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This report was prepared by the Westinghouse Electric Corporation,
Westinghouse Research Laboratories, Insulation and Chemicval Technology
Depertment, Beulah Road, Churchiil Borough, Pittsburgh, Pennsylvania 15235,
unZer USAF Contract No. AF 33(615)-2618. The contract was initiated under
Project 3145, "bynsmic Energy Conversion Technology," Task 314502, "Solar
Dynamic Power Units." The contract is being continued under Project 8128,
"Power Conversion Conditioning and Transmission Technology," Task 812802,
"Mechanical Power Transmission and Control" and Project 30il, “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 relstive to this work
may be directed to:

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

This report covers work condvcted from 1 September to 1 December 1965.
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Documentatior Center.
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Foreign announcement and dissemination by the Defense Documentu® ... Center
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DDC release tc OTS is not authorized in order to prevesnt foreign
announcement and distribution of this report. The distribution of this
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 1049 (63 STAT. T7), as amended (5C U.S.0.

App. 2020, 2031), as implemented by AFR 400-10.

Copies of this report should not be returned tc the Research and
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| ABSTRACY

This repor: desarives progresc dusing tle second quarterly
period in a progrem designed to develop a sulid film lubricatad belld
bearing syster 2apsble of opera*tion und.r Lighy speed, hign temperature
, oxidizing condi'..ong. The program's ultineie goal is lorg-term ball
| bearing operaticn at 1500°F - 30,000 Tprl, vnder atmospheric conditions

simuwlating sea-level to 200,0C0 £t, altitudes. a second program objective
- is to provide parsmetric dssign data relating the operating life, load,
bearing size, speed, temperature and environmenty of these bearing systems,

. In the msterial. development ares, this report describes
; further progross in optumizing the propertlies of unique self-lubricating
: composites thal are hoth physically and cheuleally capable of functioning
as load-bearing surfuces in an extreme temperavurs-oxidizing environment.

l; The composites are composed of solid lubricante; such as Seo,
MoSey, and WS, that have been combined with gallivm or various galiium
[ alloys.

In the srea of functi. .:l ta3ting, the results of initial high
o speed tests on ball bearings equipped with retainers fabricated from these
| composites are described.
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I. Introdaction

Proper lubrication is a prime requisite for the successful
operation of any load-bearing surface that undergoes a relative motion
between itself and o second component of a system. But, when the loed-
bearing r rface is exposed to & high-temperature oxidizing environment,
the lubrication prcblem is greatly complicated by the effect of environment
on the lubricant. Two major efrects result from such an environment:
First, there is a loss of conventional lubricarts through evaporation and
chemizal decomposition. Secondly, through an oxidation process, solid lubricants
are transformed to relatively abrasive metal oxides, The recsulting subsiantial
increase in friction eventuslly brings about the catastrophic failure of the
load-bearing system by means of a wear mechanism.

This program is designed to develop solid f£ilm lubrication
systems capeble of 500 to 1000 hour operstion in atmocpheres character-
istic of those from sea level to 200,000 ft., et temperatures from -45
to +1500°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 thereby materials that are both physically and chemically
capable of functioring as self-lubricating load~bearing surfaces in an extreme-
temperature oxidizing euvironment. A unique technigue discovered at the
Westinghouse Research Laboratories for imparting mechanical strength and
oxidation resistance to composites of high solid lubricant ccntent is being
investigated in attempts to achieve this goal.

2. To fuactionally evaluate the performance of high-speed ball
bearings utilizing these composite . as self-lubricating retainers. Para-
metric design data relating the operating life, load, bearing size, speed,
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 friciion
coefficients, wear resistsnce, mechanical strength and cxidation resistance.
The effect of elevated tempersture, 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 nave the
following design objectives: (1) speed, 30,000 rpm; (2) load, 100 1b. radial/
100 1b. thrust; (3) atmosphere, sea level to 200,000 £t.; and (4) bearing
size, 20k and 207.

A work schedule for the over-all program to 31 May 1967 is given
in chert 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.
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I1. Experimental

A. MHaterial Developmert and Optimization

During The fivst quarter of this program (i) the optimum

fabriceting ~orditions ané curing cycle for the tungstea aigelenide-
gallium/ind im composite were established. In addition, the effzct of the
alloy 75 Ga-2% In concentration ¢z the physical and chemirl properties of
four solid lubricants was determined. Wwing thic past guar.er this optim-
ization progrum was continued in the vollowing erccs!

1. Effect of Amalgamstor type

2. Effect of pre-curing amnaigamaied pouder before fabricafion

2. Effect of GaSp (90-10 #t %) concentration on lubricant amal; ax

k., Effect of metal fillers on composite properties.

5. Differential therwal analysss of tle WSeZ aralgsam.

The resulte of the efforts in each of tnese areas are described below.

1. Effect of Amalgamator Type

The ovjective of this task wes to determine the effect of
smelgemetor +ype on the friction, wear, mechanical strength and oxidation
resistance of solid lubricant amalgams. An evaluation of amaigemator
effect on these parsmeters was made for three sclid lubricants: tungsten
diselenide, tungsten disulpbide and molybdenum diselemide. ‘The amalgsmutor
soncentration used in these experiments was 30% (wt.); i.e., the optimum
determined in Task 2 (1.). The resu.ts of these experimerts are shown in
Tebles Tand II. Tt wiil be noted that the tungsten diselenide-gellium/indium
coubingtion continued to provide the best mechanicel properties with a
compressive streagih of 25,500 psi. In addition, the WSe,-Galr amslgam
exhibits combined friciion-wear characteristice that are Superior to all
other amalgenms evaluated for any lubricant.

For the following resgons, therefore, the 70% WSe, - 20% Galn
amalgam was selected us the first composition to be functignally evaiuated
in the test program:

a. optimum combinstion of frictlon-wear characteristics
at room tempersgture,

b. mnaximuu strength,

¢. excellent oxidation resistunce to at Jleast 90°F,
ané

d, good friction-wear characteristics at 600 F,

2w
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In Maple III a complete description of pertinent physical
pronerties nf the 70% WSep - 30% GaIn composite are presented. These
inclnade gheev, teusile, compression, and coefficients of thermal expansion.
Figure 2 gives 2 detailed drawing of the specimen used to determine tensile
strength. Compression and shear tests are performed on specimens 1/2"
dia. % approx. 1" .ong, while thermal expansion coefficients employ 1/8"
dia. x 1" long specimens.

In Pig. 3 (top). the type of film deposited by the 70/30 WSe ,-Galn
commogitc on an ¥-5C tool steel disc is shown. The film was generated © during
< typical 30 minute friction-wear test with the specimen rotating at 70 fpm
under a 1000 psi lecad. Half of the film was removed by lightly polishing
the disc with = 4-0 polishing paper. The center and bottom photographs are
magnificatiors (50x) of the film and that portion of the disc from which the
film was ronoved, It will be noted that no scarring or wear of the toolstzel is
experienced during the 30 minute test,

2. Pre-Curing of Amalgamated Powder

in sn effort to improve the mechanical properties of WSep-Galn
and WSo-Gu  amalgams, a series of experiments were performed in which the
301id iubricant powder - after amalgamation with 20% GaIn - was cured in the
powdered form for the 200°C -~ 15 hour portion of the cycle. Subsequent to
this cure, additional quantities of galiium-indium were added to the partizll:
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 ziven in Table IV and show that this technique does offer some improvement
in the mechenical properties of the solid lubricant amalgams, particularly
in the case of tungsten disulphide. The degree of improvement is not
sufficient, however, to warrant additional effort unless future work demon-
strates that the use of W82 is more desirable than WSez.

3. Effect of GaSn Concentration on Lubricant Amalgams

In Table I it will be ncted that use of the gallium-tin alloy
in concentrations of 30% (wt.) provided WSep and WS, composite amalgams of
reasonably good mechanical properties and excellent lubricating ability.
As part of the continuing effort to improve composite mechanical properties,
a series of experiments were perfcrmed to determine the effect of GaSn
concentration on the physical and chemical properties of WSep, WS, and
MoSe, amalgams. Solid lubrjcant amelgems containing 10, 20, and 30% (wt.)
gallium-tin alloy were prepared and evaluated with respect tc friction,
wear, compressive strength and oxidation resistance. The results of these
experiments are given in Tables V and VI. It will be noted that use of the
GaSn alloy dad not significantly improve the mechanical properties of

" emalgams utilizing WS, as the solid lubricant. Tungsten and molybdenum

digselenides, however, responded to amalgamation with GaSn in much the same
manner o8 with GaIn, giving compressive strengths of 24,700 and 28,150 psi
respectively in the 80-20 (wt. %) compositions. Oxidetion resistance of these
materials was excellent when a concentration of at least 20% alloy was
incorporated in the lubricants.
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In view of the lower ccst of tin as opposed to indium, the
tungsten and wolybdenun diselenide«gallium/tin smalgans warreat ferther
{ivestigetion at some Zuture date, perticulariy wick respect to the effect
of tin content on. composite preowsrties. For bhe piesent, however, initial
funeticnal tests wilil “e made usirng the VSSZ-GaIn avAlgam, primarily Decause
~f its lower frictior coefficients.

4, Effect of Metal Fillers on Campositz Proparties

Initial efforts in this arza concentraled on the <ffect of pressing
conditions on metsai-filled composiie properties. A composition of 70 (wt.) 9
WSeh/GaIn ~ 30% Ag was selected. After smalgamating the Lolid lubricant. the
app?opriate gmount, of silver powder (-325 mesh) i3 aaded ana the blend tumble -
mixed untii a relstively homogerous distribucion of the —omponents is achieved.
A combinaticn of four pressing loads at three pressing temperatures was
investigated. Snubzegrent {o fabricution, each specimen was cured in alr for
15 hours at 200°C, & heurs av 350°C and b hours at 400°C. The results of
friction, wear and wmechanicsl tests on the pellets are given in Tahble ViT.

It will be noted that the use of silver as a filler in the optimur WSe. mix
provided, in all cases, higher corpressive stirengtne than the tnfilled“analgam.
Except for the lowest pressing iocad st 150°C, severe wear was experienced,
however, when pressing tempceratures > 25°C were employed. In additicnm,
friction coefficients of these composites were higher than unfilled am3lgamsz.
Based on their combined performcnce with regard to friction, wear and com-
pressive strength, two specimen conditions were selectied for fuither
evaluation., These are:

{a) 25°C - 75000 psi pressing load
{Compressive = 36,800 psi)

(b} 150°C - 25,000 psi pressing load
(Compressive = 24,200 psi)

A second series of experiments using WS.-Gass asubstitute for
¥Se, ~-Galn was performed with Ag again being used &5 the filler. The results
of These experiments are given in Table VIITI and again demonstrate that a
metal filler in concentrations of at least 30% /wt.) not only cavses a sharp
increase in mechanical sirengtl but also in wear rate. The tungsten disuiphide
composites, however, retained their characteristically iow friction coefficients.
Because of their high wear characteristics, filled WS2 amalgaas cannct yet be
considerred as candidate materigls for functional tests.

5. Differential Thermal Analyses

In an attempt to iuore clearly understand the mechanism invclved
in the amalgamation of a solid lubricant with gelluim or one of its a.loys,
a series of differential thermsl snalyses were performed. The experiments

-h4




z were conducted in a well insulated oven in which (1) the temperature

differential beiween a "standsrd" [cured WSe.-GaIn (70-30)] and the

test specimen and (2} oven temperature were “recorded on an x-y recorder.

The results of two such analyses a“e shown ir Fig. 4; the x-axis recording

oven tempezsture and the y-axis temperature differential. The top curve

shows the temperature differential between a cured and uncured WSep-Gain

(70-30 wt. %) amalgam as 2 function of oven temperature over a 55°°C range.

The lower trace illustrates the results when both pellets have tesn cureu

prior to the experiment, It is clear from these experimcats that iwo distinct,

! exotnermic reactions occur during the curing uvycle of compesite amalgams.

! The first is initiated when a temperature of 180-200°C is reachcd, while the
second occurs between 420-450°C. Three imporiant points have thus been

. brought cut by these experiments. First, it can now be stated that the

oxidation resistance imparted to various solid lubricantc by the "amalgama-

tion" technigue is quite probably due to a chemical interaction between

the gallium alloy and the solid lubrizant; rot to a mere physical coating

] of solid lubricant perticles witb an oxidation recistant materZal. Sacondly,

it points out the necessity of continving the curisg eycle for thesa com-

pusite amalgams to at least 500°C in order to bring about the second reaction.

(Recent work indicates that, the piece is not dimensionally stablie until it

[ is exposed to at lemst SU0°C) Finally, the technique has become a useful

tool in establishing at least the optimum temperatures for the curing

cycle of future experimental compositions.

I1I. Test Prograns

: Construction of all test facilities was completed Quring the
L past quarter. A total of twelve stations ere available for functionally
evalualing 204 ard 207 bearings at speeds of 10,000, 20,000, and 30,000 rpm.
) Four stations operate =c each speed levcl, with one of the four capable of
: simulating an scltitude of 200,000 ft. Figure 5 is an overall view of the
) test jaboratory with vne vacuum -shroud and one oven installed for illustration
purposes. A}l walls are insulated with Tectum to reduce noise level to a
i minimum, Figures 6 and 7 are close-up views of the 20,000 and 30,00C rpm
D spindlss respectively. Spindle bearings and drive motors are water cooled.
‘ The 10,000 and 20,000 rpam spindles are identical with the exception of
; drive motors. ’ :

A toctal of seven tests have thus far been run on the 10,000 rpm
facilities et room tempersture and a varisty of thrust-radial load cumbinations.
One 20,000 rpm test has been initiated. Before installation in test facilities,
the bearings asre prepared in the following menner:

{ 1. Cage removal and initial degreesing in trizhlorethylene.

r

2. Rinse in fresh trichlorethylene.

| 3. Firal, ultra-sonic cleanirg in ethyl alcohol.




{ 4. Component weighing to + 0.0005 gnm.

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

N ’ Test bearing cages are machined from 1 1,2'0.D. x 3/W'I.D.

rings fabricated from the WSe /GaIn amalgam in a carbide lined ring die.
Figure 8 is a composite photcgraph of the cured ring, the machined retainer,
§ end the test bearing after cage installation. The cage design employed in
the first four 10,000 rpm tests is shown in Fig. 9.

(It will be noted tha® this is an outer race riding cage. It is
being used for initisl tests to gein experience with test facility performance
¥ and evaluste initial cege compositions. Functional testing on the actual
test bearing configuration - inner race riding - will be initiated in the
next guarter. Bearing delivery dates of December 11 have been promised. )

Due to the cuter race riding cage design of the bearings now

2 being used, the self-lubricating composite cage could not te reinforced
with a stainlesz shroud over its entire outer surface. Therefore, a

1 partial shroud was employed that encompassed only that portion net riding
1 on the inner diameter of the outer race. The results of che first four
tests are given in Table IX and are summarized briefly below.

Y ptd

Run #1 ~ A total life of 22 hours was achieved under the maximum
radial and thrust ioads called for by the program. At this point, fracture
occurred in the unshrouded portion of the cage es evidenced by a sharp rise
in running temperature. Catastrophic failure did not occur; the bearing
continuing to operate at a slightly higher temperature until manual shutdown.
During this final porticn of the test, however, the balls in the areas of
cage fracture were ahle to wear against cne another, thus causing ball wear
as noted.

e

Run #2 - A duplicate of run #1 was repeated with a slightly
modified shrcud design and resulted in a doubling of life. The same
mechanism of failure-cage fracture in unshrouded portion and ball wesT
before manual shutdown--occurred in this case.

e ety | Senrrsmend S

Run #3 - Both radial and thrust load were reduced by 50%. The
result was an increase in 1ife to 75 hours before cage fracuiare in
unshrouded ares. This test is significant in that - although cage fracture
occurred = the ball pockets remained intact and prevented the balls from
rubbing sgainst 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 compoeite amalgam and bearing failure is due only %o a lack of mechanical
strength in the cage, particularly in tension.

| e : 3
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Run #4% - Under a 10# radial lcad and a SO# 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
ir the unshrouded portion of the cage, it was decided to repeat the above
tests on bearings employing an inmer race riding cage. 1n this way, a
full shroud could be employed. Off the shelf angular contasct 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 test period under all
load conditions studied. After test the bearings were in excellent condition,
as shown in Fig. 10, and quite probabiy 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 besrings cccurred. 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 inner race of
bearings 5 and 6 is believed caused by the fact that the beasings are
non-precision and do not conform to the optimum design established vy the
bearing analysis (1).

Conciusions:

The following conclusions can be drawn from data resvlting
frem . 2 program to date:

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

2. The W3e, composite amalgams, when formed with the Galn
alloy, “are superior to all others tested when compared
to the following parameters:

a, room temperagure and 600°F friction-wear characteristics
b. Mechanical strength

¢c. Oxidation resistance

3. Pre-curing amajgamated lubricant in the powdered form
followed by sdditional Galn additions and scbsequent press-
ing provides some improvement in the mechanical properties
of WS2 amglgams. The degree of improvemen} is not sufficient,
however, to warrant additional work st this time.

k. A 90/10 (wt.%) GaSn alloy provides WSe, and MoSe, composite
amglgams having oxidation resistance and mwechaniGal strengths
equivalent to the GaIn counterparts.

5. The use of silver as a filler in compogite amalgasms results
in a 50% improvement in comrosite mechanical properties.

..7..
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Friection coefficlents of filled couwposites were alzo higher.

6. Differential thermal snalyse on uncured lubricant smalgams
sirongly indicate that two distinct, exothermic reactions
oceur during the curing cycle between the solid lubricant
and gallium alloys.

T TR R T

7. Seven functional tests at 10,000 rym on ball bearings
equipped with self-lutricating composite amalgam cages
have been performed., The results demonstrate the feasibility
of operating this bearing system for a period of at least 100
hours under & 1nad condition of 100# thrust - 100# radial.

Future Work

During the next quarter, studies on the use of metel fillers in
the composite amalgams will be continued. Hetals under consideration at
this time are silver, copper, ard their alloys.

In addition, attempts tc utilize tungsten disulphide amalgums will
continue tecause of their desirable friction and wesr characteristics.

Finally, the test program will, be accelerated. Tests at 350
and 600°F w31l be initiated using a modified cage design for the Barden
M-50 beasring. Evalustion of various facility bearing designs and iubricants
will continue ir order to get the 20,000 and 3C,000 rpm spindles operstional.
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PABIE III 3

Physical Properties of Composite Amsligam
Used in Initiel Functional Tests

l Composite -ewvwccoccnnnononncas Tungsten Diselenide/Gallium-Indium Amalgam

Fabrication «e-vvscencncrnvonn~ Rocm Temperature - 50,000 psi « double action die

: i Curipg <--=-u-=sesmscscscoeninen 15 hrs.~ 200°C

: (£ir Atmosphere) -=----~--e-= & hrs.- 350°C

3 ! ............ 8 hI'S [ ad 500°c

1 Friction Coefficient

2 {80°F T0 fpm) 500 psi ===v=w 0.08 3
3 ! (80°F 7O fpm) 1000 psi =---- 0.07 y
{600°F 140 £pm} 500 psi -~--0.06 N
) ; Wear Rate - gm./hr.

(80°F 70 fpm) 500 psi ----- 0.002

g (80°F 70 fpm) 1000 psi -=--- 0.004%

(600°F 140 £pm) 500 psi -~=-0.012

E Tensile Strength - »8i ~o=ve-w= 2,300
E Shear Strength = psi -------e- 2,600
i Compressive Strength - psi =---25,500

Coef. Thermel Expansion ==w---- 5 x 10'6

I (in./inch °F)

: g Shore Hardnegs v-~=e=sw=e-ceee 8557
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E ; TABLE IV
1 Effect of Pre-Curing Amalgamated Powlder
on
: 9 § Fhysical Properties of Sclid Lubricant Amalgams
X Pellet Jdentification Friction Coefficient Wear - gms./hr. Compressive
i and Compesition 500 psi 1000 psi 500 psi 1000 psi Strength
5 WSea-GaIn(BO/QO) .18 .22 .008 .00k 18.600
§ Wse,-GaIn(80/20)+2%5a1In .15 .20 .00k .006 13,500
. V3e,~GaIr(80/20)+5%G:In 13 .08 .002 .003 25,000
‘ § WSea~GaIn(80/20)+10$GaIn .07 .05 .002 .008 11,150
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]
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1
)
[
]
[}
)
[
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[}
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t

WS- GA(80/20) .12 .12 .002 .00k 13,950 :
wsz-c;a(ao/’eo)+5$<~,a .10 .10 .002 .002 15,250
wseica(aofeo)ﬂ»mg.:e, .07 11 .002 .co2 13,930

A11 pellets pressed @ 50,000 psi - R. T. & DVL. Action a8
then cureé <- 15 hours @ 200°C, 8 hours @ 350°C, 8 hours @ 500°C. iy
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Effect of Gallium-Tin* Concentration
on
Physical Prope.tine of Iubricant Analgams

Compressive

Compositicn Friction Coefficient Wear - gm./hr. Strength

_ wt.ﬁ 500 psi 10060 psi 500 psi 1000 ! . psi
90 WSe,-10 GaSn 0.16 0.12 0.01 0.0% 15,700
80 WSe,~20 GaSn 0.14 0.1k 2.001 0.002 24,700
70 WSe,-30 GaSn 0.11 0.07 0.008 0.005 16,950
90 WS,-10 GeSn 0.12 0.09 0.02 0.02 10.500
80 W8,-20 GaSn 0.18 0.15 0.002 0.002 6,850
70 WS,-30 GasSn 0.08 0.08 0.004 G .00k 9.500
90 MoSe,-10 GeSn 0.27 6.18 0.02 0.02 12,950
80 MoSe,~20 GaSN 0.20 0.17 0.002 0.00k 28,150
70 MoSe,=30 Gasn 0.18 0.17 0.002 0.008 §,650

* - 90% Gallium (wt.4)
10% Tin

-1k
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TABLE VI

Effect of GaSn™ foncentration
on
Oxidation Resistance of Iubricant Amalgams

Wwt. Loss (gas. x 1073) After 1/2 Hour @ Temperature °F ‘q

- Compositicn
- vwtd 300 koo 2% 600 190 8% 900
| 90 WSez-lO GaSn N.C. 1 7 1 1 -4 N.C.
80 WSe2-20 GasSn N.C. N.C. N.C. N.C. N.C. E.C. K.C.

70 WSe,-30 Gasn X.C. n.C. N.C. N.C. N.C. %.C. -2 *’
90 WS,-10 GaSn -4 3 -5 -2 -2 10 3
- 8C W5,-20 Gasn N.C. K.C. N.C. N.C. N.C. N.C. N.C.
¥ 70 WS,~30 Gasn N.C. N.C. H.C. N.C. R.C. N.C. N.C.

Y 90 MoSea-lO GaSn -4 N.C. 2 -2 ~7 ~22 ~18
3. 80 MOSE -20 Gasn HOCO NoCo NOCO NoCo K-Co Ncco N‘Cd

2
70 M0832‘30 Ge-sn 'l NOCQ NOCO NoCo -1 N’c‘-

'} Ly Gt a e L
et

* - 90% Gallium (Wt.%)
10% Tin

RPN Lt
M...m

2N ST i 3 Groatd SO IR oy t ' et B -
o STty No SO Soon L (e 22 s B ALY A b I AR M e,
D X ¥ A A o A DL £ & &

B UL W AT Rig VAR At R X A
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TABLE VII

1 a Physical Properties of Silver-Filled Wsep Amalgams
: i TO%(wt.) WSep/uaIn - 30% Ag
) Compressive
s Pressing Conditions Friction Coefficient Wear - gu./hr. Strength
: Temp.-°C Pressure-psi* 500 psi 1000 psi 500 psi 1000 psi psi
g 25 25,000 0.21 0.16 0.015 0.01k Proke in holder
E 50,000 0.15 0.15 0.0G4 0.002 31,500
: 75,000 0.15 T2 0.00k4 0.004 36,800
i 100,000 0.12 v. b 0.00% 0.002 28,100
150 25,000 0.17 0.12 0.00h 0.002 34,400
l 50,000 n.21 0.15 0.08 0.03 37,200
75,000 0.11 c.17 0.08 c.ok 32,500
100,000 0.18 0.19 0.02 0.07 28,500
i 250 25,000 0.23 0.15 0.04 0.1 47,706
50,000 0.17 0.13 0.07 0.1 51,200
i 75,000 0.9 0.1 0.09 0.1 38,000
100,000 0.13 0.18 0.12 0.1 49,300
l Five-Minute Hold @ Temperature & Pressure
i 250 25,000 0.15 0.12 0.03 - 2,600
50,000 0.10 0.12 0.03 0.05 23,900
2 75,000 0.14 0.15 0.03 ——- 26,700
q 100,000 0.13 0.13 0.006 0.004 22,250
:‘ * - 15 second hold unless ctherwise specified.

e

o

4
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TABIE VIII

Physical Properties of Silver-Filled WS, Amalgams
TO%(wt.) WSp/Ge. - 30% Ag

Compressive
Pressing Conditions Fristion Coefficient Wear - gm./hr. Strength
Teny .-°C Pressure-psi* 500 psi 1000 psi 500 psi 1000 psi psi
25 25,000 ——- 0.06 ——- 0.11 21,100
50,000 - 0.05 o 0.06 23,550
75,000 -—= 0.06 - 0.04 18,100
100,000 ——— 0.07 - 0.0k 29,800
150 25,000 0.07 0.05 0.c22 0.0z2 15,200
50,000 0.0% 0.05 0.01 0.214 29,400
75,000 0.07 0.0k 0.014 0.016 22,700
100,000 0.05 0.0k 0.018 0.018 29,300
250 25,000 -—- 0.06 - 0.012 15,250
50,000 0.09 0.08 0.002 0.01 15,450
75,000 D.08 0.07 0.004 0.01 12,050
100,000 0.07 0.i5 C.002 0.003 18,00
% - 15-gecond hold
-17-
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Prase and Milestone 2 4 s 1> 12 4 16 8 20 22 ™
7 I

T T

(]
£ 75 10 600°F, ! '
A. Material Notimization t :
1. Detsrmine optirnum {abrication conditions l
: 2 M e elfect of xeral
{ 3. Moaswre ellect of amalgarator type
4. Modily corposits o extend bearing iife’
S. Zvaluate Phaee ! optimume {900°T)
5. Bearing Fabrication and Functional Testing
6. Build and test 204 systom to S00°F
7. Belld £odt test 207 sysrem to 600°F
8. Extend lifs to 200 hr a1 603°T"
Fimse i 751 90T
A. Mawrisl Optimisution
9. Dywermine optimum [sbrication esing rodal biaders
£0. Measurc eflcet of metsl binders
11, Modity compostae 1o extend 1tia’
B. Bearing Fabrication seé Fuxctiom] Testeg
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13. Test 284 aad 207 syviemms a8 390°F
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- Baee 0L 130 1007
A. Metecial Optimization
¥ 15, Tralwzte Dhase I optimems 23 $200°F
16, Zmsmiba labricants that caidise 1 volatth s
- 17. Modlfy coumpostte v axsend life’
18, B Fhaea 10 at 1362°F
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19. Evalwsie Phase I system at 1200°F
£ 20, Test 304 2ystom at 1200°F
21. Test 207 system st 1200°F
29, Pracad life t 200 bras 1200
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Dwg- 747A049
| - L -
! — , 187"
| —__t_ T
h D
! L !
- | .25 12R
| L = Length of Stug Supplied (Approx. 1.255 1. 0 inch)
D = Diameter of Slug Supplied { Approx. 0.50 inch)
: [
J Fic. 2-Special tensile specimens
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Fig. 3—Top~M-50 tool steel disc with portion of iubricant film remeved 3X
Middle- Macro Fhotograph of film = 50X
Bottom= Macre photegraph of surface after film removal with 40
’ pelishing paper - 50X
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HIGH SPEED BEARING TEST LABORATORY
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FIGURE 6

20,000 RPM TEST SPIRDLE
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FIGURE 8

Left Cured WSe2 = GalIn Biank Prior to Machining

anier Machined Retainer of Tungsten Diselenide Amalgam
Right 204-M50 Ball Bearing Equipped with WSe2 - Galn Retainer
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Stainless Steel
Shroud Shrunk
onto Piece with

2 it Interference
Fit

Dwg., 747A142
Composite Supplied

by Engineer
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Note: All driiling to ko periermsd using back-up
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TBEST BEARINGS AFTZR COMPLETING
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