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DEVELOPMENT OF POLYIMIDE BONDED 
SOLID FILM LUBRICANTS 

W. M. Alviao and C. E.  Rudd 

The results of work conducted to develop heat and radiation 

resistant organically bonded solid film lubricants are described. These 

solid film lubricants are composed of an organic resin binder (polyimide 

- 
and amide-imide resins) and several transitional element compounds such 

, . 
as the selenides of tungsten, molybdenum, n.iobiun and tantalum. The 

approach, the data and the procedures necessary to mix, apply and cure 

these fi1.m~ are outlined. Friction and wear properties of these 

films at elevated temperatures (550°F) under high loading (15,000 psi) 

in addition to those parameters affecting the aforementioned properties 

such as, resin type, filler and its concentration, film thickness, test 

.surface, .radiation, long term static bonding ire also presented. 

A polyamide-imide resin designated as AI-131 and loaded with 

40 volume or 79 weight percent WSe was found to give the'best combina- 
2 

tion of friction and wear properties under the severe conditions of the 

test. This composi.tion is unaffected by humidity, gamma radiation and 

.does not bond significantly under conditions of long-time heat and pressure. 

Coefficients of friction between 0.13 - 0.27 have been maintained under 



t e s t  c o n d i t i o n s  f o r  3700 s l i d i n g  motion c y c l e s .  Procedures f o r  apply ing  

t h i s  c o a t i n g  composi t ion on to  l a r g e  meta l  p l a t e  s e c t i o n s  us ing  e i t h e r  t h e  

draw b a r  o r  sp ray  c o a t i n g  technique  a r e  a l s o  descr ibed .  



INTRODUCTION 

There e x i s t s  a  need f o r  a  m a t e r i a l  which can be  app l i ed  

t o  mating me ta l  s u b s t r a t e s  and a c t  a s  a  l u b r i c a n t  f o r  t h e s e  me ta l  

s u b s t r a t e s .  The ' l u b r i c a n t  i s  t o  be  app l i ed  t o  a l l  mating s u r f a c e s  

of a  s t a c k  of f i v e  p l a t e s .  These co'ated p l a t e s  w i l l  be sub jec t ed  

t o  h igh  bear ing  loads  (15,000 ps i , ) .  Condi t ions of o p e r a t i o n  invo lve  

i n f r equen t  i n t e r v a l s  of smal l  ampli tude c y c l i c  motion a t  p l a t e  t o  

p l a t e  con tac t  a t  e l eva t ed  temperatures  (550°F) f o r  long pe r iods  of 

t i m e  . 
Pre l iminary  tests on doped polyimide and polyamide-imide 

polymers w i th  MoS i n d i c a t e d  t h a t  t h e s e  m a t e r i a l s  could be  used a s  
2 

. . 

l u b r i c a n t s  f o r  t h i s  a p p l i c a t i o n .  A s  a  r e s u l t  a  program was proposed 

and i n v e s t i g a t e d  concerning t h e  a p p l i c a b i l i t y  of t h e s e  polymers con ta in ing  

va r iqus  l u b r i c a n t s  t o  t h e  a p p l i c a t i o n  a t  hand. 
. . . . 

The ? b j e c t i v e  of t h e  program is  t o  develop a  polyimide ( fami ly)  

t ype  l u b r i c a n t  contai*ing a l u b r i c a n t  f i l l e r  ( p r e f e r a b l y  t ungs t en  

disele 'nide' ,  WSe ) which can be  a p p l i e d  t o  a  meta l  s u b s t r a t e  and then  
2 

cured  t o  meet t h e  fo l lowing  requirements:  

1. Capab i l i t y  of .being :appl ied t o  a 5 f t  by 5  ' f t  p l a t e  such t h a t  a 

uniform th i cknes s  of  approximately 1 m l l  is ob ta ined  whioh i s  

adherent  t o  t h e  s u b s t r a t e .  



2. A b i l i t y  t o  " i t h s t a n d  a  minimum o f '  2000 motion c y c l e s  w i th  4000 cyc le s  

a s  o b j e c t i v e  a t  tempera tures  of 550-650°F under 15,000 p s i  loadings .  

A motion c y c l e  is de f ined  a s  160 m i l s  t o t a l  t r a v e l  from 0 t o  +40 

back through 0 t o  -40 and r e t u r n i n g  through zero  a t  a  r a t e  of 

3 .  Compa t ib i l i t y  w i t h  Incone l .  

8 
4. A b i l i t y  t o  w i ths t and  a r a d i a t i o n  f i e l d  of 5  x 10 ergslgm. 

5 .  Lubr i ca t ing  p r o p e r t i e s  must no t  be  a f f e c t e d  by humidi ty.  

6. Mating l u b r i c a t e d  s u r f a c e s  must no t  bond toge the r  i f  he ld  mot ionless  

f o r  long p e r i o d s  of  t i m e  (90 days ) .  

This  program was d iv ided  i n t o  t h e  fo l lowing  f o u r  phases of 

s tudy .  

Phase I: M a t e r i a l s  and F i l l e r  S tud ie s  - i nc ludes  t h e  p repa ra t ion  of 

t h e  polyimide r e s i n s  and t h e  d i s p e r s i o n  s t u d i e s  w i th  va r ious  

Phase 11: P r e p a r a t i o n  of Samples - i nc ludes  t h e  p repa ra t ion  of t h e  

. - 
r e s i n - f i l l e r  b l ends  - coa t ing  and cur ing  of samples. 

Phase 111: Tes t ing  - i n c l u d i n g  f r i c t i o n  t e s t s  - humidity t e s t s  and s t a t i c  

load t e s t i n g  - i r r a d i a t i o n  - c o m p a t i b i l i t y  w i th  Inconel .  

Phase I V :  Coating of l a r g e  p l a t e  s e c t i o n s ' -  i nc lud ing  a p p l i c a t i o n  and 

, , .  . 
cure .  



EXPERIMENTAL 

Mate r i a l s  and F i l l e r  S tud ie s  

Three polyn~ers  of t he  imide and amide-imide family known t o  

have high thermal s t a . b i l i t y  have been chosen f o r  t h i s  s tudy .  These 

inc lude  1-7, 1-8 and AI-131. The l u b r i c a n t s  ( f i l l e r s )  s t u d i e d  were 

MoS2, MoSe WSe2, NbSe2, TaSe2. P e r t i n e n t  in format ion  on t h e  r e s i n s  
2  ' 

and f i l l e r s  i s  l i s t e d  i n  Table I. The r e s i n - f i l l e r  b lends  were examined 

f o r  d i s p e r s i o n ,  f i l l e r  type ,  p a r t i c l e  s i z e ,  concen t r a t ion  (weight and volume) 

and s u r f a c e  smoothness of a  c a s t  f i l m  doped wi th  ' t h e  f i l l e r .  I 

Prepa ra t ion  of Samples 

The r e s u l t s  of Phase I w i l l  d i c t a t e ' t h e  proper  f i l l e r  t o  use  

f o r  f u r t h e r  t e s t i n g .  I n i t i a l l y  MoS2 (< 5 p p a r t i c l e  s i z e )  was used and 

e x c e l l e n t  r e s u l t s  were obta ined .  Because of compa t ib i l i t y  problems wi th  

t h e  a l l o y s  i n  t he  r e a c t o r  MoS could no t  b e  used and some o t h e r  f i l l e r ,  
2 

pre fe rab ly  WSe2, would have t o b e  used. The f i l l e r  f i n a l l y  decided upon 

based on t h e  r e s u l t s  of Phase I was WSe (1 .1  p, <0.5% f r e e  W) and was 
2  

obta ined  from t h e  Cerac Co. , Menomonee F a l l s ,  Wisc. This  f i l l e r  was 

added t o  t he  var ious  r e s i n s  descr ibed  i n  Table I a t  f i l l e r  loadings  of 

10-20-40 volume percent .  (See Appendix I ) .  The r e s i n - f i l l e r  b l end  was 

thoroughly mixed us ing  a  Brookfield Rota t ing  Mixer t o  ensure  complete 

d i s p e r s i o n  of t h e  f i l l e r  p a r t i c l e s .  



TABLE I' 

Identification of Resins and Fillers. 

Resin Composition 1 

BTDA + DAPE' 
BTDA + MPD . 

BTDA + MPD + DAB 

Solids % 
Gardner 
Viscosity 

. . 
' 2-3 

- "  2-3 + 

. . . . . . 1 - Recrystallized materials 

BTDA = 3,3', 4, 4' .- Benzophenone tetracarboiylic dianhydride . .  

MPD = Meta - phenylenediamine 
DAPE = 4, 4' - Diaminophenylether. 
DAB = 3, 4' - ~iaminobenzanilide 

Particle 
Filler Identification ' a Size : 

NbSe2 

TaSe 2 
W Se2 

Molybdenum .disulfide ! 5lJ 
Molybdenum. diselenide 200, mesh (%60l~,) 

Tungsten diselenide 200 mesh ( ~ 6 0 ~ )  

Niobium diselenide ' 200 mesh (i60p) 

Tantalum diselenide 200 me'sh (%60p) 

Molybdenum diselenide 2-10 p 

Tungsten diselenide . 5~ 

.Niobium di selenide 511 

Tantalum diselenide 5~ 

Tungsten d.iselenide %J 

Supplier 

Climax' Molybdenum Co . 
Westinghouse 

~ e s  tinghouse 

Westinghouse . . 

Westinghouse 

Cerac, Inc. 
.. ' ? 

Cerac, greater than 0.5% free 'W 

Cerac 

Cerac 

Cerac, less than 0.5% freeW 

* . - 
Used as a reference standard 



The sample p l a t e s  i l l u s t r a t e d  i n  F igure  1 were then  coated 

wi th . . t he  r e s i n - f i l l e r  blend using a Gardner Coating Knife wi th  an 

a d j u s t a b l e  gap s e t t i n g  t o  c o n t r o l  t h e  th i ckness  o f  t h e  wet f i l m .  The 

p l a t e s  were cured i n  a s tepwise  f a sh ion  us ing  t h e  fo l lowing  cure  schedule:  

20 rnin 100°C - 20 rnin 150 - 20 rnin 200 - 20 rnin 225 - 20 rnin 250 - 20 rnin 

275 - 5 rnin 300°C. The dry f i l m  th ickness  ranged between 1 and 2.5 m i i s .  

Tes t ing  

The coated p l a t e s  were f r i c t i o n  t e s t e d  a t  500°F under a 

load of 15,000 p s i .  The f i x t u r e s  used f o r  t h e  f r i c t i o n  t e s t s  

were modified t o  permit i n s t a l l a t i o n  i n  a Baldwin Model FGT t e s t i n g  

machine. 

S t r a i n  gages were added t o  f a c i l i t a t e  alignment and thus reduce 

bending i n  t h e  f i x t u r e .  Four a x i a l  gages were mounted equa l ly  spaced 

around t h e  lower connect ing.  rod ,  near  t h e  base  (F ig .  2) . S t r a i n  

d i f f e r e n c e s  noted durLng s e t u p  i n d i c a t e  misalignment which can be  

minimized by shimming and s h i f t i n g  connect ing rod a t tachments .  

The f r i c t i o n  f o r c e ,  "seen" by t h e  t e s t i n g  machine a l t e r n a t e l y  

a s  a t e n s i l e  and a compressive load ,  i s  i n d i c a t e d  by t h e  machine load  

d i a l  and a l s o  recorded on a s t r i p  c h a r t  recorder .  The normal f o r c e  is  

sensed by t h e  c y l i n d r i c a l  compression load  c e l l  shown i n  Fig.  3 .  The 

f u l l . b r i d g e  s t r a i n  gage output  is  recorded on a second s t r i p  c h a r t  recorder .  
. . * 

The t e s t i n g  machine is  cycled on a displacement b a s i s .  

Re la t ive  displacement of t h e  mating s u r f a c e s  is measured by two d i a l  

gages wi th  ex tens ions  t o  t h e  beams shown i n  Fig. 3.  



. . " .  
I 

The f u r n a c e  and c o n t r o l l e r  main ta in  t h e  test  temperature'  a t  .. . . . . . 

Figure  4 i l l u s t r a t e s  t h e  f r i c t i o n  t e s t  s chema t i ca l ly .  

The e f f e c t s  of mois ture  on t h e  f r i c t i o n  p r o p e r t i e s  of l u b r i c a n t  
. . . . 

f i l m s  were determined by exposing two compositions (1-7 and AI-131 + 
. .. , 

1 ' 

20 v o l  % WSe ) coated  on t h e  metal  p l a t e s  t o  100% R.H. a t  150°F f o r  
2 

30 days and then  t e s t i n g  w i t h i n  24 hours  Af te r  removal from t h e  humidity 

exposure.  . . 

The e f f e c t s  of r a d i a t i o n  on t h e  f r i c t i o n  p r o p e r t i e s .  

were determined by exposing the  coated p l a t e s .  (AI-131 + 40 v o l  % WSe2) : 

t o  a Cobal t  60 gamma r a d i a t i o n  sou rce  -and t e s t i n g  t h e  p l a t e s  

8 a f t e r  exposure. P l a t e s  were i r r a d i a t e d  t o  a , d o s e  of 5-.6.x 10 . 

ergs/gm. 

F r i c t i o n  t e s t i n g  was a l s o  performed a g a i n s t  Incone l  t o  determine 

compa tab i l i t y  w i t h  t h i s  a l l o y .  

F r i c t i o n  tests w e r e  performed w i t h  f i l m  t o  f i l m  and f i l m  t o  b a r e  

me ta l  i n t e r f a c e s .  The s u b s t r a t e s  f o r  t h e  coated s u r f a c e s  were g r i t  

b l a s t e d  w i t h  220 mesh A1203 and t h e  b a r e  s u r f a c e s  were machined t o  32-63 

d . c r o i n c h e s  nus. I n  some c a s e s  dry WSe was rubbed on t h e  mating s u r f a c e s  2 

p r i o r  t o  t e s t i n g .  

The meta l  p l a t e s  were carbon s t e e l  and conformed t o  s p e c i f i c a -  

t i o n  ASTM-GA-515. 

To determine i f  t h e  coa ted  p l a t e s  would bond t o g e t h e r  samples 

coa t ed  wi th  AI-131 + 40 v o l  % WSe2 were p laced  i n  face-to-face con tac t ,  

loaded  t o  . '10-15,000 ... p s i  i n  .a j i g  assembly and placed i n  an. oven a t  550°F 



f o r  90 days.  The t e n s i l e  machine was used t o  g e t  a  r e l a t i v e  measure of 
, 

t h e  , f o r c e  r equ i r ed  t o  p u l l  t h e  samples a p a r t  a f t e r  t h e  90 day exposure 

per iod .  . Samples were p u l l e d  a p a r t  wh i l e  h o t  and under a  load of 15,000 p s i .  

Coating of Large P l a t e  Sec t ions  

Two carbon s teel  p l a t e s  (12" x 15") g r i t  b l a s t e d  w i th  220 mesh 

A 1  0 w e r e  coa ted  wi th  t h e  p r e f e r r e d  m a t e r i a l s  (AI-131 + 40 v o l  % WSe2) 
2 3 

t o  determine t h e  b e s t  coa t ing  technique  (Spray o r  draw b a r ) .  Two c o a t s  

us ing  t h e  draw b a r  technique were a p p l i e d  t o  one of t h e  p l a t e s  g iv ing  a  

t o t a l  dry f i l m  th i cknes s  of 2'.1 m i l s  (].st c o a t  - 1 . 2  m i l s ) .  The second 

p l a t e  was sp ray  coated us ing  a  Dev i lb i s s  sp ray  gun g iv ing  a  t o t a l  d ry  

f i l m  th i cknes s  of 1 .4  m i l s  ( 1 s t  c o a t  0.9 m i l s ) .  De ta i l ed  i n fo rma t ion  on 

t h e  r e s i n - f i l l e r  b lend  p r o p e r t i e s  and c o a t i n g  technique  is r epo r t ed  i n  

Table  11. The p l a t e s  were cured'  i n  t h e  same way as t h e  s m a l l  samples 

( s ee  Page 9 ) .  



TABLE I1 

Data on Coating Large P l a t e  Sec t ions  

Method 
Resin- 

F i l l e r  Blend 
So l id s  Content V i scos i ty  

(Resin) % Zahn Cup No. 3 

Draw Bar AI-131 + 40 v o l  % (79 w t  %) 21.5 64 s e c  

Technique 

Wet f i l m  th i ckness  was 4  m i l s .  Dry f i l m  th i ckness  f i r s t  coa t  1.2 m i l s .  

I '  Two c o a t s  dry f i l m  th ickness  is 2 .l m i l s .  
l-' 
0 

. . 
' Gardner 

. . 

I . :I 

. . 
. Spray AX-131 + 40 v o l  % (79. w t  % )  . 21.5 64 ' , , .T :. 

WSe2 3 5 , .  Coating 18 .3  : J-K 
. . . . a , .  

a. . 
. . 
.. . 

Wet f i l m  l a i d  down by spraying v e r t i c a l l y  a i d  h o t i z o n t a l l y  a t  a d i s t a n c e  of 4"-6!' from'rthe. ..: 
. . 

s u b s t r a t e .  ' For ty  l b s  and 25 l b s  were t h e  gun p re s su res  f o r  t h e  21.51 and 18:-3% i $ b l i d s ' c o n t e n t  

r e s p e c t i v e l y .  Dry f i l m  th ickness  i s  1 . 4  m i l s .  The f i r s t  coa t  was app l i ed  a t  t h e  h ighe r  s o l i d s '  

l e v e l  and gave a dry  f i l m  th icknqss  of 0.9 m i l s .  .. * 



RESULTS AND DISCUSSION 

M a t e r i a l s  and F i l l e r  S t u d i e s  

The photomicrographs i n  F igures  5 t o  8 i l l u s t r a t e  very  c l e a r l y  

t h e  d i s t r i b u t i o n  of t h e  l u b r i c a n t  in t h e  r e s i n  s o l u t i o n ,  t h e  e f f e c t  of 

p a r t i c l e  s i z e  and t h e  o v e r a l l  appearance of t h e  f i l m s  doped wi th  v a r i o u s  

l u b r i c a n t s .  A s  mentioned i n  Table  I ,  MoS was used a s  a  r e f e r e n c e  s t anda rd  
2 

because of i t s  e x c e l l e n t  e a r l i e r  performance. It should be  remembered 

however t h a t  t h e  d e n s i t y  of 'MOS ' (4 .8  g /cc)  is  much less than  any of t h e  o t h e r  
2  

f i l l e r s  and i t s  e f f e c t  on t h e  doped f i l m  w i l l  be s e e n  later. ' The e f f e c t s  

of p a r t i c l e  ' s i ze  a r e  apparen t  from F igu re s  5 and 6. The l a r g e r  p a r t i c l e  

s i z e  f i l l e r s  tend t o  form agglomerates  i n  t h e  f i l m  and do n o t  d i s p e r s e  

a s  w e l l  a s  t h e  sma l l  s i z e  f i l l e r s .  The sma l l  p a r t i c l e .  s ' ize WSe and 2 

MoSe d i s p e r s e  very w e l l  bu t  some agglomerat ion i s  ev iden t  a s  shown i n  2 

F igure  6. What might seem t o  i n f l u e n c e  t h e  f r i c t i o n  p r o p e r t i e s  of t h e  . . 

doped f i l m s  i s  t h e  p a r t i c l e - t o - p a r t i ~ l . . ~  c o n t a c t ,  i . e ,  t h e  volume of 

r e s i n  between each p a r t i c l e  should be  h e l d  t o  a  minimum. C l e a r l y  t h i s  i s  

ev iden t  wi th  MoSe and WSe and t h e  oppos i t e  e f f e c t  can be s e e n  w i t h  , 2 2 

NbSe2 and TaSe (F igures  5 and 6 ) .  Another f a c t o r  which must be  cons idered  
2 

i s  s u r f a c e  roughness.  This  should be  kep t  t o  a  minimum i f  t h e  s u r f a c e s  

a r e  t o  s l i d e  smoothly over  each o t h e r .  Any g r e a t  roughness o r  s i g n i f i c a n t  

i r r e g u l a r i t y  i n  t h e  doped f i l m  s u r f a c e  could r e s u l t  i n  poor c o n t a c t  and 

t e a r i n g  of t h e  f i l m .  
. .  . 



I 

This  roughness would be a  f u n c t i o n  of t h e  p a r t i c l e  s i z e  of t h e  

f i l l e r ,  t h e  d i s p e r s i o n ,  d e n s i t y ,  and i t s  tendency t o  form agglomerates.  

Su r face  roughness measurements made on 1.5 m i l  t h i c k  doped f i l m s  show a 

r ange  of roughness v a l u e s  t h a t  range from 4 microinches o r  l e s s  f o r  g l a s s ,  

t o  8 m i c r o i n c h e s  f o r  MoS t o  45 . -  150 f o r  WSe2 and from 40 - 65 f o r  2  ' 
MoSe2. However, i n s t a n c e s  occurred where t h e  va lues  f o r  W and MoSe 

2 

were in te rchanged and t h i s  depended upon t h e  cur ing  technique.  I n  no 

i n s t a n c e s  were any of t h e  doped f i l m s  made w i t h  a  s u r f a c e  roughness a s  

low a s  t h a t  f o r  MoS Figure  7 shows t h e  kind and v a r i a t i o n  of t h i s  2  ' 

s u r f a c e  roughness w i t h  t h e  type  of f i l l e r  on cured f i l m s .  A l l  of t h e s e  

f a c t o r s  i n f l u e n c e  t h e  q u a l i t y  of t h e  doped f i l m  and by c a r e f u l  c o n t r o l  of 

t h e s e  v a r i a b l e s  good f i l m s  can  be made. However, d i f f e r e n c e s  w i l l ' e x i s t  

depending. on t h e  f i l l e r  .used i n  t h e  f i lm .  F igure  8 d e p i c t s  t h e  kind of 

q u a l i t y  ( d i s p e r s i o n ,  e t c . )  t h a t  can be obta ined  i n  doped f i l m s  i f  one 

e x e r c i s e s  t i g h t  c o n t r o l  over  t h e  v a r i a b l e s  mentioned above. However, i t  

should  be  noted t h a t  i n  no i n s t a n c e  were doped f i l m s  obta ined  a s  good a s  

t h o s e  con ta in ing  MoS 
2 ' 

A s  f a r  as i n c o r p o r a t i n g  t h e  f i l l e r s  on a weight o r  volume 

b a s i s ,  i t  should be  noted t h a t  t h e  more dense t h e  f i l l e r  t h e  l e s s  amount 

of i t  w i l l  b e  used on a weight  b a s i s .  I f  one compensates f o r  t h i s  

d e n s i t y  d i f f e r e n c e  a l l  of t h e  f i l l e r s  w i l l  occupy a n  equa l  volume i n  t h e  

r e s i n - f i l l e r  mixture.  I n  addition,particle-to-particle c o n t a c t  w i l l  be  

achieved  more r e a d i l y  on a  volume b a s i s .  Experiments made along t h e s e  

l i n e s  indeed p o i n t  ou t  t h e  d i f f e r e n c e  between t h e  weight and volume e f f e c t  

and suppor t  t h e  f a c t  t h a t  t h e  f i l l e r s  should be incorpora ted  i n t o  t h e  r e s i n  

. s o l u t i o n  on a  volume b a s i s .  



. . 

T o ' r e v i e w , , ~ t h o s e  f a c t o r s  g iv ing  rise t o  good doped f i l m s  inc lude  

t h e  fol1,owing: 

1. The sma l l e r  t h e  p a r t i c l e  s i z e  t h e  b e t t e r  t h e  d i s p e r s i o n ,  f i l m  

p r o p e r t i e s  and l e s s  t h e  tendency t o  agglomerate .  
. . , . 

2.. The l e s s  dense t h e  mater ' ial  t h e  more u n i t  weight  can be i nco rpo ra t ed  
, . 

. . i n t o  t h e  r e s i n  s o l u t i o n .  And, a p p a r e n t l y ,  t h e  smoother t h e  s u r f a c e .  

3 .  The incorpcsra'tion of t h e  f i l l e r s  on a cons t an t  volume b a s i s  more 

n e a r l y  produces t h e  d i s p e r s i o n  and o t h e r  p r o p e r t i e s  necessary  t o  

ach ieve  good f i l m s  l i k e  those  ob ta ined  w i t h  MoS doped f i l m s .  
2 

Based on t h e  v i s u a l  and microscopic  examinat ion of the f i l l e r s  

MoSe and WSe a r e  t h e  p r e f e r r e d  choices  a s  l u b r i c a n t s .  The 
2 2 

l u b r i c a n t  p r o p e r t i e s  of t h e s e  two f i l l e r s  a r e  roughly equ iva l en t .  

Films have been made from r e s i n  s o l u t i o n s  con ta in ing  t h e s e  
. . 

f i l l e r s  wi th  f a i r l y  good r e l i a b i l i t y  a l though shortcomings are e v i d e n t  

s i n c e  t h e s e  f i l m s  w i t h . t h e s e  f i l l e r s  d i d  n o t  approach t h e  q u a l i t y  of f i l m s  

wi th  MoS There are s l i g h t  d i f f e r e n c e s  between t h e  l u b r i c a n t s ,  namely 
2 

a  lower d e n s i t y  and a  sma l l e r  p a r t i c l e  s i z e  f o r  MoSe compared t o  WSe 2 2 

which o f f e r  a mea.rls'of v a r i a t i o n  over  WSe However, even w i t h  t h e s e  
. . 

2 ' 

s m a l l  d i f f e r e n c e s  WSe ( ~ 0 . 5 %  free W) w i l l  b e  used i n i t i a l l y  i n  t h i s  s tudy .  2 

Prepa ra t i on  of Samples, 

The mixing procF?. 'duredescribed. i n  t h e  exper imenta l  s e c t i o n  

( p g e  7 ) appears  t o  adequate  t o  ensu re  proper  d i s p e r s i o n  of t h e  f i l l e r  

i n  t h e  r e s i n  s o l u t i o n .  Hand mixing is  n o t  recommended i f  t h e  r e s i n  has  

been l e f t  t o  s t and  f o r  more than 5 hours .  A two phase system w i l l  occur  

i f  the, r e s i n - f i l l e r  blend is  l e f t  t o  s t and  f o r  any l e n g t h  of t ime 3 hours  



o r  more, and remixing is  necessary  b e f o r e  use .  The draw b a r  coa t ing  tech- 

n i q u e  was used t o  c a s t  f i l m s  on t h e  s m a l l  test p l a t e s  and seems t o  o f I e r -  

uniform th i ckness .  The p l a t e s  could e a s i l y  have been sp ray  coa ted  wi th  

minimum th i ckness  v a r i a t i o n .  The coa t ing  and cu r ing  of t h e  t e s t  samples 

p r e s e n t e d  no problem a t  a l l  o f  t h e  f i l l e r  c o a t i n g s ,  however t h e  cur ing  

schedu le  o u t l i n e d  on page 7 can  b e  reduced t o  t h e  fo l lowing  cu re  schedule  

. 15 '  100°C - 15' 150°C - 10 '  2 5 0 " ~  '- 5 '  300°C. F a i r l y  smooth bubble f r e e  

c o a t i n g s  were ob ta ined .  Information r ega rd ing  t h e  c h a r a c t e r i s t i c s  of t h e  

cu red  f i l m s  on t h e  t e s t  samples  .is r epor t ed  i n  Table 111. ~ i g u r e  9 g ives  

a? o v e r a l l  view of  t h e  coa t ed  samples.. A close-up o'f the"coated sample 

i s  shown i n  F igure  10. Note t h a t  t h e r e  is  a n  upper ' (re 'sin) . and lower 

(WSe2) l a y e r .  Apparent ly a  ve ry  t h i n  f i l m  of t h e  r e s i n  is  formed on t h e  

s u r f a c e  of t h e s e  c o a t i n g s  w i t h  t h e  WSe l u b r i c a n t  comprising most' of t h e  
2 

unde r ly ing  l a y e r .  . , ,  

T e s t  R e s u l t s  
I . . 

I n  F igures  9-21 g e n e r a l  views of t h e  samples. b e f o r e  and a f t e r  
. . 

t e s t i n g  a r e  i l l u s t r a t e d .  I n  F igures  22-38 a r e  dep ic t ed  t h e  curves 
. . 

showing c o e f f i c i e n t  of f r i c t i o n ,  versus  cyc l e s  f o r  th,e va r ious  =omposit ions 

t e s t e d .  

The f r i c t i o n  and wear p r o p e r t i e s  of  p l a s t i c s  a r e  i n f luenced  

by many v a r i a b l e s ,  among t h e s e  a r e  ' t h e  iower y i e l d  and ' shea r  s t r e n g t h s  , 
thermal  c o n d u c t i v i t i e s  and e l a s t i c  moduli compared t o  metals. . 1-2 

I n  meta ls  

p l a s t i c  deformation i s  a major mechanism even under low l o a d s ;  however, 

because  of t h e  v i s c o e l a s t i c  n a t u r e  of p l a s t i c s  i t  is' g e n e r a l l y  b e l i e v e d  

t h a t  t h e  deformation of t h e s e  m a t e r i a l s  i s  p a r t i a l l y  p l a s t i c  and p a r t f a l l y  



TABLE I11 

Friction Data for Resin Filler Compositions 

1 
Resin ' Filler Aver. Film Test Initial Coefficient Final Coefficient 

Concentration Thickness Surf ace of Friction IJ of Friction IJ 

1-7 10 vol % 0.0020" film on film 
19.4 w: % 

1-7 20 vol % 0.0017." film on film 
39.4 Wt % 

1-7 40 vol % 0.0018" film on film 
79 wt % 

40 vol % 

10 vol % 

20 vol % 

40 vol % 

10 vol % 

20 vdl % 

40 vol % 

40 vol % 

AI-131 40 vol % 

AI-131 40 vol % 

AI-131 20 vol X 

1. Tungsten diselenide 

film on bare metal 0.15 
(32-63 rms surface) 

film on film 0.24 

film on film 0.27 

film on film 0.20 

film on film 0.29 

film on film' 0.40 

film on film 0.21 

film on bare nietal 0.14 
WSe2 rubbed in on 
surface of film & 
bare metal 

0.0016" film on bare netal 0.14 

0.0025" WSe rubbed in on 2 
0.14 

film surface - film 
on film 

0.0009" film 'on bare metal 0.19 

0.0015" film on film 0.13 

0.0022" film on film 0.32 
humidity exposed 

0.0021" film on film 0.29 
humidity exposed 

1,.1 l.~ particle size with < 0.5% free tungsten. 

0.26 at 100 cycles 

0.29 at 2000 cycles 

0.15 at 3500 cycles 

0.28. at 1000 cycles . . 

0.25 at 2700 cycles 

0.27 at 2700 cycles' 

0.25 at 1850 cycles 

0.24 at 3000 cycles 

0.21 at 3700 cycles 

0.32 at 3700 cycles 

0.32 at 2500 cycles 

0.27 at 3550 cycles 

0.28 at 2600 cycles 

0.37 at 2150 cycles 

0.29 at 2000 cycles 

0.27 at 3650 cycles 



e l a s t i c  over  a  wide load  range.  
3-5 ' 

Because of t h e s e  f a c t s  and due t o  t h e  

s e v e r i t y  of t h e  t e s t s ,  t h e  records  may n o t  e x h i b i t  t h e  same a c t i o n s  more 

commonly encountered i n  f r i c t i o n  tests. Three f r i c t i o n  o r  f r i c t i o n - r e l a t e d  

mechanisms a r e  sugges ted  by t h e  t e s t  r eco rds  and a r e  shown by Figure  39. 

P a r t  *(a) i s  a n  example of s t eady  s l i d i n g  a c t i o n .  P a r t  (b)  sugges t s  a  

h i g h e r  c o e f f i c i e n t  of f r i c t i o n  a s  s l i d i n g  is impending and then  a  ;educed 

v a l u e  dur ing  s l i d i n g .  This  is  a  common occurrence when s t a t i c  f r i c t i o n  

f o r c e s  a r e  hi.gher t han  t h o s e  ,occur r ing  a f t e r  s l i d i n g  commences. P a r t  ( c )  

resembles  p a r t  (b)  b u t  i s  fol lowed 'by g a l l i n g  o r  abrading  away of t h e  f i lm .  

I n  any even t ,  maximum loads  a r e  used t o  c a l c u l a t e  t h e  c o e f f i c i e n t s  of 

P a r t i c l e s  of f i l m  found on t h e  test f i x t u r e  and the  appearance 

of t h e  samples t e r  t e s t i n g  >give f u r t h e r  (evidence of abras ion .  

The v a r i a t i o n  i n  normal f o r c e  c a n  a l s o  b e  r e l a t e d  t o  t h e  

a b r a s i o n  as t h e  fo l lowing  c a l c u l a t i o n  w i l l  chow. Design characrer -  

i s t i c s  of t h e  c y l i n d r i c a l  l oad  c e l l  %are  a s  fo l lows:  

Length, L  = 2 .OO i nches  

Outs ide  d iameter ,  D = 2 .OO i nches  

I n s i d e  d iameter ,  d  = 1.68 inches  

6  
Modulus of e l a s t i c i t y  of 304 s t a i n l e s s  a t  550°F, E = 25 (10) p s i  

From D and d ,  c ros s - sec t iona l  a r e a ,  A = 0.927 i n  
2 

From elementary machanics,  the change i n  l e n g t h ,  AL, due t o  a n  appl ied  

axial l o a d ,  P, i s  g iven  by 



Thus, a  1000 lb . :  change i n  t h e  normal f o r c e . c a n  be  caused by a  change i n  
. . 

' . load c e l l  lerigth of . . .. 

AL = 
(1000 l b )  (2 i n )  

2 = 8.63 i n .  
(0 .I927 in2 )  (25) (10) l b l i n  

'of. course ,  i f  .Opl inches  of f i l m  i.s abraded away t h e  load c e l l  w i l l  

no t  be the  only component t o  expand and f i l l  t h e  gap. But t h i s  does 

show t h a t  a  decrease  i n  f i l m  th ickness  of less than  1 m i l  can cause an  

apprec i ab le  decrease  i n  normal fo rce .  

The t h r e e  mechanisms of f r i c t i o n  descr ibed  above and combinations 

thereof  a r e  found i n  most o f . t h e  f r i c t i o n  f o r c e  records .  Examples from 

two tek ts wi th  . t h e  AI-131 r e s i n  are. found on Figures  40 and '  41.. 

Data ~ e d u c t i o n  
. . 

F ~ O &  t h e  records  of f r i , c . t ion  f o r c e  and normal f o r c e ,  t h e  
. . 

c o e f f i c i e n t  of f r i c t i o n  is  e a s i l y  determined from t h e  r e l a t i o n  

where F .is one-half t he , r eco rded .  f r i c t i o n  f o r c e ' s i n c e  two p a i r s  of 

s l i d i n g  s u r f a c e s  a r e  involved. The f r i c t i o n  f o r c e s  recorded on t h e  

t e n s i o n  h a l f  of t h e  loading  cyc le  a r e  n o t  always equa l  t o  those  of t h e  

compression portion..  ' This 'anomaly is  a t t r i b u t e d  t o  s l i g h t  misalignmenr 

and p o s s i b l e  v a r i a t i o n  ' i n  t h e  f i l m  s u r f a c e .  General ly  t he  v a r i a t i o n  i s  

small, about  . - + 3% from t h e  average ,  and a t  most - + 6 % .  .Therefore ,  t h e  

.average  f o r c e  from t h e  t ens ion  and compression po r t ions  of t h e  cyc l e  is  
.:. . . . 

,used i n  a l l  c o e f f i c i e n t  of f r i c t i o n  c a l c u l a t i o n s .  
. . 



. . .  , 

' >  ' .  . . . . .. . . . 

~ f f k c t  of Resin ~~~e and F i l l &  concentrat ion 
. * . x  . . . - 

The d a t a  i n  Table I11 show the  d i f fe rences  one can expect 

when t h e  b inder  r e s i n  i s  changed. The r e s i n  type does' a£  f e c t  the 
.. . . . , . 

c o e f f i c i e n t  of f r i c t i o n  and t h e  wear p roper t i e s .  Resin AI-131 is  

considerably b e t t e r  than 1-7 and 1-8 r e s i n  a t  a l l  f i l l e r  concentrat ions 
, .  , 

whether t h e  s l i d i n g  su r face  i s  f i lm on. f i l m  o r  f i l m  on bare  metal. 

However, anomaly e x i s t s  which i s  unexplainable a t  t h e  present  time. 

F r i c t i o n  t e s t s  with 1-7 r e s i n  40 v o l  % f i l l e r  loading with f i lm on 

b a r e  metal  (32-63 microinches rms surface)  give very low f r i c t i o n  

c o e f f i c i e n t s  a t  long wear cycles  (0.15 over 3500 cycles a t  a  f i l m  

th ickness  of 2 mils ) .  This i s  b e t t e r  than any of t h e  o the r  compositions 

bu t  is only an i s o l a t e d  case  whereas AI-131 compositions give cons i s t en t ly  

longer  wear cycles a t  a l l  loadings even though the  f r i c t i o n  c o e f f i c i e n t  

was s l i g h t l y  h igher .  A poss ib le  explanation f o r  t h e  improved performance 

of AI-131 r e s i n  could be  t h a t  i t  o f f e r s  more adhesion and holds the  WSe 
2  

p a r t i c l e s  together  b e t t e r  than 1-7 o r  1-8 r e s i n .  This would mean t h a t  

AI-131 is a  more e f f i c i e n t  b inder  r es in .  

Af te r  examining t h e  samples a f t e r  t e s t i n g  one no t i ces  t h a t  i n  
. .  . . , . . . . 

a l l  cases t h e r e  w a s  a  shiny je t  bl.ack f i l m  (undoubtedly WSe ) t h a t  
2 .  

remained on the  s l i d i n g  su r faces .  This f i l m  was s o f t  and t r a n s f e r  of the  

l u b r i c a n t  w a s  evident  i f  one rubbed,his  f ingers  across  the  su r face  of the 

f i lm.  On t h e  o t h e r  hand when one 'attempted t o  l i f t  a s e c t i o n  of the  f i l m  
. . . , 

i t  was b r i t t l e .  Undoubtedly compaction o f  the  WSe p a r t i c l e s  was obtained 2 . . 
.. . 

under t h e  high test  loads .  The amount of f i i m  present  seemed t o  depend 

on t h e  type of r e s i n  used and t h e  concentrat ions.  With AI-131 r e s i n  t h i s  
.. .. . . 

' . 



j e t  b l ack  f i l m  seemed t o  be  p re sen t  i n  g r e a t e r  amounts. This  obse rva t ion  

however i s  based nn a microscopic i n s p e c t i o n  of the  samples and i s  only  

q u a l i t a t i v e  i n  na tu re .  Q u a n t i t a t i v e  measurements were no t  made on t h e  

f i l m  remaining on t h e  su r f ace .  However, t h e  g r e a t e r  t h e  i n i t i a l  f i l m  

th ickness  on t h e  samples t h e  more r e s i d u a l  j e t  b l ack  f i l m  seemed t o  remain. 

Al.sn, more of t h i s  f i l m  remained i f  bo th  s u r f a c e s  had been coated i n i t i a l l y  

compared t o  only coa t ing  one s u r f a c e .  This  t r a n s f e r  of l u b r i c a n t  t o  t h e  

s l i d i n g  s u r f a c e s  has been shown t o  be  r e l a t e d  t o  h igh  adhesion and shea r ing  

3 
w i t h i n  t h e  bulk  of t he  s o f t e r  m a t e r i a l .  The s o f t e r  m a t e r i a l  i n  t h i s  ca se  

being WSe which is t r a n s f e r r e d  t o  t h e  carbon s t e e l  meta l  s u r f a c e .  The 
2 

r e s i n  only a c t s  a s  t h e  binde.r, keeping t h e  l u b r i c a n t  i n  p l a c e .  

I n  a d d i t i o n  t o  t he  above t h e r e  was cons iderable  grooving and 

plowing of t h e  s l i d i n g  s u r f a c e s .  This  can be seen  i n  t h e  photographs. 

In spec t ion  of t h e  t e s t  s u r f a c e s  showed a f i n e  dark brown powder mixed i n  

. w i t h  t h e  WSe2 l u b r i c a n t .  This powder i s  probably t h e  r e s i n  which was 

ground dur ing  t h e  cons t an t  s l i d i n g  motion of t h e  p l a t e s  under t h e  high 

t e s t  . loads .  This powder could account f o r  t h e  grooving of t h e  meta l  

s u r f a c e .  However, even wi th  t h e  presence of t h i s  powder reasonably low 

f r i c t i o n  c o e f f i c i e n t s  and long wear cyc l e s  were s t i l l  obta ined .  

One n o t i c e s  a l s o  from t h e  d a t a  i n  Table I11 and Figures  22-31 

t h a t  h igh  f r i c t i o n  c o e f f i c i e n t s  a r e  ob ta ined  i n i t i a l l y  and a r e  h i g h e s t  

wi th  AI-131 r e s i n .  Microscopic examination of t h e  s u r f a c e  of t h e  cured  

t e s t  samples i n d i c a t e d  t h a t  a t h i n  f i l m  of r e s i n  was p re sen t  which has  

t o  be  worn down s l i g h t l y , t o  make con tac t  wi th  t h e  underlying l u b r i c a n t  , 

f i l m  ( s e e  F igure  10 ) .  The f a c t  t h a t  t h e  i n i t i a 1 , f r i c t i o n  c o e f f i c i e n t  



was h ighes t  wi th  AI-131 i n d i c a t e s  t h a t  'a high she.arihg 'fbrce'wak hectissary 

t o  break the  f i l m  sur face .  This tends t o .  i n d i c a t e  bet ter .  adhesion with 

t h i s  r e s i n .  

The e f f e c t  of high f i l l e r  loadings a r e ' i n d i c a t e d  i n  Figures 

36-38. Apparently, a c r i t i c a l  ' f i l l e r  concentrat ion is reached above. 

which no improvement i n  wear p roper t i e s  i s  .obtained. However, t h e  ' 

. i n i t i a l  f r i c t i o n a l  c o e f f i c i e n t  is >reduced a t  these  high loadings but  a t  

t h e  expense of wear. It seems reasonable t h a t  high f i l l e r  loadings 

would g ive  low f r i c t i o n a l  c o e f f i c i e n t s  but  on t h e  o the r  hand there  i s  

much less r e s i n  a v a i l a b l e  t o  a c t  as  a b inder  f o r  the  f i l l e r  a t , t h e s e  

h igh loadings.  As  a r e s u l t  t h e  l u b r i c a n t  p a r t i c l e s  a r e  'only loosely  

h e l d  together  and can s e p a r a t e  from t h e  s l i d i n g  su r faces  decreasing the  
, , 

wear r a t e .  

E f f e c t  of Humidity 

F r i c t i o n  and wear p roper t i e s  of both 1-7 and AI-131 containing 

20 v o l  % f i l l e r  a r e  no t  a f f e c t e d  by t h e  presence of moisture. The 

20 v o l  % compositions were t e s t e d  before  t h e  optimum r e s i n - f i l l e r  cgm- 

p o s i t i o n  was chosen. However, the re  i s  no reason t o  be l i eve  t h a t  the  

optimum composition (AI-131 + 40 vo l  % f i l l e r )  would be  adversely a f fec ted  

by moisture.  Figures 32-33 show the f r i c t i o n  and wear cycles f o r  the  

r e s i n s  exposed t o  t h e  humidity condit ions.  

3 E f f e c t s  of Radiation . 

S e v e r a l . s e t s  of 'carbon s t e e l  p l a t e s  w e r e  coated with AI-131 + 40 ' 

v o l  % WSe2 and s e n t  t o  t h e  Bettis Laboratory t o  arrange f o r  i r r a d i a t i o n  
.. .. . . 



of t h e s e  samples be fo re  r e t u r n i n g  them t o  Westinghouse Research f o r  

f r i c t i o n  t e s t s .  Deta i led  informat ion  on t h e  th i ckness  and weight of 

coa t ing  on t h e  p l a t e s  is r epor t ed  i n  Table I V .  Only one s e t  of samples 

was re turned  t o  Westinghouse Research f o r  f u r t h e r  t e s t s ,  the  r e s t  were 

r e t a i n e d  by B e t t i s  f o r  t h e i r  eva lua t ion .  Those i t e m s  i d e n t i f i e d  wi th  an 

a s t e r i s k  a r e  t he  samples t h a t  were t e s t e d  a t  Research. A l l  of t he  samples 

"'ere i r r a d i a t e d  w i t h  gamma r a d i a t i o n  from a co60 sou rce  t o  a  dose r a t e  

8 of 5-6 x 10 ergs/gm (C). Figures  42-43 show t h e  coated p l a t e s  be fo re  

and a f t e r  t e s t i n g .  The l a t t e r  f i g u r e  con ta ins  t h e  curves of t h e  c o e f f i c i e n t  

of f r i c t i o n  d a t a  a s  = func t ion  of time. 

Examination of t h e  samples a f t e r  t e s t i n g  revea led  t h e  same 

kind of f a i l u r e s  a s  t h e  o the r  samples descr ibed  on Page 18 .  The 

i n i t i a l  c o e f f i c i e n t  of f r i c t i o n  (p.) of 0.14 is  q u i t e  low and substan-  
1 

t i a t e s  t h e  f a c t  t h a t  when WSeZ i s  rubbed i n t o  o r  onto t h e  

s u r f a c e  of t h e  coated m a t e r i a l s  a  lower s t a r t i n g  f r i c t i o n  c o e f f i c i e n t  

is  obta ined .  

Although i t  might appear t h a t  t h e  i r r a d i a t i o n  . adve r se ly  a f f e c t e d  
. . 

. . t h e  f r i c t i o n  p r o p e r t i e s  because o f .  t h e  s h o r t  cyc l e  t ime t h i s  i s  n o t  t he  

opin ion  o f '  t h e  au thors .  ~ x a m i n k t i o n  of the.  samples a f t e r  t e s t i n g  ind ica t ed  

an uneven wear p a t t e r n .  Apparently t h e r e  was a  f i l m  bu i ldup  i n  t he  c e n t e r  

of t h e  coated p l a t e s  which would s e r v e  a s  a  p ivo t  t o  g i v e . r i s e  t o  a  "see-saw" 

type of motion i n  combination wi th  t h e  s l i d i n g  motion. A s  ~ a r e s u l t  of t h i s  

cons iderable  plowing of t he  edge of one s u r f a c e  on t h e  o t h e r  f l a t  s u r f a c e  

would r e s u l t .  This  would tend t o  l eave  more f i l m  on t h e  p l a t e  doing t h e  ' 

plowing. This  is  evident  from Figure  42 ( t op  p l a t e  i n  bottom photo) .  This 

k ind  of s i i d i n g  motion would s h o r t  t h e  wear l i f e  cons iderably .  



TABLE IV 

Sample No. 

1 Coating Data- on Radiat ion Test .  Samples 

1" Raised Sur£ace Test  P l a t e s  

Coating 
Thickness, inches 

To ta l  Weight 
of Coacing , gms . Weight of WSe2, gms. 

0.0278 

0.0276 

0.0251 

0.0343 

0.0270 

0.0254 

I 

Large Tes t  PLates 

Weight of Resin, gms. 

0.0353 

0 ; 0349 

0.0317 

0.0432 

0.0341 

0.0320 

1. AI-131 r e s i n  + 40 vo l .  % WSe2. 



~ o m p a ' t i b i l i t ~  wi th  1nconel  . . 
. . 

. . 
Sample p l a t e s  having t h e  1" square  r a i s e d  s u r f a c e  were coated 

, with AI-131 + 40 v o l  % WSe t o  a  dry f i l m  th ickness  of 2.4 m i l s  and t e s t e d  2  

aga ins t  b a r e  Inconel .  Figure 44 shows t h e  samples b e f o r e  and a f t e r  t e s t i n g .  

Coe f f i c i en t  of f r i c t i o n  d a t a ' a s  a  func t ion  of t ime is dep ic t ed  i n  Figure 45. 

F a i r l y  .good r e s u l t s  were obta ined .  Again a s  wi th  t h e  i r r a d i a t e d  samples t h e  

same kind of wear phenomenon is observed. F r i c t i o n  c o e f f i c i e n t s  a t  the  

s t a r t  i s  about  0 .18 not  q u i t e  a s  low as  wi th  the  previous samples and 

0.29 a f t e r  2600 cyc les .  

S t a t i c  Load Tes t  

. . ~ f t e r  ' t h e  90 day exposure per iod  t h e  j i g  cdn ta in ing  t h e  coated 

samples was pos i t i oned  i n  t h e  ~ a l d w i n  Tes t ing  machine descr ibed  on page 10 

and t h e  break  away f o r c e  necessary t o  s t a r t  s l i d i n g  was recorded. This 

f o r c e  measured 8200 l b s  which is  equ iva l en t  t o  t h e  i n i t i a l  f r i c t i o n  loads  

recorded i n  previous t e s t s  on samples not  exposed under t h e  s t a t i c  l oad  

condi t ion .  Examination of t h e  samples a f t e r  they had been pu l l ed  a p a r t  

. . revea led  t h a t  t he  l u b r i c a n t  f i l m  s t i l l  remained on both s u r f a c e s .  However 
. . 

' ' on one of t he  samples t he  l u b r i c a n t  f i l m  was completely removed ( s e e  

. . Figure 46).  ' Apparently,  cohesive and adhesive f a i l u r e  can b e  obta ined .  

These r e s u l t s  i n d i c a t e  t h a t  n e g l i g i b l e  bonding ( f i l m  t o  f i l m  con tac t )  occurs  

. over . t he  exposure period.  

Compat ib i l i ty  

. . S t a i n l e s s  s t e e l  shim m a t e r i a l  (10" x  6" x 0.005") was coated 

wi th  AI-131 + 40. v o l , %  WSe t o  a dry f i l m  th i ckness  of 2 m i l s .  I n  a d d i t i o n ,  
. . 2  

two p l a t e s  w i th  the  1" squa re  r a i s e d  s u r f a c e  were a l s o  coated w i t h  t h e  



same r e s i n  t o  a dry f i l m  thickness of 2.5 m i l s  on each p l a t e .  

A f r e e  f i l m  was a l s o  prepared by cas t ing  the above r e s i n  s o l u t i o n  

(18% s o l i d s )  on a g l a s s  p l a t e  and curing 15 min 100°C - 15 min 

150°C; s t r i p p e d  off  g l a s s  p l a t e  and f u r t h e r  cured t o  300°C on a 

frame. (See Figure 47 f o r  an i l l u s t r a t i o n  of the  coated s t a i n l e s s  

s t e e l  and t h e  f r e e  f i l m . )  

Ef fec t  .of Film Thickness and Surface 
Condition of S l i d i n g  P l a t e s  

Deta i led  experiments i n  . t ry ing t o  keep t h e  various parameters, 

constant  i n  o rder  t o  determine the  e f f e c t  of f i l m  thickness on the  f r i c t i o n  -. t 
and wear p roper t i e s  have no t  been made and no d e f i n i t e  conclusions can 

be drawn..in t h i s  area .  The r e s u l t s  i n  Table I11 seem t o  i n d i c a t e  t h a t  

t h e  t h i c k e r  t h e  f i l m  t h e  b e t t e r  the  p roper t i e s .  However, t h e r e  i s  

considerable  s c a t t e r  i n  t h e  da ta  and one should take t h i s  i n t o  account . . . . , ,  

. . 
. . . . , ,  . . 

i n  t h e  f i n a l  i n t e r p r e t a t i o n .  It may w e l l  be  t h a t  t h e r e  is a minimum 

and/or maximum c r i t i c a l  f i l m  thickness above andlor below which s a t i s f a c t o r y  
. . 

f r i c t i o n  p roper t i e s  cannot be  maintained. Th$s has not  been es tab l i shed  ' . 

. : . . 

. and should be kept  i n  mind  hen reviewing t h i s  data.  

On t h e  o the r  hand, one . .  can . .draw conclusions regarding the  e f f e c t s  
. . 

of test s u r f  i c e  condit ions on the'  f r i c t i o n  p roper t i e s .  The i n i t i a l  ' .  

c o e f f i c i e n t  of f r i c t i o n  is (lower for '  f i l m  on the  ba re  metal than f o r  f i l m  

on f i I m  a t  a gfven f i l l e r  concentra t ion.  However, g rea te r  , su r face  'damage 

is not iced on t h e  s l i d i n g  su r faces  with f i l m  on metal.  Another way of 

lowering the  i n i t i a l  c o e f f i c i e n t  ' of , f r i c t i o n  is t o  use h igher  f i l l e r  
.. . . . . 



loadings .  These r e s u l t s  a r e  shown' i n  Table 111. However, wear l i f e  is  

reduced a t  high f i l l e r  l oad ings .  I f  powdered WSe2 i s  rubbed i n t o  the  

s u r f a c e  of the  s l t d i n g  p l a t e s  t h e  f r i c t i o n  c o e f f i c i e n t  i s  s i m i l a r l y  

reduced. Again these  r e s u l t s  can b e  found i n  Table 111. 

It  should be noted t h a t  cons iderable  s c a t t e r  i n  t h e  d a t a  is  

obta ined .  I n  t h i s  regard samples prepared from t h e  i d e n t i c a l  r e s i n  

composition do not  .show good r e p r o d u c i b i l i t y .  Compare. A I - 1 3 1  compositions 

a t  40 v o l  % (79 w t  2) i n  Table I11 and a l s o  AI-131 a t  20 v o l  % loadings .  

The condi t ions  of t h e  f i l m  s u r f a c e  may account f o r  some of t h e  v a r i a t i o n .  

Coating of Large P l a t e  Sec t ions  

Both t h e  draw b a r  and the  spray  coa t ing  technique have been 

use.d s u c c e s s f u l l y  t o  apply t h e  l u b r i c a n t  coa t ings  on t h e  meta l  p l a t e s .  

The draw b a r  technique,  although i t  al lows a  t h i c k e r  coa t ing  t o  b e  app l i ed ,  

seems , t o  have l i m i t a t i o n s .  Becuase of t h e  i r r e g u l a r i t y  of t h e  p l a t e s  

(holes )  plugs have t o  be  used. When t h e  wet coa t ing  i s  app l i ed  and the  

plugs removed t h e r e  ,is cons iderable  bui ldup  of t h e  c o a t i n g  a t  t h e  edge 

..of t h e  ho le s  i n  t h e  p l a t e .  This  is a t t r i b u t e d  t o  t h e  s u r f a c e  t e n s i o n  

energy r equ i r ed  t o  break  t h e  wet coa t ing  f r e e  from t h e  p lugs .  The excess  

r e s i n  then  b u i l d s .  up on the  edges. Thickness v a r i a t i o n s  were between 

0.3-0.5 m i l s .  Smooth homogeneous coa t ings  were obta ined  b u t  t h e  bui ldup  

a t  t h e  edges I I H ~  be p r ~ l ~ i b i f i v ~ ,  nnly one . s i d e  o f  t h e  p l a t e  can b e  

coated a t  a time s o  t h a t  t he  aur ing  process  would be  q u i t e  long i f  both 

s i d e s  a r e  t o  be  coated.  

The spray  technique,  on t h e  o t h e r  hand, seems t o  be more 

f a v u ~ a b l e  a t  l c a ~ t  from t h e  s t andpo in t  of coating'  two s i d e s  s imultaneously 

and ease  of ope ra t ion .  Thickness v a r i ~ t i o n s  .ranged between 0.3-0.5, about  

- 25 - 



t h e  same a s  ob ta ined  f o r  th'e .draw b a r  ;echnique, however, no bui ldup  a t  

t h e  edges was obta ined .  F i n a l  dry f i l m  th ickness  was lower f o r  t h e  spray  

c o a t i n g  procedure than  f o r  t h e  draw b a r  b u t  t h i s  p re sen t s  no problem. 

No r u n  o f f  o r  s a g  was ,no.ti.ced during t h e  spraying  and " f i sh '  eyes-" 

p r e v a l e n t  i n  t h e  f i r s t  .coat .were covered over  w i th  the  second c o a t .  

Twenty-five p s i  gun p r e s s u r e  seemed .to o ' f fer  s a t i s f a c t o r y  r e s u l t s .  The 

. r e s i n  ,soluti .on was q u i t e  t h i n  at  18.3%. r e s i n  s o l i d s .  The 21.5% 

r e s i n  s o l i d s  s o l u t i o n  seemed t o  be  more s a t i s f a c t o r y  than  the  lower s o l i d s .  

Bes ides  a t h i c k e r  b u i l d  could  probably be  obta ined  wi th  t h e  h ighe r  s o l i d s  

s o l u t i o n  ( s e e  Table I1 and Figures  20-21). 

E f f e c t i v e  L i f e  of L u b r i c a t i n g  "Film 

It is  recognized t h a t  no p re sen t  technique e x i s t s  by which a  

20 y e a r  . l P f e  preddct ion  ;at a  temperature:of  550 o r  600°F may be.made on 

t h e  b a s i s  of  s h o r t  t ime a c c e l e r a t e d  t e s t s  f o r  a l u b r i c a n t  system. There 

a r e  no s t a n d a r d  test procedures  which can be  e x t r a p o l a t e d  o r  have been 

e x t r a p o l a t e d  t o  t h i s  t imel tempera ture  l i m i t  f o r  a  l u b r i c a n t  system of 

t h i s  k ind .  Howeaer , t h e  l i t e r a t u r e  abounds i n  . t i m e /  temperature r e l a t i o n -  ' 

s h i p s  f o r  p r e d i c t i n g  t h e  s e r v i c e  l i f e  of organic  polymers. U s e  is made 

of  t h e  Arrhenius equa t ion  i n  which some proper ty  of t h e  m a t e r i a l  is 

measured a s  a f u n c t i o n  of t i m e  a t  va r ious  temperatures .  A va lue  of t h i s  

p r o p e r t y  (determined a r b i t r a r z l y  by its end use  requirement)  and t h e  log  

of i t  is t h e n  p l o t t e d  as a f u n c t i o n  of t h e  r e c i p r o c a l  of a b s o l u t e  tempera- 

t u r e .  E x t r a p o l a t i o n  t o  a lower temperature l i m i t  is then  made. 



One could do -exac t ly  t h e  same, t h i n g  i n  t h e  p re sen t  s i t u a t i o n .  

For e&ampl.e,. one could 'measure' t h e  f r i c t i o n  c o e f f i c i e n t  ve r sus  wear 
. . 

cycles  a t  s e v e r a l .  temperatures .  Then one could p l o t  t h e  time f o r  t h e  

f r i c t i o n  c o e f f i c i e n t  t o  reach a  c e r t a i n  va lue  versus  t h e  r e c i p r o c a l  of t h e  

abso lu t e  temperature on semi-log pape r , and  e x t r a p o l a t e .  This method i s  

easy enough t o  do, b u t  i n  t he  p re sen t  s i t u a t i o n  we would have t o  run  

t e s t s  a t  temperatures  of about 700-800°F t o  o b t a i n  va lues  f o r  t h e  

/- 

e x t r a p o l a t i o n .  A t  such high temperatures  t h e  chemical r e a c t i o n s  t ak ing  

p l ace  a r e  s o  d i f f e r e n t  than those  a t  t h e  lower temperatures  t h a t  ex t r a -  

p o l a t i n g  t h i s  d a t a  would b e  very hazardous.' It is  our  upillion t h a t  a 
. . 

method f o r  prkdic t ' ing  t h e  l i f e  'behavior  of a  l u b r i c a n t  under t he .  t e s t  

condi t ibns  of t h i s  program would not  be  f e a s i b l e  from t h e  s t andpo in t  of 

' ex t r apo la t ing  the t e s t ,  r e s u l t s .  

Polyimide l u b r i c a n t s  have been developed and shown t o  perform 

s a t i s f a c t o r i l y  under t h e  condi t ions  of t h e  t e s t  requirements .  F r i c t i o n  

and wear pro 'per t ies  of  t hese  polyimide l u b r i c a n t s  a r e  a f f e c t e d  by many 

paramete& some o f '  which . a r e  , r e s i n  type ,  f i l l e r  concen t r a t ion ,  f i l m  

th i ckness ,  t e s t  s u r f a c e ,  e t c .  The d a t a  i n  t h i s  r e p o r t  i n d i c a t e  t h e  

fol lowing:  

1. The b e s t  combination of f r i c t i o n  and wear p r o p e r t i e s  is  obta ined  

wi th  AI-131 r e s i n  con ta in ing  40 v o l  X (79 w t  X) of WSe2 

s i z e  1. l p )  . 



2. Optimum f i lm th ickness  f o r  the  l u b r i c a t i n g  f i l m  appears t o  be about 

2 m i l s .  

3.  Both s l i d i n g  su r faces  should be coated t o  g ive  f i l m  t o  f i l m  contact .  - 

4. Lower i n i t i a l  f r i c t i o n  c o e f f i c i e n t s  a r e  obtained with f i lm t o  metal . 
. . 

b u t  f i l m  t o  f i lm.  gives: lohgkr wear cycles.  

5. The l u b r i c a t i n g  p r o p e r t i e s  of the  r e s i n - f i l l e r  compositions a r e  not 

adverse ly  a f f e c t e d  by humidity. 
I 

6 .  WSe conta in ing <0.5% f r e e  W having a p a r t i c l e  s i z e  of % l . l p  i s  
2 - I 

. . . .  . . .. 
s a t i s f a c t o r y  f o r  t h e  f i l l e r  i n  polyimide r e s i n s  ; . . ' ,. 

7. F r i c t i o n  and wear p r o p e r t i e s  of AI-131 + 40 v o l  % WSe2 a r e  not  

adverse ly  a f f e c t e d  by gamma rad ia t ion .  
7 -  

8.  Draw b a r  and spray coating can be used t o  apply t h e  r e s i n - f i l l e r  
. . . . I 

compositions. t o  l a r g e  p l a t e  sec t ions .  . . 

9;  The p re fe r red  system A I - 1 3 1  + 40 v o l  % WSe2 is compatible with 

. . 
Inconel.  . . . .  . . . .  . ,  . . j. 

10. I n i t f a l  c o e f f i c i e n t s  of f r i c t i o n  can be reduced by rubbing powdered I 
I 
I 

WSe i n t o  the  su r faces  of the  s l i d i n g  metal p l a t e s .  
2 

11. A c r i t i c a l  f i l l e r  concentra t ion is  reached, above o r  a t  which low 

f r i c t i o n  c o e f f i c i e n t s  a r e  obtained bu t  wear is considerably reduced. 

12. Film t o  f i l m  contact  a t  550°F under 15,000 p s i  f o r  long periods 

od' tfme shows n e g l i g i b l e  bonding. . . , , 

i ! '  
+ . I 

I . . . . 
~ecommendations 

I ,  

The preferred  r e s i n - f i l l e r  composition is AI-131 ( a t  18% r e s i n  . 
s o l i d s )  + 40 v o l  % (79 w t  X) WSe2 (with ~ 0 . 5 %  f r e e  W) having a p a r t i c l e  

I 

s i z e  of less than 5p and preferably  %1.1~. Both contact ing p l a t e s  should be ... 
I 

coated wi th  t h e  lubr ican t  coat ing t o  a thickness of 1.8-2.2 m i l s  on each I 

- 28 - 



p l a t e .  Spray coa t ing  can be used s a t i s f a c t o r i l y .  Powdered WSe2 

should be rubbed i n t o  t h e  coated p l a t e s  t o  lower t h e  c o e f f i c i e n t  

of f r i c t i o n .  I t  i s  expected t h a t  t h e  above recommendations w i l l  

g ive  a  l u b r i c a n t  coa t ing  wi th  a  f r a c t i o n  c o e f f i c i e n t  between 0.14- 

0.27 f o r  3 7 0 0 c y c l e s .    he suggested coa t ing  procedure i s  o u t l i n e d  

i n  Appendix 11: 

. . 
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APPENDIX I 

Ca lcu la t ion  of F i l l e r  concen t r a t ion  

The amount of l u b r i c a n t  t o  be added t o  x grams of t h e  r e s i n  

s o l u t i o n  was c a l c u l a t e d  on t h e  b a s i s  of MoS a s  t h e  r e f e rence .  The 
2  

v amount of MoS was c a l c u l a t e d  t o  g ive  a  10-20-40 weight percent  of t h e  
- 2 

f i l l ' e r  i n  t h e  r e s i n  s o l u t i o n .  The volume occupied by t h i s  weight of 

f i l l e r  was then  computed and used t o  c a l c u l a t e  t he .we igh t  of WSe needed 
2  

t o  g i v e  a n  equal  volume i n  t h e  r e s i n  s o l u t i o n .  The c a l c u l a t i o n  shown 

below i s  f o r  ~1-.131 r e s i n .  

10 v o l  % - 19.4 w t  % - 30 g  of r e s i n  s o l u t i o n  a t  26% s o l i d s  = 1.8  g .  

d ry  r e s i n ,  10% of which is  added MoS2 = 0.78 g. D = M/V,  4.8g/cc = 0 . 7 8 / ~ ,  

V = 0.162 cc .  The amount of WSe2 t o  be added is: D = M/V; 9  .Sg/cc = . . 

M10.16, M = 1.53  gms. 

20 v o l  % - 39.4 w t  % - 30 g  of r e s i n  s o l u t i o n  a t  26% s o l i d s  = 7.8 g.  

dry r e s i n ,  20% of which is added MoS2.= 1.56 g.  D = M / V ,  4.8g/cc = 1.56/V, 

V = 0.325 cc .  The amount of WSe t o  be added is: D = M / V ,  9 .5 g /cc  =. 
2 

M10.32, M = 3.08 gms. 

40 v o l  % - 79 w t  % - 30 g of r e s i n  s o l u t i o n  a t  26% s o l i d s  = 7.8 g .  dry, 

r e s i n ,  40% of which is  added MoS = 3.12 g.  D = M / V ,  4.8 g /cc  = 3.12/V, ' 2  

V = 0.65 cc.  The amount of WSe t o  be added is:  D = M / V ,  .9.5 g / cc  = 2 

M10.65, M= 6.16 gms. 
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Dwg. 856~728 

/-Mounting Holes 

Fig. l-Illustration of metal test plates that were coated 
with the resin-filler compositions 



FIGURE 2 - OVERAU VIEW OF SLIDING FRICTION TEST APPARATUS 



FIGURE 3 - VIEW INSIDE FURNACE ;SHCWflVG 
- , P T A I L S  OF SLIDIFJG FRICTION TEST FIXTORE 

- - 
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Fig. &Schematic diagram of friction test 
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MoSe2 (200 mesh) 

TaSe2 (200 mesh) 

WSe2 (200 mesh) 

Nbae (200 mesh) 

FIGURE 5 Microphotographs of doped polyimide films (1.5 mils) containing 
b$ by volume of various large pa r t i c l e  s ize  lubricants and 
cubed on glass plates. (Mag.  5 0 ~ )  



WSe (e 0.55 free W )  

FIGURE 6 Microphotographs of doped 
polyimide films (1.5 mils) 
containing 405 by volume of 
various small particle s ize 
lubricants and cured on glass 
plates. (Mag. 5 0 ~ )  



1 

FIGURE 7 Microphotographs aP doped 
polybd8e films (1.5 mils)  
containing kO$ by salume of 
various amll pruct;icle size 
lubrZcarrte and cured on 
alMlinu~ (Mag. 5 0 ~ )  



WSea (t 0.5$ free W )  

FIGURE 8 Microphotographs of doped polyimide films (1.5 mils) containing 
4.05 by volume of various small particle size lubricants between 
glass  s l ides .  (Mag.  OX) 



FIGURE 9 - Overall view of  coated t e s t  samples. Top-1-7 resin, ~iddle-1-8 
resin, Bottom-AI- Wl resin containing 79 wt$ WSe2. 



FIGURE 10 - AI-131 + 40 vol% (79 wts) WSe . Upper Layer - organic film. 
=tom layer - W S ~ *  film (~igi;t). 



FIGURE 11 - Sample plates of AI-131 (top), 1-8 (middle), 1-7 (bottoen) after 
testing. (40 vol$, 79 w t $  W S ~ ~ ) .  



FIGURE 12 - 1-7 resin + 40 vol$ WSee film against bare metal before and 
af'ter testing. 



FIGURE 13 - 1-7 (left) + AI-131 (right) af'ter exposing to 100& RH and testing. 
(20 vol$ wse2). 



FI(3URE 14 - AI-131 + 40 vol$ WSe f i lm against bare metal after testing. 
( w s ~ ~  rubbed in on sliding surfaces.) 



FIGURE 15 - AI-131 + 90 wt$ WSc2 film against metal. 



FIGURE 16 - AI-131 + 93 wt$ W8e2  fih against fib. 



F I m E  17 - AI-131 + 40 vol$ film against metal. 



FIGURE 18 - AI-131 + 40 vol% WSe also WSeg rubbed i n  on sliding surfaces. 
Before and after tes$ing. 



FIGURE 20 - Metal plate coated by the draw bar technique. 



FIGURE 21 - Metal plate coated by the spray technique. 



Curve 585907-A 

Cycles 
. . 

Fig. 22-1-7 r e s i n  + 10 vol % ( 19.4 wt %) WSe? 
F i lm against f i l m  



Curve 585908-A 

,. Cycles 
, .  . )' , . .  ' . 

Fig. 23-1-7 resin + 20 vol % (39.4 wt %I WSe2. 
1 .  .: .. . 

: -: Film"against film:' . .: 
. . . .: . . . . .  

, . 



Curve 585909-A 
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Fig, 24-1-7 resin + 40 vol % ( 79 wt,%) WSe2. Film against f i lm 
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Curve 58591 1 -A 

AdJl1std Normal 
Force 

14 @ @ a  a m ,  

0 0 
0 500 loo0 

Cycles 

Fig. 26-1-8 resin + 10 vol Z WSeZ. 

Film against film 



Curve 58591 2-A 

:F p* a. .a ma. 

L a .  n Force 

. Cycles 

Fig. 27-1-8 resi".+'zd voi % WSe2: Film against film . . . . - . .  



Curve  585913-A 

a a@ 
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Adjusted Normal Force 
11 

I I 1 1 I 
500 loo0 1500 20 2500 

Cycles 

Fig. 28-1-8 resin +40 vol % WSe2 Film against film 
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Curve '58591'4-A 



Curve 585915-8 
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Normal Force I n c r s s e d  1 
Manually 

An Open Heater Circuit '1 
Caused Furnace Temp to 
Drop: Fixture Contracted 
Increasing the Normal Force. 
Normal Force was then Decreased 
Manual ly  

d 1 I 1 I I I 

0 500 1000 1500 2000 2500 3000 
Cycles 

Fig. 30-AI-131 resin +20 VOI % WSer Film against f i lm 
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0 500 loo0 1500 2000 2500 3000 3500 
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Fig. 31-AI-131 resin +40 vol % WSez Film against film 



Curve 58591 7-A 
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Fig. 32-1-7 res in  + 20 vol % WSe2. Samples exposed 
30 days at 100% RH and 150% .. F i lm against f i lm 



Curve 585918-A - 
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Fig. '33-AI-131 resin + 20 vol % WSeZ Samples exposed 30 days at 100% R M  and 150°F. Film against f i lm 



Curve  585919-8 

Cycles , 

Fig. ,. 34-AI-131 .. resin +40 vol 9b WSeZ. WSeZ powder rubbed i n  on sample surfaces. Film against metal 
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Fig. 35-AI-131 res in  +40 vol % WSe,. ~ i l m  against metal 



Curve 585921 -A 
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F ig .  36-AI-131 resin + 90 wt % WSe2. 
Film against metal. 



Curve  585922-A 
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Fig. 37-AI-131 resin + 90 wt % WSep. Film against film 



Curve 585923-1 

Adjusted 
Normal Force 

Fig. 30-AI-I31 resin +O id lb  9 pah rtd*d in a smpk sur*ca. 
Film against film 



Friction Force ,ct%on Force 

c - mgh s t a t i c  f r i c t ion  force at  p i n t  A followed by a 

decreasing sl ldlng f r ic t ion force and rising again 

t o  point B as abrasion takes place. 

b - High s t a t i c  f r ic t ion force a t  point A followed by a 

decreasing ellding f r ic t ion force. 

a Steady sliding action. lnaa increases t o  point A 

where sliding motion starts and continues at  the 

same load t o  point B. Here the sliding motion stops 

and the test ing machine reverses direction. 

Fig. 39- Examples of f r ic t ion fame records shoxing three types 

of sliding mechanisms. 



cycle 
3540 

.- 
I : '  

lqg. 40- Sections of friction force rcscoril. AI-131 resin with 

40s filler by volume, film on ilk w i t h  W$e2 rubbed i n  



l l lT lI l l l l l1  
cycle 
1500 

ma. 41 - ~ s c t i a n ~  or  r n c t i m  io- m o d .  AI-131 X V B ~ I ~  with 

90$ filler bywsight,-hfla on bare metal. 



Figure 42 Irradiation Samples (AI-131 + 40 vol $ w e 2 )  before and 
af'ter friction testing. Film against fi lm. 



16 - 
15 -s 

I 7% 

Adjusted Normal 

12 - Force 

I I 1 1 1 

.10 - 

1 I I I 

lo00 1Ml 2QOO 2500 
Cycles 

fig. 43-AI-131 resin + 40 vol R WSe,. Film againstfilm 
( irradiated samples) 



Figure 44 Inconel f'riction tes t  samples before and afier testing 
(AI-131 + vol W S ~ ~ ) .  Film againrt bare Inconel. 



Curve 586857 -A 

a*. 

D I l 
0 . .  

0 . 0  . . 0.. 

Adjusted Normal 0.0 l *. 4 . 0 .  

I Force 

Cycles 

Fig. 45-AI-131 resin +40 vol % WSeZ Film against bare Inconel 



figure 46 Stateic Mad oeglt scuap1e after 90 ila;ps a q x m r e  at 550 '~  
under 1~,000psi ( A X 4 3 1  + 40 vols ~Bce) .  



Figure 47 Illustration of free film (top) and the stainless steel coated 
shim (bottom) . (AT-131 + 40 vol $ w8e2) . 
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I psi) in addition to those parameters affecting the afore- 
1 mentioned properties such' as, resin type, filler and its 
concentration, film thickness, test surface, radiation, long 

I term static bonding are also presented. 
I 
A polyamide-imide resin designated as AI-131 and loaded with ' 40 volume or 79 weight percent WSe2 was found to give the 

-s- 69-1~7-~~1LM-k3 1 best combination of friction and wear properties under the 
( severe conditions of the test. This composition is unaf- 
1 fected by humidity, gamma radiation and does not bond 
significantly under conditions of long-time heat and pres- 

I sure. s Coefficients of friction between 0.13-0.27 have been 
1 maintained iindEY? test conditions for 3700 sliding motion' 
I cycles. Procedures for applying this coating composition 
onto large metallplate sections using either the dry bar or 

1 spray coating technique are also describe6 - - 1 - 
________---I--_- - - - - - - - - -  - 

Ioutlined. Friction and'wear properties of these films at 
1 elevated temperatures (550°F) under high loading (15,000 
psi) in addition to those parameters affecting the afore- 

1 mentioned properties such as, resin type, filler and its 1 concentration, film thickness, test surf ace, radiation, long 
I 
term static bonding are also presented. 

I 
A polyamide-imide resin designated as AI-131 and loaded with 
I40 volume or 79 weight percent WSe* was found to give the 
1 best combination of friction and wear properties under the 
Isevere conditions of the test. This composition is unaf- 
fected by humidity, gamma radiation and does not bond 

I sigdificantly under conditions of long-time heat and pres- 
Isure. Coefficients of friction between 0.13-0.27'have been 
maintained under test conditions for 3700 sliding motion' 

I cycles. Procedures for applying this coating composition 
lonto large metal plate sections using either the dry bar or 
spray coating technique are also described. - - - -  -+ .L- -  - - - - - -  - - - - - - - - - - -  
outlined. Friction and wear properties of these films at 

I 1 elevated temperatures (550°F) under high loading (15,000 
psi) in addition to those parameters affecting the afore- 
lmentioned properties such as, resin type, filler and its 
Iconcentration, film thickness, test surface, radiation, long 
,term static bonding are also presented. 
I 
A pql$eide-imide resin designated as AI-131 and loaded with 

. . ! 40 Golume or 79 welght percent WSI2 "a's, f 6und ' to give the 
!best combination of friction and wear properties under the 
jsevere conditions of the test. This composition is unaf- 
dfected by humidity, gamma radiation and does not bond 
1 significantly under conditions of long-time. heat and pres- ' 

j bure. doeff icients of friction between 0.13-0.27 have been 
- maintained under test conditions £or 3700 sliding motion 
; cycleg. Procedures for applying this coating cpmposition 
iqnto large metal'.plate sections usgng either the dry bar or 

.,- . lspray coating' technique are also described. \ 
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