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FOREWORD

Thie report was prepared by the Organic Matoriels Branch, Mate-
rials Laboratory, Directorats of Labsratories, Wright Air Develop~
ment Center, with Willlam L. R, Riee acting as project engineer,

The work reported herein wvas inftiated under Project Number 3044,
*Aviation Lubricants,* Task Number 73312, *Lubricant Mschanical
Evaluation,*®

Thie report covers work conducted during the peried October
1955 to August 1958,

All {rradiatiocns wore performed under the supervision of Lt.
Robert H. Jounson and Lt, William R, Danlels, Materials Physies
Branchk, Materials laboratory, Directorate of Laboratories, Wright
A{r Development Center.

Particular credit is due to Lt. Roy C. Williamson, Organic
Materisls Branch, Materials Laboratory, Directorate of Labora-
tories, Wright Al» Development Center, Lt. Williamson conducted
the studies on solid filn resistance to corrosion, thermal effects,
and solvent action. His assistance in developing and conducting
the new test methods was invaluable and 18 gratefully acknowledged.

The purpose of this report is to evaluate the performince of a

number of products for a specific application. Many of the materials
tested were not developed or intended by the manufacturer for the
conditions to which they have been sub jected. Any failure or poor
performance of a material is therefore not necessarily indicative

of the utility of the material under less stringent conditions or

for other applications.
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ABSTRACT

The effeet of nuclear radiation on twelve commercial solid film
lubricants was determined, The lubricants were typieally phenolie
or epoxy resin bonded, imcorporating graphite or molybdenwn disulfide.
Gamma exposures covered the range B8.71 x 109 through 2.61 x 1011
ergs per % am ca?bonc Neutron exposures were over the range L % 1015
to 3 x 101° nvt fass.

Data were obtained on the wear life, corrosion resistance, fluld
resistance, and thermal stability. It was observed that radiation,
in certain instances, improved wear life rather than decreasing it.
Also, those solid filmas that possessed 2ood corrogsinn and fluid resis-
tance and good thermal stability prior to irradiation generally were
not seriously changed in these properties. Films of poor initial
properties were greatly degraded by the radiation.

It was concluded that certain of the films sheuld be useable up
to the maximum dosages used, but that careful selection would be necessary.

PUBLICATION REVIEW
This report has been reviewed and is approved.
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Introduction

Nuclear radiation resistant lubricants are of major importance
to the development of nuclear powered weapon systems, The divided
shield concept for manned aircraft, for example, has resulted in
greatly increased radiastion levels in the zone between the reactor
shield and the crew shield. This radiation intensity is unique to
flight vehicles, since it is only in systems operating off the sur-
face of the earth or out of the occans that weight is so critical,
with the resultant reduction in shield weights to minimum values,

A great deal of research has been conducted and is currently
in progress with the intent of developing radiation resistant lubri-
cating oils, greases, hydraulic fluids, and related materials. This
research has resulted in the development of outstanding materisals,
chief among them being the unsubstituted polyphenyl ethers, How-
ever, it appears at present that there is little possibility of
developing organic fluids capahle of extended operation for temper-
atures much above the range of 800°F to 900°F, unless one is willing
to use materials of exceptionally high melting point and resultant
limited low temperature useability.

Among the more interesting possibilities for lubrication at
extended temperatures are the s9lid film lubricants. These lubri-
cants consist in general of a (finely divided solid material, such
as graphite or molybdenum disulfide, affixed to the bearing =surfeace
by a suitable bonding agent.) Details ¢” past work on solid film
lubricants in non-nuclear environments are presented in many excel-
lent references (1, 2, 3, 5, 6, and 11).

The advantages of solid film lubricants are manyfold. They
are independent of temperature, up to the decomposition point,
since there need be no consideration of melting point or limiting
viscosities. They require no maintenance, since they are expected
to remain functional during the normal operational lifetime of the
bearing surface. And, quite important for applications in the
presence of nuclear radiation, the binder and the dispersed mate-
rial would be expected to show resistance to radiation effects to
higher dosage levels than organic fluids.

The development efforts diascussed herein represent the first
phase in the Air Force program to assess the potentialities of
solid film lubricants for use in nuclear powered systems,

Manuscript released by authors 9 September 1958 for publication as
n WADC Technicanl heport.
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In the past efforts on the development of solid film lubricants,
many and varied eriteria were eatablished, depending on the expected
end item use, Alr Force recuirements for solid film lubricants are
reflected in the proviesions of Specification MIL-L-26504. This &apes-
ifieation establishes the minimum performance and testing require-
oeats for a bonded; solid film lubricant applied to the surface of
parts used {in aircraft and missiles to reduce wear and prevent
galling and seizure. Tbe test provisions of this specification ars
given in Appendix I, The solvent resistance, corrosion reaslatance,
and thermal astability studies reported in Tables I, II, and III
were performed in accordance with these specification methods.

The moat {interesting consideration in the use of a solid film
lubricant is 1ts wear 1life., Mapy devices have beeun uted to measure
the frictional characteristica of solid film coated aurfaces, One
such machine, the Falex weay Taster, had its inception in atudies
of lubricating oils. This machine has beea extensively used in
evaluation of solid filw lubricants. Detaila of operation sre
given in references (6) and (10), Tables IV and V give data
obtained through use of this machine, Table VI gives wear-life
data using & Midwest Research Institute friction tester, detaile
of which are outlined in reference (8). Wear life data for Table
VII are based on the Hartmsan~Modified MacMillan machine.

The requirementis for solid film performance are outlined in Air
Force Specification MIL-L-25504{USAF). Unless special environ-
mental tosts are conducted, most laboratory evaluation at the
Wright Alr Development Center is now conducted inm accordance with
said requirements,

Irradiation of Jamples

Details of the irradiation history of the Falex sets and coated
panels are given i{n Appendix I. Dosimetrv values for gamma expo-
sures in the MIk gamma canal are reported in roentgens, The roent-
gen values have been converted to the basls of erge per grax carbon,
as recammendad by refereunce (§). It wes assumed that one roentgen
is equivaleat to 87.1 ergs per graw carbon.

The gamra irradistion facility at the MIR i{s under some twenty
feet of water for shielding purposes. Occasionally, an irradiation
canister leaks due to a defective lead seal. Samples of coated
panels for several coatings were contaminated due to such water
leakage. There are many places io Tables I, II, nad III where dats
could not be obtained due to panels ruined in thia manner.

WADC TR 58-499 2
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Lubricent Composition

The materials used in this preliminary study were from commer-
c¢lal sources, They vere typically phenolic or epoxy resin bonded,
incorporating graphite or molybdenum disulfide. The exaet compositions
vere not wade available, The manufacturers and their materials are
listed 4in Appendix IV, pa:e 30.

Other concepts have arisen in lubrication by solid surfaces
thet do not depend on bonding materials to the surface. One idea
is that of incorporiting a lubricsting material (graphite or
molytdenum disulfide) in a sintered metal matrix and using this
composition as a self-lubricating medium. Another type of material
is one of a relatively hish carbon content metal alloy of self~
lubricating characteristica, While not directly related to the
purposes of this report, daia on sucn materials might te of certain
related interest, Therefore, Append.x II presents data on &
sintered matal product and Appendix III discusses a brief study
made of a series of self-lubrica.ing metal alleys.

Performance of Irradiated Solid Film Lubricants

The reaction of the irradiated films under a number of external
environments and their ability to lubricate under load were con-
sidered as indices of the performance of tre films, The film
reaction to immersion in potential solvents, to the corrosive effects
of salt spray, and to wide variation in temperature are shown in’
detail in the tables of data. The picture, based on this series of
evaluations, is as follows:

¥

The fluid resistance tests performed on the ¢rrediated solld
film coated panels, while of a somewhat qualitaiive nature, were
nevertheless conclusive, It was observed, in general, that if a
coated panel showed good resistance to solvent action prior to
irradiation, it could be expected to show tre same relative resist-
ance subsequent to irradiation., Also, panels of exceedingly poor
solvent resistance could nct be expected to improve with expnsure
to rediation,

In only one instance was an irradiated panel corroded to a
greater extent than the uncoated anodized panel., Other than that,
the radiation appeared to have little detrimental effect on those
panels that had good initial resistance to the salt spray., Salt
spray corrosion would not appear to be increased, therefore, as a
result of irradiation,

WADC TR 582499 3




The pame coucluszions czould be reached for ths coeted pansls
subjected to -659F or 6000F as were reached for the fluid resistance
data, 1If & composition nad good iuitial properties, rediation did
not ehange them seriously. If a composition did not ashow realstance
%0 thermal extremaes prior to irradlation, then 1little {mprovement,
if any, ocould be expected as a result of exposure.

The ma jor funsction of these films is to redues or prevent wear
of rubbing surfacss. The geometry of the specimens ussd in the
Falex tester offers a simple and qualitative approach to comparison
of pre-irradiation and post-irradiation effecta.

Interpretation of the Falex wear life of the irradiated com-
positions was complicated by an error on tha part of the operators.
The runs were to have bcen at 250 pounds applied load, but many were
conducted at 355 pounds, whieh explains the lac: of control in many
instances.

Figure 1 ahowa the results of testing of filw A, The neutron
and gamma irradiation data are shown on the same figure for couvens
{ence only. The data points are not to be ccnaidered as heling at
equivalent dosages on an absorbed energy basis. Falex life was
apparsntly better for the samples tésted at 250 pounda after neutron
exposure and showed a slight decrease for ths 355 pound jaw losd.
The same general trend was observed for the gamma {rradiated pins,
but the scatter is so great that further testing would be necessery
to verify this point.

In Filgure 2, it is seen that film C showed apparent lmprove-
ment a8 a res .1t of reactor irradiation, while the gamma exposures
were detrimental, Film P showed grcater wear life after neutron
exposure and apparently some iluprovement with gamme irradistion.
However, the low wear life for the {rradiation at 8.71 x 1010 ergs/
g C casts some doubt on the effects of the gamma radiation.

Film D unfortunately had no control data run, but appea:s to
lmprove with gamma exposure. wWear life efter neutron irradiation
{8 questiocnable.

Film G, a3 shown in Figure 3, displayed improvement with gamma
irradiation. There is no control point for the wasar life at 355
pounds, but it would appear that reactor irradiation also improves
the wear life for this lubricaent.

Film H had considerable scatter in wear life data points, as
shown {n Figure 3. It is aspparent, howsver, that exposure to
radiation vas undoubtedly haruful to the wear life characteristics
of this film,

WADC TR 58-499 4
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It ia intereating to note that film E, which was exposed only
to gamma radiation (Table V), had very poor wear life both for the
control and for the dosages up to 2.61 x 1010 ergs/gm C. At this
level, the film displayed a very remarkable improvement in wear
life, camparatively speaking.

Filn F was poor in wear life both for the control and for ail
dosages of gamma radiation, as shown in Table V.

Based on the data obtalned, two facts becamé apparent, First,
it is entirely possible that exposure to nuclear radiation eould
improve the lubricating characteristics of solid film lubricants,
at least as {ndicated by the Falex Teater at ambient temperature,
Secondly, compositions of esuperior wear life under non-puclear
environments would probably be preferable for use {n a radiation
field, since one would have no reason to believe that relatively
poorer filme would hove superior radiation resistance,

Flgure 4 shows data for solid film wear life at L000F avd
5500F tollowing exposure to gamsa radlation (8). As could be
expected, the wear life at the higher temperature is considerably
reduced. The general trend is to an {improvemect in wear life or
at least relatively little change, The only exception is film D,
which ashowed a remarkable drop in LOOOF stability but little change
in vear life at 550°F, The reason for this difference is not
apparent. It was postulated by the experimenter, reference (8),
that this difference might be due to different stress concentratica
relief at the higher temperzture. If so, this is a strong function
of the film composition, since film I stowed a marked improvement
with irradiation in the LOOOF evaluation.

Further data will be published by the Midwest Research
Institute on similar tests conducted on neutron irradiated sam-
ples.

Conclusions and Future Plans

Based on the preliminary data thuz far, it bscomes evideant that
there is great pramise for using solid film lubricants at extended
temperatures and in the presence of nuclear radiationm.

Studies to date have been mainly devoted to evaluation of the
rroperties of commercial products of unknown composition. Research
in the tuture will include basic studies of binder rechanisms, inves-
tigations of optimun lubricent-binder ratics and compositions, and
study of the effects of radiation dose, dose rate, and temperature.
Perticular emphasis will be placed ca eveluation in a radiation field.

WADC TR 58-499 8
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Work on stability of glass fiber reinferced plastic laminates to
nuclear radiation has indicated a very interesting trend. Certain
phenolic resins have actually shown ilmprovement when irradiated at
500°F in the presence of gamma radiation as compared to the control
held at the same temperature for the same time. They have also
shown the highest stability to gamma radiation of the various resin
types. Thus, the phenolics will receive major attention as binder
naterials for low temperature films.

Unlike other lubricant compositions, the solid film lubricants
have a different reaction to reactor radiation. Since the binder
and lubricant are in the solid form rather than liquid, solid state
radiation effects become of importance., It is therefore planned
to devote considerable effort to the study of reactor irradiation
on the graphite used in solid film lubricants in order to determine
the effect on the lubriclty characteristics. Also to be studied will
te the effact of reactor irradiation at temperature, to find the rate

of defect annealment, if any, and its influence on lubricity character-
istics.

Future contract research will emphasize studies of glassy ceramic
binders with lubricating additives such as molybdenum disulfide,
graphite, cadmium chloride, and lead oxide. Cermet materials will
also te examined. The most attractive of the formulations studied
will then be evaluated for resistance to nuclear radiation, Based
on knowledge obtained to date, it is felt that substantial increases

will be made in the atability of s0lid film lubricants to nuclear
radiatien,

Particular note should be made of Appendix IV, page 30, whieh
is the 1ist of vendors supplying the coatings to the panels and
Falex sets summarized in Tables I through V.
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Gamna Irradiations

The metal test panels and Falex mets exposed to gamna radiation
and tested aas shown in Tables I through V were irradiated in the
gauwa canal of the Materials Teating Reactor, Arco, Idaho. For
detaila of exposure techniques and dosimetry, a summary is given in
reference (9). OSuch information will not be presented herein.

For each gemma dosage, five coated steel and eight coated alu-
mioum pansls were irradiated for each solid film lubricant studied,
Alaoc, two anodized, uncoated aluminum comparison panels were {irradi-
ated to each given dossge, The panels vwere {irradiated in packs,
each pack consisting of two or three steel panels in the center
with two aluminumw panels on each slde. These packs were mounted
vertically in the standard irradiation canisters at the midplane
and exposed in the gamma canal,

All gamna dosages are given in terms of the unperturbed fuel
elament array, that is, before the cenisters with contents were
inserted. Therefore, no corrections have bsen made for attenuation
in the canister wall or in the outer panels shielding the interior
panels, This should be carefully noted, aince the gamms exposures
are to be conasidered as nominal rather than absolute and serve to
give camparative effects of increasing gamma irradiatiocn only.

For each gamma dotage, three sats of Falex pina and V-blocks
vere irradiated for each solid film lubricant studied. Each set,
conalsting of ons Falex pin and two V-blocka, was irradiated with
the notch of each V-block facing outward fram the vertically posi-
tioned pack. 48 in the case of the test panels, no attenuation
corrections were made either for the canister or its contents. The
wear data given {un Tables IV and V should be considered therefore as
based ou comparative exposures and not on well defined exposures to
the coatings.

Neutron Irradiations

Oply Falex sets we.e exposed to neutron irradiation. For each
solid film lubricant studied, three Falex sets were {rradiated to
sach of the given dosages. Exposures were in the X-10 reactor at
Oak Ridge, Tennessee., Information pertinent to the irradiations s
as followa;

Kelative thermal neutrom flux: 6.5C ¢+ 0,05 x 10}l n/em?/sec

Epithermal (cadmium ratio): 10.8

¥ADC Tk 58-499 20



Fast

The above data
monitora.

WADC TR 58-499

neutron dosages:

neutrons above 2:9 mev 2,0
neutrons above 6,3 mev 1.4
neutrons above 8.1 mev 0.9

x 109 n/eml/sec
+ 0,06 x 109 n/en?/sec
+

0 .
3 ¢+ 0,01 x 109 n/en2/sec

were obtained by the use or Co-Al, S, Al, and Mg

21




APPENDIX II

EFFECT OF GAMMA RADIATION ON A SINTERED METAL LUBRICATING MATERIAL
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TABLE VIII.
OF A SINTERED METAL LUBRICATING MATERIAL

EFFECT OF GAMMA RADIATION ON THE YALEX WEAR

e Run 2 Run3 | Aversge
Noae 22,1(1) 2942 53.9(2) 2547
2461 x 109 (3) (4) (5)
8470 x 109 32T 13041 28.9 30.6
2461 x 1019 184 3246 2T 25:2
8.71 x 1010 | 2.3 | 225

(1) Weight loss in mg (after rumn).

(2) At 200 pound load.

(3) Pin sheared after 9 mioutes, gummy substance deposited during ruo.
(4) Pin sheared after 14 minutes, gummy substance deposited Juring rua.
(5) Pin sheared aftor 18 minutes, gummy aubstance deposited durlng rua.

Test conditionsas

Load - 100 pounds for 30 minutes

Speed - 90 rpm :

Machine - Falex Lubricant Testing Machine

Samples irradiated in the WADC 1500 Curie Cobalt-60 pipe

Pius were cleaned with fiune sand paper, washed with naphthra, and
oven dried for 30 minutea at 120°F prior to testinge: The
pions were then run on standaid steel V-blocks,

WADC TR 58-499 23
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FALEX MACHINE EVALUATION OF DEVA METALS
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Falex Machine Evaluation of Deva Matals

The purpose of this evaluation was to investigate four Deva Metal
types to determine Lf any show superiority to camircial dry film
lubricants, A chemical apalysis was conducted concurrently to allow
ouclear activation calculations should any of the metals prove attrac-
tive enough to merit reactor irradiation for purposes of studying their
nuclear radiation reaistance,

Deva Métal, a "self-lubrxicating' bearing material, bhas potential
{onterest in arcas where environmental conditions preclude the use of
conventional lubricants. Examples would be areas of extreme high or
low temperature., It would also be of interest for use in the preseuce
of nuclear radiation where organic¢c lubricants are readily degraded amd
lose their lubricating charscteristicc.

Four Deva Metal types were machined to standard Falex Pin size
and evaluated on the Falex Teat Machine using coaventional steel V-
blocks, The results of the testing are shown in Table IX. Chemical
analyses of the metals are given in Table X,

The Deva Metal specimens were first rup at a 500 pound jaw load
on the Falex machbine. At this load, the pins machbined to such an
extent that results could not be obtained, It wes evident that test
conditions were too severe so the pins were then tested at 50 and
100 pound jaw loads, Under these lighter loeds, the metals gave
similar results, either machining to such an extent that jaw load
¢ould not he muaintained or breaking at the shear pin.

Uncoated steel Falex Pina were run under the same lcads agalinst
bare V-blocks. Machining agein took place at an even greater rate
than for the Deva Metal pins. By comperison, certain caumercial
s0lid film lubricants, when coated on similar steel pins, give the
following results: When run at a 50C pound jaw loed for the stand-
ard one-half hour, weight losses were obtained varying from 0.6 mg
up to ¢5C mg, depending on the coating used. Average values for
the better coatings are sbout 10 to 12 mg weight lose for the pin
following this test,

On the basis of the tests conducted, {t can be concluded that
when compared with commercial solid film lubricants, the four Deva
Metal types evaluated perform quite poorly when tested on the Falex
machine, However, when compared to bare steel on steel, they show
a superiority, limited though it might be, It should be noted that
the conclusions reached herein are valid onoly with respect to the
conditions described, Under lighter loads, it is quite possible
that Deva Metals would show superior qualities to other methods of
lubrication, especially at elevated temperatures where orgapic
solids would tend to decompose,
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As a result of the testing desoribed above, it was decided to
dissontioue further evaluation of the Deva Metal specimens and to
abandon plans t6 subject them to miclear radiation, With the test
apparatus used, the Falex Test Maechine, the test conditions were a0
severo that it would not be possible to determine what effect, if
any, nuclear radiation would bave on the metal properties, Any
decrease in the already poor qualities measured would not show up
as a significapt shaonge ic the metal capabilities,

It is felt that in applications where use of solid film lubri-

cants s required, Deva Metais of the type described here’.n be used
only if solid film lubricants can be shown to be inferior.
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TABLE IX,

PALEX MACHINE EVALUATION OF DEVA METALS

(1) SAE 3140 or 3145 steel

(2) Original weight was 6,9458 gn
(3) Original weight was 6.,9640 gn

Pin Time to Failure (minutes)
Ccamposition | Ruw # | 50 lb, load - 100 1b, load
_stee1 (1) 1 S T S

1F-15-54 1 2 (Broke) 1 (Broke)
e 2 _3 (Broke) 2 (Broke) =~
AF-10-55 1 12 0.2668 gm wt 1oss(2)
2 16 0.2601 gm wt loss(3)
2N-15-84 1 17 24
) 4 772 18_ 7 . 20
2N-8-82 1 17 12
2 16 U
. 1 3 g - -9

Notes All tests were run at 295 rpm (or 19.3 ft./min.) and room
Steel V-blocks vere used for all
tests, the composition being SAE 1141 or 114l steel., Fallure
time is the time at which the pina wachined to such an extent
that the jav load could not be maintained., No pins were
welghed, since the tests did not run full balf hour (except

tanperature (about 750F).

for the 1F-10-S5),

WADG TR 58-499
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TABLE X. CHEMICAL ANALYSIS OF DEVA METALS

Metal Type | 1F-15.8§4 | 1Fr-10-85 2N-15-5L, | aN-B-52
£ Carbon (total) 13.75 9.31 13.59 6.90

¢lement, plus silicon, magnesium, calecium, manganese, tin, and
chramium copstitute the remainder,

(2) The alumisum, which is approximately 10 times as greast as any other
elexent, plus silicon, magnesium, calecium, manganese, tin, chroniwn,
and titapium conastitute the remainder,

(3) The aluminum, which is approximately 1C times as great as any other
elenent, plus silicon, magnesium, caleium, mangenese and tin
sonstitute the remainder.

(4) The aluminum, which is approximately 1C times as great as any other

elexent, plus silicon, magnesium, lead, calciux, manganese, and tin
constitute the ramainder.
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APFENDIX IV

LIST OF VENDORS
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The following list gives the addresses of the vendors supplying
the coatings to the panels and Palex sets summsrized in Tables 1
through Vi

Company Eroduct
Asheson Colloids Cempany '‘Dag' Dispersion 4213
Attn: Mr. F. M. Hunter ‘Dag' Dispersion 4223

Sales Epgineering lab.
Port Huron, michigan

Electrofilm, Incorporated Solid Film Lubricant #4396

Attn: Mr. Ralph E. Crump Solid Film Lubricant #4856
Chief Englneer

Post 0ffice Box 106

7116 Laurel Canyon Boulevard

North Hollywood, Californias

Everlube Corporation of America Everlube #620

Attns Mr. A. R. Booker Zverlube #810
Exe¢. Vice President

6940 Farmdale Aveaue

North Hollywood, California

McGee Chemical Company, Ine. MeLube MoS5-830
Attn: Mr. Zell G. McGee Vclube MoS2-835
Fresident

8000 Weat Chester Pike
Upper Darby, Peunsylvania

Deva -Metal Corporation Deva -Metals
Attn: Mr., Charles G. Welchman
President

FPogt Office Box 146
hidgewood, New Jersey
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(3)

(&)

G)

(6)

(7)

(8)

(9)

(10)

(11)
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