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Abstract

The unlubricated friction and wear behavior of low pressure plasma-sprayed (LPPS) ZrO, coating were studied by using a
standard SRV wear test system with reciprocating motion against sintered Al,O; ceramic sphere from room temperature to 800°C.
Microstructural observations showed that ZrO, splats appeared as fine lamellae structures together with small amounts of Al,O3
and SiO, inclusions with different gray levels in the back-scattered electron (BSE) mode. The friction and wear of ZrO, coating
showed a strong dependence on temperature, changing from a low to a high wear regime with the increase of temperature. ZrO,
coating exhibited low friction and wear at room temperature and 200°C. However, when temperature was increased to above
400°C, friction and wear of the coating increased rapidly and reached a maximum at 600°C together with significant noise and
distinct vibration caused by severe surface fracture. Intersplat fracture and surface fatigue of ZrO, splats were demonstrated to be
the dominated wear mechanism at room temperature. Delamination caused by subsurface crack propagation and inclusion crack-
ing was the dominated wear mechanism at 600°C. Above 700°C, recrystallization and abrasive wear in the form of removal of fine
ZrO, grains became the dominated wear mechanism together with local plastic flow and viscous deformation. © 2001 Elsevier

Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

The potential benefits of zirconia ceramics such as
high hardness and wear resistance, excellent resistance
to oxidation, hot corrosion and mechanical erosion, and
high thermal insulation properties, have attracted con-
siderable attentions in the industrial applications of heat
engine and gas turbine parts, and aerospace seal and
lubrication systems [1-4]. Zirconia ceramics are generally
considered to be damage-tolerant and therefore should
be expected to give more consistent tribological perfor-
mance [2]. Despite wide scientific interest, the friction
and wear of ZrO, ceramics at extreme conditions are
still poorly understood. Previous studies [1] on bulk
magnesium—partially stabilized zirconia (Mg-PSZ)
ceramics showed that during unlubricated sliding wear
at temperatures up to 700°C the wear resistance varied
with temperature and sliding speed by as much as to
three orders of magnitude and was associated with
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phase transformation on the frictional interface. The
coeflicient of friction increased distinctly with the increase
of temperature up to 500°C [3]. The unlubricated coeffi-
cients of friction greater than 0.4 for ZrO,-based ceramics
have been found in the temperature range from 25 to
1000°C [4]. Both strength and toughness of toughened
zirconia ceramics decrease with increasing temperature,
which restricted the load-bearing applications of these
materials to low and intermediate temperatures. However,
strengh and toughness is not the only factor which
affects the tribological behavior of ZrO, ceramics. Some
authors [5] suggested that high wear rates in zirconia
may be associated with surface fracture on a very fine
scale. A 2 mol.% yttria—tetragonal zirconia polycrystals
(2Y-TZP) has a greater wear rate than a 3Y-TZP
drawing die. An intergranular fracture mechanism in
the 2Y sample but a plastic deformation mechanism in
the 3Y sample dominated the wear. Since the higher
toughness ceramic (2Y) had undergone surface fracture
whilst the lower toughness ceramic (3Y) had not, the
transformation of the tetragonal phase to the mono-
clinic phase and the associated volume increase had
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resulted in eruption of the surface fracture and therefore
an increase in the wear rate.

Typically, plasma spraying is the main method used
for depositing a wide range of thermal barrier coatings
and wear resistant coatings. Wear behavior of as-sprayed
zirconia coatings have been widely studied under a wide
range of test conditions, which showed considerably
different experimental results. Previous studies [6-8]
indicated that wear mechanisms of plasma-sprayed ZrO,
coatings could be fatigue spalling, plastic deformation,
material transfer and brittle fracture, depending on the
nature of the material and the test conditions applied.
Wear test by using a ball-on-inclined plane scratch
method [9] demonstrated that in the case of a plasma-
sprayed ZrO, coating, beyond the critical load, cracks
initiate at the surface and propagate into the subsurface
at an angle about 30° to the sliding surface.

In a test of plasma-sprayed 8 wt.% Y,03-ZrO, coat-
ings, conducted in a reciprocating sliding wear tester at
a temperature of 800°C, the wear behavior was sig-
nificantly affected by the monoclinic to tetragonal phase
transformation [10]. It was also reported that an
increase in the amount of phase transformation from ¢
to ¢t occurred on the worn surface and wear debris with
an increase in temperature to 800°C, and this was related
to the lower wear loss with increasing temperature.

It appears that the tribological properties of ZrO,
coatings are very sensitive to the microstructure, especially
the porosity, microcracking and inclusions in as-sprayed
coatings [6,7,9,10]. Clearly, there remain many unan-
swered questions about the role of temperature in the
wear behavior of zirconia ceramic coating. High tem-
perature tribological applications of ZrO, coatings
often exclude the use of conventional lubricants. There-
fore, better understanding of unlubricated sliding wear
of ZrO, coating at elevated temperatures is definitely
required. This paper presented an investigation into the
effects of temperature on friction and wear of ZrO,
coating and in particular reported the detailed wear
behavior at elevated temperatures.

2. Experimental procedure

2.1. Specimen preparation and microstructural
observations

The substrate material was stainless steel AISI 304
which was machined into $25x7 mm circular plates.
The chemical composition of substrate was (wt.%): 0.06
C, 0.5 Si, 1.0 Mn, 18.5 Cr, 9.0 Ni and balance Fe. The
coating material studied was 8 wt.% Y,O;3 stabilized
ZrO, with a particle size of 1045 um. The coatings
have been deposited on steel AISI 304 by low-pressure
plasma spray (LPPS). Before spraying, the substrate mate-
rial was sand-blasted with aluminum oxide grits and then

cleaned in an ultrasonic bath with benzine and acetone. All
substrates were plasma-sprayed by using Ar/He plasma
gases. The chamber was first brought below 10 Pa, and
argon gas was then added to the desired pressure. In order
to find the optimum parameters for the processing techni-
que to produce adherent coating, different parameters such
as arc current, gas content and flow rate, heating tem-
perature and powder feeding rate were carefully adjusted
in different ways by the computer controlling systems.
The plasma spraying parameters were optimized as arc
voltage 45 V, arc current 750 A, argon gas pressure
0.343 MPa, helium gas pressure 1.03 MPa, spraying
distance 150 mm and powder feed rate 15-20 g/min.
Microstructural characterization of the as-sprayed layers
was observed by using optical microscope and JEOL-
JSM6400F scanning electron microscope equipped with
energy dispersive X-ray analysis system (EDX) and oper-
ated at 10 kV. The chemical composition of as-sprayed
coatings was analyzed with a CAMECA SX-100 electron
probe microanalyzer (EPMA). For SEM observations,
plasma sprayed specimens were carefully sectioned using
an abrasive wheel flooded with water. The cross-sectioned
samples were ground and then polished successively by
using a standard metallographic procedure. Before grind-
ing, an epoxy adhesive was applied to ensure that the
coatings did not peel off during grinding and polishing.

2.2. Wear test

The wear test was conducted using a standard SRV
wear test system with reciprocating motion against
10 mm sintered Al,O5 ceramic sphere. The coating speci-
men was located in the testing chamber in a fixed specimen
holder. The load affecting the specimen was generated
by a motor spring system and recorded by a measuring
unit. The oscillating, horizontal movement was generated
by a moving coil drive. The force transducer thus
enabled measurements of the frictional forces at the
sliding surface and recorded the course of the coefficient
of friction during the complete test run. Test tempera-
tures from room temperature to 900°C can be easily
controlled by thermocouple. The wear conditions were
given as 30-80 N load, 10 Hz frequency, test tempera-
ture from room temperature to 800°C, 1 mm stroke and
1 h test duration. All the test runs were conducted
without lubrication in laboratory air. The wear tracks of
the coatings were also investigated by a surface texture
measuring instrument to measure the depth and width
of the tracks. The morphology of worn surfaces and the
cross-longitudinal sections of worn specimens were
observed by optical microscopy and SEM.

2.3. Vickers hardness analysis of the as-sprayed coating

Specimens were indented by using an AKASHI
MVK-E Vickers hardness tester with a 9.8 N test load
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and a Vickers diamond pyramid indenter on the
polished cross-sections or surfaces. Optical microscopy
was used to measure the dimension of indentation
diagonal and the observed crack length, which extended
from the corners of the indentation. The hardness of as-
sprayed ZrO, coating was measured to be 650-727 HV
on the polished cross-sections. On the polished surface of
ceramic layer, no distinct change in hardness of the ceramic
layer (699-724 HV) was found. The small variations in
hardness value of the ZrO, coatings were attributed to
the porosity and the microcracks in as-sprayed coatings.
The crack patterns resulting from Vickers indentation in
as-sprayed ZrO, coatings by indenting a polished cross-
section were mainly identified as crack type I (Fig. 1a),
where the dominant cracks were parallel to the substrate
and emanate from or near one or two of the impression
diagonal corners. This pattern can be viewed as resulting
from the indent position in a dense portion of the coating
where complete transmission of indentation stresses to
the surrounding material would be expected to produce
a Boussinesq stress field [11], with the resultant surface
traces near one or both of the impression diagonals. In
the present study, indents on the polished surfaces (Fig.
1b), which were made perpendicular rather than parallel
to the substrate, did not produced any cracks emanating
from four corners of the indent under 9.8 N indented
load. When a high indented load was employed, it was
possible to cause the typical crack pattern on the
polished surface. Crack length had several attractions as
a tool for characterizing the fracture toughness and
mechanical response of brittle ceramic coating. Of
course, crack length mainly depended on the indented
load. When 9.8 N load was used in this investigation,
crack length on polished cross-section was 0.08—0.1 mm.
The fracture toughness of as-sprayed ZrO, coatings can
be calculated to be 3.2-4.5 MPa m'/?, if using an esti-
mated elastic modulus of 284 GPa for yttria-stabilized
zirconia according to the following equation [12,13]:

¢
.
|
v 100pm

Kic = 0.016(E/H)">(P/C*?). (1)

Where Kjc is the fracture toughness, MPa m'/?; P is
the indenter load, N; E is the Young’s modulus, GPa; H
is the hardness, GPa; and C is the crack length, mm.

The hardness was also measured on the polished
cross-section of as-sprayed ZrO, coatings after 1 h wear
test at 700°C. Slight decrease in hardness values (613—
648 HV) was found as comparison to the original coat-
ing. Only very fine and short cracks emanating from the
corner of the impression diagonal were observed. This
indicated that partial thermal stress in as-sprayed coat-
ing was effectively relieved by high temperature wear
process. Similar results of hardness were also observed
within the coating after 800°C wear test.

3. Results
3.1. Microstructural features of as-sprayed coating

The typical features of as-sprayed ZrO, coating with a
thickness of about 210 pm were shown in Fig. 2. The
coating exhibited a porous and lamellar structure.
Optical microscopy observations on polished cross-sec-
tions (Figs. la and 2a) showed a perfect connection at
the coating/substrate interface. The main defect struc-
tures in the coating were pores, some microcracks (Fig.
2b and c), internal boundaries and foreign inclusions.
Microcracking in ZrQO, lamellae may be caused by the
great volume changes associated with the low tempera-
ture ZrO, phase transformation from tetragonal to
monoclinic during cooling. EDX spot analyses indi-
cated that the dark inclusions (Fig. 2b) with different
gray levels from ZrO, lamellae were rich in aluminum
oxide, which may come from the original powder. A few
fine silica lamellae were also detected within the coating
by EDX. High magnification BSE photograph (Fig. 2b)

200um

Fig. 1. Vickers indents showing the crack pattern within ZrO, coating: (a) on the polished cross-section; (b) on the polished surface.
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showed more complicated microstructures with different
gray levels at the interfacial regions. Different composi-
tional images on the polished cross-section were shown
in Fig. 3. Several Al,O; lamellae and silica inclusions
were detected within the coating. Some oxides of alu-
minum and silicon existed at the interfacial regions.
EDX spot analyses at the interface also demonstrated
the presence of a very few discontinuous oxidized pro-
ducts of iron and chromium from the substrate. How-
ever, high temperature wear test up to 700°C did not
destroy the strongly adhesive bonding from the micro-
graphs shown in Section 3.5.

3.2. Friction behavior of ZrO; coating against 10 mm
sintered Al,Oj3 ceramic sphere

Friction coefficients of ZrO, coating at room tem-
perature and different loads were shown in Fig. 4. It can
be seen that friction coefficients of ZrO, coating was
about p=0.25-0.4 at room temperature. With the

increase of load from 30 to 80 N, coating exhibited a
decrease trend in friction coefficient. In all tests at room
temperature, the wear process was very quiet and was
associated with a relatively low friction coefficient. With
the increase of test time, friction coefficients of the
coating exhibited a slight decrease trend at all test loads.

Fig. 5 showed the relationship between the friction
coefficients of coatings and test time at different tem-
peratures. At 200°C, the friction coefficient of coating
was slightly lower than that at room temperature
(1=0.25-0.34). But at 400°C or higher temperatures, a
gradual increase in noise, vibration and friction coeffi-
cient was distinctly found. This increase was associated
with the severe surface fracture. Friction coefficient
exhibited great variations during the wear duration.
Steady state was characterized by a rapidly changing
friction coefficient, substantial surface noise and vibration
at the elevated temperatures. When test temperature was
increased to 400°C, average friction coefficient increased
to 0.634. At 600°C, friction coefficients of ZrO, coating
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Fig. 2. Typical features of as-sprayed ZrO, coating: (a) cross section; (b) morphology of the inclusions and the coating/substrate interface; (c) high

magnification micrograph showing the pores and microcracks.
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Fig. 3. Different compositional images on the polished cross-section of ZrO, coating.
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Fig. 4. Friction coefficients of ZrO, coating at room temperature and different loads.

reached a maximum value of 0.997. But when tempera-
ture continued to increase to 700 and 800°C, friction
coefficients were 0.831 and 0.967, respectively.

3.3. Wear depth of as-sprayed ZrO, coating

Wear depth of ZrO, coating at room temperature and
different loads was shown in Fig. 6. It can be seen that

wear depth of the coating was about 38-62.5 um at
room temperature. With the increase of load from 30 to
80 N, the coating exhibited an increase trend in wear
depth because of the increasing real tribocontact area
although the low friction coefficients were observed at
higher loads.

Fig. 7 showed the effect of test temperature on the
wear depth of ZrO, coatings. Wear depth had a mini-



256 J.H. Ouyang, S. Sasaki | Ceramics International 27 (2001) 251-260

mum value of 53 um at 200°C. At 400°C, wear depth of
the coating were measured to be 145 pm. At 600°C,
wear depth reached a maximum value of 151 pm. When
temperature was up to 800°C, wear depth was 141 um.
Similar results were also obtained for the wear width of
coating.

3.4. Observations of worn surfaces of as-sprayed ZrQO,
coating

Worn surfaces of selected ZrO, coatings were
observed by optical microscope and SEM. The worn
surfaces of the coatings at 50 N load and different test
temperatures were shown in Fig. 8. At room tempera-
ture, typical brittle fracture was observed on the worn
surface without evidence of plastic deformation under
this experimental condition (Fig. 8a). Large wear sheets

together with fine and irregular wear particles on the
tribocontact surfaces were considered to result from
surface fatigue, brittle fracture and crumbling. One of
the important features on the worn surface for room
temperature test was intersplat fracture or splat pull-
out. The original plasma-sprayed morphology at many
local surface regions can be clearly observed as shown
by the arrows in Fig. 8a. Fig. 8b and c illustrated the
morphology of worn surface after 600°C wear test.
Brittle microcracking, delamination, local plastic defor-
mation and occasional splat pull-out were observed on
the worn surface. It was worth noting that a lot of primary
cracks as shown in Fig. 8b and ¢ were full of smooth and
viscous inclusions. EDX spot analyses at these regions
detected the presence of silicon and aluminum besides
zirconium and oxygen elements. Delamination was
observed from the upper left side in Fig. 8b to be caused
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Fig. 5. Relationship between the friction coefficient of ZrO, coating and test time at different temperatures and 50 N load.
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Fig. 6. Wear depth of ZrO, coating at room temperature and different loads.



J.H. Ouyang, S. Sasaki | Ceramics International 27 (2001) 251-260 257

300

250

N
o
o

Wear Depth, um
o
o

0 200 400
Temperature, °C

600 800 1000

Fig. 7. Effect of test temperature on the wear depth of ZrO, coating at 50 N load.

by this kind of cracks containing the inclusions. The fine
particles were formed by extensive plastic deformation
and fracture of the microcracked lamellae as shown in
Fig. 8c. When test temperature was increased to 700°C,
worn surface (Fig. 8d) was entirely covered with fine
particles together with the evidence of local plastic
smearing and viscous deformation (Fig. 8e). Severe vis-
cous flow and crumbling of recrystallized grains within
the ZrO, splats because of high frictional heat under
initial high contact stress. From Fig. 8¢ and f, the size of
recrystallized grain clusters was very fine. Individual
ZrQ, recrystallized grain was much less than 1 pm.
Clear evidence has been presented in this study which
shows that no plastic deformation type wear mechanism
had occurred in this region. Moreover, evidence of
microfracture type mechanisms was found, and would
have been clearly visible in these experiments.

3.5. Morphology of cross-longitudinal sections of worn
specimens

Fig. 9 showed the cross-longitudinal sections of the
wear tracks on selected ZrO, coatings at 50 N load and
different temperatures. From Fig. 9a, the micrograph
showed that the presence of wear debris adhered to the
surface in localized region with a size of several micro-
meters was about to detach from the surface as shown
by the arrow. Fine cracks with an angle to the surface
were also observed within the subsurface layer after
room temperature test. At 400°C, a large fracture pit
caused by the detached wear particles can be clearly
found in the surface regions shown in Fig. 9b. At 600°C,
extended transverse crack, which was parallel to the
worn surface, was found within the subsurface layer
(Fig. 9¢c). This crack was an indication of the depth of
crack initiation and propagation before particle detach-

ment. The delamination crack in this case was generated
by joining microcracks and micropores in the as-
sprayed coating. After repeated passes which cause
repeated surface relaxation, cracks propagated by
breaking the bridges between grains, either towards the
surface or in the band of the subsurface layer with an
excessive defects. In addition, two distinct fracture pits
were considered to result from severe delamination of
coating. From Fig. 9d, no obvious surface damage
could be observed on the longitudinal cross-sections
after 700°C wear test. Fine microstructural feature was
observed within the subsurface layers. It suggested that
high temperature wear process caused the nucleation
and recrystallization of ZrO, grains. No evidence of
plastic deformation has been presented from the long-
itudinal cross-sections.

4. Discussion

The wear process of ZrO, coating at room tempera-
ture and 200°C produced lower friction coefficient and
material removal rates comparing to those at elevated
temperatures described previously. The worn surface at
room temperature appeared to be similar to a fracture
surface including intersplat fracture, crumbling of coat-
ing and splat pull-out. Larger chip-like debris resulted
from surface or subsurface fatigue fracture, while smal-
ler chip-like debris was caused by intersplat fracture.

The friction and wear results at 600°C showed that
the dominated wear mechanism of ZrO, coating was
delamination although a few plastic deformation was
also observed on the worn surface. This delamination-
controlled wear mechanism led to a distinct increase in
both friction coefficient and wear rate. The microcracks,
which developed in the subsurface, connected and pro-
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pagated to generate large cracks after repeated passes.
These microcracks were possible to result from the tet-
ragonal to monoclinic phase transformation within the
subsurface. Another possible site for microcrack
nucleation was the brittle glass-phase or inclusion,
which was located at the intersplats. These inclusions,
which formed as a consequence of the contaminated

surfaces of the starting powders, served in many cases as
a path for microcrack propagation as shown in Fig. 8c.

The differences in friction and wear resistance at 700°C
under dry-sliding conditions depended on coating proper-
ties such as fracture toughness, hardness and also on the
interfacial temperature between the splats. Because of the
low thermal conductivity of zirconia coating, a rapid tem-

Fig. 8. Worn surfaces of selected ZrO, coatings at 50 N load and different test temperatures: (a) room temperature; (b) 600°C; (c) high magnifica-

tion of b; (d) 700°C; (e,f) high magnifications of d.
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Fig. 9. Longitudinal cross-sections of the wear tracks of selected ZrO, coatings at 50 N load and different temperatures: (a) room temperature; (b)

400°C; (c) 600°C; (d) 700°C.

perature increase at asperities may be caused by frictional
heating. On the worn surface or within the subsurface layer,
recrystallization process of ZrO; can easily take place due
to the poor thermal conductivity of ZrO, at 700°C from
Fig. 8¢ and f. Due to these thermal processes and high
real contact stress, microfracture at the grain bound-
aries can be easily observed, especially in the area of
internal volume defects such as flaws, voids and weak
grain boundaries. Therefore, the recrystallizing and
abrasive wear process of the surface and subsurface
layers can be expected to be the dominated wear
mechanism at 700°C. During this wear process, the fric-
tion was also highly accompanied by significant noise and
distinct vibration caused by the severe surface fracture.
Local viscous flow and deformation of coating were also
responsible for the material removal of ZrO, grains.

5. Conclusions
1. Within the plasma-sprayed coating, ZrO, splats

were observed as fine lamellae structures together
with small amounts of Al,O5; and SiO, inclusions

with different gray levels in the back-scattered
electron (BSE) mode. Some microcracks, pores
and internal boundaries were observed in ZrO,
coating. The hardness and fracture toughness of
as-sprayed ZrO, coating were found to be 650727
HYV and 3.2-4.5 MPa m!/?, respectively.

. ZrO, coating exhibited low friction and wear at

room temperature and 200°C. However, when test
temperature was increased to above 400°C, fric-
tion and wear of the coating increased distinctly
and reached a maximum at 600°C together with
substantial noise and distinct vibration caused by
severe surface fracture.

. Intersplat fracture and surface fatigue of ZrO,

splats were demonstrated to be the dominated
wear mechanism at room temperature. Delamina-
tion caused by subsurface crack propagation and
inclusion cracking was the dominated wear
mechanism at 600°C. However, recrystallization
and abrasive wear in the form of removal of fine
ZrO, grains became the dominated wear mechan-
ism together with local plastic flow and viscous
deformation above 700°C.
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