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Abstract

A SiC and y AION system was studied using B-SiC powder and a preformed spinel between Al,O3 and AIN corresponding to y-
AION. A wide range of composition from 10 to 90 wt.% y-AION with B-SiC was studied. The composite was sintered to near pore-
free dense sintered product for a wide range of composition ranging from 10 to 55 wt.% of y-AION content in both a N, and an Ar
atmosphere under a gas pressure of 6 bar. The effect of sintering atmosphere on the sintered properties such as weight loss, per-
centage linear shrinkage, percentage apparent porosity, and bulk density of the fired samples were determined. Weight loss of the
specimen was 4.3-5.5 wt.% in a nitrogen and 6.2-10.75 wt.% in an Ar atmosphere indicating substantial supression of dissociation
reaction during sintering in nitrogen atmosphere. Microhardness of the sintered specimen measured by indentation under a load of
1 N was 16.5-29.81 GPa. Phase analysis by XRD studies and the other properties indicated solid solution formation between SiC
and y-AION. © 2001 Elsevier Science Ltd and Techna S.r.I. All rights reserved.

1. Introduction

Silicon carbide, well accepted as a structural material
for its superior thermo—mechanical properties, is diffi-
cult to sinter for its low ionicity. Pioneering work by
Prochazka [1] on pressureless sintering of silicon carbide
opened up a new horizon with wide commercial possi-
bilities. However, this method have several limitations
in precision controlling of process parameters as well as
requirement of very high sintering temperature, ranging
2000-2200°C. Although silicon carbide was hot pressed
[2,3] to a desired density, the method was lacking in
fabrication flexibility. Several studies have also been
reported on the sintering of silicon carbide using liquid
phase forming additives like YAG [4-7] and rare earth
oxides in combination with alumina [8—13]. Alloying of
SiC for either ease of processing or improvements in
properties or both has often been done with Al,OC,
AIN [2,3] or in combination of both, as these and 2H
form of SiC are isostructural [3,14]. Sintering in this
system was also believed to be governed by the transient
liquid formation [15].

The prospect of aluminium oxynitride as an alloying
agent for SiC was reported two decades back [14]. Virkar
et al. proposed SiC-AION as compatible phases [15].
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According to the pseudo-binary phase diagram [16], y-
AION, a solid solution of the composition correspond-
ing to the mole fraction of Al,O3: AIN=64.3: 35.7, is of
a high melting phase. y-AION has inverse spinel struc-
ture. If the charge neutrality is to be maintained in the
structure, the following formula for the constant anion
model [17] results:

Aleatx)3 os-x)73 O2-x) Nx

where, o is a cation vacancy (—), or an interstitial (+).
Corbin [16] reported that cation vacancy lay in the
octahedra and decrease with increase in AIN content.
According to the Ellingham diagram drawn with the
data set of Willems et al. [18], AION is stabilised by
entropy. Now entropy is a measure of disorder and is
related by the equation: AS= R-In (W), where, W is the
number of possible configuration. Therefore, the increase
in the cationic vacancy in the octrahedral site up to a
certain extent should lead to an increase in the number
of possible configurations of the cationic vacancy. Thus,
there is a tendency of y-AION to change in a more cation
deficient oxynitride composition, wherein the number of
possible configurations would be maximum and hence the
entropy, to ensure its thermodynamic stability. To enjoy
this stability, some cationic transfer should have occurred.
It leads to the densification of y-AlION by volume
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diffusion. It is purely theoretical speculation on the basis
of the report of Corbin [16], McCauley [17] and Willems et
al. [18] and confirmed by Ado et al. [19], who reported
that, y-ALON densifies by volume diffusion mechanism.
Richards et al. [20] suggested ionic conductivity leading
to bulk ionic diffusion as the possible mechanism. On
the contrary, Maguire et al. [21] explained the trans-
parency developed in sintered y-AION by assuming
transient liquid phase formation during early stages of
densification. Considering all the above properties it
may be assumed that, y-AION is a reactive material
with different possible modes of molecular and ionic
movements, which can be utilised for preparing the SiC-
v-AlON composites due to their structural similarities.
From the fact of similarity in crystal structure of vy-
AION with B-SiC and high reactivity of y-AION as dis-
cussed above, it is posiible to prepare B-SiC-y-AION
composites on which not much work is reported in the
literature [15,22]. In the present investigation the den-
sification of B-SiC and y-AION composite was studied
mainly for the preparation of a dense compact with a
possible interpretation of the processes involved.

2. Experimental!

B-SiC powder (Superior Graphite, USA, surface
area: 15 m?/g), alumina powder (Cerac, USA) and AIN
powder (H. C. Starck, Germany) were selected for the
study of the B-SiC-y-AION composite.

2.1. Preparation of the additive

Alumina and AIN powder in the mol ratio of 64.3:35.7
were intimately mixed by attrition milling using acetone
as a liquid medium. The milled powder was dried and
sieved through 100 mesh B.S. The dried powder was
then fired at 1850°C in nitrogen atmosphere for 2 h.

2.2. Preparation of green compacts and sintering

B-SiC powder and 10-90 wt.% of additive as prepared
in 2.1 were mixed thoroughly in acetone medium in an
attritor using alumina balls. The attrited powder was
wet-sieved, dried and pressed isostatically to form pel-
lets of 20 mm. diameter under a pressure of 250 MPa.
The pressed pellets were sintered at 1950°C in a graphite
resistance furnace (Astro, 1000-3560-F8204025, USA).
The temperature of the furnace was sensed by graphite/
boron-graphite themocouple. The accuracy of the mea-
surement was + 5°C. The samples were put into a gra-
phite crucible using a packing material having the same
composition to that of the specimens to be sintered. A
high purity N,/Ar gas atmosphere was maintained

! Preparation part is protected in India.

during sintering. The gas pressure was maintained at
6 bar at the final sintering temperature.

The sintering profile followed the schedule: room
temperature to 1000°C, 15°C/min, 1000°C to sintering
temperature, 20°C/min, hold at the sintering tempera-
ture for 1 h, followed by natural cooling by continued
water circulating cooling system of the furnace.

2.3. Measurement of properties

The weight loss and shrinkage were measured for the
sintered samples. Apparent porosity and bulk density
were determined by Archemedes’ principle by a water
displacement method. The pellets were cut cross-sec-
tionally by a slow speed cutting machine for X-ray dif-
fraction studies on the interior surface after ultrasonic
cleaning in acetone medium, using Cuk,, target and Ni
filter under 40 kV, 20 mA. Hardness values were deter-
mined by using a load of 1 N in a microhardness tester
fitted with a Vicker’s square pyramidal indenter.

3. Results

The X-ray diffraction patterns (Fig. 1) of the prepared
additive (described in Section 2.1) indicated the forma-
tion of y-AION. The specific gravity of the powder was
found to be 3.69 g/cc, which also supported the forma-
tion of the desired phase.

3.1. Weight loss and linear shrinkage

When composition in the range of 10-55 wt.% of
v-AlON was sintered in N, atmosphere, weight loss was
found to be almost independent (S.D.=0.2581) of the
composition used (Fig. 2). But when Ar was used during
sintering, the weight loss was found to increase slowly
with y-AlION content up to 40 wt.% beyond which it
increased rather steeply. Beyond 55 wt.% of y-AION
content, the dissociation of the specimens was very high
in both N, and Ar atmosphere and except XRD analy-
sis, the other properties could not be studied as the
specimens were severly disintegrated.

Linear shrinkage increased progressively with increas-
ing 7-AlION content for both the systems fired in N, as
well as in Ar atmosphere (Fig. 2). Again, the increment
in linear shrinkage with y-AION content was found to
be steeper when the sample was fired in N, atmosphere
than that fired in Ar atmosphere.

3.2. Apparent porosity, bulk density and true density

For the sintered specimens fired in N, as well as in Ar
atmosphere apparent porosity indicating open pore, was
found to decrease from 3% (at 10 wt.% 7y-AlON) to
nearly zero percent at y-AlON content of 35-40 wt.%,
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then increased again to a value of 1.5-2% (at 55 wt.%
v-AlON content) (Fig. 3).

Theoretical density was calculated by assuming the
presence of only two phases B-SiC and y-AION in the
sintered sample. It was done with some approximation
as there was some evidence of the formation of solid
solution of B-SiC and y-AION during sintering which
will be discussed in Section 3.3. It was found from Fig. 4
that %T.D. was greater for the sample fired in N,
atmosphere than that fired in Ar atmosphere. When the
specimens were sintered in N,, %T.D. was found to
increase with y-AlON content reaching a maxima at
about 45 wt.% followed by a slow decrease. But, when
the sample was fired in Ar atmosphere the %T.D. tended
to increase for 10-25 wt.% y-AlON content, remained
more or less constant up to 50 wt.% of additive content
and above that it decreased steeply.

3.3. XRD analysis

XRD-analysis revealed the existence of cubic solid
solution (Cgg), as the d-value of relative intensity 100

for pure 3C (0.2520 nm) was shifted with increasing
v-AlON content, when the sample was fired in N, as
well as in Ar atmosphere. It was evident from Fig. 5
that, the peak for cubic solid solution emerged as
the major peak along with y-AION, when the sample
containing 40 wt.% v-AION was fired in N, atmo-
sphere. The peak for 2Hgg was also observed, but to
a small extent. But, when the y-AION content was 70
wt.% AIN was emerged as one of the major phases
(Fig. 5).

The peak for 2Hgg was found as one of the major
phases along with Cgsg and y-AION (Fig. 5) for the
sample containing 40 wt.% 7-AION fired in Ar
atmosphere.

Lattice parameter was determined for SiC- y-AION
composites sintered at 1950°C in N, atmosphere.
Compositions selected were 10, 25, 35, 40, 45, 50
and 55 wt.% v-AlON respectively. Results are
shown in Fig. 6. Lattice parameter of pure B-SiC is
shown as reference. Lattice parameter was found to
decrease up to 45 wt.% v-AION followed by a steep
rise.
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Fig. 1. XRD patterns of the y-AION powder.
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Fig. 2. Plot of % weight loss and % linear shrinkage vs. y-AION
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Fig. 3. Plot of % A.P. vs. y-AION content (wt.%).
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Fig. 5. XRD patterns of the sintered samples having 60 wt.% SiC+
40 wt.% v-AlON in N, atmosphere (left), Ar atmosphere (middle) and
30 wt.% SiC + 70 wt.% y-AlON fired in N, atmosphere (right).
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3.4. Hardness

A load of 1 N was chosen for the hardness measure-
ment, since it optimized the indentation size which
would still be encompassed by a particular phase.
Hardness value increased with increasing y-AION con-
tent up to 40 wt.%. Beyond this the hardness decreased
slowly when the sample was fired in N, atmosphere. The
same trend was observed for the sample fired in Ar
atmosphere, but the maximum value of hardness was
noted at 50 wt.% v-AION content and hardness
decreased afterwards (Fig. 7).

4. Discussion

In the analysis of the above results it was noted that
though sintered sample with almost theoretical density
was obtained when sintered in both nitrogen and
argon atmosphere, the chemical processes involved were
different.

Comparative account of different sintering character-
istics of the two systems is summarized below.

Weight loss of the sample sintered in nitrogen atmo-
sphere was always smaller (4-5.5%, S.D.=0.2581) than
that sintered in argon atmosphere (6-10%). Weight loss
of the sample sintered in nitrogen atmosphere was
almost independent of the amount of y-AION used in
the composites. In contrast, weight loss of the sample
sintered in argon atmosphere increased slowly up to 40
wt.% 7-AlON content and above that it increased
sharply. In the both nitrogen as well as argon atmo-
sphere, the sample was disintegrated when y-AION
content was 60 wt.% or more.
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Fig. 6. Plot of change in lattice parameter and microhardness of the sample sintered in N, atmosphere with wt.% of y-AION content.
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Weight loss of specimen is explained by considering
various reaction as shown below with reference to the
phase analysis of the sintered material.

SiO, present as an aerial oxidation product of SiC
would contribute to the weight loss according to the
reaction:

2 Si0; (1) + SiC (s) = 3SiO (g) + CO (g) [23] ()

AION dissociates into Al,O; and AIN in presence of
carbon in a flowing nitrogen gas atmosphere [18].

3 AION = ALO; + AIN + N, ©)

Produced Al,Oj3 then reacts with SiC forming gaseous
species Al,O, SiO and CO resulting into weight loss of
the specimens.

SiC + ALO; = ALO + SiO + CO [23] &)

In this system the sintering was done in a static
nitrogen environment under gas pressure (6 bar). Such
high nitrogen partial pressure supressed the dissociation
of AION [16] in accordance with the Le Chatelier’s
principle. Thus, the percent weight loss of the composite
in nitrogen atmosphere was independent of y-AION
content and the general weight loss was comparatively
less than that is reported (14.1 wt.%) in the case of
pressureless sintering in the similar system [24]. It is
further supported by the XRD analysis of the sample
sintered in N, atmosphere where cubic AION was found
along with cubic solid solution (Fig. 5).

But, when Ar was used, the nitrogen partial partial
pressure in the enclosed system became low and it
helped to decompose AION producing AIN and Al,Os;.

The formed Al,O; reacted with SiC to form several
volatile products according to the reaction (3). As a
result of which the percentage weight loss increased with
increase in y-AION content. An evidence of reaction (2)
was found in the XRD analysis of the sample contain-
ing higher amount of y-AION (60 wt.% and more),
where distinct peak for AIN was identified. But here
also, Le Chatelier’s principle played an important role
to supress the dissociation reaction in a high static gas
pressure environment.

Phase analysis by XRD revealed the presence of cubic
solid solution as a major one when less than 55 wt.% of
v-AlON was used and sintered in nitrogen atmosphere.
Trace amount of 2H and 4H form of SiC was also
identified along with y-AION. But with increase in -
AION in the composition at 60 wt.% and more, hex-
agonal SiC with AIN was identified. As stated ecarlier,
v-AlON was stabilised in N, atmosphere and helped in
formation of cubic solid solution (Fig. 5) and beyond 55
wt.% of y-AION enhanced chemical reactivity com-
pletely disintegrated the material [Fig. 5(c)]. In the pre-
sent system hexagoal solid solution emerged as one of
the major phases, when the sample was fired in Ar
atmosphere (Fig. 5). It is because of the fact that, in Ar
atmosphere y-AION tend to decompose according to
reaction (2) and hexagonal AIN was formed and there
are evidences of formation of hexagonal solid solution
of SiC with AIN [25,26]. Formation of Al,OC in the
system was not considered as no such phase was found
by phase analysis of the sintered specimen.

The above discussions may be summarised as follows:

(a) The hardness of the specimens continuously
increased with the increase in y-AION content (Fig. 7)
up to a certain limit (40-50 wt.% y-AION depending on
the sintering atmosphere). It should be mentioned here
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Fig. 7. Plot of microhardness (GPa) of the sample sintered in N, and Ar atmosphere with wt.% of y-AION content.
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that the hardness of sintered y-AION is less (18
GPa)[27] than that of sintered SiC (23 GPa) [28].

(b) The d-value of silicon carbide of the sintered
materials gradually shifted with y-AION content.
Accordingly the lattice parameter of the composites
sintered in N, atmosphere at 1950°C indicated a con-
tinuous shifting (Fig. 6).

(c) Measured density was less than the compositional
density indicating a change in the chemical composition
after sintering.

Thus, it can be concluded that, densification in the
SiC-y-AION composite system is accompanied by a
chemical change producing a solid solution. Therefore,
sintering mechanism is likely to be governed by the
effective diffusivity of the system. The alternative
mechanism of densification by the formation of liquid-
phase is not likely in the present system, as the binary
Al,O3;—AIN phase diagram [16] indicates no lquid-phase
formation in the system at the sintering temperature
(1950°C). The possibility of liquid-phase formation
in the aluminosilicate system (small amount of SiO,
comes from surface oxidation of SiC and Al,O3; comes
from y-AlON) is not possible due to a high carbon
activity operating in the reaction system under N,
as well as Ar atmosphere. Hence, it may be said that
B-SiC and 7y-AION form a solid solution during
densification.

5. Conclusions

B-SiC and y-AION are compatible with each other
and form a dense composite up to a composition of 55
wt.% of y-AION at a temperature of 1950°C in N, and
Ar atmosphere under a gas pressure of 6 bar. The
hardness of the sintered composites was in the range of
16.5-29.8 GPa under a load of 1 N. Solid solution for-
mation during densification was the general feature in
both N, as well as in Ar atmosphere. A solid state
molecular/ionic movement is suggested to be a likely
mechanism of densification. In N, atmosphere the cubic
solid solution was identified as the major phase. But in
Ar atmosphere formation of hexagonal solid solution
was favoured over cubic solid solution.
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