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bstract

l2O3–SiC nanocomposites containing 3–8 vol.% SiC were prepared from fine �-alumina powder and a poly(allyl)carbosilane precursor of SiC
y polymer infiltration of porous alumina matrix (composites IP), or by warm pressing of polymer-coated alumina powder (composites CW). The
olymer was converted to SiC by careful heating of green specimens in inert atmosphere (Ar). The residual porosity was eliminated to less than
0% by pressureless sintering (PS) at temperatures between 1700 and 1850 ◦C. The post-sintering hot isostatic pressing (HIP) at 1700 ◦C eliminated
he residual porosity to less than 1%, but also resulted in coarsening of the alumina matrix grains, and the inter- and intragranular SiC inclusions.
he Vickers hardness of IP specimens sintered at T < 1850 ◦C increased by 1–10%, which is attributed to elimination of residual porosity. The
ardness and indentation fracture toughness of specimens IP sintered at 1850 ◦C decreased after HIP by 6 and 15%, respectively. The HIP of CW

omposites increased their hardness and fracture toughness by approximately 10%. The maximum fracture toughness of 5.2 ± 0.2 MPa m1/2 was
easured for the materials containing 8 vol.% of SiC. A correlation was found between the fracture toughness, and the mean size and volume

raction of intergranular SiC inclusions in composites CW.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Nearly two decades after Niihara reported extraordinary
trength of nanocomposites1 many questions remain unan-
wered. Not only that the mechanism of strengthening is not
lear, and various works suggest different mechanisms,1–7 but
any authors failed to reproduce the data of Niihara entirely,

nd report various levels of strengthening.7–10

Even though the increase of fracture toughness in nanocom-
osites was never reported to be high, the results achieved by

arious authors are still more controversial. While several papers
eported modest increase of toughness of nanocomposites over
hat of unreinforced ceramics,11 others did not find any appre-
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iable change,7,9,10 or even reported a reduction in the fracture
oughness depending on the measurement technique.7 One pos-
ible reason for these uncertainties may be the fact that the
echanical properties of nanocomposites are strongly influ-

nced by slight changes of the processing route.12 Another
actor, whose role is not clear, is the role of intra- and inter-
ranular SiC particles in determining the mechanical properties,
specially fracture toughness. In contrast to pure monolithic alu-
ina, which fails usually by grain boundary fracture, cracks in
l2O3–SiC nanocomposites follow almost entirely transgran-
lar path. Some authors suggest that the change of the frac-
ure mode is caused by tensile tangential stresses in alumina

atrix grains around intragranular SiC inclusions. Combined

ith radial, grain boundary strengthening compressive stresses,

hese stresses deflect cracks into alumina matrix grains so that
hey follow transgranular path, being attracted by intragranular
iC inclusions. The increase of fracture energy is not observed,

mailto:galusek@tnuni.sk
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.028
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s the increase of toughness resulting from the change of frac-
ure mode from intergranular to transgranular is compensated
y the fact that the crack passes through tensile stress fields
etween second phase and matrix particles.9 However, Jiao and
enkins who performed a detailed analysis of crack propaga-
ion in nanocomposites observed no such attraction, even in

crack moving very close to an intragranular SiC particle.13

ther authors consider the ratio of volume fractions of intra-
nd intergranular SiC as an important parameter, which influ-
nces the fracture toughness of nanocomposites. The cracks are
ttracted to intergranular particles due to the formation of tensile
esidual stress fields around particles, and perpendicular to adja-
ent boundaries. This mechanism is expected to increase crack
eflection length, at least to certain extent, and thus to contribute
o toughening of the nanocomposite.11

Our previous works report in detail on the preparation of
lumina-silicon carbide nanocomposites by free sintering, and
ith the use of a poly(allyl)carbosilane precursor as the source
f SiC.14,15 The volume fraction, and to certain extent also the
ize, and location of SiC particles in alumina matrix can be
ontrolled by adjusting the concentration of the polymer, and by
he fraction and size of open pores in infiltrated alumina matrix.
he resulting ceramics consist of relatively fine-grained alumina
rains (the mean grain size ≥1 �m, depending on the volume
raction of SiC and conditions of sintering). The ratio of volume
ractions of inter- and intragranular SiC particles was found to
ary systematically with the volume fraction of SiC and with the
emperature of sintering.16 Hardness and indentation fracture
oughness of free sintered specimens were higher than those
sually reported for monolithic alumina, but the improvement
as not significant and the values are comparable to the values

eported for the nanocomposites Al2O3–SiC in the literature.17

This work reports on of the influence of post-sintering HIP on
icrostructure development, hardness, and indentation fracture

oughness of free sintered Al2O3–SiC nanocomposites.

. Experimental

The Al2O3–SiC nanocomposites were prepared from the
-alumina powder Taimicron TM DAR (Taimei Chemicals
o., Ltd., Japan) and an organosilicon polymeric SiC precur-

or (poly(allyl)carbosilane SP-M, StarFire Systems, Watervliet,
Y). Two processing routes were investigated: (a) infiltration of

he pre-sintered alumina matrix with a solution of the polymer
samples IP), and (b) coating of the alumina powder with a solu-
ion of the polymer (samples CW), followed by axial pressing
f coated powder at elevated temperature (warm pressing).

.1. Infiltration

Approximately 1 g of the alumina powder was pressed axially
n a steel die at 50 MPa and then isostatically at 500 MPa in
rder to prepare pellets with the diameter of 12 mm and of 6 mm

eight. The alumina green bodies were then pre-sintered in air
n an electrical furnace at 1160 ◦C without isothermal dwell in
rder to ensure sufficient handling strength, and to maintain the
pen porosity at desirable level.

e
4
b
d
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The pre-sintered alumina pellets were then infiltrated with
he concentrated liquid polymer (specimens containing 8 vol.%
iC and denoted as IP8), or by the solution of the polymer in
ater-free cyclohexane (specimens containing 3, or 5 vol.% SiC

nd in the following text denoted as IP3, or IP5, respectively).
he concentration of the polymer in the solution was adjusted so
s to achieve the required volume fraction of SiC in the compos-
te. The infiltration was carried out in protective Ar atmosphere
t decreased pressure (approximately 50 Pa) in order to facilitate
enetration of the polymer into the alumina matrix, and to avoid
xtended exposure of the polymer to moisture and air. After
nfiltration the solvent was evaporated by evacuation at room
emperature, the excess polymer was wiped from the specimen
urface with paper tissue, and the weight gain of infiltrated sam-
les was determined.

.2. Warm pressing

A suspension of 20 g of the Taimicron TM DAR �-alumina
owder in 40 ml of water-free cyclohexane and the amounts of
he SP-M polymer equivalent to 3, 5, or 8 vol.% SiC (denoted
elow as CW3, CW5, and CW8) was vigorously stirred in a
ealed glass flask under Ar for 2 h. The solvent was then evap-
rated by evacuation at room temperature. The polymer-coated
owder was then passed through a 100 �m PE sieve, filled into a
teel die with heating mantle, and uniaxially pressed at 50 MPa
nd 350 ◦C for 1 h to form cylindrical pellets of 6 mm height,
nd of 10 mm diameter.

.3. Pressureless sintering

The specimens were placed in an alumina tube containing
he protective powder bed of 50 wt.% Al2O3, 25 wt.% SiC and
5 wt.% C, and closed at both ends with graphite wool. The
intering was carried out in an electrical furnace with graphite
eating elements in Ar, at temperatures between 1700 and
850 ◦C, and with 3–5 h isothermal dwell at the maximum tem-
erature. The sintered specimens were thoroughly cleaned from
he residua of the powder bed, and the density was determined
y Archimedes’ method in water. The relative densities were
btained as the ratio of the Archimedes’ densities, and the physi-
al densities calculated by the rule of mixtures, using the physical
ensity 3.986 g cm−3 for Al2O3 and 3.217 g cm−3 for SiC. The
alculated values were then 3.963, 3.948, and 3.924 g cm−3 for
he composites containing 3, 5, and 8 vol.% SiC, respectively.
he specimens with the relative density of 90%, or higher, were

hen hot isostatically pressed for 2 h at 1700 ◦C, and at the
50 MPa pressure.

.4. Characterisation

Polished and chemically etched (5 min in concentrated
3PO4 at 230 ◦C) cross sections of sintered specimens were
xamined by scanning electron microscopy (Zeiss, model EVO
0HV). The parameters of microstructure, i.e. the size distri-
ution of alumina matrix grains, and of residual pores, the
istribution and size of inter- and intragranular SiC particles,
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ere quantified by standard image analysis (Lucia, v. 4.82, LIM
raha, Czech Republic) of the micrographs. XRD measurements
ere carried out on a STOE STADIP powder diffractometer

STOE & CIE GmbH, Darmstadt, Germany) with Cu K� radi-
tion at the 2θ angle between 30 and 70◦.

Hardness was measured by Vickers indentation of polished
pecimens at the maximum indentation load of 9.807 N. Indenta-
ion fracture toughness was determined from the length of radial
racks in the corners of residual imprints of Vickers indenter
fter 98.07 N loading. Fracture toughness was calculated from
he length of radial cracks in the corners of residual plastic
mprint by the method described by Anstis.18 In all cases the
ength of radial cracks c was at least twice the length of diago-
al of the residual plastic imprint, which is considered as the
anifestation of well developed half-penny crack, and justi-
es the application of the Anstis’ method.18 However, it has

o be emphasized that the measured values of indentation frac-
ure toughness are not absolute, and they can serve, at the best,
nly for mutual comparison of qualitatively similar materials.
he method has been selected due to its speed and convenience,
nd also due to the fact that a single small specimen is sufficient
or the measurement. The reported values of hardness and frac-
ure toughness were calculated as the mean values of at least 10
ndependent measurements.

. Results and discussion

Fig. 1a and b show the temperature dependences of relative
ensities of sintered IP and CW specimens and their change
fter hot isostatic pressing. The CW specimens sintered at 1700
nd 1750 ◦C, and those with 3 vol.% SiC were not used in HIP
xperiments, as their relative density was considered too low
in some case did not exceed 85%) to facilitate successful den-
ification by HIP. However, in most cases HIP eliminated the
esidual porosity completely. The only exception were the spec-
mens IPx 1700, where x = 3, 5, or 8, and represents the volume
raction of SiC in the material, and 1700 is the temperature of
intering. Despite the fact that these specimens were more than
0% dense, they still contained a significant amount of residual
orosity after HIP. This ranged between 2.5 and 7.4 vol.%, for
he specimens with 3, and 8 vol.% SiC, respectively. The result
uggests that some open porosity was still present after sintering,
hich prevented densification during HIP. The residual poros-

ty after HIP would then correspond to the volume fraction of
pen pores after sintering. As the residual porosity significantly
nfluences the properties of composites, the samples IPx 1700,
s well as the composites CW3 (all temperatures), CWx 1700
nd CWx 1750 were excluded from indentation tests.

Hot isostatic pressing eliminated the porosity (to a fraction
f volume per cent) in the materials, whose relative density after
ressureless sintering was higher than 98%. In some cases the
elative density even exceeded 100%, which is the consequence
f partial decomposition of the specimen, and loss of SiC dur-

ng HIP. As reported before,15 loss of SiC at temperatures above
700 ◦C was encountered during high-temperature densification
f polymer-derived nanocomposites. Intimate contact between
he grains of alumina powder and particles of SiC formed from

C
H
i
i

ig. 1. Relative density of composites IP (a) and CW (b) after pressureless
intering and hot isostatic pressing.

liquid precursor facilitates chemical reactions between the two
ubstances, and suboxides of aluminium are formed, accompa-
ied by development of CO, e.g:

l2O3 + SiC → Al2O + SiO + CO (1)

Decomposition in the course of pressureless sintering was
uppressed by the use of a powder bed, which produces carbon
onoxide and shifts the reaction equilibrium towards the reac-

ants. In order to facilitate better action of gas pressure media the
owder bed was not used during HIP: a weight loss was there-
ore observed in some cases. As the exact reaction sequence
esponsible for the weight loss is not known, and the evolution
f a variety of gaseous species is possible according to the lit-
rature (SiO, CO, AlO, Al2O, Al(g))19,20 determination of the
xact volume fraction of SiC in HIP-ed materials is not possible.
he calculation of theoretical densities from the assumption of
, 5, or 8 vol.% SiC in the material can then underestimate the
eal density of the composite.

Fig. 2a–d show the microstructures of the specimens

W8 1800 (a and b) and CW8 1850 (c and d) before, and after
IP. Table 1 summarises the results of image analysis, show-

ng the mean sizes of alumina matrix grains, and of inter- and
ntragranular SiC inclusions before, and after HIP. Although not
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ig. 2. Microstructures of CW specimens containing 8 vol.% of SiC after 5 h p
he same composition sintered for 3 h at 1850 ◦C (c) followed by 2 h HIP at 170

mmediately obvious from the micrographs, the image analysis
evealed that alumina matrix grains grew in the course of HIP.
he grain size is expressed in terms of the equivalent circle diam-

ter (i.e. the diameter of circle with the same area as the area of
he measured grain). Grain growth was most pronounced in com-
osites with 3 vol.% SiC, due to weaker pinning effect of smaller
umber of SiC particles. The mean sizes of SiC inclusions, both

o
r
o
c

able 1
he mean sizes of alumina matrix grains, and of inter- and intragranular SiC inclusio

PS) and after PS followed by hot isostatic pressing (HIP)

intering Specimen ν(SiC) (vol.%) CW

D50(Al2O3) (�m)

PS HIP

700 ◦C/5 h CW3 1700 3 1.5 n.m.
CW5 1700 5 0.9 n.m.
CW8 1700 8 n.m. n.m.

750 ◦C/5 h CW3 1750 3 1.9 n.m.
CW5 1750 5 1.0 n.m.
CW8 1750 8 0.8 n.m.

800 ◦C/5 h CW3 1800 3 2.0 3.1
CW5 1800 5 1.2 1.8
CW8 1800 8 1.0 1.2

850 ◦C/3 h CW3 1850 3 n.m. n.m.
CW5 1850 5 1.5 2.0
CW8 1850 8 1.2 1.0
reless sintering at 1800 ◦C (a) followed by HIP (b), and of the specimens with
(d).

nter- and intragranular, also increased after HIP. According to
arroll et al., sufficient self-diffusion is present in SiC parti-
les at the temperature of 1550 ◦C, to account for rounding of

7
riginally angular SiC particles. Diffusion processes, which are
esponsible for growth of SiC particles, are therefore likely to
ccur at the temperature of HIP, i.e. at 1700 ◦C. However, the
oarsening of SiC particles is mostly apparent. Growing alu-

ns in composites prepared by warm pressing (CW), after pressureless sintering

D50(SiCintra) (nm) D50(SiCinter) (nm)

PS HIP PS HIP

125 n.m. n.m. n.m.
86 n.m. 118 n.m.
70 n.m. 118 n.m.

123 n.m. 201 n.m.
114 n.m. 207 n.m.
96 n.m. 184 n.m.

161 209 251 487
159 149 154 267
88 138 214 278

n.m. n.m. n.m. n.m.
88 166 143 407
89 91 186 249
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ina grains engulf SiC particles, which were originally, after
intering, located at grain boundaries. These coarser, originally
ntergranular, particles then shift the mean size of intragranular
iC particles to higher values. The same applies for intergranular
iC inclusions: as smaller particles are engulfed by growing alu-
ina grains, only very large particles stay at grain boundaries,

nd the mean is shifted to higher values.
Fig. 3a and b show the hardness of HIP-ed composites, and

he relative change of hardness after HIP with respect to PS
pecimens. The highest hardness was measured in specimens
ontaining 5 vol.% of SiC (Fig. 3a). The hardness of composites
W5 and IP5 ranged between 20.5 and 21.5 GPa, respectively.
hese values are not particularly high, but fall well into the inter-
al usually reported for Al2O3–SiC composites with the same
olume fraction of SiC.12 The hardness of composites IPx 1850
s low after HIP (Fig. 3a), ranges between 18.5 and 19.5 GPa,
nd is somewhat lower than the hardness of PS composites
f the same composition. The trend is thus reversed in com-

arison with PS specimens where hardness tended to increase
ith increasing temperature of sintering.17 Fig. 3b shows the

elative change of hardness after HIP, with respect to the PS

ig. 3. Hardness of HIP-ed specimens (a) and relative change of hardness of
IP-ed specimens IP with respect to the hardness of PS composites of identical

omposition (b). The temperatures shown in the legend represent the tempera-
ures of sintering preceding the HIP treatment.
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pecimens of the same composition. In the composites IPx 1750,
nd IPx 1800 the hardness increased by 1–10% after HIP. The
ncrease can be most likely attributed to decrease of residual
orosity. However, in IPx 1850 the hardness decreased with
espect to the PS specimen, despite the fact that residual poros-
ty was slightly lower, and no significant weight loss indicating
ecomposition of the sample could be measured (the weight loss
n this batch of materials was usually less than 0.1%). However,
he decrease did not exceed 6% and considering the scatter of

easured values (standard deviation between 3 and 6% of the
ean) its statistical significance is questionable. Fig. 4 shows
loose correlation between the Vickers hardness and the rela-

ive density of HIP-ed composites, irrespective of the content
f SiC.

The problem of fracture toughness of Al2O3–SiC nanocom-
osites is rather complex, and there are many works published,
hich attempt to solve the question of the influence of volume

raction of SiC, the fraction and size of inter- and intragranular
iC inclusions, residual stresses, and other factors.7,10–13,21,22

he only generally accepted fact seems to be the change of frac-
ure mode from intergranular in monolithc alumina to mixed, or
ransgranular in nanocomposites, with corresponding increase
f fracture energy. Levin et al. suggested that the toughening in
articulate composites was the result of fine balance between
atrix weakening and grain boundary strengthening by residual

tresses around intragranular SiC particles. Their model implies
hat any increase of fracture toughness can be obtained only
or small additions (less than 5 wt.%) of SiC. Maximum of
0% increase of toughness with respect to monolithic alumina
an be expected according to this model.22 The grain boundary
trengthening effect of SiC nanoinclusions has been confirmed
y measurement of grain boundary-interface dihedral angles in
l2O3/SiC by Jiao et al. who found that the interfacial fracture

nergy between SiC and alumina is more than twice the alu-

ina grain boundary fracture energy.21 Carroll et al., concluded

hat the fracture toughness of nanocomposites increase with the
iC particle size, but the increase is negligible with respect to

he monolithic alumina. Moreover, according to the authors, any

Fig. 4. Vickers hardness vs. relative density of the HIP-ed composites.
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ffect of SiC particle size is difficult to separate from effects of
rocessing.7 In the contrary, Xu et al. found no toughening effect
f intragranular SiC particles, but they observed 15% toughen-
ng in a 12 vol.% SiC nanocomposite, which they attributed to
iC particle-attracted crack deflection and crack impediment
y large (200–300 nm) intergranular SiC particles.11 To add
o the confusion, Perez-Rigueiro et al. observed that fracture
oughness of alumina/silicon carbide nanocomposites measured
hrough the single-edge V-notched beam technique was not
ignificantly affected either by the fraction of nanoparticles,
r their size.12

The polymer-derived nanocomposites studied in this work all
xhibited a mixed mode of crack propagation, with significant
mount of transgranular fracture. Detailed examination of the
rack path revealed that the propagating crack meets SiC par-
icles, either inter-, or intragranular, only occasionally. In most
ases the propagation of crack was straightforward with few
eviations from the direct path. Some instances are shown, and
arked with Arabic numbers, in the Fig. 5. Number 1 (Fig. 5a)

hows the instance when the crack was deflected from trans-
ranular path by a large, elongated intergranular particle, which
eakened the grain boundary. Number 6 (Fig. 5c) marks the
lace where the crack was deflected from its original direction
ithin a large alumina grain by a large intragranular SiC inclu-

ion. However, in most cases (No. 2, 3, 5), the crack crosses
longated intergranular SiC particles without any observable
hange of direction, SiC particles remain intact, and act as
ridging ligaments, with possible toughening effect. Neverthe-
ess, relatively rare occurrence of such events indicates that any
oughening effect would be small.

One of the most interesting features was the strong influence
f processing conditions on fracture resistance of the composites
Fig. 6a). In HIP-ed IP specimens the highest fracture toughness
f 4.9 ± 0.2 MPa m1/2 was measured in composites sintered at
800 ◦C. This value was achieved for all samples sintered at this
emperature, irrespective of the volume fraction of SiC. Sin-
ering at 1850 ◦C, followed by HIP, resulted in lower fracture
oughness, with maximum at 5 vol.% SiC (4.3 ± 0.2 MPa m1/2).

oreover, the fracture toughness of IPx 1850 decreased fur-
her after HIP by as much as 15% with respect to the FS
omposites of the same composition (Fig. 6b). No such effect
as observed in the specimens sintered at lower temperatures,
here any changes of fracture toughness after HIP ranged within
argins of experimental error (0–6%). Such results were surpris-

ng, as the materials sintered at 1850 ◦C contained the highest
raction of elongated intergranular SiC grains, with strongest
xpected toughening effect. The reason for such behaviour is
ot clear, but the fact that the decrease of fracture toughness
an be seen only in the IP specimens sintered at 1850 ◦C indi-
ates that it can be related to the presence of phases formed at
emperatures exceeding 1800 ◦C. Reports exist on formation of
l4C3, Al2OC, and even of the eutectic melt of Al4C3–Al2O3

Te = 1815 ◦C) in Al2O3–SiC systems heat treated at tempera-

ures exceeding 1800 ◦C.19 However, if formed, the amount of
hese phases was too low to be detected by X-ray analysis. Apart
f �-Al2O3 and �-SiC, only quartz in small amounts was identi-
ed from X-ray diffraction patterns. The presence of SiO2 is an

w
s
H
g

ig. 5. Crack propagation in the composites IP5 1800 (a), IP8 1800 (b), and
P3 1850 (c). The white arrow in upper right hand corner indicates the direction
f crack propagation.

vidence of partial oxidation of the polymeric precursor and/or
olymer-derived SiC in the course of preparation and together
ith possible formation of the eutectic melt Al C –Al O repre-
4 3 2 3

ents a possibility of formation of glassy grain boundary phase.
owever, at this stage no evidence exists that any grain boundary
lass is present in IP composites.
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Fig. 6. Indentation fracture toughness of HIP-ed specimens (a) and relative
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More detailed microstructure analysis revealed that the KIC
of both the FS and HIP composites prepared by warm press-
ing increased with increasing volume fraction of intergranular
SiC particles (Fig. 8). This result is in accord with the work
hange of fracture toughness of HIP-ed specimens with respect to the toughness
f PS composites of identical composition (b).

Due to large scatter of experimental data there was not pos-
ible to draw unambiguous conclusions on the influence of the
ize of intra- and intergranular SiC inclusions on fracture resis-
ance of IP composites (Fig. 7a and b). The maximum of fracture
oughness seems to be achieved in composites with fine-grained
iC, at around 80 nm size for intragranular, and at 120 nm for

ntergranular particles, and decreases with increasing size of
iC particles. Very fine intergranular (∼90 nm), and intragranu-

ar (∼60 nm) SiC seem to have no toughening effect, but definite
onclusions could not be drawn from a single point.

The CW specimens behaved in a different way. The maximum
oughness after sintering, 4.8 ± 0.1 MPa m1/2, was measured in
he composite CW8 1850. Generally, fracture resistance of CW
aterials (at least of those whose residual porosity was elimi-

ated to the extent, which facilitated the measurement) increased
ith the temperature of sintering. All composites sintered at the

ame temperature had similar fracture toughness irrespective of
he volume fraction of SiC. Hot isostatic pressing resulted in the

et increase of KIC of approximately 10% for all specimens mea-
ured (Fig. 6b), achieving the maximum of 5.2 ± 0.2 MPa m1/2

n the composite CW8 1850 (Fig. 6a).
F
a

ig. 7. The relation between the size of intergranular (a) and intragranular (b)
iC nanoinclusions and the fracture resistance of IP composites.
ig. 8. The dependence of fracture toughness of CW composites before, and
fter HIP on the volume fraction of intergranular SiC particles.
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Al2O3–SiC: 1. Experimental results. J. Am. Ceram. Soc., 1996, 79,
ig. 9. The dependence of fracture toughness of CW composites before, and
fter HIP, on the mean size of intergranular SiC particles.

f Xu et al., who concluded that intergranular particles pro-
ide most of the toughening in Al2O3–SiC nanocomposites,
ainly through a SiC particle-attracted crack deflection mecha-

ism and crack impediment. The cracks are then more likely to
ropagate through matrix grain boundaries containing a higher
han average density of intergranular SiC particles, which are
eakened by residual tensile stresses around the SiC parti-

le with lower than the surrounding matrix thermal expansion
oefficient.11 Interestingly, HIP shifted the KIC values of all mea-
ured materials to higher values, so that the fracture toughness
f the composite with the same volume fraction of intergranular
nclusions tends to be higher after HIP. As shown above, HIP
esults in growth of both the alumina matrix grains and inter- and
ntragranular SiC particles. Although the growth of SiC parti-
les by diffusion is possible, its contribution is supposed to be
mall and the coarsening is only apparent. Still larger SiC par-
icles are entrapped in the course of HIP by growing alumina
rains, which shifts the mean size of both inter- and intragran-
lar SiC particles to higher values. The grain boundaries are
hen occupied by smaller amount of larger SiC inclusions, and
heir weakening effect is stronger. The crack is then more read-
ly deflected along the grain boundary. The crack can also be
eflected by the intergranular particle itself if the size of the
article is large enough.11 However, the toughening effect of
ntergrain SiC inclusions would decrease as soon as their num-
er is reduced by grain boundary motion to an extent when only
ew boundaries are weakened by their presence. Fig. 9 shows
he fracture toughness of CW composites before, and after HIP,
s a function of the mean size of intergranular SiC particles. At
rst, the KIC clearly increases with the size of intergrain SiC,
chieving maximum at about 250 nm. After that the HIP-induced
rowth of alumina matrix grains reduces the number of inter-
rain SiC particles to an extent when their toughening effect is
iminished, and the KIC decreases.
The results discussed above indicate that the fracture tough-
ess of Al2O3/SiC nanocomposites is to certain extent influ-
nced by the volume fraction and size of intergrain SiC inclu-
ions, as confirmed by microstructure analysis of CW compos-
eramic Society 27 (2007) 1237–1245

tes prepared by warm pressing, a polymer precursor-coated
lumina powder. However, the toughening effect of intergranu-
ar SiC particles was not observed in the composites IP prepared
y infiltration of a pre-sintered alumina matrix with the liquid
recursor. The role of intragranular SiC inclusions is also ques-
ionable, as no clear correlation between their size and volume
raction, and the fracture toughness could be found. Hot isostatic
ressing influences the fracture resistance of the composites IP
nd CW in a different way. While no significant change, or even
5% decrease of fracture toughness was measured in IP com-
osites after HIP, the KIC of CW composites increased by about
0%, irrespective of the volume fraction of SiC in the material.
he reason of the observed decrease of fracture toughness after
IP in IP composites sintered at 1850 ◦C is not clear at present,
ut we suggest it is related to the presence of silica detected
n the specimens by X-ray diffraction, together with possible
ormation of grain boundary glass with the composition of the
utectic melt Al4C3–Al2O3 with addition of SiO2.

. Conclusions

Hot isostatic pressing was applied as the means of elimi-
ation of residual porosity from polymer-derived composites
l2O3–SiC prepared by pressureless sintering. Although major-

ty of specimens was successfully densified, and the residual
orosity of HIP-ed specimens was always less than 1% (in com-
arison with 2–3%) for pressureless sintered materials, the influ-
nce on mechanical properties is ambiguous. Hardness increase
f the specimens sintered at 1750 and 1800 ◦C was observed
fter HIP, but the change usually did not exceed 10%. Fracture
oughness of the composites IP did not chance appreciably after
IP, and the observed increase, or decrease was mostly within

he range of experimental error. The indentation fracture tough-
ess of IP specimens sintered at 1850 ◦C was impaired by HIP,
nd up to 15% toughness decrease was measured. The fracture
esistance of the CW composites increased after HIP by about
0%, irrespective of the volume fraction of SiC, and the tem-
erature of sintering. The increase of toughness is attributed to
oughening effect of intergrain SiC inclusions and is correlated
ith their size and volume fraction.
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