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bstract

he Al2O3/SiC nanocomposites containing 3–8 vol.% SiC were prepared through infiltration and in situ thermal decomposition of a preceramic
olymer SiC precursor (poly(allyl)carbosilane) in pre-sintered alumina matrix. The volume fraction of SiC, and the microstructure of composites
ere adjusted by concentration of the polymer solution, and by the conditions of pyrolysis and sintering. The specimens were densified by

ressureless sintering at temperatures between 1550 and 1850 ◦C in flowing argon. The use of powder bed producing SiO, CO and other volatile
pecies suppressed decomposition reactions in the composites and was vital for their successful densification. The experimental results are discussed
gainst thermodynamic analysis of the system Al2O3/SiC/SiO2 in an inert Ar atmosphere.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Addition of silicon carbide particles (SiCp) or whiskers
SiCw) has been reported to enhance strength,1–6 fracture
oughness,1,6–8 wear resistance,9–11 and creep resistance12–14

f polycrystalline alumina. However, wider commercial utiliza-
ion of the composites is limited due to lack of a cheap and
eliable way of preparation of dense, defect-free ceramic bodies
ith complex shape containing homogeneously distributed SiC

nclusions.
Standard processing procedure comprises wet mixing of

lumina and SiC powders, drying, compacting, and high tem-
erature densification. However, with submicrometre powders,
t is difficult to prevent agglomeration and to ensure homo-

eneous mixing of SiC and Al2O3. Drying of suspensions is
ften an additional source of agglomeration, which results in
neven sintering, as well as void and crack formation during
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he high temperature densification. Moreover, pressureless sin-
ering is problematic, most notably because the SiC inclusions
nhibit densification by grain boundary pinning. Pressure-
ssisted techniques are therefore routinely applied, limiting the
ossibilities for production of more complex shapes and increas-
ng the production costs. Alternative routes of preparation of the
l2O3–SiC composites are therefore of profound interest.
One of the promising methods utilizes organosilicon precur-

ors, e.g. polycarbosilanes,15–18 which can be converted into SiC
hrough pyrolysis in inert atmosphere (Ar). The particles of alu-

ina powder are usually coated with dissolved polymer, dried,
ross-linked, compacted, pyrolysed and densified. Alternatively,
he polymer-coated powder can be compacted by axial pressing
t elevated temperature, condensing shaping and cross-linking
nto one processing step.19 The precursor method allows forma-
ion of alumina-based nanocomposites with ultrafine particles
f SiC (∼12 nm) located either intra-15,16 or inter-granularly,17
hich leads to enhanced mechanical strength.20 Commercial
vailability of polymers that convert to �-SiC without excess car-
on, which is known to impair mechanical properties,21 opens
ew possibilities for preparation of SiC-reinforced composites.

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.013
mailto:galusek@tnuni.sk
dx.doi.org/10.1016/j.jeurceramsoc.2010.09.013
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Chemical reactions that take place in the system in the course
f high temperature densification represent a different problem.
ue to the reactions, weight loss is often observed during sin-

ering of SiC–Al2O3 compositions, mainly due to formation of
O, SiO, Al2O and other gaseous species. Two main reactions
ccurring in different temperature intervals have been proposed
o explain the weight loss.22 At temperatures lower than 1600 ◦C,
t is generally accepted that SiC reacts with a surface SiO2 layer
o produce SiO and CO. Above 1850 ◦C the weight loss results
rom reaction of SiC with Al2O3, yielding CO, SiO, and Al2O.
o suppress weight loss during sintering, samples are typically
intered using a powder bed and an inert atmosphere.23

This work studies the preparation of Al2O3–SiC composites
ith the use of a commercially available liquid polycarbosilane,
hich transforms by heating in inert atmosphere directly to �-
iC with high ceramic yield and without excess carbon. The

iquid polymer can be infiltrated into open pores of pre-sintered
lumina matrix. The volume fraction of polymer-derived SiC
nd the size of SiC particles were adjusted by the concentration
f the polymer, and by conditions of pyrolysis and densification.
he obtained results are confronted with the results of ther-
odynamic calculations in the system Al2O3–SiC–SiO2 under

intering conditions.

. Experimental

Ultrafine and ultrapure �-alumina powder Taimicron TM
AR (Taimei Chemicals Co., Ltd., Japan) with an average parti-
le size of 150 nm was pressed uniaxially in a steel die at 50 MPa
nd then isostatically at 500 MPa in order to prepare pellets with
iameter of 10 mm and height of 6 mm. The alumina green bod-
es were then pre-sintered in air in an electric furnace (HTM
eetz GmbH., Berlin, Germany, model LORA 1800) for 1 h at
150 ◦C, which are the conditions ensuring sufficient mechan-
cal strength of the pellet and at the same time maintaining the
pen porosity at the required level. The density was measured by
rchimedes method in water and the porosity and pore size dis-

ribution were determined using a MicroMeritics 9320 Poresizer
MicroMeritics, Norcross, GA).

Liquid polycarbosilane SPM10 (StarFire Systems, Water-
liet, NY) was used as the infiltration agent. By heating in
nert atmosphere (Ar) the polymer transforms to �-SiC with
igh ceramic yield (75–80 wt.%, depending on temperature).
he polymer is liquid, soluble in aprotic solvents, and can be
andled in ambient environment.

The behaviour of the polymer in contact with �-Al2O3 was
xamined by simultaneous thermal analysis (STA, Netzsch STA
29, Netzsch-Gerätebau GmbH, Selb, Germany), coupled with
ass spectrometry (Balzers MID) in the temperature range

0–1500 ◦C using a mixture of alumina powder with 10 wt.%
f the polymer pre-crosslinked for 60 min at 400 ◦C. The results
ere compared with the data acquired from thermal analysis of

he plain polymer.

The pre-sintered alumina pellets were infiltrated with the

olymer, either concentrated, or dissolved in an appropriate
olume of water-free cyclohexane (Sigma Aldrich, Steinheim,
ermany) in order to prepare composites with 3, 5, and 8 vol.%

F
w
p
(
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iC. The infiltration with the polymer solutions was carried out
n static Ar atmosphere in a sealed glass container in order to
void extended exposure of the polymer to moisture and air,
nd to prevent evaporation of the cyclohexane. The infiltration
ith concentrated viscous polymer (viscosity 80–150 mN s m−2

t 20 ◦C) was carried out at reduced pressure (approx. 200 Pa)
n order to facilitate its penetration into the alumina matrix. The
nfiltration time was 48 h, which exceeded the time required for
enetration into the whole volume of the pellet. After infiltration
he excess polymer was removed from the specimen surfaces by
aper tissue, after which the specimens were weighed. The sol-
ent was evaporated by evacuation of the sample for 2 h at room
emperature.

The pellets were then pyrolysed for 1 or 2 h in flowing Ar
n a quartz tube at 1200 ◦C, and subsequently placed in a high
emperature electric furnace with graphite heating elements for
intering under Ar for 3, 5, or 8 h at various temperatures between
550 and 1850 ◦C. The pellets were protected with a powder
ed with the composition: �-Al2O3 50 wt.%, SiC 25 wt.% and
(soot) 25 wt.%. The density of sintered specimens was deter-
ined by Archimedes method in water.
Pyrolysed and sintered samples were characterized by X-ray

iffraction (XRD) and energy dispersive X-ray spectroscopy
EDX) carried out in conjunction with scanning electron
icroscopy (SEM). XRD measurements were carried out using
STOE STADIP powder diffractometer (STOE & CIE GmbH,
armstadt, Germany) with Cu K� radiation and scanned through
θ angles between 30◦ and 70◦. The microstructures were exam-
ned by SEM (Zeiss, model EVO 40HV, Carl Zeiss SMT AG,
ermany) on polished and chemically etched (5 min in concen-

rated H3PO4 at 230 ◦C) cross sections of sintered specimens.
he microstructures and the grain boundaries were investigated

n detail by transmission electron microscopy (TEM) using an in-
olumn omega filtered JEOL 2200 FS TEM/STEM (accelerating
oltage 200 kV), equipped with an FE Gun and Oxford Instru-
ents EDX system. TEM samples were prepared by dimpling

he SiC composites to 20 �m, then ion-milling to perforation.
hemical analyses were performed by energy dispersive spec-

ra collected at 200 kV (approx. 0.5 nm electron beam spot size),
nd by EDS using SEM operated at 5 kV.

The residual amount of SiC present after pyrolysis and sin-
ering was verified by measuring the content of carbon, (LECO
200 carbon content analyzer, LECO Corp., St. Joseph, MI),
ssuming a stoichiometric conversion of the polymer with no
ree carbon.

The FactSage® software package24 was used for thermody-
amic (TD) calculations: the partial pressure of the gas phase and
hase formation in the system Al–Si–C–O–Ar were calculated;
r was considered as an inert gas. The required thermody-
amic data were taken from the FactSage® databases, as well
s from the special data set for the Al–Si–C system based on
he work of Gröbner.25 All relevant phases were included in
he calculations. For modelling of phases the fully optimized

Toxide database, which reproduces available phase diagrams
as used. The gaseous species were considered down to a
ressure of 10−10 Pa. For the metallic melt the RKMP model
Redlich–Kister–Maggiano polynomial) from the special data
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et for the Al–Si–C system was used.25 The calculations were
erformed at a given temperature under isobaric conditions; the
otal pressure was taken to be 0.1 MPa.

. Results and discussion

.1. Precursor decomposition

The poly(allyl)carbosilane precursor decomposition and for-
ation of SiC, including possible oxidation in the course of

he polymer pyrolysis, are prerequisites for phase and ther-
al stability, and due to phase development influence also the
icrostructure of prepared composites. The STA coupled with

R and mass spectrometry provided the information on decom-
osition of the pure polymer as well as the polymer in intimate
ontact with alumina powder (Fig. 1).

The STA data of the pure polymer revealed gradual mass
oss (up to 24% at 1200 ◦C), accompanied by two pronounced
ndothermic (E1, 62–284 ◦C, and E2, 381–492 ◦C) and two
xothermic effects between 520–930 ◦C (E3) and 1076–1500 ◦C
E4). These were attributed to cross-linking reactions (E1), to
he loss of hydrogen, SiHx, and hydrocarbon units (E2), to the
ormation of three-dimensional amorphous SiC network (E3),
nd to the crystallization of �-SiC accompanied by the loss of
esidual hydrogen at temperatures below 1200 ◦C (E4).

The STA data of alumina powder coated with 10 wt.% of
artly cross-linked polymer also showed weight decrease in four
ubsequent steps, with 2.3% overall mass loss corresponding to
4% mass loss of the polymer in the mixture. The thermal effects
re less distinguished than in the case of the pure polymer. The

◦
TA curve contains one broad endothermic band (60–400 C)
nd two pronounced exothermic effects in temperature intervals
00–780 ◦C and 990–1500 ◦C. These correspond to data from
he pure polymer, with the exception of the cross-linking peak

ig. 1. The results of STA coupled with MS of the pure polymer and the polymer
ixed with alumina powder.
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E1), which was observed in the pure polymer, but is missing
n the polymer-coated (and pre-cross-linked) powder. The MS
ata (Fig. 1) yields additional information for interpretation of
he STA results. Approximately 0.4% weight loss at tempera-
ures up to 400 ◦C was attributed to desorption of water from the
urface of alumina particles, and was confirmed by the presence
f H2O fragments (z = 17, 18) detected by MS at T > 55 ◦C. This
ffect was closely followed, and partly overlapped, by further
eight decrease (1.2%) in two steps between 400 and 480 ◦C

nd between 480 and 750 ◦C respectively, accompanied by an
ndothermic and exothermic effect at the DTA curve. These were
ttributed to further cross-linking and gradual formation of the
hree dimensional SiC network. The MS data (Fig. 1) confirmed
utgassing of hydrogen (z = 2), and hydrocarbons with z = 12–16
C1 fragments), z = 24–28 (C2 fragments), and z = 36–44 (C3
ragments). The z = 28–32 units, attributed to the formation of
iHx were also detected as the results of cleavage of the polymer
ackbone. The units may also contain traces of carbon monox-
de as the result of pyrolytic cracking of hydrocarbons, and the
eaction of precipitated carbon with water vapour (Eq. (1)):

+ H2O → CO + H2 (1)

Unlike the pure polymer, the TG of the coated powder shows
o mass change in the temperature interval 750–1200 ◦C. Never-
heless, significant (0.6%) weight loss occurred above 1200 ◦C,
hich was not observed in the pure polymer, and was accompa-
ied by the development of z = 28 units, which were identified
s CO by IR-coupled MS. The CO formation was attributed to
arbothermal reduction of silica, which, in some cases, is known
o proceed at temperatures as low as 1300 ◦C.26,27 The expla-
ation is based on the presence and desorption of water from
he surface of alumina powder particles at lower temperatures,
esulting in partial hydrolysis of the polycarbosilane precursor,
nd formation of SiO2. Silica reacts with traces of free carbon
reated by pyrolytic cracking of hydrocarbons, yielding SiC and
O (Eq. (2)):

iO2 + 3C → SiC + 2CO (2)

The results discussed in the two previous sections indicate
hat traces of water adsorbed at the surface of alumina pow-
er particles may influence the phase composition of polymer
erived alumina–SiC composites through partial hydrolysis and
xidation of the polymer precursor and formation of silica. In
positive case the silica eliminates the traces of free carbon

rom pyrolytic cracking of hydrocarbons, yielding SiC in the
rocess. As a negative consequence, residual silica might alter
he reactions taking place at higher temperatures, and, as shown
y thermodynamic analysis, result in significant decomposition
nd loss of SiC from the composite.

.2. Thermodynamic analysis of the system
The thermodynamic (TD) calculations were performed to
imulate chemical reactions in the system Al2O3–SiC–SiO2,
ontaining 3, 5, and 8 vol.% of SiC, which corresponds to experi-
entally studied compositions. The 1 mol of reactants was used
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n the calculations. The SiO2 content in reaction simulations
as set to 2 wt.% (1.344 mol%) with respect to SiC. For exam-
le, the amount of reactants used in the calculations for the
ample with 8 vol.% of SiC is as follows: 0.8545 mol Al2O3,
.1426 mol SiC, and 0.0019 mol SiO2. To simulate the effect
f the gas phase volume, the calculations were performed with
.0001 mol, 0.001 mol, 0.01 mol, and 0.1 mol of Ar at the con-
tant pressure of 105 Pa in the temperature range 1600–2200 ◦C.
arious gas phase volumes have been considered, as due to the
ature of high temperature experiment the determination of the
xact amount of inert gas was not possible. The results thus pro-
ide a range of possible temperature intervals, which might be
onsidered as a guideline for the experiment.

For better understanding of the reactions that take place in
he studied system, simulations of thermochemical reactions in
SiC–SiO2 system were also carried out, and the results (see

upplementary materials) are very similar to those published by
upid et al.28 The two key reactions (Eqs. (3) and (4)) were

dentified to be responsible for the SiC decomposition; reaction
3) at lower temperatures and reaction (4) at higher temperatures,
hen all SiO2 is consumed.

iC(s) + 2SiO2(s, l) = 3SiO(g) + CO(g) (3)

iC(s) + SiO(g) = 2Si(l) + CO(g) (4)

The results of the calculations (the phase fraction diagrams)
or the system Al2O3–SiC–SiO2 with 8 vol.% of SiC are shown
n Fig. 2. According to the calculations, all of the SiO2 reacts
ith Al2O3, yielding mullite phase in equilibrium with excess
l2O3. Up to 1734 ◦C, the main gas species are SiO and CO in

he molar ratio SiO/CO = 3. This indicates that the main reaction
roceeds between SiC and SiO2 from mullite, yielding Al2O3
nd gas species:

Al2O3·2SiO2(s) + SiC(s) = 3Al2O3(s) + 3SiO(g)

+ CO(g) (5)

he mullite phase is completely consumed at 1862 ◦C
0.0001 mol Ar), 1840 ◦C (0.001 mol Ar), and 1735 ◦C (0.01 mol
r), respectively. However, when 0.1 mol of Ar was used in

he calculation, no mullite phase was found to be stable above
600 ◦C. When all mullite is consumed, the phase equilibria pro-
eed in a more complicated way and the reactions taking place
n the system can be schematically described by Eqs. (4) and (6)
s reported also by Can et al.29 and Ihle et al.,30 respectively:

SiC(s) + 2Al2O3(s, l) = 4CO(g) + SiO(g) + Al2O(g)

+ 3Si(l) + 2Al(l, g) (6)

ccording to the calculations, all of the SiC in the system is
onsumed at 2050 ◦C (0.0001 and 0.001 mol Ar) or at 2046 ◦C
0.01 mol Ar). At this temperature the amount of the formed
iquid metal solution (onset of formation at 1734 ◦C) reaches

maximum and starts to decrease with increasing tempera-

ure. The amount of the gas phase increases with temperature
t approximately the same rate as the amount of liquid metal
ecreases. The increase of the amount of the gas phase is mainly
he result of formation of SiO and Al2O, while the contribution

T
y
d
i

.0001 mol of inert gas Ar (a) Phase fraction diagram. (b) Gas phase composition.
ullite is not shown due to its formation in a very small amount (∼0.001 mol).

f CO formation is small. The slight increase in CO reflects
he small amount of free carbon, which is dissolved in the Si–Al

elt. The amount of ionic liquid (Al2O3) decreases (Fig. 2). This
mplies the reactions between Al2O3 and constituents of liquid
etal solution (Si, Al and C) or element gas species Si(g) and
l(g). The reactions that may proceed in the system at higher

emperatures (>2050 ◦C) can thus be schematically expressed as
ollows:

l2O3(l) + 3C(s, sol) = 2Al(l, g) + 3CO(g) (7)

l2O3(l) + 4Al(l, g) = 3Al2O(g) (8)

l2O3(l) + 2Si(l, g) = 2SiO(g) + Al2O(g) (9)

he reactions schemes for the vapourization of SiC–Al2O3 sys-
em at the excess of C, Si and Al have been proposed by Baud et
l.31 The reactions (8) and (9) between Al2O3 and either Si or Al
t high temperatures were also proposed by other authors.32,33
he calculations in systems containing 3 and 5 vol.% of SiC
ielded similar results. When atmosphere produced by the pow-
er bed (mixture of Al2O3, SiC and C), instead of Ar, was used
n the calculation, formation of significant amount of gasses CO,



D. Galusek et al. / Journal of the European Ceramic Society 31 (2011) 111–119 115

Table 1
Carbon content vs. the conditions of heat treatment.

Sample Heat treatment C [wt.%] SiC [vol.%]

IP8-1 950 ◦C/60′ 3.03 ± 0.04 12.6
IP8-2 1550 ◦C/60′ 3.01 ± 0.08 12.5
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P8-3 1550 ◦C/180′ 2.54 ± 0.26 10.6
P8-4 1650 ◦C/180′ 2.19 ± 0.13 9.1

iO and Al2O (predominantly CO) effectively suppress above
escribed reactions.

The so called “nano-effect”, that could significantly influence
he thermodynamics of the systems due to high contribution of
articles’ surfaces, and even decrease the minimum temperature
or some processes, is not included in the TD calculations pre-
ented in this paper. Nevertheless, the results indicate a profound
nfluence of silica, usually present in the system as the product
f low temperature oxidation of SiC, and of the amount of inert
as on thermal stability, phase composition, and decomposition
eactions in the system Al2O3–SiC. These results are discussed
n following sections with respect to experimental data.

.3. Phase composition

The carbon content measurements (accounting also for car-
on bound as SiC) showed a notable decrease in concentration
ith increased temperature and time of heat treatment. If all car-
on is considered to be bound to silicon as SiC, the approximate
raction of SiC can be calculated at each respective tempera-
ure. The results are shown in Table 1. The amount of carbon
ecreased from the equivalent of 12.6 vol.% SiC at 950 ◦C,
hen the polymer-to-ceramic conversion was completed, to

he equivalent of 9.1 vol.% SiC after 3 h treatment at 1650 ◦C.
he decrease was attributed especially to chemical reactions
escribed by the reaction equation (5), as the consequence of
ormation of mullite in the composite from silica created by
artial hydrolysis and oxidation of polymer by water adsorbed
n alumina powder. SiO and CO were the main gas products of
ecomposition of the composite. The CO and SiO-generating
owder bed, consisting of Al2O3, SiC, and C (soot), was there-
ore applied in order to suppress the decomposition reactions at
igher temperatures.

Fig. 3 summarises the XRD patterns of the plain SP-Matrix
olymer heat treated for 3 h at 1550 ◦C, and of the specimens
nfiltrated with the equivalent of 8 vol.% SiC of the polymer
IP8), heat treated for 60 min at 1550 and 1700 ◦C, respectively.
he plain polymer crystallized directly to �-SiC and signifi-
ant peak broadening indicates a nanocrystalline nature of the
rystalline product. The diffraction pattern of the IP8 after heat
reatment at 1550 ◦C shows partial overlapping of the two most
ntensive �-SiC peaks (102 at d = 2.516 Å, 2Θ = 35.65◦ and 110
t d = 1.541 Å, 2Θ = 60.02◦) with the peaks of �-alumina at
= 2.551 Å (2Θ = 35.61◦), and 1.540 Å, respectively. However,

shoulder at d = 2.52 Å observed in the diffraction pattern of the

P8, and the intensity of the peak at d = 1.541 Å stronger than
ould correspond to the respective peak of �-Al2O3 indicate the
resence of crystalline �-SiC in the sample. Neither mullite nor

a
b
t
A

ig. 3. Diffraction patterns of the SP-Matrix polymer and the IP8 sample after
eat treatment at 1550 ◦C, and at 1700 ◦C.

ny crystalline form of silica were detected. However, after heat
reatment at 1700 ◦C, evidence of mullite formation was found,
emonstrated especially by the presence of two diffraction peaks
t 2Θ values 25.978◦ and 26.264◦. This result is in accord with
he results of TD analysis, which predicts formation of mullite
n the system containing silica as the result of oxidation of the
olymer precursor, and reaction of silica from mullite with SiC,
ielding alumina, SiO and CO (Eq. (5)) up to a temperature of
862 ◦C. In addition, the intensity of �-SiC diffraction peak at
Θ = 35.65◦ increases (from indistinct shoulder at 1550 ◦C to a
ell defined peak at 1700 ◦C), indicating enhanced crystallinity
r crystallite size growth with increasing temperature.

.4. Densification and microstructure

All specimens sintered at temperatures exceeding 1750 ◦C
ithout the powder bed were decomposed, porous, and white

n colour, which suggests complete loss of SiC as the result of
eactions (5), and possibly, 3. Interestingly, complete loss of
iC was observed at lower temperatures than predicted by ther-
odynamic calculations, which is attributed to a flow-through

tmosphere and removal of gaseous reaction products, not con-
idered in the calculations. Efficient protection of the specimen
nd suppression of decomposition reactions was achieved by the
se of the CO and SiO-producing powder bed, which shifted the
eaction equilibrium towards the reactants.

The sintering between 1700 and 1850 ◦C with applied pow-
er bed in all cases yielded composites with relative densities
pproaching or exceeding 90%. At lower sintering tempera-
ures (1700 ◦C) the sintered density was strongly influenced
y the volume fraction of SiC in the material: the compos-
te with 3 vol.% of SiC (IP3) sintered to less than 5% of the
esidual porosity, while the materials with 5 and 8 vol.% of SiC
IP5 and IP8) were only about 90% dense. In the case of IP3,
maller silicon carbide particles were not sufficient to achieve
ny observable grain boundary pinning effect, and densifica-
ion was not markedly impaired. This was, in turn, reflected in
coarser microstructure of IP3, resulting from a higher grain
oundary mobility in the composite with low volume frac-
ion and smaller number of small intergranular SiC inclusions.
t temperatures ≥1750 ◦C no significant difference of relative
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ensity was observed, irrespective of the SiC volume fraction in
he material. The main difference was in the size of the alumina

atrix grains, which increased with increasing temperature and
ecreasing volume fraction of SiC (Fig. 3). This indicates that
he grain boundary diffusion responsible for densification, as
ell as grain boundary mobility responsible for matrix grain
rowth, was markedly influenced by the volume fraction of SiC.
here are several mechanisms that can be considered. Firstly,
ilica segregation at alumina–alumina, and alumina–SiC grain
oundaries, may markedly influence both the grain boundary dif-
usion and grain boundary mobility responsible for densification
nd grain growth, respectively. However, according to the results
f the thermodynamic analysis and the X-ray diffraction, silica
s bound in the form of mullite at relatively low temperatures,
hich is then completely consumed in the temperature interval
etween 1600 and 1862 ◦C, depending on the amount of inert gas
pplied during high temperature treatment. Although some for-
ation of Si-rich metallic melt above 1734 ◦C is predicted by the

alculations, these also predict only low amounts of such a phase
t any temperature below 1850 ◦C. Clean, melt- or glass-free
rain boundaries can be therefore expected under the condi-
ions applied. These results are confirmed by TEM examination
f the nanocomposites. A micrograph of the material containing
vol.% of SiC shows spherical SiC nanoparticles with diameters
etween 5 and 30 nm distributed within an alumina matrix grain
s shown in Fig. 4a. A large single intragranular SiC particle with
diameter of 250 nm is shown in Fig. 4b: characteristic stacking

aults are visible in the particle. The grain boundary between the
article and the alumina matrix grain appear to be clean and free
f any amorphous phase. The result, which is in accord with the
esults of thermodynamic calculations mentioned above, is con-
rmed by the high resolution TEM micrograph showing a typical
iC–Al2O3 grain boundary with direct contact of crystalline SiC
nd Al2O3 phases.

The different densification rate is therefore most likely the
onsequence of the different number, and volume, of the inter-
ranular SiC particles: higher volume fraction of SiC particles
ncreases the total area of SiC–alumina grain boundaries on
ccount of alumina–alumina boundaries, altering the energy
equirements for grain boundary diffusion and grain boundary
obility. At 1700 ◦C the energy requirements for grain boundary

iffusion are satisfied only for the composite IP3: compos-
tes with larger area fractions of alumina–SiC grain interfaces
equire more energy (higher temperature) for successful den-
ification. At temperatures ≥1750 ◦C this condition could be
egarded as satisfied for all SiC contents. Such high temperatures
nhance the grain boundary mobility, and in specimens with
igher SiC contents also promote the growth of SiC particles
y coalescence, or possibly also by evaporation–condensation
echanism. At 3 vol.% of SiC the small SiC particles are

ngulfed by fast moving boundaries (Figs. 4a and 5a). In com-
osites IP5 and IP8 the coalescence is so pronounced that grain
oundaries are effectively pinned with numerous large SiC inclu-

ions (Fig. 5b). Here, intergranular SiC particles with high aspect
atio are observed, and the materials sintered at 1850 ◦C con-
ain numerous SiC whiskers situated parallel to the boundary.
he breakaway of a particle with such geometry from the grain

t
m
c
o

ig. 4. SEM micrographs of Al2O3–SiC composites with 3 vol.% of SiC sintered
or 3 h at 1800 ◦C (a), and with 8 vol.% of SiC sintered for 3 h at 1850 ◦C (b).

oundary is energetically so demanding that it can act as an
ffective pinning site. The presence of particles with elongated
orphology also supports the hypothesis of the growth of SiC

articles by evaporation–condensation mechanism. The TEM
icrograph in Fig. 6a shows the typical microstructure of the

anocomposite containing 8 vol.% SiC sintered 3 h at 1850 ◦C.
long with SiC whiskers situated parallel to alumina–alumina
rain boundaries, numerous spherical intragranular SiC particles
ith diameters between 25 and 120 nm are observed. Stack-

ng faults are present both in the whiskers and in some of the
pherical inclusions. In accordance with the results of the TD cal-
ulations, the interfaces between the two intragranular spherical
iC inclusions and the embedding alumina matrix grain shown

n Fig. 6b appear to be clean without any amorphous second
hase. Some confusion is introduced by the EDX point analysis
f selected places in the specimen, as shown in Fig. 6c. While in
he whiskers (EDX spectra 2 and 3) the analysis identified Si and
, with some traces of Al likely originating from the surrounding
lumina matrix, in the intragranular SiC inclusions the analysis
evealed, along with expected Si and C, also the presence of Al
nd O (EDX spectra 4 and 6). However, a significant contribution
o the EDX spectra is expected from the surrounding alumina
atrix due to the small dimensions of intragranular particles in
omparison to whiskers, which may explain the high intensity
f aluminium and oxygen peaks. The only exception is analysis
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Fig. 5. The results of TEM examination of the Al O –SiC composite with
3
t
a

N
a
D
p

Fig. 6. The results of TEM examination of the Al2O3–SiC composite with
8 vol.% of SiC sintered for 3 h at 1850 ◦C: overall view (a), higher magnifi-
c
o
e

a
its retention can be explained as follows: mullite decomposes
2 3

vol.% of SiC sintered for 3 h at 1800 ◦C: overall view (a), secondary elec-
ron image of a single SiC particle embedded within the alumina matrix (b), and
HRTEM image showing the Al2O3/SiC grain boundary (c).

o. 4, where Al, Si, and O, but no carbon, was detected, and the

nalysis can be interpreted as a detection of a mullite inclusion.
espite the fact that the thermodynamic analysis predicts disap-
earance of mullite between 1600 and 1862 ◦C depending on the

t
g
t

ation micrograph of an intragranular SiC nanoparticle (b), EDX point analyses
f numbered places in the image (c). Upper and lower insets show the respective
lectron diffraction patterns from points 2 and 5.

mount of inert gas applied during high temperature treatment,
hrough its reaction with SiC (Eq. (5)). However, if a mullite
rain is embedded within an alumina matrix grain at a rela-
ively low temperature (e.g. 1500 ◦C), its reaction counterpart
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s missing and the reaction cannot proceed. Some presence of
ullite can be therefore expected in all Al2O3–SiC nanocom-

osites prepared from SiO2-contaminated SiC powder, or from
partly oxidised or hydrolysed preceramic polymer precursor

f SiC.

. Conclusions

The paper summarises the experimental data obtained for
he nanocomposites prepared through in situ thermal decompo-
ition of the SiC preceramic polymer in alumina matrix with
ubsequent pressureless sintering in Ar atmosphere, discussed
gainst the results of thermodynamic analysis of the system
l2O3/SiC/SiO2.
The results can be summarised as follows:

. The pre-ceramic polymer in direct contact with moisture-
contaminated submicron alumina powder reacted with H2O
vapour, yielding an oxygen containing polymer, which finally
led to the formation of SiO2 or mullite during further heating
at T < 1550 ◦C.

. The TD analysis predicted a profound influence of the silica
contamination and the amount of inert gas in the system on
the temperature of formation and disappearance of various
phases, including mullite or Si-rich metallic melt, and on the
final phase composition of the composite.

. In the absence of the CO and SiO-producing protective pow-
der bed, the presence of silica and mullite in the material led
to the decomposition and complete loss of SiC at T > 1750 ◦C.

. The use of the protective powder bed facilitated the prepa-
ration of nearly fully dense Al2O3/SiC nanocomposites with
SiC content between 3 and 8 vol.% by pressureless sintering
between 1750 and 1850 ◦C.

. The TEM examination of the prepared nanocomposites con-
firmed, in accord with the TD analysis, the absence of any
intergranular glass at Al2O3/SiC grain boundaries. However,
the EDX analysis gave some evidence on the retention of dis-
crete mullite particles in materials sintered at temperatures
as high as 1850 ◦C.
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