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ABSTRACT

Self-lubricating composites consist of at least one structural (matrix) phase and at least one

phase to provide lubrication. Modeling the behavior of such composites involves ascertaining the

frictional contributions of each constituent phase under varying conditions of lubricating film

coverage. The ORNL friction microprobe (FMP), a specialized microcontact tribometer, was used

to investigate the frictional behavior of both matrix and lubricant phases to support the development

of self-lubricating, surfaces. Polished CVD-silicon carbide deposits and silicon wafers were used as

substrates. The wafers were intended to simulate the thin silica films present on SiC surfaces at

elevated temperatures. Molybdenum disulphide, in both sputtered and burnished forms, was used

as the model lubricant. The effects of CVD-SiC substrate surface roughness and method of lubricant

f'dm deposition on the substrate were studied for single passes of a spherical silicon nitride slider

(N'BD 200 material). In contrast to the smooth sliding exhibited by burnished films, sputtered MoS2

surfaces exhibited marked stick-slip behavior, indicating that the frictional behavior of solid lubricating

coatings can be quite erratic on a microscale, especially when asperity contacts are elastically

compliant.



INTRODUCTION

Self-lubricating composites consist of at least one structural (matrix) phase and at least one

lubricous phase. There are numerous examples of such materials already in widespread use,

particularly in applications in which external replenishment of the lubricant is difficult, or where a

secondary, fail-safe lubrication system is needed in case the primary system fails. Self-lubricating

materials range from traditional bushing materials like porous bronzes to structural ceramics or

polymers impregnated with solid lubricants. Teflon(TM)-containing polymer composites [1,2], have

found broad use as seals and light-duty bushings in machinery.

A common approach to modeling the macroscopic friction force (F) for sliding contact in a

single-phase material pairing (in which there is no significant plowing) involves summing frictional

resistances of individual contact spots.

n

F = r _ Ai. [1]

i=l

where r is the effective shear strength of the material which determines the resistance to sliding and

each A i is the area of one of n contact spots which support the normal load in the interface at any

given time. If several materials are present, then each contributes its own contact area and shear

stress (ri) to the total force:

n

F = I; ri & [2]

i=1



For the simple.stcaseof two dominantconstitucntphases,a linear ruleof mixturesfor friction has

beenshownto applyincertainsituations[3]. It mustbe recognized,however,thatthe area fraction

occupiedby a givenphasemaychangeduringsliding,andtherefore the frictionforce will change

accordingly.An effectivesolidlubricantshouldspreadover the matrixphaseduringsliding,and in

general,itsareafractionin the loadbearingareawillbe greaterthanitsinitialproportionof thebulk

material. To complicatematters,aswear occurs,someof the debrismaybecomemixedwith the

lubricantand itsshearstrengthmaybe other than that of either matrixor lubricantphases.

The present paper reports the results of microscalefriction experimentsdesignedto

understandthe relativecombinationsof matrixand lubricatingphasesin self-lubricatingmaterials.

In the presentcase,two matrixphasesand one lubricatingspeciesof interestwere SiC, SiO_ and

MoS_.respectively.The ORNL frictionmicroprobe(FMP), a specializedmicro-contacttribometer,

wasusedin thesestudiesin orderto simulatethe behaviorof individualasperitiesastheyslidover

regionsof matrix and lubricantphases.

In anearlierpaper[4],thesummationof contributionsfrom frictionalvariationsof individual

asperitieswas described. It wasdemonstratedthat as the number of asperitiesincreases,their

individualinfluencesdecrease,andthemagnitudeof momentaryfluctuationsin frictionobservedfor

the overall sliding system decreases. Therefore, the data from the current work should be viewed as ,_

typifying the behavior of single, relatively compliant asperity contacts rather than necessarily

illustrating the behavior of heterogeneous interfaces with multiple contacts.

MATERIALS AND EXPF_.R]MENTAL CONDITIONS

The current work has focussed on silicon carbide as one of the candidate matrix materials for

elevated temperature, self-lubricating composites [5]. Coatings of SiC were produced in our

laboratory by chemical vapor deposition (CVD) on a series of graphite disks within a cylindrical,hot-



wall CVD reactor. A mixture of methyl trichloro-silane (MTS) and hydrogen gases was introduced

at 1000°C with a total chamber pressure of 50 Torr for 48 hours. By weight gain, the resultant

coatings were at least 73 microns thick. The structure of those materials is typically beta-SiC, and

the most common polytype is the cubic 3C (wurtzite) structure with stacked Si-C lattice planes [6].

SiC specimens were tested with two types of surface morphologies: (1) a highly porous structure,

resulting from polishing down the as-formed, botyroidal SiC deposit to leave plateaus and open spaces

between them (see Fig. 1), and (2) a non-porous, polished structure revealed by grinding down below

the porous layer of the as-deposited surface.

It is well established that in the presence of atmospheric oxygen, SiOx phases can form on

CVD beta-SiC at elevated temperatures [7]. The friction microprobe (FMP) used for the present

work was not designed for elevated temperature, so testing was performed at room temperatl,res.

Therefore additional experiments were performed on high-purity single crystal (001)-oriented Si

wafers (which have typically 10 nm thick SiO2 surface films) to simulate, at room temperature, the

type of surface filmson which sliding might occur at higher temperatures. Clearly, the shear strengths

of substrates, oxide films, and candidate solid lubricants change as temperature is raised, so the

present results should not be considered fully representative of elevated temperature behavior.

However, many of the same type of interfacial phenomena, such as solid lubricant film spreading,

transfer to the slider, and loss of films by wear, are often observed at elevated temperatures, so the

mechanistic implications of the current experiments should be at least qualitatively applicable to

higher-temperature behavior.

The FMP used in these tests is schematically shown in Fig. 2. It consists of a light-weight

specimen holder suspended on elastic webs whose deflection under the action of a friction force is

measured with a capacitance gap gauge. The deflection corresponds to a calibrated tangential force

whose line of action passes through the sliding contact. The slider arm is brought down by remote

computer control so that uncertainties of manually lowering the slider are removed. The stage is



traversed by a motorized, encoded micrometer stage at 10 #m/s velocity. The normal force for these

experiments was 10 gf (98.1 mN) and the stroke length for each pass was 440 #m. The FMP rests

on a thick plate which stands on an air-suspension type, vibration-isolation system. Further details

of the FMP have been published elsewhere [8-10].

The Hertzian elastic contact stresses for a 1.0 mm diameter silicon nitride ball at 0.981 N load

on a SiC fiat was calculated to be 1.36 GPa (contact diameter 11.8 #m) and that for the Si wafer flat

was 0.890 GPa (contact diameter 15.0 #m). The mild sliding conditions were indicated by the absence

of fracture of either the SiC or the Si wafer materials when they were observed by light microscopy

after testing. On the silicon wafers, faint, light-colored wear tracks i5 #m wide were observed.

Therefore, the elastic contact size calculations agreed well with measurements of sliding track width

in the case of minimal wear.

Two forms of MoS 2 solid lubricant were used in these experiments:(1) a reagent grade

powder of > 99% purity and (2) a thin film deposit produced by sputtering. The powdered material

(see Fig. 3a) was applied by burnishing it gently onto the surface with short-knapped metallographic

polishing cloth.

The sputtered film was applied as a 1.5/_m-thick layer by a commercial firm [11]. As was

common practice, the vendor wiped the surface of the sputtered deposit with lint-free, cotton cloth

after coating to improve its cosmetic appearance. Unfortunately, this procedure destroyed the as-

sputtered surface morphology and left fine f'_ures in the coating. (see Fig. 3b).

Room-temperature tests were run in air with the flat specimen materials and conditions listed

in Table 1. The slider material used for all experiments was Norton type NBD 200 silicon nitride in

the form of 1.0 mm diameter Grade 3 bearing balls. Slider tips were carefully cleaned just prior to

mounting in the FMP and examined on an optical microscope at 100 - 200X to assure a clean contact

point. After testing, the tips and flat specimens were once more examined by optical microscopy.

Friction data were recorded using digital data acquisition software at a data rate of one



sample/50 ms, so that about 1000 friction force readings were obtained for each stroke (one sample

for each 0.5 I_m sliding distance at constant sliding speed). Details of sliding friction could be

obtained easily by expanding portions of the data on the computer monitor or on hardcopy printouts.

Results of the stroke-by-stroke friction tests are presented as plots of sliding time versus

friction force or friction coefficient. It should be noted that the sliding velocity of the actual contact

varied due to the fact that changes in friction necessitated a change in stage deflection. The average

sliding velocity was that of the traversing stage (10 prn/s), but intermittent accelerations and

decelerations of the slider tip relative to the flat specimen during unsteady friction also occurred, and

velocities for these cases are discussed subsequently.

RF__ULTS

A typical friction record for sliding on the CVD SiC porous surface is shown in Fig. 4a.

Rising linear portions of the test record represent merely the bending of the elastic supports on the

specimen stage as tangential force rose to overcome momentary mechanical restraints of the slider

tip in surface holes. The tremen6ous effects of mechanical asperity interlocking are evident from this

experiment. It was impossible to ascribe a single value of friction coefficient to characterize that kind

of widely-varying behavior. At about 32 seconds (see Fig. 4a), a short level portion of the plot

suggests that sliding was occurring momentarily on a flat portion of the surface. The friction

coefficient of that portion is about 0.23, which agrees well with the 0.24 obtained in an earlier study

[81.

The sliding record for the polished SiC surface, without pores, is shown in Fig. 4b. Here, the

nominal friction coefficient was about 0.29-0.31. This range of values is probably a better one to use

for the matrix than those obtained on the porous specimen because the sliding surface was much

more uniform. It should be noted that the friction coefficient for more macroscopic, pin-on-disk



slidingtestsof silicon nitride on polished,hot-pressedsiliconcarbide was about 0.54 [12], but that

larger friction value involved significant mechanistic contributions from surface roughening and

entrapped wear debris.

Sliding tests of the Si wafer specimen exhibited a reproducible variation in friction behavior

from one stroke to the next (see Fig. 4c). The first stroke of each five-stroke experiment had a

curved, decreasing trend in friction which leveled out near the end of the stroke to a friction

coefficient of about 0.16. The second stroke had a more linear decrease along its length. The third

stroke of each test was nearly level in friction. The fourth and last strokes began with a slight rise,

drop, and rise behavior. The remarkable repeatability of these frictional variations from one test to

another suggested that a well-defined sequence of sliding interface conditioning mechanisms was

occurring with the $iO.C$i3N4sliding combination.

When a layer of fine Mo$2 powder was burnished onto the Si wafer surface, a nominal friction

coefficient of about 0.14 was obtained (see Fig. 5a). This is only slightly lower than the value for the

uncoated wafer. At the beginning of the stroke, variations may indicate the transfer of some of the

lubricant to the bali tip. Fig. 6 shows the deposit on the silicon nitride ball after 5 strokes on the

coated surface. The transfer layer deposit was quite heterogeneous. From these observations, we

learn that simply because the friction coefficients for the coated and uncoated silicon specimens were

similar, it should not be assumed that conditions are also identical in the interface.

Tests of Mo,_ sputter-coated onto Si wafers were also performed to determine whether the

method of applying the lubricant would affect frictional behavior. A dramatic difference in the

frictional behavior was in fact observed. The sputtered surfaces exhibited marked stick-slip behavior

with tangential forces varying from about 3.0 to 7.0 gf in a very periodic manner (e.g., Fig. 5"0).The

stick-slip behavior was repeatable from one stroke to the next and from one test to the next.

Enlargements of the trace showing the indMdual data (Fig. 7) indicated that the "slip"portion of the

stroke took less than 0.05 t,, the l_'eset time between digital datum samples. Extremely linear



behaviorof theup-loadingcurvessuggestedthat no significantslipwasoccurringduringthe elastic,

stick portionof the trace. The slidingvelocityduringslip wastherefore much higher than the

nominalvelocityof the FMP traversingstage. Basedon thechangein friction force and the known

force-deflectioncalibrationof theFMP stage,theactualslidingvelocityduringaslipwasgreaterthan

400 pm/s(19.96 I_mrelative motionoccurring lessthan0.05 s), about40 timeshigherthan the

stagetraversevelocity.

The final experimentsin thisstudyweredesignedto seewhetherslidingof siliconnitrideon

a MoS2surfacewouldpickup enoughtransferredlubricantto produceresidualfrictioneffectswhen

it slidon uncoatedmatrixmaterial. A fivestroketeston NBD 200on sputteredMoS2wasconducted

andthesurfaceof the tip wasexamined.Only a verysmallamountof lubricanttransferred(Fig. 6).

A freshsliderwaspreparedandslidthree timeson MoS_ Then the flat specimenwasreplacedwith

a cleanspecimenof Si to observewhetherthere wouldbe anyeffect of the transferredmaterialon

theball tip. The resultantfrictiontracedidnotdiffer fromtheotherswhichstartedwith a cleanball

tip.

DISCUSSION

Friction data from friction microprobe studies should not be compared directly with more

macroscopic, traditional friction test results becau__ethe contact conditions are more sensitive to

highly-localized sliding conditions on the asperity level and because its force measurement sensitivity

requires an elastically-compliant stage. Data represent frictional behavior in the absence of significant

amounts of sliding energy dissipation due to the sliding of rough surfaces. In addition, the

complicating e_ of wear debris accumulation on friction can usually be neglected since little or

no wear occurs in FMP tests.

The faca that the friction of Si3N4 on SiOz was lower than that of silicon carbide suggests that



at higher sliding temperatures, where the formation of SiO, on SiC is promoted, frictional benefits

should occur. However, Yusrs recent work [5] indicated that when sliding NBD 200 on CVD-SiC

in air at temperatures up to 750 °C, the friction at the higher temperature was increased about 25%

over that at room temperature. This contrasts with a 53 % reduction of friction when sliding NBD

200 spheres on tiae silicon wafer instead of polished CVD-SiC in the current study. This observation

suggests that other factors, such as wear surface roughness and the change in film shear strength with

rising temperature, can counteract the frictional influences of elevated-temperature SiO2 formation.
I

If the surface coverage by lubricant is not complete, then a simple mixtures rule, similar to

that discussed in Ref. [3], may be applied, viz.

F = X.F,, +X IFt [41

where X,, and XI are the area fraction of the matrix and lubricant, respectively. Assuming that the

normal force is distributed proportionately among the contact areas,

u = (1-xt) _,, + xl m [5]

where,/au.! are friction coefficients for the limiting cases of complete surface contact by either phase.

Graphically, the representation of Eqn. [5] is simple: a linear plot of XI, the area fraction of

lubricant coating the contact area, venus friction coefficient with the left intercept representing the

case of sliding only on matrix material and the right intercept value equivalent to sliding on a

continuous lubricant film. This type of diagram has been called a Friction Process Diagram and is

described more fully elsewhere [13]. Using the lowest measured friction values for MoS 2 (on the

burnished surface), diagrams for Si/MoS2 and SiC/MoSs are given in Fig. 8. The plot represents the

average level of friction to be expected for various amounts of surface coverage by MoS s on these



two substrate materials if the composite were tested under similar conditions to that used in this

investigation.

Perhaps the most remarkable result of the current study is the finding that sputtered MoS 2

coatings can exhibit significant stick-slip behavior on the asperity scale. The physical reason for this

behavior is not the periodic failure of the coating, as might have been expected in the absence of

other evidence, but rather the development of periodic scallops (depressions) in the coating itself with

no break-through to the substrate. Through the use of differential interference contrast optical

microscopy, the undulating appearance of the wear groove in the MoS_ sputtered surface was

revealed (Fig. 9). The number of undulations along the track is consistent with the number of stick-

slip events recorded in the friction record for each stroke. Higher magnification examination along

the slider groove revealed no evidence of Si substrate exposure. Therefore, the stick-slip behavior

was probably caused by plastic indentation of the hard ceramic slider tip into the soft surface,

followed by its sudden release only to become lodged in the next impression. It is suggested that the

reason why this behavior is not typically observed in more macroscopic friction tests of sputtered

MoS: is that the asperities on the surface of a larger, stiffer body have insufficient individual elastic

compliance to develop the stick-slip behavior, and further that, averaged over many asperities, this

kind of localize_ behavior would not normally be detected.

It is interesting to note that the stick-slip behavior of the sputtered film produced magnitudes

of friction variations similar to those of the porous SiC surface, although the mechanistic reasons for

this behavior clearly were not the same. In the porous SiC, the tip of the slider was caught in pre-

existing holes in the surface, whereas with the MoS,. coating, plastic indentation of the coating and

tip adhesion to the material within the impression occurred as a direct result of the sliding process.

The lack of transfer by the sputtered MoS 2 onto the silicon nitride surface implies that

pockets of MoS=, in a composite microstructure must be very closely-spaced if there is to be any



chanceto makeit self-lubricatingagainstsiliconnitride. A self-lubricatingcoatingshouldbe smooth

enoughto eliminate asperityimeriockingeffectswhilestill havingenoughvolumepercentlubricant

to for:a lubricantbridgesfrom one lubricantinclusionto anotheralongthe slidingpath.

CONCLUSIONS

Friction microprobeexperimentson an asperity-scaleshowedthat for the slidingof small,

siliconnitride sliders:

I. The friction of silicon nitride on natural silica layers (on single crystal silicon) was lower

than that for sliding on polished silicon carbide surfaces. This effect rar_ ,:o_.,r_erto the

observed increase in friction for silicon nitride sliding on silicon carbide at elevated

temperatures, as found in other experiments. Thus, silica film formation has less effect on

friction at high temperatures t.han did surface roughening due to increased wear.

2. Mechanical interlocking was seen to cause significant and erratic variations in tangential

force on the asperity scale.

3. The method of applying MoS2 to surfaces can change the frictional behavior of model

asperities from being low and having relatively smooth sliding (burnished powders) to having

a marked stick-slip response (sputtered coating).

=

4. MoS: was not prone to transfer to silicon nitride in large enough measure to assure that

friction reduction would be maintained after the silicon nitride slider left an area of the

surface which was covered by MoS.z. Therefore, it is not expected to be a good lubricant for

silicon nitride unless there is full and continuous surface coverage.
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Table 1.

MATERIALS USED FOR FLAT SPECIMENS

(NBD 200 slider, 98.1 rr_i.,.i'oad, 10 prn/s speed, in air)

,, , , ,,., , ..,, ,, , T., ,,, • .,,, "- .....= ,',I,. ,., , I',' ,, ='.. , ,,., ,, ,, ___

Material Form

, i ' '" t ' ' ' ' ' ' "|"'

SiC CVD deposit polished to produce flat plateaus

,,,, ,. , , . ,. . .. , ,, ,

SiC CVD deposit polished flat with no pores

,., , ,,,.,,, , , , |, , , ,

Si high-purity, single crystal wafer with coating of ambient SiC)2

i , , .,, j, ,, ., , , i,,,,. ,,,,,,., ,,=, , ,,. ,,,.

Si/MoS 2 burnished deposit on a Si wafer

p,. ,, , , • ,., i ,, . .,, , ,

Si/MoS 2 sputtered deposit (1.5 microns) on a Si wafer

' ' '"" ' '= "" " ' ' ' i



FigureCaptions:

I. Opticalphotomicrographofsiliconcarbidecoatingshowingpolishedplateauswidely-separated

byregionsofas-depositedcoatingmorphology.

2. Schematicdiagramofthefrictionmicroprobe.Elasticsuspensionwebsateachendofthe

"boat"extendperpendicularlytotheplaneofthediagram.

3. Scanningelectronmicrographsof(a)high-purityMoS 2 powdershowingthinplateletsof

varioussizes.(b)SputtereddepositsofMoS_-,afterwipingwithlink-freecotton.Therearenumerous

finefissuresinthesoftsurfacesurroundinga hardere.rystalliteinthefilm.

4. Typicalfrictionforceversustimedataforsiliconnitrideslidingon (a)a quiteporousSiC

surface,(b)a flat,polishedSiCsurface,and(c)a siliconwafer.

5. Frictionforceversustimedataforsiliconnitrideon (a)burnishedMoS 2and(b)sputtered

MoS.-,.

6. Deposit of MoS2 on the tip of the slider after 5 strokes.

7. High-resolution detail showing individual data during the "slip"portion of a stroke on

sputtered MoS.,.

8. A Friction Process Diagram for Si and CVD SiC, each assumed to operate by a linear rule

of frictional mixtures with MoSt,.

9. Differential interference contrast image of the sliding track in the sputtered MoS2 surface

showing periodic undulationswhich correspond in number to stick-slipevents in the recorded friction

trace.
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