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Abstract

High density pressureless sintered silicon carbide bodies with yttria and alumina as sintering aids were obtained without sintering bed
(LPSSC-NB). Sintering behavior of this material was studied between 1850◦C and 1950◦C and it was compared to the liquid phase sintered
SiC material obtained using sintering bed (LPSSC-B). Sintered density was 97% of the theoretical density (T.D.) at 1875◦C. Mechanical
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properties like fracture toughness, hardness, flexural strength were determined and compared to other SiC-based materials. In this
were able to demonstrate that silicon carbide could successfully be sintered by means of liquid phase mechanism also without sin
This fact opens liquid phase sintered silicon carbide to a wide range of industrial application.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide (SiC) is a very interesting ceramic mate-
rial due to its properties like high hardness, low bulk density,
high oxidation resistance which made SiC useful for a wide
range of industrial application. Sintering of silicon carbide
was first performed by Prochazka1 by using boron and car-
bon as sintering aids. These additives allowed to reach high
density at temperature over 2000◦C by means of reduction
of the superficial energy of the grains (boron)2 and reaction
with residual silica (carbon)2–4 situated on the SiC particle
surface. Using�-SiC instead of�-SiC is more difficult to
obtain high density because of at 1900–2000◦C begins trans-
formation� to � which causes porosity entrapping between
grains due to the different morphology of� and� grains.5 In
this case, phase transformation could be controlled by using
hot-pressing which allowed to reduce sintering temperature,
grain growth and thus to enhance mechanical properties.6

Production of high performance components depends on the
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good control of microstructure; in fact it is well-known th
mechanical properties of ceramic materials is strictly c
trolled by average grain size.7 Several additives like Al–C
Al2O3–C, and Al2O3–Y2O3

8–11 were tested as sintering aid
for silicon carbide powder to enhance sintering rate an
reduce grain growth. These additives were used instea
boron together carbon or alone (alumina–yttria) and sin
ing mechanism was already explained for each of these
Al8 and alumina9 together carbon promoted silicon carbi
sintering via solid-state mechanism (SSiC) at tempera
over 2000◦C, while alumina and yttria led to high densi
sintered sample via liquid-phase mechanism (LPSSC) be
2000◦C.10 The pressureless sintering process based on
densification promoted by a liquid phase (YAG) needs a
tering bed to limit the weight loss associated to the decom
sition of alumina and yttria.11 As an alternative, LPSSC ca
be obtained with more expensive sintering processes like
pressing and gas pressure sintering using alumina-yttr
also the AlN–Y2O3 system.12 In any case, liquid phase sin
tering process does not find up to now a considerable ma
penetration due to its higher cost than traditional sinte
0955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.05.014
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Table 1
Chemical and physical properties of SiC, alumina, and yttria powders

Powder Purity (wt.%) Specific surface
area (m2/g)

Particle size
(�m)

�-SiC >97.5 11.59 0.72
Y2O3 99.99 3.5–4.3
Al2O3 99.99 10 <0.3

process. Our work, reported in this paper, was focused on
the characterization of sintered bodies obtained by means of
liquid phase pressureless sintering process without using sin-
tering bed in order to demonstrate that liquid phase sintering
process can represent a valid alternative to SSiC from me-
chanical properties and economic evaluation point of views.

F
1

2. Experimental procedure

�-SiC powder (BF12, H.C. Starck, Germany) was wet
mixed in ethanol with 4 wt.% Y2O3 (purity 99.99%, Man-
doval Ltd., UK) and 6 wt.% Al2O3 (purity 99.99%, Baikalox
SM8, Baikowski Chimie France). Characteristics of SiC, alu-
mina and yttria powders are reported inTable 1. Mixing was
performed by Turbula mixer using polyethylene bottle and
SiC balls as grinding media. After drying and sieving, the
powder was compacted by die pressing at 67 MPa and sub-
sequently was pressed at 250 MPa by CIP.

Green body was put in a graphite crucible without powder
bed. Sintering was performed in a graphite elements furnace
in flowing Ar at 1 atm. Sintering behavior was investigated
in the temperature range 1850–1950◦C. Thermal cycle was
characterized by heating and cooling rate of 20–30◦C/min
and by dwell time of 0.5 h at sintering temperature. Density
of the sintered samples was determined using Archimede’s
method. Crystalline phases was identified by means of X-ray
diffraction (Rigaku-Miniflex Cu K�: 1.54Å). Microstructure
of pressureless sintered materials was analyzed on fracture,
polished, plasma etched (70% CF4–30% O2 for 30 min) sur-
faces, by scanning electron microscopy and microanalysis
(Leo 438VP, Leo).
ig. 1. XRD pattern of the LPSSC-NB samples sintered at 1850◦C, 1875◦C,
900◦C, and 1950◦C (�, SiC; , YAM (Y 4Al2O9); ©, Y2SiO5).
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ig. 2. Weight loss and yttrium residual content as function of the sint
emperature.

able 2
ariation of YAM content, theoretical density, and sintered density
intering temperature
intering
emperature (◦C)

YAM content
(wt.%)

Theoretical
density
(g/cm3)

Sintered
density
(T.D. %)

850 3.81 3.24 94.3
875 3.30 3.23 97.1
900 2.52 3.22 96.8
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Fig. 3. Contribution of the reactions (1) and (2) to the total weight loss as
function of the sintering temperature.

Flexural strength was measured by four-point bend tests at
different temperature from RT to 1400◦C. Samples as bars of
2 mm×2.5 mm×25 mm were prepared and tested in accord-
ing to the standard EN 843-1 (crosshead speed: 0.5 mm/min).
Fifteen bars for each temperature were tested. Hardness and
fracture toughness were determined by means of Vickers in-
dentation method (Durimet-Leitz). Tests were conducted at

different load within the range 2.9–196 N (five samples each
load). Fracture toughness was calculated using equation pro-
posed by Niihara et al.13 for median crack:

KIC = 0.203
( c

a

)−3/2
Ha1/2 (1)

wherec is the crack length,a the impression radius andH the
hardness.

3. Results and discussion

3.1. Grain boundary phase, density and microstructure

Theoretical density of liquid phase sintered silicon carbide
is strictly connected with weight loss. It is well-known that
during sintering weight loss is due to the following chemical
reactions:11

SiC(s)+ Al2O3(s) ⇔ Al2O(g)+ SiO(g)+ CO(g) (1)

SiC(s)+ 2Y2O3(s) ⇔ 4YO(g)+ SiO(g)+ CO(g) (2)

Because of weight loss depends on sintering temperature,
theoretical density changes with temperature, too. In order to
evaluate the variation of the theoretical density with sintering
temperature, secondary phase content had to be determined.
F ain
Fig. 4. SEM back-scattered images of the samples sintere
irst of all, XRD analysis were performed to identify gr
d at: (a) 1850◦C, (b) 1875◦C, (c) 1900◦C, and (d) 1950◦C.
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boundary phase. InFig. 1 XRD spectra of the samples sin-
tered in the range 1850–1950◦C are reported. The main sec-
ondary phase was yttrium aluminate monoclinic (Y4Al2O9,
YAM) up to 1900◦C, while low amount of yttrium silicate
(Y2SiO5) was detected together to YAM in the sample sin-
tered at 1950◦C.

This behavior is completely different if it is compared
with liquid phase sintered silicon carbide obtained using the
powder bed (LPSSC-B). In this case grain boundary phase is
composed by yttrium aluminate garnet (Y3Al5O12, YAG).11

A possible explanation can be extrapolated on the basis of
the weight loss and Al2O3–Y2O3 phase diagram.14 In fact,
we have already reported that LPSSC-B showed at 1850◦C
a total weight loss of 5.2 wt.%,14 while without sintering bed
(LPSSC-NB) the weight loss was 8.3 wt.%. Taking in account
the Al2O3–Y2O3 phase diagram reported by Abell et al.,15 it
is clear that YAM is obtained with a yttria/alumina molar ra-
tio of 2, while YAG is formed when the molar ratio is 0.6. As
consequence, YAG was identified as grain boundary phase in
LPSSC-B where the starting molar ratio was very close to 0.6.
Though LPSSC-NB showed the same initial ratio of LPSSC-
B, YAM was detected instead of YAG. This was probably
due to the higher weight loss, which led to a strong increas-
ing of the yttria/alumina molar ratio. That means that weight
loss was mainly due to the alumina volatilization (reaction
( by

Grande et al.16 In this manner a yttria/alumina molar ratio
close to 2 was achieved and YAM was formed.

For the calculation of the theoretical density, YAM con-
tent had to be determined. It was possible through chemical
analysis of the yttrium. In fact, yttrium residual content of
the sintered samples obtained at different sintering temper-
ature was achieved following analytical method described
elsewhere.14 Analytical results (Fig. 2) put in evidence that
yttrium content decreased linearly when sintering tempera-
ture is raised.

On the basis of these analysis, YAM content and theo-
retical density could be calculated. Results are reported in
Table 2together with the sintered density. Theoretical density
was calculated following the mixture’s rule with 4.52 g/cm3

as YAM bulk density and 3.2 g/cm3 for SiC. The sintered
density reached the maximum value at 1875◦C (97 T.D.%),
whereas at 1900◦C the higher weight loss (10 wt.%) led
to a decreasing of the liquid phase content, which, limiting
the solution–precipitation process, reduced the densification.
Therefore, the densification is hindered when the total weight
loss is higher than 9 wt.%. This is in good agreement with
previous study where a maximum density of only 87% T.D.
was obtained without using powder bed.16 Furthermore, the
same authors demonstrated the approximately one third to
one half of the alumina content in the sintering sample was
r dary
1)) confirming experimental results previously reported
Fig. 5. SEM of the plasma etched samples sintered at
emoved and that the overall composition of the secon
: (a) 1850◦C, (b) 1875◦C, (c) 1900◦C, and (d) 1950◦C.
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phase deviated considerably from the initial eutectic compo-
sition. We propose the same conclusions on the basis of the
experimental observations. In addition, we were also able to
calculate accurately the contribution of the reactions (1) and
(2) to the total weight loss associated to the sintering. This
calculation confirmed quantitatively that alumina decompo-
sition is the main contribution to the weight loss (88% at
1850◦C). As reported inFig. 3, it decreased with increasing
sintering temperature up to reach the value of 78% at 1900◦C.

As a consequence of the reactions (1) and (2), residual
porosity was detected inside the sintered samples.Fig. 4a–d
clearly show that weight loss led to a homogeneously dis-
tributed fine porosity at 1850–1875◦C, while samples sin-
tered at higher sintering temperature (>1900◦C) showed
large voids which are able to compromise fracture and ox-

F
g

idation resistance. Additional microstructural investigations
were performed after plasma etching (Fig. 5a–d). The method
of plasma etching has mainly been used for Si-based com-
pounds (Si3N4, SiAlON, SiC) and it is particularly indi-
cated for liquid phase sintered ceramics. Etched surfaces
of LPSSC-NB samples revealed a core–rim structure in
SiC grains more pronounced at low sintering temperature
(<1900◦C) due to the higher grain boundary phase con-
tent. EDS analysis of the core–rim structure are reported in
Fig. 6a–c. In the core region (point A inFig. 5a) only Si and
C were detected, whereas Si, Al and Y could be revealed in
the rim (point B). This provided evidence that liquid phase
sintering of SiC proceeded via a classical solution and re-
precipitation mechanism with Al2O3–Y2O3 additive systems
that during densification and grain growth formed a reactive
ig. 6. EDS patterns of: (a) core of the SiC grains (point A in Fig. 5a), (b) SiL� an
rains (point B), and (d) grain boundary phase (point C).
d AlL� in the rim of the SiC grains, (point B), (c) YK� in the rim of the SiC
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Fig. 7. Fracture toughness of LPSSC-NB, LPSSC-B, and SSiC at different
indentation load.

Al–Y–O rich liquid phase.17 This phase (YAM) is indicated
with point C in Fig. 5a and its EDS spectra is reported in
Fig. 6c.

3.2. Mechanical properties

Evaluation of mechanical properties of LPSSC-NB ma-
terials sintered at 1875◦C was made in comparison with
two types of SiC-based materials manufactured by ourselves:
LPSSC-B with alumina and yttria as additives system and
sintered silicon carbide (SSiC) with boron and carbon as sin-
tering aids. Fracture toughness and hardness values as a func-
tion of the indentation load are reported inFigs. 7 and 8,
respectively. Fracture toughness did not show any differ-
ence between LPSSC-B and LPSSC-NB, while SSiC showed
the lowest values (Fig. 7). Microstructural investigation con-
firmed that the higher fracture toughness in LPSSC-NB is
mainly due to the crack deflection mechanism (Fig. 9), as it
was already demonstrated in LPSSC-B.18 On the contrary,

ck prop

Fig. 8. Vickers hardness of LPSSC-NB, LPSSC-B, and SSiC at different
indentation load.

SSiC presented the highest hardness, while LPSSC-NB and
LPSSC-B showed more or less the same values. It can also be
noticed that the measured hardness decreases with an increase
in load and at high indentation load (>50 N), hardness–load
curves for all three SiC-based materials flatten out and hard-
ness became constant. This is a well-know phenomenon of
ceramic materials19called indentation size effect (ISE) which
can be analyzed using different models proposed for macro-,
micro- and nanoindentation.20,21 Examining the curves re-
ported inFig. 8, it is evident that the ISE at low loads appears
nearly linear in all three materials prior to a constant hard-
ness transition,HC, which it is normally linked to the fracture
toughness. In fact, previous studies demonstrated thatHC is
higher in the materials having low fracture toughness.20 It was
also confirmed in our case whereHC was 26.5, 21, 21 GPa in
SSiC, LPSSC-B, and LPSSC-NB, respectively.

Finally, LPSSC-NB was compared with the other SiC-
based materials from the flexural strength point of view. SSiC
material is already known for its high oxidation resistance at
Fig. 9. SEM image of the cra
 agation in LPSSC-NB materials.
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Fig. 10. Variation of the flexural strength of LPSSC-NB, LPSSC-B, and
SSiC with temperature.

high temperature, whereas it is also known that LPSSC-B
shows a good oxidation resistance only up to 1200◦C due to
the formation of a superficial glassy phase containing large
pores and holes.11 Behaviour of LPSSC-NB ceramics is quite
different if it is compared to the other SiC-based materi-
als (Fig. 10). At room temperature LPSSC-NB exhibited a
lower bending strength than LPSSC-B (358 and 532 MPa,
respectively). It was probably due to the higher weight loss
in LPSSC-NB materials, which could increment number and
size of the critical defects. SEM analysis of the fracture sur-
face revealed that the fracture origin could sometimes be
found in correspondence of these defects (Fig. 11). Neverthe-
less, the reliability of this material can be considered good
if the scatter in the measured strength is taken in account
as reliability’s index (Fig. 10). At high temperature, flex-
ural strength of LPSSC-NB was still higher than 300 MPa
(398 MPa at 1300◦C and 330 MPa at 1400◦C) confirming
its high oxidation resistance. On the contrary, LPSSC-B
started to present a strong reduction of its oxidation resis-
tance already at 1200◦C. More informations about the dif-
ferent high temperature behavior between LPSSC-NB and

Fig. 12. SEM image of the fracture surface of LPSSC-NB sample tested at
(a) 1300◦C and (b) 1400◦C.

LPSSC-B were achieved by means of the SEM analysis of
fracture surface of the samples tested at 1300◦C and 1400◦C.
We have already demonstrated that LPSSC-B samples tested
at 1400◦C showed a superficial layer of�-Y2Si2O7 which
contained large pores and holes that did not protect sintered
samples from oxygen diffusion. On the contrary, LPSSC-
NB formed an oxidation scale (Fig. 12a and b) that did not
show any defects, and therefore, acted as protective layer at
high temperature. Furthermore, its thickness increased from
2�m at 1300◦C (Fig. 12a) up to 4�m at 1400◦C (Fig. 12b)
ensuring a strong barrier against oxygen diffusion. Identi-
fication of the crystalline phases contained in the oxidation
scale was performed by means of XRD analysis (Fig. 13a and
b). YAG (Y3Al5O12), SiO2 (�-cristobalite) and�-Y2Si2O7
(yttrium disilicate) were identified as main oxidation species
at 1300◦C, while only �-cristobalite and yttrium disilicate
were found in the sample tested at 1400◦C. This behav-
ior can be explained on the basis of the chemical reactions
reported inTable 3. At 1300◦C, yttrium aluminate mono-
clinic (YAM) reacts with silica (oxidation product of SiC)
to form yttrium aluminate garnet (YAG), yttrium silicate and
a small amount of alumina. Increasing the temperature up
to 1400◦C, YAG and silica reacts together to form yttrium
disilicate and alumina as by-product. In both cases, free alu-
mina was not detected with XRD analysis due to its very low
c
Fig. 11. Critical defect in a bar tested at room temperature.
 ontent.
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Fig. 13. XRD pattern of LPSSC-NB sample tested at (a) 1300◦C and (b)
1400◦C (�, SiC; , �-Y2Si2O7; ©, �-cristobalite SiO2; , YAG).

In general, these experimental results confirms that�-
Y2Si2O7 is the favorite phase at temperature higher than
1300◦C.22 Furthermore, the formation of a superficial layer
of yttrium disilicate is promising from creep resistance point
of view on the basis of the studies conducted by Schneider
et al.12 In fact, they have already demonstrated that liquid-
phase sintered silicon carbide obtained by gas pressure sin-
tering with AlN–Y2O3 as additive system shows a good creep
resistance at 1400◦C due to the development of a low vis-
cosity liquid phase,�-Y2Si2O7. This fact together to the high
oxidation resistance make pressureless liquid phase sintering
without powder bed a suitable process for the production of
silicon carbide components for applications at high temper-
ature.

Table 3
High temperature reactions in oxidizing environment for LPSSC-NB
materials

1300◦C
SiC(s)+ 3

2O2(g) ⇔ SiO2(s)+ CO(g)
14SiO2(s)+ 5Y4Al2O9(s) ⇔ 7Y2Si2O7(s)+ 2Y3Al5O12(s)
4SiO2(s)+ Y4Al2O9(s) ⇔ 2Y2Si2O7(s)+ Al2O3(s)

1400◦C
SiC(s)+ 3

2O2(g) ⇔ SiO2(s)+ CO(g)
6SiO2(s)+ 2Y3Al5O12(s) ⇔ 3Y2Si2O7(s)+ 5Al2O3(s)

4. Conclusion

We have demonstrated that silicon carbide can be pres-
sureless sintered using yttria and alumina as sintering aids and
without sintering bed. YAM was detected as grain boundary
phase instead of YAG due to the higher weight loss. Nev-
ertheless, sintered density reached the value of 97 T.D.%
at 1875◦C. Furthermore, this material exhibits high fracture
toughness and high oxidation resistance up to 1400◦C that
makes it potentially promising for a wide range of applica-
tions also at high temperature.
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