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ABSTRACT

In a study seekingto achieve low friction and low wear on ceramic materials,we Investigateda new lubrication

concept that exploresthe synergisticeffectofa silver film and a recentlydevelopedsyntheticoil on the boundary-

lubricationbehaviorof siliconnitride(SisN4)ceramics.Frictionandweartestswereperformedon a weartestmachine

at temperaturesupto 380°C. Under the testconditionsexplored,we foundthat the frictioncoefficientsof SisN4/SisN4

test pairsduringoil-lubricatedslidingtestsrangedfrom0.1 to 0.35, andthe averagewear ratesof ceramicpinswere

between3 x 10 "7 and 10.6 mm3 N"1 m1, dependingon test temperature.Concurrentuseof lubricantoilwitha silver

film hada synergisticeffecton both frictionand wear. Specifically,it was observedthat when silverfilmsare used at

oil-lubricatedslidinginterfaces,the wear ratesof both pins and flats were reduced to unmeasurablelevelsandthe

frictioncoefficientswere reducedby factorsof twoto ten belowthoseof the testpairswithoutsilverfilms.Beneficial

synergisticeffects of silverfilms and syntheticoil on the boundary-lubricationbehavior of ceramicswere more

pronouncedat elevatedtest temperaturesthanat room temperature.

*Work supported by the Tribology Program, Office of Transportation Materials, U.S. Department of Energy, under

Contract W-31-109-Eng-38.
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INTRODUCTION

Stringent operating conditions of advanced heat and turbine engines require the use of new materials and lubricants

that carl endure high operating temperatures, corrosive environments,_,,d high contact pressures. For the materials

needs of these transportation systems,certain ceramics (Si3N4, SiC,ZrO2 etc.) and ceramic coatings (e.g.,CrN, Cr203

and ZrO2) are being considered. Owing to their high mechanical strength and hardness, and excellent thermal and

chemical properties, these monolithic ceramics and ceramic coatings hold promise for advanced engine applications

[1-5]. Unlike traditional (mostly iron-base) engine materials, they can retain their hardness, and other desirable

properties at faidy high temperatures. Furthermore, excellent thermal Insulation afforded by some of the ceramics

(especiallyZrO2-baseceramics)allowstheiruse as thermalbarriercoatingsinturbineand _ow-heat-rejectionengines.

However,despitetheir excellentmechanical,thermal,and chemicalproperties,recenttribologicalexperienceswith

theseand other candidateceramicshavedemonstratedthatthe frictionand wearperformanceof mostceramicsand

theircoatingsis rather poor, especiallyunderdry and high-temperatureslidingconditions[6-10].

To achieve lower frictionandwear, a seriesof liquid[1,3,11]and solid lubricants [12-14] haverecentlybeendeveloped

and are now being tested on ceramic surfaces. Initial test results with synthetic lubricants appear highly promising

[15,16], whereas the test results from solid-lubricated ceramics are not as favorables.Recently, tests by our group at

Argonne demonstrated that when used simultaneously with liquid lubricants, solid-lubricant coatings can also be very

effective in controlling friction and wear in metallic and/or ceramic tribosystems [17-19].

Over the years, we have accumulated a great deal of knowledgeand experience inthe fabricationand testing of solid-

lubricant coatings in our tribology laboratory. Specifically, we havedemonstrated that adherent silver films can greatly

reduce the wear of sliding ZrO2, Si3N4, and AI203 ceramics [20-22]. We found that thin silver films, 1 to 2 i_m-thick,

can virtually eliminate the wear of rotating ceramic disks, while reducing the wear rates of stationary counterface

(uncoated) pins by one to three orders of magnitudes below those of pins slid against uncoated flats.

Silver exhibits low shear strength, high thermal conductivity, and excellent chemical inertness which are important for

improved tribological behavior and long durability. However, we noticed that the reduction in friction through the use

of silver alone was somewhat marginal, e.g., 40 to 60%. Consequently, in a series of recent studies aimed at achieving

not only low wear but also low friction, we directed our effort to a new lubrication concept; combined solid and liquid

lubrication of ceramics. Specifically, we explored the synergistic effects of silver films and advanced synthetic oils on

the boundary-lubrication behavior of silicon nitride (Si3N4)and other advanced ceramics. In this study, we report on

the synergistic effect of silver films and a synthetic lubricant (Dow X-lP) on the sliding friction and wear of Si3N4 at

temperatures up to 380°C.
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We believe that because of its high chemical inertness, relatively high melting point (961°C), low shear strength,and

very high thermal conductivity (429 W.m'I.K "1 at room temperature), silver can act as a back-up lubricant at oil-

lubricated sliding interfaces, e._peciailyat elevated temperatures where liquid lubricants become rather ineffectiveand

silver becomes more easily shearable due to thermal softening. In previous studies, we showed that under high-

load/pressure and high-speed sliding conditions (where high frictional heat is produced and dissipated to sliding

surfaces), silver effectively dissipates heat from contact zones and thereby minimizes thermal and/or

thermomechanical instabilities otherwise leading to severe wear [13,21,22].

EXPERIMENTAL DETAILS

Test Materials

The pinsand disksof thisstudywerefabricated from Si3N 4 powdersby sinteringat 1800°C.Accordingto the technical

data providedbythe manufacturer[23], the principalconstituent,Si3N4 powder, containedsome residueof W and

Y203 sinteringaid, resultingingrainboundariescontainingamorphousyttriumsilicatesanda crystallinephasemainly

made up of Y2Si207. Volume porosity of the end products was specifiedto be less than 1%. Scanningelectron

microscopyof a molten-NaOH-etch_clsamplerevealedthat the sinteredSi3N4 consistedof elongatedB-Si3N4 grains

witha length-to-widthratioof ,,4.The diskspecimens,75 mm in diameterby 8 mm thick,were surface-finishedby

diamond-wheelgrindingto an averageroughnessof 0.2,0.02 pm center-lineaverage (CIA). Othermechanicaland

thermalpropertiesof the Si3N4 used in thisstudyare showninTable 1.

The counterface pins were 8 mm in diameter by 15 mm long. One end of each pin was hemispherically finished to

a radius of curvature of about 127 mm with a surface roughness of about 0.03 I_mCLA. They were firmly secured on

a pin holder to assume the vertical pin-on-horizontal-disk configuration. Ali specimens were ultrasonically cleaned

sequentially in hexane + 10 vol.% toluene, acetone, deionized water containing 2 wt.% laboratory detergent, and

deionized water for about 1 min each, then dried in an oven at 110°Cfor 20 min. This cleaning sequence was shown

in Ref. 24 to remove most of the organic contaminants from the ceramic surfaces.
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Table 1. Selected room-temperature mechanical and thermal properties of Si3N4 ceramics (Kyocera SN-220 grade)

used in this study [23].

Property Si3N 4

Fracture Toughness (Mpa#m) 5.7
Hardness (Gpa) 17.4
Flexural Strength (Mpa) 590
Young's Modulus (Gpa) 294
Poisson Ratio 0.28
Density (kg.m"3) 3200
Thermal
Conductivity (W.m'I.K"1) 21
Coefficient of Thermal
Expansion (10"6"°K"1) 2.6

Ion-Beam-Assisted Deposition (IBAD) of Silver

The IBADof thin silverfilms (e.g., ,,2 pm thick) was performed at room temperature in a vacuumchamber equipped

with an electron-beam-heated evaporation source. A mixture of argon and oxygen gas was fed through the ion source

to create an ion flux composed of the ions of these gases.To remove the adsorbed contaminants from the surface,

the substrates were subjected to Ar + O ion bombardment at an acceleration voltage of 1 keV before deposition of

the silver. To achieve better adhesion, a titanium bond layer, 10 to 20 nm thick, was first deposited on the substrate

surfaces. The thickness of the growing film was controlled with the aid of a quartz-crystal rate monitor. Ion

bombardment of the growing films was achieved with a hot-cathode Kaufman-type Ion gun. Acceleration voltage and

ion-current density were 1 keV and 25 pA.cm"2, respectively, during silver deposition. The ions were neutralized by

a hot-wire filament, thereby reducing the charging of insulating ceramic substrates. After a 1000-A-thick film was

produced under ion bombardment, the ion beamwas turned off and the gas flow through the ion source was stopped.

The balance of the film thickness was obtained by conventional electron-beam evaporation. A schematic depiction

of the IBAD system is shown in Figure 1. Further details of this system, together with the structural characteristics of

resultant films, were elaborated in previous publications [13,20-22].

Friction and Wear Tests

Friction and wear tests were performed with the pairs of Si3N4 pins and IBAD-silver-coatedSi3N4 disks in a pin-on-disk

tribometer. Specifically, flat disks were placed ina lubricant cup and oil was supplied to the sliding interface by means

of drip-feeding at rates of 1 to 2 drops per 10 seconds, depending on test temperature. The liquid lubricant was an

experimental fluid developed by The Dow Chemical Co, Midland, Mi, with a code name X-1P.This fluid was previously

tested on various ceramic and metallic surfaces at temperatures up to =460°C and was found to evaporate at high



6

temperatures and leave very little deposit on sliding surfaces [16]. '/able 2 presents some of the thermal and physical

properties of this lubricant. A more detailed description of X-lP can be found in ref. 25.

Tests were performed in open air of 30 to 40 % relative humidity. The dead weight applied on top of the ball

specimens was 50 N which created an Initial mean Hertzian contact pressure of approximately 166 MPa betweenthe

Si3N4 pin and the Si3N4 flat (ignoring any effects of the Ag film). Because of the formation of a flat wear-scar during

sliding contacts, by the end of the tests nominal bearing pressures fell to a small fraction of this initial Hertzian value.

The final nominal contact pressures for each test pair are given in the graphs showing the wear data in the results

section. The elevated test temperatures, 100, 200, and 300°C,were created by quartz heaters positioned beneaththe

rotating disk specimens. In a few tests, temperature was allowed to go up to 380°C while sliding was in progress. The

sliding velocity was fixed at 0.1 m/s and the total sliding distance was 200 m. Frictional force was monitored by means

of a load cell and recorded on a chart paper and a floppy disk by means of a data-acquisition system.

Wear-volumecalculationson the ballsuseda mathematicalexpressiongiven in an ASTM Standard [26]. The wear

of diskspecimenswas estimatedfromthe traces of surfaceprofilesacrossthe wear tracks.To checkthe accuracy

and reproducibilityof testresults,some of the testswere repeatedtwo to threetimes undereach condition.

Table 2. Propertiesof X-lP lubricantoil.

Property Value

Viscosity,
40°C 312x10"3 Pa.s
100°C 15.6x10"3 Pa.s
200°C 2.32x10"3 Pa.s

Specific Gravity
40°C 1.46

Pour Point -15 °C
Flash Point >275°C

RESULTS AND DISCUSSION

FRICTION

As shown in Fig. 2, with the use of X-lP lubricant alone, the friction coefficient of the Si3N4/Si3N4 test pairs at room

temperature (23°C) fluctuates between 0.1 and 0.14 which is typical for boundary-lubrication regimes in most oil-

lubricated systems. The lack of extreme pressure and other additives in this base-stock oil may havebeen the reason

for erratic friction traces as evident from Fig. 2. However, when X-lP is used on silver-coated Si3N 4 surfaces, the

steady-state friction coefficient was markedly lower, =0.09, and the erratic frictional behavior was less pronounced.
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Fig. 3 shows the friction coefficients of the Si3N4/Si3N4 test pairs with and without a silver film at 100°C.Without

s!lver, the friction coefficient of pairs fluctuates between 0.13 and 0.22. However, when silver is present on the sliding

surface, the friction coefficient drops to a value of 0.05 at steady-state and the frictional trace is much less erratic.

Fig. 4 presentsthe frictional performanceof Si3N4/Si3N4 test pairswith and without a silverfilmat 200°C.As is clear,

withouta silver film, the fdction coefficientis ,0.18 at steady-state.Sometimes,lt becomesunstableand fluctuates

between0.13 and 0.24. In contrast,the frictioncoefficientof the pair witha silverfilm is essentiallyconstantat ,,0.04.

Fig. 5 shows the friction coefficientsof the Si3N4/Si3N4 test pairswith and without a silverfilm at 300°C. The friction

coefficientof the silver-coatedSi3N4 disk was in the range of 0.05 to 0.1, whereas the frictioncoefficientof an

uncoateddiskwas highlyunstable.Asshownin Fig. 5, lt fluctuatesbetween0.16 and ,=0.4duringslidingcontactat

300°C.

Fig. 6 shows the friction coefficientsof (a) the Si3N4/Si3N4 ai_d (b) Si3N4/Ag-coated Si3N4 test pairs as a function

of increasing temperature. In general, these results are consistent with those presented in Figs 2 -5. They show that

without the presence of a sUverfilm at the sliding Interface, the friction coefficient is hlgh, e.g., 0.08 - 0.38, and

becomes highly unstable as temperature Increases, whereas the friction coefficient of pairs with a silver film varies

between ,=0.03and ,0.09 and does not fluctuate nearly so much with Increasing temperature. At room temperature,

thefriction coefficient is about 0.1, but decreases sharply as the temperature is increased. At around 160°C,the friction

coefficient is about 0.03. Upon further increasing the temperature to 250°C, the friction coefficient increases to about

0.1, but tends to decrease again with further increase in temperature. At 380°C, the friction coefficient is about 0.06.

In general,from the results of liquid-lubricated _,;ctiontestsat 23, 100, 200, and 300°C, as well as the testsconducted

as a function of temperature, it can be deduced that the frictioncoefficientsof the Si3N4/Si3N4 test pairstend to

increasewith increasingtemperature.Also evidentis the fact that thesepairs tendto exhibitan increasingdegreeof

instabilityas temperatureincreases.We believethat the increaseinfrictioncoefficientwithtemperatureis largelydue

to a steep decrease in oil viscosity (see Table 2). As is known,the lubricantfilm thicknessis quitedependent on oil

viscosity.For a giventribosystem,loweroil viscositymeanstninner lubricant filmsand higher amountsof asperity-

asperity contacts that can lead to higher friction and wear losses [27,28]. Nevertheless, the range of friction

coefficients observed is typical of a boundary-lubricatedslii:ling-contactregime [11,16]. Electron microscopic

examinationand a 3-D surface map inFig. 7 providefurtherevidencethat because of the extensiveasperity-asperity

contacts,pins slid against the uncoatedSi3N4 disksat 300°C sufferedsignificantwear. Ata highermagnification(see

Fig. 8), it was deduced that the major cause of wear was microfracture.
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Much of the instability in frictional traces in Figs. 2-5 and 6a can be attributed to the inability of X-lP to form an

effective boundary film on sliding surfaces, because this oil did not contain any type of oil additives that could help

produce a boundary film. Erratic frictional behavior at room temperature (see Fig. 2a) has a well-defined periodiciy.

Such a behavior could be due to a small-scale molecular interaction (e.g., adsorption and/or chemisorption) between

lubricant and the sliding ceramic surface. Also, we believe that the drip-feeding method adopted during our sliding

tests mayhave contributed to the degree of fluctuation, especially at elevated temperatures where X-1P became highly

volatile. At 300°C, we noticed that the lubricant evaporated rather quickly, so that we had to Increase the lubricant

feed rate from 1 drop to 2 drops per 10 sec.

One of the unique characteristicsof the X-1P lubricantwas that after high-temperaturetests, it left littleor nodeposit

on the slidingsurfaces. In the past,we evaluateda commerciallyavailablehigh-temperaturefluid and foundthat lt

formeda significantamount of depositonthe slidingceramicsurfacesfollowingwear testsat hightemperaturesand

became essentiallyuselessabove250°C [18,19].

As is clear from Figs. 2-5, the use of a silver film and the X-lP lubricant on sliding Si3N4 surfaces produced a

synergisticeffect. Specifically, the steady-state friction coefficients of test pairswere substantially reduced when silver

and X-lP were used simultaneously, especially at elevated test temperatures. These findings suggest that the silver

film used in our study may be a good back-up lubricant.

Owing to its low shear strength, silver deforms easily to fill in the valleys between surface asperities of the Si3N4 flat

under the influence of normal and tangential forces during sliding. The shear deformation of silver becomes much

easier at elevated test temperatures because of the thermal softening effect. Asa result, the smoothness of the sliding

contact surfaces of silver-coated Si3N 4 disks improves. This is evident from the low- and high-magnification SEM

micrographs of a wear track formed at 100°C in Fig. 9. As described in more detail in the following paragraphs, as

the contact surface becomes smoother, the composite roughness decreases, the Z ratio (the ratio of the lubricant

film thickness (h) to the composite surface roughness (a) of the contacting bodies, Z=h/a) increases, and the

effectiveness of the liquid lubricant improves.

The regime of liquid lubrication and/or the effectiveness of a lubricant is determined by the ,1.(lambda) ratio. When

is greater than 3, the sliding surfaces are sufficiently separated that essentially no asperity-asperity contacts are

expected. This lubrication regime is referred to as hydrodynamic. For _.less than 1, the lubricant film thickness is

smaller than the composite surface roughness and extensive asperity-asperity contacts through the lubricant film

occur. This lubrication regime is known as boundary lubrication. Because of extensive asperity-asperity interactions

across the lubricant film, both friction and wear may be high in the boundary-!ubrication-regime. As a general rule,

, qlm,n
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the higher the X ratio, the more effective the fluid-film lubrication.

Because of a much smoother surface finish achieved through the plastic deformation of silver films (see Fig. 9) the

composite surface roughness of test pairs including a silver film was markedly reduced. Consequently, the ,1.ratio was

increased, lt is therefore reasonable to conclude that the observed decrease in the friction coefficient of ali test pairs

consisting of a Ag film was most likely due to the increased _ ratio which is analogous to more effective fluid-film

lubrication. Furthermore, since the silver film effectively reduces the extent of asperity-asperity contacts across the

sliding interfaces and caries a significant portion of the contact stresses during sliding contact, it can be regarded as

an excellent boundary film.

Afterwear tests at 200°Cand above, we noticed that some of the wear tracks on Ag-coated Si3N4 flats contained large

stains and/or islands of some kind of reaction film. Using energy-dispersive X-rayanalysis in our SEM, we found that

these Islands were rich in phosphorus and fluorine in addition to silver. Both phosphorus and fluorine were

constituents of the X-1P lubricant, lt is possible that at such high temperatures, both of these constituents underwent

chemical reaction with silver. Such a reaction film may have been acting as a boundary film and may have been

responsiblefor the smoother friction traces and lower friction coefficients observed at elevatedtemperatures. However,

in the long run, such chemical reactions with silver may have some adverse effects on the lifetime and overall

performance of silver coatings. Long-term tests and more rigorous analyses are needed to shed light on the beneficial

or detrimental effect of these reaction films on the durability and frictional performance of silver films.

WEAR
-

=
=

_ Fig. 10 presentsthe averagespecificwear ratesof the Si3N4 pinsduringslidingagainstuncoated and silver-coated

Si3N4 disksat differenttemperatures.The valuesin parenthesesindicatethe finalnominalcontact pressuresin MPa.

Thewear ratesof pinsare substantialduring slidingagainstthe uncoatedflatsandincreasemarkedlywithincreasing

test temperature. This is despite a significant reduction in final nominal contact pressure.On the other hand, the wear

of pins slid against the silver-coated disks was difficult to measure. Using a scanning electron microscope and a

surface profilometer at high magnifications, we found no evidence of a measurable wear scar on Si3N 4 pins after

sliding against the silver-coated Si3N 4 disks at temperatures up to 300°C. However, Si3N 4 pins tested at 300°C

appeared to have formed small wear scars after sliding tests against the Ag-coated Si3N 4 disks. We measured the
z

diameters of these wear scars and converted them into the average wear rates shown in Fig. 10. For the pins rubbed

at 200°C (see Fig. 1la) a circular contact area appeared where some silver had transferred from the disk side, but

in the 3-D surface map (see Fig. 11b), it is not obvious whether the circular area had indeed suffered any measurable

wear or not. Overall, these observations suggest that the silver film was quite effective in reducing direct
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asperity/asperity interactions while sliding, whereas, as presented earlier, those pins usedagainst the uncoated Si3N4

disks underwent significant amounts of wear as shown in Fig. 10.

Wear of silver-coated diskswas unmeasurableafter testswith the liquid lubricant at ali temperatures.Usinga surface

profilometer at vertical magnifications of 5,000 to 10,000X, we could not detect wear on the Si3N4 ceramics.

Essentially, the depth of wear tracks was very shallow and comparable to the thickness of silver films. Electron-

microscopy inspection revealed that silver films remained Intact on the wear tracks of Si3N4 disks. When inspected

at a fairly high magnification, only the tips of underlying asperitieswere visible and the wear appeared to be confined

to these exposed asperity tips.

The results presented above demonstrate that the concurrent use of silver films and a synthetic lubricant at sliding

interfaces can markedly lower the friction and wear of ceramic materials evaluated in this study. We propose the

following explanation for the excellent friction- and wear-reducing capability of silver films when used in an oil-

lubricated sliding contact. Becauseof its low shear strength, the silver film deforms readilyto fill in the valleys between

asperities under the influence of normal and tangential forces during sliding. As a result, the smoothness of the silver-

coated-flats improves. Because of the Increased Z ratio afforded by the increasingly smooth surface,the effectiveness

of the lubricant oil improves. This is particularly true for those tests run at room temperature, where the oil has

appreciable viscosity. At eL_:vatedtemperatures, however, the oil may lose much of its viscosity, hence the load-

bearing capacity. However, u_dersuch extreme conditions, the silverfilm acts as a boundary layer in supporting much

of the load. Because of some thermal softening at elevated temperatures, the silver shears much more readily, hence

affording lower friction.

In short, the test results havedemonstrated that an effective means of achieving low fric[ion and low wear on potential

ceramic tribocomponents is feasible by the simultaneous u;_eof liquid and solid-f_!mlubricants. Most importantly, the

results show that silver films and lubricant oils can have synergistic effects on the boundary-lubrication characteristics

of ceramics due to easy shear of the silver.

CONCLUSIONS

* The results of this study demonstrate that a new means of achieving low friction and low wear on ceramics

is feasible by the simultaneous use of both liquid and solid-film lubricants.

* Specifically, the results show that when silver films are used at oil-lubricated sliding interfaces, the wear

rates of both pins and flats were reduced to unmeasurable levels and the friction coefficients were reduced
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by factors of 2 to .

_

* Beneficial synergistic effects of silver films on the boundary-lubrication behavior of ceramic interfaceswere

more pronounced at elevated test temperatures than at room temperature.
|

* Silverfilms can act as a backup lubricant by undergoing easy shear during oil-lubricated sliding contacts.

They can also impart an increasingly smooth surface finish to Si3N4 flats thereby increasing the _ ratio,

hence the effectiveness of the lubricant oil.
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FIGURE CAPTIONS

Figure 1. A schematicdepictionof the IBAL._systemused in this ,_tudy.

Figure2. Fdctioncoefficientof Si3N 4 pin during sliding a,_j_ainstuncoatedandsilver-coatedSi3N 4 disk with
X.1P liquid lubrication at roomtemperature.

Figure3. Frictioncoefficientof Si3N4 pinduringslidingagainstuncoatedand silver-coatedSi3N4 diskwith
X-lP liquidlubricationat 100°C.

Rgure 4. Frictioncoefficientof Si3N4 pin duringslidingagainstuncoatedand silver-coatedSi3N4 diskwith
X-1P liquid lubricationat 200°C.

Figure5. Fdctioncoefficientof SI3N4 pinduflng sliding againstuncoatedand silver-coatedSi3N4 diskwith
X-1P liquid lubricationat 300°C.

Figure6. Variationof _dctioncoefficientsof Si3N4 pins dudng slidingagainst (_ uncoatedand (b) sliver-
coated Si3N4 disksas a fur._ion of increasingtemperature

Figure 7. (a) Low-rnagniflcationscanningelectron micrographand (b) 3-D surfacemap of a wear scar
formed on Si3N4 pinduring oil-lubricatedslidingtestwith an uncoatedSi3N4 diskat 300°C (Magnification,
s0x).

Figu_'e8. Scanningelectronmicrographofwear scar formed on Si3N4 pi_,duringslidingtestat 300°C.This
figure showsthe morphologyof a typica! microcrackformed on the contactsurface.

Figure9. (a) Lowand (b) high-magnificationscanningelectronmicrographsofa weartrackformedon silver-
coated Si3N4 diskduringoilJubdcatedslidingtest at 100°.

Figure 10.Averagewear ratesof Si3N4 pinsduringslidingagainstuncoatedand silver-coatedSi3N4 disks
atdifferenttesttemperatures.Valuesinparenthesesindicatethe finalnominalcontactpressures(MPa).;,_itial
mean Hertzianpressurewas 166MPa.

Figure 11. (a) Scanning electronmicrographand (b) 3-D surface map of wear scar formed on Si3N4 pin
duringslidingagainstsilver-coatedSi3N4 diskat 300°C.
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Figure t. A schematic depiction of the IBAD system used in this study.
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(a)

(b)

Figure7.(a)Low-magnificationscanning eIectrbnmicrograp:hand (b)3-D surfacemap ofa wear scar

formed on Si3N4 pin during oil-lubricatedslidingtestat 300°C (Magnification,50X).



Figure 8. Scanning electron micrograph of wear scar formed on Si3N4pin during sliding test at 300°C.
This figure shows the morphology of a typical microcrack formed on the contact surface.



(b)

Figure 9. (a) Low and (b) high-magnification scanning electron micrographs of a wear track formed
on silver coated Si3N4 disk during oil-lubricated sliding test at 100°.
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Figure 10. Average wear rates of Si3N4 pins during sliding against uncoated and silver-coated Si3N4
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(MPa). Initial mean Hertzian pressure was 166 MPa,
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FigureII.(a)Scanning eleclronmicrograph and (b)3-D surfacemap of wear scarformed on Si3N4
pin duringslidingagainstsilver-coatedSi3N4disk al300°C.






