract from the
refrigerated heat. However, if f‘,‘flp 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

2
2T

L AT =
\£‘u%ax P/ IC >
b- 22T t32)
o] > <

I£ ’?'Jis zero,this is seen to reduce to Joffe's expression for
maximum temperature difference. For ’?comparable to 6\:
the present expression indicates 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 similar to those already outlined for the
generator, As usual the clectrical power required can-be written

€1+ 1°R
or - 2
1o ('rh-"rc») + IR,

Hence, the COP is given byA

1 12
- { - - - - Yo - 3
COP - xd~c'rc K (T -T ) Z,,x‘ﬁ'rh T, S IR

(T T )+ 1
1 (ThTC)+IR

Caiculations for optimum current and best COP nrocced 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

2

l y T T™ 1\ lvn
Q KP(Th Tc)— 2 1 l:P(.Lh"Lc]+Zl 0N

hP

1 i 2
QN = Ky (T, -T )+ 51 ’?’n (T, -T )+ 3 1R

Hence, the heat rejected to the hot reservoir is the Peltier heat
minus the flow away

o = 1. 3. 1.2
Q = & T, -K(T -T) - -2-17\Th-'rc> - 21°R.

The electrical power required is the same as that for the
refrigerator and we have

1 12
1 &, T, - K(T T ) - EI’T(Th-TC) -5 I°R

COP = 5
1 (Th-TC) + IR
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Here again we may improve the COP by making '}J reater than
’¥N or by choosing types 1 and I'] elements to make large and
the Thom=on term positive, This consideration may, however, be

overbalanced by the importance of making A hTy as large as pos-
sible,

GENERAL REMARKS AND SUMMARY

It is hoped that the foregoing discussion makes clear the
qualitative aspects of the phenomena of Thomaon and Peltier
heating. It is also hoped that the methdd of graphical analysis of
thermoeleciric characteristics has been made clear., This method
should prove to be a valuable tool in design,

The calculation of practical efficiencies demands the solution
of the heat conduction equation including ter:as ‘¢ both Thomscn
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 astep beyond Joffe's work,
Calculations of generator efficiency, where large temperature
differences are used, will probably be considerably in error. The
present solution may, lrowever, be entirely adequate for use in
ralculating refrigerator coeificients of performance since here
the temperature diffcrences are relatively small, Work is being
planned to verily ihis ,Mcd‘c.w...

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 {ostered by Joffe's work in which he
sets the Thomson coefficient equal to zero, thereby allowing the
Seebeck voltaze to be written simply as

€ = T, -1

A further simplification result& froms the fact that the Peltier heats
may be written as Tp 2nd T which permits the collection of
either of these terms with the terms expressing the Seebeck voltage,

“u.
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‘It has been my experience that where Joffe's simplification
is not follgwed, calculations are expedited if an average value of
(i.e., O\ ) is used in the expression for the voltage, Hence,
it is suggested that where the figure of mcrit Z arises in the
course of a computation based on a fixed temperature difference
that it be understood to denote
<2
z = .
pk

where O is the quantity defined in equaticn (1),
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THERMAL PROPERTIES OF CADMIUM ANTIMONIDE

G. Kretschmar, R. F. Pdtter
S

. Naval Ordnance Iaboratory
Corona, california

G.
U.

The deiermination of the thermal conductivity and the See-
beck coefficient of a ‘hermoelectric material is of importance for the
evaluation of the "figure of merit" of the material with possibili-
ties for refrigera*ion or electrical generation. JIor an efficient
refrigerator, for example, one needs a meterial having a high Seebeck
coeflficient and a low heat conductivity ard low electrical resistivi-
ty over the temperature range of interest.

Heat conductivity measurements were made on samples of CdSh,
which holds some pronise as a thermoelectric material. The measure-
ments werzjmada by means of a modified forn of the Fitch conductivity
apparatus— familiar to many college physice students. The Fitch me-
thod offers a means of determining conductivity in a rapid manner
with reiatively small semple size. It can also be sdapted to measure-
meats over a considerable range of temperature. In conventional ther-
mal conductivity measurements, the sample is placed between s
measured gsouwrcc »f heat and a sink and the heat required to maintain
a8 steady temperature gradisnt is determined. In the Fitch experi-
ment, {le problem of measuring heat conductivity is greatly simpli-
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 1s measured. With a knowledge of the
block mass and the gram heat capacity, the rate of heat flow into the
block cvan be determined. Fitch equated this to the heat flow through
the sample, obtaining the heat conduciivity 1 terms of the slope
of 3 linear plot of the temperature reesdings.
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The Leat through a sample of crocs section A and length L with
tenperature difference T - T and thermal conductivity K is given by:

B
ARy (T, - Tp) (1)
At g -——-7:-—-——

The rate of gain of the Block B with gram heat capacity CB’ nacs MB
and a rate of temperature cinange of ATB

At
m
4. . %% (2)
B ot
Equating (1) and (2) and integrating, we get

1 (To TB) KA ( )

n ) m . = t -t
{(*o ~ *zlo Cg g ’

For any two succeesive values of t thie becomes

(T = g1

A
(G S . C?KIBI_ ¢

X . r
From which i = C ML (T ty
—— ILL T T—;—-—J /(t (3)

It is to be noted that the tacit assumption is made that the
heat capacity of the recelver is very much greater than that of the
sample; ‘in other words, the energy retained by the sample is negli-
gible. This condition is easily rer” ted in practice by making the
receiver large and of a material of L._gh specific heat, and the
sample proporitionately very small. The error introduced by this
assumption 18 of the order (C M )/2CEMB where the subscript S refers
to the sample,

erimental

The apparatus as coustructed for our experiment 1s shown in
Pig. 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 seaaple, so that conduction losses are only those due to Lhe
slight contacts of the thermocouple ceramic tubing. The receiver
K ir completely surrounded by the copper radiation shield J. The
heat receiver has a nickel wire sensing elemeat & wound arouund it,
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and this 1is one arm of a Wheatstone 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 differeance of
less than 0.1°C. Thua, for a large range of temperature the radie-
tion lossss from the receiver can be taken as negligible, The rom-
perszure equality of the receiver and the heat shield is monitored
by the 4 mil cooper constantan thermocouple I,

The copper base R is aitached to the shield by three very
thin stainless steel supporca (not shown), It has a sensing winding
0 and a heater P, which can hold the dase tc a very constant prede-
termined temperature Dy means oI a separate sensitive electronic
control, The base temperature is monitored by means oi the thermo-
couple N and iv can usually be held corstant to less than O, 01°c for
periods longer than 10 minutes. The wires attached to the sample M
ere probes for measuring the thermal EMP developed by the sample mat-
erial at different gradients across the sample,

The vhole spparatus is put inside of a large pyrex glass
tube and pumped out to a vacuum of sbout 10" °mm 5o that gaseous
convection losaes are eliminated. The prrex tuvhks also permite
imnersion in liquid nitrongen or dry ice; or in a heating furnace, so
that the experiment can bc made over an extendad temperature range,

Ths differential thermocouple # measures the changing
temperature differenc.: betwesn the base and the heat receiver, 1Its
output is fed into a Liston-Folb DC smplifier and thence into a Brom
recorder, The photograph Fig. 2 shows the thermal conductivity
apparatus attached to 2 vacuum system and around it can be seen the
two Leeds and Northrup potenticmoater indicators, a large Dewar for
coild immersion and a temperature controller for use with furnace
immersiou. 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 ssems to be to make the surfaces flat and than press
them together with a small amovnt of Iow Corning ligh vacuum graase
between,

Experimental Results

Measursments were made on an n-type sample of CdSb over the
range 160°K to 476°K. The resuits are presented in FPig. 3 for the
thermal conductivity and in Fig, 4 for the Seebeck coefficient.
8imilar dats for the p~type sample are presented in Fig. 5 and
Fig. 6. Lov temperature runs for sample 34 P showed considerable
scatter and are considered unreliable becausa of uncertain thermal
contact with the base and receiver,
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Risqussion

a. Thormal Conductivity
. It is apparent from Figs. 4 and § that the thermsl
conductivity of the two samplas is very simidar over the range of
100°K to 500°K. Rach sample exhibits a behavior K& 11 up to a
temperature of betwcen 300 and 400°K at which point a deviation fren
this law occurs. The conductivity is gssumed to consist of two
term3; one due to a phonon contribution K, the other attributed to
s anuricus thermal conductance caused by radiation (Fk),
e.g.K 'KP+ K
b, 'Phonon Thermal Conductivity
The thermal conductivity of insulating crystals has
shown a T° ! dependance at temperatures corresponding to 87 larger
than, their respective Dabye characteristic temperature =, It is
also generally acceptad that this behavior is cheracteristic of
phonon intersction with the lattice, Dugdale and MacDonald 2/ have
given an approximate expressicn for the product KT by coneidering
a mean free pathk l,for phonons (by which momentum fa transported)
and having that 1P limited by the anharmonic nature of the lattice.

1/3
T = v, % vy (4)
: v
where vc - velume of unit cell

C, - Specific heat/vol

V - sound velocity
A - coefficient of linear expansion

Y - Grurieisen's constant
By considering a suggestion by Pierls L4/ that thermal resistance
effects are contributed by Umi-lapp processes (such processes corres-
pond to E?onona undergoing Bragg reflect}ona in a periodic lattice)

Klemens and Subfried and Schloemann £/ obtain an expression for
KT. The latter obtained the folloving estimate
1,2 &3 1/3,3
Kts3.0@° G 5 (V) F (5)

Although there are many approximations in (5), it is
of interest to compare %t with the experimental value obtained from
CdSb; KT=4 watts/cm es datermined from Figs., 3 and g When this
valui is equated with (2) using¥'= 2, m= 9. x 10-2 grms and
v.) /3 . 7.4 x 10°8 cm one obtains a value for &of SOK, A
reasonable guass for the Debye temperature for CdSb would place it
betveen 100Y and 200° K. Thus within the guess for FandY values
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the axrerimental data is in recasonable agreement with (5),
¢, Gray Body Radiation Effects .

It is estimated that at 500°K a correction of approxi-
mately < = 1077 (cal/cm sec des) must be made to the thermal
conductivity measured with the apparatus of Fig. 1, This {s caused
by the exposure of the receiver K to the heat source R, The
correction term is given byH . = 4TLT3 L Ag/A;, whered s
Stephan-Bolt=man conetent end ¢ : emissivity of copper. The ratio
A/&y =3 L =1 cm and €20.2 are used for the estimate.

Figs. 4 and 6 show such an effect at temperatures above
400°K, The apparatus {s being modified by extending the radia:isn
shielding in order to reduce the ratio AK/AL and minimize K;.

d. BElectronics Contribution to Thermal Contribution,

The estimate for the radiation conductance dcess not
appear large enough to account for all the extra conductsnce obsarv-
ed. Ambipolar diffusion of electrons and holes has been suggested as
2 possible source of thermal conductance in semiconductors 7/,

For an {ntrinsic semiconductor with equal hole and elec-
tron mobilities this electronic thermal conductivityf, can be
approximated by

2
Ke-../ zg\! ~
\Te 7 & (6)

The approximation is valid when electron scattering terms
of the order 2 to 6 can be neglected compared to Eg (kT.)

"il'.-‘

Eg - energy gap (0.4 ev. for Cdsb)

e - electron change

7" - electrical conductivity (50 (ohm cm) -2 for Cdsb)
T - absolute temperature

The values for K, determined from eq 6 are of the
right magnitude to fit the cbsorvations if the radiatior »ffe

-

ats are
no larger than estimated in paragraph ¢, It is intended to cleck
this with-the new apparatus,

e, Seebeck e,m,f,

The thermoelectric potantials wore observed against
coprar aelectrodes, As can be seen from Flgs, 3 ond 5, the emf
values drop off at the lowver temperatures which is normal behavior
for similar materials, Future studies will determine how the

Seebeck emf values behave as funcrion of {mn
unction o mpurlity content and
crystalline nature, 7 rontent and
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SummAry

The Uiermal conductivity of the semiconductor CdSh has
been measured from 100X to 500°K using a modified Fitch's apparatus.
The principal mode of conductance up to 4CQ°K is that contributec by
the lattice. At higher temperatures, the conductivlity deviates from
the T law characteristic of phonon conductance. A modification
of the apparatus should minimize spurious effects due to radiation,
allcwing a dctermination whether an electronic thermal conductarnce
is presert at higher temperatures.

The Seebeck ewf was seen to fall off at lower temperatures.
Future experiments with irproved crysizls and various doping cgents
may indicate how the Seebeck emf can be raised or suitably modified
in a suitable temperature range.

The authors wish to thank D. H. Johnson who took most of the

measurements reported here.
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SOME ASPECTS OF THE LUMINESCENCE OF
CGLASS AND 175 APPLICATIONS

Robert J. Ginther and Jemes H. Schulman
U. S. Naval Research Laboratory
Washington, D, C,

Introduction

While = large number of luminescent glass compositions are
known there has been no large application of luminescent glass in
devices which require a high luminescert light output. There is a
general impression that the luminescence of glass phosphors is less
efficient than that of crystalline materials and that this difference
in efficiency is accentvated when the phosphors are excited by high
energy radiation such as high velocity electrons(l). A lower ef-
ficiency for giasses than for crystals seems reasonable since
glasses, lacking long range order, might not be expectzd to trans-
fer energy from absorbing to emitting sites as efficiently as do
crysatals, 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 abscrption 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 lewer 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-

n
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trations of ions which can transfer energy to the activator by res-
onance processcs. With increasing concentration of either of
these species an increasing portion of the incident energy will be
absorbed by either the activator icns or at sites favorazble to the

3 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. "

,eir"“:?i"}f.ﬁ!',ﬂ},qﬁf T -uzi‘v 4

oy

The current program of the investigetion of luminescence in
glass has as its primary practicel goal the development of an in.
organic glass scintillation phosphor. In the course of this program
the performance of some cof the glasaes prepared were examined
with cathede-ray excitation, and as a result of this examination a
program of preparativon of cathodeluminescent glaszs 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 an integral nart 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),

ML IR EEY T
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Only a few glass scintillators have been reported previously.
Kovacevic and Kostic have employed a uranium glass for the de-
tection of neutronz,(4) but its efficiency is believed to be very low.
The Corning Glass Co. Lzz prepar=d a gamma-ray sensitive
cerium-activated 96.0% silica glass, similar in type to the high
silica glass known as '"Vycor''. Corning has also prepared
several experimental cerium-activated glasses of undisclosed
composition, which detect gamma rays,

WS ST TII WS M (PRI AP T R T T

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 gamma ray
source were detected with RCA photomultiplier tubes 6653 or

y
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6903 in an Atomic Instruments Company model 223 scintillation
head, and observed on a Tektronix type 545 oscilloecope equipped
with a 53/54K plug-in unir.,

The evaluation of the response of the glasses to neutron ex-
citation was made by Drs. Lowell Bollinger and Frank Thomas of
the Argonne Naticnal Laboratory.

T o
Al b snte bl s b

Performance with cathode ray excitation consisted of measure-
ment of the screen brightness as a2 function of applied voltage at
constant beam currents, and the determination of emission spectra
and decay rate. Samples were excited in either a demountable
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 spectroradiometer.

] Decay times were obtained by exciting the phosphors with a square
wave cathoZ2 ray pulse of 100=microsecond duration and observing
the decay of the luminescence with a photomultiplier tube and oscil-
loscope,

B T L

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 glaas(5).
In our laboratory, luminescent high silica glass was prepared by
impregnating Corning No. 7930 porous glass with solution of Ce,
Eu, Sm, T1, 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 wonld 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 oxalates 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 temperatures as low as 1000°C | but samples containing high
concentrations of Al;04 or Si0, required a melting temperature of
about 1400°C,  Silicate yglasses containing no boron were melted at
1500°C. Samples containing cerium require melting in a reducing
atmosphere. This was conveniently provided by pl acing the plati-
num crucible containing tlie raw materials in an alumina crucible
of abcut 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 employed in glass preparation were gener=
ally of reagent grade or were specially purified in our laborRiory.

‘Reagent grade sodium carbonate, borax, and boric a.id werc used.

Mzagnesium carbonate was of a grade erixployed 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 availabie lots gave erratic results. Potter's sand was
used in early silicate glasses 6 but it was found that substitution of
gsilica 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-
activated high silica glass and some cerium activated meltable
glasses also prepared by the Corning Glass Co. exhibited scintil~
lation pulses. The pulse height of these materials were 7.0 and
3.5% of that of thallium activated sodium iodide respectively.

The samples prepared in our laboratory included borate, silicate,
borosilicate and phoaphate 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,

The first materials prepared were alkali borate and boro=~
silicate glasses. Development of these materials is best illus-
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trated with reference to Table 1.

Table 1
Sample ' Composition ~ Pulse Height as
"percent of
Nal(T1)
1 1.0Na,0 0.Q3 Ce,0, 4.0 B,0, 1.5
2 1.0 Nay0 0.03 Ce,0, 4. 0(B203+Si02) 1.5
3 1.0 Na,0 0.10 Ce,0, _4;0(Bzo3+Sio?_) 1.8

4 1.0A1,0, 1.UNa,0 0.03 Ce,0; 4,0(B,0,45i0,) 3.0
5 1,0A1,0; 1.0 Nag0 0.10 Cez0, 4.6(B,0,48i0,)) 5.0
6 1.3A1203 1.0 Na,0 0.10 Ce203 1.0 3203 1.5 51027.0'

The first scintillating samples were sodium borate glasses.
The most efficient of these proved to have a Na,0-B,03 ratio of
1-4. The optimum cerinm content proved to be the maximum
amount which could be incorporated, 0.02 mole. Substitution of
silica for boric oxide did not change the efficiency at least up to a
ratio of 1.0 B0, - 3.0 8i0,. With higher silica content smaller
pulses were obtained, In samples cnontaining at least 1.0 mole of
Si0, the cerium solubility was increased tc at least 0.10 mole
with a slight improvement of efficiency. Alumina was found tu
improve the efficiency further as shown by samples 4 and 5.
Variation of the mole ratio of all of the constituents has produced
the optirnum formula represented by sample 6. Its pulse height
of 7.0% is equal to that 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 oi
either potassium or lithiumn for sodium produced slightly poorer
pulses , whereas the incorporation of 2lkaline 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 o “»oron, similar
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quenching occurred, lons which would be reduced to meai .r 1«
highly colored products by the reducing atmosphe.s could ne .
employed, even though among these are a number of ions wnu
would be of great interest both because of their gless forming ad
'gamma ray absorption properties.

Cerium activated high silica glass has been prepared in our
laboratory with a pulse height 6,0% of that of NaI(T1), but the
7.0% efficiency of the Corning product was not obtained. Our most
efficient samples were obtained oniy by prolonged purification ot
the Corning No. 7930 porous glass raw material and it appears
likely that the discrepancy between the i€fficiency 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 phusphors | the mos:
efficient appear to be the comac;unds Mg0.Ca0- ZSiOZ; 2Ca0-MgO-
ZSiOZ(b) and 2Ca0°A]503°5i0,'"/. The first of thesc was chosen as
a, model 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 tempeva-
tures in excess of 1500°C , the upper limit of our present furnaces.
The development of glasses based coriginally on magnesium calcium
silicate is outlined in Table II.

Table JJ
No. Ceomposition Pulse
Mg0 Ca0 Si0, Ce,04 Li,0 Al,05 Height as
% of Nal

(T1)

1 .326 .234 .44 ‘ 0

2 . 301 . 209 .44 . 025 1.5

3 .276 ,184 . 44 . 025 . 025 3.5

4 226 .134 .44 . 025 .05 , 025 6.5

5 .26 .50 . 005 . 065 .05 14.0

- CGlass number ! i3 a formula of Liarsen. Activation of this
glass with cerium produces a weak pulse as shown by sample No. 2.
It has been observed that the substitution of cerium for a divalent
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1om in somr crysteliine compounds is facilitated by the simujtaneous
incorpuvation of an equal concentration of a monovalent ion(9). The
total positive ion chaige is thereby unchanged from that of the sub-
stituted divalent juns, This was the basis of the original addition
of Jit'hzum to this g'lass cien though there has not been any demon-
stration thay this type of "charge comnensation' is useful in glass
formulation, The lithium !lition is shown by sample 2 to improve
the pulse height to 3.5%. The incorporation of aluminum followed
from its beneficial effect in Lorate and borou~silicate samples arnd
ihe first aluminum-conlaining giass of this series exhibited a pulse
height of 6.5%. The most effic.ci.t glass produced to date is the
final composition of Table II, It was obtained by empirical varia-
trorn of the Ccomponent oxides and employr‘hent of the purest raw
materials available. It was found that the concentrations 2mployed
were not extremely critical. Silica nay be varied from 0.45-0.55
rmole 'without apprcciablé changes in pulse height., The same pulse
1. obtiained within a ceriuin concentration limit of 7,01-0.03 mole
anatl the Li/Mg ratio can be dpubled without affecting the pulse height.
thar increase of lithium reducces the pulse. The aluminum
,*  enatration is not critice] with regard to pulse height but at least
- >8 mole A1,0, must be present io produce «¢Tear glass. The

t  -wnce of calcium in the original formuia was found to be detri-
T tal @+ was the incorporation of other alkaline earths. Substi-
utiv Lo soric nxide for siJica produced much smaller pulses.

A L inquest of Dr. Lowell Bollinger samples of boron and
lite wm . iaining glasses were submitted to the Argenne National

La. ~ i« -+ 1n order to test their performance as neutron scintil=
lator: 1 = behavior of sclcited samples | representing the fonr
types ui g  .wr< drepared, to both noutron and gamima excitation at
Argonne 13 'own in Table IlI, From this table it is apparent that
all four ¢ ~c¢s “re neutron sensitive as well as gamma sensitive,

Sample 2. rt . rest tor time of flight experiments because nf ais
high boron conte " .though its nerntron pulse is the lowes* of the
four and its neut. . gamma pulse ratio the poorest, this ratio

1s superior to t»xt { preswntly employed boron loaded liquids(lo).
Although sample 3 k - '« beiter neutron pulse and ueutroun to gaw
ratio, its lower bui ... “nteat is believed to render it less useful
for time nf flight evpe ents. Tlie 96.0% silica glass ia of such
low boron content th:t . 5 use a3 a neutron scintillator is not liksly. .
The largest neutron exc. ¢ pulscs as well ue the most favorable
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neutron to gamma ratios have been oktained 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 2,5 times the concentration of sample 4 | but this 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 com-
position, so that choice of an optirnum composition of the lithium
containing glasses will depend upon their intended use,

Table 111
Sample Composrition Relative Pulse with
height _neutrons
with Pulse with
neutrons 2.3 Mev
3 Ce-activated 96% silice. 120 . 218
2 1,0Naz0,1, 3AIZG3 3. OBzO3 0. XOCe 203 39 . 064
0. 10Ce203
4 0.25Mg0,0.065Li,0,0,05A1,0 ,0.505102,9‘51 277

B. Evaluation of Glass Cathode Ray Screens

One of the routine tests applied to the glass samples prepared
ui. the scintillator development program was the observation of
"u.xr Ji-ninescence under excitation with a low pressure gas dis-

-iendad to zimulate their performance under cathode rays,

‘. . sa.nples tested the most promising appeared to be the high

N ITRY ;dﬂ!"" activated with cerium, copper, and mangancse,
s o0 tiogly . investigation of the properties of these materials

s % le ray screens was undertaken, Included in the test was a
urs. ./'u glass, Corning No, 3750, whose cathodoluminescence had
been .hserved to be outstanding among commercially available
IPAr. i ASSes,
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The emission spec:i-a of the glasses chosen are shown in Fig. 1.
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Figure ! . Spectral distribution of
lurrinesi:ence of tathodoluminescent
gla: ses

The uranium glass las th: gr~en emission typical of uranium acti-
vated phosphors. Conrer activation produced a blue-green lumi-
nescence. The man;janes: activated glass has its main emission
peak near 6200A  buy: iy addition to the familiar orange-yellow
manganese emission tie emission spectrum reveals a blue com-
ponent believed to be iden:ic >l to the emission of unactivated high
silica glass. The ce:inum aciivated glass has only a portion of its
emission in the visibl: rejion. Fig. 2 shows a curve of its
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Figure 2 - Uncorrected phototube
respense curve c¢f cerium activated

glass

uncorrected emission spectrum cbseived through a Bausch & Lombe
grating monochromator with a 1P28 photornultiplier tube.

Fig. 3 shows the brightness of the cerium, manganese,
and uranium glasses as a function «f accelerating voltage at a
currznt density of 5.0 ua/cmz. Tert conditions did not permit
a similar measurement of the copper ac:ivated samples,

Figs. 4 and 5 show the afterglov of the glass samples excited
by a square wave pulse of 100 micr»-«cond duration, Fig. 4 in-
dicates that the decay time of the munganese glass is in the milli.
second range. Various samples hav: been found to have decay
times between 2.0x10~3 and 4.0x10-3 sec. There is in addition to
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Figure 3 - Brightness of yglass screens as a
function of electron beam voltage; beam cur-
rent approximately 5 microamperes per sqcm

the initial exponential decay a long afterglow associated with the
menganeses emission. Our equiprnent 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 acgivat-
ed material apparently decays exponentially with two different time
constants. For the initial portion of the curve the deczy time is
about 2x10”> sec. The uranium glass decays exponentially with a
decay time of about 10*% sec. The cerium glass has the shortest
afterglow; its decay time is not more than about 4 microseconds,
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Figure 4 - Decsy rates of manganese activated glasses
after 100 micrcsecord pulse of cathode ray excitation

Discussion

The rezults obtained in the preparation of glass scintillators
have been enrcuzaging. Gammse detactors with an efficiency
fourteen perccnt of thallium activaied sodium iodide as well as
glasses sensitive to neutrons have been prepared. To date little
attention hzs 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 thc activator, and the use of mater-
jals and processing tecimigues which do not introduce impurities
into the samples. A numbu:» of interesting questions related to the
scintillation behavior »f thes. glasses :!eacrve attention, The role
of ions such as baviu.. anu phosphorus which quench the scintillation
process but do not seriously affect photoluminescence behavior is
unknown. Similarily , the beneficial effect upon the scintillation be-
havio~ of b..rat= and phosphat: glesses produced by incorporation
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Figure 5 - Decay rates of cerium, copper, and uranium
glasses after 100 microsecond pulse of cathode ray
excitation

of aluminum is unaccompanied by any change in photoluminescence
efficiency. It seems reascnable to assume that the role of {hese
ions is to improve or quench energy transfer processes in the
glass, but no proof can yet be ofiered, Measurements of absolute
conversion efficiency as well as optical studies of the glasses may
help to elucidate these mechanisms.

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 compositionl. Among these findings are the fact that
to date only cerium activztion 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, aud most often produced quenching. The inability to
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employ heavy elements which would be reduced to metais by ihe
reducing atmosphere required by cerium is a furtper restrictiorn.
On the other hand, the possible combinations of the ions which have
been found useful with cerium have by no means heen exhi:usted.

It is entirely possible that gradual further improvement of the
preseni glasses can bHé obtained by variation of ti:¢ presently per~
mitted components. The use of activators other ‘»un ceriwin is not
precludéad by the present results, however, for it i» entirely pos-
sible that glasses sc far prepared with these uctivators contain
quenchers for these activators whic?h do not quench ce~lum aciniil«
lation. :

The screen brightnesses obtained with cathcdoluminescent ex=~
citation of the glasses prepared in this prgram are iow comparcd
to those obtainable with conventional settled screenc of poly-
crystalline phosphors. Since the luminescence of giass phcsphors
along with thet of transparent crystalline filma is subject {0 total
internal reflection, glass screeny cannci be expected to approach
the brighiness of pojycrysialiine iayers and should more properly
be compared to transparent phosphor iilms of agproximately thse
same emission spectra. By comparison with the resulis oi Feldman
with transparent screens it appears that the uranium giass has a
brightness of only 4.0% of a clear Zn;5i04:Mn screen, the manga~
nese glass 33.0% of 2 ZnS:Mn screen, and the cerium glass 30, 0%
of a CaW04 screen. Comparison of screen brightness does not give
a comparison of energy efficiency sincc 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 efiiciency of the manganese glass is 38-40% of the ZnS:Mn
film and the cerium glass is 60% ns efficient as the CaWo, film,

it is unlikely that glsss screzns can be prepared whose bright-
nessec would apprcach those of polycrystalline screens, but for
applications in which contrast or definition are raore important than
brightness it would appear that further research on cathodolumi -
nescent screens ig in order. We have recenily undesrtaken a pro-
gram of cathodoluminesrent glass development whose primary
purpose is to obtain meltable glasses whose persistence charz:ter-
istics would enable their employment in military field devices, To
date greatest attention has been devoted to silicate and borosilicate
glasses activated by manganese, Efficiencies produced to date are
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superior (o that of the mauganese activated high silica ginss re-
ported, but no glass of useful persistence is yet available.
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