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Dense aluminum nitride–silicon carbide (AlN–SiC) solid solu-
tions with a 2H structure were fabricated by the post-heat treat-
ment of dense AlN–SiC composites fabricated by spark plasma
sintering (SPS). The changes in the relative density, microstruc-
ture, and phases present were investigated for the compositions
of 25 mol% AlN–75 mol% SiC (AlN 25), 50 mol% AlN–50
mol% SiC (AlN 50), and 75 mol% AlN–25 mol% SiC (AlN
75). The AlN–SiC composites fabricated by the SPS were dense
ceramics with fine microstructures and composed of 2H and 6H
AlN–SiC solid solutions. The AlN 50 samples heat treated at
22001C and the AlN 75 samples heat treated at 21001C were
also dense ceramics and composed of only the 2H AlN–SiC solid
solution. In contrast, the AlN 25 samples heat treated at 22001C
were porous ceramics and composed of several AlN–SiC solid
solutions (2H, 4H, 6H, and 15R), and the AlN 75 samples heat
treated at 22001C were decomposed into an Al melt. Dense
AlN–SiC solid solutions composed of only the 2H phase can be
obtained by controlling the heat-treatment temperatures, except
for the AlN 25 sample.

I. Introduction

SILICON carbide (SiC) has excellent mechanical properties
and oxidation and corrosion resistance at high tempera-

tures. This implies that the SiC ceramics can be used for high-
temperature structural applications. In addition, SiC is a
semiconductor with a very wide bandgap (3.2 eV, which is
three times that of silicon). Therefore, SiC has a great po-
tential in high-performance semiconductor devices used in
power electronics. Aluminum nitride (AlN) has an excellent
thermal conductivity (320 W/mK for a single crystal, which is
comparable to that of Al) and excellent electrical insula-
tion.1,2 Therefore, AlN has been used as a substrate materi-
al in power electronics. AlN is also used for manufacturing
semiconductors because of its high resistance to halogens
and plasma.3

In 1978, Cutler et al.4 reported that AlN and SiC form a 2H
solid solution over a wide range of compositions. Rafaniello
et al.5 investigated the phase stabilities of the AlN–SiC solid so-
lutions and reported that spinodal decompositions occurred
when these solid solutions were annealed at lower temperatures.
Subsequently, Zangvil and Ruh6 presented a tentative AlN–SiC
phase diagram. AlN–SiC solid solutions have potential applica-
tions as not only structural materials7–10 but also new functional
materials.11–15 However, it is difficult to fabricate dense 2H
AlN–SiC solid solutions due to the high covalence and low
diffusion coefficients of AlN and SiC. In general, hot pressing

(HP) has been used to obtain AlN–SiC solid solutions. Howev-
er, firing at a high temperature (above 21001C) for a long time
(for 4 h or more) is required to obtain dense 2H AlN–SiC solid
solutions from powder mixtures of AlN and SiC with sintering
additives such as Y2O3.

8,16 Rafaniello et al.11 prepared AlN–SiC
solid solutions powders using the sol–gel process and sintered
them dense by HP, but these powders contained large amounts
of free carbon and silica. Although we also obtained 2H AlN–
SiC solid solutions at 20001C by firing for 1 h using pressureless
sintering (PLS) without sintering additives,15 dense ceramics
were not obtained. Even if sintering additives such as Y2O3

were used for the densification of AlN–SiC composites by PLS,
a long holding time was required to obtain AlN–SiC solid
solutions.17,18 Furthermore, the sintering additives may affect
the microstructures and intrinsic properties such as electrical
conduction. It has been reported that spark plasma sintering
(SPS) can shorten the sintering time and lower the sintering
temperature of AlN–SiC composites with Y2O3 as sintering ad-
ditive.19 Shirai et al.20 carried out low-temperature sintering of
SiC nanopowder with a small amount of AlN using SPS. We
have also reported that the SPS can provide dense AlN–SiC
composites without sintering additives, which have a fine mi-
crostructure with smaller grains but comprise several solid so-
lution phases.21 According to the phase diagram of AlN–SiC,6

the SPSed dense AlN–SiC composites without additives should
be 2H single phase by heat treatment at a higher temperature.
Furthermore, the heat-treatment temperature and time are ex-
pected to be lower and shorter because a fine microstructure
should result in a higher rate of mass transfer.

In this study, we fabricated dense 2H AlN–SiC solid solutions
by SPS, followed by post-heat treatment. First, dense AlN–SiC
composites were fabricated by the SPS at a lower temperature
for a short sintering duration in order to obtain a finer micro-
structure. The dense 2H AlN–SiC solid solutions were then
fabricated by heat treatment up to 22001C.

II. Experimental Procedure

AlN powder synthesized by the reduction–nitridation method
(Grade F, Tokuyama Corp., Tokyo, Japan, mean particle
size5 0.6 mm) and a-SiC powder synthesized by the Acheson
method (OY-20, Yakushima Denko Co. Ltd., Tokyo, Japan,
mean particle size5 0.55 mm) were used as the starting powders.
They were wet mixed in ethanol for 24 h using SiC balls and a
nylon pot. The starting compositions were 25 mol% AlN–75
mol% SiC (AlN 25), 50 mol% AlN–50 mol% SiC (AlN 50),
and 75 mol% AlN–25 mol% SiC (AlN 75). After drying, the
mixtures were sieved using a 250-mm nylon mesh to form gran-
ules. The granules wereplaced in graphite molds (inner diame-
ter5+25 mm) lined with a graphite foil. SPS was performed at
20001C for 10 min under an Ar atmosphere at 1 atm. A constant
uniaxial pressure of 30 MPa was applied during the SPS. After
the holding time, the power supply was shut down and the
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uniaxial pressure was released immediately. Using a diamond
wheel and cutter, the sintered samples were cut into 3 mm�
3 mm� 20 mm test pieces. These test pieces were placed in a
carbon crucible and molded in a packing powder with the same
composition as the test piece in order to prevent a composition
shift caused by evaporation or decomposition. They were heat
treated at 20001–22001C for 3 h under an Ar flow using an
induction-heating furnace to obtain the AlN–SiC solid solu-
tions. Subsequently, the surfaces of the heat treated samples
were ground to remove the adhered packing powder using a
diamond buffer.

We evaluated the relative densities, compositions, microstruc-
tures, and phases present in the sintered and heat treated samples.
The relative densities were measured using the Archimedes meth-
od. Determining the compositions (AlN content) of the samples,
elemental analyses were carried out by X-ray fluorescent analysis
(XRF). Although Al and Si were detected by XRF, the anions (C,
N) and other impurities were not detected because these anions

are light elements and the starting materials have high purity.
Thus, we can consider a change in the AlN content of a sample as
a change in its Al content. The calibration curves for determining
the Al contents of the samples were obtained using the mixtures
of raw powders of AlN and SiC. Their microstructures were
evaluated using a scanning electron microscope (SEM). The sam-
ples for the evaluation of the microstructures were polished with a
diamond paste (2–4 mm), and then chemically etched by boiling
Murakami’s reagent (10 g of K3Fe(CN)6, 10 g of KOH, and 100 g
of water). The phases present were evaluated using an X-ray
diffractometer with CuKa radiation.

III. Results

(1) Relative Densities

Figure 1 shows the relative densities of the samples. For all the
compositions, the relative densities of the samples sintered at
20001C were over 99.5% of the theoretical densities; this is the

Fig. 1. Relative densities of the SPSed and HTed samples.
Fig. 2. AlN contents of the SPSed and HTed samples. AlNinit means
the initial contents of AlN in the samples.

Fig. 3. SEM images of the AlN 25 samples: (a) SPSed at 20001C for 10 min. (b) SPS-HTed at 21001C for 3 h. (c) SPS-HTed at 22001C for 3 h.

May 2008 Use of Post-heat Treatment to Obtain 2H Solid Solution in AIN–SiC Mixtures 1549



same result as that obtained in our previous study (AlN 25:
99.8%, AlN 50: 99.2%, and AlN 75: 99.6%).21 The samples heat
treated at 20001C were also dense materials (AlN 25: 98.7%,
AlN 50: 99.2%, and AlN 75: 99.3%). The relative densities of
the samples heat treated at 21001C decreased slightly, except for
the AlN 50 samples (AlN 25: 96.6%, AlN 50: 99.2%, and
AlN 75: 98.8%). After heat treatment at 22001C, the change
in the relative densities depended on the composition (AlN 25:
67.7% and AlN 50: 99.2%). Note that we could not evaluate the
AlN 75 sample heat treated at 22001C because the sample
decomposed and the Al melt appeared. Although the weight
loss caused by the adhesion of the packing powders was not
measured, it is considered to be below 5% of that in our pre-
vious study.15

(2) Composition

Figure 2 shows the changes in the AlN contents of the samples
measured by XRF. In Fig. 2, the quantity AlN/AlNinit on the
y-axis denotes the ratio of the Al content of a sample after the
SPS or the heat treatment process to its initial AlN content
(AlNinit). The AlN contents of the samples sintered at 20001C
were almost the same as those in the starting compositions (AlN
25: 26.0 mol%, AlN 50: 49.4 mol%, and AlN 75: 76.0 mol%);
therefore, the AlN/AlNinit ratios of the samples were close to 1.
The AlN contents of the samples heat treated at 20001C were
also close to their starting compositions (AlN 25: 25.0 mol%,
AlN 50: 51.6 mol%, and AlN 75: 76.3 mol%). Further, the AlN
contents of the samples heat treated at 21001C were also close to
the starting compositions, except for the AlN 25 sample (AlN
25: 16.9 mol%, AlN 50: 51.7 mol%, and AlN 75: 75.9 mol%),
and the AlN/AlNinit ratios of the AlN 25 samples decreased
below 0.7. Subsequently, the AlN contents of the samples heat
treated at 22001C were significantly different from their starting
compositions (AlN 25: 10.8 mol% and AlN 50: 52.3 mol%),

and the AlN/AlNinit ratios of the AlN 25 samples decreased to
almost 0.4.

(3) Microstructures

Figures 3–5 present SEM images of the polished and chemically
etched surfaces of the sintered and heat treated samples. Note
that the SEM image of the AlN 25 sample heat treated at
22001C was taken from the fractured surface. Although the
samples sintered at 20001C had dense textures, their grain sizes
were different for different compositions. The AlN 25 and AlN
50 samples were composed of small grains (approximately
1 mm); in contrast, the AlN 75 sample was composed of larger
grains (approximately 2 mm). The samples heat treated at
20001C were dense ceramics, and the grain sizes were almost
the same as those of the sintered samples. In contrast, the mi-
crostructures of the samples heat treated above 21001C were
different for different compositions. The AlN 25 and AlN 75
samples heat treated at 21001C were dense ceramics with slightly
larger grains than the samples sintered at 20001C (AlN 25:
approximately 2 mm, AlN 75: approximately 5 mm). Although
the AlN 50 samples heat treated at 22001C were also dense ce-
ramics, the samples were composed of large grains (approxi-
mately 10 mm). The AlN 25 samples heat treated at 22001C were
porous ceramics with large grains (approximately 10 mm).

(4) Phases Present

Figures 6–8 show the phases present in the samples. The phases
present in the samples sintered at 20001C were 6H and 2H; this
implied that the AlN and SiC did not form the AlN–SiC solid
solutions but formed the AlN–SiC composites. The phases pres-
ent in the samples heat treated at 20001C were also 6H and 2H,
and the diffraction intensity of the 6H phase was not changed.
The phases present in the samples heat treated at 21001C were

Fig. 4. SEM images of the AlN 50 samples: (a) SPSed at 20001C for 10 min. (b) SPS-HTed at 22001C for 3 h.

Fig. 5. SEM images of the AlN 75 samples: (a) SPSed at 20001C for 10 min. (b) SPS-HTed at 21001C for 3 h.
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different for different compositions. For the AlN 25 and AlN 50
samples, the 6H and 2H phases were also found, and the diffrac-
tion intensity of the 6H phase was slightly decreased in the AlN
50 sample. In contrast, the AlN 75 sample was composed of only
the 2H phase. The phases present in the samples heat treated at
22001C changed drastically. Although the AlN 50 sample was
composed of only the 2H phase similar to the AlN 75 sample
heat treated at 21001C, the AlN 25 sample was mixture of 6H,
2H, 4H, and 15R phases.

IV. Discussion

In this study, the relative densities correlated with the AlN
contents. The phase stability calculations of AlN and SiC show
that 14 mol% of AlN and 0.2 mol% of SiC are decomposed at
22001C under an Ar atmosphere at 1 atm (calculated by using
FACT-Web programs, online version of the FACTsaget
thermochemical software). Therefore, the decrease in the rela-

tive densities is mainly caused by the loss of AlN. Figures 1 and
2 show that the relative densities of the AlN 25 samples de-
creased with the loss of Al. This result indicates that the de-
composition or evaporation of AlN occurs in the AlN 25
sample. On the other hand, both the relative densities and the
AlN contents are substantially constant in the AlN 50 and AlN
75 samples. These results suggest that no decomposition or
evaporation of AlN occurs in these samples. The slight increase
in the AlN content of the AlN 50 sample is due to the incorpo-
ration of Al from packing materials.

We observed that the microstructures changed with the com-
positions and heat treatment temperatures. The grain sizes of the
AlN 25 sample drastically increased at 22001C, which changed
inversely with a decrease in the relative density. In contrast, the
grain sizes of the AlN 50 sample drastically increased at 22001C
without decreases in the relative densities. This tendency is also
shown in the AlN 75 sample heat treated at 21001C. Because the
sintered samples had dense and fine textures, it is expected that
the heat treated samples should also have dense textures if AlN
or SiC do not decompose. The typical grain growth mechanism
in the AlN 25 sample is stated as below. First, the open pores are
formed by the decomposition of the AlN–SiC solid solutions
and evaporation of AlN from the sample. Next, the evaporated
AlN is condensed on the grains of the residual AlN–SiC solid
solutions. The grain sizes of the AlN 25 samples increased due to
the repetition of these processes. The grain growths in the AlN
50 and AlN 75 samples might be driven not by evaporation–
condensation but by solid-phase diffusion because the textures
of the samples are dense at the heat treatment temperatures. As
we showed in our previous study,15 the differences of the grain
sizes between the AlN 50 and AlN 75 samples could be ex-
plained by the difference of the driving force in the formation of
the solid solutions.

V. Summary

In this paper, we fabricated dense AlN–SiC solid solutions by
the post-heat treatment of dense AlN–SiC composites and dis-
cussed the stability of AlN–SiC solid solutions. This paper can
be summarized as follows:

(1) We obtained dense AlN–SiC solid solutions with fine
microstructures composed of only the 2H phase, except for the
AlN 25 sample.

(2) The optimum heat treatment temperatures to fabricate
dense 2H AlN–SiC solid solutions are 22001 and 21001C for the
AlN 50 and AlN 75 samples, respectively.

(3) The decomposition of the heat treated samples was re-
strained by the dense texture of the sintered samples.

References

1G. A. Slack, ‘‘Nonmetallic Crystals with High Thermal Conductivity,’’ J. Phys.
Chem. Solids, 34, 321–35 (1973).

2G. Long and L. M. Foster, ‘‘Aluminum Nitride: A Refractory for Aluminum
to 20001C,’’ J. Am. Ceram. Soc., 42, 53–9 (1959).

3K. M. Taylor and C. J. Lenie, ‘‘Properties of Aluminum Nitride,’’ J. Electroc-
hem. Soc., 107, 308–14 (1960).

4I. B. Cutler, P. D. Miller, W. Rafaniello, H. K. Park, D. P. Thompson, and
K. H. Jack, ‘‘New Materials in the Si–C–Al–O–N and Related Systems,’’ Nature,
275 [5] 434–5 (1978).

5W. Rafaniello, M. R. Plichta, and A. V. Virkar, ‘‘Investigation of Phase
Stability in the System SiC–AlN,’’ J. Am. Ceram. Soc., 66 [4] 272–6 (1983).

6A. Zangvil and R. Ruh, ‘‘Phase Relationships in the Silicon Carbide–
Aluminum Nitride System,’’ J. Am. Ceram. Soc., 71 [10] 884–90 (1988).

7R. Ruh and A. Zangvil, ‘‘Composition and Properties of Hot-Pressed SiC–AlN
Solid Solutions,’’ J. Am. Ceram. Soc., 65 [5] 260–5 (1982).

8Y.-B. Pan, J.-H. Qui, M. Kawagoe, M. Morita, S.-H. Tan, and D.-L. Jiang,
‘‘SiC–AlN Particulate Composite,’’ J. Eur. Ceram. Soc., 19, 1789–93 (1999).

9Y.-B. Pan, J.-H. Qui, M. Morita, S.-H. Tan, and D. Jiang, ‘‘The Mechanical
Properties andMicrostructure of SiC–AlN Particulate Composite,’’ J. Mater. Sci.,
33, 1233–7 (1998).

10J.-F. Li, M. Sugimori, Y. Kobayashi, and R. Watanabe, ‘‘Synthesis of SiC–
AlN Powder and Characterization of its HIP-Sintered Compacts,’’ J. Ceram. Soc.
Jpn., 108 [3] 265–70 (2000).

11W. Rafaniello, K. Cho, and A. V. Virkar, ‘‘Fabrication and Characterization
of SiC–AlN Alloys,’’ J. Mater. Sci., 16, 3479–88 (1981).

Fig. 6. XRD patterns of the SPSed and HTed AlN 25 samples: (a)
SPSed at 20001C for 10 min. (b) SPS-HTed at 20001C for 3 h. (c) SPS-
HTed at 21001C for 3 h. (d) SPS-HTed at 22001C for 3.

Fig. 7. XRD patterns of the SPSed and HTed AlN 50 samples: (a)
SPSed at 20001C for 10 min. (b) SPS-HTed at 20001C for 3 h. (c) SPS-
HTed at 21001C for 3 h. (d) SPS-HTed at 22001C for 3 h.

Fig. 8. XRD patterns of the SPSed and HTed AlN 75 samples: (a)
SPSed at 20001C for 10 min. (b) SPS-HTed at 20001C for 3 h. (c) SPS-
HTed at 21001C for 3 h.

May 2008 Use of Post-heat Treatment to Obtain 2H Solid Solution in AIN–SiC Mixtures 1551



12M. Miura, T. Yogo, and S. Hirano, ‘‘Mechanical and Thermal Properties of
SiC–AlN Ceramics with Modulated Structure,’’ J. Ceram. Soc. Jpn., 101 [11]
1281–6 (1993).

13R. Roucka, J. Tolle, A. V. G. Chizmeshya, P. A. Crozier, C. D. Poweleit, D. J.
Smith, I. S. T. Tsong, and J. Kouvetakis, ‘‘Low-Temperature Epitaxial Growth of
the QuaternaryWide Band Gap Semiconductor SiCAlN,’’ Phys. Rev. Lett., 88 [20]
206102 (2002).

14J. Tolle, R. Roucka, A. V. G. Chizmeshya, P. A. Crozier, D. J. Smith, I. S. T.
Tsong, and J. Kouvetakis, ‘‘Novel Synthetic Pathways to Wide Bandgap Semi-
conductors in the Si–C–Al–N System,’’ Solid State Sci., 4, 1509–19 (2002).

15R. Kobayashi, J. Tatami, T. Wakihara, T. Meguro, and K. Komeya, ‘‘Tem-
perature Dependence of the Electrical Properties and Seebeck Coefficient of
AlN–SiC Ceramics,’’ J. Am. Ceram. Soc., 89 [4] 1295–9 (2006).

16M. Miura, T. Yogo, and S. Hirano, ‘‘Phase Separation and Toughening of
SiC–AlN Solid-Solution Ceramics,’’ J. Mater. Sci., 28, 3859–65 (1993).

17J.-F. Li and R. Watanabe, ‘‘Pressureless Sintering and High-
Temperature Strength of SiC–AlN Ceramics,’’ J. Ceram. Soc. Jpn., 102, 727–31
(1994).

18Y.-B. Pan, S.-H. Tan, D. Jiang, J.-H. Qiu, M. Kawagoe, and M. Morita,
‘‘In-Situ Characterization of SiC–AlN Multiphase Ceramics,’’ J. Mater. Sci., 34,
5357–60 (1999).

19X.-Y. Zhang, S.-H. Tan, J.-X. Zhang, D.-L. Jiang, B. Hu, and C. Gao, ‘‘Lossy
AlN–SiC Composites Fabricated by Spark Plasma Sintering,’’ J. Mater. Res., 19
[9] 2759–64 (2004).

20K. Shirai, T. Yamamoto, M. Ohyanagi, and Z. A. Munir, ‘‘Effect of AlN
Addition on the Consolidation of SiC with Stacking-Disordered Structure,’’
J. Ceram. Soc. Jpn., 114 [2] 220–3 (2006).

21R. Kobayashi, J. Tatami, T. Wakihara, K. Komeya, T. Meguro, and T. Goto,
‘‘Evaluation of Al–Si–C–N Ceramics Fabricated by Spark Plasma Sintering,’’
Ceram. Trans., 194, 273–7 (2006). &

1552 Journal of the American Ceramic Society—Kobayashi et al. Vol. 91, No. 5


