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bstract

he effect was investigated of the intergranular phase chemistry on the sliding-wear resistance of pressureless liquid-phase-sintered (PLPS) �-SiC
ensified with 10 vol.% 5Al2O3 + 3RE2O3 (RE = La, Nd, or Yb) additives. It was found that the sliding-wear behaviour of these ceramics is similar
o what is observed in other polycrystalline ceramics: initial mild, plasticity-controlled wear followed by severe, fracture-controlled wear, with
well-defined wear transition. Most importantly, the sliding-wear resistance of PLPS SiC is found to increase with decreasing size of the RE3+

ation in the rare-earth oxide additive, with a lower susceptibility to mild and severe wear and a delayed transition to severe wear. Underlying this
3+ 2−
ffect is likely the hardening of the intergranular phase resulting from the increase in the field strength of the RE –O bonds as the size of the

E3+ cation decreases. Tailoring the intergranular phase chemistry via the selection of RE2O3 sintering additives with cations as small as possible
hus emerges as a potentially interesting approach to improving the sliding-wear resistance of PLPS SiC ceramics.

2011 Elsevier Ltd. All rights reserved.

eywords: SiC; Sintering; Wear resistance

a
a
i
s
a
h
t
l
n

i
f
d
p
i

. Introduction

Silicon carbide (SiC) has inherent high strength, stiffness,
ardness, and wear resistance. In addition, it is chemically
table, and possesses a high thermal conductivity and an ele-
ated melting point.1–5 This combination of physicochemical
roperties makes SiC-based materials attractive for use in
ontact-mechanical and tribological applications, such as bear-
ngs, wear-parts, valves, and seals.

Underlying the properties of SiC is the highly covalent nature
f the Si–C bonds, which unfortunately also results in very
ow sinterability. Indeed, densification of SiC powders always
equires the use of sintering additives. Depending on the nature
f these additives, densification may take place by either a
olid-state or a liquid-phase sintering mechanism. Traditionally,

ensification of SiC ceramics has been achieved via solid-
tate sintering by hot-pressing using small amounts of B and

as additives.6 However, the elevated sintering temperatures
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nd pressures required make this sintering route costly, and in
ddition it requires tedious and costly post-sintering machin-
ng processes to shape the final component. In liquid-phase
intering, however, the additives – generally combinations of
luminum oxide and rare-earth oxides2,7–10 – melt during the
eat treatment, thus enabling densification not only at lower
emperatures, but also, and more importantly, under pressure-
ess conditions. This allows low-cost SiC-based ceramics with
ear-net shape to be straightforwardly obtained.

The sliding-wear behaviour of SiC-based ceramics typ-
cally consists of initial mild, plasticity-controlled wear
ollowed by severe, fracture-controlled wear, with a well-
efined wear transition, as is commonly observed in other
olycrystalline ceramics.11–16 The wear resistance can be
mproved by optimizing the tribosystem (i.e., use of lubri-
ants, etc.), and/or via microstructural design. Previous studies
ocused on the latter approach have suggested the follow-
ng guidelines for the processing of highly wear-resistant
ressureless liquid-phase-sientered (PLPS) SiC ceramics: (i)

17 18,19
rain refinement; (ii) grain elongation; (iii) reduction of
ntergranular phase content;17 and (iv) intergranular phase
ardening by incorporation of nitrogen.20 However, the chem-
cal composition of the intergranular phase has attracted less

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.011
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ttention, despite it is also being expected to influence the wear
erformance of PLPS SiC because the SiC grains are embedded
n it. Indeed, Zhou et al.10 have shown that the intergranular
hase chemistry has a marked effect on other mechani-
al properties (elastic modulus, hardness, flexural strength,
nd toughness), some of which are very relevant for wear
erformance.

Based on the above, the present work was aimed at inves-
igating the effect of the intergranular phase chemistry on the
liding-wear resistance of PLPS SiC. To that end, PLPS �-SiC
eramics were processed using three different additive systems
onsisting of 10 vol.% 5Al2O3 + 3RE2O3 with wide ranging
E3+ cation size (RE = La, Nd, and Yb), and their sliding-wear
ehaviour was tested under the ball-on-three-disk configuration
which is ideal for the study of microstructural effects – and then
iscussed qualitatively using a semi-mechanistic model with
view to extracting additional guidelines for the microstruc-

ural design of low-cost, wear-resistant SiC-based ceramics for
ribological applications.

. Experimental procedure

.1. Processing

Fully dense PLPS SiC ceramics were prepared from
hree powder batches, each containing �-SiC (UF-15, H.C.
tarck, Goslar, Germany) plus Al2O3 (AKP-30, Sumitomo
hemical Company, NY) and RE2O3 (RE = La, Nd, or Yb;
trem Chemicals, France) in a 5:3 molar ratio as sinter-

ng additives. The choice of these three rare-earth oxides
s because they have proved effective in densifying SiC,10

hile allowing one to investigate the fundamental question of
he influence of intergranular phase chemistry on the sliding-
ear resistance of PLPS SiC because they are formed by

anthanoids of very different cation radii (La3+ = 1.061 Å;
d3+ = 0.995 Å; Yb3+ = 0.858 Å).10 The relative amounts of SiC

nd (5Al2O3 + 3RE2O3) in each of the powder batches were
esigned to yield in all cases PLPS SiC ceramics with 90 vol.%
iC and 10 vol.% RE3Al5O12 after sintering (henceforth PLPS
iC–RE). The powder batches were prepared using routine
ethods applicable to PLPS SiC ceramics, i.e., by successive

teps of powder wet mixing/homogenization in ethanol (liquid-
o-powder weight ratio of 8) without dispersant, drying the
lurries while stirring, and deagglomeration by crushing. Com-
acts were made by uniaxial pressing (C, Carver Inc., Wabash,
N, USA) at 50 MPa, followed by isostatic pressing (CP360,
IP, Columbus, OH, USA) at 350 MPa. Pressureless sintering
as performed in a graphite furnace (1000-3560-FP20, Ther-
al Technology Inc., Santa Rosa, CA, USA) at 1950 ◦C for
h in a flowing Ar-gas atmosphere of 99.999% purity. The as-
rocessed samples were characterized using a scanning electron
icroscope (SEM; S-3600N, Hitachi, Japan) operated at 15 kV
ith secondary electrons. The microstructures were revealed by

lasma etching with CF4 + 4% O2 gas for 2 h, and the average
ize of the SiC grains (measured as the grain length) in these
wo-phase ceramics was quantified by image analysis (Anal-
SIS, Olympus Soft Imaging Solutions GmbH, Germany) as

v
v
d
o
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eported elsewhere21 on at least 300 grains from various SEM
icrographs taken randomly.

.2. Mechanical properties

.2.1. Vickers indentation
Cross-sections of the sintered materials were ground and

olished to a 1-�m finish using routine ceramographic meth-
ds. Vickers-indentation tests were performed on the polished
pecimens to evaluate their hardness (H) and toughness (KIC).
ll Vickers-indentation tests were performed under ambient

onditions using a hardness tester (MV-1, Matsuzawa, Tokyo,
apan) equipped with a Vickers diamond pyramid, with maxi-
um load of 98 N, indentation load rate of 40 �m s−1, and dwell

ime of 20 s. Ten separate indentations were performed for each
aterial. Subsequently, the tested surface was gold-coated for

he measurement of the length of the diagonal of the residual
mpression and the total length of the surface trace of the radial
racks under optical microscopy (Epiphot 300, Nikon, Japan).
he hardness and the toughness were determined using standard

ormulae.22,23

.2.2. Hertz indentation
Polished cross-sections of each material were gold-coated

nd subjected to Hertzian indentation. The Hertzian indentation
ests were made on those surfaces normally in a universal testing

achine (5535, Instron, Canton, MA) at a constant cross-head
peed of 0.05 mm min−1 over a load range of 15–1000 N, using

C spheres of radii 7.94 and 4.76 mm, under ambient condi-
ions. The contact radius of each residual impression was then

easured under the optical microscope, and used to construct the
ndentation stress–strain curves. E was determined from the lin-
ar stretch of the indentation stress–strain curve using a standard
ormula.24,25

.2.3. Wear
Several polished disks (7 mm diameter, 2 mm thickness) were

ore-drilled from the sintered materials for wear testing. Wear
esting was performed under ambient conditions in a Falex multi-
pecimen tribometer (Faville-Le Vally Corp., Sugar Grove, IL)
onfigured in the ball-on-three-disks geometry. In this testing
eometry, a commercial, bearing-grade Si3N4 ball (NBD 200,
erbec, East Granby, CT) of radius 6.35 mm rotates in contact
ith three disk specimens aligned with their surface normals in

etrahedral coordination relative to the rotation axis.12 Paraffin
il (Heavy Grade, Fisher Scientific, Fair Lawn, NJ) was used
s lubricant (viscosity at 40 ◦C of ∼3.4 × 10−5 m2/s or 34 cst)
o avoid any tribological effect such as friction-induced heat-
ng or triboreactions, and thus to study the intergranular phase
hemistry effect only. The contact load on each disk was 80 N
nd the rotation speed was 100 rpm, corresponding to a sliding

−1
elocity of ∼0.04 m s . The wear tests were interrupted at inter-
als, and the diameters of the circular wear scars (D) on each
isk were measured under the optical microscope (two orthog-
nal measurements per disk, 3 disks per ceramic), and used as
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Fig. 1. SEM micrographs of the polished and plasma-etched cross-sections
o
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uantification of the extent of wear damage. Finally, the wear
amage at the microstructural level was observed under SEM.

. Results

Fig. 1 shows SEM images representative of the microstruc-
ures of the three PLPS SiC–RE ceramics. It can be observed
hat the microstructure is independent of the RE2O3 sintering
dditive used in combination with Al2O3, and consists in the
hree cases of equiaxed SiC grains (grain size L ∼0.8–1 �m)
mbedded in an intergranular phase that is crystalline and has
he RE3Al5O12 stoichiometry, as demonstrated in a previous
tudy.26 It can also be seen that the three PLPS SiC–RE ceramics
re fully dense because there is no evidence of residual porosity
n the SEM images.

Table 1 lists the E, H, and KIC values of the three materi-
ls investigated. It can be observed that PLPS SiC–Yb has the
ighest E and H values (405 and 21.4 GPa, respectively), fol-
owed by PLPS SiC–Nd (377 and 18.7 GPa, respectively), and
astly by PLPS SiC–La (365 and 17.2 GPa, respectively). Thus,
here is a clear correlation between H–E and the size of the RE3+

ation in the RE2O3, with a lower cation size (La3+ = 1.061 Å,
d3+ = 0.995 Å, and Yb3+ = 0.858 Å) resulting in a harder and

tiffer material. The fracture mode was observed to be the same
n the three materials, namely intergranular fracture, although
he KIC values did vary with the RE2O3. Furthermore, KIC

xhibits a trend with the size of the RE3+ cation in the RE2O3
pposite to that of E and H, with PLPS SiC–La being the
oughest material (4.4 MPa m0.5), followed by PLPS SiC–Nd
4.2 MPa m0.5), and lastly by PLPS SiC–Yb (4.0 MPa m0.5). The
agnitude of H, E, and KIC as well as their correlations with the

ize of the RE3+ cation in the RE2O3 are entirely consistent with
revious observations by Zhou et al.10

Fig. 2 shows the sliding-wear curves – evolution of the
ear scar diameter (D) with the sliding-wear time on a semi-

ogarithmic scale (log t) – for the three PLPS SiC–RE ceramics.
t can be observed that they exhibit the typical sliding-wear
ehaviour which is commonly observed in 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. One can observe clearly
n Fig. 2 that PLPS SiC–Yb has the greatest wear resistance in
he mild regime, followed by PLPS SiC–Nd, and lastly by PLPS
iC–La. PLPS SiC–Yb has also the greatest transition time from
ild to severe wear (40 min), followed again by PLPS SiC–Nd

15 min), and lastly by PLPS SiC–La (10 min). Moreover, the
equence of wear resistance in the severe regime is the same as
n the mild regime because the three severe-wear stretches have
pparently the same slope in Fig. 2 but are nonetheless shifted
owards greater wear times in the logarithmic scale. Overall,
ne can therefore say correctly that PLPS SiC–Yb is the most
ear-resistant of the three materials prepared in this study, and

hat PLPS SiC–La is the least. Since the Yb3+, Nd3+, and La3+

˚
ation sizes are 0.858, 0.995, and 1.061 A, respectively, it can
hus be concluded that the resistance of PLPS SiC to sliding
ear increases with decreasing size of the RE3+ cation in the
E2O3.

G
c
s
t

f the PLPS SiC ceramics fabricated with sintering aids (10 vol.%) of: (A)
Al2O3–3Yb2O3, (B) 5Al2O3–3Nd2O3, and (C) 5Al2O3–3La2O3.

Fig. 3 shows representative images of the damage at relevant
cales at the end of the wear tests (1000 min of sliding time).
rooves and scratches caused by the asperities at the contact
an be observed at the macroscopic level within the circular wear
car. Details observed under the SEM reveal severe damage at
he microstructural level in the form of grain boundary fracture
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Table 1
Mechanical properties of the three PLPS SiC–RE ceramics prepared in this study. The H and KIC errors quoted are standard deviations; the E error is the standard
error from the fit.

Sample; RE3+ cation size (Å) Hardness, H (GPa; ±0.3) Toughness, KIC (MPa m0.5; ±0.2) Elastic modulus, E (GPa)

PLPS SiC–La; 1.061 17.2 4.4 365 ± 3
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KGB = K(tc) = ψ(σD(tc) + q)βL0.5 (2)
LPS SiC–Nd; 0.995 18.7
LPS SiC–Yb; 0.858 21.4

nd grain pull-out within the grooves. This type of wear damage
as common to the three PLPS SiC–RE ceramics, although it
as most pronounced in PLPS SiC–La, then in PLPS SiC–Nd,

nd lastly in PLPS SiC–Yb.

. Discussion

The results presented above reveal that the chemistry of the
ntergranular phase has a marked effect on the sliding-wear
esistance of PLPS SiC ceramics processed with metal–oxide
dditives (i.e., Al2O3 + RE2O3). In particular, it was found that
liding-wear resistance increases – less susceptibility to mild
nd severe wear and a delayed transition from mild to severe
ear – with decreasing size of the RE3+ cation in the RE2O3.
he semi-mechanistic model proposed by Cho et al.,12 which
as been demonstrated to describe the sliding-wear behaviour
f other polycrystalline ceramics including PLPS SiC,11–20 can
e used to justify qualitatively this effect. Briefly, during the
ild-wear stage, tensile stresses (σD) accumulate as a function

f sliding time at the SiC grains/intergranular phase interfaces
s a consequence of dislocation plasticity in the SiC grains and
specially in the softer intergranular phase, and add to the resid-

al tensile stress induced during the processing itself (q). When
t a certain critical sliding time (tc) the stress intensity factor
K(t)) due to these accumulating stresses on pre-existing grain-

ig. 2. Wear curves – wear scar diameter as a function of the sliding time –
or the PLPS SiC–Yb, –Nd, and –La ceramics. Each datum point is the mean
f three specimens tested; error bars represent data dispersion. The solid lines
re to guide the eye, with the discontinuities in the lines indicating the mild to
evere wear transition.

F
S

4.2 377 ± 2
4.0 405 ± 2

oundary flaws exceeds the grain boundary toughness (KGB),
rain-boundary fracture and subsequent grain pull-out takes
lace, thereby leading to rapid material removal in the severe-
ear stage. The time-dependent stress-intensity factor due to the
re-existing flaws can be written as:12

(t) = ψ(σD(t) + q)βL0.5 (1)

here L is the grain size, and the constantsψ and β are the crack
eometry parameter and a scaling coefficient (≤1), and thus the
ondition for grain-boundary fracture is given by:
ig. 3. Micrographs of the damage after 1000 min of sliding wear in PLPS
iC–Yb at the macroscopic and microstructural levels.
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Fig. 4. Indentation stress–strain curves of the PLPS SiC–Yb, –Nd, and –La
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ithin this framework, and given that the three PLPS SiC–RE
eramics fabricated in this study have the same grain size, the
ifferences observed in the wear curves can only be attributed
o the change in: (i) σD, which conditions the rate of mild wear
nd also affects the transition time from mild to severe wear;
ii) q; and/or (iii) KGB, which affect the transition time only. In
egards to the first point, the rate at which dislocation plasticity
ccumulates in a PLPS SiC ceramic depends on the hardness
f the SiC grains and of the intergranular phase,18,19 particu-
arly this latter because it is the connected phase and is much
ofter than SiC.27 The Vickers tests performed in the present
tudy showed that the hardness of the PLPS SiC–RE ceram-
cs increases with decreasing size of the RE3+ cation in the
E2O3. Since the SiC grains have the same size in the three
LPS SiC–RE ceramics and therefore the same hardness accord-

ng to the Hall–Petch relationship, it can be concluded that
he hardness of the RE3Al5O12 intergranular phase increases
ith decreasing size of the RE3+ cation. This conclusion is

ntirely consistent with the consideration of the field strength of
he Yb3+–O2−, Nd3+–O2−, and La3+–O2− bonds, as the three
E3Al5O12 phases have the Al3+–O2− bonds in common. Note

hat, because the field strength of the RE3+–O2− bond is given by
he expression ZaZce2/r2,28 with Za and Zc being the anion and
ation charges, respectively, e the electron charge, and r the sum
f the cation and anion radii, it increases as the size of the RE3+

ation decreases. A harder intergranular phase will reduce the
ate at which plasticity-induced stress is accumulated during the
ear of the PLPS SiC ceramics, thereby explaining the improved
ild-wear resistance observed with decreasing size of the RE3+

ation in the RE2O3. A similar effect has been observed before
n PLPS SiC ceramics with Y3Al5O12 intergranular phase, in
hich the intergranular phase hardening achieved by the incor-
oration of nitrogen during sintering in a N2-rich atmosphere
esulted in improved wear resistance.20

The slower accumulation of plasticity-induced stress result-
ng from the increase in hardness with decreasing size of the
E3+ cation in the RE2O3 is in turn deemed principally respon-

ible for the delayed transition from mild to severe wear because
he simple appreciation of the magnitude of the KGB and q
ffects suggests that these would be second-order corrections.
hus, the Hertzian curves of Fig. 4 do not reveal great differ-
nces in the contact pressure required to cause microcracking
f the grain boundaries,24,29 suggesting that KGB increases lit-
le with decreasing cation radius. On the other hand, q not only
s typically one order of magnitude smaller than σD(tc),17 but
lso depends on the thermal expansion mismatch between the
iC grains and the oxide matrix,30,31 and the thermal expansion
oefficient of the rare-earth aluminum garnets (i.e., RE3Al5O12)
ncreases little with decreasing size of the RE3+ cation.32 It is
herefore reasonable to conclude that the increased hardness of
he PLPS SiC ceramics with decreasing size of the RE3+ cation in
he RE2O3 outweighs the effects of the small variations in KGB

nd q, especially considering that the increase in KGB would

end to delay the time for the transition from mild to severe
ear whereas the increase in q would tend to shorten it. Finally,
espite the fact that the wear mechanism in the severe-wear
egime is far more complex, the improvement observed in this

t
s
v
t

eramics. Points are the experimental data, and solid curves are to guide the eye.
he error bars are smaller than the dot size.

egime with decreasing size of the RE3+ cation in the RE2O3
s attributable essentially to the delayed transition to the severe-
ear regime that reduces the severity of the abrasion by the
ear debris trapped under the contact during sliding (i.e., lesser

mount of abrasive and abrasive of larger size, as well as a shorter
brasion time for the same sliding time).

Based on the foregoing results and analyses, another pro-
essing guideline for improving the sliding-wear resistance of
LPS SiC ceramics would appear to consist of tailoring the inter-
ranular phase chemistry through the selection of oxide additive
ystems with small metal cations so as to increase hardness. To
reate highly wear-resistant PLPS SiC ceramics for use in tri-
ological applications, this novel processing guideline could be
sed in combination with the previously proposed guidelines of
n situ nitride hardening20 and reduction of intergranular phase
ontent,17 as well as with either that of grain refinement17 or that
f grain elongation18,19 because these two guidelines are mutu-
lly exclusive. However, the processing of PLPS SiC ceramics
hat embodies all the above features remains a challenge for
uture work.

. Conclusions

We have studied the effect of the intergranular phase chem-
stry on the sliding-wear resistance of PLPS �-SiC densified
ith 10 vol.% 5Al2O3 + 3RE2O3 (RE = La, Nd, or Yb) addi-

ives. It was found that the sliding-wear resistance increases with
ecreasing size of the RE3+ cation in the RE2O3, with a lesser
usceptibility to mild and severe wear and a delayed wear tran-
ition from mild to severe wear. This improvement in the wear
esistance is likely to be caused by the increased hardness of
he intergranular phase resulting from the decrease in the cation

ize in the RE2O3. Tailoring the intergranular phase chemistry
ia the selection of rare-earth oxides with small cation sizes
hus emerges as another approach to improving the sliding-wear
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esistance in PLPS SiC ceramics. This new processing guideline
an be used in combination with others formulated previously
or a better microstructural design of low-cost, wear-resistant,
iC-based ceramics for tribological applications.
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