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ABSTRACT 

A p r o g r a m to e v a l u a t e m a t e r i a l s for su i t ab i l i t y a s exposed b e a r i n g s on 

n u c l e a r a u x i l i a r y p o w e r s y s t e m s (SNAP P r o g r a m ) for s p a c e v e h i c l e s i s r e p o r t e d 

in th i s d o c u m e n t . F r i c t i o n coe f f i c i en t s of m a t e r i a l c o m b i n a t i o n s in a 10 m m 

Hg v a c u u m at 1000°F for 200 h r w e r e m e a s u r e d . Seven c o m b i n a t i o n s found to 

have f r i c t i on coef f i c ien t s l e s s t han 0.50 a r e : 

1) G r a p h i t e (Nat ional C a r b o n C D J - 8 3 ) - H a y n e s 90 

2) G r a p h i t e (Nat ional C a r b o n C D J - 8 3 ) - S te l l i t e No . 3 

3) G r a p h i t e (Nat ional C a r b o n C D J - 8 3 ) - A U G , ( s p r a y e d ) 

4) Al O - ( s p r a y e d ) - C r . C ^ ( s p r a y e d ) 

5) AI2O3 ( s p r a y e d ) - T iC 

6) A l^O^ (sol id) - 3 - F - 1 2 (Deva M e t a l C o r p . ) 

7) AI2O3 (sol id) - 3 - N - 1 2 (Deva M e t a l C o r p . ) 

N A A - S R - 6 4 7 6 



I. INTRODUCTION 

A. OBJECTIVES 

Nuclear auxi l iary power sys tems for space applications will be requi red to 

operate for long per iods in the absence of an a tmosphere , at high t e m p e r a t u r e s , 

and in a high radiat ion field. It will not be possible to lubr ica te moving pa r t s 

in ways normal ly used for t e r r e s t r i a l applications and of course maintenance 

will not be poss ib le . When the SNAP 2 (Systems for Nuclear Auxil iary Power) 

control p r o g r a m was s tar ted , a survey of the technology on bear ings for high 

t empera tu re vacuum use was made (see Appendix A). It was found that develop­

ment of p rac t i ca l bear ing m a t e r i a l s and coatings for high t empera tu re had been 

given some impetus , but information for both high t empera tu re and vacuum was 

not available; therefore , a tes t p r o g r a m was init iated to simulate operating con­

ditions and evaluate bear ings under these conditions. 

B. SCOPE 

The urgency for information di rect ly usable in SNAP bearing configurations 

dictated a s t ra ightforward approach in two phase s . The f i rs t phase was aimed 

at screening likely m a t e r i a l s and the second phase (not s tar ted at this time) will 

be to design actual bear ing configurations and tes t them. F o r the screening 

phase, the following c r i t e r i a were considered in the testing: 

1) Sliding bear ings - The actual duty cycle for SNAP equipment will 

be slow speed, in termi t tent operation, with long dwell pe r iods . This 

duty is not suited to roll ing bear ings . 

-5 -6 
2) P r e s s u r e of 10 to 10 m m Hg - While space p r e s s u r e is l e s s than 

10 m m Hg, the vacuum equipment available was l imited to 10 m m 
_7 

Hg although 2 x 1 0 was attained during some of the tes t ing. Equip-
_9 

ment for operation at 10 mm Hg will be available for the second 

phase tes t ing. 

3) T e m p e r a t u r e s to 1000°F - T e m p e r a t u r e s of the r eac to r surface and 

coolant t e m p e r a t u r e will r each 1200°F, but bear ing t empe ra tu r e s 

a r e not expected to exceed 1000°F. 

4) Sliding velocity of 5 in. /m in - See 1 above. 
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5) Bearing load of 40 lb / in . - A relat ively low p r e s s u r e was used to 

enhance the possibi l i ty of success and to be consis tent with efficient 

design p rac t i ce . 

6) The tes t duty cycle was made consistent with the actual bearing use 

so that a cycling ra te of two cycles every two hours was employed. 

7) The radiat ion environment was not simulated during these t e s t s , as 

the m a t e r i a l s tes ted were general ly r ad ia t ion - res i s t an t types and the 

testing would have been severely complicated; hence, separa te evalu­

ations of the radiat ion effects on the m a t e r i a l s a r e planned. 

8) The surface finish of the sliding surfaces was specified to be 8 fl in. 

except where the type of m a t e r i a l or machining operat ions prevented 

obtaining that finish. 

9) The sliding surfaces -were not specially p repa red by electron bom­

bardment or abrading but were taken "as machined" and cleaned of 

oils, g r e a s e s , and normal d i r t to simulate the actual condition of 

fabrication and use . 

The second phase will involve evaluation of the most favorable m a t e r i a l s on 

the bases of low friction coefficient, s t rength p rope r t i e s , expansion coefficient 

compatibili ty with the installation, machinabili ty, radiat ion effects, and avai l ­

ability of the m a t e r i a l . Sample bear ings will then be operated in a vacuum 

furnace under simulated actual conditions to prove the selection. 

II. SUMMARY OF RESULTS 

A complete tabulation of the tes t r e su l t s i s shown in Table I with the friction 

coefficients observed at var ious phases of the tes t being shown. Table II l i s t s 

the seven combinations which resul ted in friction coefficients of l e s s than 0.5 

for testing through the seven days at lOOO'E. Per t inent physical p roper t i e s a r e 

also recorded . Table III shows the r e su l t s of physical m e a s u r e m e n t s on the 

bearing samples before and after the test ing. Photographs of the tes t spec i ­

mens after testing a r e in Appendix B. 
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en 

TesI 
No. 

TABLE I 

FRICTION TEST MATERIALS AND TEST RESULTS 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

XVI 

XVI I 

XVI I I 

XIX 

XX 

XXI 

XXII 

XXI I I 

XXIV 

XXV 

Material Combinations 

Smoll Rider Sample Stationary Base Sample 

Description 
I Sample 
]Numbe 

Ni Base - Inconel X 

WC — Kennometol K96 

Co Bose-Hoynes Alloy "25 

Cr3C2on 3 l 6 S S - L i n d e L C - I A 

M0S2 on 316 SS - Eleclrodlm 

MoS2on3]6SS Electrofilm 

M0S2 on Ni Base Alloy 
Electrofilm on Inconel X 

M0S2 on Co Base Alloy 
Electrofilm on Haynes "25 

A l203 0n 316 5 S . L i n d e L A . 2 

Graphite-Not'l Carbon CDJ-83 

AI2O3 Hot Pressed -
Norton LA 687 

liN - Corborundum Co. 

WC - Kennamctal K96 

AI2O3 Hot Pressed -
Norton LA 687 

Cr3C20n 3 1 6 S S . L i n d e L C - l A 

A l 2 C 3 o n 3 l 6 S S - L i n d e L A - 2 

A l 2 0 3 o n 316SS-L indeLA.2 

A l 2 0 3 o n 3 I6SS- L indeLA.2 

C-Grap(iite - Graphitor "16 

C-Grophite - CDJ-83 

A l 2 0 3 o n 3 l 6 S S - L i n d e L A - 2 

T iC - Kentanium KI62B 

A l 2 0 3 o n 3 1 6 S S - L i n d e L A - 2 

Devo 3-N-I2 

Deva 3-F-12 

9 

58 

57 

16 

17 

98 

42 

69 

72 

85 

86 

61 

Description 

Ni Base - Inconel X 

T iC - Kentanium KI62B 

Co Bose-Haynes Stellite "3 

A l203on316SS-L indeLA-2 

M0S2 on 316SS-Electrofilm 

M0S2 on 316 SS-Electrofilm 

M0S2 on N I Bose Alloy 
Electrofilm on Inconel X 

M0S2 on Co Bose Alloy 
Electrofilm on Haynes 3 

T iC - Kentanium K162B 

Co Base-Haynes Stellite "3 

SiC - Norton 

• ' 3 - 2 Firih CR2 

SiC - Norton 

Graphite -

Notional Carbon CDJ-83 

T iC - Kentonium K162B 

Co Bose-Hoynes Stellite "3 

Fe Bose-Hoynes Alloy "90 

Fe Bose-Hoynes Alloy "90 

AI2O3 Hot Pressed -
Norton LA 687 

Fe Bose-Hoynes Alloy "90 

Carbon CDJ-83 

Fired PbO coat on 304 SS 

Carbon Graphite CDJ-83 

AI2O3 Hot Pressed 

AI2O3 Hot Pressed 

Observed Friction Coefficients 

Initially at 
Room Temp, 

ond Pressure 

After 10-20 brs 
at IO-5mm Hg 

ond Room Temp. 

After 24 hrs 
ot 10-5mm Hg 

ond 600°F 

After 24 hrs 
ot lO-Smm Hg 

and IOOO°F 

After 7 days 
at I0"5mm Hg 

and 1000°F 

Finolly ot 
Room Temp, 

and Pressure 

Startmgl Dynomicl Storting I Dynamic 1 Storting] Dynomic 1 Starting 1 Dynamic I StartingI Dynamic 1 Starting 1 Dynamic 

.22 

.63/ .40 

.18 

.21 

.20 

.32 

19 

.22 

18 

.51 

.23 

.50 

.27 / .2 I 

.29 

.21 

.16 

.15 

.24/.20 

.20/ .17 

.14 

.18 

.15 

,50/.43 

.30 

Equipment shakedown test High friction samples used. 

.647.48 

.947.65 

.437.33 

.657.53 

.617.46 

.637.55 

.36 

.687.55 

.827.61 

.49 

.81 

.787.53 

.637.45 

.37 

Stopped becouse of excessive friction 

Stopped because of excessive friction 

I I 1 I 
Stopped because of excessive friction 

Stopped because of excessive friction 

t 

.21 

t 

.55 

t 

.23 

.53 

Stopped because of excessive friction 
I I I, 

Equipment failure after 8 hours at 600 
I o ' 

(Equipment failure ot 800 F, .367.30; 

Oiernighl at lO'^ and 500°F, Coefficient - .16 ' 
Speciol Test I 5 j„3 „, 5QQ°F J, f^2 atmosphere Coefficient = .10 

t 

.39 

t 

.33 

.21 

.887.79 

377 30 

.427.25 

.307.22 

.427.37 

.457.30 

16 

15 

1 n 

.27 

53 

.13 

.34 

.11 

.69 

427 33 

.797.71 

.05 

.48 

.907.68 

.317.26 

.297.24 

1 in-5 „„j 

.25 

.11 

.457.23 

.40 

.57 

.207.12 

.39 

t 

.47 

t 

.66 

+ 

t 

.63 

.39 

.24 

.577.27 

.477.40 

.54 

.09 

.43 

t 

.29 

t 

t 

t 

t 

t 

.19 .10 

(Temp raised to 
1000° in one step) 

.07 

(Temp, to 1000°F in one step) 

.29 

t 

.23 

.40 

.14 

t 

.12 

.267.23 

.05 

.05 .06 

.18 

.05 

Stopped because of excessive friction 

t 

.37 

.05 

.21 

.21 

t 

.40 

t 

.05 

.307.26 

.23 

.717.50 

.71 

.65 

.897.74 

.21 

.957.74 

. 2 3 ' 

.477.38 

.22 

.74 

.857.75 

.757.66 

.297.22 

. 1 7 " 

.14 

. 2 0 " " 

.31 

.26 

'BN showed excessive weor . innn°c 
" A voriation in test procedure wos used in this test in thot after 7 days ot 1000°F, a 48 hour dwell period was added. After no operotion for 48 hours and with a lO"" mm Hg pressure ot 1000 I", 

a starting friction of .27 was observed with Q subsequent dynomic or running friction of .10. 

' " A l t e r 3 doys at IO0O°F and 10"' to 1 0 ' ' mm Hg, Ion pump was turned " o n " ond the diffusion pump volve was closed (or 3 days. No change in friction wos noted. 

tMeons starting friction some as running friction 

.XX7.XX-*—Average running friction 
t - Maximum running friction 

.XX One number means running maximum wos within .05 of overoge running friction 



TABLE II 
LOW FRICTION COMBINATIONS 

Test 
No. 

XX 

XIV 

XXV 

IX 

XXIV 

IV 

X 

C Graphite CDJ-83 
Haynes No. 90 

(Hot Pressed) 
Al203( orLA.2 ) 

C Graphite (CDJ-83) 

Deva 3-F.12 

AI2O3 (Hot Pressed) 

AI2O3 (LA.2) 

TiC (K162B) 

Deva 3-N.12 
AI2O3 (Hot Pressed) 

Cr3C2 (LC-IA) 

AI2O3 (LA-2) 

C Graphite (CDJ-83) 

Haynes Stellite No. 3 

Friction Coefficient 
Maximum at Vacuum 

and lOOtfF 

.22 

.23 

.23 

.39 

.40 

.49 

.47 

Coefficient of Hardness ^^gJIel^rhTs!)" 

(in./ in./°FxlO-6) Temperature Compressive Tensile 

1.2 110 R„ 33,000 7,300 
8.6 - 60,000 

(32.1472''F) 60 Re (annealed) 

(See test XXV & IX) 

(See test XX) 

(7̂ 0̂ P) 36 Rb 30,000 13,000 

(77.f6l2T) U s 450,000 

3.9 1,000-1,200 
(70.1832°F) (VPN) 300 

5.3 89Rn 420,000 93,000 
7.4 „ ,, , - 36,000 14,000 

[Estimated for Pure Ni) 
(See test XXV) 

6.4 850 
(70-1800°F) (VPN) 300 

(See test IX) 

(See test XX) 
7.3 

(0-1100°F) 55 Re 310,000 55,000 



TABLE III 

PHYSICAL DATA ON BEARING TEST SAMPLES 

2; 
> 
> 

cn 

I 
ON 

-4 
O 

T e s t 
N o . 

n 

III 

IV 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

X X 

X X I 

XXIV 

XXV 

M a t e r i a l 

WC Kennameta l K96 
TiC Kentanium K162B 

Co B a s e Haynes Alloy No. 25 
Co B a s e Haynes Alloy No. 3 

Cr3C2 on 316 SS - Linde L C - I A 
AI2O3 on 316 SS - Linde LA-2 

AI2O3 on 316 SS - Linde LA-2 
TiC - Kentan ium K162B 

C Graph i te - Nat ional Carbon CDJ-83 
Co B a s e - Haynes Stel l i te No. 3 

AI2O3 Hot P r e s s e d - Nor ton LA-687 
SiC Nor ton 

BN-Carborundum Co. 
Cr3C2 - F i r t h CR2 

WC Kennameta l K96 
SiC Nor ton 

AI2O3 Hot P r e s s e d Nor ton LA-687 
C Graph i t e - Nat ional Carbon C D J - 8 3 

Cr3C2 on 316 SS - Linde L C - I A 
TiC - Kentanium K162B 

C Graph i t e - Nat ional Carbon C D J - 8 3 
F e B a s e Haynes Alloy No. 90 

AI2O3 on 316 SS - Linde LA-2 
C Graph i te - Nat ional Carbon CDJ-83 

Deva 3-N-12 D e v a - M e t a l C o r p . , 
Ridg ewood, N . J . 

AI2O3 Hot P r e s s e d Nor ton LA-687 

Deva 3 - F - 1 2 Deva Meta l C o r p . 
AI2O3 Hot P r e s s e d Nor ton LA-687 

Sample 
Number 

67 

5 
70 

64 
55 

56 
68 

39 
71 

10 
48 

1 
77 

52 
49 

9 
42 

58 
69 

90 
87 

18 
43 

105 
62 

108 
63 

Surface R 
(RMS 

Before 

6 
6 

4 

2 
1. 5 

1.5 
6 

150 
4 

3 
4 

30 
8 

5 
7 

4 
10 

2 
5 

8 

2 
8 

85 
6 

50 
6 

aughness 
^ i n . ) 

After 

25 

9 

5 

1.3 
6 

80 
9 

8 
4 

80 
10 

2 .5 
5 

2 

2 .5 
5.5 

15 
7 

2 
8 

80 
6 

40 
14 

Weight 
Change 

(gm) 

* 

-0 .00180 

-

-0 .00121 

+0.00018 
-0 .00080 

0.00000 

-0 .11724 
* 

-0 .00078 
* 

+0.00015 

-0 .00008 
+0.00080 

-0 .01201 
+0.00040 

-0 .02590 
-0 .07870 

-0 .01070 
+0.00090 

-0 .02100 
+0.00050 

Dimens iona l 
Wear 
( in.) 

0.0000 

0.0000 

-

0. 0000 
0.0001 

0.0004 
0.0000 

0.0000 
0.0000 

0.0092 

0.0000 
0.0001 

0.0000 
0.0004 

0.0000 
0.0000 

-0 .0002 
+0.0002 

-0 .0002 
-0 .0002 

+ 0.0009 
+0.0001 

-0 .0001 
-0 .0000 

*The holddown c l amps chipped c o r n e r s on these 
cannot be i so l a t ed . 

-Data not ava i l ab le . 

samples so that weight change due to wear 



III. DISCUSSION 

MATERIALS SELECTION 

Because of the l imited scope and t ime of the p rogram, m a t e r i a l s that 

showed good high t empera tu re friction and wear cha rac t e r i s t i c s under a t m o s ­

pher ic conditions were selected. The selection was based on a l i t e r a tu re survey 

of high t empera tu re bearing friction t e s t s , d iscuss ions with m a t e r i a l suppliers 

and evaluation of their b rochures , and recommendat ions of the meta l lurg ica l 

depar tments of the suppl ie rs . 

Where dry lubricat ion coatings were used, a control m a t e r i a l of known high 

friction was used as the base meta l so that failure of the coating would be obvious, 

Where flame sprayed coatings were used, a high t empera tu re s t ruc tura l m a t e ­

r ia l was used for the base meta l . 

The general grouping, major consti tuents, and source of the m a t e r i a l s 

selected for test ing is l is ted below. Table I l i s t s the m a t e r i a l combinations 

tested to date: 

Cobalt Base Alloys 

Haynes Alloy No. 25 - Co, Cr, Ni, W (Haynes Stellite Co.) 

Haynes Stellite No. 3 - Co, Cr, Ni, W, C, F e (Haynes Stellite Co.) 

Nickel Base Alloys 

Inconel X - (Control Mater ia l ) Ni, Cr, Fe , Ti, Mn 
(International Nickel Co. ) 

Deva Alloy (3-N-12) - Ni, C Graphite (Deva Metals Co. ) 

Refractory Mate r ia l s 

Carbides - Silicon Carbide - SiC (Norton Co. ) 

Tungsten Carbide - WC, Co (Kennametal C o . , K96) 

Chromium Carbide - Cr3C2, Ni, F l a m e Sprayed on 
316 SS (Linde C o . , LC-IA) 

Titanium Carbide - TiC, Ni, Mo, CbC (Kennametal Inc . , 
K162B) 

Ni t r ides - Boron Ni t r ide - BN (Carborundum Co. ) 

Oxides - Aluminum Oxide - AI2O3 F l a m e Sprayed (Linde Co., LA-2) 

Aluminum Oxide - Solid Hot P r e s s e d AI2O0 (Norton Co . , 
LA-687) 

Lead Oxide - F i r e d (Atomics International Lab) 
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Carbon - Carbon Graphite impregnated with p ropr i e t a ry constituents 
(National Carbon Co. , CDJ-83) 

Stainless Steel 

316 SS (Control Mater ia l ) 

Lubricant Coating 

Molybdenum Disulfide on 316 SS Base Metal M0S2 (Electrofilm Corp. ) 

Iron Base Alloys 

Haynes Alloy No. 90 - Fe , Cr, C (Haynes Stellite Co. ) 

Deva Alloy (3-F-12) - Fe , C (Deva Metal Corp. ) 

F e r r o - T i c - Fe , TiC, Ni, Cr (Sintercast Co . , S-45) (To be tested) 

B. VARIATION OF FRICTION WITH TEST PHASES 

A review of Table I will show a t rend among the low-friction combinations 

a s the t e s t s p r o g r e s s e d through the phases . With some exceptions the low-

friction combinations displayed the following t rends as displayed on F igure 1: 

1) The friction coefficient ro se when the vacuum was pulled. 

2) The coefficient dropped as the t empe ra tu r e was ra i sed to 600°F for 

24 hr . 

3) The coefficient dropped further when the t empera tu re was held at 

1000°F for an additional 24 hr . 

4) The coefficient then rose slightly after 7 days at 1000°F and 

10 m m Hg p r e s s u r e . 

5) Finally, the coefficient r o s e m o r e when brought back to room 

conditions. 

F igure 2 shows the effect on friction during the period of bringing the tes t 

to 1000°F at vacuum. The curve does not r ep re sen t a specific t es t but is intended 

to show the genera l effect of imposing a change of conditions on the ma te r i a l 

combinations. The change of friction coefficient when one of the samples was 

carbon CDJ-83 was markedly different from the changes where carbon was not 

one of the m a t e r i a l s . 

As shown in F igure 2, a short t e r m drop in friction accompanied the initial 

pulling of vacuum due to outgassing, but then the friction r o s e and stabilized at 

a higher value. When the t empe ra tu r e was r a i sed to 600°F, the friction for 
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c o m b i n a t i o n s inc lud ing c a r b o n C D J - 8 3 d r o p p e d to a low l e v e l and changed v e r y 

l i t t l e a s the t e m p e r a t u r e w a s s t epped up to 1 0 0 0 ° F . C o m b i n a t i o n s wh ich did not 

i nc lude a c a r b o n s a m p l e d i s p l a y e d a l e s s e r d r o p when the t e m p e r a t u r e w a s 

r a i s e d to 6 0 0 ° F and then changed v e r y l i t t l e when s t a b i l i z e d b e t w e e n s t e p s up 

to 1 0 0 0 ° F . H o w e v e r , a s e a c h t e m p e r a t u r e change w a s m a d e , a s h o r t t e r m d r o p 

in f r i c t i o n w a s n o t e d . T h i s w a s p r o b a b l y c a u s e d by a d d i t i o n a l o u t g a s s i n g . T h e 

c o m b i n a t i o n s involv ing c a r b o n C D J - 8 3 did no t d i s p l a y t h i s s e n s i t i v i t y to t e m ­

p e r a t u r e c h a n g e s . 

C . CHANGES IN PHYSICAL M E A S U R E M E N T S 

The c h a n g e s in p h y s i c a l m e a s u r e m e n t s du r ing t e s t i n g a r e shown in T a b l e III . 

T h e u s u a l t e s t c o n s i s t s of 320 c y c l e s of o p e r a t i o n a t 3.5 in . p e r c y c l e , o r 1100 in . 

t r a v e l of the r i d e s . (This i s m a n y t i m e s m o r e t r a v e l t han e n v i s i o n e d for t h e 

SNAP c o n t r o l s b e a r i n g s . ) It can b e s e e n t h a t g r a p h i t e shows s o m e w e a r a long 

wi th an i m p r o v e m e n t of s u r f a c e f in i sh . T h e w e a r i s not enough to affect p e r ­

f o r m a n c e in the SNAP i n s t a l l a t i o n s . 

T h e we igh t i n c r e a s e of t h e A l ^ O , in t e s t s XIV, XXIV, and XXV v e r i f i e s the 

t r a n s f e r of m a t e r i a l o b s e r v e d in a m i c r o s c o p i c o b s e r v a t i o n of t h e s a m p l e s a f t e r 

t he t e s t . 

D . C O N T A C T W E L D I N G 

T h e o r i g i n a l t e s t p r o c e d u r e i nc luded a 1 6 - h r p e r i o d wi thou t any o p e r a t i o n a l 

c y c l e s to o b s e r v e the effect of dwe l l p e r i o d s . No a p p r e c i a b l e effect w a s no ted 

so t h a t l o n g e r dwe l l p e r i o d s w e r e o b s e r v e d for l a t e r t e s t s ( s ee T a b l e IV) . 

T A B L E IV 

E F F E C T O F D W E L L P E R I O D S ON F R I C T I O N C O E F F I C I E N T 

AT 1000°F AND 10"^ m m Hg P R E S S U R E 

T e s t 
N o . 

XX 

XXI 

XXIV 

XXV 

M a t e r i a l s in 
C o n t a c t 

G r a p h i t e C D J - 8 3 on 
H a y n e s N o . 90 

AI2O3 on G r a p h i t e 
C D J - 8 3 

D e v a 3 - N - 1 2 on Al O^ 

D e v a 3 - F - 1 2 on Al O , 

D u r a t i o n of 
Dwel l P e r i o d 

48 

48 

72 

96 

S t a r t i n g F r i c t i o n Coeff ic ien t 

B e f o r e Dwel l 

0. 16 

0 . 0 4 

0. 34 

0 . 2 3 

Af te r Dwel l 

0 .27 

0. 14 

0 . 4 8 

0. 23 
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A s can be seen , t h e r e i s an a p p r e c i a b l e i n c r e a s e in f r i c t i on wi th a long dwel l 

p e r i o d in m o s t c a s e s . T h e s e r e s u l t s a r e i n c o n c l u s i v e b e c a u s e v e r y long p e r i o d s 

a r e n o r m a l l y r e q u i r e d to affect c o n t a c t w e l d i n g . S e v e r a l d e v i c e s env i s ioned for 

u s e on SNAP s y s t e m s wi l l have con t ac t i ng s u r f a c e s t h a t wi l l be s e p a r a t e d a f t e r 

long p e r i o d s so tha t t h e m e c h a n i s m of c o n t a c t weld ing w i l l be i n v e s t i g a t e d in 

fu tu re t e s t s . 

E. VACUUM EFFECT ON FRICTION 

F i g u r e 3 shows the effect of l o w e r i n g p r e s s u r e on f r i c t i on coe f f i c i en t s a t 

1000°F for t h r e e of the t e s t s . It c an be s e e n t h a t t he f r i c t i o n coef f ic ien t did not 

s t a b i l i z e in the r a n g e of v a c u u m a t t a i n e d in the t e s t s c o n d u c t e d . T e s t i n g a t 
_9 

l o w e r p r e s s u r e s to 10 m m Hg i s p l anned to s e e if a s t a b l e l e v e l i s r e a c h e d . 

F . S P E C I A L T E S T S 

T h e hot p r e s s e d Al^O., on g r a p h i t e C D J - 8 3 of t e s t XIV p r o d u c e d such f a v o r ­

ab le r e s u l t s t ha t t e s t XXI us ing f l a m e s p r a y e d Al^Oo i n s t e a d of hot p r e s s e d 

A l^O^ w a s r u n . The s a m e low f r i c t i o n r e s u l t e d in the s e c o n d t e s t . The s p r a y 

coa t i s m o r e d e s i r a b l e f r o m a f a b r i c a t i o n v i ewpo in t . 

T h e q u e s t i o n of diffusion p u m p oi l c o n t a m i n a t i o n of the s p e c i m e n s p r o m p t e d 

a r e - r u n of the s p r a y coa t A l^O^ and g r a p h i t e C D J - 8 3 s p e c i m e n s in t e s t XXIII 

a s fo l lows: 

_7 
1) The t e s t c h a m b e r w a s b r o u g h t to 1 0 0 0 ° F and 1.6 x 10 m m Hg us ing 

the diffusion p u m p and N^ baff le . 

2) The 1 2 - i n . v a l v e to t h e diffusion p u m p w a s c l o s e d and the ion p u m p 

w a s s t a r t e d so t h a t t he v a c u u m w a s he ld by t h e ion p u m p and N , 

baffle only . 

_7 
3) T e m p e r a t u r e of lOOO'F and v a c u u m of 8 x 10 w e r e he ld for t h r e e 

d a y s wi th t h e diffusion p u m p v a l v e c l o s e d . 

T h e a b o v e p r o c e d u r e p r e c l u d e d b a c k - s t r e a m i n g of p u m p oi l d u r i n g the t h r e e - d a y 

t e s t and no c h a n g e in f r i c t i o n coef f ic ien t f r o m tha t o b s e r v e d wi th the diffusion 

p u m p w a s n o t e d . 

N A A - S R - 6 4 7 6 
11 



I x l O 

X 
I 
E 
£ 

UJ 
Q: 

(/> 
tn 
hi 
<r 
a. 
UJ 

O 
V) 
CD 

< 

X 10 .-5 

Ix 10 
r S 

A TEST S I 
• TEST IX 
O TEST n 

0.20 0.22 0.24 0.26 0.28 

FRICTION COEFFICIENT 

0.30 '0.32 

Figure 3. F r ic t ion Coefficient at 1000°F vs Absolute P r e s s u r e 

NAA-SR-647 6 
12 



G. DRY FILM LUBRICANTS 

Tes t s V through VIII were run with MoS^ dry film lubricat ion but ear ly 

fai lures were experienced in vacuum with the t empe ra tu r e at only a few hundred 

degrees . Test ing by other agencies has resu l ted in successes in this a rea so 

that further evaluation is planned. 

NAA-SR-6476 
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IV. TESTING FACILITIES AND PROCEDURES 

A. EQUIPMENT 

The friction t e s t s were conducted in an evacuated and heated cyl indrical 

furnace. The r ide r sample was weighted against the base sample and was slid 

a c r o s s the base by a motor outside the chamber . The motor moved a rod con­

nected to the r i de r through a bellows seal . A ring force t r ansducer was integral 

with the rod for friction force measu remen t . 

Tes t s I through XV were run with the equipment shown in F igures 4, 5, 

and 6. The t e s t s after XV were run with the same friction appara tus instal led 

in a new vacuum furnace shown in F igure 8. 

1. F r ic t ion Measurement 

The s ta t ionary tes t sample (4 in. x 1.5 in. x 0.25 in. ), or base, was 

clamped to an I -beam secured to the furnace. The r ide r sample (0.5 in. x 0.5 in. 

x 0.5 in. ) was placed on the base and weighted through a yoke that r e s t ed in a 

groove on top of the r ide r as shown in F igu re s 5 and 6. The weight was sus ­

pended on the ends of the yoke about 2.5 in. below the r ide r in a cutout space 

in the I -beam web. The total load on the sample (the weight plus rod) was 11 lb . 

The operating rod re s t ed on the yoke but applied the force to the r i de r 

very close to the contact surface so that the turning moment from the applied 

force was negligible. The rod passed through a hole in a heat shield to the 

t r ansducer and then through a bellows seal to the motor d r iye . 

A r ing- type force t r ansducer in tegral with the rod was in a heat shielded 

port ion of the vacuum chamber so that the operating t empe ra tu r e of the t r a n s ­

ducer was not exceeded. The force ring had a 10-lb force and a 0.015-in deflec­

tion ra t ing. The deflections moved the t r ansduce r core and generated signals 

which were fed to a bridge balance and then to a paper char t r e c o r d e r . F igure 7 

is a photograph of a typical t r a c e . Cal ibrat ions were made on the t r ansducer 

after each tes t . 

The rod was moved by a dr ive screw connected through a gear dr ive to 

a r eve r s ib l e e lec t r ic mo to r . The rod speed (5 in. /min) was set by a nnotor 

cont ro l le r . Microswi tches were set at the ends of t r ave l to r e v e r s e and stop 
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Figure 8. Vacuum Furnace for Tes t s XVI Through XXV 
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the motor during cycling. The switches were set for a s t roke of 1.7 5 in. A 

t imer setting controlled the t ime (2 hr) between cycles automatical ly but a switch 

for manual cycling was avai lable. A counter recorded the number of cycles 

during a tes t . 

Thermocouples sensed t e m p e r a t u r e s of the r ide r , base, and ring t r a n s ­

ducer . These t e m p e r a t u r e s were recorded by a r e c o r d e r amplif ier which also 

recorded elapsed t ime of tes t ing. The following equipment was used: 

F o r c e Transducer - Crescen t Engineering and Resea rch Co . , 
Model DVA-8-10 

Transducer Bridge Balance - Crescent , Model 85-F 

F o r c e Recorde r - Minneapolis Honeywell Vis icorder , Model 906B 

Drive Motor - Magnetic Amplifier Co . , Spec. 720-133 

Motor Speed Control - Magnetic Amplifier Co . , Magne-Speed 
Control, Model MS-6500 

Thermocouple T e m p e r a t u r e Recorder - Foxboro C o . , Model 9335AT 

2. Vacuum Furnace 

The furnace used for the f i r s t 15 t e s t s is shown in F igu re 4. The cylin­

dr ica l chamber was 18-in. d iameter x 54-in. long with an 18-in. d iameter 

X 40 in. long usable space . The tes t chamber was heated to 1000°F while at 

vacuum by r e s i s t ance hea t e r s on the exter ior of the tes t chamber . 

P r e s s u r e s as low as 1.5 x 10 m m Hg were achieved with a 6-in. d iam­

eter oil diffusion pump with a liquid nitrogen re f r igera ted inlet t r a p . Mechanical 

backing and roughing pumps were instal led in s e r i e s with the diffusion pump. 
_3 

Vacuum sensing and readout in the low vacuum range (10 m m Hg) were 

provided by thermocouple and P i r a n i type gauges. In the high vacuum range 

(10~ m m Hg), cold cathode and ionization type gauges were used. 

The following equipment was used: 

Fu rnace - Pacific Scientific Co . , Type PNR 1824-V 
Furnace Tempera tu re Control and Recorder - Minneapolis 

Honeywell, Model No. 153R10-PS 142-KI-20 

Mechanical Vacuum Backing Pump - W. M. Welch Scientific Co . , 
Ser ia l No. 11859-2 

Mechanical Vacuum Roughing Pump - Kinney Manufacturing C o r p . , 
KD-30 
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Oil Diffusion V a c u u m P u m p - C o n s o l i d a t e d V a c u u m C o r p . , 
6 - in . D i a m e t e r , M C F 700 

Cold C a t h o d e V a c u u m Gauge - C o n s o l i d a t e d E l e c t r o d y n a m i c s C o . , 
T y p e g p h - 1 0 0 

Cold Ca thode Sens ing T u b e - C o n s o l i d a t e d , T y p e gph -001 

Ion iza t ion V a c u u m Gauge - V e e c o V a c u u m C o r p . , T y p e R G - 7 5 

Ion iza t ion V a c u u m C o n t r o l - V e e c o , T y p e R G - 3 1 A 

V a c u u m Signal A m p l i f i e r - K in t e l C o r p . , M o d e l 114A 

V a c u u m P a p e r C h a r t R e c o r d e r - E s t e r l i n e Angus C o . , 
S e r i a l N o . 106776 

The f u r n a c e u s e d for t e s t s a f t e r XV i s shown in F i g u r e 8. The c y l i n d r i ­

c a l c h a m b e r i s 3 0 - i n . d i a m e t e r x 4 8 - i n . long wi th a u s a b l e s p a c e 1 8 - i n . d i a m e t e r 

X 2 4 - i n . long . An i n s t r u m e n t a t i o n s e c t i o n 1 8 - i n . d i a m e t e r x 18- in . long i s a l s o 

p r o v i d e d . T h i s f u r n a c e h a s an i n t e r n a l i n f r a r e d hea t ing s y s t e m c a p a b l e of h e a t ­

ing t h e t e s t s a m p l e s to 1 0 0 0 ° F whi l e the w a l l s of the c h a m b e r a r e k e p t a t a m b i e n t 

t e m p e r a t u r e s by a w a t e r cool ing s y s t e m on the e x t e r i o r . T h e e x t e r n a l w a l l s 

a r e a l s o f i t ted wi th h e a t i n g s t r i p s . T h i s hea t i ng and cool ing a r r a n g e m e n t a l l o w s 

the c h a m b e r w a l l s to be o u t g a s s e d at 7 5 0 ° F by the e x t e r n a l h e a t e r s and then 

m a i n t a i n e d a t a m b i e n t t e m p e r a t u r e d u r i n g t e s t i n g to m i n i m i z e t h e g a s p e n e t r a ­

t ion t h r o u g h the c h a m b e r w a l l s . T h e i n f r a r e d s y s t e m d i r e c t s h e a t a t the t e s t 

s a m p l e s wi th a m i n i m u m h e a t to o t h e r p a r t s of t h e c h a m b e r . 

_7 
T h e v a c u u m w a s m a i n t a i n e d a t 1 x 1 0 m m Hg a t 1000°F by a l iquid 

n i t r o g e n t r a p p e d , l 6 - i n . diffusion p u m p . T h e s y s t e m i s be ing ex tended to 
_9 

a c h i e v e 10 m m Hg c a p a b i l i t i e s by add i t ion of n i t r o g e n and h y d r o g e n c r y o ­

gen ic s y s t e m s and an ion p u m p s y s t e m . The f u r n a c e a l s o h a s p r o v i s i o n s for 

i s o l a t i n g the dif fusion p u m p f r o m t h e c h a m b e r by a 1 2 - i n . d i a m e t e r p n e u m a t i c 

v a l v e . 

V a c u u m s e n s i n g and r e a d o u t i s done wi th t h e r m o c o u p l e g a u g e s to t h e 
_3 

10 m m Hg r a n g e and wi th i on i za t i on g a u g e s for the l o w e r p r e s s u r e r a n g e s . 

T h e e q u i p m e n t u s e d i s l i s t e d be low: 

F u r n a c e - A t o m i c s I n t e r n a t i o n a l 

F u r n a c e T e m p e r a t u r e C o n t r o l and R e c o r d e r - Honeywe l l 
Y 1 5 3 - R 1 0 - P S H - ( 3 3 ) - 1 8 5 - I I I - ( 2 7 ) - A 8 

M e c h a n i c a l V a c u u m Roughing P u m p - Kinney M a n u f a c t u r i n g C o . , 
M o d e l K C - 4 6 
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Mechanical Vacuum Backing Pump - W. M. Welch Scientific Co . , 
Ser ia l No. 3823-97 

Oil Diffusion Vacuum Pump - NRC Equipment C o r p . , l 6 - in . d iameter , 
H165P 

Ion Pump - Ultec C o r p . , Ser ies 327, 270 i / s e c 

Diffusion Pump Shutoff Valve, 12-in. - Consolidated Vacuum C o r p . , 
VRA-123 

Ionization Vacuum Gauge - Veeco Vacuum C o r p . , Type RG-75 

Ionization Vacuum Control - Veeco, Type RG-31A 

B. TEST PROCEDURE 

A tes t p rocedure that m e a s u r e s the coefficient of friction of the specinnens 

at high t e m p e r a t u r e s and vacuum while sliding was devised. The procedure 

includes stabilization without vacuum and then stabil ization at severa l t e m p e r a ­

tu re levels with vacuum until 1000°F is reached. The 1000°F and vacuum is 

maintained for 1 week. 

Cleaning of the specimen was done by washing in acetone, scrubbing with 

levigated alumina, washing in water , scrubbing with acetone, scrubbing with 

95% ethyl alcohol, and then drying in room a i r . 

During the test ing, the r ider was cycled on the base ei ther manually or 

automatical ly. In the p rocedure below, "manual" cycles mean one back and 

forth movement on the base while "automat ic" cycles denotes two back and 

forth movements every two hours . The testing environmental phases were : 

1) Ambient p r e s s u r e and t e m p e r a t u r e wea r - i n per iod of 24 hr to es tab­

lish a re ference friction level . Fo r the f i rs t hour "manual" cycling 

was done two t imes every ten minutes , but was "automat ic" cycling 

for the r e s t of the phase . 
_5 

2) At ambient t empera tu re , a minimum vacuum of 1 x 10 mm Hg was 
pulled and allowed to stabil ize for about 24 hr with "automat ic" cycling 

3) The t e m p e r a t u r e was then increased to 600°F in steps of 100°/hr with 

"manual" cycling at each s tep. 
_ 5 

4) At 600°F and p r e s s u r e l ess than 10 m m Hg, the samples were 
cycled automatical ly for 24 hr . 
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6) At 8 0 0 ° F and p r e s s u r e l e s s than 10 m m Hg, the s a m p l e s w e r e 

c y c l e d a u t o m a t i c a l l y for 24 h r . 

_5 
7) At 9 0 0 ° F and p r e s s u r e l e s s than 10 m m Hg, the s a m p l e s w e r e 

cyc l ed a u t o m a t i c a l l y for 24 h r . 

_5 

8) At 1 0 0 0 ° F and p r e s s u r e l e s s than 10 m m Hg, the s a m p l e s w e r e 

cyc l ed a u t o m a t i c a l l y for 7 d a y s excep t t ha t on the 5th day a 1 6 - h r 

p e r i o d of no cyc l ing w a s i m p o s e d to e v a l u a t e long dwel l p e r i o d s . 

9) With v a c u u m m a i n t a i n e d , the t e m p e r a t u r e w a s d r o p p e d to 6 0 0 ° F -

N i t r o g e n w a s then a d m i t t e d to the t e s t c h a m b e r un t i l a t m o s p h e r i c 

p r e s s u r e p r e v a i l e d . (Use of N^ i n s t e a d of a i r f a c i l i t a t e d m o r e r a p i d 

and c o m p l e t e o u t g a s s i n g of the t e s t r i g on the s u b s e q u e n t r u n s . ) The 

6 0 0 ° F and N^ a t a m b i e n t p r e s s u r e w a s he ld about 1 6 h r o r o v e r n i g h t 

wi th " a u t o m a t i c " c y c l i n g . 

10) The se tup w a s t u r n e d off and a l l owed to cool for 24 h r to r o o m t e m ­

p e r a t u r e wi th " a u t o m a t i c " c y c l i n g . 

11) At r o o m p r e s s u r e and t e m p e r a t u r e , f inal f r i c t i on m e a s u r e m e n t s 

w e r e r e c o r d e d . 

T h e above p r o c e d u r e w a s i n t ended to p r o v i d e s t a b i l i z a t i o n a t s e v e r a l con­

d i t i ons on the way up to 1 0 0 0 ° F . It w a s found tha t s e v e r a l of the s t e p s did not 

p r o d u c e s ign i f i can t c h a n g e s so the p r o c e d u r e w a s r e v i s e d . T h e r e v i s i o n s w e r e ; 

20 c y c l e s o p e r a t i o n i n s t e a d of 24 h r a t a m b i e n t cond i t i ons , o v e r n i g h t o p e r a t i o n 

a t r o o m t e m p e r a t u r e and v a c u u m i n s t e a d of 24 h r , t e m p e r a t u r e i n c r e a s e s of 

2 0 0 ° F / h r i n s t e a d of 1 0 0 ° F / h r , d e l e t i o n of the 7 0 0 ° F and 9 0 0 ° F s t a b i l i z a t i o n 

c o n d i t i o n s , and i n c o r p o r a t i o n of a 4 8 - h r n o n - o p e r a t i n g p e r i o d a f t e r 7 d a y s i n ­

s t e a d of 16 h r a f t e r 5 d a y s a t 1 0 0 0 ° F . 

V a r i o u s s p e c i a l p r o c e d u r e s w e r e a l s o w o r k e d out to i n v e s t i g a t e spec i f i c 

p h e n o m e n a d u r i n g the c o u r s e of t e s t i n g . 
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V. RECOMMENDATIONS 

The p r o g r a m thus far has shown seven ma te r i a l combinations (see Table II) 

to have reasonably low friction coefficients for use in SNAP sys tem design. 

These should be used, as applicable, in the design. This p r o g r a m should be 

continued as outlined below to expand and extend the findings. 

A. FUTURE TESTING 

The second phase testing outlined in Pa rag raph B, Section I, will be 

initiated but severa l a r e a s of special test ing will also be pursued . 

A p r o g r a m to bet ter understand and evaluate the contact welding observed 

during the dwell per iods will be ca r r i ed on. A tes t setup is being assembled to 

tes t severa l combinations at one t ime for much longer per iods than the regular 

tes t . A means to keep the surfaces separa ted for a long cleaning period before 

being brought into contact has been devised. 
_9 

Additional vacuum equipment will pe rmi t lowering the p r e s s u r e to 10 m m 

Hg and the effect of these lower p r e s s u r e s on friction can be observed to de t e r ­

mine if a point of stabil ization is at tained. 

The additional equipment will a lso pe rmi t operation at very low p r e s s u r e s 

with the diffusion pump valve closed so that the back- s t r eaming of oil can be 

eliminated. 

Testing will be done to obtain maximum depletion of the graphite CDJ-83 

impregnant by holding the samples a l ready run at higher t e m p e r a t u r e s in vacuum 

for a longer per iod to dr ive out any volatile impregnant . If t e s t s after the max i ­

mum depletion t r ea tmen t sti l l show a very low friction, the rel iabi l i ty of graphite 

CDJ-83 for use in SNAP sys tems will be a s su red . 

The dr ive mechan i sms for SNAP sys tems involve gearing so that findings 

here will be in te rpre ted and extended to be made usable for gear design c r i t e r i a . 
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APPENDIX A 

LITERATURE SURVEY 

P u b l i s h e d p a p e r s d e a l i n g with d r y b e a r i n g f r i c t i o n in the 1000 °F r a n g e 

a n d / o r in v a c u u m w e r e r e v i e w e d . A few of the m o r e p e r t i n e n t p a p e r s r e v i e w e d 

a r e r e f e r e n c e d at t he end of t h i s r e p o r t wi th a s h o r t s u m m a r y of the f indings 

s ign i f i can t to t h i s w o r k . 

The e a r l y v a c u u m w o r k by Bowden and Hughes showed a def in i te i n c r e a s e 

in f r i c t i o n when m a t e r i a l s w e r e c l e a n e d and s l id t o g e t h e r in a v a c u u m at r o o m 
2 

t e m p e r a t u r e s . L a t e r w o r k by Bowden and Young showed tha t h igh t e m p e r a t u r e s 

r e d u c e d the f r i c t i o n b e t w e e n m e t a l s in a v a c u u m . F i g u r e 2 of t h i s r e p o r t show^s 

the s a m e t e n d e n c i e s . T h e s e p a p e r s and o t h e r f indings w e r e c o l l e c t e d in a c o m -
3 

p r e h e n s i v e book on f r i c t i o n by Bowden and T a b o r in 1950. 

F r i c t i o n and w e a r of g r a p h i t e in a v a c u u m w e r e found to be v e r y u n s a t i s f a c -
4 5 

t o r y in w o r k by S a v a g e but Bowden n o t e s conf l i c t ing r e p o r t s on unpub l i shed 

r e s u l t s of t e s t s by D r . Kenyon of C a m b r i d g e in which low coef f i c i en t s have b e e n 

o b s e r v e d with g r a p h i t e on g r a p h i t e , Au, Ag, Cu, T a , F e , and N i . 

The t e s t r e s u l t s in F i g u r e 1 show v e r y low f r i c t i o n with g r a p h i t e t r e a t e d 

with a p r o p r i e t a r y i m p r e g n a n t . H o w e v e r , a t e s t with u n t r e a t e d g r a p h i t e i s 

p l a n n e d . 

Mos t b e a r i n g m a t e r i a l s when put in a c t u a l u s e have o x i d e s o r c o n t a m i n a n t s 

on the s u r f a c e , o r c o m p o u n d s a r e f o r m e d at the i n t e r f a c e d u r i n g o p e r a t i o n . T h i s 

r e s u l t s in f r i c t i o n tha t i s not n e c e s s a r i l y a funct ion of the b a s e m a t e r i a l a lone 

but a l s o of the i n t e r f a c e m a t e r i a l s . The f r i c t i o n i n c r e a s e s d u r i n g dwel l p e r i o d s 

a s shown in T a b l e IV m a y have b e e n induced by i n t e r f a c i a l r e a c t i o n s of the m a ­

t e r i a l s o r c o n t a m i n a n t s . How^ever, depend ing on which c o m p o u n d s a r e f o r m e d , 
5 

the f r i c t i o n m a y i n c r e a s e o r d e c r e a s e . Bowden d i s p l a y e d t h i s effect by p l ay ing 

a s t r e a m of H^S g a s at t he i n t e r f a c e of a Mo b e a r i n g a t lOOO'C and o b s e r v i n g the 

d e c r e a s e d f r i c t i o n a s MoS^ was f o r m e d . 

A fa i r annount of w o r k h a s been done on deve lop ing and t e s t i n g m a t e r i a l s and 

c o a t i n g s for high t e m p e r a t u r e (not n e c e s s a r i l y in a v a c u u m ) , but an a c c e p t e d s e t 

of p h y s i c a l p r o p e r t i e s for h igh t e m p e r a t u r e b e a r i n g m a t e r i a l s h a s not b e e n d e ­

v e l o p e d . Coffin p o i n t s out tha t i n f o r m a t i o n i s not r e a d i l y a v a i l a b l e on m a n y of 

the p r o p e r t i e s ( so lub i l i ty , a l loy ing ab i l i t y , e t c . ) affect ing high t e m p e r a t u r e 
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fr ict ion. High t empe ra tu r e friction cha rac t e r i s t i c s were used as a bas i s for 

selection of m a t e r i a l s tes ted for this r epo r t . Satisfactory friction p roper t i e s 

of TiC on AlpOo and C on AKO^ at high t empera tu re in a vacuum a re shown in 

Table II. These same combinations produced reasonable coefficients at high 
7 

t empera tu re in a ir as observed by Rabinowicz. 
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APPENDIX B 

PHOTOS OF TEST SAMPLES AFTER TESTING 

• 
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Figure 9. Tes t I 
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Figure 10. Tes t II 
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Figure 11. Tes t III 
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Figure 12. Tes t IV 
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Figu re 13. Tes t V 
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Figure 14. Tes t VI 
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Figure 15. Test VII 
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MoS2 on Co Base Alloy 

Electrofilm on Haynes No. 25 

Figure 16. Test VIII 
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Figure 17. Test IX 
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Figure 18. Tes t X 
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Figure 19. Tes t XI 
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BN —Carborundum Co. 

Figure 20. Test XII 
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Figu re 21 . Tes t XIII 
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Figure 22. Tes t XIV 
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Figu re 23. Tes t XV 
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F igure 24. Tes t XVI 
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Figure 25. Tes t XVII 
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Figu re 26. Tes t XVIII 
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Figu re 27. Tes t XIX 
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1 Fe Base - Haynes Alloy No. 90 S H J 

C-Graphite-CDJ-83 

Figure 28. Test XX 

NAA-SR-6476 
48 



f 

'i 

Figure 29- Tes t XXI and Tes t XXIII 
(After completion of XXIII) 
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Figure 30. Tes t XXII 
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Figure 31. Tes t XXIV 
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AI2O3 Hot Pressed 

Devo 3.F-I2 

Figure 32. Tes t XXV 
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diainond bul le t -shaped specimen. 

The work of Dr . Kenyon was pointed out. He found that C graphi te on 
C graphi te at high t empe ra tu r e and outgassed gave a low friction 
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coefficient (0.2). Also he found that the friction of C graphite on Ag, 
Au, and Cu in vacuum dropped with t empera tu re i nc r ea se s until the 
meta l mel ted . However, with Ta, Fe , Ni and steel the friction dropped 
with t empe ra tu r e i nc reases until about 1000°F was reached and then the 
friction rose sharply. The la t ter me ta l s a r e known to r eac t chemically 
with graphi te to form a meta l carbide . 

Compounds formed at the interface of bear ings can give low^ friction 
r e su l t s if the compound is soft and has low shear s t rength. H^S gas 
on Mo bearing surfaces at 1000°C produced MoS^ with resul t ing low 
friction. 
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or separat ion of contact inside the base me ta l . Sliding by shear gives 
the lowest friction and wear . 

Interface m a t e r i a l s depend on solubility of the mating m a t e r i a l s , pos i ­
tion of the m a t e r i a l couple on the periodic table, alloying ability of the 
couple e lements , the work of adhesion of couple e lements , and the 
contact angle while the base meta l p rope r t i e s a r e usually well defined. 

Fo r high t empera tu re it is difficult to find combinations that slide by 
shear at the interface because high t e m p e r a t u r e s i nc rease adhesion and 
dec rea se s trength of the base m e t a l s . 

E. Rabinowicz, WADC-TR-59-603 (I960). 

High t e m p e r a t u r e t e s t s in a i r on th ree groups of m a t e r i a l s at a speed 
of 3 c m / s e c and t empe ra tu r e of 1200*'F resul ted as follows: 

Hard Oxides, Bor ides , and Carbides : 
AI2O3 on AI2O3 
T i e on AI2O3 
AI2O3 on SiC 
T i e on SiC 
B^C on AI2O3 

Graphite: 
C on AI2O3 
C on C 

Coefficient = 
Coefficient = 
Coefficient = 
Coefficient = 
Coefficient = 

Coefficient = 
Coefficient = 

0.8 
0.4 
0.5 
0.5 
0.5 

0.0 
* 

*(varied according to finish 0.05 to 0.25) 

Carbide: 
Carballoy 330 on Carballoy 330 Coefficient = 0.7 
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