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a b s t r a c t

AlN–SiC solid solutions were synthesized by self-propagating combustion of powders consisting of Al, Si
and carbon black (CB) under low nitrogen pressure (0.1–0.5 MPa), with the molar ratio of Al and Si, and
nitrogen pressure as the main investigating parameter. The products were mainly AlN–SiC solid solution
with a residual Si, and the morphology was of hexagonal crystal. Nearly pure AlN–SiC solid solution,
also having the best solid-solution homogeneity in this study, was obtained by adding extra CB to the
starting powders. The best Al/Si molar ratio was 1 or 1.5 and the combustion results indicated that better
eramics
itride materials
olid state reactions
icrostructure

combustion produced a higher combustion temperature, greater product purity, and better solid solution
homogeneity. Increasing nitrogen pressure (from 0.1 to 0.5 MPa) moderately increased the combustion
temperature and the product homogeneity, but combustion velocity increased by around 65%. The full
width at half maximum (FWHM) of AlN–SiC solid solution’s (1 1 0) XRD peak, served as the homogeneity
index for the AlN–SiC solid solution (D. Kata, K. Shirai, M. Ohyanagi, Z.A. Munir, J. Am. Ceram. Soc. 84
(2001) 726–732.), of all samples were summarized with the reported values in the literature, where our

arab
FWHM values were comp

. Introduction

Aluminum nitride (AlN) is a promising advanced ceramic
ecause of its excellent physicochemical properties, such as high
hermal conductivity, high electrical resistance, low dielectric con-
tant, low thermal expansion coefficient, good thermal shock
esistance, as well as good corrosion resistance [2–5]. Therefore,
lN is especially considered for many heat-dissipation applica-

ions such as IC packaging materials, heat sink, and high thermally
onductive composites. AlN and Silicon carbide (SiC) have similar
H wurtzite-type structures, and closely-matched lattice param-
ters (AlN: a = 3.111, c = 4.979; 2H–SiC: a = 3.076, c = 5.048, unit in
). Therefore, Culter et al. [6] proposed that AlN and SiC could

orm a complete solid solution (denoted as AlN–SiC) to increase
he mechanical properties due to their similar structures and high-
emperature properties.
AlN–SiC has been prepared by several methods, including car-
othermal reduction of a mixture of silica, alumina and carbon
owders under nitrogen, and hot-pressing a mixture consisting of
iC and AlN powders under high nitrogen pressure [7,8]. Recently,
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© 2009 Elsevier B.V. All rights reserved.

combustion synthesis (CS) or self-propagating high-temperature
synthesis (SHS) has been utilized to cost-effectively prepare the
AlN–SiC solid solution. Xue and Munir [9] fabricated the solid solu-
tion via reaction between silicon nitride (Si3N4), Al, and C powders
under an electric field. Using Si3N4 as a reactant, they demonstrated
that solid solution could be produced in a self-sustaining combus-
tion regime under an ambient nitrogen pressure (0.1 MPa) without
an electric field [1]. Other schemes included combustion of powder
mixtures of Al, Si, and carbon in nitrogen [10,11]. It is noted that
residue Si was always present in the final product in above stud-
ies. More recently, powders of AlN–SiC solid solution was prepared
through nitriding combustion of Al, C, and Si3N4 powders in air
[13]. Dense 2H AlN–SiC solid solution was obtained by the post-heat
treatment of dense AlN–SiC composites prepared by spark plasma
sintering [14], where AlN–SiC samples with different phases were
obtained. Because of the importance of AlN–SiC system, properties
(mechanical, thermal, and oxidation behavior) of ternary compos-
ites (AlN–SiC–TiB2 [15], ZrB2–SiC–AlN [16] and AlN–BN–SiC [17])
prepared by different methods have been examined.

Previously, we have successfully prepared hexagonal AlN crys-
tals containing a small amount of residual carbon by combusting
a powder mixture of Al and carbon black (CB) [12] and by com-

busting the Al4C3 powders [18] as well, all under low nitrogen
pressure (<0.5 MPa). CB served as a dispersion agent to avoid Al
coalescence, and remained in the AlN product. In this study, Si pow-
der was added to the starting powder in order to react with the
CB to form SiC. Because CB particles are well dispersed in AlN, the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chmccc@ccu.edu.tw
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Table 1
Summary of combustion temperature and associated phases for different Al/Si molar
ratio.

Al/Si (mol. ratio) Phase diagram (mol.% AlN) Tc (K) Phase region

0.5 33.33 1972 ı1 + ı2

0.75 42.85 2011 ı1 + ı2

1 50 2150 2H–SS

temperature resulted in a metastable solid solution.
Fig. 2 shows the XRD patterns of a green mixture

(Al:Si:CB = 1:1:1) and as-prepared products for different Al/Si
molar ratio under 0.3 MPa nitrogen pressure. The XRD patterns
R.-C. Juang et al. / Journal of Alloy

ormed SiC and the surrounding AlN will have a great opportunity
o form a uniform AlN–SiC solid solution with a hexagonal mor-
hology. Effects of the molar ratio (Al/Si) and nitrogen pressure on
he microstructure, combustion temperature and velocity, as well
s product homogeneity were examined.

. Experimental procedures

Al powder (<30 �m, 99.7% pure, Strem Chem.) and Si powder (<40 �m, 99.5%,
lfa Aesar), CB powder (aggregated size < 10 �m, 99.9% pure, China Synthetic Rub-
er) were used as the reactant. The commercial �-SiC powder (<40 �m, 99% pure,
trem Chem.) and AlN powder (<10 �m, 98%, Acros Organics) were used for com-
arison. Nitrogen was 99.99% pure. The formation of AlN–SiC solid solution follows
he reaction:

l + Si + CB + 1/2N2 → AlN–SiC.

The reactant mixture consisted of Al, Si and CB powders, where the molar ratio
etween Si and CB was 1:1 and the Al amount varied. The molar ratio of Al and Si,
enoted as Al/Si, ranging from 0.5 to 2.5 was one of the parameters in this study. Reac-
ant powders were thoroughly mixed in a grinder for 30 min. The powder mixture
as placed in a cylindrical Al cup, 12 and 14 mm in diameter and height respectively,
ade from Al foil. To facilitate nitrogen infiltration, the Al cup was made porous by

unching several hundred tiny holes around the surfaces. The Al cup, contained
he reactant mixture, was placed into a reaction chamber filled with nitrogen at a
ontrolled pressure ranged from 0.1 to 0.5 MPa.

A tungsten coil, placed 2 mm above the reactant powders, was used as the heat
ource (the heating power was kept at 1500 W) to trigger the reaction. The electrical
ower was shut off immediately when the ignition started.

A pyrometer (Chino, IR-AHS, temperature range 800–3300 K) equipped with
data acquisition system recorded the combustion temperature. The combustion

equences, recorded by a high-speed charge couple device (CCD, Toshiba, jk-c40),
ere monitored and stored in a VCR. Locations of the combustion waves and the

ssociated elapsed time from the recorded combustion snapshots were used to
etermine the combustion velocity.

The product morphology and phase constitution were analyzed using a scanning
lectron microscopy (SEM, Jeol, JSM-5410) and X-ray diffractometer (XRD, Shimadzu,
RD-6000), respectively.

. Results and discussion
The combustion temperature (Tc) and combustion velocity (v)
re shown in Fig. 1, where both Tc and v have similar trends (because
hey are kinetically related) and reached their respective maximum
t Al/Si = 1.5. A phase diagram for AlN and SiC system has been
xperimentally obtained [19], stating that a critical temperature

ig. 1. Combustion temperature and velocity varied with Al/Si molar ratio under
.3 MPa nitrogen pressure.
1.5 60 2287 2H–SS
2 66 2142 2H–SS
2.5 71.42 2115 ı1 + ı2

around 2123 K separated the stable solid solution region (denoted
as 2H) and the metastable region, which tended to separate into
AlN-rich and SiC-rich phase (denoted as ı1 and ı2, respectively).
For temperature above 2123 K, the AlN and SiC system located in
the 2H stable solid solution region. Table 1 summarizes combus-
tion temperature data and the corresponding phases for different
Al/Si. When Al/Si was respectively 1, 1.5 and 2, the combustion tem-
perature exceeded the critical temperature of 2123 K, indicating the
as-prepared products were all stable AlN–SiC solid solution. On the
other hand, when Al/Si was 0.5, 0.75 or 2.5, the low combustion
Fig. 2. XRD patterns of a green mixture and the as-prepared products varied with
Al/Si molar ratio under 0.3 MPa nitrogen pressure.
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evealed the main constituent was AlN–SiC solid solution. Com-
ared to combusted samples, the XRD pattern of green mixture
as a broad band (above the baseline) ranging from 20 to 35◦,
ontributed from the small-sized CB. For Al/Si less than 1, the
s-prepared products consisted of the main AlN–SiC solid solution,
esidual Si and trace of SiC, indicating excess Si and carbon. For
l/Si at 1 and 1.5, intensity of AlN–SiC peaks greatly increased
robably due to the higher combustion temperature. SiC was
lmost invisible, but an extremely small amount of Al emerged
hen Al/Si was 1.5. The intensity of Si decreased and residual Si still

xisted in the product probably resulted from aluminum loss at the
levated temperature, due to aluminum’s low melting point. This
mperfection was remedied and will be addressed shortly. When
l/Si further increased to 2 and 2.5, the AlN–SiC solid solution
eteriorated from the decreased AlN–SiC peaks and emerging
l peaks. Solid solution deterioration became more severe when

he molar ratio was 2.5, having the largest amount of excess Al.
ecause the Si and CB ratio maintained at 1:1, therefore the relative
mount of CB dispersion agent was smaller when Al/Si increased.
ue to less dispersion available, Al coalescence was severe result-

ng in poor combustion performance. This is also the reason for
ecreased combustion temperature decreased when excess Al was

n the green mixture. Single-phase SiC was detected for the green
ixtures containing excess Si (Al/Si = 0.5 and 0.75) and having Al

oalescence (Al/Si = 2.5). For good combustion cases to yield a good
lN–SiC solid solution, Si and C atoms were incorporated into the
lN–SiC solid solution such that no single-phase SiC was detected.
oncluding from the above results, the best Al/Si molar ratio was 1
r 1.5. Compared to the best Al/Si cases, the main peak of AlN–SiC
hifted a little for the other molar ratios.

In addition to the phase constituent in the products, the most
mportant property for the solid solution is its homogeneity. The
WHM of the (1 1 0) peak of AlN–SiC has been proposed [1] as
good homogeneity index for the AlN–SiC solid solution. When

he FWHM value is smaller, solid solution homogeneity is better.
he previously mentioned lattice structure similarity between the
exagonal AlN and 2H-SiC results in only small differences in their
RD patterns (hexagonal AlN, JPCD card no. 25-1133; 2H SiC, JPCD
ard no. 29-1130), except for a unique diffraction peak of 2H–SiC
t 2� = 41.383◦. Compared to other diffraction peaks, the difference
etween the AlN’s and 2H–SiC’s (1 1 0) is the largest among the
ominant diffraction peaks so that it is relatively convenient to use
1 1 0)’s FWHM as the index to describe the AlN–SiC solid solution
omogeneity. The fine scans were carried out from 58 to 61◦ around
he (1 1 0) peak. Fig. 3a shows the enlarged (1 1 0) peak for Al/Si
s 1, where an obvious right shoulder presented near the (1 1 0)
eak. This shoulder results from the Cu K�2 irradiation producing
he unsymmetrical (1 1 0) peak via diffraction peak superposition
rom K�1 and K�2 irradiations. Normally, the K�2 irradiation is
nimportant and negligible because it is extremely close to the
�1 irradiation since the wavelength difference between Cu K�1
nd K�2 is only around 0.004 Å. However, K�2 irradiation read-
ly affects the (1 1 0)’s FWHM accuracy because of the extremely
mall range of the diffraction angle shown in Fig. 3a. Hence, the
iffraction from K�2 irradiation for all samples is removed using
he X-ray diffractometer software. After removing the diffraction
eaks by K�2 irradiation, the (1 1 0) peaks for various Al/Si shown in
ig. 3(b)–(g) were symmetrical. In Fig. 3, the peak gradually shifted
o the left as Al/Si increased. For comparison purpose, the (1 1 0)
eak of the sample under the best molar ratio (Al/Si = 1 or 1.5) was
sed as the reference. The (1 1 0) peak shifted to the right for smaller

olar ratios, while it shifted to the left for the larger molar ratios.

ight- and left-shifted peaks respectively indicated the sample was
iC-rich and AlN-rich solid solution.

The FWHM also depends on the crystallinity and size of particles.
article size and crystallinity is typically determined from the struc-
Fig. 3. Enlargement of (1 1 0) peak of AlN–SiC solid solution for different Al/Si. (a)
Original data, (b)–(g) data after removing the diffraction peak from the K�2 irradi-
ation.

ture of the most dominant peak. From the sharp (1 0 0) peaks shown
in Fig. 2, the crystallinity of the as-prepared samples was all pretty
good. Fig. 4 also shows that the (1 0 0)’s FWHM was relatively uni-
form, suggesting that AlN–SiC grain size did not differ greatly. Fig. 4
also shows the variation of (1 1 0)’s FWHM was greater than that of
(1 0 0)’s. This is unusual that the FWHM variation of a less domi-
nant peak is greater than that of the most dominant peak. Using
the (1 1 0)’s FWHM to describe the homogeneity of the AlN–SiC
solid solution is acceptable under the similar crystallinity and grain
size. The measured FWHM values for different Al/Si were given in
Fig. 4, showing the lowest FWHM occurred at Al/Si = 1.5. Recall-
ing the results of combustion temperature (Fig. 1), XRD patterns
(Fig. 2) and FWHM (Fig. 4), it is consistent that a better combustion
results in a higher combustion temperature, larger product purity,
and a better homogeneity of solid solution as well. The FWHM curve
in Fig. 4 is almost inverse to the combustion temperature curve
in Fig. 1. A better combustion not only produces a better product
purity and homogeneity but also has a better morphology. Fig. 5
shows the SEM images of as-prepared products for different Al/Si.
Agglomerates of fine particles were observed for small values of
Al/Si (0.5 and 0.75). When Al/Si reached 1, a hexagonal-like crystal

began to emerge. A better crystal structure was obtained for larger
Al/Si (1.5 and 2), compared to the cases for Al/Si at 0.5 and 0.75. As
for the sample with excess Al (Al/Si = 2.5), the morphology became
aggregated crystalline structure owing to excess Al.
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ig. 4. Effect of Al/Si molar ratio on the FWHM of (1 1 0) and (1 0 0) planes of AlN–SiC
olid solution. Nitrogen pressure is 0.3 MPa.

As mentioned previously, a residual Si remained in the AlN–SiC
roduct. An experiment was carried out with Al/Si as 1, where extra

B was added to react with the residual Si. Fig. 6 shows the XRD pat-
ern and microstructure of the as-prepared AlN–SiC solid solution
molar ratio Al: Si:CB = 1: 1: 1.2) under 0.3 MPa nitrogen pressure.
he XRD pattern in Fig. 6a shows product purity as extremely high,

ig. 5. SEM micrographs of as-prepared products. Al/Si = (a) 0.5, (b) 0.75, (c) 1, (d)
.5, (e) 2, (f) 2.5.
Fig. 6. Sample prepared by combusting powders with the molar ratio
Al:Si:CB = 1:1:1.2 under 0.3 MPa nitrogen pressure: (a) XRD pattern, (b) SEM
micrograph.
almost pure AlN–SiC solid solution. This result indicated that resid-
ual Si can be removed very efficiently simply by adding extra CB.
Moreover, FWHM of this high-purity sample was 0.271, which was
the lowest value in this study. The SEM image in Fig. 6b shows

Fig. 7. Effects of nitrogen pressure on the combustion temperature and velocity.
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ig. 8. XRD patterns of as-prepared products under different nitrogen pressure.
l/Si = 1.

single hexagonal AlN–SiC crystal, suggesting a lower degree of

ggregation.

The effects of nitrogen pressure on the combustion were
lso investigated. Fig. 7 shows moderately increasing combus-
ion temperature and velocity with increasing nitrogen pressure.

hen nitrogen pressure increased from 0.1 to 0.5 MPa, combus-

ig. 9. Effect of nitrogen pressure on the FWHM value of AlN–SiC’s (1 1 0) plane.
Fig. 10. Summary of FWHM values in this study and available in literature.

tion temperature increased about 200 K while combustion velocity
increased to around 65%. The increase of nitrogen pressure read-
ily facilitates nitrogen diffusion to enhance combustion. Fig. 8
shows the XRD patterns of products under different nitrogen pres-
sure (Al:Si:C = 1:1:1). These XRD results were not influenced by
the nitrogen pressure in the range from 0.1 to 0.5 MPa. How-
ever, the solid solution homogeneity slightly increased reflected
by the small decrease of FWHM (Fig. 9) as increasing nitro-
gen pressure increased. All the obtained FWHM values in this
study and those available in the literature [8,9,11,20] were sum-
marized in Fig. 10. Although our FHWM values are not better
than the reported values, they are comparable. The morphology
of as-prepared AlN–SiC solid solution is also hexagonal, which is
different from the usual sphere-like shape reported in the litera-
ture.

4. Conclusions

Hexagonal AlN–SiC solid solutions were successfully obtained
by self-propagating combustion of powders consisting of Al, Si and
CB under low nitrogen pressure. The products were mainly AlN–SiC
solid solution with a residual Si, and the product morphology was
of hexagonal shape. A nearly pure AlN–SiC solid solution, also hav-
ing the best solid-solution homogeneity, was obtained by adding
extra CB to the starting powders. The best Al/Si molar ratio was
1 or 1.5, indicating a better combustion results in larger combus-
tion temperature, greater product purity, and better solid solution
homogeneity. Increasing nitrogen pressure moderately increased
combustion temperature and product homogeneity, but combus-
tion velocity increased by around 65%. The obtained FWHM values
of all samples were summarized with the reported values in the
literature, where our FWHM values were comparable to reported
values.
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