
A

T
i
r
u
h
p
t
r
w
©

K

1

m
r
N
f
m
s
e
a
b
(
c
i
t
a

(

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 31 (2011) 877–882

Effect of MoSi2 content on the lubricated sliding-wear resistance of
ZrC–MoSi2 composites
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bstract

he effect of MoSi2 content (5, 10, and 20 vol.%) on the lubricated, sliding-wear behaviour of ZrC–MoSi2 composites at room temperature is
nvestigated and modeled. It was found that the resistance to sliding wear decreases markedly with increasing MoSi2 content, with a greater
ate of mild wear, an earlier transition from mild to severe wear, but essentially the same rate of severe wear. The analysis of the wear results
sing a mechanistic model indicated that the worsened sliding-wear resistance with the increase in MoSi2 content derives from the decreased
ardness and increased internal effective tensile stresses of the ZrC–MoSi2 composite, which speed up the accumulation of damage induced by

lastic deformation within the grains and shorten the onset of the grain-boundary fracture condition and subsequent grain pullout. Reduction of
he MoSi2 content thus emerges as an effective approach for making the ZrC–MoSi2 composites more sliding-wear resistant under lubrication at
oom-temperature. These results may have important implications because ZrC holds promise for use in tribological applications requiring both
ear resistance and electrical contact, and MoSi2 is its commonest sintering additive.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

The favourable mechanical and thermal properties of ZrC
ake it one of the select group of compounds on the cur-

ent short list of ceramic materials for extreme environments.1

ot surprisingly, much of the current research on ZrC is
ocused on evaluating its use as a high-temperature aerospace
aterial (leading edges, acreage thermal protection systems,

cramjet flow-path components, rocket propulsion components,
tc.). However, although they have been less explored, ZrC
lso possesses a unique combination of properties for tri-
ological applications. In particular, it is not only harder
∼25.5 GPa) and stiffer (elastic modulus ∼392 MPa) than the
ommon advanced ceramics (Al2O3, ZrO2, Si3N4, etc.), but

s also more refractory (melting point ∼3540 ◦C) and a bet-
er thermal conductor (∼40 W m−1 ◦C−1).2 Thus, ZrC would
lleviate and resist the frictional heating in sliding-contact appli-
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ations better than other advanced ceramics, which make it
articularly useful for the fabrication of a great variety of tri-
ocomponents (bearings, wear parts, valves, seals, rollers, etc.).
nother feature that distinguishes ZrC from the majority of

ommon triboceramics is that its high electrical conductiv-
ty (∼106 S m−1 2), similar to that of many metals, enables
ts use in tribological applications that require electrical con-
act, such as brushes, microelectromechanical devices, circuit
reakers, motor vehicle starters, etc. In this context, ZrC could
otentially provide electrical tribocomponents with the supe-
ior sliding-wear resistance not achievable today with metals,
hich cannot compete with ceramics in this important mechan-

cal property.
Unlike other mechanical properties, the sliding wear of poly-

rystalline ceramics is controlled by average microstructural
haracteristics. This underscores the need to investigate the
ffects of microstructure on the sliding-wear resistance of ZrC if
his is to be used for fabricating tribocomponents. One of these
icrostructural features is the vol.% of second phases because
rC is intrinsically unsinterable in the pure state, and has to
e densified with the help of additives. For this reason, in the
resent wear study we explore the role of the MoSi2 content

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.017
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modulus (E) values determined by the rule-of-mixture were used
in the toughness calculations (EZrC = 392 GPa,6 and EMoSi2 =
440 GPa 7).
78 B. Núñez-González et al. / Journal of the

5, 10, or 20 vol.%), doubtless the commonest sintering additive
or ZrC. We find that reduction of the MoSi2 content should be
n effective approach to making ZrC–MoSi2 composites more
liding-wear resistant under lubrication at room-temperature,
nd support this finding using a wear-mechanistic model.

. Experimental procedure

Commercially available submicrometre powders of ZrC and
oSi2 (in both cases Grade B of H.C. Starck, Berlin, Goslar,
ermany) were used as starting materials. Three powder batches
ere prepared by combining the ZrC and MoSi2 powders in

elative concentrations of 95–5, 90–10, and 80–20 vol.%, respec-
ively (abbreviated hereafter as ZrC–x%MoSi2, where x refers
o MoSi2 content in vol.%). The individual powder batches were
ttrition milled (01-HD, Union Process, Akron, OH, USA) for
h at 600 rpm using WC/Co balls (6.7 mm diameter) with a
harge ratio of 24:1 to reduce particle size and promote inti-
ate mixing of ZrC and MoSi2. The milled powders were

ot-pressed (HP20-3560-20, Thermal Technology LLC, Santa
osa, CA, USA) at 1900 ◦C for 1 h at 30 MPa pressure. The hot-
ressing protocol was the same than used previously by others
n ZrB2,3 except for the final temperature and pressure. The
urfaces of the hot-pressed samples were polished to a 1 �m
nish and were characterized by scanning electron microscopy
SEM; S-3600N, Hitachi, Japan). Several micrographs of repre-
entative regions within the microstructures were recorded for
rain size analysis, which was performed by an image analysis
ystem using at least 300 grains for each ZrC–MoSi2 compos-
te.

Sliding-wear testing was performed at room-temperature
sing a multi-specimen tribometer (Falex, Faville-Le Vally
orp., Sugar Grove, IL) configured in the ball-on-three-disks
eometry. In this testing configuration a commercial, bearing
rade Si3N4 ball (NBD 200, Cerbec, East Granby, CT) of radius
.35 mm was rotated in contact with three flat disk specimens
thickness 2 mm, diameter 4 mm) aligned with their surface nor-
als in tetrahedral coordination relative to the rotation axis and
ounted onto a bearing assembly to ensure equal distribution

f the applied load. Paraffin oil (Heavy Grade, Fisher Scientific,
air Lawn, NJ) with a viscosity of ∼3.4 × 10−5 m2/s (∼34 cst) at
0 ◦C was used as the lubricant to avoid any tribological effects
uch as friction-induced heating or triboreactions, and thus to
tudy the vol.% MoSi2 effect only. The contact load was 120 N
nd the rotation speed was 100 rpm, corresponding to a slid-
ng velocity of ∼0.04 m/s. The wear tests were interrupted at
ntervals, and the diameters of the circular wear scars on each
isk were measured under optical microscopy (two orthogonal
easurements per disk, three disks per ZrC–MoSi2 compos-

te). After each interruption the specimens were put back in the
ribometer in exactly the same position using a precision fix-
ure. The wear-scar diameter was used to quantify the extent
f wear damage. Finally, the wear damage was observed under

EM.

Conventional Vickers indentation tests (MV-1, Matsuzawa,
okyo, Japan) were performed to evaluate the hardness and

oughness of the ZrC–MoSi2 composites. Tests were performed
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ith 98 N load, and the hardness and toughness values were
etermined using the standard procedure and formulas4,5; elastic
ig. 1. SEM micrographs of the polished and thermally etched (1 h at 1500 ◦C
n Ar) cross-sections of the ZrC–MoSi2 composites prepared in this study:
A) ZrC–5%MoSi2, (B) ZrC–10%MoSi2, and (C) ZrC–20%MoSi2. The MoSi2
hase is marked with arrows.
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Fig. 3. Wear scar diameter as a function of the sliding time for the three
ZrC–MoSi2 composites prepared in this study. Each datum point represents
the average of three specimens tested per ceramic; error bars represent data dis-
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ig. 2. SEM micrograph of the polished and thermally etched (1 h at 1500 ◦C in
r) cross-sections of ZrC–5%MoSi2 showing the grain size of the ZrC phase.
he ZrC grain size is the same in ZrC–10%MoSi2 and ZrC–20%MoSi2.

. Results

Fig. 1a–c shows representative SEM images of the
icrostructure of the three ZrC–MoSi2 composites. As can be

een in these micrographs, the three composites are dense and
ontain ZrC grains of the same size. These ZrC grains are very
ne (less than 0.5 ± 0.2 �m in average) and have an equiaxed
hape (see the SEM image of Fig. 2). Also evident in the micro-
raphs of Fig. 1 is the increasing vol.% of MoSi2 pockets in
oing from ZrC–5%MoSi2 to ZrC–20%MoSi2. Table 1 lists
he hardness and toughness measured by Vickers testing. It can
e observed that with increasing MoSi2 content in the com-
osite the hardness decreases and the toughness increases. The
ecreasing hardness of the composite with increasing MoSi2
ontent can only be attributed to the greater presence of the softer
oSi2 phase (∼12 GPa8) because the ZrC grains have the same

ize in the three composites and therefore the same hardness
ccording to the Hall–Petch relationship.9,10 The greater con-
ent of MoSi2 is also responsible for the increasing toughness
ecause the efficacy of the crack-wake bridging mechanism is
nown to increase with increasing thermal-expansion-mismatch
tresses,11,12 which in turns increase with increasing second-
hase content.11,12

Fig. 3 shows the sliding-wear curves for the three
rB2–MoSi2 composites. One observes that these are of the

ame shape as the wear curves typical of other polycrystalline
eramics, i.e., an initial section that corresponds to the mild wear
egime, followed by an abrupt transition to a second section that
orresponds to the severe wear regime.13 It is also evident in

4

c

able 1
echanical and sliding-wear properties of the three ZrC–MoSi2 composites prepared

ample Vickers testing Slidi

Hardness (GPa; ±0.1) Toughness (MPa m0.5; ±0.1) Mild

rC–5%MoSi2 22.8 2.6 17 ±
rC–10%MoSi2 21.8 3.2 34 ±
rC–20%MoSi2 20.7 3.6 45 ±
ersion. The solid lines are fits to the data, with the discontinuities in the lines
ndicating mild wear to severe wear transitions. The inset is a schematic diagram
howing a one-half cross-sectional view of the wear-testing geometry.

ig. 3 that the wear curve of ZrC–5%MoSi2 is below that of
rC–10%MoSi2, which in turn is below that of ZrC–20%MoSi2.
he rates of mild and severe wear calculated by fitting the empir-

cal expression A + B log t to the experimental data of D vs log t in
ach regime are given in Table 1, together with the times of the
ear-stage transition determined from the intersections of the
ts to the mild and the severe wear regimes. As can be observed

n Table 1, with increasing MoSi2 content in the composite the
ate of mild wear increases and the timing of the wear-stage tran-
ition is earlier, while the rate of severe wear is similar (∼10%
ifference) for the three composites.

Fig. 4 is a low-magnification optical micrograph of the worn
urface showing a typical wear scar. Fig. 5 shows representa-
ive SEM images of the damage within the wear scar in the
hree ZrB2–MoSi2 composites at the end of the wear tests
1000 min). As expected in the fracture-controlled wear regime,
n the three composites the damage is characterized by the pres-
nce of grooves within which there is evident grain pullout.
evertheless, it is also clear in these micrographs that the sever-

ty of damage (i.e., size of the grooves and the depth of the grain
ullout) increases with increasing MoSi2 content.
. Discussion

The results presented above demonstrate that the lubri-
ated sliding-wear resistance of the ZrC–MoSi2 composites

in this study.

ng-wear testing

-wear rate (�m/log t) Transition time (min) Severe-wear rate (�m/log t)

1 350 128 ± 10
1 250 117 ± 6
2 120 144 ± 11
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ig. 4. Low-magnification optical micrograph of the worn surface of
rC–10%MoSi2 showing the circular wear scar after 1000 min of sliding.

ecreases as the MoSi2 content increases. To understand
his behaviour, we invoke the governing sliding-wear theory
n non-transforming polycrystalline ceramics with equiaxed-
rain microstructures, which has been validated in previous
tudies.14–22 It has been demonstrated that cumulative material
emoval during the sliding wear of ceramics occurs by two suc-
essive mechanisms—plastic deformation, followed by fracture.
n the initial stages of sliding wear, plastic deformation damage
n the form of dislocation pileups is introduced within the grains,
nducing tensile stresses (σD(t)) that bear up against the grain
oundaries and accumulate as a function of sliding time t.14,16

n the case of multi-phase ceramics, as are the ZrC–MoSi2 com-
osites, these stresses are added to the internal residual tensile
tresses induced by the thermal expansion mismatch (q), which
re given by11,12

≈ V (1 − V )E�T�α (1)

here V is the volume fraction of the second phase (i.e., MoSi2),
the average elastic modulus,�T the temperature range through
hich the composite is cooled without stress relaxation, and
α the thermal expansion mismatch. In this scenario, the time-

ependent stress intensity factor (K(t)) acting on the pre-existing
rain-facet flaws under the wear contact can be written as14

(t) = ψ(σD(t) + q)β
√
d (2)

here the constants ψ and β are the crack geometry parameter
nd a scaling coefficient (≤1), respectively, and d is the grain
ize. At a certain critical sliding time (tc) the stress intensity fac-

or at grain-facet flaws will reach the grain-boundary toughness
KGB)

(tc) = ψ(σD(tc) + q)β
√
d = KGB (3)

w
i
b

ig. 5. SEM micrographs of the wear damage after 1000 min of sliding in: (A)
rC–5%MoSi2, (B) ZrC–10%MoSi2, and (C) ZrC–20%MoSi2. Grain pullout

n the images is indicative of the fracture-controlled wear regime.

nd then grain-boundary fracture and subsequent grain pullout
akes place representing the onset of the transition from mild
eformation wear to severe fracture wear.
Let us apply this mechanistic model to explain the present
ear data. It is evident from Eq. (2) that the size of the ZrC grains

s not responsible for the differences in the wear behaviour
ecause it is the same in the three composites. Hence, the
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eterioration observed in the wear resistance of the ZrC–MoSi2
omposites as the MoSi2 content increases is dictated only by the
reater MoSi2 content. According to the model, the increase in
he MoSi2 content should increase the rate of mild wear because
his is controlled by the rate of accumulation of plasticity-
nduced stresses, and the hardness of the ZrC–MoSi2 composites
ecreases with increasing MoSi2 proportion. Furthermore,
ccording to Eq. (2) the increase in MoSi2 content also has a
oubly detrimental effect which advances the onset of the grain-
oundary fracture condition, i.e., Eq. (3), and therefore shortens
he time for the transition from mild to severe wear. First, there
s an increase in the rate at which deformation-induced stress
ccumulates, which speeds up the rate of K(t) increase; and
econd, there is an increase in the effective tensile stress as
redicted by the parabolic functional dependence q ∝ V(1 − V)
n Eq. (1).a It is not clear at this stage if the increase in MoSi2
ontent affects the grain-boundary toughness, but if it does, it
ould be to make grain boundaries weaker, thus contributing to

urther shortening the time for the transition to the severe wear
egime.20 Finally, the increase in MoSi2 content does not benefit
he resistance to severe wear, despite the increase in toughness.
n principle, tougher ceramics are expected to have lower rates
f severe wear since this occurs by fracture and grain pullout.
owever, wear in this regime is a complex problem that also

nvolves abrasion by the wear debris, and the abrasive-wear
esistance is proportional toH1.425

V /E0.8 so that softer ceramics
ith a greater elastic modulus abrade faster.13,23 In addition, the

mount of wear debris generated is greater in softer ceramics
ith earlier wear transitions because there is more grain pullout,

o that the severity of the third-body abrasion is also greater. In
onsequence, unless the differences in toughness and hardness
re large enough for one of these two mechanisms (fracture or
brasion) to clearly predominate, which is not the present case,
he rate of severe wear is expected to be similar.

Based on these results and analyses, it emerges that the
eduction of the MoSi2 content should be an effective approach
o making ZrC–MoSi2 composites more sliding-wear resistant
nder lubrication conditions at room-temperature. Nevertheless,
t should be noted that this strategy may not be applicable
o unlubricated tribological situations involving effects such
s friction-induced heating or tribo-reactions. This, however,
emains to be elucidated by further tribological studies on
rC–MoSi2 composites.

. Conclusions
We have investigated the dependence of the lubricated
liding-wear resistance of ZrC–MoSi2 composites on their

oSi2 content (5, 10, and 20 vol.%). It was observed exper-

a In particular, using the different volume fractions of MoSi2 (i.e., 0.05, 0.1,
nd 0.2) and taking�α∼1.8 × 10−6 ◦C−1 for the thermal-expansion mismatch
etween ZrC (6.7 × 10−6 ◦C−1) and MoSi2 ((8 to 9) × 10−6 ◦C−1), the values
f E calculated from the rule-of-mixture (i.e., 394.4, 396.8, and 401.6 GPa),
nd �T ∼1875 ◦C, we calculated the internal residual tensile stresses to be 63,
20, and 217 MPa for ZrC–5%MoSi2, ZrC–10%MoSi2, and ZrC–20%MoSi2,
espectively.
ean Ceramic Society 31 (2011) 877–882 881

mentally that the increase in MoSi2 results in a pronounced
orsening of the resistance of the ZrC–MoSi2 composites to

rictional sliding contact. The mechanistic analysis of the wear
urves revealed that this is due both to the lower hardness which
ncreases the rate of mild wear and shortens the onset of severe
ear, and to the greater effective tensile stress which also con-

ributes to shortening the time for the transition from mild to
evere wear. The rate of severe wear is not affected by the MoSi2
ontent because the greater toughness is compensated by the
ower hardness and the greater severity of the third-body abra-
ion. Reduction of the MoSi2 content thus emerges as a likely
ffective approach for making the ZrC–MoSi2 composites more
esistant to lubricated sliding wear at room-temperature. These
esults may have important implications because ZrC–MoSi2
omposites are attractive for use in engineering applications that
equire frictional sliding under electrical contact.
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