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Abstract

La2O3 and Al2O3 are considered as promising additions to improve SiC fracture toughness by forming LaAlO3 and promoting
SiC liquid phase sintering. Thus, phase relations between LaAlO3, SiO2 and SiC in the temperature range 1300±1600�C were stu-

died. It was shown that although LaAlO3 reacts with SiO2, forming a La±Al±Si±O glass at 1500�C, addition of SiC to the glass
causes devitri®cation and crystallization of LaAlO3 above 1550�C. SiC is considered to generate the oxygen-de®cient glass. Crys-
tallized LaAlO3 phase is found to be stable on reheating at temperatures lower than 1400�C and higher than 1500�C. Thus, SiC±
LaAlO3 ceramic materials obtained by liquid phase sintering are expected to show the deterioration of high temperature mechanical
properties in the temperature range 1400±1500�C. # 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

SiC is known as a material with high temperature
strength and oxidation resistance but, due to Si±C
covalent bonding, it shows a transgranular fracture
behavior that results in lower fracture toughness when
compared to silicon nitride. One way to improve SiC
fracture toughness is by incorporating compounds able
to generate the residual compressive stresses at SiC
matrix-compound grain interfaces. Among these com-
pounds, yttria-alumina combination is often used [1±4].
It is favorable, since on heating, Y2O3 and Al2O3 form
yttrium alumina garnet (YAG) having a high melting
point and thermal expansion coe�cient (8�10ÿ6/�C) [5]
higher than that of SiC, which causes compressive
stresses at SiC±YAG interface [4]. Y2O3 and Al2O3 react
with SiC [6] forming a silica-containing liquid phase [3],
and are thus good sintering additives for SiC materials.

Combinations of Al2O3 with such rare earth oxides as
holmium, samarium and gadolinium also showed their
e�ectiveness as sintering aids for SiC [7±9]. These
experimental data are consistent with Negita's thermo-
dynamic considerations which state that feasible sinter-
ing aids of SiC must include alumina, yttria and a rare
earth oxide [6]. The present research considers the fea-
sibility of application of alumina with another rare
earth oxide, La2O3. This combination is worthy of
research since, on heating, La2O3 and Al2O3 form a
lanthanum aluminate, which is characterized by its high
melting point (2130�C) [10] and high thermal expansion
coe�cient (10.8�10ÿ6/�C) [11] along with moderate
hardness (about 13 GPa) [12] and is expected to play a
positive role in the improvement of SiC fracture tough-
ness. On the other hand, it is known that melting point
of eutectic phase in La2O3±SiO2±Al2O3 system is as low
as 1280�C [13]; this could enhance the sintering of SiC
at low temperature. However, since formation of La±
Al±Si±O liquid phase is likely to a�ect the high tem-
perature properties of ceramic material, it also requires
more knowledge on the behavior of the liquid phase in
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the presence of SiC. Thus, the present research discloses the
phase relations between silica, La±Al±Si±O liquid phase,
lanthanum aluminate and SiC at high temperatures.

2. Experimental procedure

2.1. Materials

La2(CO3)3 of reagent grade (Kishida reagent chemicals
Co., LTD) and Al2O3 (0.2 mm, Taimicron by Taimei
Chemicals Co., Ltd) of 99.99% purity were used to syn-
thesize LaAlO3 via calcination of component mixture at
1500�C for 7 h in air.

The synthesized LaAlO3 had particle size of 1±2 mm
as determined by SEM observation. SiO2, quartz, with
0.8 mm grain size and 99.9% purity was used. Ultra®ne
b-SiC (Betarundum by Ibiden Co., Ltd) with a mean
particle size of 0.28 mm and containing about 0.8 wt%
free carbon and about 0.43 wt.% free silica was used.

2.2. Sample preparation and analysis

To investigate the interaction between LaAlO3 and
SiO2, four kinds of batches with 90:10, 85:15, 80:20 and
70:30 weight ratios of LaAlO3 and SiO2 were prepared.
Powders of each batch were compacted into pellets by
cold pressing at 50 MPa. The pellets were buried in

Fig. 1. XRD patterns of LaAlO3/SiO2 mix samples after heating at 1500�C for 5 h in graphite: (*) LaAlO3; (?) La0.9Al11.76O19; (�) La2Si2O7; (^)

unidenti®ed phase.
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graphite powder in an alumina crucible ®tted with a
tight lid and heated at 1500�C for 5 h to achieve the
most complete interaction. As-obtained La±Al±Si±O
glass samples were cut into two parts. The ®rst part was
again cut into small samples, which were used for ana-
lysis of the glass devitri®cation behavior by reheating
the glass samples in graphite at 1300±1600�C for 5±20 h.
The second part was milled and mixed with 1, 15 and 30
wt% SiC. These powder mixtures were compacted and
heated in graphite at 1600�C for 2 h. Graphite powder
was to used to prevent SiC from much oxidation at high
temperature. Heating of the pure glass sample in gra-
phite was performed to exclude the e�ect of di�erent
environment on changing the phase composition
between SiC-containing and SiC-free glass samples.
Additionally, the sample of glass mixed with 30 wt%

SiC were heated at 1500, 1550�C for 5 h and at 1600�C
for 2 and 5 h in graphite. The samples were cooled to
room temperature at a rate of 35 K/min to preserve the
high temperature phase composition.
To investigate the stability of phase composition

formed after heating at 1600�C in the sample containing
30 wt% SiC, it was cut into parts which were reheated
in graphite at 1300±1550�C for 5 and 20 h.
All phase changes were observed with X-ray di�rac-

tion (XRD) analysis using powders prepared from the
heat-treated samples from which the outer surface was
mechanically removed to exclude the e�ects of possible

reactions between the glass and graphite at high tem-
peratures.

3. Results and discussion

Fig. 1 illustrates interaction between LaAlO3 and
SiO2 at 1500�C. As seen the interaction begins at 10
wt% SiO2 and lanthanum disilicate forms as a main
product. LaAlO3 also decomposes with formation of b-
alumina group compound, La0.9Al11.76O19. On increase
in SiO2 content higher than 20 wt%, a liquid phase
forms as it can be deduced by a halo observed on XRD
pattern at 30 wt% SiO2. These results are similar to that
of Shiokawa et al. [14], who observed the formation of
the melt from LaAlO3 and SiO2 at 22 wt%.
Devitri®cation behavior of an as-received glass phase

is presented in Fig. 2. The main devitri®cation phase in
the temperature range 1300±1400�C is found to be
La2Si2O7. This phase is stable only up to 1400�C and at
higher temperatures, halos on XRD patterns at 1500
and 1600�C show that melt, preserved as glass, formed.
The La2Si2O7 phase as reported by Karlsson, crystal-
lizes in the La±Al±Si±O glasses of a wide composition
range and is stable up to 1420�C [13]; this is consistent
with the results of the present research. Nevertheless,
addition of SiC to the glass caused the formation of
devitri®cation phases at 1600�C as is evident from Fig.

Fig. 3. XRD patterns of the glass containing 1, 15 and 30 wt% SiC

and heated at 1600�C in graphite for 2 h: (*) SiC; (*) LaAlO3; ($)

La3(Al,Si)6(N,O)14; (!) La2Si2O7 or Ln2Si2O7 type mineral.

Fig. 2. XRD patterns of the glass heated at 1300, 1350, 1400, 1500

and 1600�C in graphite: (!) La2Si2O7; (!) SiO2 quartz.
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3. Even at 1 wt% SiC, weak re¯ections of lanthanum
disilicate occur. On increasing in the SiC content,
LaAlO3 is mainly observed. Since the pure glass at
1600�C showed no crystallization phases, the appearance
of LaAlO3 is related to an e�ect of SiC addition.
More details of phase transformations in the glass

with 30 wt% SiC during heating from 1500 to 1600�C
are presented in Fig. 4. In the presence of SiC, glass
persists up to 1500�C and starts to devitrify at 1550�C,
giving intermediate phases, among which La3(Al,-
Si)6(N,O)14 is observed both at 1550 and 1600�C. This
compound was also present on XRD patterns of the glass
samples with lower content of SiC at 1600�C. As reported
by Grins et al. [15], La3(Al,Si)6(N,O)14 is characterized by
accurate formula, La3Si3ÿxAl3+xO12+xN2ÿx where x
varies between 0 and 0.5. It forms by devitri®cation of
rare earth sialon glasses heat-treated in the temperature
range 1000±1400�C. Thus, the appearance of similar
phase in the La±Al±Si±O glass containing SiC after
heat-treatment at 1600 or 1550�C, is considered to be
caused by formation of oxygen-de®cient glass. Oxygen
vacancies are believed to be ®lled by nitrogen from the
environment, which included N2 and CO gases due to a
reaction of residual air with graphite above 1000�C [16].
Oxygen vacancies in the La±Al±Si±O glass are con-
sidered to form as a consequence of partial dissolution

of SiC into the glass. An e�ect of SiC dissolution in glass
was observed by Coon [17], who reported a change of
crystallization behavior of a magnesia±lithia±alumina±
silica glass containing small amounts of SiC. In that
research the glass showed crystallization at temperature
higher than the glass melting point. This change of the
crystallization behavior was explained by formation of
oxycarbide glass in presence of SiC [17,18].
Probable formation of La3(Al,Si)6(N,O)14 and LaAlO3,

due to a decrease in SiO2 content via evaporation of SiO
through a reaction between SiC and SiO2 at 1550�C
[19], is thought to be unlikely. Although, the reaction of
SiO2 with SiC starts at 1600�C [19], nevertheless, the
presence of gases such as CO and N2, which are able to
be chemically adsorbed by SiC, retards the above reac-
tion [20]. Thus, crystallization of phases as shown in
Fig. 4 instead arises from partial dissolution of SiC into
the La±Al±Si±O glass.
The stability of phases crystallized in the La±Al±Si±O

glass with 30 wt% SiC during reheating in the tempera-
ture range 1300±1550�C is shown in Fig. 5; LaAlO3 is
found to be stable up to 1400�C regardless of heating
duration. In the temperature range 1400±1500�C, lan-
thanum aluminate is transformed into a liquid or a glass
phase during prolonged heating. Nevertheless, lantha-
num aluminate is also stable also at temperatures higher

Fig. 4. XRD patterns of glass+30 wt% SiC samples heated in graphite at 1500, 1550 and 1600�C, and then fast-cooled till room temperature at a

rate of 35�C/min: (*) SiC; (*) LaAlO3; ($) La3(Al,Si)6(N,O)14; (?) La5Si3NO12; (!) Ln2Si2O7.
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than 1500�C. At 1300±1350�C, during reheating,
La3(Al,Si)6(N,O)14 crystallizes; this is believed to con®rm
the formation of oxygen-de®cient glass on heat-treat-
ment of the La±Al±Si±O glass containing SiC at 1600�C.

4. Conclusions

The devitri®cation behaviors of the pure La±Al±Si±O
glass and the La±Al±Si±O glass containing SiC addi-
tions were investigated in the temperature range 1300±

1600�C in CO and N2 mixed gas. With addition of SiC
the La±Al±Si±O glass devitri®es commencing from
1550�C; LaAlO3 and La3(Al,Si)6(N,O)14 are formed.
The pure glass, free of SiC, gave mainly lanthanum dis-
ilicate in 1300±1400�C and no devitri®cation phases at
higher than 1400�C. Crystallization of LaAlO3 from the
La±Al±Si±O glass in presence of SiC is considered to be
caused by formation of a oxygen-de®cient glass due to
partial dissolution of SiC. In the presence of SiC, the
crystallized LaAlO3 was found to be stable at tempera-
tures lower than 1400�C and again, higher than 1500�C.

Fig. 5. XRD patterns of glass+30 wt% SiC samples after reheating at 1300, 1350, 1400, 1500, 1550�C for 5 and 20 h in graphite: (*) SiC; (*)

LaAlO3; ($) La3(Al,Si)6(N,O)14.
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Thus, SiC±LaAlO3 ceramic materials obtained by liquid
phase sintering probably show the deterioration of the
high temperature mechanical properties in the tempera-
ture range 1400±1500�C. Nevertheless, the SiC±LaAlO3

ceramic materials would be stable and dependable at
temperatures lower than 1400�C and higher than
1500�C.
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