Materials Research, Vol. 8, No. 2, 201-205, 2005

© 2005
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Silicon carbide is an important structural ceramic and finds applications as abrasives, as a refractory and in
automotive engine components. This material can attain high densities during liquid phase sintering if suitable
additives are used. Silicon carbides containing silica, alumina and rare earth oxides have suitable characteristics
to promote liquid phase sintering. In this paper, the sintering behavior of silicon carbide ceramics with additives
based on the (SiO,-RE,0,-Al,0,) system (RE =Y, Dy) has been studied. Samples with different compositions
and containing 90 vol.% SiC were sintered in a dilatometer at 1950 °C/1h and in a graphite resistance furnace
from 1500 °C/1h up to 1950 °C/1h. The shrinkage behavior as a function of rare earth oxide used and additive
composition was also studied. The sintered materials were characterized by density and weight loss measurements.
The crystalline phases were identified by X-ray diffraction analysis. The sintering kinetics of these materials can
be related to the formation of secondary crystalline phases.
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1. Introduction

Silicon carbide is one of the most important structural ceramic
material with high temperature strength, low density, and excellent
wear as well as thermal shock resistance. Due to this unique combi-
nation of properties, these materials can be used in a large number
of applications, such as automotive heat engines, cutting tools, heat
exchangers and as mechanical seals.

Sintering of silicon carbide can be done through solid state mecha-
nisms'? or in the presence of a liquid phase'”, through a dissolution
re-precipitation process. In the first one, carbon is the main additive,
usually in combination with boron or aluminium. If oxide additives
are used, sintering of silicon carbide occurs through liquid phase,
which is generally produced by a reaction between the additives and
the SiO, present on the SiC surface'®. The main advantage of this ap-
proach is that lower temperatures are involved and the microstructure
is more homogeneous.

Silicon carbide can reveal several polymorphs'!“'?, in which the
basic tetrahedron (Figure 1) is formed with one silicon atom and four
carbon atoms (or vice versa). These tetrahedrons are linked at their
corners. The difference in the polymorphs is the sequential stacking of
planar layers of closed-packed atoms. The 3C polymorph has a cubic
unit cell, with (ABCABC...) sequence layers, and is known as 3-sili-
con carbide. The other polymorphs are called o.-silicon carbide.

The composition of the liquid is an important parameter in liquid
phase sintering of silicon carbide. This phase must have adequate
viscosity to make material transport more efficient, and consequently
improve densification''6.

Sintering additives based on the SiO,-Al,0,-RE,O, system
(RE = rare earth element) have been found to be effective to obtain
high density silicon carbide ceramics '""'°, as well as silicon nitride
ceramics®?2, through liquid phase sintering. The liquid phase dis-
solves the silicon carbide particles at relatively low temperatures.

The sintering behavior of silicon carbide with (SiO,-Al,0,-Y,0,)
additives was presented elsewhere and the sintering kinetics was
not fully understood®. In this paper, the sintering kinetics of silicon
carbide ceramics has been studied with the help of additives based on
the (Si0,-RE,0,-AlL,0,) system (RE =Y, Dy). The sintering behavior
can be related to the formation of secondary crystalline phases.
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2. Experimental Procedure

RE,O, (RE =Y and Dy from H. C. Stark), SiO, (Sigma Aldrich)
and AlL,O, (A16, Alcoa) were used as additives to the silicon carbide
ceramics. Specimens with four different compositions containing
10 vol. % of additives (Table 1) and 90 vol. % of -SiC (BF 17, H.
C. Stark) were studied to evaluate the effect of composition and rare
earth elements on densification of silicon carbide based materials.
The theoretical densities of the final mixtures were calculated using
the rule of mixtures (Table 1).

The silicon carbide and additives were mixed, milled in an attri-
tor for 4 hours and dried in an evaporator (Heidolph WB 2000). The
powder mixtures were uniaxially and cold isostatically pressed. The
green densities of the compacts were determined.

Sintering studies were performed in a dilatometer (Netzsch, DIL,
402 E/7) with 15 °C/min heating rate up to 1950 °C/1h, in flow-
ing argon (1 atm) and in a furnace with graphite heating elements,
wherein a protective powder bed with RE 60 composition was used.
The heating schedule used in the dilatometer experiments was used
in the experiments carried out with the furnace with several dwell
temperature: 1500 °C/1h; 1600 °C/1h; 1700 °C/1h; 1800 °C/1h;
1950 °C/1h.

The final density (Archimedes method) and weight loss during
sintering were evaluated. The crystalline phases in the samples after
each heat treatment were determined from X-ray diffraction measure-
ments. (Phillips, PW, 1710) The microstructures were examined in
a scanning electron microscope (Philips, XL, 30) using longitudinal
sections of plasma etched samples prepared using conventional
methods.

Table 1. Composition characteristics.

compo- Mol (%) Theoretical ~ Weight (%)

sition §j0, ALO, Y,0, Dy,0, Density  gic additive
(g/cm?)

Y33 33.33 3333 3333 - 3.2954  87.39 12.61

Dy33 33.33 3333 - 3333 34370 83.79 16.21

Y60 60 20 20 - 3.2463  88.68 11.32

Dy 60 60 20 - 20 3.3434  86.14 13.86
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3. Results and Discussion

3.1. Density

The densification results of samples RE60 and RE33, sintered at
1950 °C/1h in the furnace with graphite heating elements are shown
in Table 2. The density data show that samples sintered with yttria
exhibit higher densities and weight losses compared to samples sin-
tered with dysprosia. Further, the RE33 samples have higher densities
with lower weight losses compared to the RE60 samples.

3.2. Microstructural observations

The X-ray diffraction results indicate that o (4H, 6H and 15R)
and B (3C) silicon carbide polymorphs were present in all samples,
independent of the composition or the sintering temperature as they
were primarily crystalline phases. Presence of the 3C polymorph
indicates that the -0 transformation is incomplete.

In the RE33 samples sintered with yttria, depending on the heat
treatment temperature, Y4A1209, YAG, Y‘W(SiO )0, Y,Si,0, and
Y,ALO, (YAP) were identified by X-ray diffraction as crystalline
secondary phases. In samples sintered with dysprosia, DyAG and
Dy,AlLO, (DyAP) were identified as the crystalline secondary phases.
Table 3 shows the crystalline secondary phases at each heat treatment
temperature, with both the rare earth oxides.

The X-ray diffraction patterns of bulk RE33 samples, heat treated
at 1800 °C/1h, are shown in Figure 2.

The X-ray diffraction results of RE60 samples sintered at tem-
peratures up to 1600 °C, reveal no secondary crystalline phases. In the
dysprosia containing sample sintered at 1700 °C, Dy AP was identified
as the secondary crystalline phase. At this temperature, in the sample
containing yttria no secondary crystalline phases were identified. At
higher temperatures, several RE based secondary crystalline phases
were identified (Table 3).

The X-ray diffraction patterns of bulk RE60 samples heat treated
at 1800 °C/1h, are shown in Figure 3.

The secondary phase appears to be well distributed in almost all
samples, indicating good homogeneity in the mixture (Figure 4). An

Table 2. Densification results after sintering in graphite resistance furnace.

composi- Samples sintered Samples sintered
tion with yttria with disprosia
Density ~ Weight loss Density ~ Weight loss
(%otd) (%) (%etd) (%)
REG60 90.37+0.71 7.76 £ 0.05  82.22+0.99 7.29 +0.14
RE33 9543 +0.32 6.45+0.15 90.49+0.26 5.20 +0.25

Table 3. Crystalline secondary phases in RE sintered samples, according to
each thermal treatment temperature.

Temperature RE 33 samples RE 60 samples
of thermal RE=Y RE=Dy RE=Y RE=Dy
treatment

1500°/1h Y,ALO,; DyAG - -

YAG
Y, ,(5i0,),0

1600°/1h Y, (510),0 DyAG - -

1700°/1h Y,Si,0, - - Dy,AlLO,

1800°/1h Y,ALO, Dy,ALO, YAG Dy,ALO,
1950°/1h Y,ALO, Dy,ALO, YALO, DyALO,
Y,ALO, Si,AlO, Dy,Al O,
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exception to this can be observed in the Dy33 sample (Figure 4b) which
shows more secondary phase. This explains the lower density of this
sample. The morphology of silicon carbide grains could be revealed by
plasma etching, and normal distribution was observed in all the sintered
samples. No secondary or abnormal grain growth was observed.
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Figure 1. Representation of basic silicon carbide thetraedra.

3.20

3.15

YAP
=

3.10 4

Relative Intensity (a. u.)

3.05

3.00
3.20
Dy 33 & g Bo
] <
=% > A
< A < 9
= 3154 R A <
s & o =
> 5
z Z
8 3.104
E Ay
E i
= A
& 3.05 &
>
I u
200 MWUW ,
10 20 30 40

26 ()

(b)

Figure 2. X-ray diffratograms patterns of RE 33 samples sintered at

1800 °C/1h: a) RE =Y; b) RE = Dy.
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Figure 3. X-ray diffratograms patterns of RE 60 samples sintered at 1800 °C/1h: a) RE =Y; b) RE = Dy.
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Figure 4. Scanning electron micrographs of sintered and plasma etched samples: a) Y 33; b) Dy 33; ¢) Y60; d) Dy 60.

3.3. Dilatometric analysis L . . . . . P,
4 sintering behavior of silicon carbide with oxide additives is similar

Linear shrinkage, determined from dilatometric experiments, to that of silicon nitride based ceramics.
of all the samples are show in Figure 5. It can be seen that at dwell The density results of samples sintered in the furnace with
temperature (1950 °C) there is no shrinkage, indicating that the den- graphite elements are in good agreement with those obtained from

sification process of all samples at this temperature is hindered. The the dilatometric experiments and are shown in Figure 5.
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The corresponding linear shrinkage rates are shown in Figure 6.
The sintering behavior is clearly dependent on the additive.

The samples with RE33 (RE =Y, Dy) composition (Figure 6a)
present three peaks of maximum shrinkage rate (T1, T2, T4) and one
peak of minimum shrinkage rate (T3). T1, a low temperature peak, is
related to particle rearrangement and the formation of the first liquid.
The T2 peak is related to dissolution-re-precipitation of silicon car-
bide grains, similar to that in silicon nitride ceramics. This process
is hindered through out secondary crystalline phase(s) formation
(T3 peak). When the temperature is increased, these phases dissolve
and the energy is enough to promote dissolution-re-precipitation of
silicon carbide grains, indicated by the T4 peak. The temperatures
of these peaks are shown in Table 4.

The samples with RE60 (RE =Y, Dy) compositions (Figura 6b)
present two peaks of maximum shrinkage rate. The first one, at the
lower temperature (at 1310 °C and 1235 °C for samples sintered
with yttria and disprosia, respectively) and broader, indicates a slight
rearrangement of silicon carbide particles as the liquid phase starts to
form, at a temperature near the eutectic. The sharper peak observed
at the higher temperature in Figure 6b (1725 °C and 1700 °C for
samples sintered with yttria and disprosia, respectively) represents the
formation of a larger amount of liquid and simultaneous dissolution

RE33 samples
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of silicon carbide particles, the so called dissolution-re-precipitation
process.

The existence of only one peak of maximum shrinkage rate, due
to the dissolution-re-precipitation process, in RE60 samples is related
to the fact that these samples are located in the glass-forming region,
and, consequently, to the absence of secondary crystalline phases,
which hinder the dissolution-re-precipitation process.

In the samples with RE60 compositions, the temperature of maxi-
mum shrinkage rate, due to the dissolution-re-precipitation process
(T4 peak) are lower than that for RE33 samples. The latter samples
must overcome the kinetic barrier caused by the formation of second-
ary crystalline phase. This process requires higher temperatures to
promote the dissolution-re-precipitation process at higher rates.

Table 4. Temperatures (°C) of maximum or minumum shrinkage rate for
samples sintered in dilatometer at 1950 °C/1h (see text for details).

sample  Samples sintered with Samples sintered with
yttria disprosia
TI T2 T3 T4 T1 T2 T3 T4
RE33 1295 1595 1700 1800 1265 1615 1725 1785

0.02 4 RE60 samples
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Figure 5. Dilatometric results: linear shrinkage versus temperature for several compositions: a) RE 33 samples (RE =Y, Dy); b) RE 60 samples (RE =Y, Dy).
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Figure 6. Dilatometric results: linear shrinkage rate versus temperature for several compositions: a) RE 33 samples (RE =Y, Dy); b) RE 60 samples (RE =Y,

Dy).
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Moreover, samples sintered with yttria have T4 temperature
higher than samples sintered with dysprosia, due probably to the
lower viscosity of yttria liquid phase and a different temperature for
dissolution of transient secondary phases.

There is a clear correlation between the position of a specific
composition with the additive in the ternary equilibrium diagram of
Si0,-A1,0,-RE O, * (RE =Y, Dy), and the tendency of the additive to
form secondary crystalline phases or glass-phases and the identifica-
tion of dilatometric shrinkage rate peaks. To understand the sintering
kinetics of silicon carbide based materials, X-ray diffraction analysis
data was essential as it enabled the identification of secondary crystal-
line phases formed at specific temperatures. The formation of these
phases explained the dilatometric behavior of these samples.

4. Conclusions

The use of 10 vol. % of several combinations of additives based
on SiO,, RE,O, and AL,O, was, in general, suitable to obtain high den-
sity silicon carbide ceramics by pressureless sintering. Comparison
of density data of samples with the same composition revealed that
samples sintered with yttria had higher densities than those sintered
with dysprosia.

X-ray diffraction analysis revealed the presence of B-SiC and
a-SiC in all samples. Several transient phases, with different stoi-
chiometry, were identified. These were crystalline secondary phases
in samples sintered with yttria or dysprosia, depending on the heat
treatment temperature. The temperature of the crystalline phase for-
mation/dissolution could be estimated. After sintering at 1950 °C,
only RE AL O, and RE,Al,O, were identified.

Dilatometric experiments revealed the presence of several shrink-
age peaks during sintering of silicon carbide. These peaks can be
related to particle rearrangement and, at higher temperatures, to liquid
formation and dissolution-re-precipitation. Extra peaks are present if
secondary crystalline phases are formed and these in general hinder
the densification process. This process however continues when these
secondary phases are dissolved.
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