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The friction and wear characteristics of
plasma-sprayed ZrO,-Cr,03-CaF, from room
temperature to 800°C
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The friction and wear characteristics of low-pressure plasma-sprayed (LPPS)
Zr0,-Cr,03-CaF, from room temperature to 800°C were studied by using a
high-temperature reciprocating wear tester. At room temperature, friction of
Zr0,-Cr,03-CaF, composite coating against Al,O3 sphere was quite high, and exhibited

a decrease trend with the increase of load from 30 N to 80 N. At 700°C, the composite
exhibited the lowest friction and wear among all selected temperature conditions. Brittle
fracture and delamination with large wear sheets were considered as the dominant wear
mechanism at room temperature. At 400°C, microfracture dropping become more
dominated. However, plastic deformation, formation of CaF, lubrication films and particle
removal of Cr,03 appeared as the main wear mechanisms at elevated temperatures. CaF,
acting as an effective lubricant at 600°C and 700°C reduced the friction and wear of the
composite. Cr,03 particles played a very important role on controlling the size and type
of microcracks and preventing or deflecting the microcrack propagation during 700°C test.
Cr,03 particles also acted as hard barriers to resist the scratching and high-temperature
deformation of ZrO,-CaF, matrix without increasing the friction. To a great extent, wear
mainly depended on the degree of debonding and removal of Cr,0O3 particles at 700°C.
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1. Introduction in both friction and wear. Therefore, the control of the
In recent years, the increasing potential for the use ofmicrostructure, particularly the constituents of plasma-
ZrO, ceramic coating as thermal barrier coatings inspray ZrQ-based ceramic coatings, has been recog-
advanced engines and gas turbines and wear resistanized as an important factor in characterizing the fric-
coatings in lubrication and seal systems has focusetion and wear of ceramic coatings.
a great attention on these materials [1-4]. The plasma The tribological behavior of Zr@ceramic coating
spray method is most widely used to produce a considat elevated temperatures have been extensively investi-
erable variety of Zr@based ceramic coatings, which gated [2, 4-6]. However, the tribological characteristics
showed favorable tribological behavior: high anti-wearof ZrO, ceramic coatings with the lowest friction and
resistance and easy to be lubricated owing to the oil stomvear under dry sliding conditions are still unaccept-
age of the pores in the coating [1-5]. However, plasmaable for many high temperature applications. Thus, it
spray processing parameters such as feed material arlvery necessary to find ways of effectively lubricat-
process operating parameters affect the coating qualityng ZrO, ceramic coating if they are to be used exten-
such as hardness, toughness, microstructure and chesively in tribological applications at extreme temper-
ical composition distribution. atures. To date, only a limited amount of experiments
The friction and wear characteristics of plasma-have been done on lubrication of Zr@eramic coating.
spraying ZrQ ceramic coatings are greatly affected These studies utilized several kinds of solid lubricants
by the compositional and microstructural features suct{Cak,, BaF, or silver) as additives or a well-adhering
as microcracks, porosity, morphology and distributionsoft metallic coating as a boundary film [4, 7]. Results
of additions. The wear mechanisms of Zr@ased ce- of these studies clearly showed deficiencies of the cur-
ramic coatings are complicated but can be classified byent state of high-temperature lubrication of ceramic
one of two dominant processes: brittle fracture or deforcoatings. Improved tribological characteristics of 2rO
mation [1-5]. With the change of wear conditions, suchceramic coating at elevated temperature were reported
as load, sliding speed and temperature, etc., the trathrough solid lubrication method [4]. The friction and
sition from fracture-dominated wear to deformation-wear coefficients of plasma-sprayed coatings of ZrO
dominated wear is often accompanied by a great changéaF, with and without silver additives showed that,
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both coating combinations had fairly high wear rates at Wear testing of Zr@-Cr,O3-CaF, composite was
room temperature, but wear rates were much lower focarried out by using a standard SRV wear test system
the ZrG-CaF, coating at 650C. Friction coefficients  with reciprocating motion against a 10 mn,8k ce-
were 0.40 at room temperature and 0.26 at°€5fbr  ramic sphere. The coating specimen was located in the
the ZrG-Cak, coating in sliding contact with two flat testing chamber in a fixed specimen holder. The load
nickel base superalloy rub blocks. But no further dataaffecting the specimen was generated by a motor spring
were obtained for higher temperature test or againstystem and recorded by a measuring unit. The oscillat-
other different counterface materials. To the best oing, horizontal movement was generated by a moving
our knowledge, some compositional modifications for acoil drive. The force transducer thus enabled measure-
solid lubricant, which generally possess adequate therments of the frictional forces at the sliding surface and
mophysical properties and stable thermochemistry atecorded the course of the coefficient of friction dur-
elevated temperatures as well as low shear strengting the complete test run. Test temperatures from room
properties, specifically for ZrEceramic coating must temperature to 90@ can be easily controlled by ther-
be designed. mocouple. The wear conditions were given as 30-80 N

This paper investigated the feasibility of using GaF load, 10 Hz frequency, test temperature from room tem-
and CpO3 as solid lubricants for low-pressure plasma- perature to 800C, 1 mm stroke and 1 hour test duration.
sprayed (LPPS) Zr@ceramic coating at elevated tem- All the test runs were conducted without lubrication in
peratures. Chrome oxide was a known high temperaturkaboratory air. The wear tracks of the composite were
lubricant which cannot further oxidize upon exposurealso investigated by a surface texture measuring instru-
to high temperature, while calcium fluoride had beenment to obtain the wear depth. The average wear depth
widely used in a number of high-temperature appli-of the composite and coefficient of friction were de-
cations primarily as a component of self-lubricating termined from three repeated wear measurements of
composites [4, 7-10]. Further studies were carried oul h duration each at the given test conditions. At all
to analyze the friction and wear mechanisms of ZrO different test runs, the average wear depth and friction
Cr,03-CaF, against 10 mm sintered #D3; ceramic  coefficient were plotted with error bars representing the
sphere at elevated temperature up t0°80 high and low observed values to evaluate the scatter and

repeatability of the friction and wear data.
. Microstructural characterization and worn surfaces

2. Experimental procedure of the as-sprayed layers were observed by using op-
Th(_a substrate m:.aterla'l was stainless steel AISI 304ical microscope and JEOL-JSMB400F scanning elec-
which was machined int¢25 mm x 7 mm circu- 441 microscope equipped with energy dispersive X-ray
lar plates. The chemical composition of substrate Wasg nalysis system (EDX) and operated at 10 kV. For SEM

(wt.%): 0.06C, 0.5Si, 1.0Mn, 18.5Cr, 9.0Ni and bal- ohsenations, plasma sprayed specimens were carefully
ance Fe. The coating material studied was a mixture o

0 - Lectioned using an abrasive wheel flooded with water.
8 wt.% Y203 stabilized ZrQ(YPSZ), CpOs and Cak  The cross-sectioned samples were grinded and then pol-
powders with a particle size of 10—4%n. The selection

, ; = ished successively by using a standard metallographic
of YPSZ as coating material was based on its wide USBrocedure. Before grinding an epoxy adhesive was ap-

in ind_ustry and its commercial availability. The com- plied to ensure that the coatings didn’t peel off during
mercial YPSZ, CsO3 and Cal; powders were blended grinding and polishing.

and ball-milled in ratio of 60 : 20 : 20 by weight to form
composite powder. 3. Results

The composite coatings (marked by ZCF) have beem 1 Microstructure of
deposited on steel AISI 304 by low-pressure plasma  ipe composite coating

spray (LPPS). Before spraying, the substrate materiatpo typical features of as-sprayed 2rOr,Os-CaF
was sand-blasted with aluminum oxide grits and therbomposite with a thickness of about 440n were
cleaned in an ultrasonic bath with benzine and acetong,own in Fig. 1. The composite layer exhibited a less
All substrates were plasma-sprayed by using Ar/He,oroys, lamellar structure containing melted, partially

plasma gases. The chamber was first evaluated 0 Qejted and a very few unmelted powder particles. The
pressure below 10 Pa, and then argon gas was addgghin defect structures in the composite were pores,

to the desired pressure. The optimum plasma sprayingicrocracks and internal boundaries. Under the iden-
parameters were shown in Table I. In contrast, YPSZjcq| plasma-spray conditions shown in Table I, only
ceramic coating without any additives was also low-g 5 nm YPSZ coating without any additives was ob-
pressure plasma-sprayed on steel AISI 304. tained by using original YPSZ commercial powder. No
evidence demonstrated that Gadolid lubricants are
TABLE | Plasma spraying parameters used in this investigation ~ partially damaged by high-temperature plasma-spray
stream as observed by image analysis on the polished
cross-section. Partial damage of Gaelid lubricants

ZCF composite powder YPSZ powder

Arc voltage 45V 45V during plasma spraying was reported in several plasma-
Arc current 750 A 750 A sprayed surface composites, such agOgiCaF, [8]
Primary gas, pressure Ar, 0.343 MPa Ar, 0.343 MPa and NiO-Calk; [9] systems, mainly because of the great
Auxiliary gas, pressure  He, 1.03 MPa He, 1.03MPa (jfference in their fusion points between ceramic ma-
Powder feed rate 15-20 g/min 15-20 g/min

trix and solid lubricants, which resulted in different

Spraying distance 150-200 mm 150-200 mm . . .
evaporation rates. Backscattering image photographs
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Figure 1 Typical features of as-sprayed Zrr,03-CaF, composite: a-cross section; b-backscattering image micrograph showing the morphology
and distribution of different constituents in the composite (M-mounting material, C-composite coating and S-substrate).

kVv:10.0  Tilt:0.0  Take-off:40.0 Det Type:E3/40 Res:139 Tc:40
FS : 3367 Lsec : 100
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Figure 2 Backscattering images showing fine structure in Zigbnellae and interfacial morphology between the composite and substrate: a-equiaxed

or dendritic grains in Zr@splats; b-EDX spot analysis showing the presence of small amounts of aluminum and calcium at the measurement position
marked by character A within the fine Zs@rains of a; c-backscattering image micrograph showing the interfacial features with a different gray
levels.

shown in Fig. 1b illustrated the morphology and dis- constituent mainly exhibited darker regions with a great
tribution of different constituents in ZrEoCr,O3-Cak volume fraction in the back-scattered electron(BSE)
composite. Zr@ (white regions) and GOs (gray re- mode. Microcracking was easily observed to be within
gions) constituents were observed as fine typical lamelboth ZrQ, and Cak constituents at high magnifica-

lae structures with different gray levels, while GaF tion. Backscattering image shown in Fig. 2 revealed the
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fine structure of Zr@ constituent in the composite and 14
the coating/substrate interfacial features. Some reso- 1 |
lidified structure featured by fine equiaxed or dendritic
grains were observed in the Zs@amellae as shown
in Fig. 2a,c and Fig. 1b indicated by arrows and were
considered to have formed during the solidification pro- :
cess of the molten splats. EDX spot analysis (Fig. 2D) 8 0.4 Fmm
at the measurement position marked by character A g Fooo e
within these ZrQ splats showed that small amounts of L
aluminum and calcium were also detected except zir- 10 20 30 4 50 60 70 8 90
conium and oxygen elements. It was surprising that no
fluorine element was detected. This indicated that calrigyre 3 Average friction coefficient of Zr@Cr,0s-CaF against
cium existed within these grains in the form of calcium 10 mm sintered A0z ceramic sphere at room temperature as a function
oxide. Carbon peak came from the carbon film spatteredf load.
on the surface for SEM observations. The locally com-
positional variations may be beneficial to the formation 200
offine grains. Within some fine Zr®amellae (Fig. 2a), :
Al,O3 or Cr,O3 were detected at the measurement posi- _ 1 |
tions indicated by character | and II. The region Il con- i
taining chrome oxide within Zr@lamellae appeared
darker color compared with the region | containing high
Al,O3 concentration in Zr@splat. Aluminum oxide in-
clusion coming from the original powder or ball-mixing
process formed a preferential combination with zirco-
nia in the composite. %% 20 s a0 s 60 70 80 %
Observations on polished cross-sections (Fig. 1a) Load, N
showed that the (.:Oatmg/SUbStrat.e. mt_erface eXhlbltegigure 4 Wear depth of Zr@-Cr,O3-CaF, composite at room temper-
a perfect connection. High magnification BSE photo- . e and different loads.
graph (Fig. 2c) showed more complicated microstruc-
tures with different gray levels from the composite

constituents. Many fine Zrand CaO particles were 60 min test duration at all load levels. With the increase

detected at the interface regions. Oxygen concentrass |1ad from 30 N to 80 N. the composite exhibited a
tion at the interface was quite higher than that withindecrease trend in friction éoefficient fromoet 0.2 to
the coating. EDX spot analyses demonstrated that o 754+ 0.11 '

idized products of iron and chromium at the interface
were observed due to high-temperature plasma-spra%
stream. These oxidized products were also found to b
very thin and discontinuous at the interfaces. Large an
dark particles as shown in Fig. 2c near the interfacia
regions were aluminum oxide, which were considerede
to come from the sand blasting process.
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Wear depth of Zr@-Cr,03-CaF, composite at room
mperature and different loads was shown in Fig. 4.
he average wear depth of the composite was between
0+ 3.0umand 1375+ 7.5 um at room temperature.

ith the increase ofload from 30 N to 80 N, the coatings
xhibited an increase trend in wear depth because of the
increasing real tribocontact area, although low friction
coefficients were obtained at higher loads.

3.2. Friction and wear characteristics

of the composite coating 3.3. Effects of test temperature on friction
at room temperature and wear characteristics
The average friction coefficient of ZgaCr,03-Cak, of the composite

composite against 10 mm sintered,®f ceramic Fig. 5 showed the average friction coefficient of the
sphere at room temperature as a function of load wasomposite as a function of test temperature against
shown in Fig. 3. At room temperature, large variationsAl O3 ceramic sphere at 50 N load. At room tem-
in friction coefficient were distinctly observed during perature, the average friction coefficient was quite
different wear runs, which seemed to depend greathhigh (0.8 & 0.15). When temperature was increased to
on the severe surface fracture process of lamellar splad00 C, friction coefficient of the composite slightly de-
in as-sprayed coatings. Friction coefficients were quitereased to 5+ 0.2. At 600°C, the average friction
high, between 0.64 and 1.1, at room temperature andoefficient of the composite was4b+ 0.1. A mini-
different loads. The average values and errors in fricmum value of 04 4= 0.05 was reached at 700. When
tion coefficient were determined from three repeatedemperature was up to 80D, friction coefficient in-
wear measurements under the identical wear condiereased to a value of®+ 0.1. With the increase of test
tions. With the increase of test time, the compositetime, friction coefficients of the composite were quite
coating exhibited a distinct increase trend in friction stable at elevated temperatures from €D@o 800C.
coefficient at all test loads. A similar increase valueFig. 6 showed friction coefficient of the composite at
of 0.2 in friction coefficient was clearly observed after 80 N load and different test temperatures. It can be
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tinued to decrease to a minimum value of83@.5 um
at 700C. But at 600C and 800C, wear depth were

=y
N

Z o4t quite high (1166+9.0 um and 153 12.0 um), re-

g f spectively. The repeated high-temperature test runs
§08 demonstrated that no significant variations in friction
gos and wear can be found at the same temperature level.
Ig 04 [ The friction and wear measurements, which were much

more sensitive to the temperature changes, may result

. ‘ L from the internal structural changes and the brittle to

o 200 a0 e s oo ductile transitions of CaFat elevated temperatures.
Temperature, °C

o
[N}
R

(e}
T

Figure 5 Average friction coefficient of the composite against sintered .
Al,03 ceramic sphere at 50N load as a function of test temperature. 3.4. Observations of worn surfaces

of the composite coating
14 Worn surfaces of selected Zg&r,03-CaF, compos-
" ite were observed by optical microscope and SEM. The
worn surfaces of the composite at 50 N load and dif-
ferent test temperatures were shown in Fig. 8. At room
temperature, typical brittle fracture was observed on the
worn surface without evidence of plastic deformation
(Fig. 8a). Large wear debris and fine wear particles on
the tribocontact surfaces were considered to result from
microcracking, crack propagation, fracture and delam-
ination. Fig. 8b illustrated the worn surface of the com-
posite after 400C wear test. No distinct brittle crack-
ing, splat pull-out and delamination was observed on
Figure 6 Average friction coefficient of the composite against sintered the worn surface. Many fine fracture pits and microfrac-
Al203 ceramic sphere at 80N load as a function of test temperature.  {re dropping wear were found on the worn surface as
well as mild scratching and plastic deformation. The
250 | fine multiangular debris were formed by microfracture
' ﬁggml of the cracked lamellae and are thought to be mainly
generated by surface fatigue during sliding. When tem-
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E_ o Y T perature was increased to 6@) small amounts of frac-

5 m / ture pits and white particles were observed on the worn
5 100 L surface (Fig. 8c) as well as evidence of mild plastic de-
2 ] \ \ //} formation. Discontinuous surface films seemed to cover

50 ¢ v the worn surface by extensive plastic deformation.

I R R R S The worn surface of the composite after 70Qvear
0 200 400 600 800 1000  test was shown in Fig. 8d. Worn surface was entirely
Temperature,°C covered with smooth material transfer films containing

many fine particles. EDX spot analysis demonstrated
that these fine particles consisted mainly of@y par-
ticles together with the evidence of a few fine Znaar-
ticles. Smooth surface films were detected to be.CaF

seen that when test load was increased to 80 N, frictioftPrication films together with small amounts of ZrO

coefficient of the composite continued to decrease to 41€ Worn surface of Zr&Cr,0s-Cak, composite at
minimum value of BB5+ 0.04 at 700C. But at 80 N 800°C was shown in Fig. 8e. Severe plastic plowing

load, higher values of friction coefficient at 6@and and deformation were (;Iearly gvident. The flash tem-

800°C were found than those obtained at 50 N load. Thid?€rature m_|ght be sufficiently high to_greatly soften the

phenomenon was different from the results obtained a2SPerities in contact and the asperities were severely

room temperature with the increase of test load. eformed under initial high contact stress. Frqcture of
Fig. 7 showed the effect of test temperature on thgro? splats was a!so observed in the surfacial layer

wear depth of the composite at different test loads. APartially covered with smooth Cafilms.

room temperature and 50 N, wear depth of the compos-

itewas 119+ 8.5 um. When temperature was increased

to 400°C, wear depth of the composite increased to3.5. Wear behavior of Cr,03 in the

135+ 9.0 um. At 600°C, the average wear depth was composite at high temperature

about 37um. Wear depth of the composite at 50 N Higher magnification SEM micrographs as shown in

load had a minimum value of 384.0 um at 700C.  Fig. 9 were obtained on the worn surfaces of the com-

But when temperature was up to 8@) wear depth in-  posite after 700C wear testin order to evaluate the wear

creased to a high value (236.5 um). When test load behavior of CsO3 at high temperature. Microcracks

was increased to 80 N, wear depth of the composite corwere observed in the dark regions together with many

Figure 7 Effect of test temperature on the wear depth of Z»0s-
CaF, composite coating at different test loads.
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100um

Figure 8 Worn surfaces of Zr@»Cr,03-CaF, composite at 50N load and different test temperatures: a-room temperaturé®-d@D0 C; d-700C;
e-800C.

fine particles (Fig. 9a and b). Mild plastic deformation thermally or dynamically with hard AD3; asperities.
was also observed within the large and white particleRadial cracks shown in micrographs revealed cracks
indicated by arrow in Fig. 9a. No distinct evidence of propagating and expanding radially from the matrix
coating delamination was found on the worn surfacesto the interfacial regions. However, these microcracks
EDX spot analysis at the measurement position markedsually deflected to expand along the matrix(@y in-

by character B in Fig. 9a demonstrated that the dark reterface (also see the micrographs shown in Fig. 10).
gions contained calcium, fluorine, zirconium, oxygenAlmost no evidence of trans-particle microcrack prop-
and a few chromium elements as shown in Fig. 9cagation was found within large €03 particles. These
However, EDX spot analysis at the measurement pomicrocracks formed preferentially on the planes of easy
sition marked by character C in Fig. 9a indicated thatcleavage in the Zr@CaF, matrix. The catastrophic
large particles consisted mainly of £O; together with  cracks may grow easily by application of a shearing
a very few calcium oxide (Fig. 9d). Microcracking with force during sliding. The tangential force introduced
ring cracks around the D3 particles were produced in by sliding plays an important role in the £ particle
flat-surfaced Zr@CaF, matrix critically loaded either removal. Under sliding contact, the maximum shear
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Figure 9 Wear behavior of GiO3 particles on the worn surfaces of Zr@r,O3-CaF, composite during 700C wear test: a, b-high magnification
micrographs showing the radial microcracks and ring microcracks arour@ @articles; c-EDX spot analysis showing the composition of dark

regions at the measurement position marked by character B in a; d-EDX spot analysis showing the composition of large particle at the measurement
position marked by character C in a.

Figure 10 Clustering of CsO3 particles during the reciprocating wear sliding at 700a-flower-like cluster and crack bridging connection between
Cr,03 particles; b-connection and growth of particles.

stress was at the near-interfacial regions of subsurfacgtress level at the particle boundaries. The size of cracks
layers located just underneath the Gs particles. This  was controlled by the distribution of €3 particles.
stress caused subsurface cracks to propagate along tBeice CpO3 particles are detached from the surface,
particle boundary. Eventually, these cracks opened téurther sliding may led to the local delamination of
the surface and led to the removal of,Og particles. coating matrix because of the stress redistribution in the
The rate of the crack propagation depended on theontact.
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Clear evidence was presented in this investigationyous formation of Caf-films and particle removal of
which showed the aggregation of O particles Cr,O3 particles.
(Fig. 10a and b). Flower-like particle clusters, which The operating temperature range of gdér get-
were clearly visible in these micrographs, were con-ing low friction coefficient was between 580 and
sidered to be caused by the reciprocating wear slidingd50°C [10]. However, at 80QC, high temperature fric-
Possible mechanism can be envisaged for the high cdion and wear was not greatly reduced by gaRder
hesive affinity between fine @D; particles. No mi- this experimental condition. Under high temperature
crocracking was observed within the particle clustersjubrication condition, however, a significant amount of
which suggested a high aggregation strength in cluster$ieating occurred at the few asperity contacts. This of-
ten produced localized high temperatures more than
1000°C at such contact points. The flash heating could
. . cause thermal degradation of the lubricant. £ap-
4. Discussion _ peared to have inadequate film strength to support load
For plasma-sprayed ZgCr,03-CaF, composite, the  ynder this experimental condition of 8GD. This may
presence of surface and subsurface defects such as soge que to the inability of CaFin the composite and
microcracks, impurities, pores and internal boundariegeyere softening of the composite. Severe plastic de-
inthe surfacial layers, generally dictated the zones fromgrmation appeared as the dominant wear mechanism

which wear damage and wear particles were generategng led to high friction and wear at 83D wear test.
The extentand distribution of such defects, to alarge ex-

tent, determined the size of the wear damage and wear
particles generated. This was observed in the scanning, Conclusions

electron microscope. Brittle fracture and delamination(1) within the as-sprayed composite, zrénd CpOs

of coating material were demonstrated to be the domiconstituents were observed as fine typical lamellae

nated wear mechanism of Zs&r,Os-CaF, compos-  structures with different gray levels in the back-

ite at room temperature, which produced relatively highscattered electron (BSE) mode, while Gafxhibited

friction coefficientand material removal rates describedyarker region with a great volume fraction. Some mi-

previously. crocracks and resolidified structure featured by fine
At 400°C, worn surface featured by many fine frac- equiaxed or dendritic grains were observed in theZrO

ture pits together with mild scratching and plastic de-|gmellae.

formation suggested a microfracture mechanism of (2) At room temperature, friction coefficient of

the cracked lamellae. However, microfracture drop-zrQ,-Cr,0s-CaF composite were quite high, and ex-

ping taken from this wear process exhibited no distinctibited a decrease trend with the increase of load from

changes in friction and wear as associated with thio N to 80 N. But the wear loss was reversed with in-

wear mechanism transition. creasing the loads at room temperature. At“TGhe
When temperature was increased to €D0Cak,  composite exhibited lowest friction and wear among all

seemed to become the dominant material in the comselected test temperatures.

posite with high temperature lubrication properties. (3) Brittle fracture and delamination of ZgaCr,O3-

The fluoride underwent a brittle to ductile transition at CaF, composite were demonstrated to be the dominant

about 550C resulting in a reduction in shear strength wear mechanism atroom temperature. At4DDorittle

and increasing its effectiveness as a lubricants [4]. Thenicrofracture dropping become more dominated. How-

fluorides readily wet the AD; forming a lubricous  ever, plastic deformation, formation of GaBbrication

film to reduce friction and wear when sliding the fiims and particle removal of GD; appeared as the

NiCr-Cr,03-Ag-BaF,/CaF, coating against A0z at  main wear mechanisms at elevated temperatures; CaF

650°C [7]. EDX demonstrated that discontinuous andacting as an effective lubricant at 6@ and 700C

smooth films containing Caffubricants were produced reduced the friction and wear of the composite.

on the worn surface at 600. But a few microfracture (4) Cr,O3 particles present in the composite played

pits were also found at those regions rich in Z€dn- 3 very important role on controlling the size and type

stituents. Plastic deformation and formation of €aF of microcracks and preventing or deﬂecting the micro-

transfer films became the dominant wear mechanisngrack propagation during 700 wear test. GiOs par-

At 700°C, Cak, effectively served the function of a ticles also acted as hard barriers to resist the scratching

solid lubricant at high temperatures by preventing direcand high-temperature deformation of ZrGaF, ma-

contact between the worn surfaces of ceramic materialgsix without distinct increasing the friction. To a great

although small amounts of microcracks were observegéxtent, wear depended mainly on the degree of debond-

in ZrOz-Cak, matrix at high magnification. GOz par-  ing and removal of GiO3 particles at 70€C.

ticles present in the composite played a very important

role on controlling the size and type of microcracks and

preventing or deflecting the microcrack propagation. Acknowledgements
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