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Dense SiC ceramics were obtained by hot pressing of β-SiC powders using Al2O3-Y2O3 and
La2O3-Y2O3 additive systems. The effect of the addition of an amount of ultrafine SiC to
commercial silicon carbide powder was evaluated. Sintering behaviour and microstructure
depended on type and amount of liquid phase, as densification proceeded via a classical
solution-reprecipitation mechanism. A core/rim structure of SiC grains indicated that
reprecipitation of a solid solution of SiC containing Al and O occurred on pure SiC nuclei.
Grain boundary phase was constituted of crystalline YAG and amorphous silicates. Values
of flexural strength up to ∼750 MPa at RT and up to ∼550 MPa at 1000 ◦C were measured.
At 1300 ◦C a strong degradation of strength was attributed to softening of the amorphous
portion of grain boundary phase. In highly dense materials toughness ranged from 2.95 to
3.17 MPa·m1/2 and hardness from 21 to 23 GPa. C© 2000 Kluwer Academic Publishers

1. Introduction
SiC ceramic is one of the promising candidate materials
for high temperature structural components in heat en-
gines, heat exchangers, wear resistant components, etc.
Silicon carbide is difficult to densify without additives,
because of covalent nature of Si-C bonding and low
self-diffusion coefficient [1]. Solid state sintering, with
addition of boron and carbon, at temperatures around
2100◦C has become a routine process to densify sili-
con carbide. However these materials are characterized
by a coarse microstructure and strength values lower
than 400 MPa, due to reduced flaw tolerance caused
by the low fracture toughness [1]. Liquid-phase sin-
tered silicon carbide (LPS-SiC) [2–7] has the potential
to become an alternative, commercially attractive ma-
terial, which can be densified at lower temperatures
(1750–2000◦C). Addition of metal oxides results in
liquid phase formation at elevated temperatures, which
acts as a mass transport media during sintering. The
most important factors which influence liquid phase
sintering of SiC are [8–17]: characteristics of the start-
ing powders (grain size distribution and oxygen and
carbon content), sintering method and related parame-
ters (time, temperature, pressure), sintering atmosphere
(vacuum, argon, nitrogen), amount and composition of
liquid phase, use of a powder bed and its composition,
processing methods prior to firing. A number of dif-
ferent sintering aids have been used, e.g. alumina and
rare earth oxides; sintering mechanisms have been pro-
posed dependent upon each particular additive system.
The major requirements on the liquid phase sintering
medium are: a sufficient volume fraction of liquid ex-
hibiting complete wetting of the solid phase and an

appreciable solubility of the solid in the liquid. The
transport properties of the liquid phase depend on its
volume fraction and chemistry and these factors are
influenced by the selected additives and densification
parameters. Densification behaviour and grain growth
during liquid phase sintering can be controlled through
fabrication parameters. By means of controlled pro-
cesses, nearly full densities and homogeneous and fine
microstructures can be obtained. These microstructures
do not contain the large SiC grains which generally are
present in solid state sintered silicon carbides and act as
stress concentrators. Compared to solid state sintered
SiC, LPS-SiC has a room temperature strength that is
twice as high [2, 6]. Relationships between toughening
behaviour and microstructure are reported [8–10, 14,
18–27]. Mechanical and chemical properties of LPS-
SiC ceramics are also strongly affected by intergranular
microstructure, which can be a glassy or a partially crys-
talline phase as residue of the liquid sintering medium.
At high temperatures, glass softens and generally de-
creases all high temperature mechanical and chemical
properties. In this respect composition and amount of
grain boundary phases are of paramount importance
and improvement in properties can be achieved through
a careful design of microstructure [6, 10–14, 27–32]
and development of innovative processing routes
[17, 33].

This paper aims to draw relationships among com-
positions, microstructure and mechanical properties
of nearly-fully dense LPS-SiC ceramics. Several ad-
ditive systems were selected, in amounts from 6 to
10 wt %. The effect of an addition of ultrafine SiC pow-
der to commercial SiC was tested too. Densification was
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TABLE Ia Starting compositions of SiC+ additives

Amount of additives Ratio Amount of SiO2
Sample Composition (wt %) SiO2/additives (wt %)

SAY64 SiC+ 6wt % Al2O3+ 4wt % Y2O3 10 0.15 1.49
SAY32 SiC+ 3.6wt % Al2O3+ 2.4wt % Y2O3 6 0.26 1.55
SAY33 SiC+ 3.29wt % Al2O3+ 3.41wt % Y2O3 6.7 0.23 1.54
SAY23 SiC+ 2.66wt % Al2O3+ 3.45wt % Y2O3 6.1 0.14 0.86∗
SSAY64 SiC+ 6wt % Al2O3+ 4wt %Y 2O3+ 18wt % 10 0.23 2.29

SiC ultrafine
SLY33 SiC+ 3wt % La2O3+ 3wt % Y2O3 16 0.26 1.55

∗The amount of silica in the starting powder was reduced from 1.65 to 0.92 wt % with a thermal treatment at 1200◦C under argon.

TABLE Ib Grain boundary phase composition

Al2O3 Y2O3 SiO2

Sample wt % mol % wt % mol % wt % mol %

SAY64 52.0 58.0 35.0 17.5 13.0 24.5
SAY32 47.6 49.0 31.7 15.0 20.5 36.0
SAY33 40.0 44.0 41.0 21.0 19.0 35.0
SAY23 38.0 47.0 50.0 27.0 12.0 26.0
SSAY64 48.8 51.3 32.5 15.5 18.6 33.2
SLY33 La2O3 Y2O3 SiO2

40.0 46.0 40.0 14.0 20.0 40.0

carried out by hot pressing and the sintering behaviour
was studied on shrinkage curves.

2. Experimental procedures
Starting from the following SiC powders:

– Commercial powder, Starck BF-12: 97%β-SiC
and 3%α-SiC, s. s. a. 11.6 m2/g, chemical composi-
tion: C = 30.21%, O= 0.88%, Fe= 340 ppm, Al=
210 ppm, Ca= 15 ppm, silica∼1.65 wt % (estimated
from the amount of oxygen);

– SiC ultrafine powder synthesized through laser-
induced reaction (Enea-Frascati, Italy): 100%β-SiC,
s. s. a. 42 m2/g, chemical composition: C= 29%,
O= 3.4%, silica 6.1 wt % (estimated from the amount
of oxygen);

different compositions (Table I) were prepared using as
additive powders: Al2O3 (Baikalox CR30), Y2O3 (HC-
Starck) and La2O3 (Merck).

The powder mixes were prepared using a pulsed ul-
trasonic method in ethyl alcohol, drying at 80◦C in
rotary evaporator and sieving. All mixes were densi-
fied through hot pressing at 1880◦C, 30 MPa, for 20–
60 min. Microstructure of hot pressed materials was
analyzed on fracture, polished, plasma etched surfaces,
by scanning electron microscopy and microanalysis.
Phase analysis was determined by X-ray diffraction.
The following mechanical properties were measured:
Vickers hardness (Hν) obtained using a load of 1.0 Kg,
fracture toughness (KIc) by the Direct Crack Measure-
ment (DCM) method with a load of 10 Kg, using the
formula proposed by Anstiset al.[34], Young’s modu-
lus (E) by the resonance frequency method on samples
28× 8× 0.8 mm, and strength (σ ) up to 1300◦C by the
4-pt method on 2× 2.5× 25 mm (inner span 10 mm,
outer span 20 mm).

Figure 1 Hot pressing densification behaviour: relative density vstem-
peratureduring heating up stage and vstimeduring isothermal stage.

3. Results and discussion
3.1. Densification behaviour
Hot pressing cycles were performed at 1880◦C,
30 MPa, under vacuum, with soaking times ranging
from 20 to 60 min (Table II). Some parameters indi-
cating the densification behaviour and microstructural
characteristic of the dense hot pressed materials are also
shown in Table II.

The starting relative density was similar for all sam-
ples, in the range 54–56%. All powder mixes containing
Al2O3+Y2O3 as sintering aids, independently of their
total and relative amounts, started to densify at 1470–
1520 ◦C and reached high densities (>98%), while
the mixture containing Y2O3+ La2O3 started to den-
sify at 1710◦C and reached a final relative density of
∼94%. The densification behaviour, shown in Fig. 1,
was strictly dependent on the characteristics of the liq-
uid phase resulting from reaction at high temperature
between sintering aids and silica present in the start-
ing powders. The ratio silica/sintering aids influenced
the temperature at which densification started (Tables I
and II), which was assumed as the beginning of liquid
phase formation.

In systems containing Y2O3+Al2O3, although com-
positions SAY64 and SAY32 corresponded to the low-
est eutectic (1780◦C) in Y2O3-Al2O3 phase diagram
[35], the presence of silica lowered the temperature of
liquid phase formation. Considering the Y2O3-Al2O3-
SiO2 phase diagram [36], eutectic temperature as low
as 1400◦C can be found. The relative presence of sil-
ica was more relevant in sample SAY32 than in SAY64,
due to the reduced amount of additives (from 10 wt %
to 6 wt %). The composition of additives in SAY23
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TABLE I I Hot pressing conditions:T = 1880◦C P= 30 MPa.,t : soaking time. Parameters describing sintering behaviour:T0: temperature
at which densification starts (particle rearrangement),T1: temperature at which 2◦ densification stage (solution/diffusion/reprecipitation) starts,D:
density at 1880◦C, Df : final density, dρ/dt0.85: densification rate at 85% relative density, 1/n: value of the exponent related to rate controlling
mechanism during second densification stage. Microstructural features:d: mean grain size, crystalline phases (besidesβ-SiC and traces ofα-SiC)

Df
dρ/dt0.85 Crystal. Amorph.

H.P,t T0 T1 *10−4 d phases silicate
Sample min ◦C ◦C D% % g/cm3 g cm−3 s−1 1/n µm vol % wt%

SAY64 20 1490 1780 73 98.5 3.24 5.7 1/5.7 0.54 5 YAG 4
SAY32 40 1470 1725 80 99.0 3.21 8.6 1/10 0.56 3 YAG 3.3
SAY33 30 1500 1790 75 99.4 3.24 9.8 1/6 0.59 4 YAG 2.3
SAY23 30 1520 1760 77 99.4 3.24 15.7 1/6.8 0.63 4 YAG traces
SSAY64 35 1480 1725 76 97.8 3.22 5.8 1/8 0.48 5 YAG 5.3
SLY33 60 1710 1820 68 94.2 3.11 2.6 1/5 0.78 5 Y/La-Si-O -

corresponded to the stoichiometric ratio of alumina and
yttria necessary to form YAG phase (3Y2O3.5Al2O3),
moreover, in order to limit the influence of silica, a
thermal treatment was carried out to reduce silica in
the starting powder to a value of 0.92 wt %. In our
samples, the liquid phase started to form at the begin-
ning of shrinkage (T0 in Table II), but the formation
of liquid phase was supposed to be complete at the
temperature (T1), which corresponded to the beginning
of second densification stage. As expected, the system
containing Y2O3+ La2O3 was highly refractory, be-
ing 1750◦C the eutectic temperature observed in the
phase diagram [36, 37]. In our case, the presence of sil-
ica in SiC powder lowered this temperature to about
1710◦C.

When an amount of liquid phase forms in a green
powder sample, densification is presumed to result from
flux of matter through the contact region to the surface
of the necks between solid particles. This particle draw-
ing is aided by formation of a liquid phase. Afterwards,
when large amounts of liquid form, wet and pene-
trate among solid particles, these are quickly rearranged
by sliding over one another with little friction among
them. At the same time, as the solid is partially solu-
ble in the liquid (up to carbon saturation of the melt),
the solution-diffusion-reprecipitation mechanism de-
termines the fast densification detected in the second
densification stage. Densification rates calculated for
relative densities of 0.85 (Table II) ranged from 2.6 (in
sample SLY33 which had the most refractory liquid
phase) to 15.7 g/cm3s−1 (sample SLY23: liquid phase
corresponding to YAG composition): these values de-
pended on viscosity and amount of liquid phase. Ac-
cording to Kingery’s liquid phase sintering model [38],
second stage densification kinetics (solution-diffusion-
reprecipitation) under isothermal conditions can be de-
scribed by the equation1L/L0= kt1/n, where1L/L0
represents the shrinkage during densification andt is
the time at processing temperature. The values of 1/n,
related to the particle shape, give indication for the rate
controlling densification mechanisms. From our den-
sification data (Fig. 2), considering irregular and pris-
matic particles in the SiC powder, the second densifi-
cation stage, up to a relative density of∼95%, seemed
to be controlled by diffusion: this being particularly
evident for sample SLY33 (n= 5) and in satisfactory
agreement for samples SAY64, SAY33 and SAY23
wheren ranged from 5 to 7. Generally, when diffusion

Figure 2 Shrinkage curves of samples SAY64, SAY33, SAY23 and
SLY33 vs time during hot pressing isothermal stage.

through liquid phase is the rate-governing step, it ac-
counts for the presence of highly viscous liquid phases.
However, it has to be pointed out that an exact defini-
tion of the rate controlling mechanism is complicated
in the systems under analysis, where solution, diffu-
sion and reprecipitation acted at the same time in liquid
phases which were different in composition, distribu-
tion, amount and viscosity. In fact, the development of
structure and microstructure, i.e. increase in density,
formation of grains which have stoichiometries differ-
ent from pure SiC (as discussed in the following) and
grain coarsening, take place with different competitive
and overlapped mechanisms.

3.2. Microstructure
The development of microstructure during sintering in-
volves partial solution of the original SiC grains, precip-
itation around undissolved nuclei and subsequent grain
growth. However SiC solubility in the melt is much
smaller than in the case of silicon nitride: it was esti-
mated a value lower than 10% [20], but this amount is
related to the amount of additives.

Crystalline phases in the hot pressed materials were
β-SiC and traces ofα-SiC, as in the starting pow-
ders. The solution/reprecipitation process did not affect
the polytype content. Intergranular crystalline phases
were observed corresponding to YAG (3Y2O3·5Al2O3)
in various amounts up to 5 vol % (Table II). These val-
ues, semiquantitatively evaluated from peaks intensities
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in X-ray diffractograms, were in agreement with cal-
culations based on the starting compositions. In sam-
ple SLY33, crystalline La2Si2O7 and Y2Si2O7 silicates
were detected, for a total amount of about 5 vol %.
Beside these crystalline phases, an amount of amor-
phous phase was supposed to form in all materials ow-
ing to reaction of additives with the silica. The esti-
mated amounts of amorphous Al-silicates are shown
in Table II for Al2O3+Y2O3 systems. Our calculation
was based on the fact that in all samples except SAY23
there was an excess of Al2O3 in respect with the stoi-
chiometric ratio to give crystalline YAG. This amount
was considered to combine with SiO2 to form an amor-
phous compound as Al2SiO5.

Figure 3 Microstructural features of hot pressed samples: (a) SAY64, (b) SAY32, (c) SAY33, (d) SAY23, (e) SSAY64, (f ) SLY33.

Typical microstructural features of the hot pressed
materials are shown in Fig. 3a–f. Silicon carbide grains
were etched away by a CF4 plasma, thus microstruc-
tures are delineated by grain boundary phases. Grain
morphology was mainly equiaxed with grain size dis-
tribution ranging from 0.1 to 2µm. A small number of
larger grains (up to 10µm) with irregular shape, due
to the presence of large particle in SiC powder, were
detected (Fig. 4). Adjacent SiC grains were mainly sep-
arated by a thin grain boundary film, which was the
residue of liquid phase sintering medium. Intergranular
phases appeared mainly at three- and four-grain pock-
ets: these areas were supposed to be crystalline [31],
while amorphous grain boundary phase was presumed
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Figure 4 An example of abnormal grain growth in SAY23 sample.

between SiC grains. The pocket sizes, presumably those
of YAG phase, increased with increasing amount of ad-
ditives in the starting powder mixtures. Moreover, the
sample produced with an amount of ultrafine SiC pow-
der showed the lowest SiC grain size, but it also seemed
to contain the largest size and amount of grain boundary
phase pockets; this was due both to the high percentage
of sintering aids (the same as sample SAY64) and to
the larger amount of silica coming from ultrafine SiC
powder. Etched surfaces of samples produced with ad-
dition of Al2O3+Y2O3 revealed a core/rim structure
in SiC grains. EDS analyses confirmed variations in
core and edge composition. In the core region only Si
and C could be detected. In the outer rim, traces of
Al and O were observed (Fig. 5), in partial agreement
with previous results which claimed the presence of
Al, O and Y [31]. This provided evidence that liquid
phase sintering of SiC proceeded via a classical solution
and reprecipitation mechanism. As sintering started,
small SiC grains dissolved into oxide melts until the

Figure 5 EDS microanalysis showing the presence of Al inside the rim
of SiC grains.

solubility limit was reached. Then SiC reprecipitated
on favourably oriented facets of large undissolved SiC
grains, which acted as nucleation sites. Undissolved
grains constituted the core and precipitates formed the
rim (Fig. 3a–e). The difference in chemical composi-
tion between core and rim suggested that SiC with small
amounts of Al and O in solid solution was more stable in
contact with a Al-Y-O-Si liquid than pure SiC. Smaller
SiC grains with rounded shapes were observed in larger
pockets of grain boundary phase, while most of the
SiC grains developed a faceted interface towards grain
boundary phase. This confirmed that, in Al2O3+Y2O3
additive systems, during densification and grain growth,
a reactive Al-Y-O rich liquid phase was present and that
surface silica on the starting SiC particles participated
in this reaction, as previously observed [32]. The sam-
ple containing LA2O3+Y2O3 showed different mi-
crostructural features (Fig. 3f): grain shape was mainly
equiaxed and no evidence of a core/rim structure was
observed. It confirmed that La-Y-O liquid medium was
less reactive than Y-Al-O liquid and that Y and La could
not form solid solutions with SiC, probably due to a high
ionic radius in comparison with Si. The microstructure
of SLY33 showed some defects: areas where poros-
ity located at grain boundaries. The high viscosity of
the liquid medium during densification caused difficult
wetting of SiC particles surface, and this effect was
probably enhanced by scarce reactivity of the liquid
with SiC grains: large wetting angles and sharp trian-
gular shapes of grain boundary phase pockets (poor
wetting) were in fact observed (Fig. 3f ).

3.3. Mechanical properties
High values of hardness (>22 GPa) were measured on
all samples (Table III). Fracture toughness was, on the
contrary, rather low, due to the characteristics of mi-
crostructure and intergranular phases. Cracks, in fact,
propagated mainly along grain boundaries but were not
appreciably deviated by such a fine and equiaxed grain
morphology (Fig. 6a and b). The highest toughness was
measured on sample SAY23, where the grain boundary
phase was almost completely YAG and the amorphous
phase content was very low.

Young’s modulus ranged from 383 to 419 GPa, in
samples with approximately the same porosity (about
1%): therefore its variation was mainly related to the
characteristics of the grain boundary phase, i.e. per-
centage of crystalline YAG and amorphous phase. In
fact sample SAY23, containing a high percentage of
YAG, had the highest stiffness. The low Young’s mod-
ulus measured in sample SLY33 was mainly related to
its residual porosity (about 6%).

RT strength values of samples containing Y2O3+
Al2O3 (up to about 750 MPa) were higher than val-
ues (300-500 MPa) usually found in solid state sintered
SiC and in agreement with results shown in literature
on liquid phase sintered SiC [2]. Good strength (up
to 536 MPa) was maintained up to∼1000 ◦C while
it strongly decreased to values lower than 200 MPa
at 1300◦C. This strong deterioration was presumably
due to softening of amorphous intergranular phase at
elevated temperatures. The low values of mechanical

3853



TABLE I I I Mechanical properties of the hot pressed materials

σ (MPa) Flaw size∗ (µm)
density Hν KIc E

Sample (%) (GPa) (MPam1/2) RT 1000◦C 1300◦C (GPa) I II III

SAY64 98.5 22.0± 0.8 2.97± 0.15 746± 46 528± 53 159± 7 386 10 9 7
SAY32 99.0 22.8± 0.8 2.95± 0.15 658± 91 536± 37 171± 9 391 12 11 8
SAY33 99.4 22.3± 1.5 2.95± 0.10 712± 105 514± 66 165± 31 404 11 9 10
SAY23 99.4 22.4± 1.2 3.17± 0.23 656± 46 485± 36 200± 14 419 14 13 10
SSAY64 97.8 22.5± 0.9 3.10± 0.28 594± 53 - - 383 17 15 11
SLY33 94.2 21.3± 1.4 2.68± 0.18 420± 25 183± 36 - 322 25 22 17

∗Calculated from Griffith equation, at different flaw shape: I Semicircle c= a, II Semiellipse c= 1.4a, III semiellipse c= 2a.

Figure 6 Comparison of crack propagation in samples (a) SAY23 and
(b) SLY33.

properties of SLY33 and SSAY64 were due to resid-
ual porosity and to microstructural inhomogeneities,
respectively.

An estimation of the flaw sizeC considering different
shape factors (semicircular and semielliptical) was per-
formed using Griffith equationσ =Y KIc/C1/2, where
Y is the geometrical factor which depends on flaw shape
[39]. The values obtained (Table III) indicated that im-
provement in strength can be reached through optimiza-
tion of processing, in order to avoid microstructural in-
homogeneities i.e. cracks, voids, aggregates of grain
boundary phases.

The addition of an amount of ultrafine SiC powders
to commercial powders did not prove useful to improve
sinterability and properties.

As a general remark, results on LPS-SiC open the
possibility to influence fracture toughness and strength
by microstructural design as it is well known for sili-
con nitride ceramics [40]: additive types and amounts

and sintering conditions can be optimized to obtain low
amounts of highly refractory crystalline grain bound-
ary phases and in situ-toughened microstructures with
elongated grains.

4. Conclusions
Nearly fully dense SiC ceramics were produced by hot
pressing at 1880◦C and 30 MPa, through liquid phase
sintering with addition of several amounts and compo-
sitions of sintering aids in systems Y2O3+Al2O3 and
Y2O3+ La2O3.

Sintering behaviour, microstructure and properties
were found to depend on amount and composition of
grain boundary phases. High strength values, up to
1000◦C, were obtained but improvement of high tem-
perature strength and of toughness needs further op-
timization of starting compositions, powders charac-
teristics and processing routes in order to increase the
refractoriness of grain boundary phases.

Liquid phase sintering is a useful technique to pro-
duce fine grained SiC at a temperature lower of about
200–300◦C than solid state sintered SiC and having
tailor-made properties suitable to specific applications.
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