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Abstract

SiC-LaAlOs-chromium carbide ceramic materials were prepared from 55-70 wt% B-SiC, 20-35 wt% LaCrOs and 10 wt% Al,O;
by liquid phase sintering at 1700°C. The mechanical properties and microstructure of the SiC-LaAlO;-chromium carbide ceramics
before and after heat-treatment at 1500°C were studied. During heat-treatment, a La—Al-Si—O glass phase was formed by reaction of
LaAlOj; with residual silica. After heat treatment the sample prepared from 70 wt% SiC, 20 wt% LaCrOs and 10 wt% Al,Os, showed
a significant improvement in bending strength from 80 to 307 MPa and in fracture toughness from 3.4 to 4.9 MPa-m!/2. SEM obser-
vation showed that in the sample after heat-treatment, a La—Al-Si—O glass was present over large areas and formed the ramified
structure. However, in the samples with a higher content of lanthanum oxide, a similar structure was not observed and the glass was
found to be concentrated in local areas. The ramified structure of the glass phase is considered to enhance a bonding effect of the glass
phase in the material and could cause improvement in strength. © 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Sintering and properties of SiC materials with incor-
porated oxides have been widely studied [1-7]. These
oxides are added to improve the fracture toughness of
SiC materials. A number of researches have been car-
ried out on materials with additions of yttria/alumina
mix [2-4]. The oxide phase greatly improved the frac-
ture toughness of the materials because an in situ
yttrium aluminum garnet phase formed [3,4]. Rare earth
oxides (samarium, gadolinium and holmium) with alu-
mina also showed their effectiveness as aids for sintering
SiC and forming an aluminate phase, which contributes
to improvement in fracture toughness of SiC materials
[5-7]. LaAlO;, another rare earth oxide aluminate, is
also a promising candidate for improving the fracture
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toughness of SiC materials. Similar to the effect of
yttrium aluminum garnet on fracture toughness of SiC—
Y,03-Al,05; materials, a thermal expansion mismatch
between silicon carbide (4.5x107%/°C) and lanthanum
aluminate (10.8x107%/°C) [8] is believed to develop
compressive stresses at the interphase. However, SiC-
oxide materials obtained by a liquid phase sintering or
subjected to oxidation can include some silica. Thus, on
heating, the silica and the oxides can form crystalline or
glassy silicates. The formation of silica-containing pha-
ses can affect the mechanical properties of SiC-oxide
materials. Kondoh et al. [9] reported that on heating
spinel-SiC composites, improvement in strength occur-
red because of the growth of silicate crystals via a reac-
tion between the oxidized SiC and spinel. The study
done by Yoshimura et al. [10] showed that in SiC-Y,0;
composites, oxidation in air at 900°C resulted in tough-
ening and strengthening of the composites due to the
generation of residual surface stresses developed by
oxidation of SiC particles. In Part I of the present work,
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it was shown that in a SiC-La,03;—A1,05-SiO, system,
LaAlQs is stable at temperatures lower than 1400°C or
higher than 1550°C. In the 1400-1500°C temperature
range, LaAlO; transforms into a La—Al-Si—O melt via a
reaction between LaAlO; and SiO,. On cooling, the
melt is preserved as a La—Al-Si—O glass phase, which
has a lower thermal expansion coefficient (7.7x107¢ 1/°C)
[11] and lower hardness than LaAlO;. Thus, glass for-
mation, as a result of reduction of the compressive
stresses at the interphase, can affect the fracture tough-
ness and strength of the material. The aim of this study
is to investigate the discrepancy in strength and micro-
structure between the SiC—LaAlO; material and SiC—
La—Al-Si-O glass material. The SiC-LaAlO; materials
were produced by liquid phase sintering with LaCrOs;,
Al,O3 and SiC as starting components. LaCrO; was
used as a component for in situ synthesis of LaAlO5; and
for formation of a La—Al-Si—O liquid phase by reaction
between Cr,O3 of LaCrO; and SiC yielding silica [12].
This provided densification of the materials at 1700°C.
This temperature is lower than for other oxide-contain-
ing SiC materials [1-3]. The SiC-La—-Al-Si—O glass
material was obtained by heating the liquid-phase sin-
tered SiC-LaAlO; material at 1500°C. The reaction of
LaCrO;z with SiC also produced chromium carbides,
which are known to contribute to improving SiC frac-
ture toughness [13].

2. Experimental procedure
2.1. Materials

Ultrafine B-SiC (0.28 pm, Betarundum by IBIDEN
Co., Ltd) with about 0.8 wt% free carbon and about
0.43 wt% free silica, Al,O3 (0.2 pum, Taimicron by
TAIMEI CHEMICALS CO., Ltd) of 99.99% purity
and reagent grade Cr,03 and La,O; powders (Kishida
Reagent Chemicals Co., Ltd) were used as the starting
materials.

LaCrO; was synthesized by calcining an equimolar
mixture of chromium and lanthanum oxides in air at
1400°C for 4 h. As-synthesized LaCrO; powder con-
sisted of spherical particles with mean sizes of about 2-3
pm, as determined by scanning electron microscope
(SEM).

Table 1

2.2. Fabrication of ceramics

The ceramic compositions were prepared by thorough
ethanol wet mixing of LaCrOs, Al,O3 and SiC taken in
ratios as shown in Table 1. The wet mixed compositions
were dried and again mixed with a water solution of 2 to
3 wt% polyethylene glycol. The resultant mixtures were
dried, passed through a 250 um sieve, prepressed at 10
MPa and cold isostatically pressed at 100 MPa to form
the compacts of 20x20x 14—-16 mm and bars of 4x5x45
mm. The bars were used for bending strength tests. The
compacts were buried in graphite powder enclosed in an
alumina crucible fitted with a tight alumina lid and
heated at 1700°C for 2 h to obtain the sintered ceramic
bodies. After this first heat treatment, half of those
samples were again buried in graphite powder and heat-
treated at 1500°C for 5 h. Surface layers of all samples
after every heat treatment were removed by polishing
with 10 pm diamond powder. The polishing was per-
formed to minimize surface stresses which might be
induced by reactions at the material-graphite interface
during heat-treatment.

2.3. Characterization

The densities of samples before and after heat-treat-
ment were determined by Archimedes’ method with
non-aqueous fluid. The phases in the samples were
determined by X-ray diffraction (XRD) with Cuk,
radiation using an X-ray diffractometer (Shimadzu,
XD-D1) operating at acceleration voltage of 30 kV and
anode current of 30 mA.

The strength of samples was determined by three
point bending tests at room temperature in a testing
machine (Shimadzu, Autograph AGS-500D) with a
span of 30 mm. Load was applied with a crosshead
speed of 0.5 mm/min. The fracture toughness was eval-
uated by an indentation fracture method using a Vick-
er’s hardness tester (Akashi, AVK-A). Indention was
performed at a load of 200 N and a loading duration of
15 s. The fracture toughness values were calculated
using the equation proposed by Niihara et al. [14].

Microstructures of the samples were examined by an
optical microscope (Nikon, Optiphot) and by a scan-
ning electron microscope (JEOL, JSM-5200). Micro-
structural examinations were performed on polished

The compositions and densities of the ceramics before and after heat-treatment at 1500°C in graphite for 5 h

Starting composition, wt% True density, g/cm?

Apparent density, g/cm? Relative density, %

LaCrO; AlL,O3 SiC Before After Before After Before After
20 10 70 3.5 3.4 2.97 3.06 84.9 90
25 10 65 3.62 3.55 3.09 3.13 85.4 88.2
30 10 60 3.77 3.65 3.27 3.31 86.7 90.7
35 10 55 3.93 3.78 3.44 3.5 87.5 92.6
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surfaces, either chemically etched in 1 molar HF aqu-
eous solution for 30—45 min at room temperature to
leach SiO,, or thermally etched at 1300°C for 30 min
under flowing argon. Elements of microstructures of the
samples were examined by an eclectron microscope
equipped with an energy-dispersive X-ray analyzer
(Philips, EDAX PV 9801).

3. Results and discussion

The compositions and densities for the samples before
and after heat-treatment are summarized in Table 1. After
heat-treatment, the total porosity of all samples was
decreased by 3-5%: the apparent density is increased by

70:20:10 composition

SiC ;
65:25:10 composition SiC
(e]

60:30:10 composition SiC

(@]
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Fig. 1. XRD patterns of the ceramic compositions sintered at 1700°C
for 2 h. [(O)-LaAlOs; (¥)-Crs_,Siz_-Cy+; (0)-Crg2C3.5No 3.

Table 2
Phase compositions of the samples before and after heat-treatment

1-3% and true density is decreased by 1-5%. The por-
osity decrease is attributed to a phase transformation of
LaAlQs, of high true density (5.84 g/cm?), into La—Al-
Si—O glasses of low true density (2.81-3.46 g/cm?) [11].
Figs. 1 and 2 show the results of X-ray analysis for
the samples before and after heat-treatment. Table 2
summarizes the phase compositions of the samples. All
as-sintered samples contain SiC and LaAlO; as domi-
nant phases. Chromium carbides are observed in the
samples with LaCrOj;. After sintering, the compound
Crg-,C55Ng 3 1s observed for the sample containing 20
wt% LaCrOj;. The Crs_,Siz_.C, .. compound is found
in samples having higher contents of LaCrO; (>20
wt%). After heat-treatment at 1500°C, B-SiC is identi-
fied by XRD as a dominant phase. This indicates that

70:20:10 composition sic
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Fig. 2. XRD patterns of the ceramic compositions after heat-treatment
at 1500°C for 5 h in graphite. [(#)-Cr;Cs; (F¢)-LaAl;05; (W)-carbon].

Starting composition wt% Phase composition

Before (as sintered at 1700°C)

After heat-treatment at 1500°C

SiC LaCrO; ALO; Dominant phases Secondary phases Dominant phases Secondary phases
70 20 10 SiC, LaAlO; Crs,C;5.5No 3 SiC, La—Al-Si-O glass Cr;C,, LaAl1Oqg
65 25 10 SiC, LaAlO;3 Crs_,Siz_.Cyq - SiC, La—Al-Si-O glass Cr3;C,, LaAl; 045
60 30 10 SiC, LaAlOs Crs_,Siz_.Cy4 - SiC, La-Al-Si-O glass Cr;Cs, LaAl; Oy
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LaAlO; decomposed forming a La—Al-Si—O glass phase
and a B-alumina group compound: LaAl;;O;g. As has
been shown in Part I, La—Al-Si—-O melt, which is pre-
served on cooling as glass, is stable between 1400-
1500°C: thus LaAlO; is subject to decomposition on
reheating to 1500°C. Previously observed chromium
carbides were found to transform to Cr;C,, which is
known to be stable in an inert atmosphere up to 1550°C:
chromium carbides with less structural carbon are stable
at temperatures higher than 1600°C [12]. The distribu-
tion pattern of chromium carbide grains in samples is
shown in Fig. 3. The chromium carbide grains have size
of 2-3 um and are uniformly distributed in the samples.
Optical microscopic examination showed that size,
shape of chromium carbide grains were unchanged
comparing the samples before and after heat-treatment.

The mechanical properties of samples before and after
heat-treatment are shown in Fig. 4. After heat-treat-
ment, a remarkable improvement in fracture toughness

Fig. 3. Optical microscope photograph showing the distribution of
chromium carbide (white particles) inside the material prepared from
SiC, LaCrO; and Al,Os.

LaCrO3+Al,03 content, vol.%
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and bending strength up to 4.9 and 307 MPa-m'/?,
respectively, were observed for a sample prepared from
70 wt% SiC and 20 wt% LaCrOs;. In the case of other
compositions their bending strength showed only a

Fig. 5. SEM micrographs of the HF-treated surfaces of the 70:20:10
sample (A) and 60:30:10 sample (B) after heat-treatment. Arrows

point out the areas of a former glass phase.
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Fig. 4. Mechanical properties of the samples with different content of LaCrOs + Al,05/10 wt% Al,O3 before and after heat-treatment at 1500°C.
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small improvement and fracture toughness remained
unchanged or decreased.

To clarify the reason for this significant improvement
in strength of the 70:20:10 sample after heat-treatment,
microstructural examination was performed. Treatment
of the samples with HF revealed that the heat-treated
samples with different contents of LaCrO; have differ-
ent microstructures as shown in Fig. 5. Two phases can
be distinguished in SEM micrographs. One phase is
optically bright and is comprised of numerous fine par-
ticles. As stated above, the dominant phases in the
samples after heat-treatment are SiC and the La—Al-Si—
O glass. Treatment of the samples with HF mostly
resulted in dissolution of silica from the glass, whereas
poorly soluble lanthanum and aluminum oxides of the
La—Al-Si—O glass were not much affected by HF and
were preserved as a grainy-looking phase. Moreover,
both lanthanum and aluminum oxides are poorly elec-
tron conductive phases. Thus, they appear bright in
SEM images, compared to a dark appearance of con-
ductive phases such as SiC. Therefore, a bright and
grainy-looking phase observed is likely to represent the
sites of a former La—Al-Si—-O glass phase. The other
phase observed in SEM micrograph as dark grains of 1—-
2 pm is likely to be SiC. In the 70:20:10 sample, sites of
a former glass phase are found to be present over large
areas as shown in Fig. SA. In contrast, in a sample with
a high content of lanthanum oxide (Fig. 5B), the glass

phase is observed to be concentrated locally. Such a
difference in distribution of the glass phase is believed to
control the different effects of the glass phase formation on
the strength of samples. It is known that the glass phase
exhibits a bonding effect in ceramic materials. There-
fore, formation of the glass phase over extensive areas
in the 70:20:10 sample after heat-treatment is believed to
enhance a bonding effect of the glass phase, as contact
surface between the glass and SiC was increased. This is
supposed to bring about a significant improvement in
the strength of the sample. More details on a structure
of the glass phase in the 70:20:10 sample was obtained
by observation of sample surfaces after thermal etching
at 1300°C. The thermal etching caused devitrification of
the La—Al-Si-O glass at 1300°C: it was found in Part I
of the present study that the La—Al-Si—O glass easily
devitrifies in the 1300-1400°C temperature interval. The
devitrification allowed us to distinguish the boundaries
and the structure of the glass phase areas in the samples.
As shown in Fig. 6, elongated regions grouped in clus-
ters and forming a ramified structure over a large area
are observed in the 70:20:10 sample. A similar micro-
structure was not found in the 70:20:10 sample without
the glass phase, or for other compositions. As presented
in Table 3, elemental analysis showed that in the sites of
the elongated regions, the concentrations of La and O
elements are higher than those in areas free from the
elongated regions. It implies that the elongated regions

Fig. 6. The SEM micrographs of surfaces of the samples after thermal etching at 1300°C under argon. 70:20:10: composition: A — before, C — after
heat-treatment; 60:30:10 composition: B— before, D — after heat-treatment. Arrows point out the elongated regions of the devitrified La—Al-Si—O glass.



768 A. Kirianov, A. Yamaguchi | Ceramics International 26 (2000) 763-768

Table 3
The results of elemental analysis for the 70:20:10 sample Containing
glass and thermally etched at 1300°C

Element, at% Remarks

(6] Al Si La Cr

30.1  4.05 321 30.1 3.6
5 1.8 84.8 84 0
294 6 30 34 0.6

Elongated region
Area between elongated regions
Elongated region

are likely to be rich in lanthanum oxide. Since a domi-
nant component of the La—Al-Si—O glass phase is lan-
thanum oxide and amounts of lanthanum oxide
incorporated in a secondary phase LaAl;;O;g are negli-
gible, the elongated regions are likely to be derived from
regions of the devitrified glass area. Thus, it is clear that
in the 70:20:10 sample, the glass formed the extensive
ramified structure. Therefore, the main role in sig-
nificant strength improvement of the 70:20:10 sample is
likely to be attributed to the ramified structure of the
glass phase, which enhanced the bonding effect of the
glass phase as contact surface between SiC phase and
the glass was increased.

4. Conclusions

The mechanical properties and microstructure of the
SiC-LaAlOjz-chromium carbide ceramic materials pre-
pared from SiC, LaCrO; and Al,O; via heating at
1700°C were studied.

Heat-treatment at 1500°C resulted in the significant
improvement in bending strength from 80 to 307 MPa
and fracture toughness from 3.4 to 4.9 MPa-m!/? for the
sample prepared from 70 wt% SiC, 20 wt% LaCrO;
and 10 wt% Al,O3. In the SEM study, the sample
showed the presence of the glass phase over a vast area
and the ramified structure of the La-Al-Si—O glass
phase was observed. This ramified structure enhanced

the bonding effect of the glass phase that is proposed as
the most plausible reason for the strength improvement.
The formation of the ramified structure of La—Al-Si—O
glass in SiC-LaAlO; materials could be useful in
strengthening the SiC-oxide ceramics.
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