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The preparation and toughening of 8iC-ATM solid solutions from powder mixtures of B-%1C, AIN and o-SiC by
hot-pressing were studied in the 1870 to 2030°C temperature range. The reaclion of AIN and B-SiC(3C) powders
causing transformation to the 2H(wurtzite) struciure appeared to depend on hot-pressing temperatures and an
additive of o-SiC. For the composition of 49 wit% AIN/42 wit% SiC with 2 wt% o-SiC and 47.56 wit% AIN/47.5 wi%
SiC with 5 wit% o-8iC at 2030°C for 1 h, the complete solid solulions with a single phase of 2H could be
obtained. The appreciable amount of o-SiC conld develop the columnar inter-grains of 4H phase and the stable
Z2H phase with the relatively uniform composition and grain size distributiong. The effect of 0-SiC on the phases
present and compositional mierostructures with columnar inter-grains was investigated using X-ray diffraction,
scanning electron microscopy and transmission electron microscopy. The fracture loughness and Vickers hard-
nesg of the hot-pressed solid solutions were examined by the indentation-fracture-test method.
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L. Introduction

ilicon Carbide(SiC) and aluminum nitride(AIN} have
many potential applications mainly in electronic and
high-temperature fields. SiC is a covalent compound
which exists either in a cubic structure (3C) of B-3iC or in
various hexagonal or rhombohedral polytypes (2H, 4H,
6H, 15R and 21R) of o-8iC. However, there are few exam-
ples of the formation of solid sclutions in the case of non-
oxide ceramics with strong covalent bonds and low
diffusion coefficients. The 2H polymorph of a-SiC is izos-
tructural with AIN and ALOC with a strong covalent
band.” The similarities hetween two structures and their
properties suggest lhat alloying of one with other may
provide the potential for property optimization. During
the past decads, it has been found that a series of solid
solutions are formed between SiC and AIN over a wide
composition range. ™
Cutler et al*® reportod that a SiC-AIN solid solution in
the range 2-100% AIN has heen formed at 1600°C by a
vapor phase process using carbothermal reduction of
amorphous silica and aluminum hydroxide in nitrogen,
Ruh and Zangvil” described that the solid solution existed
a3 a single phase above 2100°C over the composition range
35-100 mol% AIN. Their flexural strengths were quite low
due to mhomogeneity in grain size and composition and
spinodal decomposition occurred on annealing below 1950
°C. Recently, some studies of the phase relationship
and microstructures of the SiC-AIN solid solutions have
been reported by hot-pressing®™® and pressureless sinter-
ing with additives.**" In these cases, the covalent bonds
in SiC and AIN are strong and the diffusion coefficients
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are low, when all starting materials are in powder form,
g0 that pressures of several hundred bars and tempera-
tures of up to 2300°C are required in order to obtain the
complete solid solutions with uniform composition distri-
butions. Furthermore, their low fracture toughnesses of
the solid solutions have to be overcome before promoting
the application as engineering components.

Consequently, in this study, we focused on the effect of
0-SiC as an additive on the preparation of the complete
SiC-AIN solid solutions from powder mixtures of (-SiC
and AIN by hotpressing in the 1870 to 2030°C {empera-
ture range. Subsequently, the mechanical properties of
the holpressed solid sclutions were evaluated for hard-
ness and fracture toughness.

II. Experimental Procedure

The matertals used for this study were commercial -
SiC (Beta Randum, Ibiden Company), AIN {Grade F. To-
kuyama Seda Company) and o-8iC (Du A-1 Showa
Denko) powders. The major impurities in the B-5iC pow-
der were 0.39% Si0,, 0.64% C, 0.02% Al and 0.03% Fe,
while AIN powder contained 0.89% O and 360 ppm C. The
average particle gizes of the two powders were 0.27 um
and 2 um, respectively. As an additive, o-SiC powders
were used. The major impurities in the o-SiC powder
were 0.46% C, 0.27% Si0,, 0.024% Fe and 0.007% Al and
the average particle size of the powder was (.47 pm. As
Listed in Table 1, nominal compositions investigated ranged
from the composition 20 maol% AIN/S80 mol% SiC (sample
A20) 1o 90 mol% AIN/10 mol% SiC (sample A90) without
the additive, and 49 wit% AIN/49 wt% SiC with the addi-
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Table 1. Compositions and Hoet-Pressing Conditions of Powder Mixtures

Sample name SiC/AIN mole ratio Composition (wt%) Hot-press conditions
SiC AIN o-SiC Temp.("C) Time (h) Pressure (MPa)

A20 80/20 79.6 204 0 1870 4 22.5
2030 1 22.5

AS0 50/50 4195 50.5 0 1870 4 22.5
2030 1 22.5

AT0 30/70 29.6 70.4 0 1870 4 22.5
2030 1 285

A90 10/90 9.8 90.2 0 1870 4 225
2030 1 225

2AW50A 50/50 49.0 49.0 2 1870 4 225
2030 1 225

5W50A 50/50 47.5 47.5 5] 1870 4 22.5
2030 1 22.5

BWH0A B0/50 46.0 46.0 8 1870 4 22.5
2030 1 225

tive of 2wit% o-SIiC (sample 2Wh0A), 475 wt% AIN/
475 wt% SiC with the additive of 5 wt% o-5iC {(sample
5W50A) and 46 wt% AIN/46 wt% 5iC with the additive of
8 wi% o-8iC (sample 8WB0A). The compositions of appro-
priate amounts of the powders were preparsd by wet
milling for 24 h in a plastic jar with isopropyl aleohol
and SiC balls. After milling, the mixed powders were
evaporated to dryness, broken with a mortar and passed
through a 50-mesh sieve.

Specimens (3ecm in diameter by 0.5 cm thick) were
uniaxially hot-pressed in graphite dies lined with grap-
hite washer. Hot-pressing was conducted under nitrogen
at 1870°C for 4 b and at 2030°C for 1h under 22.5 MPa
{Table 1). Cooling was sufficiently rapid, so that the high-
temperature phase was quenched to room temperature.
After removing the specimens from the graphite dies, the
surfaces were ground. The density was determined by
measuring weights and dimensions.

The ground surfaces were then polished using diamond
pastes of 30, 15, 3, 1 um. The polished speeimens were
ultrasonically cleaned in ethanol, rinsed with distilled
water and dried. All of the specimens were examined
using X-ray diffraction(XRD) with CuKc. The polished
specimens were etched using Murakami's etch to reveal
the microstructure. The etched sections were investigated
using optical microscopy, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
indentation fracture test method was used with a load of
10 Kgf, a loading speed of 0.1 mm/sec and a load time of
20 sec on the finished surfaces of the specimens for mea-
surements of fracture toughness and Vickers hardness.

IT1. Results and Discussion

1. Phases present and phase separation behavior

As given in Table 2, the phases present in the solid
solutions under the various hot-press conditions were
determined by XRD analysis. The phases were listed in
ihe order of the amounts present. At 1870°C for 4 h, {or

Table 2. Phases Present in SiC-AIN Solid Solutions

Sample Name | Hot-press conditions Phages present
Temp. ("C}| Time ¢h)

A20 1870 4 2H, 4H, 6H, 15R, 3C
ABD 1870 4 2H, 4H, 6H, 15R, 3C
A7) 1870 4 2H, 4H, 6H, 15R, 3C
A%0 1870 4 2H, 4H, 6H
A20 2030 1 2H, 4H, 6H, 15R, 3C
A50 2030 1 2H, 4H, 6H, 15R
AT0 2030 1 9H, 4H, 6H. 15R
A90 2030 1 2H, 411, 61

2W50A 1870 4 2H, 4H, 6H, 158, 3C

HWHOA 1870 4 2H, 4H, 6H, 156R, 3C

8W5hDA 1870 4 2H, 4H, 6H, 15R, 3C

2W50A 2030 1 2H

SWa0A 2080 1 2H

BWH0A 2030 1 2H, 4H

the samples A20, A50 and A70, the hexagemal 2H phase
is the strongest with hexagonal 4H and 6H present and
possihly some rhomhbaohedral 15R and 3C, whereas for the
sample A90 the 2H with 4II and 6 are the observed
phases. At 2030°C for 1h, for the sample AZ0 the 2H
phasge is the strongest with 4H and 6H present and possi-
bly some 15R and 3C, while for the sample A0 and A70
the 3C phase was transformed to the hexagonal and rhom-
bohedral phases, and for the sample A90 the 2H, 4H and
6H are present.

Results for the samples 2W50A, 5W50A and 8WGH0A at
1870°C for 4 h were similar to the result for the sample
A5Q at 1870°C for 4h. On the other hand, when these
compositions were hot-presgsed at 2030°C for 1h, a single
solid solution of 2H was cobtained for the sample 2WB0A
and 5W50A and 2H with some 4H for the sample SW50A.
These results indicate that the reaction of AIN and p-SiC
powders causing the transformation to the ZH phase
appeared to depend on the hot-pressing temperatures and
the additives of ¢-SiC present. The reason why ithe «-SiC
present, affects the transformation to the 2H phase of SiC-
AIN solid solutions may be attributed to the isostructure
of o-SiC and AIN. The lattice parameters of the two struc-
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Fig. 1. XBD patterns of SiC-AIN solid solutions for the sam-
ple (a) A50 and (b) 5W5B0A hot-pressed at 2030°C for 1 h.

tures are a=0.3072 and ¢=0.5068 nm for w-SiC and a=
0.3111 and ¢=0.4978 nm for AIN."

Typical XRD patterns on the samples ABQ and HWHOA
at 2030°C for 1h are shown in Fig. 1. The hexagonal lines
with various splittings on the sample A50 in Fig. 1{a)
indicate the 2H =olid solution with various polytypes,
whereas the strong hexagonal lines with the absence of
any splitting indicate that the sample 5W50A is a single
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Fig. 3. Scanning electron micrographs and high magnifications of SiC-AIN solid solutions for the sample 2W50A ((a), (b)) and
5EW50A((cY, (d)) as hot-pressed at 2080°C for 1 h. The arrows of (a) and (b} indicate the samall amount of columnar inter-grains.
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Fig. 2. XBRD paiterns of 3iC-AIN sohd solutions for the sam-
ple {(a} ABD and (b) A70 hot-pressed at 2030°C for 1h show-
ing the typical splitting of the (110) reflection at 20=59.6% (a)
the sample A50 indicates the splitting at 20=59.530° and

60.205° and (b) the sample AT70 indicates the splitting at
20=59.455" and 60.066".

golid solution of 2 H in Fig. 1(h). For this solid solution,
the 20 value for the (100) reflection is 33.3°, while that for
AIN would be 33.2° and that for S8iC (2H) would be 33.7°
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Tig. 2 shows the typical splitting of the (110) reflection
of the samples A50 and A70 at 2030°C for 1h. Fig. 2(a)
for the sample A50 shows the typical splhitting at 20
=59.530° and 60.205°, which indicates the high intensity
value of a Si-rich phase. On the other hand, Fig. 2 (b) for
the sample A70 shows the splitting at 206=59.455° and
60.066°, which indicates the high intensity value of an Al-
rich phase. The crystalline of the SiC-AIN solid solutions
congisted of two main phases: one was the SiC-rich solid
solution phase and another was the AlN-rich solid solution
phase.** The (110) reflection of the SiC-AIN solid solution
provides the maxinmum possibility of observing splitting with
the two phases of identical structure due to slightly differ-
ent lattice parameters. It had the largest 26 difference
between SiC and AIN of the major diffraction peaks, This
phase separation was presumned to be of spinodal or binodal
decomposition, considering the peak splitting behavior.'>'>*”

2, Microstructural evolution with columnar inter-
grains

Results of SEM studies were good agreement with XRD
results. Fig. 3 and 4 show typical microstructures of the
SiC-AIN solid solutioms for the samples 2W50A, 5W5E0A
and §W50A, as hot-pressed at 2030°C for 1 h, which previ-
ously were etched using Murakami's etch. All of the sam-
ples had densities in excess of 99% of theoretical density.
According to the XRD results, for the compesition of 49%
AIN/49% SiC with an additive of 2 wt% 0-SiC (2W50A) or
47.5% AIN/AT.5% SiC with an additive of 5 wt% o-SiC
(5W50A), the complete solid solutions with a single phase
of 2H was obtained by hot pressing at 2030°C for 1 h. The
microstructures of the samples 2W50A and 5W50A in Fig,
3 show relatively uniform grain size distributions. The
sample 2WH0A exhibits a small amount of columnar
inter-grains in the grain by the arrow in Fig. 3{a) and Fig.
3(b). Tn contrast, the sample SW50A exhibits an inhomo-
geneous size distribution and a large proportion of heavy
strained and faulted grains in Fig. 4(a) and with exapger-
ated columnar inter-graine in complicated grain mixtures
in Fig. 4(b), which suggest either untransformed or in the
process of the transformation from 4H to 2H. Fig. 5 shows
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Fig. 4. Scanning electron micrograph of SiC-AIN solid solu-
tion for the sample 8W50A as hot-pressed at 2030°C for 1L

a TEM micrograph (a} and diffraction patterns((b) and (c))
of the columnar inter-grain in the 2H phases. The colum-
nar inter-prain was identified to be 4H (Fig. 5(c)) and the
surrounded phase to be 2H (Fig, 5(b)). Therefore, it is noted
that the appreciable amount of o-SiC could develop the
columnar intergrains of 4H phase and the stable 2H phase
with the uniform composition and grain size distributions,

3. Tentative phase dicgram
Fig. 6 shows a tentative SiC-AIN phase diagram.* For

Fig. 5. Transmission eleciron micrograph (a) and diffraction patterns of 211 phase (b) and 4H phase (¢} in SiC-AlN solid solutions.
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Fig, 6. Tentative SiC-AIN phase diagram.'”

the pure-SiC axis of the diagram, it 18 assumed that the
sequence of stable polytypes with increasing temperature
is B, 2H, 4H, 6H. This sequence is not clearly ohserved
experimentally because of the very close thermodynamic
stability of the polytypes. The mixture of hexagonal poly-
types was observed between 1870°C and 2030°C tempera-
ture range in this study. It could be assumed that the
AIN and B-SiC transformed to p-2H, 6H-4H and 4H-2H,
The metastable § phase ig shown above 1600°C and may
extend to around 2000°C. Above 2000°C a single solid
solution (designated &) with the 2H structure and 2H+4H
two phase are observed from 23% AIN to 100% AIN, The
miscibility gap has been suggested hy Rafaniello et. al”
who conducted annealing experimenls of solid sclutions
obtained by carbothermal reduction reaction. They found
that the solid solutions, which were obtained at low tem-
peratures, were metastable and tended to separate to SiC-
rich and AlN-rich phases, denoted here as §, and 3§,
respeclively. The SiC-rich and AlN-rich phases were also
observed in the sample AS0 and A70 hot-pressed at
2030°C for 1h in Fig. 2. It seems certain thai the loca-
tion of the miscibility gap and the other phase bound-
aries in the diagram are dependent on the raw materials,
additives and pressures. It was considered that the p-SiC
content of the reaction of AIN and B-SiC affected the SiC-
AIN phase relationships and the microstructures by stabi-
lizing the 2ZH phase. The appreciable amount of o-SiC
could develop the stable 2H phase with the ecolumnar
inter-grains of 4H phase at 2030°C.

4. Mechanical properties

Table 3 shows results from the fracture toughness and
Vickers hardness measurements for the SiC-AIN solid
solutions. The fracture toughness of the sample 5WH0A
was 5.4 MPa  m"™ and the sample 2W50A and 8W50A
were 5.3 and 5.1 MPa + m"®, respectively. These values of
the fracture toughness are higher than other works'™#*"
in the SiC-AIN solid solutions, which presented the val-
ues ranged between 3.7 and 4.6 MPa + m"®, The enhanced
fracture toughness of this study is due to the reinforce-
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Table 3. Fracture Toughness and Vickers Hardness of SiC-
AIN Solid Solutions Hot-Pressed at 2030°C for 1h

Sample name | Fracture toughness | Vickers hardness
(MPa - m") (GPa)
IWE0A 5.2971.23 17.09=0.15
aWa0A 543+1.11 18.81+t0.12
SWH0A 505X 1.54 16.68+11.34

20 KV x7.00K ‘4.B94m

Fig. 7. Crack deflection lip at a eolumnar inter-grain in SiC-
AIN solid solutions, which was departed from the surface
after measurements, showing the interaction between a crack
and a columnar inter-grain,

ment of the columnar inter-grains of 4H phase in the 2H
phase induced by the appreciable amount of o-SiC, Fig. 7
shows the crack deflection tip at a columnar inter-grain in
SiC-AIN solid solutions, which was departed from the sur-
face after measurements. The fracture toughness is
mncreased through the crack deflection when cracks meet
the columnar inter-grains. Thus the inter-grains interact
with the crack and work as the reinforcement in SiC-AIN
solid solutions. The average hardness on the sample
ZW50A, 5W5E0A and 8W5B0A shows the value of 16.7 and
18.8 GPa, which shows no difference comparing with other

work, ™

1V. Conclusions

SiC-AIN solid golutions were prepared from powder mix-
tures of B-SiC, AIN and o-SiC by hot-pressing in the
1870°C to 2030°C temperature range. The reactian of AIN
and [(-SiC powders causing transformation to the 2H
structure appeared to depend on the hot-pressing temper-
atures and additives of u-SiC present. The crystalline of
the SiC-AIN solid solutions consisted of a SiC-rich solid
solution phase and an AlN-rich solid solution phase. For
the composition of 49 wt% AIN/AY wt% SiC with 2 wt% o-
SiC (2WBOA) and 47.5 wt% AIN/A7.5 wt% SiC with 5 wt%
o-8iC (5W50A) at 2030°C for 1 h, the complete solid solu-
tions with a single phase of 2H could be obtained. The
appreciable amount of 0-SiC could develop the colummar



September 1999

inter-graing of 4H phase and the stable 2H phase with
the relatively uniform composition and grain size distribu-
tions. The fracture toughness of the sample SW50A was
5.4 MPa-m' and the sample 2W50A and 8W50A were 5.3
and 5.1 MPa - m", respectively, which are higher than
other works in SiC-AIN solid solutions. The enbanced
fracture toughness is due to the reinforcement of the
columnar inter-graing of 4H phase in the 2H phase
induced by the appreciable amount of ¢-SiC.
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