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FOREWORD

This report was prepared by the Westinghouse Electric Corporation,
Westinghouse Research Laboratories, Insulation and Chemical Technology
Department, Beulah Fo.A, Ch.rchill Borough, Pittsburgh, Pennsylvania 15235,
imdner USAF Contract No. AF 33(615)-2618. The contract was initiated under
Project 3145, "Dynamic Energy Conversion Technology," Task 314502, "Sozari LDynamic Power Units." The contract is being continued under Project 8.28,
"Power Conversion Conditioning and Transmission Technology," Task 812802,
"Mechanical Power Transmission and Control" and Project 3044, "Aerospace
Lubrication," Task 304402, "Advanced Propulsion Lubrication Engineering."
The work is being administered under the direction of the Air Force Aero
Propulsion Laboratory, Research and Technology Division, with Mr. John L. Morris
acting as project engineer. Accordingly, questions relative to this work
may be directed to:

Air Force Aero Propulsion Laboratory
ATTN: AFFL (Mr. John L. Morris)
Wright-Patterson Air Force Base, Ohio 45433

This report covers work conducted from 1 September to 1 December 1965.

I Approved for:

Westinghouse Electric Cor7poration

Daniel Berg, Manager[j Physical and Tnorganic Chemistry--,R&D
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whatsoever, and the fact that the government may have formilated, furnished,
or in any way supplied the said drawings, specifications, or otter data, is
not to be regarded by implication or other-wise, or in any manner licensing
the holder or any other person 3r corporation, or conveying any rights or
permission to manufactuxe, use, or sell any patented invention that may in any
way be related thereto.

Qualified users may obtain copies of this report frow ti e Defense
Documentation Center.

Defense Documentation Center release to the Clearinght;se for
Federal Scientific and Technical Information (formerly OTS) is i authorized.
Foreign announcement and dissemination by the Defense Documentatt.,a- Center
is not authorized. Release to foreign nations is not authorized.

DDC release to OTS is not authorized in order to prevcrt foreign
announcement and distribution of this report. The distribution of this

lI report is limited because it contains technology identifiable with items
on the strategic embargo lists excluded from export or re-export under
U. S. Export Control Act of 1949 (63 STAT. 7), as amended (50 U.S.O.
App. 2020, 2031), as implemented by AFR 400-10.

Copies of this report should not be returned to the Research and
Technology Division unless return is required by security considerations,flcontractual obligations or notice on a specific document.

This report is being published prior to Air Force review. The
publication of this report, therefore, does not constitute approval by the
Air Force of the findings or conclusions contained herein. It is publisbed
for the exchange and stimulation of ideas.

= ~II l

* F



ABSTRACT

Tbhis report dea:r bes progress duraing tLe second quarterlyperiod in a program designed to develop a solid f.ilm lubricat-3d bali
bearing systerr iapable of operation undzr high speed, high temperature
oxidizing condi'W.orn. The program's ul ti'a.Le gowil is lorg-term btll.
bearirg operatio:n at 1500OF - 30,000 rp-i, under atmospheric conditi.ons
simulating sea-level to 200jOCO -ft. alt'S'tudeP. A senond program ob.jective
is to provid2 parametric dzign data relatir,fs the operating life, load,bearing size, speed, temperature and envirormpn.- of these bearing systems.

In the wste;'ial.- Ixevelopment area, this report describes
further progriess in o.timizing the propertites of unique self-lubricatingcomposites that. are both physically and ch-dilcally capable of functioningas load-bearing surfucer, in an extreme temperatur•-3oxidizing environment.

The composites are i.mposed of solid lubricants; such as -.Se 2 ,MoSe 2 , and WS2 that have been combined with gallium or various gallium
alloys.

In the area of functi;.. il t~ating, the results of initial highspeed tests on ball bearings equipped with retainers fabricated from these
composites are described.
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1. Introdaction

Proper lubrication is a prime requisite for the successful
operation of any load-bearing surface that undergoes a relative motion
between itself and a second component of a system. But, when the load-
bearing r xface is exposed to a high-temperature oxidizing envirornment,
the lubri..ation problem is greatly complicated by the effect of env-irorment
on the lubricant. Two major effects result from such an environment:
First, there is a loss of conventional lubricarts through evaporation and
chemical decomposition. Secondly, through an oxidation process, solid lubricants
are transformed to relatively abrasive metal oxides. The resulting substantial
increase in friction eventually brings about the catastrophic failure of the
load-bearing system by means of a wear mechanism.

This program is designed to develop solid film lubrication
systems capable of 500 to 1000 hour operation in atmospheres character-
istic of those from sea level to 200,000 ft., at temperatures from -ý5
to +'5000 F, and at speeds approaching 30,000 rpm. The program has two major
objectives:

1. To optimize the physical properties of certain unique[ composites and thee'eby materialrs that are both physic&'.lly and chemically
capable of functioring as self-lubricating load-bear-ing surfaces in an extreme-
temperature oxidizing eiivironment. A unique technique discovered at the
Westinghouse Research Laboratories for imparting mechanical strength and
oxidation resistance to composites of high solid lubricant content is beingn• investigated in attempts to achieve this goal.hi

2. To functionally evaluate the performance of high-speed ball
bearings utilizing these composite. as self-lubricating retainers. Para-

flmetric design data relating the operating life, load, bearing size, speed,I. temperature, and atmospheric environments will be obtained.

The materials optimization portion of the overall effort will
emphasize the evaluation of candidate materials with respect to friction
coefficients, wear resistance, mechanical strength and oxidation resistance.
The effect of elevated temperature, oxidizing environments on friction-wear
characteristics will also be determined.

The functional test portion of the program, in a step-wise approach,
is designed to demonstrate a minimum operating life of 200 hours at successively
higher temperatures of 600, 900, 1200 and 1500"F. All systems will eave the
following design objectives: (1) speed, 30,000 rpm; (2) load, 100 lb. radial/
100 lb. thrust; (3) atmosphere, sea level to 200,000 ft. ; and (4) bearing
size, 204 and 207.

A work schedule for the over-all program to 31 May 1967 is givenI in chart form in Fig. 1. This schedule gives the major tasks-and shows when
the work is to be performed. Periodic reviews of this plan will be performed
to determine if certain modifications would better accomplish program objectives.

I -1
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If. Experimental

A. laterial Developmert and Optimization

Dur!ing ý-he first quarter of this program it) the optimum
fabricating -onditions and curing cycle for the t,;ngstenz aise7ez.fde-
gailium/ind im composite were established. In addition, the effect of the
alloy 75 Ga-21- In concentration on 6he physical and chemir-tl properties of
four solid lubricants was determined. Dtir.r,.1 this past quar.er this optim-
ization program was continued in thc following ar-.s :

1. Effect of Asaalgamator type

2. Effect of pre-curing amalgamated pcqdar before fabrication

3. Effect of GaSn (90-10 At %) concentration on lubricant amai z,

4. Effect of metal fillers on composite properties.

5. Differential therial analyses of the WSe 2 ar-61gin-.

The results of the efforts in each of tnese areas are described belo'.

1. Effect of Amalgamator T.ype

Tbhc objective of this task was to determine the effect of
[7 amalgamator type on the _iciction, wear, mechanical strength and oxidation
i [1 resistance of solid lubricant amalgams. An evaluation of amalgamator

effect on these parameters icas made for three solid lubricants: tungsten
diselenide, tungsten disulphide and molybdenum diselenide. The amalgamator
concentration used in these experiments was 30% (wt.); i.e., the optimum
determined in Task 2 (1). The resu7.ts of these experiments are shown in
Tables I and II. It will be note•d that the tungsten d&selenide-gallium/iandium
combination continued to provide the best mechanical properties with a

compressive strength of 25,500 psi. In addition, the WSe -GaIt amalgam
exhibits combined friction-wear characteristics that are 9uperior to all

Ci other amalgams evaluated for any lubricant.

For the following reasons, therefore, the 70% WSe - 30% GaIn
amalgam was selected as the first composition to be functignally evaluated

F in the test program:
L

a. optimum combination of friction-wear characteristicsf at room temperature,

b. maximum strength,

cý excellent adidation resistance to at least 9000 F,
and

d. good friction-wear characteristici at 600 F.

-2-



In Tabole Ill a complete description of pertinent physical
iproperties -nf the 70% WSe 2 - 30% GaIn composite are presented. These
incl.ide chear, tessile, copression, and coefficients of thermal expansion.
Figure 2 giveb a detailed drawing of the specimen used to determine tensile
strength. Compression asnd shear tests are performed on specimens 1/2-1
dia. x approx. 1" Long, while thermal expansion coefficients emplojy 1/8"
dia. x 1" long specimens.

In Fig, 3 (top). the type of film deposited by the 70/30 WSe--GaIn
comznositeonm M-5G tool steel disc is shown. The film was genexated during
Z typical 30 minute friction-wear test with the specimen rotating at 70 fpm
under a UiO psi lcad. iJelf of the film was removed by lightly polishing
the disc with P 4-0 polishing paper. The center and bottom photographs are
magnificatiors (50-x) of the film and that portion of the disc from which the
film was renimoved. It will be noted that no scarring or wear of the tool stzel is
experieziced during the 30 minute test.

2. Pre-Curing of Amalgamated Powder

En 9n effort to improve the mechanical properties of WSe2-GaIn
and WS2-Gb amalgams, a series of experiments were performed in which the
solid lubricant powder - after amalgamation with 20% GaIn - was cured in the
Powdered form for the 2000 C - 15 hour portion of the cycle. Subsequent to
this cure, additional quantities of gallium-indium were added to the part. all'.
cured powder and the pellet formed and cured in the normal manner. Friction,
wear and mechanical properties were then measured on each pellet. The results

are .4iven in Table IV and show that this technique does offer some improvement
in the mechanical properties of the solid lubricant amalgams, particularly
in the case of tumgsten disulphide. The degree of improvement is not
sufficient, however, to warrant additional effort unless future work demon-
strates that the use of WS is more desirable than WSeSW2 ~2•

3. Effect of GaSn Concentration on Lubricant Amalgams

Iii In Table I it will be noted that use of the gallium-tin alloy
in concentrations of 30% (wt.) provided WSe2 and WS2 composite amalgams of
Sreasonably good mechanical properties and excellent lubricating ability.

iAs part of the continuing effort to improve composite mechanical properties,
a series of experiments were performed to determine the effect of GaSn
concentration on the physical and chemical properties of WSe 2 , WS2 and
MoSe 2 amalgams. Solid lubricant amalgams containing 10, 20, and 30% (wt.)

gallium-tin alloy were prepared and evaluated with respect to friction,
wear, compressive strength and oxidation resistance. The results of these{f experiments are given in Tables V and VI. It will be noted that use of the
GaSh alloy did not significantly improve the mechanical properties of
amalgams utilizing WS2 as the solid lubricant. Tungsten and molybdenum
diselenides, ho;ever, responded to amalgamation with GaSn in much the same
manner as with GaIn, giving compressive strengths of 24,700 and 28,150 p0i
respectively in the 80-20 (wt. %) compositions. Oxidation resistance of these
materials was excellent when a concentration of at least 20% alloy was
incorporated in the lubricants.



In view of the lower cost of tin as opposed to indiur., the.
tungsten and rmlybaenu= dizelenide-galliwr./in rmaagams waxr.ý.it fcrthez
v!ivestigation at some future dat6, particularly wich respect to the effect
of titn content on. composfte prcýerties. For the piesent, howeve.., initial
fmuctiunal tests wvil. 'e ,ma'. using the VS- 2-GaIn am3]gam, primarily because
c;f its lower frictiop coefficienbn.

4. Effect of Metal Fillers on Composite I._oprtiels

Initial efforts in this area concentraLed on tht t-ffect of pressing
conditions on imets2-f'*lied composoite properties. A composition of 70 (wt) %
WSe-/GaIn - 30( Ag was selezted. After amalgamating the •olid lubricant, the
appropriate amount of silver powder (-325 mesh) izi aoded anri The blend tumble -

mixed until a relatively hinogenot's distribui5on of the :imponents is achieved.
A combinaticn of four pressing loadL at three pressing temperatures was
investignted. Subsequent to fabrication, each specimen was cured in air ior

V 15 hours at 2000C, 8 hours at 3500C and 4 hours at 400•C. The results of'
[ friction, wear and mechanical tests on the pellets are given in Table VII.

It will be noted that the use of silver as a filler in the optim=w WSe. mix
provided, in all cases, higher con1ressive strengthe than the unfilled a algama
Excapt for the lowest pressing ioad et 150"C, severe wear was experienced,
however, Vhen pressing temperatures > 250C were employed. In addition,
friction coefficients of these composites were higher than unfilled amlgamz.
Based on their combined perfosmance with regard to friction, wear and cor- •
pressive strength, two specimen conditions were selected for further
evaluation. These are:

(a) 25*C - T5900 psi pressing load
(Compressive = 36,800 psi)

(b) 1500C - 25,000 psi pressing load
(Compressive = 34,200 psi)

A second series of experiments using WS,-Ga Es a substitute for
WSe -Gain was performed with Ag again being used ea the filler. The results
of these experiments are given in Table VIII and again demonstrate that a
metal filler in concentrations of at least 30% (-wt.) not only causes a sharp
increase in mechanical strength but also in wear rate. The tungsten disulphide
composites, however, retained their characteristically low friction coefficients.
Because of their high wear characteristics, filled WS amalgaeis cannot yet be

2considered as candidate materials for functional tests.

5. Differential Thermal Anajyses

t ii In an attempt to nore clearly understand the mechanism invled
in the amalgamation of a solid lubricant with gal-luim or one of itb a:loys,
a series of differential thermal analyses were performed, The experiments

-4-



were conducted in a well insulated oven in which (1) the temperature
differential between a "standard" [cured WSe 2 -GaIn (70-30)) and the
test specimen and (2) oven termperature were recorded on an x-y recorder.
The results of two such analyses awe shown ir Fig. 4; the x-axis recording
oven tempez rature and the y-axis temperature differential. The top curve
shows the temperature differential between a cured and uncured WSe 2 -GaIn
(70-30 wt. %) amalgam as a function of oven temperature over a 55'OC' range.
Tha lower trace illustrates the results when both pellets have been cureu
prior to the experiment. It is clear from these experimnts that two distinct,
exothermic reactions occur during the curing Lycle of compcsite amalgams.
The first is initiated when a temperature of 180-2000C is reach.d, while the
second occurs between 420-450°C. Three important points have thus been
brought out by these experiments. Firbt, it can now be stated that the
oxidation resistance imparted to various solid lubri.cantsc by the "amalgama-
tion" technique is quite probably due to a chemical interaction between
the gallium alloy and the solid lubri'.-ant; rot to a mere physical coating
of solid lubricant particles with an ocidation resistant mater-.al. S,.condly,
it points out the necfssity of continuing the curirg cjcle for these com-
_usite amalgams to at least 500*C in order to bring about the second reaction.
(Recent work indicates that the piece is not dimensionallý stable until it
is exposed to at least 50 0 0C) Finally, the technique has become a useful
tool in establishing at least the optimum temperatures f.r the curing
cycle of future experimental compositions.

III. Test Pro&rEms

Construction of all test facilities was completed during the
past quarter. A total of twelve stations are a-ailable for functionally
evaluating 20a4 ard 207 bearings at speeds of 10,000, 20,000, and 30,000 rpm.
Four stations operete !i each speed le-l, with one of the four capable of
simulating an altitude of 200,000 ft. Figure 5 is an overall view of the
test laboratory with one vacuum -shroud and .one oven installed for illustration
purposes. All walls are insulated with Tectum to reduce noise level to a
minimum. Figures 6 and 7 are close-up views of the 20,000 and 30,000 rpm
"sp'ndles respectively. Spindle bearings and drive motors are water cooled.
The 10,000 and 20.000 rpm spindles are identical with the exception of
drive motors.

A tctal of seven tests have thus far been run on the 10,000 rpm
facilities at room temperature and a variety of thrust-rptial load cumbinations.
One 20,000 rpm test has been initiated. Before installation in test facilities,
the bearings are prepared in the following manner:

1. Cage removal and initial degreasing in trichlorethylene.

2. Rinse in fresh trichlorethylene.

3. Final, ultra-sonic cleaning in ethyl alcohol.

ff7 -5-I _
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S4. Component weighing to + 0.0005 gm.

5. Composite cage installation and storage in vacuum dessicator
until test.

Test bearing caiges are machined from 1 112'O.D. x 3/4"I.D.
rings fabricated from the WSe 2/GaIn amalgam in a carbide lined ring die.
Figure 8 is a composite photograph of the cured ring, the machined retainer,
and the test bearing after cage installation. The cage design employed in
the first four 10,000 rpm tests is shown in Fig. 9.

ill(It will be noted that this is an outer race riding cage. It is
being used for initial tests to gain experience with test facility performance
and evaluate initial cage coDrpositions. Functional testing on the actual
Stest bearing configuration - inner race riding - will be initiated in the
next quarter. Bearing delivery dates of December ll have been promised.)

DDue to the outer race riding cage design of the bearings now
being used, the self-lubricating compoaite cage could not be reinforced
with a stainlese shroud over its entire outer surface. Therefore, a
partial shroud was employed that encompassed only that portion not ridingID on the inner diameter of the outer race. The results of rhe first four
tests are given in Table IX and are siumarized briefly below.

SRun #1 - A total life of 22 hours was achieved under the maximum

radial and thrust loads called for by the program. At this point, fracture
occurred in the unshrouded portion of the cage as evidenced by a sharp riseI in running temperature. Catastrophic failure did not occur; the bearing
c ontinuing to operate at a slightly higher temperature until manual shutdown.
During this final portion of the test, however, the balls in the areas ofI 1cage fracture were able to wear against one another, thus causing ball wear
as noted.

Run #2 - A duplicate of run #i was repeated with a slightly
modified shroud design and resulted in a doubling of life. The same
mechanism of failure-cage fracture in unshrouded portion and ball wear
before manual shutdown--occurred in this case.

IRun'#3 - Both radial and thrust load were reduced by 50%. The
result was an increase, in life to 75 hours before cage frac'Lare in
unshrouded area. Thia: test is significant in that - although cage fracturejoccurred -; the ball pockets remained intact and prevented the balls from
rubbing against one another. It will be noted that no measurable bearing
wear occurred in this test during a total running time of 98 hours. This
result indicates strongly that adequate lubrication is being furnished by
the composite amalgam and bearing failure is due only to a lack of mechanical
strength in the cage, particulzarly in tension.

' 11
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I [u Run #4 - Under a l0# radial load and a 50# thrust load, a

running time of 85 hours was achieved before cage rupture. A failure
mechanism identical to runs 1 and 2 applied.

In view of the fact that cage fracture consistently occurred
in the unshrouded portion of the cage, it was decided to repeat the above
tests on bearings employing an inner race riding cage. In this way, a[ full shroud could be employed. Off the shelf angular contact bearings of
ABEC-1 rating were used. The results of these tests are given in Table X.
No cage failures were experienced over the 100 hour tesz period under all
load conditions studied. After test the bearings were in e(cellent condition,
as shown in Fig. 10, and quite probably could have operated over a second
100 hour period, The 21,000 rpm test (Run #8) operated well for a period
of 5 hours before seizure of the facility beorings occurred. Tests on
this bearing will be continued subsequent to a successful solution to the
facility beering problem.

The moderate wear encountered in the balls and inne- race of
bearings 5 and6 is believed caused by the fact that the beaz-ings are

non-precision and do not conform to the optimum design established by the
bearing analysis (1).

Conclusions:

The following conclusions can be drawn from data resulting
from . e program to date:

1. The 75/25 (wt. %) Gain alloy in concentrations of 20 to
30% (wt.), provides composite amalgams having the best
combination of physical and chemical properties.

2. The WSe 2 composite amalgams, when formed with the Gain
alloy, are superior to all others tested when compared
to the following parameters:

a. room temperature and 600°F friction-wear characteristics

b. Mechanical strength

c. Oxidation resistance

3. Pre-curing amalgamated lubricant in the powdered form
followed by additional Gain additions and st.bsequent press-
inig provides some improvement in the mechanical properties

of WS2 amalgams. The degree of improvement is not sufficient,
hmwevýer, to warrant additional work at this time.
A 90/10 (wt.%) GaSn alloy provides WSe and MoSe2 composite

amalgams having oxidation resistance and mechanical strengths
equivalent to the GaIn counterparts.

5. The use of silver as a filler in composite amalgams results
in a 50% Jmprovement in comnsite mechanical properties.

-7-
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Friction coefficients of filled composites were also higher.

6. Differential thermal analyse on uncured lubricant amalgams
sýrongly indicate that two distinct, exothermic reactions
occur during the curing cycle between the solid lubricant
and gallium alloys.

7. Seven functional tests at 10,000 rpm on ball bearings
equipped with self-lubricating composite amalgam cages
have been performed. The results denonstrate the feasibility
of operating this bearing system for a period of at least 100
hours under a load condition of l00# thrust - l00# radial.

Future Work

During the next quarter, studies on the use of metal fillers iin
the composite amalgams will be continued. Metals under consideration ath this time are silver, copper, and their alloys,

In additlon, attempts to utilize tungsten disulphide amalgams will

Njcontinue because of their desirable friction and wear characteristics.

Finally, the test program will be accelerated. Tests at 350
a and 6oo00 w.J 1 be initiated using a modified cage design for the Barden

M-50 bearing. Evaluation of variouIs fscility bearing designs and lubricants
will continue in order to get the 20,000 and 30,000 rpm spindles operational.

*1
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TABLE III

Physical Properties of Composite Amalgam
I Used in Initial Functional Tests

I Composite ------------------- Tungsten Diselenide/Gallium-Indium Amalgam

Fabrication ------------------ Room Temperature - 50,000 psi - double action die

Caring ------------------------ 15 hrs.- 2000C
(tar Atmosphere) ------------ 8 hrs.- 3500C

------------------ --------------8 hrs.- 5000C

Friction Coefficient
.(800F 70 fpm) 500 psi ------ 08
(800F 70 fpm) 1000 psi ----- 0.0-(

(600°F 140 fpm) 500 psi ---- 0.06

Wear Rate - gm./hr.
(80oF 70 fpm) 500 psi ----- 0.002
(80OF 70 fpm) 1000 psi ..... 0.004

(600°F 140 fpm) 500 psi ---- 0. 012A Tensile Strength - 'si -------- 2,300

Shear Strength = psi --------- 2,600

i Compressive Strength - psi ---- 25,500

Coef. Thermal Expansion ------- 5 x 10-6

I (in./inch OF)

Shore Hardness ------------ - 57

,
1 -12-
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TABLE • V
Effect of Pre-Curing Amalgamated Powder

on
physical Properties of Solid Lubricant Amalgams

Pellet Identification Friction Coefficient Wear - gms./hr. Compressive
and Composition 500 psi 1000 psi 500 psi 1000 psi Strength

WSe 2 - Gain(80/20) .18 .22 .008 .004 18.60o

Wse2- G&In(80/20)+2%GaIn .15 .20 .004 .006 13,500

Wse2 - Gaj(80/20)+5%*Gtn .13 .o8 .002 .003 25,000

S WSe2-GaIn(80/20)+1o%GaIn .07 .05 .002 .008 11,150

S WS2 -GA(80/20) .12 .12 .002 .004 11,950

WS2- a(8o/20)+5P, .10 .10 .002 .002 15,250

2S- W Ga(80/20)+10%ýa .07 .11 .002 .002 13,950

I All pellets pressed @ 50,000 psi - R. T. & DR'L. Action
then cured -- 15 hours @ 2000C, 8 hours @ 350"C, 8 hours @ 5000C.
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Effect of Gallium-Tin* Concentration
on

Physical ?rop2,tin of Lubricant Amalgams

I Compress3iveComposition Friction Coefficient Wear - gm./hr. Strength
-I- wt.% 500 Psi 1000 Psi 500 Psi 1O000 a - -3p

90 WSe2-l10 GaSn 0.16 0.12 0.01 0.0o-6 15,700
80 WSe 2-20 GaSn 0.14 0.14 0.001! 0.002 24,700
70OWSe 2 '-30 GaSn 01,11 0.07 0.008 0.006 16,950

90OWS2-10 GaSn 0.08 0.08 .Y 0.00 M.004950090 WS21O GaSn 0.18 0.09 0.002 0.002 10850080 WS2730 GaSn 0.18 0.15 0.00 0.004 6,8500

90 MoSe2710 G&n 0.27 0.18 0.02 0.02 12,95080 MoSe2-20 GaSN 0.20 0.17 0.002 0.004 28,150
70 MbSe 2-30 Gasn 0.18 0.17 0.002 0.008 8,650

*-90% Gallium (wt.%)

10 i

>414



TABLE VI

Effect of GaSn* Concentration
onIi oxidation Resistance of Lubricant Amalgams

CompositionWt. Loss (Egs 10 i3) After 1/2 Hour @ Temperature OF

Wt,%___ 300 40 ý00 600 700 800 900

90 WSe-lO GaSn t.C 1- 7 1. 1 - 4 N.C,

Ii80 WSe -20 GaSn N.C. N.C. N.C. NBC. N.C. N., .C.

70 WSe -30 GaSn N.C. N.C. N.C. N.C. N.C. NC

II90 MoSe 210 GaSn -4 5-k21

L70 MoSe 2 -30 GaSn -'1 N.C. N1.C. N.C. -1 N1.C. - 2

10% Tin

I -15-



TABLE VII

Physical Properties of Silver-Filled Wse 2 Amalgams

70%(wt..) WSe2,'Uajn - 30% Ag

Compressive
Pressing Conditions Wriction Coefficient Wear - gm,/hr. Strength

Temp.-* Pressure-psi* 500 psi 1000 psi 500 psi 1000 pssi psi

25 25,000 0.21 0.16 0.016 0.014 Broke in holder
50,000 0.15 0.15 O.o04 0.002 31,600
75,000 0.15 o2 0.004 0.004 36,800

100,000 0.12 .14 0.004 0.002 28,100

150 25,000 0.17 0.12 0.004 0.002 34,400
50,000 0.21 0.15 0.08 0.03 37,20075,000 0.11 0.17 0.08 m.o4 32,500100,000 0.18 0.19 0.02 0.07 28,500

250 25,000 0.23 0.15 0.04 0.1 47,700
50,000 0.17 0.13 0.07 0.1 51,200
75,000 0.09 0.13 0.09 0.1 38,000

100,000 0.13 o.18 0.)0 0.1 49,300

Five-Minute Hold @ Temperature & Pressure

250 25,000 0.15 0.12 0.03 --- 24,,600
50,000 0.10 0.12 0.03 0.05 23,900
75,000 0.14 0.15 0.03 --- 26,700
1 100,000 0.13 0.13 0.006 0.004 22,250

* - 15 becond hold lunless otherwise specified.
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1 II

TAKlE VIII

Physical Properties of Silver-Filled WS2 AmalgamsS70%(wt.) WS/Ga. - 30% Ag

Pressing Conditions Friction Coefficient Wear - gm./hr. Strength
T .- •C Press-ure-psi* 522 si 1000 psi 500 psi 1000 psi psi

25 25,000 --- 0.06 ---- 0.11 21,100
50,000 --- 0.05 ---- 0.06 23,550

5075,000 -. 06 0.04 18,100
100,000 --- 0.07 0.014 29,800

150 25,000 0.07 o.05 o22 0 .02 15,25050,000o 0.o6 o0.05 0101 0 a.6 29,400

750,000 0.07 0.08 0.002 0.o16 22,700100,000 0.05 0.04 0.018 0 .o18 29,300

250 25,000 --- 0.06 ---- 0.012 15,250
50,000 0.09 0.08 0.00"2 0.01 15,45o

j 75,000 0.08 0.07 0.004 0.01 12,050
100,000 0.07 0.15 0.002 0.003 18,400

* - 15-second hold

II
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FIGURE 8

~I Left Cured WSe 2 -Galin Blank Prior to Machi ni ng
SCenter Machined Retainer of Tungsten Diselenide Amalgam

Rig ht 204-PA50 Ball Bearing Equipped witl-I WSe 2- GaIn Retainer

RM 35150
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