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TECHNICAL NOTE 2027

FRICTION AND WEAR OF HOT-PRESSED EEARING MATERIALS
CONTAINING MOLYBDENUM DISULFIDE

By Robert L. Johnson, Max A. Swikert
end Edmond E. Bisson

SUMMARY

An experimentel investigation wes conducted to determine the
feasibility of bearing lubricatlion by a process involving the
transfer of molybdenum disulfide from within the structure of a
composite bearing material to the interface between the contacting
surfaces. The investigation was aleso conducted to esteblish the
proportionate amount of lubricant necessary in such a bearing mate-
riael. A study was made of bearing materials composed of various
amounts of molybdenum disulfide (up to 35 percent), silver, and
S5-percent copper.

The experiments were performed with & kinetic-friction appa-
ratus employling a rotating steel disk and s bearing-specimen
assembly suspended and restrained by metal springs. The bearing
specimen had a hemispherical contecting surface. Experimental runs
were made over a range of sliding velocities between 75 and
8000 feet per minute with loads of 269, 519, and 1017 grams. Spec-
imen surfaces were studied with stendard metallurgical and physical
techniques and equipment.

The materisls investigated were lubricated by a transfer of
golid lubricant (molybdenum disulfide) from within the structure of
the rider to the interface between rider and slider. This transfer
resulted in.the formation of an effective lubricating film. The
best composition studied in this investigation, from considerations
of both friction and wear, contained 10-percent molybdenum disulfide,
This composition showed the lowest rate of weer and relatively low
friction (approaching the lowest obtained); the friction for this
material was relatively unaffected by sliding velocity. Surface
welding occurred with specimens containing less then 5-percent
molybdenum disulfide.
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INTRODUCTION

Some of the conditlions under which aircraft-propulsion systems
must operate can result ln extreme boundary lubrication between the
contacting surfaces; at these conditions, some metal-to-metal con-
tact would result. As an example, Gurney in reference 1 states that
the temperstures attained in rolling-contsct bearings after shutdown
can result in veporizastion of the lubricant, which permits metal-to-
metal contact on subsequent starting of the engine. Bearing mate-
rials containing & solid lubricant prepared by powder-metallurgy
techniques might be suitable for reducing friction and preventing
welding under conditions of metal-to-metal contact., These materials
would consist of a relatively herd matrix in which small particles
of a soft phase are dispersed. A materisl such as molybdenum
disulfide MoSp; might adequately serve as the soft phase. Accord-
ing to reference 2, MoSz2 is an effective so0lid-film lubricant under
extreme conditions of sliding veloclty and surface load. Analysis of
the lubricating actlon of MoSp, presented in reference 2, indicates
that within the ranges of thermal and chemical stability of the mate-
rial (reference 3) it should be an effective lubricant. Although
prepared surface oxides are considered beneficial in MoSy; lubrica-
tion of steel surfaces, research using MoSz as an additive in
fluid lubricants (reference 4) shows that the prepared oxides are
unnecessary for effective lubrication in all cases,

Experiments were conducted at the NACA Lewis laboratory to
determine the mechanism of action and the friction and wear prop-
erties in dry sliding of hot-pressed bearing msterials containing
MoSo. A secondary purpogse was the determination of the optimum
concentration of MoSz from considerations of both friction and
woar. The principal constituent of the materisls investigated was
silver Ag with a small amount of copper Cu. This matrix was
selected because of its known desirable bearing characteristics
end because it could be formed by powder-metallurgy techniques.

The apparatus used for these experiments consisted of an elas-
tically restrained rider having a hemispherical contacting surface
sliding on a rotating steel disk. The friction and wear character-
istics of the bearing materials were studied with loads from 269 to
1017 grams (0.58 to 2,19 1b) at sliding velocities up to 8000 feet
per minute. Specimens were prepared of various concentrations of
MoSz (from 1 to 35 percent), Ag, end 5-percent Cu.
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AFPPARATUS AND PROCEDURE

Friction and wear specimens, - The specimens used in these
experiments consisted of & rotating steel disk, comprising the slider,
end a cylindrical-shaped rider 3/8 inch in diameter with a
hemispherical-shaped contacting surface (3/16-in. radius) on one end.
The hemispherical surface of the rider was produced by shaping with a
specigl cutter. The wear surface was reshaped after each friction
run to remove the wear spot and the surface was then lightly polished
with 0000 emery paper. The riders consisted of specimens with various
concentrations of MoS; (from 1 to 35 percent), Ag,- and S-percent
Cu,

In the contact of the spherical surface with the flat surface,
the eguivalent initigl Bertz surface stress for the 269-gram
(0.58 1b) load is approximately 61,000 pounds per squere inch if
elastic deformation of both specimens and a modulus of elasticity
for the rider neerly equivalent to that for Ag are assumed. This
value is ean approximetion as some plastic deformstion probsbly occurs
because of lack of homogeneity of the powder-metallurgy:specimens.
Also, the modulus of elasticity for these specimens is probably
unequal to that for Ag in all combinations of MoSp and Ag.

‘Specimen preparation. - The besring specimens used were formed
by hot-pressing powdered constituents. The apparatus used to form
the specimens consisted of an induction heating unit, s hydraulic
press, and a carbon die. The carbon die was made from a 3-inch-
diameter rod spproximately 5 inches long with a 3/8-inch—diameter
hole bored along its axis. The dle was heated to a temperature of
1400° F within a few minutes by the induction unit; subsequently,
the powdered mixture in the die was compressed within 10 to 15 sec-
onds by a 3/8-inch-diameter carbon rod contacting the anvil of the
hydraulic press. The maximm pressing force was 900 pounds, pro-
ducing e maximum unit loading of approximately 8100 pounds per
square inch, After pressing, the specimens were allowed to cool in
the dies to a temperature below 140° F, which required several hours.
The disks of the friction apparatus, made of SAE 1020 steel, were
finished and cleasned as described in reference 5. After cleaning,
the disk surface was free of adsorbed grease film as indicated by
the ability of water to wet the surface. A thin (15 to 25 4) film
of ferroso-ferric oxide Fez04, however, remained on the surface as

stated in reference 5.

The materisls used in the riders could not be satisfactorily mixed
in a conventional ball mill; consequently, it was necessary to mix
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them by hand with a spatula. The MoSy; adhered to the operating

parts of the bell mill to such an extent that it was lmpossible to
obtain specimens having known concentrations of MoSa.

Friction spparatus. - The friction epparatus used for these
experiments ls the same as that described In reference § except that
it was modified to accommodate the cylindricel-shasped rider spec-
imen. A dlagrammatic sketch of the apparatus showing the elastically
restrained rider-holder assembly end the rotating disk that are the
primary parts is presented In figure 1, The disk is rotated by a
hydreulic-motor assembly that provides accurate speed control over
a range of sliding velocitles from 50 to 18,000 feet per minute.
Loading 18 accomplished by placing weights on the rider holder.
Friction force is measured by four tempersture-compensated strain
gages mounted on & copper-beryllium dynemometer ring and connected
to an observation-type potentiometer converted to use as a friction-
force ingicator.

The epparatus includes an electrically driven radial-feed mech-
anism calibrated to indicate radisl position of the rider. The
radisl feed 1s used to position the specimen and, when desired, to
cause the specimen to traverse & spiral path on the rotating disk.
The friction-force readings are recorded by a motion pilcture camera
(64 frames/sec) timed to operate for 3 seconds, covering each separate
friction run. The specimen disk is mounted on a flywheel assembled
with its shaft supported and located by a mounting block containing
bearing essemblies for accurate location.

Method of comducting experiments. - Friction runs were made
with loads of 269, 519, and 1017 grams (0.58, 1.14, and 2.19 1b) at
sllding velocities from 75 to 8000 feet per minute using riders
containing verious percentages of MoS; with a Ag and Cu base,
Separate wear runs were mede with a load of 519 grams at a sliding
velocity of 5000 feet per minute for periods of 1 hour.

In conducting the friction runs, the disk is rotated at a pre-
determined speed and, by means of a cam arrangement, the loaded
rider is lowered onto the disk as the radlal feed is started. As
the rider traverses the disk along a spiral track, friction force
is indicated by the potentiometer and recorded by the camers; disk
rotative speed is determined with an electric revolution counter
and e synchronized timer, The run is terminated after 3 seconds by
lifting the rider from the moving disk surface., Mean sliding veloc-
ity for the experiment is computed from the recorded disk rotative
speed and the meen diameter of the rider path. The change in diam-
eter of the rider path on the disk resulting from the radial travel
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of the rider causes a maximum deviation In sliding veloclty of
approximately 3 percent from the mean valuse. ,

Time lag in the mechaniosl drlve that determines the response rate
of the potentiometer used for indicating friction force was more than
one-half of the total duration of a2 single run (3 sec) in cases where
high friction values were obtained. In order to minimize this diffi-
culty and thereby obtain the longest possible periocd of time at stabi-
lized friction values, it was normal procedure to preload the force-
measuring system to approxima.tely the expected frictlon-force value.

The wear runs were made by allowing the rider to slide over the
same track on the disk. The duration of the wear runs was deter-
mined with a conventional stop watch.

The limits of experimental error in the friction values pre-
sented were not constant in all the experiments because of incon-
sistencies in the rider specimens. In all but isclated cases, the
reproducibility in coefficient of friction was within £0.05 of the
valuee given and in general was less. By definition, the coefficient
of friction ls the ratio of the friction force to the applied normsl
load. This scatter of data, although relatively great, mey possibly
be explained by non-homogeneity of rider specimens, which resulted
in high friction when weering through the hard matrix and low fric-
‘tion whenever an inclusion of the solid lubricant MoSpz was reached.

The limits of reproducibility in the wear-spot dismeter measurements
was within 220 percent and the error in weight-loss measurements was
greater; in consequence, the most emphasis was placed on the wear-
spot diesmeter measurements.

Wear of the rider was determined from measurements of wear-spot
diameter made with a calibrated microscope and by weight loss obtained
with en anslytical belance. Hardness measurements of the matrix of
each specimen were mede with a Bierbaum Microcharacter (scratch
hardness tester).

RESULTS AND DISCUSSION

Sliding velocity. - In order to evaluate the friction data
obtained with the hot-pressed bearing specimens, the data of refer-
ence 5 relative to the effect of sliding velocity on the coefficient
of kinetic friction for dry steel surfaces are presented in figure 2.
These data include loads from 269 to 1017 grams (0.58 to 2.19 1b);
for the steel-on-steel surfaces, friction coefficient was independent
of load (that is , Amonton's law was verified). Comparative data
presented in reference 6 indicate that with common bearing materials 3
including steel sliding on bronze, cadmium-nickel, or babbitt, fric-
tion coefficients in the range of 0.22 to 0.55 were obtained.



http://www.abbottaerospace.com/technical-library

6 NACA'TN 2027

Deta showing the effects of sliding velocity on friction for
hot-pressed rider specimens containing various percentages of MoSs
with Cu and Ag are presented in figure 3. In comparing the
friction curves (at s load of 269 grams) for the various rider
specimens, appreciable decreases in friction with Incresses in
sliding velocity between 1000 and 8000 feet per minute are evident
for MoSy concentratlions of less than 5 percent. In genersl, with
the higher concentrations of MoSz, the friction forces stabilized

and showed lititle change with variation in sliding velocity.

The data of figure 3 also include points for loads of 519 and
1017 grams as well as for the 269-gram load (the curves are for
the 269~gram loed). Load apparently has little effect on frictionm
over the range investigated. In all these experiments, however,
the date scatter was quite large, possibly masking any effect of
load onsfriction coefficient. Absence of a discernible general
effect of load may reflect the lack of homogenelty observed in the
hot-pressed specimens. Voilds and relstively large inclusions of.
MoSp; 1in the specimens were common.

Concentration of MoS2. - As shown in figure 4, friction gen-
erally decreased with increased MoSo concentration. The greatest

effect of concentration on friction was observed in the range of
concentrations of MoSz between O and 5 percent. With higher con-

centrations, the relative effect of the amount of MoS2 on friction

was less; however, & decrease in friction continued with increased
concentration,

Enlarged photographs of wear areas produced on specimens of
various MoS2 concentrations during 1 hour of operation at a sliding
velocity of 5000 feet per minute and s load of 519 grams are presented
in figure 5. Wear runs were made with the 519-gram load because of
inability to obtain significant wear date in a reasonsble period of-
time with the 269-gram load used in presenting most of the friction
data, Data on the physical measurements of weer on these specimens
are presented in figure 6. Because the reproducibility of the weight-
loss daete was not nearly as good as that for the wear-spot diasmeter,
the weight-loss curve is included only to show the trend and to
indicate the general correlation of the two methods of wear meas-
urement. A friction curve is also included in figure 6 for these
specimens; this curve is cross-plotted from figure 3, These data
show a definite minimum amount of wear with specimens having epprox-
imately 10-percent MoSp. Greater wear of specimens containing more

then this amount is attributed to lower specimen strength resulting
from the larger proportion of the soft phase (MoSz) within the

1220
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hard matrix. A photomicrograph of a Bierbaum hardness scratch made
on the surface of a specimen containing 15-percent MoSz 1is presented

in figure 7. Filtered light, used in making this figure, accentuated
directional surface disturbances such as the hardness scratch., Com-
parlison of the width of this scratch and dats obtained with specimens
contalning different MoSz concentrations indicated there was little
difference in metrix hardness of specimens heving varlous retios of
Ag to Cu. Equivalent scratches have been obtained in other mate-
rials that had measured Brinell hardness numbers of approximately
150. DNo physical measurements, such as tensile and compressive tests,
were made but increasing the amount of lubricant inclusions (MoSz)

would probably adversely affect the strength of the composite mate-
rigl. A cursory study of the fine network of lines that appear in
figure 7 indicated that this network might correspond to the MoS2
Inclusions. A grouping of these network lines would correspond to
a relatively large inclusion of MoS; that would then be visible
under normal lighting, as shown in figure 8. A photomicrograph of
snfinely abraded surface of a specimen conteining 15-percent MoSsy
is presented in figure 8 showing typical dispersion of the solid
lubricant under normal lighting.

Surface studies. - When an effective lubricating film (result-
ing in low friction and no welding) was established between the
rider and the steel-disk surfaces, the contacting areas showed
charascteristic discoloration. This discoloration lowered the
reflectivity of the surfaces and, in general, made photomicroscopy
more difficult and rendered black snd white photomicrographs less
significant. In some cases, the common varied lines of discolora-
tion appeared in hlack and white photomicrographs as indicating
severe surface disturbance when in reaslity no significant surface
dlsturbance existed, as determined from elther a visual study or e
study of full-color photomicrographs.

Seversl photomicrographs of wear surfaces of rider and disk
specimens after 1 hour of operstion at 5000 feet per mimute sliding
velocity with 519 grams load are given in figure 9. In figure 9(a),
the wear surface of a rider specimen containing 95-percent Ag eand
S-percent Cu 1is shown. The photomicrograph shows normal sbrasive-
type wear, as well as a pit that may have been caused by plucking
out of materisl becesuse of a strong weld between the sliding surfaces.
A characteristic surface crack is also shown on the upper part of the
photomicrograph, Surface cracks of this nature are common in dry
friction with many materials including steel and are probably ceused
by the high surface stresses resulting from welding. These high
surface stresses in the direction of motion produce surface failures
in the form of cracks normal to the direction of motion. In con-
sequence, the surface crack of figure 9(a) cannot be considered as
resulting from any characteristics peculiar to this material.
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The mating disk surface for the rider shown in figure 9(a) is
presented in figure 9(b). This disk surface shows a surface weld
of the rider material to the steel. Surface welds of this nature
were common with all rider specimens containing less than S5-percent
MoSz. The dark spots appearing all over the normal running surface
in figure 9(b) were probably caused by oxidation of rider material
trensferred to the disk.

The wear surface of a rilder specimen containing l5-percent
MoSp, 80-percent Ag, and S5-percent Cu is shown in figure 9(c).
The spparent surface disturbances in this case consist of the sur-
face discoloration previously discussed and the surfaces of inclu-
slons of MoSg, indicated in figure 8. No evidence of surface

welding or other common forms of lubricastion failure was found on
this surface or on the mating steel surface shown in figure 9(d).

In figures 9(c) and 9(d), surfaces that are considered representative
of the contact areas observed in gll cases of the satisfactory oper-
ation that ocourred with concentrations of MoSz of 5 percent or
higher are pictured. In these cases, surface discoloration of both
the rider and the dilsk occurred; this discolorstion was primerily
the result of the MoSz Dbeing transferred from the rider meterial
to form a lubricating film. The lubricating f£ilm was quite thin
although it had sufficient thickness on the steel surface to include
particles of wear debris from the rlder matrix. The lubricating
£ilm waes not perfectly continuous but seemed to cover most of the
contacting surfaces. Surface coloration made identification of the
film material present comparatively simple.

Examination of the friction, wear, and surface-study data
obtained establishes the fact that an optimum concentration of MoS2
exists that seems to be spproximately 10 percent. Above that con-
centration wear increased, friction decreased only slightly, and
ne indication of any further desirsble effect on surface condition
ogecurred.

In generesl, by comparison of the friction data obtained in this
investigation with that of figure 2 and reference 8, it is indicated
that bearing surfaces msade of hot-pressed Ag, Cu, and MoSz may
have sultable friction characteristics at moderate sliding velocities
and under conditions of metel-to-metal contact. The data of this
investigation also indicate that the solid film lubricant MoSp
was effective in preventing welding at concentrations greater than
5 percent even under conditions of metal-to-metal contact. This
result is in contrast to that for the steel surfaces of reference 5,
where welding took place whenever the surfaces were dry and clean.
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Surface studies of the disk speclmens sfter operation with the hot~
pressed rider show that MoS; 1is itransferred from the rider mate-

rial to form a lubricating film similayr to that described in refer-
ence 7, which states that lead 1s extruded (from copper-lead bearings)
to form an effective lubricating film on steel surfaces. A chemical
gpot test indicated that the £ilm present on the rubbed surface con-
tained molybdenum. The spot test used is described in reference 8
and invelved the use of ammonium hydroxide to dissolve the molybdenum
compound. This sclution was then absorbed on filter paper that was
acldified in fumes of concentrated hydrochloric acld. A drop of
sodium thiocyasnate solutlion was then added and, in those cases where
molybdenum was present, a brown-red color appeared. The intenslty
of color depended on the original concentration of molybdenum. A
further check was made by the addition of stannous chloride, which
willl discolor the solution if the color 1s due to iron, The resulis
of the check substantiated the indicatlon that molybdenum and not
iron was predominately present in the film material. The matrix
meterial of rider speclmens having less then S-percent MoSpy showed
immediate surface welding to the stesl when operated at high sliding
velocities., Because lubricatlon by thin solids requires a film of
finite thickness, the process of gradusl rumning-in of such surfaces
would probably increase the thickmess of a transferred film of MoSs.

This MoS; f1lm would protect the surfaces ageinst failure during
subsequent operetion at higher sliding velocities.

SUMMARY OF RESULTS

Hot-pressed bearing materlals containing molybdenum dlsulfide
MoSs, silver Ag, and copper Cu, formed in oylinders with heml-
spherical contacting ends, were operated against rotating dry steel
disks at sliding velocities between 75 and 8000 feet per minute and
with loads of 269, 519, and 1017 grams, Under these conditions, the
followling results were observed:

1. The bearing materlals investigated functioned by & transfer
of solid lubricant (molybdenum disulfide MoSs) from within the
structure of the rider to the interface between the rider and the
gsteel slider; this transfer resulied in the formation of an effec-
tive lubricating film on the steel surface.

2. Of the bearing composlitions Investigated, the one containing
10-percent molybdenum disulfide MoSp, 85-percent silver Ag, and
S5-percent copper Cu was shown to have the best performance char-

acterlstlcs with regard to bhoth frioctlon and wear. Lower concentra-
tlons of MoS, resulted in higher friction, greater wear, and, in
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most cases, surface fallure by welding. Concentrations of MoSy
above 10 percent resulted in a slight decrease of friction; however,
wear Incressed, probably because the higher concentration of MoS2
lowered the physicel strength of the material.

3. Sliding velocities up to 8000 feet per minute did not
influence the friction values to any apprecisble degree although
the trends showed some deviatlon when less than S-percent molyb-
denum disulfide MoSpz was included in the materials.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, August 18, 1949,
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Cosfficlent of kinetic friction
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Coeffleient of kinetic friction
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Coefficient of kinatic friction

! Load
{gram)
O 269
O 519
.3 < 1017
O
h f _JQ f P
.2l P i = 5 hd
o1

(@) S=psrcent molybdenum disulfide MoS,, PO-percent silver Ag, end 5-~percent Bopper Cu.
03 T

8 L B b B

.2 T 1 m g

.1
(e) l0-percent molybdermum disulfide MoS,, 85-percent sllver Ag, end 5-percent copper Cu.

.3
.2 ‘Ln AF h 12 g;) ) & _
1 :

0 1000 2000 3000 4000 5000 6Q00 7000 8000 9000

1

811ding velocity, ft/min
{f) 15-percent molybdenum disulfide MoS,, 80-percent silver Ag, end 5-percent copper Cu.

Figure 3., - Continued. Effect of sliding veloclty on friction of hot-pressed rider speclimens
containing various concentrations of molybdenum disulfide MoSp, silver Ag, and copper Cu
at various loads. Curve 1a for 269-gram load.

L20C NL VOVN

g1



http://www.abbottaerospace.com/technical-library

Coafficlent of kinetic friction
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Coefficlent of kinetic friction
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Filgure 5. - Riders showing effect of molybdenum disulfide MoB2 concentration on wear of
hot-pressed bearing materiels containing silver Ag and S-percent copper Cu; operation
for 1 hour; load, 518 grams; sllding veloclity, 5000 feet per minute., X3.
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Figure 6. = Effect of molybdenum disulfide MoSs concentra-
tion on wear and friction of hot-pressed bear?ng meterials,
Operation for 1 hour; load, 519 grasms; sllding veloclty,
5000 feet per minute; material, molybdenum disulfide MoSo,
silver Ag, and 5-percent copper Cu. (Friction curve cross-
plotted from fig. 3 at sliding veloclty of 5000 ft/min.)
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C-24708
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Figure 7. - Photomicrograph of Bierbaum hardness scratch on finsly abraded surfece of hot-
pressed bearing material contalning 15-percent molybdemum disulfide MoSz, 80-percent

silver Ag, end S-percent copper Cu. Green filter. X100.
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Pigure 8. - Photomicrograph of finely ebraded surface of hot
showing dispersion of molybdemum disulfide MoSgz as dark

molybdenum disulfide MoSp, 80-percent silver Ag, and 5

25

C-24709
11-22-49

-pressed bearing material
areas., Material, l5-percent

-percent copper Cu. X100.
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(a) Wear surface on rider containing 95- (b) Mating wear surface on steel disk
percent silver Ag and S-percent cop- operating with rider shown in fig-
per OCu, ure 9(a).

(c¢) Wear surtace on rider containing 15- (d) Mating wear surface on steel disk
percent molybdenum disulfide MoSg, ' operating with rider shown in fig-
80-percent silver Ag, and S5-percent ure 9(c).
copper Cu,

C-24710
11-22.49

Figure 9. - Photomicrographs of representative wear areas on hot-pressed bearing-meterial
rlder specimens and mating steel disk surfaces after 1 hour of operatiom. ILoad, 519
grams; sliding velocity, 5000 feet per minute. PFigures 9(e) and 9(b) are representative
of surfaces that falled@, observed wilth molybdenum disulfide MoS; concentrations less than
S percent. Figures 9(c) and 9(d) ere representative of satisfactory surfaces sheserved
with molybdenum disulfide MoSz concentrations of more than 5 percemt. X100.
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