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bstract

he effect of the microstructure on the mechanical properties of pressureless, liquid-phase-sintered (LPS) �-SiC ceramics above room-temperature
as studied. LPS-SiC ceramics were fabricated with different microstructural features (grain size and morphology, and content of the intergranular
hase), and their mechanical behaviour under contact stresses was evaluated by high temperature Hertzian testing (HTHT) from room temperature up
o the creep temperature (1000 ◦C). The amount of intergranular phase was found to control the elasto-plastic properties of LPS-SiC at intermediate

emperatures. Grain size and morphology had a significant influence only on toughness, since the crack bridging mechanism was enhanced by
longated grains, the more so the larger their size. Implications of these results for the design and fabrication of LPS-SiC ceramics with tailored
ontact-mechanical properties are discussed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

During the last decade, non-oxide ceramics such as silicon
itride and silicon carbide (SiC) have achieved a prominent
osition among structural ceramics for their exceptional prop-
rties. The attractive properties of SiC include great hardness
nd strength with moderate toughness,1,2 high resistance to
ggressive chemical attack, to oxidation3,4 and to wear,5,6 high
hermal conductivity and thermal-shock resistance,7 and excel-
ent strength retention at high temperatures.4,8–10 Thanks to
hese exceptional properties, SiC-based materials have found
ndustrial application in muffle furnace linings, kiln parts, high-
emperature heat exchangers,11,12 etc.

Among the different fabrication routes, pressureless, liquid-
hase-sintering (LPS) using oxide additives (Al2O3, Y2O3) is
he most attractive, as being a straightforward and economical
lternative—thanks to the reduced sintering times and temper-

tures (1750–2000 ◦C), and the avoidance of having to use
ressure—which is able to preserve most of the remarkable
echanical and thermal properties of SiC ceramics. Although
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emperature dependence

here have been various studies devoted to analyzing the mechan-
cal behaviour of LPS-SiC ceramics, they have been limited to
ither ambient1,13–19 or high/creep temperatures.4,8,9,20,21 Thus,
espite the usual working temperatures of SiC being in the
ntervening temperature range, this interval has been some-
hat neglected in previous studies, with the exception of certain
easurements of the dynamic elastic modulus.22 The present
ork seeks to redress this deficiency by elucidating the role of
icrostructural variables such as grain size, grain aspect ratio,

nd content of the intergranular phase on the mechanical prop-
rties of LPS-SiC in this intermediate temperature range.

High-temperature Hertzian testing23 (HTHT) was the exper-
mental method selected for this task. This technique, based
n Hertzian indentation in combination with finite element
odelling (FEM), has been successfully applied to study the

ffect of temperature on the mechanical properties—such as
oung’s modulus, quasi-plastic yield stress, strain-hardening
arameter, critical load for contact damage initiation, etc.—of
irconia (Y–PSZ),24 alumina,25 silicon nitride,26 and zirconium
iboride.27 Here, the HTHT technique was applied to study

he evolution with temperature from 25 ◦C to 900 ◦C of the

echanical properties of 4 LPS-SiC materials with different
icrostructures. The results of the study clarify the relationship

etween microstructure and mechanical properties in LPS-SiC

dx.doi.org/10.1016/j.jeurceramsoc.2011.01.003
mailto:pmiranda@unex.es
dx.doi.org/10.1016/j.jeurceramsoc.2011.01.003
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n this temperature range, and to provide guidelines for the
esign of SiC materials with tailored mechanical properties for
pplications above room temperature.

. Materials and experimental method

.1. Material processing

Four different types of LPS-SiC materials were fabricated
or this study. As reference material, one LPS-SiC was fabri-
ated from commercial submicrometre �-SiC powders (UF-15,
.C. Stark, Germany) and a 20 wt% of sintering additives

Al2O3:Y2O3) in the molar ratio (3:5) necessary to form yttrium
luminium garnet (YAG, Y3Al5O12). This amount of addi-
ives ensures full densification upon sintering and facilitates

icrostructural evolution.28 The powders were homogenized
n ethanol on a roller-mixer for 24 h. The excess ethanol was
hen evaporated on a hot plate with constant stirring, and the
esulting powders were further dried in a drying oven at 100 ◦C
or 24 h. Green samples were prepared from the mixed powders
y cold uniaxial pressing at 50 MPa followed by cold isostatic
ressing at 350 MPa. Compacts were then placed in closed
raphite crucibles containing coarse Al2O3 and SiC powders
used as powder beds to prevent mass loss during sintering),
nd then pressureless sintered in a graphite furnace. The sin-
ering conditions were: a peak temperature of 1950 ◦C; heating
nd cooling rates of 10 and 20 ◦C/min, respectively; a hold time
t peak temperature of 2 h; and a flowing argon atmosphere.
he sintered materials were ground down by 1 mm to remove

he adhered powder bed layer, and then rinsed clean with ace-
one and ethanol. Finally, the test surfaces of the resulting flat
pecimens were polished to 1 �m finish.

Three additional types of materials were prepared following a
imilar procedure but modifying one of the following processing
arameters: additive content (5 wt% instead of 20 wt%), sinter-
ng time (5 h instead of 2 h), and starting powder size (using
-1200 SiC powders, from Navarro SiC S.A., Spain, with sizes
reater than 15 �m instead of the submicrometre UF-15 from
.C. Stark). The samples will be labeled indicating these vari-

bles: starting SiC powder size (fine, fSiC, or coarse, cSiC),
ollowed by the intergranular phase weight fraction (%), and the
intering time. Thus, for example, the reference material will be
esignated as fSiC-20-2 h.

.2. Microstructural characterization

The microstructure morphology of the fabricated LPS-SiC
eramics was analyzed using conventional scanning electron
icroscopy (SEM S-3600N, Hitachi Ltd., Japan) on polished

urfaces. Samples were plasma etched (K1050X, Emitech Ltd.,
K) prior to metalization and observation, using a mixture of
F4 + 4% O2 for 3.5 h, to reveal the grain boundaries. Aver-
ge grain size and aspect ratios were quantitatively evaluated by

mage analysis.

The phase composition of the materials was determined by
ietveld analysis from X-ray diffraction data (PW-1800, Philips,
olland) obtained using CuK� radiation (40 kV, 35 mA),

m
i
a
c
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ollowing the procedure described by Ortiz et al.29 The rel-
tive density of the fabricated materials was evaluated by
rchimedes’ method, taking into account the theoretical densi-

ies of SiC (3.213 g/cm3), Y3Al5O12 (4.544 g/cm3), and YAlO3
5.370 g/cm3).

.3. Mechanical testing

Fabricated LPS-SiC materials were preliminarily character-
zed by Vickers-indentation tests to evaluate their hardness,
, and toughness, KIC, at room temperature. All Vickers-

ndentation tests were performed in air using a hardness tester
MV-1, Matsuzawa, Tokyo, Japan) equipped with a Vickers dia-
ond pyramid, with a maximum load (P) of 98 N and dwell

ime of 20 s. Five separate indentations were performed for each
aterial. The length of the diagonals of the residual impression

nd the total length of the surface traces of the radial cracks were
hen measured under optical microscopy (Epiphot 300, Nikon,
okyo, Japan). The hardness and the toughness were determined
sing standard formulae.30

HTHT tests23 were performed on a universal testing machine
AG-IS 100 kN, Shimadzu Corp., Kyoto, Japan) with an attached
ertical split furnace. A 3 mm radius hemispherical silicon
itride indenter and the flat specimen to be tested were respec-
ively bonded to the upper and lower alumina push rods using
lumina paste (Ceramabond 569, Aremco Products Inc., NY,
.S.A.). External push rod holders were cooled with circulat-

ng water and a refrigerated convection shield was attached to
he top holder to protect the load cell. Multiple tests (more than
5) can be made on each specimen at any selected temperature
hanks to the X-Y table onto which the bottom push rod holder
s placed. In order to produce a clear residual impression of the
ontact area at peak load even under elastic conditions, the spec-
men surface was sputter-coated (Polaron SC7640, East Sussex,
.K.) before the tests with a thin metallic film of Au, Rh–Pd, or
t, depending on the testing temperature.23

The system was heated, in an air atmosphere, at a rate
f 6 ◦C/min, and held for 1 h at the testing temperature
efore indentation sequences at increasing peak loads (25 N to
0 kN) were performed, using a constant crosshead speed of
.05 mm/min and no hold time. Test temperatures were selected
elow the point at which the effects of creep on the size of
he residual impressions were noticeable. For this purpose, two
000 N indentations were generated at each testing tempera-
ure, using two different crosshead speeds (0.05 mm/min and
.005 mm/min). At 1000 ◦C the contact radius of the imprint
t 0.005 mm/min was more than 10 �m larger than that at
.05 mm/min, and thus all the data from this temperature were
iscarded. As a result, the test temperatures selected for this
tudy were 25 ◦C, 400 ◦C, 800 ◦C and 900 ◦C.

Plots of indentation stress (p0 = P/�a2) versus indentation
train (a/r) for each temperature were obtained from optical

easurements of the contact radius, a, from the correspond-

ng residual impressions after cooling, for each peak load, P,
nd indenter radius, r. Note that these indentation stress–strain
urves are independent of the indenter radius.31,32 Young’s mod-
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lus, E, at each prescribed temperature was determined from
he linear region of the indentation stress–strain curve using the
ertzian relation for elastic contacts32,33:

0 = 4E∗

3π

a

r
, p0 < 1.1Y (1)

here Y is the yield stress and

1

E∗ = 1 − ν2

E
+ 1 − ν′2

E′ (2)

ith ν being the Poisson ratio, and where the primes indicate
ndenter properties at the test temperature, obtained in a previous
ork.26 The Poisson ratio of LPS-SiC is taken to be 0.21, as

stimated from Ref. 18.
Optical microscopy with Nomarsky contrast was used to

xamine post-mortem the surface contact damage—permanent
uasi-plastic deformation, and cone and/or radial cracks.32 The
ritical loads for crack initiation were determined as the lowest
pplied load at which cracking was observed. The difference
etween this load and that immediately lower was used as an
stimate of the measurement uncertainty for the critical load
stimation.

Critical loads for quasi-plastic damage initiation, PY, and
heir corresponding uncertainties, were calculated from the
xpression32,33

Y = 9(1.1πY )3

16E∗2 r2 (3)

here Y is the material’s yield stress, whose values can be cal-
ulated by FEM as described below.

.4. Finite element modelling

ABAQUS/Standard (SIMULIA, Providence, RI) FEM soft-
are was used to estimate the yield parameters of LPS-SiC at

ach temperature. The algorithm models a deformable silicon
itride half-sphere of 3 mm radius in axisymmetric contact with
flat SiC specimen of 15 mm thickness and 15 mm radius. The

oad applied to the half-sphere is increased incrementally up to
maximum of 10 kN. The specimen and sphere grids consist

f a total of more than 20 000 linear axisymmetric quadrilateral
lements with reduced integration. Element dimensions range
rom a minimum of 1 �m × 1 �m around the contact region to
undreds of microns in regions far from the contact. The fol-
owing constitutive uniaxial elasto-plastic model23 is assumed
n the calculations:

σ = Eε (σ < Y )

σ = [(E/Y )nY ]εn (σ < Y )
(4)
here n is the dimensionless strain-hardening coefficient, with
alue between 0 (fully plastic) and 1 (fully elastic). For each tem-
erature the values of Y and n are iteratively adjusted by trial and
rror to fit the FEM calculated indentation stress–strain curve to
he experimental data, using the values of E—determined as
escribed in the previous section—and ν as input parameters.
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.5. Results and discussion

Fig. 1 shows SEM micrographs of polished surfaces of
he four materials studied. The SiC grains and the intergran-
lar phase are clearly delineated by plasma etching in these
icrographs. All the materials appear to be almost fully dense,
hich is consistent with the measured densities (Table 1). The
icrostructure of the reference sample fSiC-20-2 h (Fig. 1a)

onsist of a majority of elongated grains (actually platelets) with
ome equiaxed grains (average aspect ratio 2.6, see Table 1). The
educed wt% of the intergranular phase in the fSiC-5-2 h sam-
le is evident in the SEM micrograph of Fig. 1b. The reduced
mount of liquid phase hampers the development of elongated
rains during sintering (through SiC � → � transformation28)
n this sample, and thus a distribution of mostly equiaxed grains
s observed (average aspect ratio 1.8). The microstructure of the
SiC-20-5 h sample (Fig. 1c) shows that increasing the sinter-
ng time produces a noticeable grain growth (roughly increasing
he average grain size by 50%, see Table 1) but does not other-
ise modify the microstructural morphology (cf. Fig. 1a), which

emains dominated by elongated grains (average aspect ratio is
gain 2.6). Finally, the sample fabricated from coarser powders,
SiC-20-2 h, exhibits an obviously coarse microstructure, but
omposed of purely equiaxed grains (Fig. 1d, average aspect
atio 1.5) because of the absence of 6H → 4H transformation
n this material (see Table 1). This is probably due both to the
arge initial size and to a reduced amount of stacking faults in
he starting powders, since it is the presence of such faults which
romotes the transformation and subsequent change in the grain
spect ratio.28,34

Table 1 summarizes the nomenclature, relative density, grain
ize and morphology, composition of the intergranular phase,
nd SiC polytype composition for each of these four mate-
ials, as determined from the microstructural characterization
erformed (i.e., SEM, XRD, etc.). All the materials consisted
olely of �-SiC (with different polytype compositions) with
ither YAG or yttrium aluminate (YAP, YAlO3) as intergran-
lar phase (small amounts of unreacted alumina are detectable
n some cases).

To finish with the preliminary characterization of the LPS-
iC materials that were fabricated, Fig. 2 shows the results
f the room-temperature Vickers tests. The hardness values
re roughly the same (∼15 GPa) for all the materials with
0 wt% of intergranular phase, but there is a 60% increase (to
24 GPa) for the sample with less additives. This expected

esult is a consequence of the significantly greater hardness of
he SiC grains (∼25 GPa13) relative to the intergranular phase
∼15 GPa13,35,36), whether it be YAG35 or YAP.36 Nonethe-
ess, the hardness values of the LPS-SiC materials do not fit the
ule-of-mixture model, and the hardness of materials containing
0 wt% intergranular phase appears to be governed by this softer,
ontinuous phase. The indentation–toughness values show that
he elongated-grain microstructures (fSiC-20-2 h and fSiC-20-

h) are consistently tougher (by more than 50%) than the
quiaxed (fSiC-5-2 h and cSiC-20-2 h) microstructures which
ere found to have the same toughness (1.4 ± 0.1 MPa m1/2).
his is because elongated grains produce more efficient crack-
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Fig. 1. SEM micrographs of polished surfaces of the four LPS-SiC materials studied: (a) fSiC-20-2 h, (b) fSiC-5-2 h, (c) fSiC-20-5 h and (d) cSiC-20-2 h. The SiC
grains (dark grey) and the intergranular phase are clearly delineated by plasma etching.

Table 1
Microstructural features of the fabricated SiC materials.

Sample labela ρ (%) Grain size (�m) Aspect ratio Intergranular phase composition (wt%) SiC polytypes (wt%)

fSiC-20-2 h 96 2.6 2.5 Alumina (1.2 ± 0.1)
YAG (17.1 ± 0.3)

4H (37.0 ± 1.1)
6H (41.4 ± 1.0)
15R (3.3 ± 0.5)

fSiC-5-2 h 98 1.9 1.8 Alumina (0.8 ± 0.1)
YAP (3.9 ± 0.1)

4H (26.5 ± 0.8)
6H (66.1 ± 1.3)
15R (2.7 ± 0.4)

fSiC-20-5 h 95 3.2 2.6 YAG (16.8 ± 0.7) 4H (54.3 ± 1.1)
6H (26.8 ± 0.7)
15R (2.1 ± 0.3)

c Alum
YAG

ed by
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SiC-20-2 h 96 3.7 1.52

a Label indicates starting SiC powder size (fine, fSiC, or coarse, cSiC), follow

ridging toughening,37 the more so the larger the grain size,
hich explains why the fSiC-20-5 h sample seems to be slightly

ougher than fSiC-20-2 h.
Indentation stress–strain curves for all the LPS-SiC materials

re shown in Fig. 3 for the four test temperatures analyzed. Each
oint in these curves represents a single indentation performed at
prescribed peak load and temperature. The solid lines through

he experimental data are FEM best-fits obtained as described
n the preceding section. For each temperature, the initial part
f the corresponding curve is linear but, at a certain indentation

tress (py ≈ 1.1Y), the data depart from linearity indicating the
nset of quasi-plastic yield. A progressive decrease in both the
lope of the linear part and the yield stress with temperature is
pparent for all materials.

o
t
c
t

ina (1.0 ± 0.1)
(17.3 ± 0.5)

6H (79.9 ± 0.9)
15R (1.8 ± 0.1)

the intergranular phase weight fraction (%) and the sintering time.

The Young’s moduli calculated from the best-fit slopes to the
inear regions of the stress–strain curves using Eq. (1) are plotted
ersus temperature in Fig. 4 for each LPS-SiC material. Cal-
ulated error bars are included, but they are sometimes smaller
han the symbol size. The solid lines are included only as a guide
o the eye. A slow linear decrease of the elastic modulus with
ncreasing temperature is initially observed for all materials, but
sharper decay is observed above 800 ◦C. This modulus degra-
ation above a certain temperature threshold is attributable to
he activation of reversible grain boundary sliding and has been

bserved in other materials.24–26 Also clear in Fig. 4 is the fact
hat the fSiC-5-2 h material exhibits an elastic modulus signifi-
antly greater (by 25%)—at room temperature its value is close
o that of pure SiC (∼440 GPa12)—than the LPS-SiCs with a
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Fig. 2. Vickers tests measurements of the room-temperature hardness and tough-
ness of the four LPS-SiC materials. The plot is of mean values with standard
deviations as error bars. Fig. 4. Plot of Young’s modulus versus temperature for all the LPS-SiC materi-

als, as indicated. Calculated error bars are included, but are sometimes smaller
than the symbol size. The solid lines are included only as a guide to the eye.
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Fig. 3. Indentation stress–strain data at designated temperatures for all the LPS-SiC materials: (a) fSiC-20-2 h, (b) fSiC-5-2 h, (c) fSiC-20-5 h and (d) cSiC-20-2 h.
Solid curves through experimental data are FEM best fits.
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of this type of damage. One again clearly observes the dominant
role played by the amount of intergranular phase on the onset of
quasi-plastic deformation in the LPS-SiC materials: the fSiC-
ig. 5. Plot of FEM-estimated yield stress versus temperature for all the LPS-
iC materials. The error bars indicate the estimated maximum uncertainties and

he solid lines connecting the data are included only as a guide to the eye.

reater intergranular phase content. The latter exhibit over the
hole temperature range roughly similar values, which at room

emperature are close to that of their YAG intergranular phase
∼282 GPa35).

Similar trends are observed for the yield stress values, deter-
ined from FEM as described in the previous section. These

re shown in Fig. 5 as a function of temperature. The error
ars indicate the estimated maximum uncertainties and the solid
ines connecting the data are included only as a guide to the
ye. As in the case of the Young’s modulus, the yield stress
ecreases monotonically with increasing temperature. Also, the
ntergranular phase content plays a dominant role in determining
ts values, which are ∼25% higher for the fSiC-5-2 h sample, but
ith negligible differences between the other materials. The rea-

on for this is that quasi-plasticity in these materials is attributed
o microcracking and shear-faulting on the weak �SiC/YAG
r �SiC/YAP interfaces due to the thermal residual stresses,
nd these are known to increase with the volume fraction of
ntergranular phase.38 Finally, a significant drop or accelerated
egradation of the yield stress is appreciable in the fSiC-5-2 h
ample above 800 ◦C, although this is not so evident for the
est of the materials. This could be attributable to the degra-
ation of grain boundary strength that ultimately leads to the
nset of creep at around 1000 ◦C. It is worth noting that while
reep is usually difficult to detect below 1300 ◦C for LPS-SiC,8

ere it is already noticeable at 1000 ◦C due to the higher pres-
ures involved in Hertzian testing (above 1 GPa) compared to
onventional creep tests (usually well below 500 MPa8,20,21).

The strain-hardening parameter values obtained from FEM
ere low (n ≤ 0.3) in all materials at all temperatures. Further

han that, given the large uncertainties (±0.1), no clear correla-
ion between the values of this parameter and the microstructural

eatures of the tested materials could be established.

Apart from allowing one to evaluate elasto-plastic proper-
ies of the tested materials such as those already discussed,
ith the HTHT technique one can investigate the evolution of

F
S
d

SiC-20-2 h material with a 3 mm indenter radius and 7 kN load at 400 ◦C. All
he forms of contact damage observed in the LPS-SiC materials are apparent:
uasi-plastic deformation, ring cracks, and radial cracks.

ontact damage. Fig. 6 shows an optical micrograph of the sur-
ace damage induced on the fSiC-20-2 h material with a 3 mm
ndenter radius and 7 kN load at 400 ◦C. All the forms of con-
act damage observed in the LPS-SiC materials are apparent
n this micrograph: quasi-plastic deformations, evidenced by
omarsky illumination (although not clearly noticeable in the
gure) as a slight depression in the test surface, ring cracks
urrounding the impression zone, and radial cracks.

Fig. 7 shows the critical loads for the initiation of quasi-
lastic damage, PY, calculated from Eq. (3), as a function of
emperature. The error bars in this plot were determined from the
stimated uncertainties in Y and E, see Eq. (3), and the solid lines
re included only as a guide to the eye. Since PY depends more
trongly on Y, its behaviour closely resembles that of the yield
tress (Fig. 5), exhibiting a strong decline with temperature due
o the increase in the thermal energy available for the initiation
ig. 7. Critical loads for the initiation of quasi-plastic damage, PY, in LPS-
iCs as a function of temperature. The data and error bars were determined as
escribed in Section 2, and the solid lines are simple eye guides.
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ig. 8. Critical loads for the initiation of cone cracking, PC, in LPS-SiCs as a
unction of temperature. The data and error bars were determined as described
n Section 2, and the solid lines are included only as a guide to the eye.

-2 h sample not only presents higher values over the whole
emperature range, but also declines more slowly with increasing
emperature, at least until approaching the creep temperature
hen a sharp drop is observed. The role of other microstructural

eatures on the material’s resistance to quasi-plastic damage is
egligible compared to the amount of intergranular phase, and
ifficult to evaluate given the uncertainties in the data.

Quasi-plastic damage is the primary damage mode in all the
PS-SiC materials at all temperatures, since cone/ring cracking
lways occurs at higher critical loads as is shown in Fig. 8. This
gure plots as a function of temperature the critical loads, PC,
or initiation of ring cracks on the material’s surface, estimated
s described in Section 2, with error bars indicating uncertainties
nd solid lines included only as a guide to the eye. All cracks
bserved were shallow, usually incomplete, ring cracks such as
re shown in Fig. 6. Data for 900 ◦C has been excluded due
o difficulties in determining the onset of cracking as a conse-
uence of the initiation of oxidative processes on the material’s
urface at this temperature. Surface oxidation does not, however,
revent accurate measurement of the contact area since a clear
ontrast between the contact area and the surrounding surface is
till obtained. The “ductility” of LPS-SiC ceramics (i.e., the fact
hat PC > PY) is attributable to the heterogeneous microstruc-
ure developed in the presence of the intergranular phase and
ts ability to increase the material’s toughness,18,39 which also
xplains why ring cracks are unable to develop into full cone
racks. Fig. 8 demonstrates that the toughening ability seems
o be little affected by the amount of intergranular phase—note
hat the fSiC-5-2 h and cSiC-20-2 h materials exhibit similar PC

alues over the whole temperature range—and is favoured by
longated microstructures—fSiC-20-2 h, and especially fSiC-
0-5 h, exhibit significantly larger PC values, in good agreement
ith their measured room temperature toughness values (cf.

ig. 2). Again, grain size is shown to be important in increasing
rack-bridging toughening37 in the elongated microstructures,
hich explains why the PC values for the fSiC-20-5 h sample

re greater than for fSiC-20-2 h, but less so in the case of the

t
m
t
a

ig. 9. Critical loads for the initiation of radial cracking, PR, in LPS-SiCs as a
unction of temperature. The data and error bars were determined as described
n Section 2, and the solid lines are included only as a guide to the eye.

ess elongated microstructures, since the cSiC-20-2 h sample
xhibits the same fracture resistance as the fSiC-5-2 h material.

Finally, Fig. 9 shows the critical loads for the initiation of
adial cracks, PR, as a function of temperature—just up to 800 ◦C
s in the case of PC, and for the same reasons—with error bars
stimated as described in Section 2 and Bspline solid curves as
guide to the eye. Radial cracks appear in monolithic ceram-

cs under contact stresses due to coalescence of microcracks
ssociated with quasi-plastic damage,40 and thus these monoton-
cally decreasing curves resemble those of Fig. 7. The dominant
ole of the intergranular phase and the negligible effect of other
icrostructural features in quasi-plastic behaviour appears to

e even clearer here. Indeed, an increment of 15 wt% in the
mount of intergranular phase in most cases more than halves
he critical load for the initiation of this extremely deleterious
amage mode. In contrast, not even the increased toughness of
longated microstructures seems to significantly affect the onset
f this damage mode in the samples with a higher amount of
ntergranular phase.

Therefore, in general, damage modes in LPS-SiCs at interme-
iate temperatures appear in the following order: quasi-plastic
amage, cone cracking, and radial cracking, with the exception
f the materials with elongated microstructures at 800 ◦C. At this
emperature the increased toughness of these materials together
ith the faster decline of the yield stress with temperature pro-
uces radial cracking even before the first ring crack appears in
he material’s surface.

. Conclusions and implications

The HTHT technique has been used to analyze the elasto-
lastic behaviour and evolution of contact damage from room

emperature up to 900 ◦C in various LPS-SiCs with distinct
icrostructural features. The results lead to the conclusion that

he elasto-plastic properties of LPS-SiC at intermediate temper-
tures are degraded by increasing the amount of intergranular
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hase. Especially worrisome has to be the reduction in the crit-
cal loads for radial crack initiation, since this damage mode
eriously jeopardizes the mechanical integrity of the material.

oreover, the presence of the intergranular phase, even in small
mounts, clearly reduces the material’s creep resistance: all
he LPS-SiCs studied showed evidence of creep under con-
act stresses at a relatively low temperature (compared to other
eramics24–26) of 1000 ◦C, and a clear degradation of their
lasto-plastic properties even at 900 ◦C. The only somewhat ben-
ficial effect of the presence of this intergranular phase is to allow
he development of elongated, heterogeneous microstructures
hat enhance the toughness of the material.

Certainly, the other microstructural parameters studied (grain
ize and morphology) have a significant influence only on the
oughness of the LPS-SiC materials at intermediate temper-
tures. Indeed, the crack-bridging toughening mechanism is
nhanced by elongated grains, the more so the larger their size.
his translates into a significant increase in the critical loads

or ring cracking, which appears only as a secondary dam-
ge mode—at critical loads significantly larger than those for
uasi-plastic damage and in some cases for radial cracking—and
recludes their development into full cone cracks.

Therefore, the following fabrication guidelines can be sug-
ested as inferred from the results of this study. In order to
ptimize the elasto-plastic properties of LPS-SiCs at interme-
iate temperatures, the amount of sintering additives should be
inimal. Moreover, the additives should be selected so as to
inimize the thermal expansion coefficient mismatch between

he SiC grains and the resulting intergranular phase. This will
ncrease the strength of the grain boundaries, delaying the onset
f quasi-plastic damage (i.e., yield) and the temperature at which
he elastic modulus degrades by reversible grain boundary slid-
ng. Conversely, if toughness is the main concern, elongated

icrostructures with weak interfaces should be sought. Elon-
ated microstructures can be achieved by facilitating SiC phase
ransformations through the selection of submicrometre starting
owders rich in stacking-faults, a sufficient amount of sinter-
ng additives, an argon sintering atmosphere, and long sintering
imes.28,34,41
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