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bstract

ffect of the content of the intergranular phase (Y3Al5O12 or yttrium aluminum garnet or YAG) on the room-temperature contact-mechanical
roperties of pressureless, liquid-phase-sintered (LPS) �-SiC ceramics has been studied. An increase in YAG vol.% is found to result in the
xpected degradation of the elastic modulus and the indentation yield strength in LPS SiC. However, with increasing YAG vol.% the degradation

n the hardness and the sliding-wear resistance is found to be severe, while the indentation toughness first increases and then decreases. These
esults are analyzed, and discussed in the context of providing guidelines for the design and fabrication of low-cost LPS SiC ceramics with tailored
ontact-mechanical properties.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Pressureless, liquid-phase-sintered (LPS) silicon carbide
SiC) ceramics with oxide additives (Al2O3, Y2O3) possess
emarkable mechanical and thermal properties which, combined
ith the ease and economy of pressureless processing, makes
PS SiC ceramics attractive structural materials.1–12

The mechanical properties of LPS SiC ceramics, at
oth ambient and elevated temperatures, have been studied
xtensively.5–12 However, most of the studies on the mechanical
roperties of LPS SiC lack a common experimental platform,
hich precludes the extraction of guidelines for the design of
aterials with tailored mechanical properties. Therefore, sys-

ematic studies aimed at elucidating the roles of the various
rocessing variables on the mechanical properties of LPS SiC
re still required. This approach is likely to allow the emulation
n LPS SiC of the success achieved over the past decades in the

evelopment of silicon nitride (Si3N4) structural ceramics—one
f the most important advances of the 20th century in engineer-
ng ceramics. Moreover, SiC has some advantages over Si3N4,
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E-mail address: guiberto@unex.es (F. Guiberteau).

e
w
1
3
(
m
i

955-2219/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2006.09.012
uch as greater hardness and elastic modulus, superior oxidation
esistance, higher thermal conductivity, and lower cost.

Previous studies on LPS SiC have focused on investigat-
ng effects of microstructural variables such as grain size, grain
spect ratio, nature and content of the intergranular phase, and
iC polytype composition.8,9,13–15 In this study we focus on

nvestigating the effect of intergranular phase (YAG) content
n the room-temperature contact-mechanical properties of pres-
ureless, LPS �-SiC ceramics. Here we show that YAG vol.%
as a profound effect on the hardness, toughness, and sliding-
ear resistance of LPS SiC.

. Experimental procedure

.1. Processing

The processing procedure used here is identical to the one
mployed in the earlier studies.5,16,17 Briefly, six powder batches
ere individually prepared, each containing �-SiC powder (UF-
5, H.C. Stark, Germany), plus a combination of Al2O3 (AKP-

0, Sumitomo Chemical Company, New York, NY) and Y2O3
Fine Grade, H.C. Starck Inc., Newton, MA) powders in the
olar ratio Y2O3:Al2O3::3:5 to result in YAG liquid-phase dur-

ng the sintering of SiC. The compositions of the six powder

mailto:guiberto@unex.es
dx.doi.org/10.1016/j.jeurceramsoc.2006.09.012
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atches were designed to yield 3.6 vol.%, 7.3 vol.%, 11.1 vol.%,
5.0 vol.%, 19.1 vol.% or 23.2 vol.% YAG in the sintered mate-
ials (abbreviated hereafter as SiC-xYAG, where x refers to YAG
ontent in vol.%). From each of the powder batches several pel-
ets were uniaxially pressed (Model C, Carver Inc., Wabash,
N) in a steel die (25 mm diameter) at 50 MPa pressure. All pel-
ets were subsequently cold-isostatically pressed (CP360, AIP,
olumbus, OH) at a pressure of 350 MPa. Individual pellets were
mbedded in powder beds inside graphite crucibles with screw-
ble lids. The pellets were sintered in a graphite furnace (Model
000-3560-FP20, Thermal Technology Inc., Santa Rosa, CA)
t 1950 ◦C for 2 h in flowing Ar-gas atmosphere. The sintered
ellets were cleaned and lightly ground to remove any surface
eaction layers and/or adhered packing powder.

.2. Microstructural characterization

Densities of the sintered materials were measured using
he Archimedes method, with distilled water as the immersion

edium. The relative % densities were calculated using den-
ity values of 3.213 g cm−3 and 4.544 g cm−3 for SiC and YAG,
espectively.

Polished cross-sections of the specimens were plasma-
tched (PT 1750, Fissions Instruments, East Sussex, UK) for
00–120 min using CF4 + 4% O2 gas (300 Pa, 80 W) to reveal
he grain boundaries, and were then observed under the scanning
lectron microscope, SEM (S-3600N, Hitachi, Japan). Several
icrographs of representative regions within the microstructures
ere recorded for grain size analysis. The image analysis pro-

edure described in an earlier study18 was employed to estimate
he longest chord which is defined as the length (l), the longest
imension perpendicular to the longest chord is the width (d),
nd the aspect ratio is defined as l/d. For each sintered material
t least 300 grains were used for the grain size analysis.

.3. Mechanical properties characterization

.3.1. Hertz indentation
Hertzian indentation tests were performed on each mate-

ial in a universal testing machine (5535, Instron, Canton,
A) at a constant crosshead speed of 5 �m min−1 over a

oad (P) range of 15–4000 N using tungsten carbide spheres
f radius (r) 1.58–7.94 mm. All the tests were performed
t room-temperature in air, following the standard procedure
escribed elsewhere.19 Briefly, for prescribed values of P and
, contact radii (a) were measured from residual impressions
eft on the previously polished and gold-coated surfaces, and
hen used to calculate indentation stress (P0) and indentation
train (a/r). These measurements enabled indentation stress-
ndentation strain curves to be constructed. Based on these
urves, the elastic modulus (E) was subsequently determined
sing a standard formula. The indentation yield strength (PY)
as also estimated from the pressure at which the experimental
ndentation curve deviates from linearity. For selected materi-
ls, PY was estimated from direct observation of the minimum
ndentation pressure required to leave a detectable indentation
mpression on an uncoated specimen surface.

a
e
g
l
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.3.2. Vickers indentation
Cross-sections of the sintered materials were ground and pol-

shed to a 1-�m finish using routine ceramographic methods.
ickers-indentation tests were performed on the polished spec-

mens to evaluate their hardness (HV) and toughness (KIC). All
ickers-indentation tests were performed at room-temperature

n air using a hardness tester (MV-1, Matsuzawa, Tokyo, Japan),
ith maximum load (P) of 98 N, indentation load rate of
0 �m s−1 and dwell time of 20 s. Ten separate indentations were
erformed for each material. Subsequently, the tested surface
as gold-coated for observation under an optical microscope

Epiphot 300, Nikon, Japan). The length of the diagonal of the
esidual impression and the total length of the surface trace of
he radial cracks were then measured under the microscope.
he hardness and the toughness were determined using stan-
ard formulae.20,21

.3.3. Nanoindentaion tests
Nanoindentations (diamond Berkovich pyramid) were per-

ormed on the ceramic with 23.2 vol.% YAG at differ-
nt surface locations to measure the hardness of the con-
tituents in these two-phase materials, using a Nanoindenter
P (MTS/Nanoinstrument, Oak Ridge, TN) in Dynamic Con-

act ModuleTM (DCM) mode. The maximum penetration depth
nd the penetration speed used were 300 nm and 10 nm/s,
espectively. Hardness was evaluated from the indentation
oad–displacement curves, using standard formulae.22

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

ore-drilled from the sintered materials for wear testing. Wear
esting was performed at room-temperature in a Falex multi-
pecimen tribometer (Faville-Le Vally Corp., Sugar Grove, IL)
sing the ball-on-three-disks geometry. Here, a commercial,
earing grade Si3N4 ball (NBD 200, Cerbec, East Granby, CT)
f radius 6.35 mm rotated in contact with three disk specimens
ligned with their surface normals in tetrahedral coordination
elative to the rotation axis.23 Paraffin oil (Heavy Grade, Fisher
cientific, Fair Lawn, NJ) was used as the lubricant (viscosity
f ∼3.4 × 10−5 m2 s−1 at 40 ◦C). The contact load on each disk
as 70 N and the rotation speed was 100 rpm, corresponding

o a sliding velocity of ∼0.04 m s−1. The wear tests were inter-
upted at intervals, and the diameters of the circular wear scars
n each disk were measured using the optical microscope (two
rthogonal measurements per disk, three disks per ceramic). The
ear-scar diameter was used as quantification of the extent of
ear damage. At the end of the wear test (500 min), the wear
amage was also observed under the SEM.

. Results and discussion

Fig. 1A–F are SEM micrographs showing the microstruc-
ures of the ceramics considered in this study. The SiC grains

nd the intergranular YAG are clearly delineated by plasma-
tching in the SEM micrographs. The contrast within the SiC
rains represents the core-shell structure that develops during
iquid-phase sintering, as revealed by plasma etching. The
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ig. 1. SEM micrographs of polished and plasma-etched cross-sections of the s
he darker regions are �-SiC grains. Fig. 1(A), (B) and (F) taken from ref [35].

resence of the core-shell structure indicates that grain growth
ook place by solution-precipitation (Ostwald ripening).18,24

he absence of residual porosity in the SEM images indicates
hat the six ceramics are fully dense, which is consistent with
he density values measured by the Archimedes method. It is
orth mentioning that fully dense LPS SiC can be obtained
sing additive amounts as low as 5 wt.%, which is similar to
he amount of additives used in solid-state sintering.25

Grain size and grain aspect ratio (0.8 �m and 1.4, respec-
ively) are both independent of YAG vol.%, confirming
nterface-reaction controlled coarsening.16 The 1.4 aspect ratio
orresponds to that of �-SiC grains in equilibrium with a YAG
iquid-phase, as demonstrated in an earlier study.18
The use of both blunt (Hertz) and sharp (Vickers and
erkovich) indentation techniques allows studies of the mechan-

cal response of the materials from the elastic regime to the
lastic regime.20 Fig. 2 shows the indentation stress–strain plots

Y
t
i
Y

S SiC ceramics prepared in this study. The light region is crystalline YAG and

btained from Hertzian tests. All six materials show initial linear
esponse at low contact pressures that corresponds to the elastic
egime. The elastic moduli of the LPS SiC ceramics calculated
rom their slope in this regime decrease linearly with increasing
AG vol.% (Fig. 3). This is in close agreement with the rule-of-
ixture-model predictions (dashed and dotted lines in Fig. 3),

sing ESiC ≈ 410 GPa26 and EYAG ≈ 282 GPa.27 At higher con-
act pressures, the indentation stress–strain response deviates
rom linear-elastic response, which is attributed to quasi-
lasticity—shear-faulting along weak SiC/YAG interfaces.2,6

he interface weakness arises from residual stresses induced
y the thermal expansion mismatch between SiC and YAG
�α ∼ 5 × 10−6 ◦C−1). These stresses increase with increasing

AG vol.%.28 This results in the observed decrease in the inden-

ation yield strength (PY) — the onset of non-linearity in the
ndentation stress–strain curves in Fig. 2 — with increasing
AG vol.% (Fig. 4). Note that the PY values estimated from
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with YAG content below 15.0 vol.% (arrows in Fig. 6A). Qualita-
ig. 2. Indentation stress–strain curves for the six LPS SiC ceramics prepared
n this study. The solid lines are the best empirical fits through the experimental
ata, which are omitted for the sake of clarity.

he indentation stress–strain curves are in close agreement with
hose obtained directly from the minimum indentation pressure
equired to leave a detectable permanent indentation impression
n the SiC-3.6YAG and SiC-23.2YAG materials (Fig. 4).

In Fig. 4, the hardness (HV) is found to decrease with increas-
ng YAG vol.%. Unlike the linear dependence of PY with YAG
ol.%, the dependence of HV with YAG vol.% is exponential-
ike. The hardness values of pure YAG and pure SiC are 15 and
5 GPa, as determined by nanoindentation of the individual YAG
nd SiC phases in the SiC-23.2YAG ceramic. For a low YAG
ontent (3.6 vol.%), the plastic deformation of the softer YAG
hase is negligible, resulting in a high hardness value, quite sim-
lar to that of solid-state-sintered SiC.29 However, as the YAG
ol.% increases, the microstructure of the ceramic is such that
he SiC grains are embedded in a continuous YAG matrix. In

uch microstructures the hardness deformation of the composite
s governed by the deformation of the much softer intergranular
hase.30,31 This is why LPS SiC ceramics with YAG content

ig. 3. Elastic modulus for the LPS SiC ceramics as a function of YAG vol.%
Vf). The dashed and dotted lines represent the rule-of-mixtures predictions.

t
i
h

F
t
t

ig. 4. Indentation yield strength determined by Hertz indentation, and hardness
easured by Vickers indentation for the LPS SiC ceramics as a function of YAG

ol.%. The solid lines are guides to the eye.

ver 15 vol.% have hardnesses that approach the hardness of
ure YAG. These results show clearly the detrimental effect of
igh YAG content on the hardness of LPS SiC.

The fracture toughness of LPS SiC ceramics is found to
ncrease with increasing YAG vol.%, reaching a maximum for
5 vol.% YAG, and then decreases (Fig. 5). The indentation
racture toughness for the LPS SiC with low YAG content (3.6
ol.%) is comparable to that of solid-state-sintered SiC.32 Fig. 6
hows characteristic crack-propagation patterns in the LPS SiC
eramics with 3.6 vol.%, 15.0 vol.% (corresponding to tough-
ess maximum in Fig. 5), and 23.2 vol.% YAG. It can bee seen
hat, regardless of the YAG content, fracture is primarily inter-
ranular due to the existence of weak SiC/YAG interfaces,5

lthough some transgranular fracture is observed in LPS SiC
ively, the extent of crack deflection appears to be most effective
n SiC-15.0YAG (Fig. 6B), which is perhaps why that ceramic
as the highest indentation fracture toughness.

ig. 5. Fracture toughness values determined from Vickers indentation tests of
he LPS SiC ceramics as a function of YAG vol.%. The solid line is a guide to
he eye.
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Fig. 7. Wear scar diameter as a function of the sliding time for selected LPS SiC
ceramics containing 3.6, 15.0 and 23.2 vol.% YAG. Each datum point represents
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ig. 6. Characteristic crack-propagation SEM micrographs for selected LPS SiC
eramics containing: (A) 3.6 vol.%, (B) 15.0 vol.% (toughness maximum), and
C) 23.2 vol.% YAG. The observations were conducted near the crack tip.

Fig. 7 shows the sliding-wear results for the LPS SiC ceram-
cs with 3.6 vol.%, 15.0 vol.% (corresponding to toughness

aximum in Fig. 5), and 23.2 vol.% YAG. All three mate-
ials exhibit the two-stage wear-accumulation behavior that
as been observed in other polycrystalline ceramics23,33–37:
ild deformation-controlled wear, followed by severe fracture-

ontrolled wear, with a wear transition. SiC-3.6YAG was found
o have the lowest slope in the mild-wear regime, the longest
ransition time, and the highest slope in the severe-wear regime.
he increase in the YAG content led to an increase in both the
ild-wear rate and the transition time, and to a decrease in the

evere-wear rate (Table 1). These results demonstrate the dra-
atic effect of the YAG vol.% on the sliding wear of LPS SiC,
ith SiC-3.6YAG representing the most wear-resistant LPS SiC

eramic obtained in this study. A simple model due to Cho et al.33

rovides a framework for analyzing the sliding-wear results.
ccording to this model, during deformation-controlled wear,
lastic-deformation damage (mainly dislocation pile-ups33,37)
ccumulates within the grains as a function of sliding time t,
nducing tensile stresses (σD) that bear up against the grain
oundaries. In addition, tensile thermal stresses from the ther-
al expansion mismatch (q) are also present. The model then

onsiders “penny”-shaped grain-boundary facet cracks of length
l under the wear contact, where l is the grain size and β is ≤1.
hose short cracks are subjected to q and σD(t), resulting a in

ime-dependent stress intensity factor for such cracks33:(
2

)

(t) =

π0.5 (σD(t) + q)βl0.5 (1)

espite the various assumptions and simplifications, this model
aptures the trends in the wear properties of the LPS SiC ceram-

o
b
r
a

able 1
liding-wear properties and associated parameters for selected LPS �-SiC ceramics

Ceramic Pre-transition
slope m (�m)

Wear-transition
time tc (min)

SiC-3.6YAG 30 350
SiC-15.0YAG 65 40
SiC-23.2YAG 90 25
n average of three specimens tested; error bars represent data range. The solid
ines are fits to the data, with the discontinuities in the lines indicating wear
ransitions. Data for SiC-3.6YAG and SiC-23.2YAG taken from ref [35].

cs: with increasing YAG content, the hardness (HV) decreases
Fig. 4), and the internal tensile residual stress (q) increases
Table 1). The decreasing hardness results in higher rates at
hich the dislocation-plasticity induced stress accumulates, and
ence higher pre-transition wear rates (mpre); the increasing
ensile residual stress (q) will contribute to decreasing the wear-
ransition time (tc). This is consistent with the observations
Fig. 7 and Table 1). Therefore, the guidelines for the processing
f wear-resistant LPS SiC ceramics — reduction in the intergran-
lar phase content — agree with those for the processing of hard
aterials.
From Eq. (1), grain-boundary fracture occurs when K(t)

eaches GBKIC, the grain-boundary toughness, at the transi-
ion sliding-time t = tc, representing the onset of a transition
rom deformation- to fracture-controlled wear and subsequent
rain pullout. This is confirmed in Fig. 8, showing typical post-
ransition wear damage in the three ceramics after 500 min
liding. The grooves within the wear scars observed in the optical
icrographs suggest that fracture at the microstructural level has

aken place. Indeed, grain-boundary fracture and grain pull-out
re evident in the SEM micrographs. Also evident is the increase

f the wear damage with increasing YAG content, which can also
e observed in the optical micrographs. The hard wear particles
eleased after the transition remain under the contact, acting as
brasive particles in further sliding.

Post-transition
slope m (�m)

Effective tensile residual
stress, q (MPa)

769 53
230 177
198 231
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Fig. 8. Optical and SEM micrographs of the wear damage after 500 min of sliding in the ceramics: (A) SiC-3.6YAG, (B) SiC-15.0YAG, and (C) SiC-23.2YAG. The
p d wea
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•

•

•

resence of grooves in the optical images is indicative of the fracture-controlle
ull-out in the SEM images. Fig.8(C) taken from ref [35].

. Conclusions

We have studied the effect of the content of the intergranu-
ar YAG phase on the microstructure and the room-temperature
ontact-mechanical properties of LPS �-SiC ceramics, for
xtracting key guidelines for the design and processing of low-
ost SiC-based ceramics with tailored mechanical properties.

ased on these studies the following conclusions can be drawn:

The grain size and grain aspect ratio in LPS SiC ceram-
ics are both independent of the intergranular phase content,

•

r regime, which is also evident from severe grain-boundary fracture and grain

revealing that grain-growth kinetics are interface-reaction
controlled.
The elastic modulus, the indentation yield strength, and the
hardness decrease with increasing YAG content.
The fracture mode in LPS SiC is primarily intergranular.
With the increase in the YAG content, the indentation frac-
ture toughness first increases due to enhanced crack-bridging

toughening, and then decreases.
The sliding-wear of LPS SiC exhibits two successive regimes:
(i) plastic deformation-controlled wear, followed by an abrupt
transition to (ii) fracture-controlled wear, with a much higher
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wear rate due to severe grain-boundary fracture and grain
pull-out. The increase in YAG content leads to degradation in
the sliding-wear resistance.
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Rodrı́guez, A., Guiberteau, F. and Padture, N. P., Effect of sintering atmo-
sphere on the mechanical properties of liquid-phase-sintered SiC. J. Eur.
Ceram. Soc., 2004, 24(10–11), 3245–3249.
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