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ABSTRACT 

The technical h i s to ry and development of bear ings for the 

var ious SNAP reac to r p rog rams a r e t raced from init ial m a t e r i a l 

selection through life testing and reac to r operation. A reference 

bear ing couple of f l ame-sprayed A1_0 . against ca rbon-graphi te 

has successfully operated in individual tes ts of 20,000 hours and 

through a combined total of m o r e than 120,000 hours . The self-

aligning journal bear ing design has provided low friction operation 
_9 

in t e m p e r a t u r e s to 1500°F in space vacuum (to 10 to r r ) without 

self-welding after long dwell per iods . A var ie ty of A1_0- sub­

s t r a t e s have been used successfully for component r equ i remen t s 

between 800 and 1500°F including Type 300 se r i e s s ta in less s tee ls 

Inconel-750, and tantalum - 10% tungsten al loys. 

AI-AEC-13079 

8 



I. INTRODUCTION 

A se r i e s of smal l nuclear r e a c t o r s , designated "Systems for Nuclear 

Auxil iary Power" (SNAP), has been under development at Atomics International 

(AI) since 1957. These r e a c t o r s have been designed to provide long- t e rm unin­

te r rup ted power for space and remote t e r r e s t r i a l applications. Several gene ra ­

tions of r e a c t o r s : SNAP 10, SNAP 2, SNAP 4, SNAP 8, the Advanced ZrH 

Reac tor , the Space Power Faci l i ty Test (SPF), and the 5 kwe Thermoe lec t r i c 

Reactor Systems have undergone design, development, test ing, and operation 

to varying deg rees . Technical developments of each generat ion have been 

uti l ized in succeeding genera t ions , with the basic reac to r concept modified for 

power and life r equ i r emen t s . 

The r e a c t o r s cons is t of a fueled core , through w^hich a liquid meta l coolant 

is c i rcula ted , surrounded by a beryl l ium modera to r and ref lector assembly . 

The control mode is by closing "windows" in the ref lector assembly to regulate 

the amoxuit of neutron loss and therefore , maintaining the des i red core and 

coolant t e m p e r a t u r e s . 

The SNAP lOA, 2, 4, 8, S P F , and Advanced ZrH Reac tors have movable 

ref lec tor segments which a r e rota table half cyl inders para l le l to the core cen te r -

line. F igure 1, the SNAP 8 Reactor System, i l l u s t r a t e s this concept. The 

SNAP lOB and 5-kwe Thermoe lec t r i c Reactor movable re f lec tors consis t of 

segments moved ver t ica l ly along the plane para l le l to the core . The 5-kwe 

design is i l lus t ra ted in F igure 2. 

Common to both r eac to r types a r e mo to r s to dr ive the ref lector segments , 

ref lector dr ive and support f ix tures , position s e n s o r s , and a var ie ty of mechan i ­

cal devices which requ i re some form of movement and, consequently, bear ings . 

The bearing environment is bas ical ly that of a space vacuum, p r e s s u r e s in the 

order of 10 to r r a i r , high radiat ion, t e m p e r a t u r e s between 800 and 1500°F, 

and long per iods of inactivity. Table 1 l i s ts the environment r equ i rements for 

specific r eac to r sys tems as they evolved. 

At the beginning of the bearing development effort, it was determined that 

the m o s t s t r ingent r equ i remen t s were for the movable ref lector support bear ings , 

and technology developed there could be util ized in the design of all other bear ings . 
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T A B L E 1 

SNAP C O N T R O L DRTT /̂r R T T A R T N G DESIGN P A R A M E T E R S 

Parameter 

Temperature {°F) 

Maximum 

Minimum 

Pressure (torr) 

Space 

Ground Test 

Nuclear Radiation 

Neutrons (nvt) 

Gammas, Carbon (rad) 

Life (hr) 

Ground Test 

Space Operation 

Launch (maximum) 

Shock (g) 

Acceleration (g) 

Sinusoidal Vibration (g) 

Resonant Dwells (min) 

Random Vibration, Equivalent (g) 

Control Drum Weight (lb) 

Reflector Assembly 

Allowable Drum Bearing Torque 
(shafts vert ical , 1 g field) (in.-lb) 

System at 70° F 

System at Maximum Temperature 

Bearing Clearance, Nominal (in. ) 

Diametral, maximum 

Axial 

Operational Life 

Full Travel Cycles (angle or 
in. , number of times) 

Thermal Cycles (minimum) 

SNAP lOA 

700 

70 

10-^ 

10-2 

7 x l 0 l « 

1 .5x10^° 

8,700 

8,700 

20 

9.4 

7.5 

5 

None 

7 

1.3 

1.3 (700°F) 

0.0048 

0.00 35 to 
0.005 

135°, 10 

10 

SNAP 2 

900 

70 

io-« 

10-4 

19 1.5 X 1 0 ^ 

3 . 9 x l 0 l 0 

10,000 

10,000 

20 

9.4 

7.5 

5 

None 

9 

1.3 

1.3 (900°F) 

0.004 

0.003 to 
0.005 

150°, 10 

10 

SNAP 8 

1,150 

50 

10-13 

10-5 

10^0 

10^1 

12,000 

12,000 

35 

7 

19 (max) 

5 

21 

31 

7.0 

3.5 at 1150°F 

0.0012 

0.002 to 
0.010 

135°, 200 

200 

Advanced 
ZrH Reactor 

1,500 

70 

10-12 
10-5 

1.9 X 10^1 

-

20,000 

20,000 

20 

6 

2 

5 

21 

84 

35.0 

18 at 1350°F 

0.012 

0.002 to 
0.010 

180°, 50 

50 

5 kwe 

800 

50 

io-« 
10-5 

1 x 1 0 ^ 9 

5 x 1 0 ^ 1 

44,000 

44,000 

ND^ 

16.25 

ND 

ND 

ND 

26 

2.6 

7.0 at 875° F 

0.005 

0.005 to 
0.009 

2160°, 50 
2160°, 40 in. , 

50* 

50 

^Combined Rotation and Translation tNot Determined 

The init ial effort was a sea rch of the cu r r en t l i t e r a tu re to de te rmine high 

t empe ra tu r e -vacuum bearing state of the a r t . Effort has continued throughout 

the p r o g r a m to maintain survei l lance of industry-wide developments . The 

ini t ial s ea rch showed that some m a t e r i a l evaluations had been conducted for high 

t empera tu re (above 400°F) bear ings in a ir and for low t empera tu re bear ings in 

vacuum, but the combination of high t empera tu re and vacuum operat ion was 
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basical ly unexplored. Ea r ly work by Bowden and a s soc i a t e s , among o thers , 

pointed the bas ic direct ion of r e s e a r c h including sat isfactory operation of graphite 

against var ious me ta l s (Au, Ag, Cu, Ta, F e , and Ni) and A1_0_ against TiC and 

graphite under var ious conditions. The use of contaminant films was a lso explored 

for their effect on friction and bearing se izure . 

It was fo\ind, however , that l i t t le d i rec t ly applicable data were available and 

that an extensive development p r o g r a m was neces sa ry . The basic bear ing p e r ­

formance r e q m r e m e n t s were to (1) provide low friction (friction coefficients l ess 

than 0.3) at operating t e m p e r a t u r e s , (2) prevent self-welding of the bearing m a t ­

ing surfaces after seve ra l hundreds of hours of nonoperation, and (3) have stiffi-

cient mechanica l s t rength to support component loads , through r eac to r launch 

into space. 
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II. BASIC MATERIALS STUDIES 

The bear ing m a t e r i a l evaluation p r o g r a m was divided into three separa te 

phases . Potential m a t e r i a l s and couples were studied for (1) self-welding of 
(2) the couple under stat ic conditions, (2) s tat ic and dynamic sliding friction eval -

(3 4) nat ions , ' and (3) as an outgrowth of self-welding s tudies , basic m a t e r i a l and 
(5) coating meta l lu rg ica l compatibili ty studies ^vere conducted. Studies w^ere a lso 

conducted in phases as bearing t empera tu re requ i rements inc reased from 1000 

to 1250°F and to 1600°F. 

A. SELF-WELDING STUDIES 

1. Theore t ica l F a c t o r s 

It has been shown that when two meta l s a r e heated in ul t rahigh vacuum they 

will seize after some period of t ime. This is normal ly r e f e r r e d to as "self-

welding." In genera l , before self-welding of meta l s can occur , the oxide film 

m u s t be removed from the me ta l surface. If the film is not mechanical ly 

des t royed upon contact of the two sur faces , the onset of welding will be d e t e r ­

mined by some t ime r a t e p roces s which removes the oxide. 

In considering the mechanica l des t ruct ion of the oxide film, the asper i ty 

mechan i sm revea l s that ex t remely high p r e s s u r e s a r e obtained a t the severa l 

points of contact. The adhesion theory as developed by Merchant defines the 

r e a l a r ea of contact between meta l l ic surfaces as the ra t io of the applied load 

to the yield s t rength of the softer ma te r i a l . F r o m this ana lys is , i t can be shown 

that the r e a l a rea of contact is ve ry small . Thus, in a r e a l case , if the load is 

high enough or if the oxide film is ve ry thin, m e t a l - t o - m e t a l contact may occur 

upon init ial loading. 

If the film is not des t royed init ial ly, some other p rocess will be responsible 

for i ts removal . Five possible ra te mechan isms a r e (1) the rmal decomposit ion, 

(2) sublimation, (3) reduction, (4) diffusion, and (5) free surface energy. One 

of the five m e c h a n i s m s , or some corabination of them, will eventually lead to 

m e t a l - t o - m e t a l contact and adhesion will resii l t . 
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2. Exper imenta l Studies 

Ea r l i e r studies on sliding block tes ts in vacuums to 10 t o r r and t e m p e r a ­

tu res up to 1000°F show^ed interface adhesion occasionally resu l ted after shor t 

dwell per iods between sliding cycles . Analysis of these tes t s indicated that 

galling, high star t ing friction, and se izure were d i r ec t r esu l t s of this adhesion. 

Since m o s t of the sliding surfaces in SNAP sys tems have re la t ively low sliding 

veloci t ies , and in some cases long dwell t imes between sliding, it was n e c e s s a r y 

to study the static case . 

Screening t es t s were conducted to de te rmine the types of design m a t e r i a l s 

which have the l eas t adhesion when placed in static contact under modera te load­

ing in the SNAP environment. The t e s t s covered forty different combinat ions, 

mainly ce r amic and meta l l ic couples, that might have application in r eac to r com­

ponents. These included not only the rotating or sliding mechan i sms but a lso 

units such as spr ings , h inges , retaining band standoffs, and end-of-life devices 

that r emain under stat ic load for 10,000 hours and then separa te . The t e s t s 

were conducted at t e m p e r a t u r e s that s imulated the operating range for the design 

involved. No t e s t s were conducted at t e m p e r a t u r e s over 1300°F and none were 

conducted under 700°F. No tes t s were conducted for longer than 3400 hours and 
_7 

all tes t s were conducted in vacuum below 10 to r r . In al l , a total of 110 t es t s 

have been conducted. 

In analyzing the combinat ions, i t is convenient to classify them in five bas ic 

groups : A. meta l vs me ta l , B. meta l vs graphi te , C. meta l vs c e r a m i c , 

D. c e r amic vs c e r a m i c , and E. c e r amic vs graphite . A sixth group has been 

added which includes the use of contaminant f i lms, such as d ry- f i lm lubr ican ts , 

with the previous groups . 

An analysis of the groups with r e spec t to the average value of adhesion is 

shown in Table 2. The combinations, in which the adhesion force is immeasu rab l e , 

were assigned to adhesion force equal to the accuracy of m e a s u r e m e n t (0.1 lb). 

It m u s t be noted that the conditions of the tes t s va ry considerably, and that they 

values do not r e p r e s e n t a s ta t i s t ica l analysis of m a t e r i a l s under s imi la r conditions. 

The data do indicate that in o rder to minimize adhesion, some contaminant film 

or low-shear m a t e r i a l such as graphite m u s t be placed between the mating s u r ­

faces . The re su l t s of the screening t es t s appear in Tables 3, 4, 5, and 6. 
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TABLE 2 

SELF-WELD TEST RESULTS FOR ALL GROUPS 

A 

B 

C 

D 

E 

F 

Group 

Metal vs Metal 

Metal vs Graphite 

Metal vs Ceramic 

Cerara ic vs Ce ramic 

Ceramic vs Graphi te 

Contaminant F i lms plus 
one of the previous 
combinations 

All Groups 

Average 
Adhesion 

F o r c e 
(lb) 

0.57 

0.10 

1.01 

0.37 

0.10 

0.28 

0.41 

Maximum 
Adhesion 

F o r c e 
(lb) 

3.56 

0.10 

6.85 

0.9 

0.10 

3.50 

-

Number of 
Tes ts 

Evaluated 

47 

2 

37 

3 

2 

19 

110 

The f lame-sprayed coatings of L W - I N ' and LC-IA contain an appreciable 

amount of meta l ; therefore , they a r e classified as a meta l in m a t e r i a l grouping. 

K-162B is a lso classif ied as a me ta l , because of the 30% meta l binder (see 

Table 7 for composition of the coatings). Chromixim plating that w^as applied 

to s t a in l e s s - s t ee l samples by an electrolyt ic p roces s to th icknesses of 0.0003 

to 0.0005 in. is a lso included with the m e t a l s . 

The contaminant films used were sod ium-s i l i ca t e bonded dry-f i lm lubr i ­

cants , 0.0005 to 0.0008 in. thick. Both MoS- and WS^ were tested; however, 

the shelf-life of the WS_ m a t e r i a l had been exceeded so these data a r e quest ion­

able. Colloidal graphi te suspended in isopropyl alcohol and sprayed on surfaces 

0.0002 to 0.0003 in. thick has a lso been effective in minimizing adhesion. 

Other m a t e r i a l s classif ied as contaminant films a r e Graf oil (pyrolytic graphite 

in sheet form) and woven graphite cloth. These m a t e r i a l s a r e 0.005 to 0.010 in. 

thick and could be considered as separa te m a t e r i a l s r a the r than f i lms. However, 

nei ther the foil nor the cloth contain binder m a t e r i a l s , a factor w^hich l imits 

their physical s trength. Fo r this reason , they a r e classified as f i lms. 

*See Appendix for p r o p r i e t a r y ma te r i a l s descript ion. 
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TABLE 3 

SELF-WELD DATA SUMMARY - METAL vs METAL 

Mater ia l 
Combinations 

Inconel-X vs 
Inconel-X 

Ti-6A1-4V vs 
Stellite 6-B 

Inconel-X vs 
A-286 

Beryll ium vs 
Beryl l ium 

Ti-6A1-4V vs 
Beryl l ium 

Type 316 Stainless 
Steel vs A-286 

Beryll ium vs 
Type 316 Stainless 
Steel 

Beryl l ium vs 
Rene 41 

Tungsten vs 
Tungsten 

Inconel-X vs 
Relay Steel 

Molybdenum vs 
Type 316 Stainless 
Steel 

LC-IA vs 
K-162B 

Ti-6A1-4V vs 
LW-IN 

LW-IN vs 
LW-IN 

K-162B vs 
K-162B 

Chrome Plate vs 
Chrome Plate 

Tempera tu re* 
(°F) 

900 
1300 
1300 
1300 
1000 
1000 
1000 

800 

1000 
1000 
1000 
1300 

900 
1000 
1000 
1000 
1000 

1000 
1000 

1000 
1000 
1000 
1000 

1000 
900 

1000 
1000 

900 

1300 
1300 
1000 

1300 
835 

1300 
1200 

1000 
850 

1000 
1000 

700 

1000 
1000 
1000 

1000 
1000 

1200 

700 

Time 
(hr) 

2184 
1272 

302 
528 

1692 
676 

72 

1656 

144 
676 

1550 
720 

1268 
456 
686 

2400 
72 

172 
1104 

192 
672 

2400 
816 

216 
1490 
1178 
728 

936 

1300 
672 

1166 

1258 
1080 

120 
504 

192 
1818 
1032 
670 

1104 

3408 
1128 
2370 

1512 
2136 

1200 

Together 72 hr; 
Apar t 90 days; 
Together 72 hr 

Contact 
Load 
(lb) 

25.00 
15.00 
15.00 
14.25 
16.25 
15.50 
15.50 

14.00 

14.20 
25.00 
15.50 
16.00 

11.50 
11.50 
11.50 
11.50 
11.50 

15.00 
15.00 

16.5 
25.00 
17.50 
34.50 

16.00 
16.00 
35.00 
25.00 

12.50 

16.75 
16.75 
16.75 

16.75 
16.75 

13.00 
16.25 

18.00 
14.50 
14.50 
30.00 
30.00 

13.50 
15.50 
15.50 

16.25 
16.25 

16.25 

15.00 

Adhesion 
F o r c e 

(lb) 

<0. 10 
0.78 

<0.10 
0.85 

<0.10 
<0.10 
<0.10 

0.80 

<0.10 
0.32 
2.50 
1.68 

<0.10 
1.50 

<0.10 
<0.10 
<0.10 

<0.10 
1.50 

<0.10 
<0.10 

0.25 
<0.10 

<0.10 
2.00 
1.40 

<0.10 

0.50 

<0.10 
<0.10 
<0.10 

<0.10 
<0.10 

<0.10 
3.56 

2.00 
0.40 

<0.10 
<0.10 
<0.10 

2.40 
<0.10 
<0.10 

0.50 
0.50 

0.40 

<0.10 

<0.10 

Vacuum 
(torr) 

io-« 

10-^ 

10-9 

10-9 

10-9 

io-« 

10-9 

10-9 

10-9 

10-8 

io-« 

10-9 

10-9 

10-9 

10-9 

10-9 

*Appr oximiate 
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TABLE 4 

SELF-WELD DATA SUMMARY - METAL vs CERAMIC 

Mater ia l 
Combinations 

Beryl l ium vs 
BeO 

K-162B vs LA-2 

Type 316 Stainless 
Steel vs LA-2 

Beryll ium vs 
LA-2 

LC-IA vs LA-2 

Inconel-X vs 
LA-2 

Beryll ium vs 
Mykroy 

LA-2 vs LW-IN 

Beryl l ium vs 
Micace ram 

Type 316 Stainless 
Steel vs Micaceram 

Chrome Plate vs 
LA-2 

Tempera tu re* 
(°F) 

1000 
1000 

1000 
1000 
1000 
1000 
875 

1000 
1000 
1000 
1000 
800 

1000 

1000 
1000 

950 
1000 
1000 
1000 

1000 
1000 

850 
1000 

1000 
1100 

1000 
1000 
1000 
1000 
1000 

930 

700 
1300 

900 
1115 

700 
700 

Time 
(hr) 

120 
788 

2370 
1780 
1556 
1536 
1152 

628 
792 

1536 
2510 
1326 

168 

1104 
2018 
1894 
812 
210 
172 

3134 
1536 

1512 
1020 

. 1080 
1200 

1540 
1128 
2370 

96 
1954 
1128 

1324 
1050 

1220 
1440 

2350 
2230 

Contact 
Load 
(lb) 

16.80 
25.00 

17.00 
17.00 
17.00 
14.75 
14.50 

25.00 
15.50 
15.50 
15.50 
15.50 
14.25 

15.00 
12.50 
15.00 
25.00 
15.00 
15.00 

15.00 
15.00 

25.00 
25.00 

16.25 
16.25 

25.00 
15.50 
25.00 
15.50 
15.50 
15.35 

25.00 
25.00 

16.25 
16.25 

15.00 
15.00 

Adhesion 
F o r c e 

(lb) 

<0.10 
2.00 

<0.10 
0.50 

<0.10 
<0.10 
<0.10 

0.62 
<0.10 
<0.10 
<0.10 

0.40 
0.62 

1.50 
6.85 
6.00 
4.50 

<0.10 
<0.10 

0.85 
0.10 

0.38 
<0.10 

0.44t 
1.00 

0.50 
<0.10 
<0.10 
<0.10 
<0.10 
<0.10 

<0.10 
1.80 

1.14 
6.00 

<0.10 
0.33 

Vacu>im 
(Torr) 

io-« 

10-9 

10-9 

10-9 

10-9 

10-9 

10-^ 

10-9 

10-^ 

io-« 

10-9 

•Approximate 
tMykroy decomposed and reacted with holder 
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TABLE 5 

SELF-WELD DATA SUMMARY - OTHER MATERIALS 

Material 
Combinations 

Type 316 Stainless 
Steel vs Purebon 
P-5N 

LA-2 vs LA-2 

LA-2 vs 
CDJ-83 

Temperature* 
(-F) 

Time 
(hr) 

Contact 
Load 
(lb) 

GROUP: METAL vs GRAPHITE 

1000 72 17.50 
1000 672 25.00 

GROUP: CERAMIC vs CERAMIC 

1285 342 16.75 
1280 550 16.25 
1300 1560 20.00 

GROUP: CERAMIC vs GRAPHITE 

1000 
840 

1780 
1200 

14.50 
14.70 

Adhesion 
Force 

(lb) 

<0.10 
<0.10 

0.90 
<0.10 
<0.10 

<0.10 
<0.10 

Vacuum 
(Torr) 

10-^ 

10-9 

io-« 

*Appr oximate 

TABLE 6 

SELF-WELD DATA SUMMARY - CONTAMINANT FILMS 

Mater ia l 
Combinations 

Inconel-X with MoS2'v 
Type 316 Stainless Ste 

Type 316 Stainless 
Steel vs Molybdenum 
with WCG Graphite C 

Type 316 Stainless 
Steel vs Molybdenum 
With Grafoil 

LA-2 vs Type 316 
Stainless Steel 
with Grafoil 

Ti(6Al-4V) vs 
Molybdenum 
with Colloidal 
Graphite 

Ti(6Al-4V) vs 
Mykroy with 
Colloidal 
Graphite 

Type 316 Stainless 
Steel vs Type 316 
Stainless Steel with 
Colloidal Graphite 

Type 316 Stainless 
S t e e l v s Type 316 
Stainless Steel with 
Bonded WS^S 

Type 316 Stainless 
s tee l vs Type 316 
Stainless Steel 
with Bonded MoS-

LA-2 vs K-162B ' 
with MoSj 

Tempera tu re* 
(°F) 

'S 850 
el 900 

900 
1100 

oth 1100 

1100 
1100 
1100 

1000 
1000 
1000 

700 

700 

1200 

1300 

1200 
1200 
1200 

800 

Time 
(hr) 

2020 
1056 

2256 
2500 
2200 

2178 
2350 
2300 

2328t 
2280t 
2234 

120 

120 

2112 

2400 

2090 
1260 
1720 

2160 

Contact 
Load 
(lb) 

13.25 
13.25 

16.00 
16.25 
16.00 

15.00 
16.25 
16.25 

16.25 
16.25 
15.00 

25.00 

25.00 

16.2 

18.5 

16.00 
16.25 
15.00 

10.00 

Adhe sion 
F o r c e 

(lb) 

<0.10 
<0.10 

<0.10 
<0.10 
<0.10 

<0.10 
<0.10 
<0.10 

<0.10 
<0.10 
<0.10 

<0.10 

<0.10 

<0.10 

3.50 

<0.10 
<0.10 
<0.10 

<0.10 

Vacuum 
(Torr) 

10-9 

10-9 

10-9 

10-^ 

10-8 

10-8 

10-8 

10-9 

10-9 

10-9 

*Appr oximate 
t 2 0 - h r oxidation in air at 550°F before tes t 
§6-month shelf life of the coating had been exceeded 
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TABLE 7 

COMPOSITION OF SPECIAL COATINGS AND MATERIALS 
EVALUATED IN THE SELF-WELD PROGRAM 

Coatings and 
Miscel laneous 

Mate r ia l s 

LW-IN 

LC- IA 

LA-2 

K-162B 

CDJ-83 

Mykroy 

Micace ram 

Composition 

WC + 13 to 16% Co 

85% Cr^C^ + 15% Ni-Cr 

99+% AI2O3 

25% Ni, 5% Mo, 64% TiC, 6% CbC 
(some TaC) 

Unknown —Impregnated carbon graphite 

Unknown —Glass-bonded mica 

Unknown — Mica-bonded mica 

3. Discussion of Resul ts 

The p r o g r a m scope did not include the evaluation of the self-welding mecha -
(7 8 9) n ism. Other inves t iga tors ' ' have d iscussed this subject in some detai l , 

with the conclusion that self-welding occurs by a ve ry complicated p rocess that 

includes severa l mechan i sms . These mechan i sms , as outlined in the in t roduc­

tion, have been observed as dependent var iab les to the self-w^elding p roces s . It 

should be evident that an a t tempt to reduce even the s imples t adhesion problem 

to a mathemat ica l equation w^ould involve so many unknowns that an evaluation 

becomes a major effort in itself. 

In the Table 2, data were presented to show the re la t ive self-welding b e ­

tween groups evaluated. 

Only two tes t s were conducted in Groups B and E, but considerable informa­

tion is available on these m a t e r i a l s from other s tudiea It is suggested that 

surface adhesion occurs between the m a t e r i a l combinations in Groups B and E 

in the same manner as meta l to meta l in Group A. The strong bond observed 

with clean m e t a l s , however , does not occur with combinations in Groups B and 
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E. This i s probably due to the mechanical and s t ruc tu ra l p roper t i es of the 

carbon-graphi te m a t e r i a l s . They have high penetrat ion r e s i s t ance but a re 

re la t ively weak in shear . Visual inspection of the surfaces after tes t shows 

carbon-graphi te t r ans f e r r ed to the other surface. This indicates self-welding 

had occur red but the resu l tan t bond strength is apparent ly insignificant. 

The only m a t e r i a l l is ted in Group D is " f l ame-sprayed" ALO., . Three tes ts 

were conducted. One t e s t resul ted in 0.9-lb adhesion and the other two, both for 

longer t ime per iods , had no adhesion. It i s expected that m o r e tes ts of this sanie 

combination would r e su l t in s ta t i s t ics favoring the no-adhesion case . On the other 

hand, this ce ramic i s applied to me ta l subs t ra tes by physical ly imbedding A1_0_ 

pa r t i c l e s in the meta l surface with a high-velocity detonation p r o c e s s . The 

mic roscop ic p roces s involved in the coating p rocess i s probably quite s i ra i lar , 

thermodynamical ly , to the self-weld p r o c e s s . It is not surpr is ing then that self-

welding occurred — one out of three t imes —with this par t icu la r ce ramic couple. 

Almos t all the combinations in Group A show self-welding. The pair with 

which one might expect the l eas t adhesion in this group is tungsten vs itself and, 

in the th ree cases tes ted, the recorded value was below the reading accuracy of 

the t e s t equipment. Photographs , however, show definite m a t e r i a l t ransfer 

occur red between the mating in ter faces . A s imi la r r e su l t was obtained with 

Inconel-X vs No. 5 Relay Steel. In both cases the bond appears to be ve ry br i t t le 

but never the less m a t e r i a l t ransfer did occur. The obvious solution the designer 

mus t make to this problem i s to employ the h igh-s t rength alloy m a t e r i a l s he needs 

and then separa te the moving par t s with a thin film of low-shear contaminant that 

will not d issolve , subl imate , or otherwise allow int imate contact to occur during 

design life. 

Only l imited study on these contaminant films has been conducted. The 

sodium-s i l ica te bonded dry-f i lm lubricants appear to be sat isfactory for l imited 

use . These m a t e r i a l s a r e radiat ion r e s i s t an t but they oxidize at t empera tu re s 

above 600°F in a i r , and they sublimate in space vacuxim. The sublimation ra te 

is di rect ly a function of t empera tu re , and films having vapor p r e s s u r e below 
-9 

10 Tor r would be n e c e s s a r y to meet SNAP reac to r environmental r eau i r emen t s 
of 1300° F for 10,000 hours . 
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The Grafoil or graphite cloth ma te r i a l s have much lower vapor p r e s s u r e s 

than the bonded dry films and would undoubtedly be sat isfactory for 10,000-hr 

applications at 1300° F in space. They do, however, oxidize rapidly at 800° F 

in a i r ; they may also ca rbur ize the contacting meta l surfaces. Carbon diffusion, 

after long per iods of t ime, could embri t t le the s t ruc tu re , but this carbur izat ion 

requ i res ext remely long t imes to cause any deleter ious effects for the intended 

uses on SNAP components. 

4. Test Techniques 

General p rocedures for the self-welding t es t s conducted a r e descr ibed in 

the following pa ragraphs . 

Attempts were made to provide optimum cleanliness in all t es t s to prevent 

undesi rable contamination. Cleaning p rocedures were established not only for 

the tes t specimens but also for the tes t system. Both the tes t chamber and the 

ion pump a r e f i rs t u l t rasonical ly cleaned in methylethylketone, then r insed in 

100% (200 proof) ethyl alcohol and allowed to a i r - d r y at 150° F. 

All t es t specimens , except carbon-graphi tes and those precoated with con­

taminant f i lms, a r e cleaned by the following p rocedure : scrub in acetone, -wash 

in tap water , scrub in 100% (200 proof) ethyl alcohol, wash in tap water , scrub 

with levigated alumina, wash in tap -water, -wash with dist i l led -water, then dry 

in room air . 

After cleaning, and just p r io r to test ing, the specimens (except the carbon-

graphi tes and precoated samples) a r e subjected to a wetting test . The samples 

a r e wet with dist i l led water and then ti l ted at a sufficient angle to allow excess 

water to dra in off. If the water spreads readily and evenly over the surface, 

the specimens a r e allowed to a i r - d r y and then a r e placed in test . An "unclean" 

condition allow^s an uneven pa t te rn to form as the -water runs off the surface; if 

the sanaple is not t i l ted, the water sets in droplet form on the surface. When 

this condition ex is t s , the cleaning p roces s is repeated. White nylon gloves 

and l in t - f ree t i ssue are used at all t imes in sample handling to prevent contami­

nation of the ma te r i a l s . 

The tes t specimens a r e s imple geometr ies designed to r ep re sen t two flat 

surfaces in contact. The base is a square block with 1-in. sides and 3/8 in. 

thick. The r ide r specimen is a cube with 1/2-in. sides. Both the base and r ide r 
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specimens a r e machined to fit holders that secure them inside the tes t chamber , 

as i l lus t ra ted in F igure 3. 

The specimens a r e secured in place initially -with approximately 0. 10-in. 

gap between the interfaces . This gap is maintained during bakeout and until 

ul t rahigh vacuum has been establ ished in the chamber. 

The tes t began -when the r ider -was placed in contact w^ith the base specimen. 

The specimens -were not allo-wed to "hit" together. The initial loading was a force 

of approximately 15 lb, determined by a tmospher ic p r e s s u r e acting on the load 

a r m bellov/s. (These loads vary from pa r t to par t , due to var iances in the 
2 

d iamete r s of the bellows, which a re designed for a 1-in. a rea . ) P r e - and post-

t a r e readings of the bellows load a r m establ ished the interface loading. The 

interface load could be inc reased by adding extra weights to the top of the load 

a r m (as sho-wn in F igure 3). Once the specimens -were placed in contact and 

loaded they -were not moved or unloaded until a tes t for self--welding w^as made. 

The check -was made by r e v e r s e loading the bello-ws load a r m with a fulcrum and 

lever . This is i l lus t ra ted in F igure 4. The total net force required to separa te 

the surfaces -was recorded as the adhesion force. The contact t ime each ma te r i a l 

couple had in tes t is re la ted to a pa r t i cu la r design application. In cases -where 

no adhesion occur red , longer contact t ime -was used on the repeat t e s t s . Repeat 

t es t s -were conducted as required to provide significant self--weld information on 

par t i cu la r ma te r i a l pa i r s . 
5. Test Fac i l i t i es 

In designing a tes t facility for self-weld test ing that would simulate the space 

t empera tu re conditions of the SNAP p rogram, the use of oil diffusion or oil f rac ­

tion vacuum pumps (including m e r c u r y vapor pumps) was found to be impract ica l . 

These tes t s requ i re unattended operat ion for per iods of 3000 hours or m o r e and 

all possible contamination with foreign ma te r i a l s from oil back-s t rea in ing must 

be avoided. Ion get ter pumps, however, a r e ideally suited for providing the 

"c lean," ul trahigh vacuums desired. The ion pump, in combination -with the 

absorbent type (molecular sieve) roughing pump, has proved to be the cleanest 

and s imples t sys tem available for this t-ype of work. 

Twenty independent tes t chambers (Figure 3) were used to conduct the self-

weld t e s t s described. Each chamber has a 9 - l i t e r / sec ion pump. The tes t 
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chamber and all assoc ia ted fittings, including the pump, a r e Type 300 se r i e s 

s ta in less steel . The chamber is a tee-fi t t ing 1-1/2 in. in d iameter by 6 in, long. 

A bellows and load a r m a r e attached to the leg of the tee. The ion pump is con­

nected to one side of the tee and the opposite side is connected to the molecular 

sieve roughing pump. A 3 /8 - in . -d i ame te r copper tubulation connects the rough­

ing pump and tes t chamber. The tubulation is pinched off after ion pump star tup 

to provide an independent, closed sys tem for each test . The tes t samples a r e 

heated by conduction from smal l r e s i s t ance -wire hea t e r s located inside sealed 

tubes that come through the end of the tes t chamber. 

Thermocouples a r e used to sense the t empera tu re of the base sample. The 

couples a r e chromel -a lumel , packed in alumina and encased in a 1/16-in.-

d iameter protect ive s t a in l e s s - s t ee l sheath. The hot point of the couple is welded 

to the end of the sheath and located 0.060 in. below the surface of the tes t surface. 

The sys tems provide an oi l - f ree environment and maintain p r e s s u r e s in the 
_9 

10 To r r range -with t empe ra tu r e s up to 1000°F. Tempera tu re s up to 1300°F 

may be obtained with a slight degradation in vacuum due to inc reased outgassing 

above the bakeout t empera tu re . 

6. Summary 

Self-welding or interface adhesion may be expected to occur on meta l couples, 

ce ramic couples, and m e t a l - c e r a m i c couples when the ma te r i a l s a r e heated to 

SNAP en-vironmental t empe ra tu r e s in ul t rahigh vacuum. 

Any combination of m a t e r i a l s in couple -with carbon-graphi tes may be expected 

to have low interface adhesion. 

Contaminant films such as sodium-s i l ica te bonded dry lubr icants a r e effective 

in reducing or preventing self-welding as long as the film remains between the 

ma te r i a l surfaces . 

B. SLIDING FRICTION 

1. Theory and Application 

The adhesion theory, as postulated by Merchant , Bowden and Tabor,^ ' 

and more recent ly by Bis son, is developed from Amonton's law which may 

be general ly stated a s : fr ict ional force is proport ional to load and independent 

of the surface. 
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Dry sliding friction appears to be caused by at leas t th ree factors operating 

at the sliding junction. This may be shown schematical ly as follows: 

TANGENTIAL 
FRICTION . 4 
FORCE 

FORCE OF 
MOTION 

1) One cause of friction is bonding, or self--welding occurr ing bet-ween 

the sliding junctions. 

TANGENTIAL 
FRICTION 4 _ 
FORCE ^ 

V////ACo^^^//////////A FORCE OF 
MOTION 

^ 

2) A second cause of friction is ploughing, occurr ing bet-ween the sliding 

junctions. 

(F,) 

TANGENTIAL 
FRICTION ^ _ 
FORCE ^ ^ 

^ ^ ^ ^ ^ ^ 

FORCE OF 
MOTION 

3) A third cause of friction is the in ter ference of a sper i t i e s between the 

sliding junctions. 

A summation of the forces gives 

F - = F + F f F . 
I s p 1 

In prac t ica l ly all cases of e las t ic bearing surfaces that have relat ive sliding, 

the friction due to shear ing of the bonded junctions is many t imes g rea te r than 

the ploughing or in terference t e r m s . This is explained where the F . and F t e r m s 
1 p 

resu l t in fusion welding at init ial loading. Then for sliding to occur , the bonds 
must shear or b reak away; for a p rac t ica l analys is , F and F . become F . Thus 

p i s 
the mathemat ica l represen ta t ion of the mechanics of the sys tem is 

F , = F f s 
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F u r t h e r m o r e , the frictional force due to shear is equal to the shear s t r e s s of 

the weaker ma te r i a l t imes the a rea of the bonded junctions (this a r ea is t e rmed 

the rea l a rea) . Thus, 
F . = A s. 

f r 

Since the rea l a r ea is equal to the load (W) divided by the yield s t rength or 

flow p r e s s u r e (P) of the softer mate r ia l , we have 

A =f 
r P 

Thus, as Amonton has stated, F . is proport ional to load and independent of 

the apparent a rea of the surface. The coefficient of friction may then be defined 

as 
F f ^ W s ^ s 

^ W WP P 

This equation defines the coefficient of friction as being equal to the shear s t r e s s 

(s) of the weaker ma te r i a l divided by the flow p r e s s u r e of the weaker ma te r i a l . 

It is in teres t ing that very smal l loads may cause the onset of plast ici ty in the 

asper i ty contact of meta l s . Bowden calculated the load required to cause 

plast ic flow for var ious radi i of a sper i t i e s of s t ee l -on-s t ee l as shown below: 

Radius Load 

10"^ cm (10^ A) 4, 7 X 10"^ gm 

10"^ cm (10^ A) 0.47 gm 
Q O 

1 cm (10 A) 700 gm 

This may lead to the false conclusion that surface finish is the most impor­

tant factor in controlling friction level. However, the best labora tory techniques 

reduce surface roughness to within 100 to 1000 angs t roms , while the range of 

molecular a t t rac t ions is only a few angs t roms . Exper iments have shown that 

even with this degree of surface prepara t ion , the rea l a r e a of contact will be much 

less than the apparent a rea and aspe r i t i e s or i r r egu l a r i t i e s will st i l l exist in 

contact. 
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In p r a c t i c a l l y a l l c a s e s , t h e r e wi l l be a t l e a s t t h r e e m a j o r con t ac t p o i n t s b e ­

t w e e n the a s p e r i t i e s of m a t i n g s u r f a c e s , and the r e a l a r e a wi l l be p r o p o r t i o n a l to 

the load and i n d e p e n d e n t of the s i z e o r shape of the s u r f a c e . In such a c a s e for 

e l a s t i c m a t e r i a l s , p l a s t i c d e f o r m a t i o n wi l l o c c u r unt i l the con t ac t a r e a i s suffi­

c i en t to s u p p o r t the load. F o r a l l t e s t s in n o r m a l a t m o s p h e r e and for v i r g i n t e s t s 

in v a c u u m , t h e con t ac t i ng i n t e r f a c e s a r e c o n t a m i n a t e d wi th i n h e r e n t f i l m s . 

S tud ies in u l t r a h i g h v a c u u m s in -which the p a r t i c a l p r e s s u r e of oxygen i s l e s s 
-9 t han 10 T o r r have shown r e p e a t e d bonding betw^een t h e con tac t po in t s a s t h i s 

c o n t a m i n a t i n g f i lm i s b r o k e n down. The b r e a k d o w n u s u a l l y i s a m e c h a n i c a l d e ­

s t r u c t i o n p r o c e s s a t the a s p e r i t y con tac t . H o w e v e r , diffusion of the m e t a l s u b ­

s t r a t e t h r o u g h t h e c o n t a m i n a n t f i l m a s we l l a s s u b l i m a t i o n of the o x i d e s can y ie ld 

the s a m e r e s u l t . T h e s e r e s u l t s a p p e a r to be t i m e - and t e m p e r a t u r e - d e p e n d e n t 

and r e p r o d u c i b l e only to the d e g r e e tha t the c o n t a m i n a n t o r " h e a l i n g " f i l m s can 

be c o n t r o l l e d . On the o the r hand , the p r e d o m i n a n t r e a c t i v e r e s i d u a l gas in an 
(12) ion p u m p e d s p a c e s i m u l a t o r or v a c u u m c h a m b e r i s shown to be h y d r o g e n . 

The r e d u c i n g ac t i on of h y d r o g e n t e n d s to " s u p e r " c l e a n the f r i c t i o n s u r f a c e s . Th i s 

effect m a y not be too u n r e a l i s t i c s i n c e h y d r o g e n (H_, H , , H ) i s a l s o the p r e d o m i ­

nan t c o n s t i t u e n t of s p a c e a t m o s p h e r e . 

2. S u r f a c e F i l m Effec ts 

The m o s t s ign i f i can t s ing le f ac to r af fect ing f r i c t i o n in v a c u a i s the p a r t i a l 

p r e s s u r e of oxygen. O t h e r g a s e s and c o n t a m i n a n t f i l m s m a y a l s o a c t a s " h e a l i n g " 

a g e n t s but to a m u c h l e s s e r d e g r e e t han oxygen. The " h e a l i n g " r e s u l t s f r o m a 

bui ldup of r e s i d u a l gas m o l e c u l e s on the s u r f a c e s wh ich m a y r e a c t p h y s i c a l l y o r 

c h e m i c a l l y to f o r m a c o n t a m i n a n t f i lm. F o r a p a r t i c u l a r a b s o l u t e p r e s s u r e , the 

i d e a l r a t e of f o r m a t i o n of a p a r t i c u l a r f i lm m a y be c a l c u l a t e d . 

F i g u r e 5 i s a t h e o r e t i c a l c u r v e for the t i m e r e q u i r e d to f o r m a m o n o m o l e c u l a r 

f i lm of O on a s u r f a c e . F o r t h e s e da ta , i t is a s s u m e d tha t the 0_ m o l e c u l e s h a v e 
Z Q c, 

a d i a m e t e r of 3. 0 A and t h e O i s p h y s i c a l l y a b s o r b e d w^ith no m o l e c u l e s r e s t r i k -

ing the e x i s t i n g f i lm. It i s qu i te p o s s i b l e t h a t in s i m u l a t e d s p a c e c h a m b e r s , m o n o ­

l a y e r f o r m a t i o n m a y o c c u r f a s t e r than in s p a c e , v/hich could r e s u l t in m i s l e a d i n g 

f r i c t i on da ta . It i s t h e r e f o r e i m p o r t a n t to conduct f r i c t i o n t e s t s so t h e t i m e b e ­

t w e e n dw^ell and r e l a t i v e m o t i o n of the s u r f a c e s i s l e s s t h a n the r e h e a l i n g t i m e 

e s t a b l i s h e d by t h e p r e s s u r e l e v e l of the v a c u u m c h a m b e r . 
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TIME (seel 

7568-01045A 

Figure 5. Time Required to F o r m Theoret ica l Monomoleciilar 
F i lm of Op on a Surface 

Calculations show that potential sol id-surface lubr icant films mus t have 

vapor p r e s s u r e s below 10 t o r r at 1300° F to meet the environmental r equ i r e ­

ments . These films must have a strong bond to the subs t ra te but have low shear 

between the moving pa r t s . To establ ish the ability of the films to meet these 

r equ i remen t s , a s imple vapor p r e s s u r e curve for each compound can be con­

st ructed from sublimation ra te studies. Compounds of the re f rac tory meta l s 

with sulfur, te l lur ium, or selenium appear to form a l o w - v a p o r - p r e s s u r e , low-

shear solid film when mixed with a sodium-s i l ica te binding agent. Selection of 

the binding agent is a l l - impor tan t and is based on stability while in the environ­

ment, and on the react ion of the agent -with the subst ra te . It mus t also demon­

s t ra te low-shear s trength p roper t i e s . The application thickness of these films 

is important in that they se rve to prevent contact of the selected mating ma te r i a l s 

and reduce film loss by sublimation. 

The sublimation ra te is a function of t empera tu re , increas ing with t e m p e r a ­

ture . However, the b inders may act as a mechanical b a r r i e r to reduce the total 

ra te . The invest igator mus t be careful in evaluating the sublimation r a t e s of 

sodium-s i l ica te bonded dry-f i lm lubr icants since the binding agent may vary from 
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25 to 50% of solid volume. The chemical composition both by w^eight and volume 

mus t be known before a co r r ec t analysis can be made. The cure or bakeout of 

the coating is also an important var iable in the finished coating. 

3. Solid Carbon-Graphi tes 

It has a l ready been shown that specially impregnated graphi tes provide film 

contamination w^ith the contacting interface. 

Without the impregnants , the graphi tes exhibit considerable wear and have 

coefficients of friction of '~0.3 to 0.5. There is some doubt about the mechanics 

of the friction p roces s of carbon vs the friction p roces s of graphite , but w^ith an 

impregnant both sys tems yield s imi la r r esu l t s . This indicates that the impreg­

nant influences the lubrication. This might be explained by the formation of a 

low-shear compound or t r ans fe r film between the interfaces resul t ing from a 

chemical react ion between the impregnant and the mating metal l ic surface. How­

ever , the mechanics of the friction p roces s appear to be dependent m o r e on the 

shear quali t ies of the carbon-graphi te than on the impregnant . Never the less , the 

impregnant does provide a be t ter surface texture , and surface wear is great ly 

reduced by its use. 

Carbon graphite without an impregnant was used for bear ings operating for 

long per iods of t ime above 1100°F after it was observed that the impregnant 

reacted with the A1_0 -coated mating surface. This change will be d iscussed 

in detail la ter in this repor t . 

F igure 6 show^s the va r i a ­

tion of the friction coefficient 

with the graphite content of 

carbon-graphi te when in sl id­

ing contact with A1_0„ at 

1000° F in ul trahigh vacuum. 

The minimum friction is ob­

tained with graphite content 

between 30 and 60%. The 

reference bear ing ma te r i a l . 

P u r ebon P-5N, which is 

approximately 60% graphite and 

40%carbon, was selected on this 

bas i s . 

ofe 

1.0 

0.8 

0.6 

0.4( 

0.2 

0 

-

K >s 

1 1 1 1 

ULTRAHIGH VACUUM AT 1000°F 
CARBON GRAPHITE 
VS AljOg 

^ ^ - ^ ) - O - ^ ^ 

. 1 ._J 1 [— 
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-

^JD 
0 " ^ ^ 

1 
20 40 60 
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80 100 

7759-4701A 

Figure 6. Fr ic t ion Variation With Graphite 
Content 
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TABLE 8 

FRICTION TEST MATERIALS AND TEST RESULTS 
(Sheet 1 of 2) 

o 

> 

o 
I 

I—' 
oo 
o 

Test 
N o . 

1 

II 

m 

IV 

V 

VI 

VII 

vm 

IX 

X 

XI 

XI I 

xin 

XIV 

Mater ia l Combinations 

Small Rider Sample 

Descr ipt ion 

Ni Base — Inconel X 

WC - Kennametal K96 

Co Base — Haynes Alloy 25 

Cr-Cp on Type 316 Stainless 

Steel - Lmde L,C-1A 

MoS, on Type 316 Stainless 

Steel - Elect rof i lm 

MoS^ on Type 316 Stainless 

Steel - Elect rof i lm 

MoS^ on Ni Base Alloy 

Electrofi lm on Inconel X 

MoS, on Co Base Alloy 

Electrof i lm on Haynes 25 

Al .O on Type 316 Stainless 

Steel - Linde LA-2 

Graphite - Nat ' l Carbon 

CDJ-83 

Al^Oj Hot P r e s s e d -

Norton LA 687 

BN - Carborundum Co. 

WC - Kennametal K96 

Al^Oj Hot P r e s s e d -

Norton LA 687 

Stationary Base Sample 

Descr ipt ion 

Ni Base — Inconel X 

TiC — Kentamum K162B 

Co Base - Haynes Stelllte 3 

Al O on Type 316 Stainless 

Steel - Linde LA-2 

MoS, on Type 316 Stainless 

Steel - Elect rof i lm 

MoS on Type 316 Stainless 

Steel - Elect rof i lm 

MoS, on Ni Base Alloy 

Electrof i lm on Inconel X 

MoS, on Co Base Alloy 

Electrof i lm on Haynes 3 

TiC - Kentamum K-162B 

Co Base - Haynes Stellite 3 

SiC - Norton 

Cr^C^ - F i r t h CR2 

SiC - Norton 

Graphite - National 

Carbon CDJ-83 

Observed Fr ic t ion Coefficients 

Initially at Room 
Tempera tu re 

and P r e s s u r e 

Starting 

0.37 

0.19 

Dynamic 

0.22 

0.63 

0.18 

0.21 

0.20 

0.32 

0.19 

0.22 

0.18 

0.51 

0.23 

0.50 

0.27 

After 10 to 20 hr 
at 10"^ m m Hg 

and Room 
Tempera tu r e 

Starting! Dynamic 

After 24 hr 
at 10-5 j , , j„ jjg 

and 600° F 

Starting 

Equipment shakedown tes t . 

t 
t 
t 

t 

Stopped 

0.65 

0.61 

0.63 

0.36 

T 

t 
t 

t 

Dynamic 

After 24 hr 
at 10-5 jnm Hg 

and 1000°F 

Starting Dynamic 

High friction samples use 

0.68 

0.82 

0.49 

0.81 

t 
t 
t 

Stopped 

' 1 1 because of excess ive friction 

I 1 1 1 
Stopped because of excess ive friction 

• 1 1 
Stopped because of excess ive frictior 

T 

t 

t 

0.39 

t 
t 

0.33 

0.21 

0.88 

0.37 

0.42 

0.30 

T 

0.27 

t 

0.53 

t 
0.13 

0.34 

0.11 

0.69 

0.42 

0.79 

0.05 

t 

0.21 

t 

0.55 

T 

0.23 

0.64 

0.94 

0.43 

because 

0.25 

0.11 

0.45 

0.40 

0.57 

0.20 

After 7 days 
at 10-5 jjjjjj Hg 

and 1000°F 

Starting 

1 

t 
t 
t 

Dynamic 

0.78 

0.63 

0.37 

Finally 
Tempe 
and P r 

Starting 

t 
t 
t 

1 1 
3f excessive friction 

T 

0.47 

t 

0.66 

t 
t 

0.39 

0.24 

0.57 

0.47 

0.54 

0 09 

t 

0.29 

t 

t 
t 
t 

at Room 
, ra ture 
essure 

Dynamic 

0.71 

0.71 

0.65 

0.89 

0.21 

0. 95 

0.23* 

0.47 

0.22 



4. P r e l i m i n a r y Testing 

Initial sliding friction studies were conducted on the following bas ic ma te r i a l 

groups as friction p a i r s , with and •without dry-f i lm lubricant as contaminant film. 

1) Metals 

a) Cobalt Base Alloys 

b) Nickel Base Alloys 

c) Iron Base Alloys 

d) Stainless Steel 

2) Carbides (WC, Cr^C^, TiC) 

3) Ni t r ides (BN) 

4) Oxides (Al^O^) 

5) Carbon-graphi te 

6) Metal -graphi te (12%) Composite (Deva metal) 
-5 

Fr ic t ion tes t s •were conducted at t empera tu re to 1000° F in 10 t o r r environ­
ment produced by an oil-diffusion-pumped vacuum system. Tes t sequences were 
designed to duplicate r eac to r operat ion (SNAP lOA and SNAP 2) as close as poss i ­
ble, during the s h o r t - t e r m test ing with friction measu remen t s being made as fol­
lows: 

1) In a i r at ambient t empera tu re 

2) In vacuum after 10 hr 

3) In vacuum after 24 hr at 600° F 

4) In vacuum after 24 hr at 1000° F 

5) In vacuum after 7 days at 1000° F 

6) In a i r at ambient t empera tu re . 

Table 8 shows friction levels for all couples tested. Table 9 indicates the 

low friction combinations which can be broken do^wn to basical ly (1) couples •with 

carbon-graphi te or (2) couples with ALO . 

*The sources of var ious p rop r i e t a ry ma te r i a l s descr ibed in this r epor t a r e 
l is ted in the Appendix, 
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TABLE 8 

FRICTION TEST MATERIALS AND TEST RESULTS 
(Sheet 2 of 2) 

I 

> 

n 
t—• 

o 

Test 
No. 

XV 

X V I 

x v n 

xvin 

X I X 

XX 

XXI 

XXII 

xxin 

XXIV 

x x v 

Mater ia l Combinations 

Small Rider Sample 

Descr ipt ion 

C r , C on Type 316 Stainless 

Steel - Linde L C - I A 

Al^Oj on Type 316 Stainless 

Steel - Lmde LA-2 

Al^Oj on Type 316 Stainless 

Steel - Lmde LA-2 

A1,0 on Type 316 Stainless 

Steel - Linde LA-2 

C-Graphite - Graphi tar 16 

C-Graphite - CDJ-83 

Al^Oj on Type 316 Stainless 

Steel Lmde LA-2 

TiC - Kentamum K-162 B 

A1,0 on Type 316 Stainless 

Steel - Lmde LA-2 

Deva 3-N-12 

Deva 3-F-12 

Stat ionary Base Sample 

Descr ipt ion 

TiC - Kentamum K-162B 

Co Base - Haynes Stellite 3 

Fe Base - Haynes Alloy 90 

F e Base - Haynes Alloy 90 

Al^Oj Hot P r e s s e d -

Norton LA 687 

Fe Base - Haynes Alloy 90 

Carbon CDJ-83 

F i r e d PbO coat on Type 304 

Stainless Steel 

Carbon Graphite CDJ-83 

Al^Oj Hot P r e s s e d 

Al^Oj Hot P r e s s e d 

Observed Fr ic t ion Coefficients 

Initially at Room 
T e m p e r a t u r e 
and P r e s s u r e 

Start ing 

1 

Dynamic 

0 29 

0.21 

0.16 

0.15 

0.24 

0.20 

0.14 

0.18 

0.15 

0.50 

0.30 

After 10 to 20 h r 
a t 10-5 jjjj^ jjg 

and Room 
T e m p e r a t u r e 

Star t ing 

t 

t 

t 

T 

Dynamic 

0.42 

0.45 

0.16 

0.15 

(Special Tes t 

t 
0.21 

t 

0.22 

0.15 

0.25 

1 
(Tempera tu re to 

0.29 

t 

0.23 

0 40 

After 24 hr 
at 10-5 j ^ j ^ Jjg 

and 600 °F 

Start ing 

t 

t 

t 

T 

Dynamid 

0 48 

0.90 

0.31 

0.29 

After 24 hr 
at 10-5 m m Hg 

and 1000°F 

Starting! Dynamic 

0.53 

Stopp( 

0.39 

After 7 days 
at 10-5 j^jjj Jjg 

and 1000°F 

Starting 

0.63 

Dynamic 

0 43 

Finally 
Tempe 
and Pr 

Starting 

t 

1 1 1 
d because of excessive friction 

1 ' ' Equipment fai lure after 8 hours at 600° F 

1 1 < ' 
(Equipment fai lure at 800° F , 0 36) t 

1 -5 1 ' .Overnight at 10 and 500°F, Coefficient = 
'5 h r at 500°F & N , atmo 

1 1 ^ 
0.19 0.10 

(Tempera tu re 
ra i sed to 1000° 
in one step) 

<t 0.07 

T 

sphere Coefficient 
1 

0.05 t 

0.16 , 
- o.io' 

0.18 

Stopped because of excessive friction 

1 
1000°F m one step) t 

0.14 

t 

0.12 

0 26 

0.37 

t 

0.05 

0.21 

0.21 

t 

0.40 

t 

0.05 

0.30 

0 23 

t 

0,48 

1 t 

at Room 
r a t u r e 

e s s u r e 
Dynamic 

0 74 

0.85 

0.75 

0.29 

0.17^-

0 20*«-

0 31 

0 26 

tMeans s tar t ing friction same as running frict ion 
*BN showed excess ive w^ear _z 

**A var ia t ion in t e s t p rocedure was used m this tes t in that after 7 days at 1000° F , a 48-hour dwell per iod was added. After no operat ion for 48 hours and with a 10 m m Hg 
p r e s s u r e at lOOO^F, a s tar t ing friction of 0.27 was observed with a subsequent dynamic or running friction of 0, 10 

***After 3 days at 1000°F and 10" ° to 10"^ nnm Hg, ion pump was turned "on" and the diffusion pump valve was closed for 3 days No change in friction was noted 



TABLE 9 

LOW FRICTION COMBINATIONS 

Test No. 

XX 

XIV 

xxv 

IX 

XXIV 

IV 

X 

C Graphite CDJ-83, Haynes 90 

Al20^ (Hot P r e s s e d , or LA-2), 

C Graphite (CDJ-83) 

Deva 3 -F-12 , Al O (Hot P r e s s e d ) 

Al^O^ (LA-2), TiC (K-162B) 

Deva 3-N-12, Al^O^ (Hot P r e s s e d ) 

Cr^C^ (LC-IA), Al20^ (LA-2) 

C Graphite (CDJ-83), Haynes Stellite 3 

Fr ic t ion Coefficient 
Maximum at Vacuum 

and 1000°F 

0.22 

0.23 

0.23 

0.39 

0.40 

0.49 

0.47 

The oil diffusion vacuum sys tems in -which these t e s t s -were conducted pe r ­

mit ted some backs t reaming of oil vapor and poss ible contamination of bear ing 

surfaces affecting friction re su l t s . All subsequent sliding friction testing •was 

conducted with ion pumping sys tems which provide contaminant-free testing to 
-9 

10 t o r r or l e s s p r e s s u r e . 

5. Screening Tes t s 

The second and major se r i e s of bearing couple screening t es t s •were con­

ducted in conjunction with and para l le l to the previously d iscussed self-weld 

studies. Sixty-seven ma te r i a l pa i r s in sliding couples were tes ted in ul trahigh 

vacuum at t e m p e r a t u r e s ranging from 70 to 1000° F. Fo r convenience of com­

par ison , the data a r e categorized into seven groups: metal vs metal , metal vs 

meta l •with dry lubr icants , meta l vs carbon, ce ramic vs ce ramic , ce ramic vs 

ce ramic with dry lubr icants , metal vs ce ramic , and ce ramic vs carbon. Special 

t e s t s have been conducted using MoS powder (unbonded) with all groups. Tes ts 

were continued for approximately 1000 hours . Some t e s t s , however, were run 

3000 hours to obtain additional data. 

The coefficient of friction is recorded as the highest value obtained for both 

s tar t ing and running at the operating t empera tu re . The t empera tu re recorded is 
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an average value during operat ion -when data w^ere recorded. In some cases the 

operating t empe ra tu r e had an effect on the friction force and in some cases it 

did not. Each t e s t is accordingly marked YES or NO in the table for each group. 

The run t ime in cycles is also recorded. The l inear t r ave l may be approximated 

since each cycle r ep re sen t s about 5 in. d isplacement of the r i d e r sample. 
_7 

All t e s t s were conducted in ul trahigh vacuum (below 10 to r r ) except those 

noted. The p r e s s u r e was not recorded for each tes t but in al l cases it was 

decreas ing with t ime. In many tes t s the p r e s s u r e dropped below the lower read-
-9 ing l imit of the gage ( 2 x 1 0 ). 

The f lame-sprayed coatings such as LW-IN, LC-IN, and LA-2 a r e included 

•with the ceranaics since they r ep resen t re f rac tory type hard faces. K-162B is 

a lso c lassed with the ce ramics although this ma te r i a l is a solid ce rme t with 

approximately 30% meta l binder. All these ma te r i a l s except LA-2 (ALO ) 

coiild be grouped with the me ta l s ; in other studies^"*' of the stat ic case they a r e 

so grouped. Table 10 is included to p re sen t the composition of the coatings. 

Chromium plating that was applied to T^ype 316 s ta in less steel 0.0003 to 0.0005 in. 

thick by an electrolyt ic p r o c e s s is included with the meta l s . 

TABLE 10 

COMPOSITION OF SPECIAL COATINGS AND 
MATERIALS EVALUATED 

Coatings and 
Miscellaneous 

Mater ia l s 

LW-IN 

LC- IA 

LA-2 

K-162B 

Composition 

WC + 13 to 16% Co 

85% Cr^C^ + 15% Ni -Cr 

99+% Al^O^ 

25% Ni, 5% Mo, 64% TiC, 6% CbC 
(some TaC) 

The contaminant films used were sodium-s i l ica te bonded dry-f i lm lubricants 

0.0005 to 0.0008 in. thick. The surfaces to be coated required special p r e p a r a ­

tion for optimum bonding of the dry film. The friction coefficient was independent 
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of the s u b s t r a t e p r e p a r a t i o n o r coa t ing c u r e but s u r f a c e w e a r , bonding s t r e n g t h , 

and s u b l i m a t i o n r a t e a p p e a r to b e af fected. The d r y - f i l m l u b r i c a n t s t e s t e d w e r e 

M O S T , WS2, and MoSe2. All l u b r i c a n t s , when p r o p e r l y app l i ed and c u r e d , 

showed s i m i l a r f r i c t i o n p r o p e r t i e s . 

Al l u n c o a t e d s a m p l e s w e r e f i n i s h - g r o u n d to a p p r o x i m a t e l y 8 r m s on the t e s t 

s u r f a c e and t h e n d i a m o n d - l a p p e d to a m i r r o r f in ish . No a t t e m p t w a s m a d e to 

e v a l u a t e t h e ef fec ts of s u r f a c e f in i sh on f r i c t i o n coeff ic ient , s i n c e e a r l y r e s u l t s 

i n d i c a t e d p lowing and s e i z u r e o c c u r r e d a t t h e s t a r t of s l id ing wi th m e t a l l i c coup les 

r e g a r d l e s s of s u r f a c e f in ish . 

a. F r i c t i o n Da ta 

D e t a i l s of t e s t i n g by g r o u p a r e p r e s e n t e d in T a b l e s 11 t h r o u g h 17. The b a r 

c h a r t s of F i g u r e 7 s u m m a r i z e the r e s u l t s of a l l 67 t e s t s r u n i l l u s t r a t i n g f r i c t i on 

a s a funct ion of t e m p e r a t u r e for the five m a t e r i a l g r o u p s t e s t e d . S igni f icant 

r e d u c t i o n in t h e f r i c t i o n of n o n c a r b o n i n t e r f a c e s can be s e e n in the two b a r c h a r t s . 

M o s t t e s t s •were of m e d i u m d u r a t i o n , l e s s t h a n 1000 h o u r s , and t h e r e s u l t s do not 

s ign i f i can t ly ver i fy t h e w e a r l i fe of the d r y l u b r i c a n t s . T h u s , should t h e d r y - f i l m 

be w o r n t h r o u g h the f r i c t i o n l e v e l of the n o n c a r b o n i n t e r f a c e s would e s c a l a t e 

d r a m a t i c a l l y . 

b. H i g h - F r i c t i o n M a t e r i a l s for B r a k e s 

F r o m the s c r e e n i n g t e s t s s e v e r a l m a t e r i a l c o m b i n a t i o n s exh ib i t ed r e l a t i v e l y 

h igh v a l u e s for s l id ing f r i c t i o n wi thout p lowing o r s e i z u r e . T e n c o m b i n a t i o n s of 

m a t e r i a l s t h a t m i g h t w o r k a s b r a k e m a t e r i a l s for m e c h a n i c a l de-vices in SNAP 

e n v i r o n m e n t s w e r e e v a l u a t e d in s p e c i a l s c r e e n i n g t e s t s . T a b l e 18 i s a t a b u l a t i o n 

of the t e s t da ta s u m m a r i z i n g e a c h combina t ion . The r i d e r s a m p l e c o v e r e d a p p r o x i ­

m a t e l y 75 in. t r a v e l d u r i n g th i s t e m p e r a t u r e r a m p ; t h u s , t he f r i c t i o n coeff ic ient 

vs r i d e r t r a v e l da ta r e p r e s e n t s a con t inua t ion of e a c h t e s t a f t e r s a m p l e t e m p e r a ­

t u r e had s t a b i l i z e d . The m a t e r i a l c o m b i n a t i o n s for b r a k e s u r f a c e s , should 

exhib i t the follo^wing c h a r a c t e r i s t i c s : 

1) R e l a t i v e l y c o n s t a n t f r i c t i o n coeff ic ient in the 0.4 to 0.8 r a n g e 

2) L i t t l e o r not effect of t e m p e r a t u r e on f r i c t i o n coef f ic ien t 

3) V e r y l i t t l e , o r no m a t e r i a l t r a n s f e r o r w e a r 

4) No s e l f - w e l d i n g a f t e r l o n g - t e r m dwel l . 
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TABLE 11 

SCREENING TEST RESULTS, GROUP A - METAL vs METAL 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Sample 
Combinations 

Titamum (6A1-4V) 
Stelllte 6-B 

Titaraum (6A1-4V) 
Titanium (6AI-4V) 

nitrided 

Titanium (6A1-4V) 
nitrided 

Titamum (6A1-4V) 
nitrided 

Titamum (6A1-4V) 
nitrided 

ASTM A-286 
nitrided 

Titamum (6A1-4V) 
nitrided 

ASTM A-286 
annealed 

Titanium (6A1-4V) 
nitrided 

Stelllte 6-B 

Titanium (6A1-4V) 
nitrided 

Stelllte 25 

Titanium (6AI-4V) 
nitr ided 

Vic alloy (FeCo) 

Titamum (6A1-4V) 
nitrided 

Inconel-X 

Titamum (6A1-4V) 
nitrided 

Silver plate on H - U 
Tool Steel 

Titanium (6A1-4V) 
Silver plate on H-11 

Tool Steel 

H-11 Tool Steel, 
Heat Treated 

Stelllte 6-B 

Inconel-X 
ASTM A-286 

Inconel-X 
Inconel-X 

Stelllte 6-B 
Copper 

Maximum 
Starting 
Frict ion 

0.95 

>1 

>1 

>1 

>1 

0 . 9 

>1 

>1 

>1 

>1 

>1 

>1 

>1 

>1 

0 . 4 

Dynamic 
Frict ion 

0. 4 
to 

0. 5 

0 . 4 

0. 38 

0. 85 

0. 58 

0 . 9 

' 

0 . 9 

0 . 9 

0.57 

0. 8 

0.85 

0.36 

Operating 
Tempera ture 

(°F) 

950 

70 

700 

70 

70 

700 

950 

70 

70 

70 

70 

70 

70 

70 

68 

Temperature 
Effect On 
Frict ion 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Y e s 

Y e s 

No 

No 

No 

Run Time 
(cycles) 

76 
and 
27 

7 

48 

2 

1 

60 

12 

1 

6 

3 

3 

5 

2 

2 

30 

Remarks 

Typical resul ts for 2 t e s t s . F i r s t 
test involved a 100-hr dwell and a 
300-hr dwell. Samples seized after 
300-hr dwell. 

Galling of bare Ti occurred. 

Rub marks on surface but no galling 
occurred. 1 6-hr dwell after 
24 cycles had no effect. 

The nitrided case failed on both 
samples . (Typical resul ts for 
2 tests) 

Samples galled — large metal 
t ransfer . 

Samples galled and seized. Typical 
resul t s for 3 t es t s , 60 cycles 
shown IS for longest run t ime. 

Samples galled and seized. Typical 
resul ts for 2 t e s t s , 12 cycles 
shown is for longest run t ime. 

Samples galled, metal t ransfer 
occurred. 

Seizure occurred after 1 cycle. 
Samples were separated, the load 
reduced to 5 lb. Five more 
cycles resulted in galling. 

The nitride case was not damaged. 
Large silver plating t ransfer red 
to the nitr ide. Plating becanie 
soft under load. 

Same resul ts as No. 10. 

Galling and seizure occurred. 

Galling and seizure occurred. 

Galling and se izure occurred. 
Typical for 2 tes t s . 

Maximum tempera ture = 68° F. 
After approximately 150 in. of 
t ravel there was no galling or 
seizure . 

Note: All combinations have a polished pre tes t surface. 
Bearing Load = 40 psi (10 lb) 
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TABLE 12 

SCREENING TEST RESULTS, GROUP B - METAL vs METAL 
WITH DRY LUBRICANT 

No. 

1 

^ 

3 

4 

5 

6 

7 

8 

9 

10 

Sample 
Combinations 

H-11 Tool Steel, 
Heat Treated + 
Lubeco 6001 (MoSj) 

Inconel-X 

H-11 Tool Steel + 
Lubeco 6001 (MoS,) 

H - U Tool Steel 
Heat Treated 

H-U Tool Steel, 
Heat Treated + 
Molykote X-15 
(MoS, ) 

Inconel-X 

Inconel-X + 
Lubeco 6001 {M0S2) 

Inconel-X 

H - U Tool S tee l+ 
Lubeco 6001A 
(M0S2 ) 

H-U Tool Steel, 
Heat Treated 

Inconel-X with 
pure M0S2 

H-U Tool Steel, 
Heat Treated 

Titanium (6A1-4V) 
with Drilube 861 
(WSz) 

Stelllte 6-B 

Inconel-X 
ASTM A-286 with 

Lubeco 6021 (M0S2) 

Type 316 Stainless 
Steel with Drilube 
867N (MoSe2) 

Inconel-X 

Titanium (6A1-4V) 
with Molykote X-15 
(M0S2) 

Stelllte 6-B 

Maximum 
Starting 
Frict ion 

0.27 

0 . 6 

0 . 3 

0 . 2 

0. 3 

0 . 9 

0 . 7 

0 . 8 

0. 3 

0.17 

0.43 

Dynamic 
Frict ion 

0. 18 

0. 14 

0. 2 

0. 1 

0.13 

0.22 

0. 12 

0.08 

0. 08 

0.12 

Operating 
Tennperature 

(°F) 

850 

750 

800 

900 

950 

950 

1000 

800 

1000 

700 

Tempera ture 
Effect on 
Friction 

No 

No 

Yes 

No 

Y e s 

Y e s 

Yes 

Y e s 

No 

N o 

Run Time 
(cycles) 

204 

87 

540 

1542 

225 

10 

120 

144 

1109 

710 

Remarks 

480 hr in test. Galling 
occurred, however, the 
lubricant provided film 
protection and prevented 
seizure. A 72-hr dwell 
had no effect. 

288 hr in test . Consider­
able dry film t ransfer . 
Seizure did not occur, 
considerable asper i ty con­
tact resulted in gradually 
i nc rea s ing^ . 

1093 hr in test . Note /i = 
0. 1 5 at roonn tempera ture . 
Wear was negligible. 
Molykote applied by brush. 

3096 hr in test . No surface 
damage or wear occurred. 

508 hr m test . Wear was 
negligible. Note /J. = 
0. 08 at roonn tempera ture . 

This tes t was conducted in 
a i r , continuous run for 
10 hr. X-ray diffraction 
shows no t race of M0S2. 

After 6 days at 1000°F, 
start ing friction was 0.7 
and running friction was 
0.5. 

High friction and sticking 
occurred above 750° F, 
15 days in test had no 
effect on coating wear. 

90 days continuous opera­
tion at lOOCF. Surfaces 
were highly burnished 

3-day operation, then 
90-day dwell at 700°F, 
then 7-day operation. 
Slight stiction noted 
(pi = 0.43 start) after 
the sixth day. 

Note All combinations have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 
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TABLE 13 

SCREENING TEST RESULTS, GROUP C - METAL vs CARBON 

No. 

1 

2 

3 

4 

5 

6 

Sample 
Combinations 

Titamum (6A1-4V) 
Purebon P-5N 

Inconel-X 
Purebon P-5N 

Inconel-X 
Purebon P-5N 

with pure M0S2 
powder 

Inconel-X 
Pyrolytic graphite 

(Normal to "C" 
plane) 

Titamum (6A1-4V) 
Purebon P-03NHT 

Inconel-X 
Purebon P-03N 

Maximum 
Starting 
Frict ion 

0.25 

0.34 

0.34 

0.84 

0.9 

0.58 

Dynannic 
Frict ion 

0.2 

0.21 

0.2 

0.61 

0.34 

0.33 

Operating 
Temperature 

(°F) 

975 

850 

900 

1010 

1000 

1000 

Tempera ture 
Effect On 
Frict ion 

Yes 

Y e s 

No 

Y e s 

Yes 

No 

Run Time 
(cycles) 

264 

800 

545 

200 

600 

288 

Remarks 

Typical resul ts for two tes t s . 
Considerable graphite t r a n s ­
fer to the metal, /i = 0. 65 at 
75° F but drops to 0.25 above 
600 °F. 

1584 hr m test. Gradual reduc­
tion in /A with operation. Con­
siderable graphite t r a n s ­
ferred to the metal, /A = 0.51 
at 75° F. Weight loss of 
P-5N -0.6%. 

1056 hr in test. Two tempera­
ture cycles show low/i at 
ambient tempera ture but 
^ = 0.34 at 800 °F. Final 
cool-down cycle resulted m 
/i= 0.36 at 100°F. 

Continuous operation resulted 
m a wear t rack -1/32 m. 
DP after 83 ft of t ravel . 
Frict ion was gradually in­
creasing during test . 

Considerable graphite t r a n s ­
ferred to the metal . Frict ion 
coefficient decreased from 
0.7 to 0.4 at 600° F. 

E r r a t i c friction data, 1. e. , H-
oscillated between 0.35 and 
0.45 for f irs t 4 days of test . 
Considerable graphite t r a n s ­
fer to the metal r ider 
occurred. 

Note* All combinations have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 

TABLE 14 

SCREENING TEST RESULTS, GROUP D - CERAMIC vs CERAMIC 

No. 

1 

2 

3 

4 

Sample 
Combinations 

TiC (Kentamum, 
K-162B) 

Solar Glass on Type 
316 Stainless Steel 

TiC (Kentamum, 
K-162B) 

AI2O3 (LA-2) 

AI2O3 (LA-2) 
AI2O3 (LA-2) 

AljO, (LA-2) 
Ai203 (LA-2) 

Maximum 
Starting 
Frict ion 

>1 

0.78 

0.74 

>1 

Dynamic 
Frict ion 

0.62 

0.3 

0.6 

0.96 

Operating 
Tempera ture 

(°F) 

980 

950 

1000 

75 

Tempera ture 
Effect On 
Frict ion 

Yes 

No 

No 

Run Time 
(cycles) 

28 

65 

70 

41 

Remarks 

Glass becomes soft and 
t ransfers to the TiC above 
SOOT 

Steadily increasing ^ f r o m 
s ta r t to finish. Typical 
resul ts for 3 tes ts . Results 
a re for best test . 

Both r ider and pad were 
galled and worn from, a 
grinding type action. 

Results s imilar to No. 3. 

Note All combination have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 
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TABLE 15 

SCREENING TEST RESULTS, GROUP E - CERAMIC vs CERAMIC 
WITH DRY LUBRICANT 

No. 

1 

2 

3 

Sample 
Combinations 

TiC (Kentamum, 
K-162B) 

AI2O3 (LA-2) + M0S2 
powder 

AI2O3 (LA-2) 
AI2O3 (LA-2) + M0S2 

powder 

TiC (Kentamum, 
K-162B) with X-15 

AI2O3 (LA-2) 

Maximum 
Starting 
Frict ion 

0.18 

0.74 

0.3 

Dynamic 
Friction 

0.15 

0.34 

0.3 

Operating 
Temperature 

{°F) 

700 

750 

650 

Temperature 
Effect On 
Friction 

No 

Yes 

No 

Run Time 
(cycles) 

42 

108 

60 

Remarks 

72 hr with 1 cycle every 2 hr . 
90-day dwell had no effect on 
friction. The M0S2 mini ­
mized self-welding. 

216 hr m test. Steadily in­
creasing /A from s tar t to 
finish. Results s imilar to 
No. 2-D. ^ = 0.25 at ambient 
s tar t , /i = 0.34 at ambient 
finish. 

Special test to simulate SNAP 
lOA bearings, 20-hr oxida­
tion in air at 550° F, High 
vacuum, for 90 days at dwell 
and then one week autocycle 
at 650° F. No galling, 
se izure , or welding occurred. 

Note All combinations have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 

TABLE 16 

SCREENING TEST RESULTS, GROUP F - METAL vs CERAMIC 

No. 

1 

2 

3 

4 

5 

Sample 
Combinations 

Titanium (6A1-4V) 
TiC (Kentamum, 

K-162B) 

Titanium (6A1-4V) 
AI2O3 (LA-2) 

Titanium (6A1-4V) 
WC (LW-IN) 

Titamum (6A1-4V) 
Sapphire, Single 

Crystal 

Tungsten 
AI2O3 (LA-2) 

Maximum 
Starting 
Friction 

0.54 

>1 

>1 

0.78 

0.7 

Dynamic 
Friction 

0.34 

0.5 

0.48 

0.17 

0.54 

Operating 
Tempera ture 

(°F) 

950 

830 

880 

900 

1050 

Tempera ture 
Effect On 
Frict ion 

No 

No 

No 

No 

No 

Run Time 
(cycles) 

44 

72 

108 

144 

168 

Remarks 

Continuous operation for 
72 hr. Seizure occurred 
after a 10 -hr dwell. 

Continuous operation for 
144 hr. Seizure did not occur 
after a 90-hr dwell but large 
metal t ransfer did occur. 

Continuous operation for 
144 hr. Seizure occurred 
after a 48-hr dwell. 

Typical for two tes t s . Both 
conducted m air . Catas­
trophic failure of sapphire 
m first test . Metal t r a n s ­
ferred to the sapphire. 

Continuous operation for 12 
days. Seizure occurred after 
a 2-hr dwell. 

Note All combinations have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 
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TABLE 17 

SCREENING TEST RESULTS, GROUP G - CERAMIC vs CARBON 

N o . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

Sample 
Combinations 

AI2O3 (LA-2) 
Purebon P-5N 

AI2O3 (LA-2) 
Purebon P - 5 

AI2O3 (LA-2) 
National Carbon 

CDJ-83 

AI2O3 (LA-2) 
National Carbon 

CD J 

AI2O3 (LA-2) 
National Carbon 

ZTA 

TiC (K-162B) 
National Carbon 

CDJ-83 

AI2O3 (LA-2) 
Purebon P-5N 

AI2O3 (LA-2) 
Purebon P-03NHT 

Al20 (LA-2) 
Pyrolytic Graphite 

("A-B" plane) 

Al^O, (LA-2) 
PureBon 3293 

AI2O3 (LA-2) 
Pyrolytic Graphite 

( C plane) 

Sapphire 
Purebon P-5N 

Maximunn 
Starting 
Frict ion 

0.1 

0.19 

0.32 

0.32 

0.28 

0.28 

0.17 

0.57 

0,52 

0.65 

0.7 

0.38 

Dynamic 
Friction 

0.09 

0.13 

0.23 

0.16 

0.12 

0.08 

0.10 

0.23 

0.04 

0.1 

0.05 

0.15 

Operating 
Tempera ture 

(°F) 

950 

900 

950 

870 

850 

1000 

550 

1000 

1000 

1000 

1000 

1000 

Temperature 
Effect On 
Friction 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Y e s 

Y e s 

Yes 

Y e s 

Yes 

Run Time 
(cycles) 

748 

1140 

648 

756 

470 

240 

612 

695 

1380 

1400 

462 

502 

Remarks 

2700 hr in test. M = 0. 3 at 
70° F. /i= 0.1 above 600° F. 
300-hr dwell after 30 days 
autocycle. Then 1 cycle 
per day for 40 days. Very 
small graphite t ransfer . 

2282 hr m test, /i - 0. 58 at 
70°F. Graphite t r ans fe r red 
to the AI2O3. 

1400 hr m test ^ = 0.58 at 
70° F. Graphite t ransfe r red 
to the AI2O3. 

1560 hr in test. /i= 0.57 at 
70°F. Graphite t r ans fe r red 
to the AI2O3. 

940 hr m test, /i = 0.57 at 
70° F. Galling of the graphite 
surface occurred. 

528 hr in test, /i = 0.58 at 
75°F. Graphite t r ans fe r red 
to the TiC. 

1272 hr in test. ^ = 0.68 at 
70° F. Small graphite 
t ransfer to the AI2O3. 
Trace of zinc found in P-5N 
by x - r ay diffraction. 

840 hr in test, /i = 0.62 at 
70° r . Graphite t ransfer red 
to the AI2O3. Trace of zinc 
found m P-03 by x - r ay 
diffraction. 

E r ra t i c friction during test . 
Low friction at 1000°F with 
occasional jumps' from 
0.04 to 0.3. Slight mater ia l 
t ransfer to the AI2O3. 

Er ra t i c friction during 
tempera ture ramp. Smooth 
operation during 30-day 
operation at 1000°F. 
Severe plowing of the 
graphite occurred. 

Frict ion reduced gradually 
at 1000°F. Slight surface 
wear. 

Frict ion decreased with 
tempera ture . Er ra t i c 
friction at 1000° F , coeffi­
cient varied from 0.1 5 to 
0.2. 

Note All combinations have a polished pre tes t surface. 
Bearing load = 40 psi (10 lb) 
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TABLE 18 

SLIDING FRICTION TESTS ON BRAKE MATERIALS 

N o . 

1. 

2 . 

3 . 

4 . 

5 . 

6 . 

7 . 

8. 

9. 

10 . 

Combina t ion 

AI2O3 vs E l e c t r o l y z e d 
C h r o m e P l a t e 

AI2O3 vs Re l ay 5 Steel 

AI2O3 vs P u r e b o n 
P - 0 2 Carbon 

AI2O3 vs P y r o l y t i c 
Graph i t e ("C" plane) 

AI2O3 vs P u r e b o n 3293 

Incone l -X vs "Blue 
Oxide" on Incone l -X 

A1203 vs AI2O3 

Incone l -X vs P y r o l i t i c 
Graph i t e ("C" p lane) 

Cr vs Cr 

Incone l -X vs P u r e b o n 
P - 0 2 Carbon 

Coefficient 
of F r i c t i o n 

Range 

0. 5 to 0. 86 

0. 4 to 0. 80 

0. 5 to 0. 1 

0. 5 to 0. E 

0. 65 to 0. 1 

1. 0 to 1. 6 

0. 6 to 1. 5 

0. 45 to 0. 62 

1. 3 to 1. 8 

0. 44 to 0. 58 

T e m p e r a t u r e 
( °F) 

70 to 1010 

70 to 1000 

70 to 1000 

70 to 1100 

70 to 1000 

70 to 1300 

70 to 1000 

70 to 1000 

70 to 1000 

100 to 1000 

Vacuum 
( T o r r ) 

- 1 0 - ^ 

- lo- -? 

~ i o - 8 

7 x 10-8 

2 X 10-8 

1 X 10-3 

1 X 10-8 

5 X 10-9 

1 X 10-8 

2 X 10-8 

Load 
(lb) 

10 

10 

10 

10 

10 

10 

10 
and 

5 

10 

5 

10 

T i m e 
(days) 

16 

7 

6 0 

2 2 

30 

1 

1 

12 

7 

3 5 

R e m a r k s 

R i d e r s a m p l e c o v e r e d 
2200 m. of l i n e a r t r a v e l . 
No m a t e r i a l t r a n s f e r . 

1134 in. of l i n e a r t r a v e l . 
No s e i z u r e o r welding. 

6606 m. of l i nea r t r a v e l . 
Not su i tab le for a b r a k e . 

"C p l ane p r o v i d e s l e a s t 
amount of l ub r i ca t ion 
f r o m ou tgass ing . 

i i i n c r e a s e d when t e m p e r a ­
t u r e was lowered . 

S p e c i m e n s gal led s e v e r e l y 
af ter 16 in. of t r a v e l . 

203 in. of t r a v e l . S e v e r e 
gal l ing. 

1000 m. of t r aveL Cons id ­
e r a b l e w e a r . 

S e v e r e gal l ing, but did not 
weld t oge the r . 

Ca rbon t r a n s f e r to the 
m e t a l r i d e r s ; no s e v e r e 
damage . 4296 in. of 
t r a v e l . 

NOTE: Area of contact = 0.25 in. ' 

Using the above c r i t e r i a , the Combinations 1, 2, 8, and 10 show the accept­

able var iat ion in friction through the t empera tu re range from room ambient up 

to 1000° F ; The friction var ia t ions of Combination 2 and the indicated wear of 

Combination 8 would l imit them to applications with short total t rave l of perhaps 

100 in. This leaves 1 and 10 as possible candidates. Long- t e rm stat ic adhesion 

t es t s of A1_0_, LA-2 vs electrolyzed chronne plate, however show 0.32-lb ad-
(2) hesion (self-weld) in one out of two t e s t s . This leaves only Inconel-X vs P-02 

carbon, as the combination meeting the c r i t e r ia . There a r e no long- t e rm stat ic 

adhesion tes t s on Inconel-X vs P-02 carbon, but severa l other t e s t s of Type 316 

s ta in less s teel vs P-5N (a mate r ia l ly s imi la r pai r ) show no "s t ic t ion" (i. e. , s tat ic 

adhesion) after l ong- t e rm dwells in the h igh- t empera tu re , high-vacuum environ­

ment. Similar r e su l t s a r e also obtained in stat ic adhesion t e s t s with both Type 

316 s ta in less steel and molybdenum against graphite cloth. 
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It should be pointed out that the resu l t s of these t e s t s , both the stat ic adhesion 

tes t s and the sliding friction t e s t s , a r e obtained with smal l blocks loaded over a 
2 0.25-in. a rea . This sys tem may or may not be rea l i s t i c in t e r m s of represent ing 

a rea l component geometry. These tes t s do, however, serve to define the wear 

cha rac t e r i s t i c s and dynamic friction that may be expected from each couple. 

Several other combinations beside Inconel-X vs P - 0 2 carbon, such as A1_0 vs 

chrome, ALO vs No. 5 Relay steel , or chrome vs chrome, may work equally 

well as brake surfaces depending upon a par t i cu la r design. Since the motions in 

a pa r t i cu la r component employing a brake a r e different from the motion of the 

sliding blocks, and interact ions between bear ings , encapsulants , and the braking 

surfaces themselves a r e poss ible in a rea l case , final select ion of the optimum 

braking surfaces must be made in a rea l component or prototype test . 

c. Test Fac i l i t ies and Techniques 

The tes t coupon p repara t ion and tes t facil i t ies were identical with those 

used for the self-welding s tudies , except coupons were subjected to an oscillating 

motion against each other under load instead of the stat ic load used in self-

welding t e s t s . 

F igure 8 shows the r i de r and base sample relat ionship during tes t ; the 

chamber is removed in this view. Note that the location of the base sample is 

upside down with respec t to the r ider . This allows debr is and wear pa r t i c l e s 

to fall to the bottom of the chamber during sliding and not "bal l -up" between the 

in terfaces . Loading was accomplished by means of a load a r m extending into 

the tes t chamber through a bellows seal and a gimbal. The bel lows-gimbal 

a r rangement allows for a two-degree freedom of motion about a common axis; 

thus, the r ide r sample may be osci l lated back and forth on the base sample 

with an external ly applied dr ive mechanism. 

Input motion is provided by a smal l high-torque e lec t r ic motor driving a 

be l l -c rank mechan i sm through a yoke that i s connected to a force t ransducer . 

The output of the t r ansduce r is recorded on a high-speed, d i rec t -wr i t ing 

oscil lograph. 

A simple cal ibrat ion p rocedure before and after test ing allows for the in­

heren t friction and spring constant of the facility to be cal ibrated and cor rec ted 

for in the tes t r esu l t s . The external mounting of the testing components allows 
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for lubricat ion of the bear ings and sliding joints without contamination of the tes t 

facility. F igure 9 shows this tes t facility in operation. 

F igure 8. Fr ic t ion Tes t Setup (Exposed) 

F igure 9. Sliding Block Fr ic t ion Tes t Fac i l i t i es 
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6. 1250° F Fr ic t ion Evaluation 

Development of the SNAP 8 reac tor requi red the operat ion of control d rum 

bear ings in the 1150 to 1250° F t empera tu re range, some 250° F above previous 

friction couple evaluations. A se r i e s of t es t s was conducted, utilizing the tes t 

fixtures and techniques of the previous 1000° F UHV investigations. ^ ' 

These tes t s evaluated the SNAP 8 reference design P5-N carbon-graphi te 

and P5 carbon-graphi te (identical, but -without a L iF impregnant) against a 

s e r i e s of coatings on Inconel-750 and to solid ma te r i a l s . Table 19 p resen t s the 

resu l t s of all test ing witii couples rated bes t to wors t in re ference to friction 

levels . Tes t s again substantiated that the AI2O0 vs carbon-graphi te couple 

provides the most consistently low friction couple above 700° F. The MoSp-

coated couples sho-wed low^ friction, but with some inconsistency. Galling 

occur red -with WC, Cr3C2, and Haynes 90 specimens in some cases . Fr ic t ion 

values of TiC-coated and solid specimens w^ere modera te ly low^ and presen ted 

no galling ma te r i a l p rob lems . Some t ransfe r of chrome to the carbon-graphi te 

was found after the Cr3C2 t e s t s were completed. F igure 10 i l lus t ra tes typical 

AI2O3 vs P5 carbon-graphi te , Cr3C2 vs P5-N, and TiC vs P5-N carbon-graphi te 

t es t coupons after test ing. 

7. 1600° F Fr ic t ion Evaluations 

Testing of candidate m a t e r i a l s for operat ion to 1600° F was a continuing 

task. An initial group was selected and then other couples were tested as they 

became known. 

a. Initial Tes t s 

Development of the Advanced ZrH Reactor requi red bear ing operation 

between 1500 and 1600° F , well above the previously developed 1250° F maximum 

for SNAP 8 bear ings . Based on thousands of hours of successful operation of 

the AI2O3 vs P5 carbon-graphi te bear ing couple, that combination was retained 

as the reference design. Due to the inc reased t empera tu re , it was neces sa ry 

to replace the Inconel-750 subs t ra te ma te r i a l with a ma te r i a l having good 

mechanical p rope r t i e s of 1600° F. A study was conducted and tantalum -

10% tungsten was selected. In conjunction with ma te r i a l and coating compati­

bility t e s t s , sliding friction test ing at 1600° F and 10"° t o r r was initiated on the 

P5 vs AI2O3 on Ta-lOW couple to verify i ts selection. 
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TABLE 19 

FRICTION COEFFICIENTS OF MATERIALS 
(1250°F and 10-6 to r r ) 

B a s e 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

W C 

I n c o n e l - 7 5 0 

K - 1 6 2 B 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

I n c o n e l - 7 5 0 

Coa t ing 

AI2O3 (LA-2) 

AI2O3 (LA-2) 

AI2O3 (Noroc) 

M0S2 

M0S2 

M0S2 ( in - s i t u ) 

C h r o m e 

None 

T i C 

T i C 

WC (LW-5) 

WC (LW-5) 

C r 3 C 2 (LC-1) 

C r 3 C 2 (LC-1 ) 

None 

H a y n e s 90 

H a y n e s 90 

H a y n e s 90 

R i d e r 

P 5 C a r b o n - g r a p h i t e 

P 5 C a r b o n - g r a p h i t e 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

P 5 - N 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

C a r b o n - g r a p h i t e 

T i m e 
(hr) 

4 0 3 

1200 

1010 

72 

6 1 6 

1487 

192 

8 9 8 

1018 

1068 

1080 

1005 

1193 

- -

192 

96 

30 

3 2 9 

M a x i m u m 
F r i c t i o n 

Coeff ic ient 

0. 12 

0. 33 

0. 28 

0. 15 

0. 62 

0. 25 

0. 32 

0. 35 

0. 42 

0. 62 

0. 39 

1.05 

0. 78 

>2. 0 

1.25 

1. 05 

1. 25 

>2. 0 

A second carbon-graphi te , denoted as grade AXF-5Q, was selected for 

testing due to i ts fine grain and good mechanical p rope r t i e s . In addition, severa l 

other ma te r i a l s were studied as potential backup bear ing couples. Eight mate r ia l 

couples were tes ted at 1600° F and 10"° t o r r a i r through 900 in. of t r ave l under 

a 150-psi apparent load. Table 20 l i s ts the eight couples. 

Of the eight couples, only the carbon-graphi tes against AI2O3 and K-162B 

did not show severe wear or galling. These four couples were then subjected 

to 2000-hour tes t s at 1600° F to study friction after l ong - t e rm dwells (up to 

2 weeks). Tables 21 and 22 p re sen t resu l t s of the wear and dwell t e s t s . At 

1600° F , the carbon-graphi te against AI2O3 exhibited the lowest friction values 
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CARBON GRAPHITg TRANSFER FILM 

7695 40184 

a. Al^O^ vs P 5 [1200 h r , ^ ( m a x . ) = 0.33] 

•.m-y-

b . T iC v s P 5 - N [1010 h r , / i (max , ) = 0.42] 

c. C r ^ C 2 v s P 5 - N [1193 h r , ^i (max. ) = 0.78] 

F i g u r e 10. T e s t C o u p o n s , 1250° F F r i c t i o n T e s t 

A I - A E C - 1 3 0 7 9 
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TABLE 20 

CANDIDATE MATERIALS FOR 1600° F BEARINGS 

Couple 
No. 

1 and 2 

3 and 4 

5 and 6 

7 

8 

Couple Mater ia l s 

P5 and AXF-5Q Carbon-Graphi te vs AI2O3 on Ta 10-W 

P5 and AXF-5Q vs K-162B (TiC+Ni Binder) 

P5 and AXF-5Q vs LT-2 (W, Cr, AI2O3 cermet ) 

LT-2 vs solid Al 0 , 

LT-2 vs LT-2 

TABLE 21 

WEAR TEST SUMMARY, POTENTIAL 1600° F BEARING COUPLES 

Couple 

Base Rider 

Maximum Static 
Fr ic t ion Coefficient 

Ambient 800° F 1600° F 
Remarks 

LA-2 

LA-2 

K-162B 

K-162B 

LT-2 

LT-2 

LT-2 

L T - 2 

LT-2 

LT-2 

P 5 

AXF-5Q 

P5 

AXF-5Q 

P5 

AXF-5Q 

AI2O3 

AI2O3 

LT-2 

LT-2 

0. 56 

0, 56 

0. 61 

0, 65 

0. 25 

0. 39 

0. 61 

0. 61 

0. 65 

0.69 

0. 35 

0. 43 

0. 61 

0. 52 

0. 34 

0. 36 

0. 76* 

0. 61 

0. 71* 

0. 61 

0. 17 

0. 15 

0. 42 

0. 70 

0. 60> 

0. 74 

0. 61 

0. 78 

Light carbon-graphi te t rans­
fer film 

Heavy carbon-graphi te t r a n s ­
fer film, some metal l ic 
coating on K-162B surface. 

Seized at 1600° F, chrome 
t rans fe r from LT-2 to carbon 
graphite at interface. 

Severe wear of LT-2 t rans fe r 
of ma te r i a l to AI2O3 severe 
chat ter ing during operation. 

Severe wear of L T - 2 , ma te r i a l 
t r ans fe r to r i d e r s , severe 
chattering during operation. 

Run under 75-psi load due t o ^ > l . 0 with 150-psi load. 
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TABLE 22 

LONG-TERM-FRICTION TESTS OF ACCEPTABLE 
1600° F BEARING COUPLES 

Event 

Maximum 

At ambient 

At 800°F 

At 1600°F 

Average at 1600°F 

P re -dwe l l 

Pos t -dwel l 

Total t r ave l (in. ) 

Time (hr) 

At 1600°F 

At 10"^ t o r r 

LA-2 vs P5 

0,60 

0. 37 

0. 31 

0. 19/0. 22 

0. 26/0. 30 

275 

1760 

2010 

Bear ing Couple 
Fr ic t ion Coefficient at 150-psi L 

LA-2 vs AXF-5Q 

0. 59 

0. 58 

0. 32 

0. 22/0. 26 

0. 16/0. 18 

275 

1760 

2010 

K-162B vs P5 

0. 56 

0.71 

0. 56 

0. 30/0. 37 

0. 44/0 . 52 

400 

3240 

3490 

oad 
K-162B vs 

AXF-5Q 

0,43 

0, 63 

0. 57 

0. 38 /0 .48 

0. 32/0, 37 

400 

3240 

3490 

and was retained as the re ference bear ing couple. The carbon-graphi te against 

K-162B was re ta ined, without further tes t ing, as the backup bear ing design. 

F igures 11 and 12 show the pos t - t e s t condition of the wear tes t samples . 

The carbon-graphi te t r ans fe r - f i lms a r e evident on both AI2O3 and K-162B which 

exhibited low friction. The m a t e r i a l t ransfe r of the LT-2 responsible for seizing 

and high friction is probably re la ted to high vapor p r e s s u r e chrome, 

b. AI2O3 vs AI7O3 

Tes ts were then init iated on solid AI2O3 against AI2O3-coated Ta-lOW as a 

potential bear ing combination. 

Two duplicate tes t couples were subjected to a s e r i e s of friction vs t ime and 

vs t empera tu re t e s t s following different dwell per iods . In both cases , friction 

showed a steady inc rease with t ime and one couple show^ed excessive friction 

(0,6 or g rea te r ) pa r t i cu la r ly below 800°F, Data were recorded at 1500, 800, 

and 400° F and ambient t empe ra tu r e after dwells at 1500° F of 400, 400, 2000, 

1200, 400, and 400 hours (4800 hours total). Table 23 summar i zes t es t data. 
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CARBON GRAPHITE TRANSFER F ILM 

P5 RIDER 

5-3-68 7695-55634a 

a. Al O on Ta-lOW vs P5 Carbon-Graphi te 

CARBON-GRAPHITE TRANSFER F ILM 

P5 RIDER 

5-17-6! 7696-4027a 

b. TiC vs P5 Carbon-Graphi te 

Figure 11. 1600°F Wear Test Samples With Acceptable 
Fr ic t ion and Wear 
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10-1-68 7759-4013 

a, L/T-2 Cermet vs Carbon-Graphi te 

MATERIAL FROM BAoL 
•A 

10-1-68 7759-1004a 

b. LT-2 Cermet vs LT-2 

•—— - -"-ygj MATERIAL FROM BASE 

ii 

10-1-68 7759-40l6a 

c. LT-2 Cermet vs Solid AI2O3 

Figure 12. 1600°F Wear Test Samples With Excess ive Wear 
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TABLE 23 

AI2O3 VS AI2O3 FRICTION TO 1500°F 

Tempera tu re 
(°F) 

RT 

800 

1500 

R T 

800 

1500 

R T 

800 

1500 

R T 

800 

1500 

Time at 
1500°F 

(hr) 

Initial 

2800 

4000 

4800 

Fr ic t ion Coefficient 

Couple A 

0.21 

0. 10 

0. 10 

0. 11 

0.24 

0. 30 

0. 91* 

0. 58 

0.47 

0. 99* 

0. 71* 

0.49 

Couple B 

0. 17 

0. 11 

0. 12 

0. 23 

0. 30 

0. 26 

0.47 

0. 36 

0. 36 

0. 48 

0.44 

0. 34 

=Half load due to excessive friction. 

c. MoS_ Compact Studies 

In a continuing study of wear ra te and friction of potential Advanced ZrH 

Reactor bear ing m a t e r i a l s , a s e r i e s of t e s t s was conducted on a molydi sulfide-

tantalum compact ma te r i a l . The compact was developed by Boeing Company, 
(14) Seatt le, Washington, under an Air Fo rce Contract , and is designated 108M. 

The composition is 65 wt % MoS_, 25 wt % Ta, and 10 wt % Mo. Tests were 

run on the compact against A1_0^-coated Ta - 10 W and against ba re Ta - 10 W 

to study possible replacement of the P5 carbon-graphi te with the self- lubricat ing 

compact and possible elimination of the A1_0^ coating. The ma te r i a l is approxi­

mate ly th ree t imes as strong as P5 and the the rmal expansion ra te is close to 

Ta - 10 W (4.9 vs 3.9 x 10 ' ^ in. / in. / ° F ) . 
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Two t e s t c o u p l e s , one e a c h of the M o S _ - T a c o m p a c t a g a i n s t A L O ^ - c o a t e d 

Ta - l o w and M o S _ - T a a g a i n s t b a r e Ta - 10 W, w e r e sub j ec t ed to t e s t i n g a t 
- 8 M 5 ^ 

1 6 0 0 ° F and 10 t o r r p r e s s u r e . T a b l e 24 shows t h e f r i c t ion coef f ic ien t s a s 
a funct ion of t i m e u n d e r v a c u u m . 

T A B L E 24 

STATIC F R I C T I O N C O E F F I C I E N T S 

T e m p e r a t u r e 
( °F) 

1600 

1200 

1600 

1300 

1400 

1500 

1600 

T i m e a t 
Dwell 
(hr) 

50 

75 

75 

20 

75 

20 

75 

75 

75 

75 

75 

80 

M o S 2 - T a 

P r e - D w e l l 

0.39 

0.25 

0.26 

0.23 

0.27 

0.25 

0.31 

vs AI2O3 

P o s t - D w e l l 

0.48 

0.24 

0.46 

0.39 

0.24 

0.25 

0.34 

0.35 

0.32 

0.71 

0.73 

0.60 

M o S 2 - T a v s Ta - 10 W 

P r e - D w e l l 

0.42 

0.21 

0.24 

0.24 

0.26 

0.26 

0,34 

P o s t - D w e l l 

0.95 

0.20 

0.87 

0.69 

0.24 

0.26 

0.39 

0.53 

0.60 

1.10 

0.90 

>1.1 

An in i t i a l f r i c t i o n coef f ic ien t r e a d i n g w a s t a k e n a t 1 6 0 0 ° F and a second 

t a k e n fol lowing a 5 0 - h o u r dwel l . Whi le the M o S _ - T a v s A L O ^ couple showed 

only a m o d e r a t e i n c r e a s e in f r i c t i o n (0.39 to 0.48) , t he M o S ^ - T a vs Ta - 10 W 

r e s u l t e d in a doubl ing of f r i c t i on (0.42 to 0.95). Cont inued o p e r a t i o n r e s u l t e d 

in s u b s t a n t i a l d r o p s in f r i c t i o n (0.33 and 0.35 for A 1 _ 0 , and T a - 10 W, r e s p e c ­

t i ve ly ) . F r i c t i o n coe f f i c i en t s w e r e t hen t a k e n at 1300, 1200, and 800° F wi th 

f r i c t i on l e v e l s b e t w e e n 0.20 and 0 .35. A 7 5 - h o u r dwel l a t 1200° F w a s run wi th 

no i n c r e a s e in f r i c t i o n coe f f i c i en t s . A second se t of r e a d i n g s a t 1600°F w a s 

t a k e n wi th a 7 5 - h o u r dwel l b e t w e e n r e a d i n g s . F r i c t i o n fol lowing the dwel l p e r i o d 

a g a i n showed a m o d e r a t e i n c r e a s e (0.26 to 0.46) for the M o S ^ - T a v s A L O , couple 

and a s u b s t a n t i a l i n c r e a s e (0.24 to 0.77) for the M o S 2 - T a vs Ta - 10 W coup le . 
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The t empera tu re w^as lowered to 1300°F, and a s e r i e s of 75-hour dv/ell 

per iods was initiated to study the relat ionship betw^een friction and tennperature 

above 1200° F. There w^as no appreciable inc rease in friction for ei ther couple 

following the dwell at 1300°F. As t empera tu re was increased to 1600°F, the 

inc rease in post-dw^ell friction v/as considerable . While both couples shovired 

increased friction, the MoS_-Ta vs Al^O, couple show^ed l e s s inc rease than the 

MoSp-Ta vs Ta - 10 W couple. The final tes t at 1600°F resul ted in a friction 

coefficient g rea t e r than 1.0 for the couple with ba re Ta - 10 W. FoUow^ing the 

final 1600°F dwell, the tes t was d isassembled and all specimens were visually 

inspected. All mating surfaces w^ere in excellent condition, with light MoS^ 

t rans fe r films on the A L O , and Ta - 10 W. 

The t e s t couples v/ere r eassembled in the tes t fixture and a long- te rm 1300°F 

tes t initiated. F r o m the previous t e s t s , 1300°F was determined to be the highest 

operating t empe ra tu r e with no appreciable s h o r t - t e r m t empera tu re effects. F ig­

u re 13 shows the friction coefficients vs t ime for both the MoS-,-Ta vs A l -O , and 

MoS~-Ta vs Ta - 10 W couples. Fo r the 2000-hour t es t , the friction coefficients 

at 1300°F var ied between 0.14 and 0.30 for the A L O - couple and between 0.37 

and 0.48 for the Ta - 10 W couple. Dwells of 300 and 1000 hours were included 

in the tes t sequence without any significant inc rease in friction. Fr ic t ion at the 

conclusion of the tes t at 1300° F was 0.30 and 0.38 for the Al-O^ couple and the 

Ta - l o w couple, respect ively. 

The pos t - t e s t condition of both couples is shown in Figure 14 and indicates 

the heavy uniform t rans fe r film buildup for the ba re Ta - 10 W. A uniform, 

but th inner , t r ans fe r film is p resen t on the A1_0^ surface. 

Tes t s have shown friction to be low^ during per iodic oscil lat ion and uneffected 

by long- t e rm dwell per iods at t e m p e r a t u r e s up to 1300° F. Above 1300° F , f r ic ­

tion showed an increas ing effect due to dwells at t empe ra tu r e . While both 

couples, MoS-,-Ta vs A1_0, and MoS_ vs Ta - 10 W, had acceptable r e su l t s at 

1300° F and below, friction for the A1_0, couple was consistently lower during 

all test ing. Ei ther couple, however, shows p romise for long- t e rm periodic 

operat ion at 1300° F or below. 

AI-AEC-13079 
55 



-,x>Mk^'fm»^ 

a. MoS2-Ta vs AI2O3 on Ta - 10 W 1800 Hours at 
10"° t o r r and 1300°F 

7759-40253A 

b. MoS2-Ta vs Ta - 10 W 

Figure 14. P o s t - T e s t Photos of MoS_ Compacts 

AI-AEC-13079 
56 



d. Test F ix ture 

While retaining the same tes t specimen configuration as previous t e s t s , it 

was n e c e s s a r y to fabricate a fixture capable of operating for long per iods of 
- 8 

t ime under load at 1600°F and under p r e s s u r e s of 10 t o r r or l e s s . The r e ­
sulting fixture. F igure 15, u se s the same operating technique as the small 
1000 to 1250° F f ixtures , but will tes t two couples independently and s imulta­
neously. All in ternal fixturing in the tes t chamber , including the hea te r , was 
fabricated from tantalum or Ta - 10 W to w^ithstand the high t empe ra tu r e s and 
to preclude sublimation of chrome and nickel contaminants onto the tes t speci-
men t s . The chamber is mounted on a 400 l i t e r / s e c ion pump to ensure a con-
taminent free environment under operation. 

8. MoSp Coatings 

When the f i rs t bear ing m a t e r i a l couples were tes ted, the dry lubrication 

coating techniques were still under development. Because of possible loss of 

coating by wear or by evaporation (rate was unknow^n), the ear ly coatings w^ere 

re la t ively thick. Dry lubricat ion was used only to enhance low^ friction with 

couples that in themse lves produced low friction. When methods of bonding 

MoS_ using a sodium si l icate binder were developed, extended use of th is 

m a t e r i a l came into play as evidenced by i ts use in gea r s , cams , ball sc rews , 

and shafts. 

Coated cyl indrical surfaces that rubbed against a flat surface to simulate 

cam configurations were tes ted at var ious t e m p e r a t u r e s , vacuum levels (to 

evaluate oxidation effects) and contact s t r e s s e s (calculated for base ma te r i a l s ) . 

Table 25 shows the resu l t s of the test ing. The friction remained relat ively low 

during all tes t ing and was not ser ious ly affected by t empera tu re or contact 
_3 

s t r e s s e s but did show an inc rease at 1000°F after 650 hours in 1 x 10 t o r r , 
a i r . The surfaces showed only a burnishing or polishing and no deter iora t ion 

after the tes t . It was concluded that sodium-si l icate-bonded MoSp on Rene' 41 

(or s imi la r substrate) was suitable for use to 900 or 1000° F in a modera te 
-5 

vacuum ( 1 x 1 0 t o r r ) and high vacuum for long per iods of t ime at Hertz 

s t r e s s e s up to 51,800 psi . Work by Brainard^-'-^) demonst ra ted the the rmal 

stabili ty of MoS^. 
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T A B L E 25 

> 

n 

o 

F R I C T I O N O F M0S2VS M0S2 ON R E N E 41 SUBSTRATE 
( S o d i u m - S i l i c a t e - B o n d e d M0S2, 0.0004 to 0 .0010- in . th ick) 

T e s t 
No. 

1-a 

1-b 

2 

3 

4 - a 

4 - b 

4 - c 

T e s t V a r i a b l e 

T e m p e r a t u r e 

C o n t a c t S t r e s s 

Con tac t S t r e s s 

Ox ida t ion 

Oxida t ion T i m e , 

T r a v e l , and 

T e m p e r a t u r e 

C o n t a c t 
S t r e s s * 

(psi) 

12,500 

29,600 
to 

51,800 

12,500 
to 

25,000 

35,500 

35,500 

35,500 

35,500 

P r e s s u r e 
( t o r r ) 

<1 x 10"^ 

1 X 10""^ 

1 X 1 0 " ^ 

1 X 1 0 " ^ ^ 

1 X 1 0 " ^ 

1 X 1 0 " ^ 

1 X 1 0 ' ^ 

T e m p e r a t u r e 
( °F) 

70 to 1150 

1000 

500 

600 

800 

900 

1000 

To ta l 
T i m e 
(hr) 

411 

433 

541 

650 

To ta l 
A c c u m u l a t e d 

T r a v e l 
(in. ) 

500 

800 

1000 

32 

410 

560 

640 

F r i c t i o n 
Coeff ic ient 

S ta t i c 

0.12 

0.13 

0.13 

0.22 

0,16 

0.22 

0.30 

D y n a m i c 

0.07 

0.07 

0,14 

0.10 

0.14 

0.20 

* C a l c u l a t e d H e r t z i a n s t r e s s b e t w e e n a 0 ,188- in . r a d i u s c y l i n d r i c a l s u r f a c e and a flat s u r f a c e 
of the R e n e 41 b a s e n n a t e r i a l . 

t A 4 0 0 - h r t e s t in 1 x 10"^ t o r r u s i n g a m e t e r e d a i r l eak w^as a s s u m e d to c l o s e l y s i m u l a t e 
the quan t i t y of 0_ e n c o u n t e r e d d u r i n g a r e a c t o r 4 0 , 0 0 0 - h r life t e s t in 1 x 1 0 ' ^ t o r r . 



C. MATERIAL COMPATIBILITY 

1. Al^O, vs P5 and P5-N Carbon Graphite 

The selection of bearing couples for acceptable friction p roper t i e s w^as 

based on the extensive self-w^eld and sliding friction studies as previously 

descr ibed. Tes t s designed specifically to study interact ion between coating, 

subs t ra tes , and mating surfaces were initiated upon the failure of the SNAP 8 
(5) bear ing as a resu l t of A1_0^ separat ion from the Inconel-750 bear ing shafts. 

Test specimens represent ing all applications of an Al-O^-coated bear ing 

ei ther against carbon-graphi te or against itself were collected. These speci­

m e n s , 65 in number , included SNAP 8 control d rum bear ings (A1_0^ on Inconel-

750 subst ra te) , SNAP 8 actuator bear ings (Hiperco-27 subs t ra tes ) , and SNAPIOA 

drum bear ings (Ti-6A1-4V subst ra tes) which had been exposed to the t e m p e r a ­

ture range of 1000 to 1250°F for t es t per iods to 10,000 hours . All specimens 

underwent sectioning and metal lographic examination of the A L O ^ - s u b s t r a t e 

interface and the surfaces of A1_0_ coating specimens were studied by x - r a y 

diffraction. The most significant discovery was that the A1„0- , applied as 99% 

gamma (y) phase A1_0, , had a small , but definite t ransformat ion to alpha (a) 

phase . The phase shift (1) occur red when the A1_0, was in contact with the 

P5-N carbon-graphi te , (2) occur red only on specimens tes ted above 1100°F, 

and (3) appeared to be t ime dependent. Table 26 show^s the t ransformat ion of 

A1_0^ to a phase. 

TABLE 26 

ALPHA AI2O3 AS A FUNCTION OF TIME AND 
MATING SURFACE 

Time at 1150°F 
and 10-5 Tor r 

(hr) 

Alpha Phase AI2O3 

Against P5-N Against A l - O , 

P r e - T e s t 

3,000 

5,000 

10,000 

1.7,3.2* 

1.4,3.2 

4.8, 13.6 

9.8, 15.7 

1.7,3.2 

-

-

1.6,3.2 

*Fr ic t ion surface, subs t ra te surface 
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M a t e r i a l c o m p a t i b i l i t y t e s t i n g of b e a r i n g coup le s w a s i n i t i a t e d in s u p p o r t 

of the SNAP 8 b e a r i n g f a i l u r e a n a l y s i s . T e s t s w e r e conduc ted u s ing coupons 

0,5 in . s q u a r e and 0.37 in . th ick s t a c k e d u n d e r load in v a c u u m f u r n a c e s to 

s i m u l a t e b e a r i n g t e s t c o n d i t i o n s . The i n i t i a l t e s t w a s conduc ted to s tudy the 

effect of the L i F i m p r e g n a n t in the P 5 - N c a r b o n - g r a p h i t e on the s t ab i l i t y of the 

a l u m i n a coa t i ngs and i t s r e a c t i o n s wi th the s u b s t r a t e m a t e r i a l . The m a t r i x , 

show^n in T a b l e 27 , w a s d e s i g n e d to a l low c o m p a r i s o n of (1) the effects of dif­

f e r e n t g r a p h i t e s o r no g r a p h i t e a g a i n s t A L O ^ on the I n c o n e l - 7 5 0 s u b s t r a t e and , 

(2) the ef fects of d i f fe ren t s u b s t r a t e s w^ith the P 5 - N and A1^0_ i n t e r f a c e . 

T A B L E 27 

SNAP 8 BEARING M A T E R I A L COMPATIBILITY T E S T 

G r a p h i t e 

None 

P 5 

P 5 - N 

P 5 - N 

P 5 - N 

Coat ing 

AI2O3 

AI2O3 

AI2O3 

AI2O3 

AI2O3 

S u b s t r a t e 

I n c o n e l - 7 5 0 

I n c o n e l - 750 

I n c o n e l - 7 5 0 

I n c o n e l - 6 0 0 

Ta - 10% W 

T e s t s w e r e conduc ted a t 1250, 1350, and 1450° F for 500, 1000, 2000, and 

5000 h o u r s a t 1 0 t o r r a i r . The Al^O^ coa t ing s e p a r a t e d f r o m the s u b s t r a t e 

in a l l c a s e s w h e r e i t w a s in c o n t a c t w i th t h e P 5 - N ( L i F i m p r e g n a t e d ) c a r b o n -

g r a p h i t e . In no c a s e did the coa t ing o r c o a t i n g - t o - s u b s t r a t e bond d e t e r i o r a t e 

o r s e p a r a t e when the L i F i m p r e g n a n t w a s a b s e n t . F i g u r e 16 shows t y p i c a l 

c a s e s of A1_0_ on the I n c o n e l - 7 5 0 s u b s t r a t e a g a i n s t (1) the P5 ( u n i m p r e g n a t e d 

g r a p h i t e ) and (2) the P 5 - N g r a p h i t e . I n s p e c t i o n u n d e r 250X magn i f i c a t i on a l s o 

shov/ed a def in i te change in the Al^O-, m i c r o s t r u c t u r e . The u n i m p r e g n a t e d P 5 

c a r b o n - g r a p h i t e Avas t h e r e f o r e s e l e c t e d to r e p l a c e the L i F i m p r e g n a t e d P 5 - N . 

2. A l t e r n a t e M a t e r i a l s for SNAP 8 (1250° F ) 

C o n c u r r e n t wi th the e v a l u a t i o n s of the effect of i m p r e g n a t e d and non-

i m p r e g n a t e d c a r b o n - g r a p h i t e o t h e r c a n d i d a t e coa t ings for shaf ts w e r e s e l e c t e d 
(5) 

and t e s t e d in v a c u u m a t v a r i o u s t e m p e r a t u r e s for c o m p a t i b i l i t y . 
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:its^= - ?^^-* 4 ; ^ ^ «^ 

INCOIMEL 750 3 

8148-7-1 

a. 1450° F Against P5 
8148-5-3 

b . 1450° F Against P5-N 
F igure 16. Alumina vs Carbon-Graphi te Metal lurgical Resul ts — 

2000 h r 

The m a t e r i a l s and couples evaluated were P5-N carbon-graphi te against : 

1) L C - I C (Cr^C^) f l ame-sp ray coating (Cr C^ 93%, Co 7%) 

2) LW-5 (WC) f l ame-sp ray coating (WC 25%, Ni 7%, W, Cr Carbides 

68%) 

3) T i e p l a s m a - s p r a y coating (TiC 99%, t r a c e of Cu) 

4) LA-2(Al202) f l ame-sp ray coating (Al^O^ 99+ in gamma phase) 

5) Haynes Alloy 40 ha rd facing. 

Tes ts were conducted at 1250, 1350, 1450° F to acce le ra te any effects of 

t e m p e r a t u r e , and were run for 500, 1000, 2000, and 5000 hou r s . P o s t - t e s t 

specimens were sectioned and examined for react ion at the carbon-graphi te or 

subs t ra te in terfaces or for any deter iora t ion of the coating itself. 
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1) The Cr C_ coatings remained intact with good coa t ing-subs t ra te 

bonds, but a ch rome- r i ch layer was deposited on the carbon-graphi te . 

The chrome thickness inc reased w^ith both t ime and t empera tu re and 

w^as not p resen t in two coupon tes ts without the carbon-graphi te . 

F igure 17 i l lus t r a t e s these conditions. 

2) The WC coatings remained well bonded to the subs t r a t e s , but again 

showed a c h r o m e - r i c h deposit on the carbon-graphi te mating sur faces . 

F igu re 18. The layer w^as thinner than on the Cr_C_ specimens but 

was a function of t ime and t empera tu r e . 

3) As show^n in F igure 19, the TiC coating subst ra te bond was excellent 

and no t ransfe r of ma te r i a l to the contacting carbon-graphi te was 

p resen t . Poros i ty of the coating inc reased as a resu l t of test ing, but 

no effect of t ime or t empera tu re could be establ ished. The porosi ty 

is postulated to have been caused by sectioning and polishing for 

metal lographic examination, but indicates coating strength may be 

effected by exposure . There w^as some evidence that the p resence of 

the carbon-graphi te inc reased the porosi ty . P r e - t e s t porosi ty was 

es t imated at 10.8%, while average pos t - t e s t values inc reased to 26.8% 

"pull out. " 

4) The Al^O, coating severely broke up and separa ted from the subs t ra te 

when in contact with the P5-N carbon-graphi te . The A1_0^ not 

exposed to the carbon-graphi te was unaffected by testing as can be 

seen in F igure 20, 

5) Haynes 90 sliding friction t e s t s running concurrent ly exhibited 

ext remely high friction, ma te r i a l t r ans fe r , and self-welding. Exam­

ination of the meta l lurgica l specimens w^as therefore eliminated. 

F r o m these tes t s it was concluded that only TiC ra ted considerat ion as a 

potential bear ing surface coating for use with the P5-N carbon-graphi te . 

3. High Tempera tu re Mater ia l s (1600°F) 

A third s e r i e s of compatibility tes t s was conducted at 1600°F in support of 

the 47r shielded reac tor study. Specimens were again exposed for 5 00, 1000, 
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— MOUNTING COMPOUND S 
( » . 

• INCGIMEL 750 

INCONEL 750 

SUBSTRATE SURFACE REACTION 

e: Kv;^> 
0*004 ,r 

250 X k 
t i , . % » - * • • 

8085-4-1 
a. 1450° F Without Graphite 

8083-5-2 
b. 1450° F With P5-N 

Figure 17. Cr3C2 1000-hr Metal lurgical Specimens 

.1 |>/f 
» t INCONEL750 

»tB 
^ 

0.004 in. 

* 250 X k 
8085-5-1 

a. 1450° F Without Graphite 
8083-4-2 

b. 1450° F With P5 -N 

Figure 18. WC 1000-hr Metal lurgical Specimens 
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I * * 1 . k" 4 INCONEL 750 

. . 1 » - - ^ ' ' • " ' ^ • ' ' 

)i 

k 

INCONEL 750 

h 
a. As-Coated 

F igure 19. 

8050-3-3 

0 010 in. 

100 X 

8148-1-4 
b . 1250° F With P 5 - N 

TiC 2000-hr Metal lurgical Specimens 

INCONEL 750 

, O N E L 7 5 0 

:S?T"JmOBAT.ON 

" " " ^ ~"^" 8083-12 

b . 1450° F Against P 5 - N , ^ - *̂-̂ * '^ ^ 8085-3-1 

, . 1450° F Without G - P ^ ^ ^ ; ^ ^ ^ _ ^ ^ Metal lurgical Specimens 

F igure 20, ^'-z^S 
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TABLE 28 

CHEMICAL COMPOSITION OF MATERIAL COMPATIBILITY SPECIMENS 
Composition (wt %) 

Kentanium 
K-162B 

TiC 64 

Ni 25 

NbC 6 

M 5 

Haynes LT-3 
Cermet 

W 60 

AI2O3 25 

Cr 15 

Linde LA-2 
F lame Plate 

AI2O3 99.5 

(y pha s e) 

Centralab 
AI2O3 

AI2O3 

99.5 

(y phase) 

Union Carbide 
Ta - 10 W Alloy 

Ta 90 

W 10 

P5 Carbon-Grahi te : Unimpregnated 60% graphit ized 

AXF-5Q Carbon-Graphi te : Unimpregnated 60% graphit ized 

TABLE 29 

PROPER'TIES OF AXF-5Q AND P5 CARBON GRAPHITE 

Proper ty 

Density (gm/cc) 

Strength (psi) 

Tensi le 

Compres su re 

T r a n s v e r s e 

F lexure 

Hardness (shore) 

Coefficient of Expansion (10 in. / in. / °F ) 

RT-212 

RT-500 

RT-1500 

Poros i ty (0/0) 

Oxidation Threshold (°F)* 

Tempera tu re Limit (°F)* 

Graphite 

AXF-5Q 

1.84 

4,000 

16,000 

9, 000 

70 

3.7 

4.3 

15 

950 

P5 

1.70 

6,000 

25,000 

8,500 

85 

2.2 

18 

500 

*at ambient p r e s s u r e a i r 
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-7 
2000 , and 5000 h o u r s in a 1 0 t o r r v a c u u m . The fol lowing coup le s w e r e t e s t e d 

and a n a l y z e d : 

1) C a r b o n - g r a p h i t e (Types P 5 and A X F - 5 Q ) vs Al O3 (on Ta - 10 W 

and I n c o n e l - 7 5 0 s u b s t r a t e s ) 

2) C a r b o n - g r a p h i t e (P5 and A X F - 5 Q ) v s sol id A L O , 

3) C a r b o n - g r a p h i t e (P5 and A X F - 5 Q ) v s sol id K - 1 6 2 B 

Two add i t i ona l m a t e r i a l coup le s w e r e t e s t e d , but not e x a m i n e d b e c a u s e of 

p o o r f r i c t ion c h a r a c t e r i s t i c s exh ib i t ed du r ing c o n c u r r e n t s l id ing f r i c t ion t e s t s . 

4) C a r b o n - g r a p h i t e (P5 and A X F - 5 Q ) v s L T - 2 

5) L T - 2 v s sol id AI2O3 

T a b l e 28 g ives the c h e m i c a l c o m p o s i t i o n of the m a t e r i a l s and Tab le 29 

c o m p a r e s the p r o p e r t i e s of the tw^o c a r b o n - g r a p h i t e s . 

T h e r e w a s no d e t e r i o r a t i o n of m a t e r i a l s and no s igns of i n c o m p a t i b i l i t y o r 

i n t e r a c t i o n on any s p e c i m e n coup le . The I n c o n e l - 7 5 0 s u b s t r a t e i s not s a t i s f a c ­

t o r y for a b e a r i n g s u b s t r a t e at 1 6 0 0 ° F due to m a t e r i a l s t r e n g t h l i m i t a t i o n s but 

w a s inc luded for f u r t h e r s tudy of the A L O ^ to s u b s t r a t e t h e r m a l expans ion 

d i f f e r e n c e . 

F i g u r e s 2 1 , 22, and 23 r e s p e c t i v e l y show the A1_0^ coa t ing , K - 1 6 2 B , and 

sol id A l - O ^ s p e c i m e n c o u p l e s , r e s p e c t i v e l y . No d i f f e r ence in e x p o s u r e to the 

two g r a p h i t e s w a s d i s c e r n i b l e and a l l c o u p l e s a r e c o n s i d e r e d a c c e p t a b l e on a 

c o m p a t i b i l i t y b a s i s . 

D. RECOMMENDATIONS 

T a b l e 30 l i s t s m a t e r i a l c o m b i n a t i o n s tha t have b e e n u s e d in b e a r i n g d e s i g n 

o r a r e c o n s i d e r e d a s backup c o m b i n a t i o n s . S o d i u m - s i l i c a t e - b o n d e d MoS^ should 

be u s e d to r e d u c e f r i c t i on w h e r e c a r b o n - g r a p h i t e i s not one of t h e m a t i n g s u r ­

f a c e s . Rubbing p o w d e r e d MoS_ into the m a c h i n e d c a r b o n b a l l s a l s o r e d u c e s f r i c t ion , 

-3 
C a r b o n wi l l ox id ize above 800 to 900° F in 0_ p a r t i a l p r e s s u r e s above 10 

t o r r to f o r m CO.,, and t h u s i n c r e a s e b e a r i n g c l e a r a n c e s . T h i s i s a funct ion of 

t i m e , t e m p e r a t u r e , 0_ l e v e l , and b e a r i n g conf igura t ion . F i g u r e 24 shows the 

s u r f a c e l o s s v s p r e s s u r e ( a i r a s s u m e d ) . The a t t e n u a t e d c u r v e w^as c a l c u l a t e d 

for a m o n o b a l l b e a r i n g a s u s e d in r e a c t o r c o n t r o l d r u m s . The c o r r e l a t i o n of 

t h e 1 0 , 0 0 0 - h o u r t e s t da ta wi th the c u r v e a d d s a m e a s u r e of va l id i ty . 
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8516-7-2 500X 

b. LA-2 (on Inconel-750) Against P5 

a. LA-2 (on Ta - 10 W) Against P5 

8516-1-2 500X 

Figure 21. Al O vs P5 After 5000 hr 
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8428-3-1 500X 

Figure 22. K-162B vs P5 After 2000 hr at 
1600°F and 10-6 t o r r 

5428-4-1 500X 

Figure 23. Solid AI2O3 vs AXF-5Q After 2000 hr 
at 1600°F and 10-6 t o r r 

AI-AEC-13079 

69 



o 
> 

O 

o 
--a 
vO 

Ul 
cc 
Ui <n 
LU 
(C 
O. 
_ l 
< 

I-

10-5 

-R 
10*= 

in-7 

io-« 

- 1 

— 

— 

— 

I / 
- / 

- / 

1 

1 1 1 1 1 1 1 

/ 

^ 

1 1 1 1 1 II 

1 1 1 1 1 1 II 

o O - y # 

"^ Ap 

y 
/ 

/ 

y 
/ 

\ / \ 1 1 M i l 

g) 

®T " ^ 1 n 111 

y 0^ 

/ ^ ^ ^ " 

1 

/ 

TEST NO. TEMP 
(°F) 

1 • 1150 

2 A 1150 

3 • 1250 

4 X 1150 

THRUST BALL • 
RADIAL BALL O 

1 1 1 MM 

1 1 

/ 

/ 

PRESSURE 
(torr) 

10-5 

10-5 

10-5 

io-« 

1 1 

1 1 1 1 1^ 

/ 

/ - -

-

-

TIME 
(hr) 

10^ 

10^ 

10^ 

10^ 

— 

-

-

1 1 1 Mil 
10 ,-2 10' 10" 

SURFACE LOSS (mil/io'* hr) 

10 10" 

7759-4708A 

Figure 24. P5 Carbon-Graphi te Oxidation Loss Rates at 1I50°F 



TABLE 30 

MATERIAL COMBINATIONS FOR SPACE REACTOR BEARINGS 

Mater ia l s Combinations 
and Subst ra tes 

AI2O3 + M0S2 vs K162B 

Ti - 6 Al - 4V 

AI2O3 vs AI2O3+M0S2 

Inconel 750 Inconel 750 

AI2O3 vs P5N 

Inconel 750 

AI2O3 vs P5 

Inconel 75 0 

TiC vs P5N 

Inconel 750 

AI2O3 vs P5 or AXF-5Q 

Ta - l o w 

K-162B vs P5 

M0S2 - Ta vs AI2O3 

Compact Ta - 10 W 

M0S2 vs M0S2 

Rene 41 Rene 41 

Maximum 
Tempera tu re 

(°F) 

900 

1250 

1000 

1250 

1250 

1600 

1600 

1300 

900 

1000 

Maximum 
Fr ic t ion 

0.2 

0.3 

0.3 

0.3 

0.6 

0.2 

0.4 

0.2 

0.2 

Tested for 
Compatibility 

No 

Y e s 

Yes 

Yes 

Y e s 

Y e s 

Y e s 

No 

No 
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III. SNAP REACTOR BEARING HISTORY 

A, CONTROL DRUM BEARINGS 

1. Basic Design Concept 

The SNAP r eac to r s were designed for long- t e rm uninterrupted operat ion 

with no maintenance. Control drums mus t be capable of slow continuous ro ta ­

tion during reac tor s tar tup, rapid rotation during shutdown or s c r am, and 

per iodic smal l angle steps during full t empera tu re operation for power level 

co r rec t ions . The c r i t e r i a for bear ing operat ion under these conditions include 

low friction rotation without self-welding following hundreds of hours of dwell 

in the r eac to r high t empe ra tu r e -vacuum environment. The bear ing must also 

be capable of surviving, without damage, the shock and vibration loads of launch 

into space. 

The need for a s imple, re l iable bear ing resul ted in the selection of a jour ­

na l - s l eeve bear ing as the p r i m a r y rotation element . One bearing at each end 

of the control d rum c a r r i e s the radial load, and one of the two c a r r i e s the axial 

or th rus t load. To prevent binding of the bear ing from the rma l distort ion of the 

control drum, the journal s leeves have spher ica l OD's and a r e captured in a 

socket to provide self-al ignment . The ba l l - to -socke t combination also provides 

a backup rotat ional bear ing in the event of jou rna l - to - s l eeve se i zu re . The basic 

bear ing concept is i l lus t ra ted in Figure 25. 

SOCKET 

BALL 

SHAFT 

Figure 25. Basic Self-Aligning 
Monoball SNAP Bearing 

THRUST WASHERS 
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2. Design Variations 

The f i rs t bear ing sets were fabricated while initial 1000° F sliding friction 

and wear studies w^ere in p r o g r e s s . The bear ing sets -were tes ted under t h e r m a l -

vacuum operat ional and vibration environmental conditions to evaluate re la t ive 

per formance . Each reac to r sys tem had slightly different requ i rements which 

requi red different bear ing ma te r i a l s and configurations. The differences were 

p r i m a r i l y t empera tu re , p r e s s u r e , and load considerat ions , pa r t i cu la r ly during 

launch. 

a. Solid Cermet Ball (SNAP lOA) 

Bearing sets were fabricated using a solid Kennametal K-162B ball and 
(17) Al~0- -coa ted t i tanium shaft and sockets . No galling occur red during test ing, 

but friction showed a steady inc rease with operat ion. Based on sliding friction 

t e s t s , a MoS-, dry- f i lm lubricant was bonded to the shaft and socket ALO_ su r ­

faces . This resul ted in a low friction couple under all tes t conditions and was 

selected as the SNAP lOA reference control drunn bear ing. A backup design of 

a composite ball, consisting of carbon-graphi te bushings inser ted into a K-162 

ball , w^as also tes ted with sat isfactory per formance . The specific reference 

and backup designs a re given in Table 31 . 

TABLE 31 

COMPONENT MATERIALS COMBINATIONS 

Compone 

Socket 

Shaft 

Ball 

nt Reference Bearing 

Titanium with AI2O3 coating 
lubricated with NaSi03 bonded 
M0S2 

Same as Reference Socket 

Solid K-162B 

Backup Bearing 

Same as 
Reference Socket 

Titanium with 
ALO„ Coating 

Same as Refer­
ence with P5-N 
Carbon-Graphi te 
Bushings 

b. Coated Metall ic Ball (S8ER) 

The S8ER ground tes t was designed to operate under an a tmosphere of N. 

with 1% oxygen with bear ing t empera tu re s to 1100°F. Investigation of this 
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reg ime showed that dry films and carbon-graphi tes were unsat isfactory due to 

high oxidation. Tw ô bearing m a t e r i a l combinations were investigated. Both 

bear ing sets uti l ized Hastelloy B shaft and socket sets with the Linde LA-2 

ALO„ coating. One bear ing set used a solid chrome carbide (Carboloy 608) 

ball , and the second used a Hastelloy B ball coated with Linde LC- IA Cr -C_ , 

Both exhibited sat isfactory friction resu l t s (0.22 > u > 0.35) during '~3000-hr 

test ing at 1100°F, but as indicated by tes t data pos t - t e s t inspection, the solid 

carbide ball was becoming t ighter in the socket and exhibiting g rea t e r •wear than 

the plated ball . Consequently, the solid C r , C ^ ball w^as eliminated from further 

considerat ion because of the indicated loss of c learance with t ime . 

c. Composite and Solid Carbon-Graphi te Ball 

Development of the SNAP 8 bear ings was based on the SNAP lOA backup 

design, and studies •were continued on the A1_0_ vs carbon-graphi te and other 
O 8) combinations with and without dry-f i lm lubricant . To meet the increased 

t e m p e r a t u r e , the t i tanium shaft and socket ma te r i a l was replaced with Inconel-

750. The ce rme t of the composi te ball was also replaced with Inconel-750 for 

t he rma l expansion match •with the socket. Dry-f i lm lubrication was added to 

the ball OD to improve the ba l l - to -socke t friction p rope r t i e s . Inconel-750 was 

selected because of its mechanical p roper t i e s at 1100 to 1250° F and because its 
(19) t he rma l expansion coefficient was close to that of the beryl l ium control d rums . 

This combination exhibited low^ friction and passed shock and vibration test ing. 

A backup design using a solid P5-N carbon-graphi te ball was also tes ted under 

t he rma l -vacuum and vibrat ion conditions. While it exhibited somewhat g rea te r 

friction, it was considered an adequate subst i tute . 

During the la t ter s tages of SNAP 8 bearing test ing, a s e r i e s of ALO coat­

ing fai lures occur red when in contact with the carbon-graphi te . Investigation 

of the p rob lem descr ibed previously establ ished that the p re sence of the L iF 

oxidation inhibitor in the P5 carbon-graphi te had sufficient catalytic action to 

cause a phase change ( f r o m y to o;) in the A1_0„ under its a l ready s t r e s s e d con­

dition and, consequently, f rac ture . Several a l ternate fixes -were studied and 

the decision was made to replace the composite ball with a solid P5 carbon-

graphite ball ( identical to P5-N, but without the LiF) . Additional test ing showed 

that with M0S2 burnished into the ball sur faces , sa t is factory low friction ope ra ­

tion was obtained. 
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The basic bear ing design — sockets and shafts of Inconel-750 with A ^ O 

coatings and a solid P5 carbon-graphi te ball with MoS-, burnished into the s u r ­

faces — w^as used on the space power facility t es t and the S-k'we the rmoe lec t r i c 

r eac to r sys tems with redesign being l imited to bear ing sizing for loads. 

Development of the 4IT shielded Advanced ZrH Reactor , ho-wever, resul ted 

in requ i rements for a bearing environment t empe ra tu r e to 1500 or 1600° F and a 

control d rum weight up to '~80 lb. Based on friction t e s t s and a ma te r i a l inves­

tigation, a tantalum - 10 % tungsten alloy was incorporated as the Al-0_ sub­

s t r a t e ma te r i a l . 

3. Development and Verification Tests 

Proof of design t e s t s and sys tem tes ts provided an abundance of data on the 

various bearing configurations and m a t e r i a l s . 

a. SNAP lOA Bearings 

Reflector control d rum bear ings of s imi la r configurations but var ious m a t e ­

r i a l s were subjected to shock and vibrat ion t e s t s , t h e r m a l cycle t e s t s , and 

endurance tes t s in 10 and 10" t o r r vacuum at elevated t e m p e r a t u r e s . 

Eight of the bear ing sets were subjected to t he rma l cycle t e s t s with no ob­

servable deleter ious effects. The the rmal cycle t e s t s consisted of p lacement of 

the unloaded assembled bearing sets in a vacuum chamber at 10 m m Hg and 

varying the t empe ra tu r e from 200 to 1000° F for the recorded number of cycles . 

The ra te of t empe ra tu r e change was l imited by existing vacuum faci l i t ies . Single 

t empe ra tu r e cycles were also induced during each of the twelve vacuum-elevated 

t empe ra tu r e - t o rque t e s t s . 

Vibration tes t s were conducted on eight bear ing sets to SNAP lOA design 

leve ls . Detailed resu l t s a r e d iscussed la ter in this repor t . 

Twelve bear ing se ts of various ma te r i a l combinations were subjected to 

s imulated loading at elevated t empe ra tu r e s in vacuum. Duration of t e s t s var ied 

from 100 to 2160 hours . Operation t empera tu re s ranged from 585 to 950° F . 
-6 -9 

Operation vacuums ranged from 10 to 10 m m Hg. Torque values of the 

loaded drum bearing sets were less than the maximum allowable 2.5 in . - lb torque 

requi rement . Descript ion of bearing ma te r i a l s , tes t conditions, and resu l t s a r e 
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outlined in Table 3Z. The vacuum- tempera tu re - to rque tes t s show higher friction 

at low t e m p e r a t u r e s . Similar friction variat ions with t empera tu re were exhib­

ited -with sliding block t e s t s . 

The re ference developmental tes t configuration of the bear ings is shown in 

F igure 26. 

f-'tJ&i-f* 
Figure 26. SNAP lOA Test Bearing Set 

b. S8DRM Bearings 

The f i rs t SNAP 8 flight configuration bearing assembl ies fabricated were 

designed for the S8DRM, a mockup reac tor for nonnuclear tes t ing. The b e a r ­

ings were subjected to simulated reac tor t e s t s , to study design compatibili ty 

during t he rma l cycling and in termit tent operation at t e m p e r a t u r e . Additional 

sets w^ere subjected to shock and vibration loads which would be encountered on 

launch of a space r eac to r . 

Three tes t s were initiated to study a l ternate ball concepts, using: (1) the 

composi te Inconel ball with a lumina-coated OD and carbon-graphi te bushings, 

(2) the same ball , with a sodium-si l ica te-bonded MoS^ dry-f i lm lubricant on the 

bal l OD to dec rease friction and to act as a vibration cushion between the ball 

and socket alumina surfaces , and (3) a solid carbon-graphi te ball, in place of 
(15) the comiposite Inconel ball.^ F igure 27 i l lus t ra tes the composite ball concept. 

The t e s t s were run under identical tes t conditions of 1150°F and 10" t o r r p r e s ­

su re , and were scheduled to run for 2,000 hours , minimum. Test p a r a m e t e r 

and torque readings a r e summar ized in Table 33. Bearing fr ic t ion- torque was 

measu red through actuation sequences consisting of driving the bear ing shaft 

70° CCW and 35° CW at a ra te of ~ 5 ° / s e c . Using a force ring t r ansduce r and 

a mechanical linkage, the r e s i s t ance to rotation of the bear ings was measu red 

and recorded (see tes t fixture in Figure 28). 
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T A B L E 32 

SNAP lOA DRUM BEARING T E S T D E T A I L R E S U L T S 

Bearing 
Tes t No. 

1 

2 

3 

4 

5 

6 

6 B 

7 

8 

9 

10 

11 

12 

13 

Bearing 
Set No. 

1 

3 

2 

4 

5 

6 

6 

13 

1 3 A 

14 

15 

7 

10 

12 

Mater ia l s 

Bal l s -K-162B 
Sha£ts-Ti + AI2O3 
Sockets -Ti + AI2O3 
Ball8-K-162B + CDJ-83 

Bushings 
Shafts-Ti + AI2O3 
Socke ts -Ti + Al^O^ 

BalU-K-162B + CDJ-83 
Bushings 

Shafts-Ti + AI2O3 
Socke ts -Ti + Al^Oj 

Bal l s -K-162B + CDJ-83 
Bushings 

Shafts-Ti + AI2O3 
Sockets -Ti + AljO^ 

BaUs-K-162B + CDJ-83 
Bushings 

Shafts-Ti + AI2O3 
Sockets -Ti + Al^Oj 

BaUs-K-162B 
Shafts-Ti + AI2O3 
Sockets -Ti + Al^Oj 

Same set as above 

Bal ls -K-162B 
Shaf ts-Ti + AI2O3 
Sockets -Ti + Al^O^ 

Same set as above plus 
X-15 on all Al^Oj 
surfaces 

Bal l s -K-162B + CDJ-83 
Bushings 

Shafts-Ti + AI2O3 
S o c k e t s - T I + Al^O^ + X-15 

Bal l8-K-162B + P5N 
Bushings 

Shafts-Ti + A1203 
Socke ts -Ti + Al^Oj + X-15 

Bal ls -K-162B 
Shafts-Ti + AI2O3 
Sockets -Ti + Al^Oj 

BaUs-Ti + Cr3C2 with 
P5N Bushings 

Shafts-Ti + Cr3C2 
Socke ts -Ti + Cr3C2 

Bal l8-K-162B 
Shafts-Ti + AI2O3 + X-15 
Socke ts -Ti + Al^O + X-15 

Thermal 
Cycles 

(200- to 
1000°F) 

5 

5 

5 

5 

5 

10 

None 

None 

None 

None 

5 

10 

None 

Shock and 
Vibration 
to Design 
Specifi-
tions 

Yea 

None 

Y e s 

Y e s 

Y e s 

Y e s 

None 

None 

None 

Y e s 

Y e s 

Y e s 

None 

High Vacuum, Elevated Tempera tu re Drum Torque Tests 

Tes t 
Duration 

(hr) 

330 

270 

2 7 0 

3 0 0 

2 7 0 

100 

2 9 0 

190 

1487 

2340 

2160 

2784 

Actuation 
Cycles 

8500 

1900 

2600 

2650 

2600 

6 8 0 

2500 

120 

5 7 0 

7 7 0 

2 3 0 

Torque 
(in.-lb) 

Initial 

1.0 

0.1 

0.05 

0 .2 

0 . 1 

1.0 

0 . 5 

0 3 

0 .2 

0.05 

1.5 

2 . 2 

Maxi­
m u m 

1 1 

0 3 

0 05 

0 5 

0 . 5 

2 . 5 

1.0 

0.70 

0.65 

0.35 

O.I 

1.7 

2 . 2 

Fina l 

1.1 

0.25 

0.05 

0 . 5 

0 . 5 

2 . 5 

0 .9 

0.70 

0 5 

0.35 

1.5 

1 9 

Tempera tu r e 

Radial 
Bearing 

950 

960 

9 0 0 

9 1 0 

9 0 0 

8 9 0 

8 9 0 

9 2 0 

9 3 0 

710 

7 1 0 

Thrus t 
Bearing 

780 

780 

730 

730 

720 

7 3 0 

7 3 0 

750 

750 

5 8 5 

5 8 5 

600 1 600 
During 

70 ' to 600 ' 

Vacuum 
(mm Hg) 

1 x l O - ' 

7 X 1 0 " ' 

1 x l O " ^ 

1 X 1 0 " ' 

7 x 1 0 - ' 

1 x l O " ' 

1 X 10" ' 

8 X 1 0 " ' 

8 X 1 0 " ' 

2 X 1 0 " ' 

2 X 1 0 " ' 

2 X 10" ' 
ion pump 
sys tem 

Breakdown of AI2O3 coating on socket edges after 
vibration. 

A number of operation problems occur red during 
this tes t . An additional run was made for 70 hours 
and 350 m o r e actuation cycles . No change resul ted. 

Thrust washer became tight. This was an assembly 
problem, not a bearing problem. TiC + Ni deposits 
on thrus t face. 

Ball thrus t face r eve r sed . 

Balls became tight in sockets . SNAP lOA backup 
design 

Tested m SNAP lOA reflector shock and vibration 
at one end and two t imes design specification 

Included 90-day dwell 



I H R U S l BEARI R A D I A L BEARIN 

SOCKf^T SOC KCT 

Figure 27. SNAP 8 Composite Bearing 

THERMOCOUPLE LEADS 

FORCE TRANSDUCER 
FOR MEASURING 
FRICTION TORQUE 

\ . x - ^ ^ ~ ~ - A X I A L LOAD WEIGHT 

MAGNETIC 
FEEDTHROUGH 
DRIVE 

FLEXIBLE DRIVE 
COUPLING 

TEST BEARINGS 

SIMULATED DRUM 
MASS 

75680893C 

Figure 28. Bear ing Development Test F ix ture 
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TABLE 33 

SNAP 8 BEARING TEST SUMMARY 

Material Combination 

(All sockets are alumina coated. 
Composite ball is alumina coated 
with P5N bushings in bore.) 

Ball Type Shaft Coating 

Test 
No. 

Pressure 
(torr) 

Tempera­
ture 
(-F) 

Time at 
Tempera­

ture 
(hr) 

Equivalent 
Life 

Times 

Static 
Dwell 
(hr) 

Thermal 
Cycles 

Maximum Friction 
Torque 
(in.-lb) 

Ambient At Temperature 

S8DRM Development Testing 

Composite 
Composite + M0S2 
Solid P5N 
Composite + MoS, 
Composite + MoS-, 

Alumina 
Alumina 
Alumina 
Alumina 
Alumina 

1 

2 

3 

4 

5 

10-5 

10-5 
10-5 
10-9 
10-5 

1150 

1150 
1150 
1150 
1150 

5,050 

1,060 
2,230 
9,600 

10,094 

370 

225 

291 

800 

132 

7 

13 

3.6 

3.7 

1.5 

2.0 

1.6 

1.8 

2.3 

S8DR Original Verification Tests 

Composite + MoS-
Composite + MoS-
Composite+ MoS-
Composite + MoS-
Composite + MoS-
Composite + MoS-

Alumina 
Alumina 
Alumina 
Alumina 
Alumina 
Alumina 

1 

2 

3 

4 

5 

6 

10-5 
10-5 
10-5 
10-5 
10-5 

10-5 

1150 
1150 
1150 
1150 

1150/1250 
1150 

2,928 
3,830 

1,592 
10,000 

5,000/2,500 
84 

3,480 
2,218 
1,068 
1,454 

562 

260 

1,000 
1,000 
1,000 
1,700 
1,000 

210 

218 

210 

32 

29 

17 

3.9 

5.8 

3.7 

5.0 

8.0 

3.6 

3.2 

5.1 

1.6 

2.8 

3.4 

0.9 

Prototype Shaft Tests (After Alumina vs P5N Failure) 

Composite + MoS, 

Composite + MoS, 

Composite + MoS, 

Composite + MoS, 

Composite + MoS-

Composite + MoS-

Composite + MoS-

Titanium 
Carbide 

Titaniuxn 
Carbide 

Chromium 
Carbide 

Chromium 
Carbide 

Tungsten 
Carbide 

Tungsten 
Carbide 

Alumina 
(Norton) 

1 

2 

1 

2 

1 

2 

2 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

10-5 

1250 

1250 

1250 

1250 

1250 

1250 

1250 

2,180 

1,260 

1,465 

1,415 

730 

1,220 

695 

4.1 

2.8 

3.6 

2.6 

3.0 

2.6 

4 .0 

2 .7 

5.7 

3.7 

4.8 

7.0 

3.7 

2.5 

S8DR Design Verification Tests — Final 
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The b e a r i n g t e s t wi th the MoS_ d r y - f i l m - c o a t e d b a l l s c o m p l e t e d 1060 h o u r s , 

and w a s t e r m i n a t e d due to a v a c u u m s y s t e m f a i l u r e . The t e s t wi th the so l id 

c a r b o n - g r a p h i t e b a l l s r a n Z230 h o u r s , and the t e s t wi th the c o m p o s i t e ba l l w i t h ­

out the MoS_ l u b r i c a n t r a n 5050 h o u r s , p r i o r to t e r m i n a t i o n for e x a m i n a t i o n of 

the b e a r i n g s e t s . No s igns of any d a m a g e to b e a r i n g s u r f a c e s w e r e v i s i b l e , and 

c a r b o n - g r a p h i t e t r a n s f e r f i lms on the a l u m i n a - c o a t e d shaft s u r f a c e s i n d i c a t e d 

full c o n t a c t and we l l d i s t r i b u t e d load ing . 

Two add i t i ona l t e s t s w e r e i n i t i a t e d with the M o S ^ - c o a t e d c o m p o s i t e b a l l s . 
5 _ Q 

The t e s t s w e r e conduc ted at 1 1 5 0 ° F , one at 10 t o r r and one at 10 t o r r . 

_5 
The l o w - v a c u u m t e s t (10 t o r r ) c o m p l e t e d 10,095 h o u r s at 1 1 5 0 ° F , wi th a 

m a x i m u m s t a r t i n g f r i c t i o n - t o r q u e of 2.3 i n . - l b . The t e s t w a s i n t e r r u p t e d s e v e r a l 

t i m e s due to v a c u u m s y s t e m m a l f u n c t i o n s , and th i s w^as r e f l e c t e d in p e r i o d i c 

s t ep c h a n g e s in f r i c t i o n - t o r q u e . One of t h e s e m a l f u n c t i o n s , a f t e r '^SSOO h o u r s 

at t e s t , e x p o s e d the b e a r i n g s for 25 h o u r s to 950° F and a m b i e n t p r e s s u r e . 

Heavy ox ida t ion of the c a r b o n - g r a p h i t e b u s h i n g s and the MoS^ d r y f i lm o b s e r v e d 

at the end of the t e s t a r e a t t r i b u t e d to t h i s ox ida t ion . A s m a l l chip a l s o o c c u r r e d 

in the a l u m i n a - c o a t e d l ip of the t h r u s t ba l l . C l o s e e x a m i n a t i o n of the t h r u s t 

b e a r i n g shaft r e v e a l e d tha t a l l of the a l u m i n a coa t ing had s p a l l e d off, locking the 

ba l l to t h e shaft . The b a l l - t o - s o c k e t b e a r i n g s u r f a c e s , h o w e v e r , con t inued to 

p r o v i d e s a t i s f a c t o r y b e a r i n g ac t i on as i n d i c a t e d by l ack of any s t ep i n c r e a s e in 

the m e a s u r e d b e a r i n g f r i c t i o n . 

-8 
The h i g h - v a c u u m (10~ t o r r ) t e s t c o m p l e t e d 12,600 h o u r s , wi th o v e r 10,000 

h o u r s at 1 1 5 0 ° F . An i n c r e a s e in f r i c t i on af ter 5,000 h o u r s o c c u r r e d a s a c o n s e ­

quence of i n c r e a s i n g the c o n t r o l d r u m weigh t f r o m 26 to 31 lb . The t e s t p r o ­

c e e d e d wi thout i nc iden t , and p o s t - t e s t e x a m i n a t i o n showed a l l b e a r i n g s u r f a c e s 

to be in e x c e l l e n t cond i t ion . The shaft j o u r n a l s had an even c a r b o n - g r a p h i t e 

t r a n s f e r f i lm i n d i c a t i v e of low f r i c t i on and w e a r . The MoS^ coa t i ngs w^ere w e l l 

b u r n i s h e d , showing u n r e s t r i c t e d o s c i l l a t i o n of the b a l l s wi th in the b e a r i n g s o c k e t s . 

c . S8DR B e a r i n g s 

Dur ing d e v e l o p m e n t t e s t i n g of the S8DRM b e a r i n g s , t h e c o n t r o l d r u m d e s i g n 

w a s modi f i ed , and r e s u l t e d in a we igh t i n c r e a s e f r o m 26 to 31 lb . At the s a m e 

t i m e , the r e a c t o r l aunch shock and v i b r a t i o n loads w e r e s u b s t a n t i a l l y i n c r e a s e d 
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to the p resen t levels l is ted in Table 1. It was n e c e s s a r y to redes ign the radial 

bear ing assembly to c a r r y the inc reased tors ional loads on the shaft. The r e ­

sulting S8DR bear ing configuration is shown in F igure 29. The bear ing shaft 

was inc reased in d iameter , and the ball and socket enlarged to the size of the 

th rus t bear ing assembly . The S8DRM design used separa te bear ing shafts and 

d rum mounting b racke t s , which requi red mating spl ines . The S8DR design was 

changed to an in tegra l shaft and bracket assembly , and a simplified shaft was 

used for development tes t ing. While changing the configuration, the alumina 

vs carbon-graphi te and MoSp-coated alumina vs alumina bear ing couples were 

retained. A s e r i e s of t e s t s •were initiated, to study per formance under s imu-
(5) 

lated reac tor conditions. Table 33 also s u m m a r i z e s these t e s t s . 

F igure 29. S8DR Bearing (Original Design) 
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Two tes t plans were formulated, each s t ress ing one phase of reac tor opera ­

tion. Thermal cycle tes t s were designed to study the effects of numerous t h e r ­

mal t r ans ien t s produced by reac tor s tar tup and shutdo'wn cycles . Operational 

life t e s t s were designed to study the effects of in termit tent bear ing rotation with 

long- t e rm dwell per iods at t e m p e r a t u r e . Three the rmal cycle and two operat ional 
_5 

t e s t s were initiated. All five tes t s were conducted at 10 t o r r in the liquid 

nitrogen cold- t rapped oil diffusion pumped sys t ems . All t e s t s were run at 

1150°F, -with the exception of the second operat ional tes t which accumulated 

t ime both at 1150 and 1250° F . The specified torque l imit was 3.5 in.-lb at 

1150°F. Two operat ional life t e s t s were conducted, one with MoS^ dry-f i lm 

lubricant on the alumina surface of the ball OD's , and one without the dry film. 

This permi t ted a study of friction for nominal conditions and for w o r s t - c a s e 

conditions where all dry film had been lost. 

(1) Test No. 1 

Testing of Bearing Set No. 1 included 200 the rmal cycles , a 1000-hour dwell, 

and 600 hours of the operat ional tes t . Maximum fr ict ion-torque was 3.4 in . - lb , 

occurr ing at the conclusion of the 1000-hour dwell. Maximum torque during the 

the rma l cycle phase w^as 1.4 in . - lb , and during the 600-hour operat ional test ing 

•was 1.9 in . - lb . FoUow^ing 600 hours of operat ional test ing, a vacuum sys tem 

malfunction occur red which resu l ted in shutdow^n of the tes t . The bearing set 

was removed for inspection, and the radial load shaft was found to be seized in 

the carbon-graphi te inse r t bushing. F igure 30 i l lus t ra tes the shaft, with the 

journal alumina broken off. Examination of the thrus t shaft and all other coated 

surfaces was made, all were in excellent condition with no indication of cracking 

or chipping. Due to the redundant bear ing (ball in socket) friction had remained 

sat isfactory, with no indication of se izure during tes t ing. 

(2) Tes t No. 2 

Testing of Bearing Set No. 2 was te rminated after 200 the rma l cycles , a 

1000-hour dwell, and 2500 hours of operat ional test ing to inspect the bear ings 

for poss ible alumina coating fa i lures . Maximum fr ic t ion- torque during test ing 

was 5.1 in . - lb conapared to the 3.5 in . - lb design limit, and occur red following 

the 1000-hour dwell. Maximum torque during the rma l cycling was 1.3 in . - lb and 

2.0 in . - lb during the operat ional tes t phase . Inspection of the bear ings showed no 

signs of cracking or other damage to the alumina coatings. 

AI-AEC-13079 
83 



INTACT COATING 

Figure 30. S8DR Shaft with Spalled Alumina 

(3) Test No. 3 

Bearing Set No. 3 was also te rminated to inspect the bear ings following 200 

the rmal cycles and a 1000-hour dwell. Maximum fr ict ion-torque was 3.8 in . - lb 

following the dwell, again g rea te r than the specification limit, and was 1.8in.-lb 

during the 200 the rma l cycles . Inspection of the bear ing alumina surfaces r e ­

vealed no signs of cracking or iinpending fai lure. 

(4) Test No. 4 

Testing of the MoS^ dry-f i lm-coated bearing set included 10,116 hours at 

1150°F. Maximum fr ic t ion-torque during the tes t at 1150°F was 2.8 in . - lb , 

occurr ing after '^7500 hours . Two short duration and one 1000-hour dwell 

per iod were included in the f irs t 4000 hours of test ing. Fr ic t ion throughout the 

tes t was somewhat e r r a t i c , but averaged around 2.5 in . - lb over the last 6000 

hours . Follow^ing the tes t , the bear ings were closely examined, and no sign of 

alumina coating damage or failure was visible. 

(5) Test No. 5 

The bear ing tes t without MoS- dry film on the alumina surface of the balls 

resul ted in a p r i m a r y bear ing couple of alumina vs carbon-graphi te (ball-to-shaft) 
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and a l u m i n a vs a l u m i n a ( b a l l - t o - s o c k e t ) . The t e s t w a s conduc ted in two p h a s e s , 

t he f i r s t 5000 h o u r s at 1 1 5 0 ° F and the r e m a i n d e r a t 1250° F . F r i c t i o n - t o r q u e 

d u r i n g the 1150° F t e s t r e m a i n e d at o r be low 2.0 i n . - l b and e x a m i n a t i o n of t h e 

b e a r i n g s showed l i t t l e w e a r and no s igns of a l u m i n a d a m a g e . Dur ing t h e 1250° F 

t e s t p h a s e , f r i c t i o n - t o r q u e r e a c h e d 3.4 in. - l b t h r o u g h the f i r s t 2500 h o u r s and 

i n s p e c t i o n of t h e b e a r i n g s r e v e a l e d both shaf ts w e r e s e i z e d in t h e i r r e s p e c t i v e 

b a l l s . Aga in , due to r o t a t i o n betw^een t h e b a l l and s o c k e t coup le , b e a r i n g o p e r a ­

t ion had con t inued wi thout s ign i f i can t i n c r e a s e in f r i c t i o n . Both the t h r u s t and 

r a d i a l shaf t s h a d e x t e n s i v e l o s s of a l u m i n a , wi th a l l m a t e r i a l in t h e b e a r i n g 

c o n t a c t zone l o s t . 

F a i l u r e of t h e s e shaf t s r e s u l t e d in a t o t a l of t h r e e s e p a r a t e c a s e s of a l u m i n a 

coa t ing l o s s . Only one c a s e , the S8DRM t e s t , could be a t t r i b u t e d to m a s s i v e 

ox ida t ion . Al l f u r t h e r S8DR t e s t i n g w a s s u s p e n d e d , and effort w a s d i r e c t e d 

t o w a r d i s o l a t i n g t h e m o d e of f a i l u r e of t h e a l u m i n a . 

d. Shaft M a t e r i a l s E v a l u a t i o n s 

B a s e d on i n f o r m a t i o n g a t h e r e d f r o m the a l u m i n a f a i l u r e a n a l y s i s (Sec t ion I I -

C-1 above) i t w^as conc luded tha t t he b e s t c o u r s e of ac t ion w^as to r e p l a c e the 

a l u m i n a - c o a t e d , I n c o n e l - 7 5 0 b a l l wi th a so l id , u n i m p r e g n a t e d , P 5 c a r b o n - g r a p h i t e 

b a l l . It had been d e t e r m i n e d tha t on ex i s t i ng b a l l s , t he p r o c e s s of r e p l a c i n g the 

P 5 - N c a r b o n - g r a p h i t e b u s h i n g s wi th P 5 would o v e r s t r e s s and p r o b a b l y fail the 

OD a l u m i n a c o a t i n g . R e p l a c e m e n t wi th a so l id P5 g r a p h i t e ba l l would e l i m i n a t e 

t h e p r o b l e m and would r e s u l t in a P5 c a r b o n - g r a p h i t e vs a l u m i n a c o m b i n a t i o n , 

wh ich had a l r e a d y p r o v e d to be a c o m p a t i b l e , l o w - f r i c t i o n c o m b i n a t i o n . A l s o , 

t h e a l u m i n a - c o a t e d sha f t s , t h r u s t s l e e v e s , and s o c k e t s could be r e t a i n e d . 

To p r o v i d e backup to the r e v i s e d des ign , a s e r i e s of m a t e r i a l s w a s e v a l u ­

a t ed (a s p r e v i o u s l y d e s c r i b e d ) , and t e s t s w e r e r u n to s e l e c t an a l t e r n a t e b e a r i n g 

c o u p l e . The fol lowing c o a t i n g s w e r e c h o s e n for eva lua t i on on I n c o n e l - 7 5 0 b e a r ­

ing shaf ts for u s e wi th the ex i s t i ng c o m p o s i t e b a l l (A1~0 - c o a t e d I n c o n e l - 7 5 0 

wi th P 5 - N c a r b o n - g r a p h i t e b u s h i n g s ) and A l _ 0 „ - c o a t e d socke t : 

1) C r - C _ f l a m e - s p r a y e d coa t ing ( L C - 1 ) 

2) WC f l a m e - s p r a y e d coa t ing (LW-5) 

3) TiC p l a s m a - s p r a y e d coa t ing 
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4) A1_0 p l a s m a - s p r a y e d coa t ing (Noroc) 

5) Haynes Al loy 90 h a r d fac ing . 

In i t i a l ly , two s e t s of C r _ 0 - and WC, and one s e t of T iC and AlpO„ b e a r i n g s 

w e r e s e t up . M a t e r i a l c o m p a t i b i l i t y t e s t s showed t h e " N o r o c " Al^O to fail in 

con tac t wi th the L i F - i m p r e g n a t e d c a r b o n - g r a p h i t e in the s a m e m a n n e r a s the 

L A - 2 type A1_0 Due to the p r o m i s i n g r e s u l t s of the T i C - c o a t e d s p e c i m e n s , 

t he " N o r o c " A1_0 p r o t o t y p e shaft t e s t w a s r e p l a c e d wi th a s e c o n d T i C - c o a t e d 

shaft t e s t . The b e a r i n g s e t s , t e s t e d in the s a m e f i x t u r e s as t h e p r e v i o u s t e s t s , 

w e r e s u b j e c t e d to o p e r a t i o n s at 1250° F w^ith p e r i o d i c t h e r m a l cyc l i ng . F r i c t i o n -

t o r q u e w a s m e a s u r e d t h r o u g h o u t the t e s t s , and r e s u l t s a r e s u m m a r i z e d in 

T a b l e 33 . 

Exc lud ing the A l - , 0 _ - c o a t e d shaft t e s t , which w a s e l i m i n a t e d for i n c o m p a t i ­

b i l i ty , the C r _ C _ - c o a t e d shaft t e s t s r e s u l t e d in the m o s t c o n s i s t e n t l y low f r i c t ion 

t o r q u e , wi th the T i C - a n d W C - c o a t e d b e a r i n g s s e c o n d and t h i r d . Fo l lowing t e s t ­

ing, t he b e a r i n g s w e r e d i s a s s e m b l e d , and i n s p e c t e d for w e a r and p o s s i b l e f a i l ­

u r e o r d a m a g e . I n s p e c t i o n of the b e a r i n g s r e v e a l e d fully deve loped c a r b o n -

g r a p h i t e t r a n s f e r f i lm on a l l t he sha f t s , and no s igns of ch ipp ing , c r a c k i n g , o r 

o t h e r s igns of shaft d a m a g e . 

The T i C - c o a t e d I n c o n e l - 7 5 0 w a s s e l e c t e d as the backup shaft , due p r i m a r i l y 

to the r e s u l t s of the m a t e r i a l c o m p a t i b i l i t y t e s t s . While i t s h i g h e r f r i c t i on is 

not d e s i r a b l e , i t can be c o m p e n s a t e d . The p o t e n t i a l m a t e r i a l i n c o m p a t i b i l i t y of 

C r _ C _ - W C is t o t a l l y u n a c c e p t a b l e . The p o s s i b i l i t y of s e l f - w e l d i n g , due to the 

th in c h r o m e l a y e r at t he c a r b o n - g r a p h i t e and coa t ing i n t e r f a c e , could j e o p a r d i z e 

o p e r a t i o n of the e n t i r e r e a c t o r s y s t e m . 

e. S8DR D e s i g n V e r i f i c a t i o n T e s t s 

The m a t e r i a l eva lua t i on t e s t s c o n f i r m e d the a l u m i n a and P 5 c a r b o n - g r a p h i t e 

to be both a l o w - f r i c t i o n couple and m e t a l l u r g i c a l l y c o m p a t i b l e u n d e r S8DR con ­

d i t i o n s . The t e s t s a l s o e s t a b l i s h e d the TiC and P 5 - N c a r b o n - g r a p h i t e to be the 

b e s t o v e r a l l a l t e r n a t e b e a r i n g coup le . T h e s e coup le s w e r e t h e r e f o r e c h o s e n a s 

t h e r e f e r e n c e and backup m a t e r i a l coup les for the r e d e s i g n of the S8DR b e a r i n g . 

Both b e a r i n g s e t s a r e of the s a m e conf igu ra t ion , excep t for the shaft coa t ing and 

t h e b a l l d e s i g n s . The r e f e r e n c e b e a r i n g u s e s A1_0 coa t ing on t h e shaft and the 
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solid P5 carbon-graphi te ball, while the backup bearing uses TiC shaft coating 

while retaining the original S8DR composite ball (Inconel ball with alumina-

coated OD and P5-N carbon-graphi te bushings). 

(1) Test Descript ion 

Except for the vacuum and nominal t empera tu re , all tes t s w^ere conducted 

as follows: 

1) 30 the rmal cycles between 450 and 1150°F (Test No. 3 at 1250° F, 

where plan shows 1150°F) 

2) 500 hours at 1150°F 

3) 500 hours at 1250°F 

4) Continue at 1150°F to 5000 hours 

5) 1000 hours at 1150°F, with 1 the rmal cycle each 100 hours 

6) 1000-hour dwell at 1150° F 

7) Continue at 1150°F to 12,000 hours , w îth 1 t he rma l cycle each 

100 hours . 

(2) Fr ic t ion Data Analysis 

Starting and running friction torques of the bearing sets were measured , 

and s tar t ing torque (as a function of tes t duration) is shown for a typical tes t 
_5 

(No. 1) in F igure 31. A general consistency exists for the th ree 10 t o r r t es t s 

of the reference design. The torque level show^s a gradual i nc rease during the 

f i r s t 2000 to 4000 hours , after which a short period of stabili ty is reached. A 

smal l dec rease in friction then occurs , p r io r to the 1000-hour dwell. Follow^ing 

the dwell, the friction tends to again inc rease slightly. It is hypothesized that 

lubricat ion is init ially enhanced by outgassing of the carbon-graphi te ; and, as 

the outgassing subsides , the friction inc reases until a carbon-graphi te t r ans f e r -

film is built up to a level w^here it, in turn, enhances the lubrication to dec rease 

the friction. The same pat tern , but with an acce lera ted inc rease in friction, 
-8 occur red w îth the 10 t o r r bearing tes t . This could be accounted for by the 

lower sys tem p r e s s u r e , and hence, the g rea t e r outgassing ra te . 
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A p p r o x i m a t e l y 7000 h o u r s into the t e s t , v a c u u m w a s p a r t i a l l y l o s t on T e s t 
-8 -4 

No. 4 (10 t o r r ) , w^ith the p r e s s u r e r i s i n g to 10 t o r r at 400° F . As a p r e ­

cau t ion , b e a r i n g s w e r e d i s a s s e m b l e d , and i n s p e c t e d for p o s s i b l e ox ida t ion 

d a m a g e . No d a m a g e w a s found, the b e a r i n g s w e r e r e a s s e m b l e d , and the t e s t 

r e s u m e d , w^ith s a t i s f a c t o r y p e r f o r m a n c e for the b a l a n c e of the t e s t . 

The f r i c t i o n t o r q u e p r o f i l e of the backup b e a r i n g s e t shows in i t i a l low f r i c ­

t ion i n c r e a s i n g to 4,0 i n . - l b o r above and s t a b i l i z i n g at t ha t po in t . The t e s t was 

t e r m i n a t e d a f t e r 6000 h o u r s , due to f a i l u r e of the v a c u u m s y s t e m . I n s p e c t i o n of 

b e a r i n g s r e v e a l e d c r a c k s in the r a d i a l j o u r n a l shaft TiC coa t ing . 

A s u m m a r y of a l l t e s t p a r a m e t e r s and f r i c t i on t o r q u e da ta for the five t e s t s 

a r e g iven in T a b l e 3 3 . 

(3) P o s t - T e s t A n a l y s i s 

Follow^ing c o m p l e t i o n of the d e s i g n v e r i f i c a t i o n t e s t s , e ach b e a r i n g s e t w a s 

d i s a s s e m b l e d , and i n s p e c t e d for w^ear and condi t ion of the b e a r i n g c o m p o n e n t s . 

(a) R e f e r e n c e B e a r i n g s 

_5 
The p o s t - t e s t condi t ion of a t y p i c a l b e a r i n g se t , T e s t No. 1, t e s t e d at 10 

t o r r and 1150°F , i s shown in F i g u r e 32. The a l u m i n a - c o a t e d b e a r i n g shaft 

show^s the l ight , but we l l deve loped c a r b o n - g r a p h i t e t r a n s f e r f i lm a s s o c i a t e d 

wi th even b a l l - t o - s h a f t c o n t a c t . All l o a d - s u p p o r t i n g a l u m i n a - c o a t e d s u r f a c e s 

w e r e in e x c e l l e n t condi t ion , wi th no s i gns of c r a c k i n g o r f a i l u r e . De ta i l ed in ­

s p e c t i o n of the c a r b o n - g r a p h i t e ba l l s showed the OD s u r f a c e s to be l igh t ly p i t t ed 

f r o m ox ida t ion du r ing the 1 2 , 0 0 0 - h o u r t e s t i n g . Weight l o s s of each c a r b o n -

g r a p h i t e ba l l w a s m e a s u r e d , and c o m p a r e d to c a l c u l a t e d weight l o s s c u r v e s for 

fully e x p o s e d and b e a r i n g g e o m e t r y e n c l o s e d c a r b o n - g r a p h i t e , a s s u m i n g a l l 

we igh t l o s s du r ing t e s t w a s due to ox ida t ion . The c l o s e a g r e e m e n t b e t w e e n 
_5 

da ta po in t s for the 10 t o r r t e s t and the c a l c u l a t e d a t t e n u a t e d condi t ion is sho-wn 

on F i g u r e 24. E x a m i n a t i o n of the c a r b o n - g r a p h i t e b a l l s did not show any s i g n s 

of ch ipping o r d a m a g e due to t e s t i n g . 

- 8 
S u r f a c e s of the p o s t - t e s t c a r b o n - g r a p h i t e b a l l s f r o m the 10 t o r r t e s t w e r e 

_5 
sh iny and s m o o t h in c o n t r a s t to the p i t t e d s u r f a c e s of the b a l l s f r o m the 10 

t o r r t e s t s , and i n d i c a t e d c o n s i d e r a b l y l e s s ox ida t ion for the low^er p r e s s u r e e n ­

v i r o n m e n t . Shiny r i n g s a r o u n d the b a l l s i n d i c a t e d a r e a s of con t ac t wi th the 
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Figure 32. P o s t - T e s t Condition of S8DR Design Verification 
Bearing, Test 1 (Reference Bearing) 

bear ing sockets . The shaft alumina coating had a well developed carbon-

graphite t r ans fe r film, and was typical of all the a lumina-coated sur faces . 

Examination of both shafts, the th rus t s leeve, and the sockets showed all the 

alumina surfaces to be in excellent condition, with no signs of cracking or 

chipping. 

(b) Backup Bear ings 

F igure 33 shows the p o s t - t e s t condition of the backup bear ing set (Tes t 

No. 5). The th rus t ball shows the contact zone between the bal l and the th rus t 

s leeve, and the burnished a r e a s of the ball OD show contact with the socket. 

Both appear in excellent condition. The th rus t shaft and sleeve also appeared 

in good condition, with well-defined t r ans fe r films; however, c lose examination 

revealed th ree c racks in the TiC coating of the shaft. Essent ia l ly no c lea rance 

with the ball existed at pos t - t e s t d i sassembly , and it is apparent the coating is 

par t ia l ly loose from the subs t r a t e . This condition of the shaft coating and the 
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THHUST BBARINC, RADIAL BLAHIMG 

Figure 33. P o s t - T e s t Condition of S8DR Design Verification 
Bearing, Test 5 (Backup Bearing) 

poss ib le resul t ing loss of bear ing motion did not cause failure of the bear ing 

set , because of the redundant ba l l - to - socke t bear ing. Cause of the coating 

fai lure was not identified, nor further study conducted, due to the excellent 

pe r fo rmance of the re ference alumina against the P5 carbon-graphi te bear ing 

couple. 

f. Advanced ZrH Reactor Bearings 

The advanced ZrH reac to r bear ings , while retaining the basic design of 

SNAP 8 bear ings , were designed to operate at 1500°F in space for up to 20,000 

hou r s . The P5 carbon-graphi te against A1_0_ bear ing couple was retained, with 

the A ^ O , shaft and socket subs t ra te ma te r i a l upgraded by using Ta-lOW for the 

1500° F environment.^ ^°^ 

Two bear ing a s sembl i e s , identical except that one uti l ized a shaft with a 

builtin 2° offset to force osci l lat ion of the ball , were subjected to a s e r i e s of 

t h e r m a l vacuum tes t ing. The offset shaft bear ing set completed: 

AI-AEC-13079 

91 



1) 27 t h e r m a l c y c l e s b e t w e e n a m b i e n t and 1500° F 

2) A p a r a m e t r i c load t e s t a t a m b i e n t t e m p e r a t u r e , 800° F and 1 5 0 0 ° F to 

s tudy f r i c t i on as a function of v a r y i n g r a d i a l and t h r u s t loads 

3) 18,000 h o u r s e n d u r a n c e t e s t i n g at 1500° F inc lud ing t h r e e t h e r m a l 

c y c l e s and dwe l l s at 1500° F of 1000, 1000, and 500 h o u r s . 

-8 
The b e a r i n g se t w^as s u b j e c t e d to a t o t a l of 21,170 h o u r s at 1 0 t o r r with 

19,124 h o u r s at 1500° F , 33 t h e r m a l c y c l e s to 1500° F , 962 r o t a t i o n a l c y c l e s 

( equ iva l en t to 280 i n - o u t m o v e m e n t s of a c o n t r o l d r u m ) , and dwe l l s of 1000, 

1000, and 500 h o u r s at 1500° F . 

The s t r a i g h t shaft b e a r i n g s e t c o m p l e t e d a p a r a m e t r i c load t e s t dup l i ca t ing 

tha t of the offset b e a r i n g , 

(1) T h e r m a l C y c l e T e s t i n g 

B e a r i n g s c o m p l e t e d 27 t h e r m a l c y c l e s du r ing 2300 h o u r s at 10 t o r r and 

a c c u m u l a t e d 1050 h o u r s at 1500° F d u r i n g the t e s t . A to t a l of 180 b e a r i n g d r i v e 

c y c l e s , each 35° CW and 70° CCW, w e r e run t o t a l i ng 283 in. of b e a r i n g t r a v e l . 

F r i c t i o n t o r q u e was r e c o r d e d at a inb ien t t e m p e r a t u r e , 800° F , and 1500° F of 

e a c h t h e r m a l c y c l e du r ing i n c r e a s i n g and d e c r e a s i n g t e m p e r a t u r e r a m p s . B e a r ­

ing t e m p e r a t u r e w a s s t a b i l i z e d at 800° F for a p p r o x i m a t e l y 20 m i n p r i o r to t ak ing 

da ta and w a s m a i n t a i n e d at 1500° F for a m i n i m u m of 20 h o u r s b e t w e e n i n c r e a s i n g 

and d e c r e a s i n g p o r t i o n s of each c y c l e . T a b l e 34 shows t o r q u e v a l u e s and p e r ­

c e n t a g e s c a t t e r for da t a at each t e m p e r a t u r e . 

TABLE 34 

THERMAL CYCLE FRICTION TORQUE SUMMARY 

Tempera tu re 

Ambient 

800°F 

1500°F 

F 

Maximum''' 

24.0 (0.75) 

15.0 (0.45) 

9.5 (0.28) 

r ic t ion-Torque (in.-lb) 

Minimum 

12.5 

5.5 

3.4 

Scatter Band 

Mean 

18.3 

13.5I" 

7.9^ 

Deviation (%) 

±32 

±11 

±20 

*(0.xx) c o r r e s p o n d i n g f r i c t i on coeff ic ient 
t M e a n c a l c u l a t e d a f te r s t a b i l i z a t i o n : M i n i m u m at 800° F = 12.0 i n . - l b ; 

m i n i m u m at 1 5 0 0 ° F = 6.2 i n . - l b 
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(2) P a r a m e t r i c Load Tests 

Bearing friction torque •was measu red at ambient t empera tu re , 800° F , and 

1500°F using a nnatrix of nine load points: 5- , 25 - , and 50-lb radial loads and 

25- , 75- , 150-lb axial loads. F igure 34 shows the friction torque for the 2° 

offset shaft and the s t ra ight shaft at 1500° F. Data have been cor rec ted for 

sys t em fixture friction. The curves seem anomalous because the friction 

torque w îth the offset shaft is l e ss in some cases than the s t ra ight shaft friction. 

These curves a r e based on s tar t ing or breakaway torque which tends to be 

e r r a t i c causing the anomaly. 

(3) Endurance Life Testing 

Following the p a r a m e t r i c tes t , the bearing with the 2° offset shaft was 

loaded to 25 lb radial ly and 75 lb axially and subjected to a simulated life tes t 
- 8 

at 1500°F in 10" t o r r vacuum for 17,974 hours . Three the rmal cycles and 

215 equivalent revolutions of t rave l were accumulated. Figure 35 shows the 

breakaway friction measu red during the endurance tes t and Table 35 summar izes 

the friction for all t h r ee phases of test ing. 

Two 1000-hour and one 500-hour dwell per iods were imposed during the 

course of the tes t to see if measurab le self-welding would occur . Table 36 

shows p r e - and post -dwel l pe r fo rmance . 

TABLE 35 
STARTING FRICTION WITH 25-lb RADIAL 

AND 75-ft THRUST LOAD 

Endurance (hr) 

10,000 to 17,947 

5,000 to 10,000 

0 to 5,000 

P a r a m e t r i c Load Tes 

Thermal Cycle Test , 

t, 100 hr 

1050 hr 

Maximum Breakaway F 
at 10-8 t o r r 

(in. -lb) 

Ambient 

21.4 (0.65) 

-

-

7.0 (0.21) 

24.0 (0.73) 

800°F 

14.2 (0.43) 

-

-

9.5 (0,30) 

15.0 (0.45) 

' r ict ion, /i* 

1500°F 

7,1(0.22) 

7.1(0,22) 

7,1(0,22) 

5.1(0.15) 

9,5(0.29) 

' (0, xx) corresponding friction coefficient 
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TABLE 36 

BREAKAWAY FRICTION TOROUE AFTER DWELL 

Dwell Per iod 

(hr) 

1000 

1000 

500 

Fr ic t ion Torque 
(in.-lb) 

P re -Dwel l 

3.5 

4.6 

5.7 

Post -Dwel l 

4.7 

4.7 

3.5 

It was expected that maximum torque values would be observed after the long 

dwells but the values a re less than recorded during other phases of the tes t . 

(4) P o s t - T e s t Inspection 

Following each tes t phase, the bear ing sets were d i sassembled and inspected 

for signs of wear or damage. Due to its l imited test ing, the s t ra ight shaft bea r ­

ing set showed minimal evidence of the test ing and was in excellent condition. 

All pa r t s of the offset bear ing set were in excellent condition with no signs 

of excessive wear or de t r imenta l effects due to t he rma l cycle, p a r a m e t r i c , or 

endurance test ing. F igure 36 shows the pos t - t e s t bear ing. Marks on the ball 

surface a re due to machining and a r e not the consequence of tes t ing. The con­

centr ic r ings of carbon-graphi te t r ans fe r - f i lm on the sockets a re the resu l t s of 

rotation between the ball and socket. The thrus t sleeve cor responds to the 

burnished appearance of the ball thrus t face. A uniform carbon-graphi te t r a n s ­

fe r - f i lm is p re sen t on the pos t - t e s t shaft. Inspection of the shaft under a 90 

power microscope shows no sign of cracking or failure of the ALO_ coating. 

(5) Test Faci l i ty 

-9 Testing of the Advanced ZrH Reactor bearing to 1500° F at 10 t o r r has 

required the design and fabrication of new^ tes t fixtures capable of reproducing 

space - the rma l environments for per iods up to 20,000 hours . Tes ts a re con­

ducted in the 2400 l i t e r / s e c ion-pumped sys tem shown in F igure 37. Fr ic t ion 

torque, t empera tu re , and load data a re pr inted and the ent i re t es t support fixture 

was fabricated from Ta-lOW alloy. The hea ter and ref lector assembly, also 

specifically designed for the ZrH bearing tes t and fabricated from tantalum, a r e 
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Figure 36. Advanced ZrH Reactor Control Drum 
Bearing Assembly— P o s t - T e s t 

capable of maintaining t empera tu re s in excess of 1800° F . During the rma l 

cycling, t empe ra tu r e s a re controlled by an SCR cam p r o g r a m m e r . The tes t 

bear ing and support assembly is c a r r i ed by fixture bear ings within the heater 

envelope, and radial and th rus t loads a re applied to the tes t bearing through 

sealed bellows. The torque a r m is connected through the bellows assembly to 

an external ly mounted force t r ansduce r . The bear ing shaft is rotated through 

the magnetic drive unit and a force t ransducer m e a s u r e s the bear ing sockets 

r e s i s t ance to movement . 

g. Launch Load Testing 

Table 1 i l lus t ra tes the changing launch load requ i rements as various spac 

r eac to r sys tems evolved. The requi rements for la ter sys tems were based on 
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ins t rumentat ion r ecords taken during launch of potential vehicles for the space 

r eac to r . 

(1) SNAP lOA Shock and Vibration Tests 

Eight bear ing sets were subjected to shock and vibration t e s t s per the SNAP 
(17) 

lOA component r equ i r emen t s . One of these sets was also subjected to two 

t imes the specified r equ i r emen t s . The tes t s w^ere per formed in the fixture 

shown in F igure 38 which s imulates the drum m a s s with launch lockout conditions. 

SIMULATED 
MASS 

Figure 38. Drum Bearing Shock and Vibration Fixture 

The aluminum oxide of the f i rs t shock and vibration tes t (Bearing Set 1) 

showed breakdown of the coated socket edges. The edges of all subsequent 

sockets were carefully chamfered to expose base meta l and the breakdown 

prob lem has not r ecu r red . 

The balls of one set were found to be tight in-their sockets after shock and 

vibrat ion. These sockets had been dry- f i lm-coated with Alpha Molykote X-15, 

which is sodium-s i l ica te-bonded molybdenum disulfide plus graphi te . Since this 
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tes t occur red during humid weather , swelling due to humidity w^as suspected. 

Before removing the bear ings from the b racke t s , therefore , the assembl ies 

were dried by heating then cooled to room tempera tu re . Following this t r e a t ­

ment, the balls were dist inctly looser in thei r sockets . The assembl ies were 

then subjected to humidity and again became tight. Visual inspection of the dry 

film showed there were compacted highs of dry film; apparently the bearing 

t ightness was the resul t not only of swelling caused by humidity but also of 

sluffing and p rog re s s ive localized compaction of the dry film. A special tes t 
2 

was run of the dry-film cure cycle and 1-in. ma te r i a l samples were dry-f i lmed 

in a more complete cure cycle. Measurements of these samples through various 

humidity and drying cycles w^ere inconclusive, but it appeared that ei ther the 

improved curing had reduced susceptibil i ty to swelling with humidity or the dry 

film prob lem had been largely caused by localized p rog res s ive compaction. A 

la ter improved curing cycle showed that p roper dry-f i lm application procedure 

and curing would reduce the sluffing and localized compaction as well as the 

swelling caused by humidity. 

(2) SNAP 8 Vibration Tes ts 

Two bearing se t s , using the solid carbon-graphi te bal ls , were subjected to 

simulated launch load shock and vibration test ing in support of the SNAP 8 b e a r -
(5) ing development p rog ram. The load tes t levels a re l is ted in Table 1. The 

f i rs t tes t resul ted in fretting of the spher ica l OD of the bal ls , and the buildup of 

carbon-graphi te debris in the ba l l - to -socke t bear ing cavity. 

A second tes t was run after coating the alumina socket surfaces with the 

MoS~ dry-f i lm lubricant . The dry-f i lm layer cushioned the hammer ing of the 

ball in the socket, and the tes t w^as completed to design loads w^ithout fretting or 

other damage. The bear ings were then tes ted to tw^ice the design load level 

without any damage. 

(3) Advanced ZrH Reactor Bearing Launch Load Tests 

The Advanced ZrH Reactor bear ings retained the s a m e basic features as in 

SNAP 8 but the drum weight was 80 lb. Al -0„ against P5 carbon-graphi te was 

retained as the reference bearing couple, but due to the increased t empera tu re , 

Ta-lOW was used as a subs t ra te for the A1_0_ ra ther than the Inconel-750 used 
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on SNAP 8. Shock, vibration, and accelera t ion tes t s were conducted on p ro to ­

type carbon-graphi te balls to study the effect of the 80-lb drum on the bear ings . 

Two types of carbon-graphi te , the reference P5 and a finer grained AXF-5Q, 

were investigated. The t e s t s were conducted using mocked up drum and bear ing 

shafts, and prototype balls and sockets . 

The test ing was divided into two identical phases , test ing the P5 carbon-
(21) graphite ball and the AXF-5Q carbon-graphi te ball . Testing w^as divided into 

t h r ee p a r t s : (1) shock t e s t s , (2) accelera t ion t e s t s , and (3) determinat ion of 

resonant frequencies followed by a 5-min dwell at the resonance . 

(a) Shock Tes ts 

Three 20-g shocks -were applied in each direct ion of the x, y, and z axes 

(18 total shocks). Following the shocks no change in axial end play or res idue 

from the carbon-graphi te balls was detected. There ^vas no visible damage to 

ei ther the P5 or the AXF-5Q carbon-graphi te ba l l s . 

(b) Accelera t ion Tes ts 

The bear ing fixture w^as placed in the centrifuge and the following acce l e r a ­

tions -were applied to the sys tem: 

6 g in the +x direct ion 

3 g in the -x direct ion 

±2 g in the y and z direct ions 

Following the t e s t s , no change in bearing axial play and no damage to ei ther the 

P5 or the AXF-5Q carbon-graphi te balls were found during visual inspection. 

(c) Vibration Tes t s 

Vibration test ing consisted of determining the resonant frequences of the 

b e a r i n g - d r u m assembly and then conducting 5-min dwell t e s t s at each resonance 

point. The resonant frequencies were determiined by low level sinusoidal sweeps 

in each axis to ensure against damage to the bear ings . 

A se r i e s of 5-min dwells was then conducted at each resonant frequency 

with the input controlled to the response spec t rum of Figure 39. No output was 

allowed to exceed the response level of the same figure. The resonant frequen­

cies and thei r respec t ive axes a r e shown in Table 37. The most prevalent 
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Figure 39. Resonant Dwell Response Level Limits 

TABLE 37 

EXPERIMENTALLY DETERMINED RESONANT FREQUENCIES 

Input 
Axis 

X 

Y 

Z 

Resonant 
Frequency 

(Hz) 
40 to 90 
500 
1500 to 1900 

40 to 90 
500 
1500 to 1900 

155 
500 
1500 to 1900 

Accelerat ion 
Level 

(g) 
13 
11 
11 

4 
13 
11 

20 
13 
11 

Amplificatioi 

AXF-5Q 

55 
5 
-

7 
-
7 

10 
56 
18 

1 Fac tor 

P 5 

35 
5 
11 

16 
9 
10 

-
35 
24 
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Figure 40. Pos t -Vibra t ion Test , 
P5 Thrus t Ball 

7568-551341 

frequencies were 40 to 90, approximately 500, and 1500 to 1900 Hz. Each 

graphite exhibited resonant frequencies of somew^hat different frequencies and 

magni tudes . 

F igure 40 shows the pos t - t e s t P5 thrus t ball, typical of all four bear ings . 

Genera l condition of the balls is excellent and neither the P5 nor AXF-50 m a t e ­

r i a l appears to have been damaged by test ing. There is no evidence of cracking 

or chipping of any of the ba l l s . The thrus t face of the ball show^s lines of con­

tact , but negligible w^ear. Note the ring on each ball along the center . This 

cor responds to the mating plane of the two socket ha lves . Ball ID's show sev­

e ra l finite wear lines probably due to t rapped graphite pa r t i c l e s . 

Both P5 and A X F - 5 0 carbon-graphi tes have been tes ted to Saturn-V launch 

shock, accelera t ion, and vibration loads using prototype bear ings with mocked 

up shafts and drum. No damage to either graphite w^as detected and no sign of 

chipping or cracking of the balls could be seen. A slight degree of fretting oc­

cu r r ed to the P5 carbon-graphi te which was not evident with the AXF-5Q, The 

resonant frequencies of the mockup drum and bear ing sys tem were determined. 
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Tes ts were conducted la ter in the Advanced ZrH Reactor Development P r o ­

g r a m in which a prototype drum and drive sys tem w îth prototype bear ings w^ere 

subjected to a resonance scan and a random noise vibration. The setup is shown 

in Figure 41 . A sinusoidal sweep at one g resul ted in a maximum amplification 

factor of 10 at 18 to 20 Hz. During the random noise tes t , a spurious input from 

the table imposed a 50 to 90 g load on the tes t assembly . No bearing failure was 

observed. The random inputs were 2.25 t imes specification level in Table 38. 

Dynamic load tes t of 4 g at 18 to 20 lb 

for 3 min was performed. No damage 

to d rum bear ings resul ted from the tes t . 

TABLE 38 
RANDOM SPECTRUM INPUT 

SPECIFICATION 

20 to 42 Hz at 0.001 g'^/cps 

42 to 80 Hz at +10 db/oct 

80 to 160 Hz at 0.0085 g^/cps 

160 to 700 Hz at -6 db/oct 

700 to 2000 Hz at 0.0005 g^/cps 

4. Reactor and System Tes ts 

Several t es t s were conducted in s imu­

lated space at operating t empera tu re s on 

reac tor or r e a c t o r - t h e r m o e l e c t r i c sy s t ems . 

F igure 41 . Drive System Vibration Test 
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Also one space flight was conducted on SNAP lOA. Table 39 l is ts severa l such 

t e s t s which served to verify the per formance of bear ings under these conditions. 

The SNAP lODRM-1 was the f i rs t ref lector assembly to be manufactured 

and tes ted. It was put through a se r i e s of s tar tup simulation t e s t s ; qualification 

level shock, vibration, and accelera t ion tes t s ; and a 90-day endurance tes t . The 

bear ings performed as requi red during the t e s t s . 

The SlOFS-3 sys tem was identical to the flight sy s t ems . It was subjected 

to the complete spec t rum of tes t s including initial per formance me a s u rem en t s , 

full qualification-level shock and vibration, t rans ien t s tar tup tes t s and a 10,000-

hour endurance tes t in s imulated vacuum. All bear ing applications met pe r fo rm­

ance r equ i r emen t s . 

The SlOFS-4 sys tem was launched in a 700-mile ear th orbit , and operated 

for 43 days or 574 orbi ts at full power. The control sys tem, including the 

ref lector bear ings , per formed sat isfactor i ly to s t a r t up and opera te the r eac to r 

as p rog rammed . 

The S2DRM-1 Reflector Assembly w^as ground tes ted to s imulate hot c r i t i ca l 

t he rma l -vacuum checkout, launch vibration, and shock plus operat ional t e s t s at 

t empe ra tu r e in vacuum. The c r i t i ca l checkout (performed twice) involved a 

heat -up to maximum t empera tu re with control drums moved to full-in, a 4-hour 

dwell, and then movement of control drum to full-out during cooldown. The 

assembly was then vibrated in each of 3 axes to 7.5 g during a 45-min sinusoidal 

sweep. T-wo 5.5-g shocks in 8.8 msec were also imposed on the assembly . The 

t he rma l operat ion included a r i s e to full t empe ra tu re , a 470-hour dwell and de­

c r e a s e to ambient t e m p e r a t u r e . Control drums were moved in during s tar tup, 

osci l la ted 10° "out" to "in" each day, and moved out during shutdown. All bea r ­

ings per formed as requi red during all the t e s t s . 

The SNAP 8DRM-1 test ing was intended to qualify the reflector and control 

components including bear ings for flight use . The tes ts included extensive check­

out at ambient conditions, low-level vibration surveys for resonant frequencies, 

nine s tar tup sequences which involved firing squibs and stepping drums inward, 

a hot pe r formance tes t at 1120°F (bearing at 469° F), and a qualification-level 

vibration and shock. A long- t e rm endurance test was planned but cancelled when 

the effort was red i rec ted . Resul ts significant to bear ing developinent were : 
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TABLE 39 

REACTOR SYSTEM TESTS WITH SPACE BEARINGS 

I 

> 
o 

o 

System 

Test 

SlODRM-1 

SlOFS-3 

SlOFS-4 

S2DRM-1 

S8DRM-1 

58 DR 

Test 
Type 

Nonnuclear 
Ground 

Nuclear 
Ground 

Nuclear 
Ea r th Orbit 

Nonnuclear 
G round 

Nonnuclear 
Ground 

Nuclear 
Ground 

Time at 
Operat ing 

T e m p e r a t u r e 
(hr) 

2,800 

10,000 

1,032 

500 

50 

7,023 

Temper ; 
(°F) 

Bear ings 

600 

620 

600 

900 

469 

900 

i tu re 

Core 

1025 

1025 

1025 

1150 

1120 

1300 

Vacuum 
(torr) 

10-5 

10-4 

700 mi orbit 

-5 -7 10 to 10 

10-5 

10-5 

Vibration 
and 

Shock 

To Specification 
(Table 1) 

To Specification 
(Table 1) 

Actual Launch 

To Specification 
(Table 1) 

To Specification 
(Table 1) 

None 



1) Response of 8.75 g was measu red at the bearing housing with 1 g 

vibrat ion input. 

2) The MoS_ on one bear ing had powdered and packed into the tight 

c learance to prevent drum rotation. This spur red development of 

be t ter curing p rocedures for the sodium si l icate binder . 

3) No bear ings in any component suffered damage from conditions im­

posed including the qualification-level vibration and shock. The b e a r ­

ing with packed MoS^ mentioned above was cleaned before this tes t 

and operated sa t is factor i ly afterward. 
_5 

The S8DR nuclear ground tes t was run in a 10 t o r r vacuum for 7023 hours 

at pow^er levels of 300, 600, and 1000 kwt of which 6688 hours w^ere at 600 k'wt. 

The reflector assembly including bear ings were a flight-type design and p e r ­

formed p roper ly throughout the tes t while nominally at 800° F . 

B. BEARINGS FOR REACTOR COMPONENTS 

Based on the development work conducted for the control d rum bear ings , it 

was concluded that a carbon-graphi te against Al-O bearing couple should be 

used where prac t icab le for all other reac tor applications. At t empe ra tu r e s of 

1000° F or l e s s , many ma te r i a l s a re a suitable subs t ra te for the A1_0_ coating. 

All other r eac to r component bearing applications required only s imple radial or 

r ad ia l - th rus t bear ings without self-aligning fea tures . Again due to simplicity, 

journal bear ings were retained on all rotating components. The following is a 

l is t of bear ing applications common to all the SNAP reac to r sys t ems : 

1) Control Drum Stepper Motor — SIO, S2, S8, 5 kwe: 

Hyperco 27 shaft, alumina coated at bearing a r ea s ; P5N or P5 bush­

ings shrunk fitted into end bells 

2) Drive Gea r s , Posi t ion Sensors , or Limit Switches: 

Alumina on Inconel 750 for SNAP 8, on Rene 41 for the Advanced 

Reactor design, and on Inconel 718 for the 5-kwe reac to r against 

carbon-graphi te 

3) Ground Test Kits 

On both SlOA and SNAP 8 ground tes t ki ts , alumina against carbon-

graphi te . 
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For severa l bear ings or rubbing a r ea s it was not possible to use carbon-

graphi te . In these cases a ma te r i a l or coating which retained a good degree of 

ha rdness at operating t empe ra tu r e s w^as used as a subs t ra te for the sodium 

si l icate bonded MoS~. Examples are : 

1) SNAP lOA Control Drum Bearings 

2) Gear Teeth for All Reac tors 

3) Actuator Brake Faces (Anti-Self Weld) 

4) Advanced Reactor Locking Cam 

5) 5-kwe Ball Screw and Nut. 
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IV. 5-kwe-TE SYSTEM REFLECTOR BEARINGS 

A. DESIGN SELECTION 

The 5-kw^e the rmoe lec t r i c r eac to r . F igure 2, is s imi la r in operation to 

previous SNAP r e a c t o r s , except that the ref lector control segments slide v e r t i ­

cally, para l le l to the r eac to r core . The ref lector drive mechanism, a ball 

bear ing screw^, is supported at both ends by spher ical self-aligning bear ings 

and the movable segment is supported by the ball nut and screw, and by a sphe r i ­

cal bear ing. These th ree self-aligning bear ings , a r e typical SNAP-type bear ings 

using ALO_ vs P5 carbon-graphi te couple. The 5-kwe design r equ i remen t s . 

Table 1, resu l t in a bear ing operating at 800° F in the space environment. The 

A1_0 subs t ra te s a r e Inconel-750 for the sockets and Inconel-718 for the shaft, 

Inconel-750 w^as retained from SNAP 8 technology due to the considerable tes t 

experience with the ALO^ coating on the socket configuration. A shaft of In­

conel-718 w^as used because of design requ i rements for the ball sc rew shaft. 

At room t empera tu re , the shaf t - to-bal l c learance is 0.0035 to 0.0045 in. and the 

ba l l - to -socke t c learance in 0.0020 to 0.0030 in. At operating t empera tu re , these 

c lea rances become 0.0019 to 0.0029 in. for the shaft to ball, and 0.0050 to 0.0060 

in. for the ball to socket. The result ing bear ing is sma l l e r in s ize than the 

SNAP 8 bear ing due to seve re space l imitat ions and l ighter loading. 

B. TEST HISTORY 

Testing of the prototype bear ing has not been conducted, but SNAP 8 b e a r ­

ings using ALO -coated Inconel-750 sockets and P5 carbon-graphi te balls were 
-5 used in two tes t s to evaluate MoS^ dry-f i lm life on ball sc rews at 800° F and 10 

t o r r . The bear ings underwent typical operat ion and dwell cycles expected on 

5-kwe operat ion and per formed sat isfactor i ly . No further test ing is cur ren t ly 

planned. 
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V. COMPONENT FABRICATION 

Closely controlled m a t e r i a l s and fabrication methods a re requi red for 

repeated sa t is factory pe r fo rmance of proven design bear ing. These ma te r i a l 

controls and fabrication methods have been developed as pa r t of this p r o g r a m . 

Specifications for m a t e r i a l s •were p repa red , and p r o c e s s e s tes ted and verified. 

Some salient features a r e l is ted below: 

A. CARBON GRAPHITE 

1) P r o c u r e to P u r e Carbon Co, specification for Grade P5 -with a ma te r i a l 

cert if icat ion. Some impregnants used in carbon can reac t -with alumina 

or i ts subs t ra te . 

2) Use clean handling and machine dry (no oil) with diamond tools . Water 

coolant somet imes used •with a bakeout afterward. 

3) Design with radiused edges or co rne r s to prevent s t r e s s concentration. 

4) Design for shrink fits that will not loosen at the maximum operating 

t e m p e r a t u r e . A shrunk-in bushing must be fully contained on the 

pe r iphe ry in the housing (an overhang causes a s t r e s s t rans i t ion and 

is a source of f rac ture) . 

5) Surface may be rubbed with MoS_ powder to reduce friction slightly. 

B, ALUMINA 

1) The subs t ra te should have a 60 finish or bet ter and have finished heat 

t r ea tment . 

2) Clean pa r t with vapor degrease , abras ive clean with clean 60-mesh 

alumina powder and clean ul t rasonical ly in chlorinated solvent. 

3) Coat a r ea s by Linde "D" gun p r o c e s s to 0.006-in. thick minimum 

with 99% pure alumina ma te r i a l . Hardness to be 850 (VPN-300 gram) 

minimum, 

4) F in i sh-machine with diamond or sil icone carbide tools and water 

coolant, 

5) Do not u l t rasonica l ly clean after coating. 
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S O D I U M - S I L I C A T E - B O N D E D M0S2 - S P R A Y COATING 

1) U s e m a t e r i a l tha t c o n f o r m s to the Nava l A e r o n a u t i c a l M a t e r i a l s 

L a b o r a t o r y S o d i u m S i l i can t L u b r i c a n t . 

2) Vapor d e g r e a s e and u l t r a s o n i c a l l y c l e a n s u b s t r a t e wi th c h l o r i n a t e d 
_4 

s o l v e n t and d r y in c l ean 10 t o r r v a c u u m at 1 1 5 0 ° F for 1 h o u r . Cool 

p a r t s . 

3) Hand le wi th c l e a n nylon g l o v e s . 

4) Coa t p a r t s 0 .0004 to 0.0011 in . t h i ck . 

5) A i r d r y 30 m i n and bake at 180° F for 2 h o u r s . An i n f r a r e d h e a t 

s o u r c e i s r e c o m m e n d e d . C u r e f u r t h e r at 400° F for 3 h o u r s . 

6) S p e c i m e n s coa t ed wi th the p a r t s a r e to be t e s t e d for a d h e r e n c e , 

7) C o a t e d s u r f a c e s m a y be b u r n i s h e d wi th nylon c lo th to ob ta in p r e c i s i o n 

t h i c k n e s s e s o r fits wi th m a t i n g p a r t s . 
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APPENDIX 
PROPRIETARY MATERIALS SOURCE LIST 

I 

> 
n 
t—' 

00 
o 
- J 

Designation 

Coatings 

LA-2 

LC- IA 

L C - I C 

L-W-IN 

L'W-5 

Noroc 

Ceramics 

K96 

K162B 

LT-2 

LA 687 

F i r t h CR 

Carboloy 

Composit 

Grafoil 

Mykroy 

and Pla t 

and Ce 

-2 

608 

e s 

M i c a c e r a m 

Deva 3N-

Deva 3 F -

108M 

12 

12 

Composition 
(wt %) 

ings 

99 + •y (gamma) phase Al^O^ 

85 Cr C^ + 15 Ni-Cr binder 

93 C r C^ + 7 Co binder 

84 to 87 WC + Co binder 

25 •WC + 7 Ni + mixed W, Cr car 

99 + y Al^O^ 

rmets 

•WC base 

64 TiC, 25 Ni + Mo, CbC, TaC 

60 -W, 25 Al^Oj , 15 Cr 

Al^O, (hot p ressed) 

^ ' -3^2 

IJnkno'wn 

Pyrolyt ic graphi te 

Glass-bonded mica 

Mica-bonded mica 

Ni + carbon 

Fe + carbon 

65 MoS^ + 25 Ta + 10 Mo 

bides 

Source 

Linde Division, Union Carbide 

Linde Division, Union Carbide 

Linde Division, Union Carbide 

Linde Division, Union Carbide 

Linde Division, Union Carbide 

Norton Connpany 

Kennametal, Inc. 

Kennametal, Inc. 

Haynes Stellite Division, 
Union Carbide 

Norton Company 

Unknown 

General Elect r ic 

Unknown 

Unkno-wn 

Unknown 

Deva Metals, Inc. 

Deva Metals , Inc. 

Boeing Aircraf t Corpora t ion 



APPENDIX (Continued) 

Designation 

Carbon-Graphites 

CDJ - 83 

Purebon P-5 

Purebon P-5N 

Purebon P-02 

Purebon P-03N 

Purebon P-03NHT 

Purebon ZTA 

Purebon 3293 

Graphitar 16 

AXF-5Q 

Dry-Fi lm Lubrica 

Drilub 861 

Drilub 867N 

Lubco 6001 

Lubco 6021 

Molykote X-15 

Metals 

Hastelloy B 

Haynes 25 

Haynes 90 
Stellite No. 3 
Stellite 6B 
Inconel 718 

Inconel 750 

Vic alloy 
Ta-lO-W 

Composition 
{wt%) 

Unknown impregnated graphite 

Unimpregnated 60% graphitized carbon-graphite 

LiF impregnated 60% graphitized carbon-graphite 

LiF impregnated 60% graphitized carbon-graphite 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unimpregnated, 60% graphitized fine grain carbon-g 

nts 

VfS^ I )ase 

Ceramic + MoSe, base 

MoS, base 

MoS, base 

MoS,, graphite base 

F e 

4.0-
7.0 

3 .0 

B a l 

3 . 0 
3 .0 

18.0 

5.0-
9.0 

Cr 

1.0 

19.0-
21.0 

27.0 
30.5 
30.0 
19.0 

14.0-
17.0 

Ni 

B a l 

9.0-
11.0 

3 .0 
3 .0 

52.5 

70.0 

Mo 

26.0-
30.0 

1.5 

3 .0 

Co 

2.5 

B a l 

B a l 
B a l 

0.7-
1.2 

C 

0.5 

0.05-
0.15 

2.75 
2.45 
1.0 

0.04 

0.08 

W 

14.0-
16.0 

12.5 
4 .5 

Cb 

5.2 

Fe, Co base alloy 
90% tantalum, 10% tungsten 

raphite 

A l 

0.6 

0.4-
1.0 

Si 

1.0 

1.0 

1.0 

1.0 
2 .0 

0 .2 

0.5 

Mn 

1.0 

1.0-
2.0 

1.0 

1.0 
2 . 0 

0 .2 

1.0 

T i 

0.8 

2 .5 

Other 

0 .2-
0.6 V 

2 . 0 

0.1 Cu, 
0.007S 
0.5 Cu, 
O.OIS 

1 

Source 

National Carbon 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Pure Carbon, Inc. 

Unknown 

Poco Graphite Company 

Drilube, Inc. 

Drilube, Inc. 

Lubco, Inc. 

Lubco, Inc. 

Alpha-Molykote Corporation 

Haynes Stellite Division, 
Union Carbide 

Haynes Stellite Division, 
Union Carbide 

Haynes Stellite Division,Union Carbide 
Haynes Stellite Division,Union Carbide 
Haynes Stellite Division, Union Carbide 
International Nickel 

International Nickel 

Unknown 
Several vendors 




