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Abstract

Yttria stabilized polycrystalline tetragonal zirconia (Y-TZP)—tungsten carbide (WC) composites were fabricated by hot pressing. Yttria (Y,03)
stabilizer content was kept at 3 mol% to ensure the phase structure of the Y-TZP composites to be tetragonal. To increase the moderate hardness
of the 3 mol% Y,0; added TZP structure, hard WC particles were added with various proportions up to 40 vol%. The TZP/WC composites were
sintered at different sintering temperatures between 1450 and 1550 °C.

The mechanical and microstructural properties of the resulting composites as well as the phase compositions were investigated. Reciprocating
pin-on-disk tests were carried out to determine the wear behavior of the Y-TZP/WC composites. Using bi-modal WC reinforcement, the performance
of the composite against wear was improved. Using dry wear sliding conditions under 55 N normal load and 45 km sliding distance, the worn

volume of the 75 vol% nanosized — WC distributed 3Y-TZP/40WC composite was about 0.003 mm?.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Structural ceramics combining high hardness, toughness,
strength and wear resistance can be interesting materials for
engineering applications such as cutting tools, punching and
stamping dies. Zirconia (ZrO;) is an example of such struc-
tural ceramics. Enhancement in toughness for ZrO; ceramics
is associated with the martensitic phase transformation from
metastable tetragonal phase to monoclinic phase.! This high
fracture toughness value improves the wear resistance of ZrO,
as well as its hardness.* However, hardness of ZrO, is only
moderate, thus addition of hard phases such as transition metal
carbides, borides or nitrides (e.g. TiN and WC) can substantially
contribute to hardness increases without affecting the toughness
of the ZrO, matrix.>
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There are two main factors which enhance the wear perfor-
mance of a composite; first is the mechanical properties of the
reinforcing phase and the matrix, secondly microstructure of the
composite which is influenced by particle size and distribution,
volume fraction, shape of the reinforcement.® Monolithic ceram-
ics generally are not able to withstand abrasive environments due
to their relatively low strength and fracture toughness. However,
for the ceramic matrix composites, finely and homogeneously
dispersed harder particles enhance the mechanical properties of
the matrix.” It has been shown by Jiang et al.” that WC enhances
the hardness and wear resistance of the ZrO,—WC nanocompos-
ites since generally carbide additions hinder the grain growth
of the matrix. Wear of composites also depends on the spac-
ing between reinforcement particles, which can be adjusted by
adding small reinforcement particles dispersed in the matrix.°
Large reinforcing particles usually bear most of the wearing
force®? while uniformly dispersed small particles contribute to
strengthening of the matrix.!%!! Therefore, if a composite con-
sists of both large and small reinforcing particles, it could have
higher resistance to wear than the one reinforced by either only
large particles or small particles.
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In this study, the effect of mechanical and microstructural
properties of yttria stabilized polycrystalline tetragonal zirco-
nia (Y-TZP)-tungsten carbide (WC) composites (Y-TZP/WC
composites) on their tribological behavior was investigated. The
changes in the WC dispersion amount and WC particle size dis-
tribution as well as processing conditions were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM)
and with several mechanical tests.

2. Experimental procedure

Y-TZP/WC composites were prepared by homogeneously
dispersing commercially available co-precipitated 3 mol%
Y03 stabilized ZrO; powder and 0—40 vol% WC particles by
attrition milling. Milling was performed in n-propanol to break
the agglomerates mechanically and hence to obtain a homoge-
nous microstructure. Milling was carried out for 1h in a steel
vial using 1 mm @ WC/Co balls with 6:1 ball to powder ratio
(BPR). As-milled powders were retrieved by drying the result-
ing dispersions in a rotating vacuum dryer and sieving with 35
mesh. For the preparation of the nano-WC powders, high energy
Spex™ mixer mill was used in dry conditions for 10 min in a
WC/Co milling system. The properties of the starting powders
are listed in Table 1. Powders were hot pressed in vacuum atmo-
sphere using a heating rate of 50 K/min under 30 MPa for 1 h
in thin boron nitride coated graphite moulds. Different sinter-
ing temperatures ranging from 1450 to 1550 °C were applied to
optimize mechanical properties.

Using standard metallographic procedures, the hot pressed
disks were ground and polished for further tests. Archimedes
method was carried out in ethanol to measure the densities of
the composites. 3 point bending tests using the DIN EN ISO
6872 standard'? was applied to five bending bars of each sample
at room temperature to determine the flexural strength. Vick-
ers hardness measurements were carried out on the hot pressed
samples using a 10kg load for 10s. By utilizing the Niihara’s
equation,’ the fracture toughness values of the composites
were calculated from the crack length measurements obtained
with HV ¢ indentations. Young’s modulus and Vickers micro-
hardness values were determined using a Fischerscope™ HCU
microhardness test machine by applying 10 indentations under a
load of 100 g for 10 s on each sample. Unlubricated reciprocating
wear tests were performed using a pin-on-disc machine (Johann
Fischer™ Aschaffenburg) with a 5 mm diameter WC/Co pin at
ambient temperature and humidity. The balls were renewed for
each experiment. The normal load and sliding speed was 55N
and 0.07ms~!, respectively. For each test, a total sliding dis-

Table 1

The characteristics of the starting powders.

Powder material ~ Particle size ~ Sggr (m*/g)  Supplier Grade
3Y-TZP 590 nm* 6.80° Tosoh TZ-3YS-E
wcC 1.49 pm? 0.93% Alfa Aesar  WC
Nano-WC 184 nm? 1.64% Milled wC

2 Measured data.
b Supplier’s data.

reciprocating motion of the pin

Fig. 1. The sketch of the tribological reciprocating wear test.

tance of 45 km was travelled on a 5 mm stroke. Fig. 1 is a sketch
representing a brief model of the reciprocating wear (friction)
test which was performed on the polished surface of the com-
posites. Friction force was monitored simultaneously using a
force transducer. Surface profiles of the worn surfaces and the
wear volumes were measured using a profilometer (Mahr™
Perthometer PGK).

Microstructural investigations and observations of the wear
traces were carried out using a Leo™ VP 438 scanning elec-
tron microscope (SEM) operated at 15 kV. XRD investigations
of the sintered samples were carried out using a Bruker™ D-8
Advance XRD (Cu Ka radiation, A =0.15418 nm) diffractome-
ter at 40kV and 40 mA settings in the 26 range from 25° to 80°.
All XRD experiments were conducted on the polished composite
surfaces.

3. Results and discussion

In our previous study, it was found out that for co-precipitated
zirconia powders, 3 mol% Y03 stabilizer content was the opti-
mum amount to achieve the highest Young’s modulus, hardness,
and indentation toughness values.'* The indentation tough-
ness value of the 2Y-TZP/WC (40 vol% WC) composite was
520 MPam!”? which was increased to 6.54 MPam'? for the
3Y-TZP/WC (40 vol% WC) composites; both fabricated using
the same parameters.14 Further, the 3mol% Y,Os3 stabilized
the tetragonal ZrO, phase at room temperature and improved
the toughness.!* The Vickers hardness and indentation tough-
ness results of the 3Y-TZP/WC (32 vol% WC) composites with
respect to sintering temperatures are shown in Fig. 2. Here-
after, 3Y-TZP/WC composite having 40 vol% WC phase will
be named as 3Y-TZP/40WC and the other compositions will be
named similarly as well.

In order to optimize the sintering temperature, samples
were hot pressed at several temperatures between 1450 °C and
1550°C. In contrast to hardness and density enhancement,
indentation toughness values declined sharply with increasing
sintering temperatures. Furthermore, the flexural strength value
decreased slightly from 1179 MPa to 990 MPa as sintering tem-
perature increased from 1450 °C to 1550 °C. Samples were fully
densified (p>98% relative) even at 1450 °C, therefore this sin-
tering temperature was chosen for the rest of the experiments.

Detailed information about the grain size of the WC disper-
sion phase was obtained by back scattered electron (BSE) images
given in Fig. 3. Fig. 3a and b are the BSE images taken from
the crack path of 3Y-TZP/32WC composites sintered at 1450 °C
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Fig. 2. The mechanical properties of the 3Y-TZP/32WC composite with respect
to sintering temperature.'*.

and at 1500 °C, respectively. On top of each image, there is a
Skx magnified version of the non-cracked surface. The light
grey phases indicate the WC phases and the Y-TZP matrix was
determined as the dark grey phase.

It is commonly believed that fracture toughness increases
with decreasing grain size as composition and other microstruc-
tural variables are held constant.">~17 For transformation
toughened composite materials, this is only partially true as the
increasing size of zirconia grains leads to increase in transforma-
bility and increasing fracture toughness owing to an increasing
transformation zone size.!319 However, this effect should not
be overstressed as grains exceeding a critical threshold size
will transform to monoclinic during cooling with a signifi-
cant decrease in tetragonal content and thus cause toughness
decreases.!? According to BSE images in Fig. 3, with increas-
ing sintering temperature, WC grain growth was not observed.
On the other hand, the sizes of ZrO; grains could not be precisely
measured since the grain boundaries were not distinctly etched
using both thermal and chemical etching. Nevertheless, the study
of Singh et al.2% pointed out that, as the sintering temperature
increased from 1450 °C to 1550 °C, the grain size of pure co-
precipitated 3Y-TZP ceramic increased slightly from 400 nm
to 700nm. However, the fracture toughness values remained
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Fig. 4. XRD patterns of the 3Y-TZP/32WC composites hot pressed at 1450 °C,
1500°C, and 1550°C.

constant at around 5MPam'"2. Our previous study'# revealed

that as the sintering temperature increased from 1450°C to
1550 °C, the indentation toughness of the 3Y-TZP/32WC com-
posite decreased slightly although density, hardness and Young’s
modulus values were improved. Therefore, it is expected that at
higher temperatures, larger grains tend to transform to mono-
clinic phase during cooling which lowered the toughness.

The XRD patterns of the 3Y-TZP/32WC composites sintered
at 1450 °C, 1500 °C, and 1550 °C are given in Fig. 4A—C, respec-
tively. Three major peaks in all figures matched the ICDD card
values of the stable ZrO, phase (Bravais lattice: primitive tetrag-
onal, Space Group: P42/nmc),>' the WC phase (Bravais lattice:
primitive hexagonal, Space Group: P6m?2)>* and the W, C phase
(Bravais lattice: primitive hexagonal, Space Group: P63/mmc). >
The W, C phase emerges in the microstructure at 1450 °C and its
amount continuously increases with increasing sintering temper-
atures (traces B and C of Fig. 4). The peak which is around 45°
could not be identified. Since this peak was observed in all XRD
scans, it is believed that it was reflected from the base-holder.

According to XRD results presented in Fig. 4, the reduction
of the indentation toughness at higher sintering tempera-

Fig. 3. Back-scattered electron (BSE) images of the 3Y-TZP/32WC composites sintered at: (a) 1450 °C and (b) 1500 °C. From a selected part of the Skx BSE
images, equally magnification applied to create the top detailed images, WC (white phase), 3Y-TZP matrix (grey phase).
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tures can most probably be attributed to increasing amount
of ditungsten carbide (W,C) phase. Zirconia (ZrO;) seems
to react with tungsten carbide (WC) forming ditungsten car-
bide (W;C) and carbon monoxide (CO) due to the equation:
Z10, + 6WC — 3W,C +2CO +ZrC.2* On the basis of XRD
measurements, Haberko et al.2* reported the formation of the
ZrC phase in the 20 vol% WC dispersed ZrO, matrix composites
sintered at 1700 °C. Moreover, they also identified the ZrC phase
in TEM investigations of the samples sintered around 1400 °C. It
is supposed that ZrO, incorporated some carbide either into the
anionic sublattice or as nanoscale zirconium carbide making the
reaction product very difficult to be detected in the XRD patterns.
Anionic lattice stabilization by carbon or nitrogen can stabi-
lize tetragonal phase and lower transformability. W, C phase is
equally hard but more brittle than WC and may contribute to the
loss of toughness at higher sintering temperatures.?

The effect of WC amount on the mechanical and microstruc-
tural properties of the fine 3Y-TZP matrix composites was
observed by reinforcing with 540 vol% micron-sized WC par-
ticles. The most significant influence of WC addition was the
increase of the indentation toughness while hardness remained
similar. The carbide reinforcements hinder densification of the
composites with increasing WC addition.

The mechanical and physical properties of the 3Y-TZP
matrix composites containing different WC contents are given in
Table 2. Following sintering at 1450 °C, 3Y-TZP matrix compos-
ite samples were ground and polished. As can be seen in Table 2,
relative density % values decrease with increasing WC content,
inferring that WC inclusions restrain the densification. Neverthe-
less, except for the sample containing 40 vol% WC, the density
values of all sintered samples (3Y-TZP and 3Y-TZP/WC com-
posites) were fairly good. The flexural strength values fluctuated
with increasing WC contents, but the 40 vol% WC containing
composite displayed the lowest strength value. This composite

Table 2
Mechanical properties of the 3Y-TZP/WC composites hot pressed at 1450 °C.
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also had the lowest density value as a result of incomplete sin-
tering. Regarding the indentation toughness measurements, no
evidence was found whether the cracking mode was palmqvist
or median. However, Niihara’s palmqvist crack equation'? is
more suitable to our case as crack to indent ratio size (c/a) is
low. For all samples, indentation toughness and hardness values
increased systematically with increasing WC content.

The thermal expansion mismatch between the 3Y-TZP matrix
and WC particles was probably caused by residual thermal
stresses within and around WC particles during furnace cool-
ing to room temperature. The thermal expansion value of the
3Y-TZP matrix (o) is 11.0 x 107 K~ 26 and the WC particle
(ap) is 5.2 x 107K, je. Om >ocp.26 Subsequent to cooling,
the interface was left under compressive load. Depending on
the strength of the interface, tangential tensile stresses could
cause radial microcracks around the WC particles in the ZrO»
matrix associated with transformation around WC grains. On the
other hand, during cooling this would lower the toughness.?0-28
A weak interface will facilitate crack deflection which would
improve toughness.

Lange?® has pointed out that the incorporation of a sec-
ond phase with high modulus increases toughness significantly.
Thus, the high Young’s modulus of WC (700 GPa) will con-
tribute strongly to toughness of the composites. Increase in
toughness values with WC content indicates that mechanisms
hindering crack propagation were dominant.'® On the basis of
Table 2, the 3Y-TZP composite containing 32 vol% WC has the
best overall mechanical properties.

Fig. 5a—c are the SEM micrographs taken from the 3Y-
TZP matrix reinforced with 20vol%, 32vol% and 40 vol%
WC particles, respectively. Due to the activation of the crack
deflection, crack branching and bridging mechanisms observed
on the etched crack surfaces shown in Fig. 5, toughness
increased.

WC (vol%) Relative density (%) Strength (MPa) E (GPa) HV o (GPa) Kc, PQ (MPam'/?) K¢, MED (MPam'/?)
40 95.26 452 312 + 14 13.80 £ 0.50 6.54 & 0.20 8.52 + 0.39
32 98.34 1179 312£5 13.11 £ 0.29 6.52 &+ 0.21 8.56 & 0.41
20 98.87 969 273 £+ 3 13.60 + 0.45 6.48 & 0.28 8.64 £ 0.58
10 99.20 1476 272 £+ 2 12.85 + 0.38 5.67 + 0.11 7.13 4+ 0.25
5 99.60 1282 265 + 2 14.22 + 0.04 5.22 + 0.08 6.11 +0.17
0 100.00 1291 235+ 3 14.24 +0.18 5.05 & 0.03 5.97 + 0.06

Toughness measurements were calculated by Niihara palmqvist (PQ) and median (MED) equation.

Fig. 5. Propagation of an indentation crack on the 3Y-TZP matrix containing: (a) 20 vol% WC, (b) 32 vol% WC and (c) 40 vol% WC.
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Fig. 6. XRD patterns of the 3Y-TZP/WC composites hot pressed at 1450 °C
reinforced with: (A) 0vol%, (B) 20 vol%, (C) 32 vol% and (D) 40 vol% WC
particles.

Fig. 6 shows XRD patterns taken from the 3Y-TZP/WC com-
posites hot pressed at 1450 °C reinforced with: (A) 0 vol% WC,
(B) 20 vol% WC, (C) 32vol% WC and (D) 40 vol% WC par-
ticles. As seen in Fig. 6, with increasing WC content in the
3Y-TZP matrix, more W,C phase was formed. It is believed
that zirconia powders formed a gas tight matrix at lower sinter-
ing temperatures and prevented the escape of gaseous products
like CO which eventually enabled the formation W, C. This con-
cept was followed by Jiang et al.> successfully using the more
silica rich and sinterable Daichi HSY-3U zirconia powder.

Fig. 7 shows in situ high temperature XRD patterns of the
3Y-TZP/40WC composite taken between room temperature and
1450 °C at temperature increments of 50 °C. These in situ XRD
patterns during heating up from RT to 1300 °C indicated that in
addition to some unidentifiable peaks occurring at very low 20
angles, no evidences of any phase changes were observed. As
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expected, less than 20°, monoclinic ZrO; had a peak with a low
intensity which is marked in Fig. 7b. According to the analyses,
this phase started to form at temperatures above 1000 °C.

Thus, on the basis of the presented data, increasing the sin-
tering temperature in order to obtain higher density and better
mechanical properties seems an invalid strategy. Based on exist-
ing literature the assignment of toughness reduction to a single
cause seems incorrect. The effect is probably caused by a super-
position of several phenomena. However, it can be assumed
that the main reason for high indentation toughness results in
general are due to the combination of martensitic phase trans-
formation with crack deflection, crack branching and bridging
mechanisms.

The effect of WC amount on wear performance was examined
via unlubricated sliding pin-on-disc tests. The volumetric wear
rate (kv) was calculated by using Archard’s equation’” given in

Eq. (1):

Vi mm?
kl} — wear (1)
Fnxs \Nm
where Fy is the normal load, s the sliding distance, Vieqr iS
the wear volume and kv is the wear rate. Wear test results of

3Y-TZP/WC composites hot pressed at 1450 °C are listed in
Table 3.

Table 3
Dry reciprocating wear test results of 3Y-TZP/WC composites under 55 N nor-
mal load with a sliding distance (s) of 45 km against WC—Co.

WC (vol%) Friction force Friction Wear volume kv (1078 mm?/
(N) coefficient (1) (mm?3) Nm™ 1)
40 21.31 0.39 0.02 0.80
32 22.92 0.42 0.03 1.21
20 26.58 0.48 0.04 1.62
0 37.40 0.68 0.15 6.06
a m-ZrO, b
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As clearly seen in Table 3, the presence of homogeneously
dispersed hard WC particles added in increasing amounts sig-
nificantly enhanced the tribological behavior of 3Y-TZP matrix
composites. The worn volume was reduced nearly 15% with
40 vol% WC addition. Although the hardness, strength, and den-
sity of 3Y-TZP/40WC were lower than the pure 3Y-TZP matrix,
the improvement in wear resistance could be attributed to the
high indentation toughness because the critical load of crack
propagation was influenced by toughness. Bhushan?! stated that
low toughness reduces wear resistance by introduction of micro-
fracture at contact surfaces in sliding.

Fracture toughness (Kjc) and friction coefficient (u) values
of the ZrO2/WC composites with respect to WC amount are
presented in Fig. 8. As the toughness increases with increasing
WC amounts, the friction coefficient decreases, implying that
the wear resistance increases. In the present study, it may be
speculated that higher contents of WC will increase the ther-
mal conductivity and thus the long term stability of the zirconia
by preventing heating up. The fact that the worn surfaces did
not show any evidence of spallation or cracking support this
assumption that the matrix remained stable during the wear test
and was able to keep hold of the dispersed WC.

3.1. Effect of bimodal WC particle size distribution

In order to enhance the mechanical properties of the com-
pacts further, different percentages of nano-WC particles were
mixed with micron-sized WC particles. Packing density of the
bi-modal composites was increased by increasing particle size
distribution broadening. In addition to improved sintered den-
sity, higher Young’s modulus and indentation toughness was

Table 4
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Fig. 9. XRD patterns of the bimodal particle size distributed 3Y-TZP/40WC
composites. Coarse WC particle dispersion value of 100 vol% (A), 75 vol% (B)
and 25 vol% (C), respectively.

achieved. In Table 4, relative densities and some mechanical
properties of the 3Y-TZP/WC (40 vol%) composite as a function
of the vol% coarse WC are listed.

The reason for the slight increase in the hardness and
enhancement in the indentation toughness of the 75 vol% coarse
WC dispersed 3Y-TZP/40WC composite can be explained by
XRD phase analysis. According to Fig. 9, it is clear that W,C
phase formation was increased with higher nano-WC addition.
Brittle W, C enhanced hardness but indentation toughness was
decreased slightly when nano-WC increased to 75 vol%.

In addition to improvements in indentation toughness
and strength, wear resistance of the composites were
enhanced significantly by nano-WC additions. As indicated
in Table 5, the wear rate was decreased from 0.8 x 1078
to 0.12 x 10~ mm3/N'm~!. Even with dry sliding conditions
under relatively high normal load and long operation conditions
the worn volume was 0.003 mm? for the 25% coarse nano-WC

Table 5
Dry reciprocating wear test results of 3Y-TZP/40WC composites as a function
of coarse-WC content under 55N normal load with a sliding distance (s) of
45km.

Coarse WC Friction force Friction Wear volume kv (10~8 mm?
(vol%) N) coefficient (1) (mm?) /Nm™1)
100 21.31 0.39 0.02 0.80

75 20.36 0.37 0.01 0.40

25 19.38 0.36 0.003 0.12

Relative density % values and mechanical properties of 3Y-TZP/40WC composites sintered at 1450 °C as a function of coarse-WC content.

Coarse WC (vol%) Relative density (%) Strength (MPa) E (GPa) HVyo (GPa) K¢, PQ (MPam!/2) K¢, MED (MPam'/?)
100 95.26 452 312 + 14 13.80 & 0.50 6.54 £ 0.20 8.52 + 0.39

75 97.00 763 367 + 4 13.82 & 1.05 6.84 + 0.64 8.89 + 131

25 98.01 827 371+ 3 15.92 + 0.30 6.85 £ 0.35 8.56 + 0.68

Toughness measurements were calculated by Niihara palmqvist (PQ) and median (MED) equation.
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distributed 3Y-TZP/40WC composite. The wear resistance was
enhanced significantly and the value is satisfactory compared to
those reported in the literature.3>33

Coefficient of friction (COF) was recorded simultaneously by
the computer and the values are shown in Fig. 10. Fig. 10A-E
present the coefficient of friction values () versus sliding dis-
tance (in km) of the 3Y-TZP composites hot pressed at 1450 °C.
In Fig. 10, the lines represent the samples by order of without
WC addition (Fig. 10A) and containing 20 vol% WC (Fig. 10B),
40 vol% WC (Fig. 10C), 40 vol% WC (75% coarse + 25 vol%
nano-sized) (Fig. 10D) and 40 vol% WC (25% coarse + 75 vol%
nano-sized) (Fig. 10E). For a constant normal load, the friction
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force fluctuated with respect to sliding distance. However, the
fluctuations were very small in the 25% coarse WC dispersed
3Y-TZP/A0WC composites. In general, the COF curve of the
pure 3Y-TZP material has a shape different oscillation; it was
just decreased from the constant COF value. This behavior can
occur due to hard on soft WC-Co/ZrO; sliding contact which
cause adhesion. On the other hand, with hard WC additions to the
matrix, hard on hard WC—Co/WC sliding increased the friction
coefficient. Steady state regime was obtained after about 35 km
sliding distance of the all range particle size distributed 3Y-
TZP/40WC composites. The friction coefficient levels decrease
with increasing WC content. Best and most constant values were
obtained with 40 vol% WC (25% coarse).

The inverted profiles of the abraded surfaces are given in
Fig. 11. By means of the 3D surface topographies, it is clear that
the 3Y-TZP matrix structure without WC reinforcement had a
deeper wear track then the ones with WC additions. Relatively
flat and shallow abraded surface of 3Y-TZP/40WC (25% coarse)
was obtained with bi-model particle size WC-reinforcement.
Consequently, these large and small WC reinforcing particles
enhanced the wear resistance considerably more than those con-
taining only large or small WC particles.

Fig. 12a—c are respective SEM micrographs taken from the
middle part of the wear traces of the 3Y-TZP matrix composites
without WC addition and those containing 40 vol% WC, and
40 vol% WC (25% coarse + 75 vol% nano-sized) at a total sliding
distance of 45 km under a normal load of 55 N.

The SEM images of Fig. 12 reveal that on the wear layer there
was neither an adhesion of the debris nor any microcracks along
the wear trace. Initially, all the abraded material was removed
from the debris layer and did not stick onto the wear layer after-
wards. The same wear behavior was found in all composites.
The bimodal particle size distribution did not have any effect on
the surface morphology of the worn surface.

0,40,60,68,00,20,40

0,80,00,20,40,60

Fig. 11. Inverted 3D surface profiles of the parts after 45 km unlubricated wear test run. The tracks belong to (a) 3Y-TZP, (b) 3Y-TZP/20WC, (c) 3Y-TZP/40WC and

(d) 3Y-TZP/40WC (25% coarse), respectively.
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Fig. 12. SEM images taken from the middle part of the wear traces of ZrO,/WC composites after 45 km run, (a) 3Y-TZP, (b) 3Y-TZP/40WC and (c) 3Y-TZP/40WC

(25% coarse), respectively.

4. Conclusions

Based on the results reported in the present investigation, the
following conclusions can be drawn:

1. WC addition to the 3mol% Y,O3 stabilized ZrO, matrix
enhanced the indentation toughness values while hardness
values remained constant. The 3Y-TZP reinforced with
32 vol% WC has the overall best mechanical and microstruc-
tural properties, i.e. the highest strength, Young’s modulus
and indentation toughness. WC reinforcements higher than
32 vol% WC resulted in the decline of the relative density
values.

2. The main reason for the enhancement of indentation tough-
ness with increasing WC content can be attributed to
crack deflection, crack branching and bridging mechanisms
incorporation with phase transformation toughening. Addi-
tionally, homogeneously distributed WC which has high
modulus increased toughness significantly.

3. The optimized sintering temperature for the Y-TZP/WC com-
posites was determined as 1450 °C. Higher temperatures led
to a decline in flexural strength and indentation toughness
due to increasing amount of the W,C phase identified in the
XRD patterns.

4. The tribological behavior of the 3Y-TZP matrix was
enhanced significantly by the presence of homogeneously
dispersed hard WC particles. The worn volume was reduced
nearly 15% with 40 vol% WC addition. In addition, bimodal
WC particle size distribution of nano-sized WC and
coarse WC particles improved the relative density, Young’s
modulus, and indentation toughness considerably. Besides
enhanced mechanical properties, superior wear resistance
was obtained by nano-WC additions. Even with dry slid-
ing conditions under relatively high normal load and long
operation conditions, the worn volume was 0.003 mm? for
the 75 vol% nano-sized WC distributed 3Y-TZP/40WC com-
posite.
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