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Abstract

AIN powders were synthesized by carbothermal reduction of combustion synthesis precursors. Water-soluble organics and carbon black were used
as carbon sources. The effects of carbon on the synthesis of AIN powders were studied. Results showed that AIN powders were synthesized directly
from y-Al,O3 without y-Al,O5 to a-Al,O; phase transition when water-soluble organics were used as carbon sources, and the nitridation of the
precursors could be completed at 1400 °C. However, AIN powders were synthesized from the nitridation of a-Al,O; when carbon black was used
as carbon source, and the reaction temperature for a complete conversion increased to 1500 °C. The particles of AIN powders synthesized with
water-soluble organics was smaller than the particles of AIN powders synthesized with carbon black and their particle size distribution was sharper.
The specific surface area of synthesized AIN powders increased with the increase of carbon content in the precursors.
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1. Introduction

Recently aluminum nitride (AIN) has attracted much atten-
tion for its remarkable properties, including high thermal
conductivity (theoretical value is 320 Wm~! K1), high elec-
trical resistivity (>10'Qm), a low dielectric constant (8.8
at 1 MHz) and a low dielectric loss (3—10 at 1MHz), as
well as a low thermal expansion coefficient (20-500°C,
4.6 x 107°K~1) close to that of silicon. This combination of
properties makes AIN an extremely attractive material for elec-
tronic applications.!> At present, there are two primary methods
to prepare AIN powders commercially>*: (1) direct nitridation
of Al with N, or NH3; (2) carbothermal reduction of Al,O3 with
carbon black in the presence of N». Comparatively, AIN powders
produced by carbothermal reduction method have better proper-
ties in many aspects including purity, sinterability and stability
against humidity. However, carbothermal reduction method has
also some disadvantages, such as the notorious difficulty to
homogeneously mix the starting materials, the high cost based
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on the high calcination temperature and the need for high purity
Al,O3 and carbon black for the fabrication of high purity AIN
powders. A lot of work has been done in the past few years to
improve carbothermal reduction method and reduce the fabri-
cating cost. For example, Silverman® synthesized AIN powders
from colloidal aluminum oxide precursors trapped in a poly-
mer matrix and Jung and Ahn® prepared AIN powders from a
(hydroxo)(succinato)aluminum(IIl) complex. These researches
show that the particle size and the mixing homogeneity of star-
ing materials have a great influence on the carbothermal reaction
conditions and the properties of the synthesized AIN powders.
Therefore the selection of raw materials and the preparation of
a homogeneous mixture of Al,O3+ C precursor have become
one of the most important technologies for the synthesis of AIN
powder by carbothermal reduction method.”13

In 1988, low-temperature combustion synthesis was reported
for the first time by Kingsley and Patil.!* They dissolved a cer-
tain amount of aluminum nitrate (oxidizer) and urea (fuel) into
water and then put the resulting solution contained in a dish into
a muffle furnace. The solution underwent a series of reactions,
such as boiling, dehydration, foaming, swelling, and then glowed
to incandescence. The entire combustion process was over in
less than 5 min, and finally a voluminous and foamy alumina
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powder with high specific surface area was obtained. Due to
the igniting temperature and the combustion temperature being
rather low compared with Self-propagating high-temperature
synthesis (SHS), they called this process a low-temperature
combustion synthesis (LCS). Low-temperature combustion syn-
thesis has many advantages. It saves energy because the heat
needed to drive the chemical reaction is provided by itself and
not by an external source. The combustion reaction is sim-
ple and instantaneous. And it can produce ceramic powders
with high sinterability, high specific surface area, well-defined
chemical compositions, and homogeneous distribution of the
elements.!+18

From the above discussion, a new process to prepare a homo-
geneous mixture of (AloO3 + C) precursors can be suggested.
If carbon sources are added to the solution of aluminum nitrate
and urea, mixed homogeneously in liquid phase and then heated,
low-temperature combustion reaction between aluminum nitrate
and urea can be used to prepare Al,O3 + C precursors. In this
paper, different kinds of carbon source, such as, glucose, sucrose,
water-soluble starch, citric acid, and carbon black, were added
to the solution of aluminum nitrate and urea, and precursors
of alumina and carbon was prepared by using low-temperature
combustion synthesis process. The influence of carbon source
and carbon content on the phase transformation behaviors of
the precursors, as well as the particle size and morphology of
synthesized AIN powders, were investigated.

2. Experimental

The starting materials included aluminum nitrate
(AI(NO3)3-9H20, 99% in purity), urea (CO(NH2)2, 99%
in purity), carbon black (specific surface area 126.4m?%/g,
99% in purity), and water-soluble carbon sources, such as
glucose (C¢H1206-H20, 99% in purity), sucrose (C12H22011,
99% pure), citric acid (C¢HgO7-HyO, 99% in purity), and
water-soluble starch ((C¢H19Os)n, 99% in purity). Firstly,
a solution was prepared by dissolving a certain amount of
aluminum nitrate and urea in water. The mixing molar ratio
of urea to aluminum nitrate was fixed at 1.5. Then different
kinds of carbon source were added to the solution. In order
to study the influence of carbon content on the synthesized
AIN powders, the molar ratio of glucose to aluminum nitrate
was varied in the C/Al moral ratio range of 3—12 in the
starting materials. The solution was heated on an electrical
furnace whose temperature could be controlled. In the range of
90-100 °C, a gelatinous mass was formed by the evaporation of
the solution. As heating continued, the solution suddenly boiled
and swelled, and a lot of gas was given off. The whole process
only took several minutes and finally a black foamy mixture of
alumina and carbon (Al O3 + C) was obtained. The nitridation
reaction of the precursors was performed in a vertical graphite
furnace. The samples were held in a graphite crucible. Before
heating, the furnace was vacuumed and then flushed with
nitrogen repeatedly to eliminate oxygen before the reaction.
The precursor mixture was heated in a flowing nitrogen gas at
various temperatures in the range of 1200-1600 °C for 120 min.
The flow rate of nitrogen was 3 L/min. Residual carbon in each

nitridation product was removed by firing in air at 700 °C for
60 min.

Phase analysis of the precursor and the nitridation reaction
products calcined at different temperatures was performed on
an X-ray diffractometer using Cu Ka radiation (XRD, Rigaku,
D/max-RB12). The particle sizes and morphologies of the nitri-
dation products were observed by scanning electron microscopy
(SEM, LEO, JSM-6301F). The specific surface areas of the pre-
cursors and the nitridation products were determined by the
single-point of Brunauer—-Ematt-Teller (BET) method.

3. Results and discussion

3.1. Effects of carbon source on the phase transition
behaviors

Fig. 1 shows X-ray diffraction patterns for the precursor
prepared with glucose as carbon source after being calcined
at different temperatures. As shown in Fig. 1, only y-Al,O3
phase was detected in the sample calcined at 1200 °C. Both ~y-
Al,O3 and AIN coexisted in the samples calcined at 1300 °C
and 1350 °C. In the samples calcined at above 1400 °C, only
AIN was detected. No a-AlpO3 phase was detected during the
whole nitridation process.

Fig. 2 shows X-ray diffraction patterns for the precursor pre-
pared with carbon black as carbon source after being calcined
at different temperatures. It can be seen clearly that only o-
Al,O3 phase is found in the sample calcined at 1200 °C. In the
sample calcined at 1300 °C, a-AlO3 is still the dominant phase,
although AIN phase begins to form. Traces of a-Al,Os still exist
in the sample calcined at 1400 °C. Only AIN phase is found in
the sample calcined at 1500 °C.

Table 1 summarizes the phase transitions of these combustion
precursors during their nitridation reaction process, as well as
combustion phenomena during the preparation of the precursors
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Fig. 1. X-ray patterns for the precursor prepared with glucose as carbon source
after being calcined at different temperatures.
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Fig. 2. X-ray diffraction patterns for the precursor prepared with carbon black
as carbon source after being calcined at different temperatures.

when different carbon sources were used. As shown in Table 1,
when water-soluble organics such as sucrose, water-soluble
starch and citric acid are used as carbon source, smoulder-
ing might have been occurred in the combustion process, and
the phase transition behaviors are the same as that of glucose,
that is, AIN is synthesized through the direct nitridation of
v-Al, O3 without y-Al,O3 to a-Al,O3 phase transition. How-
ever, when carbon black is used as carbon source, a flame has
been occurred during combustion, and only AIN and a-Al,O3
phase are detected when the reaction temperature is higher than
1200 °C, which indicates that AIN is synthesized through the
direct nitridation of a-Al;O3 in this system. The reasons for
carbon sources influencing the phase transitions of these precur-
sors are not yet known. Further experiments are needed to reveal
these reaction mechanisms.

3.2. Nitridation reaction

Fig. 3 shows the effect of calcination temperature on the con-
version ratio of Al,O3 to AIN for the precursors prepared with
different sources, calculated on the basis of the relatively peak
intensity of AIN phase in XRD patterns. As shown in Fig. 3, for
the precursors prepared with water-soluble organic materials as
carbon source, there is almost no difference in their nitridation
rate, and nitridation reaction proceeds very rapidly in the temper-
ature range of 1200-1400 °C. By contrast, nitridation reaction
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Fig. 3. Relationship between conversion to AIN and reaction temperature.

proceeds slowly for the precursor prepared with carbon black as
carbon source, and a complete conversion to AIN requires a cal-
cination temperature about 1500 °C. These results can be due to
the particle size and mixing homogeneity of the raw materials, as
well as the phase transition behavior during the nitridation pro-
cess. Both aluminum source and carbon source are water-soluble
materials when water-soluble organics are used as carbon
sources, and they can mix homogeneously at molecular level
after dissolving in water. As combustion takes place, the alu-
minum compound is transformed into very fine alumina particles
by the heat generated in the combustion reaction and uniformly
dispersed into the carbon matrix, which is formed by the dehy-
dration and decarbonization of water-soluble organics. However,
in the present work it was very difficult to disperse carbon black
particles uniformly in water due to their hydrophobic properties,
although stearic acid was used as surface-active agent when car-
bon black was used as carbon sources. The particle size of carbon
black was larger than that of water-soluble organic molecules.
The difference in the mixing homogeneity of the raw material
and the particle size of carbon sources may be one reason for the
different reaction rate of the precursors prepared with different
carbon sources. The phase transition behaviors during the nitri-
dation process may be another reason for the different reaction
rate of these precursors. It is well known that y-AlO3 has high
reactivity because of its high specific surface area. If this active
v-Al,O3 was directly nitrided to yield AIN without y-Al,O3 to
a-Al,O3 phase transition, the reaction proceeded very rapidly.!®
However, the reactivity decreased rapidly when y-Al, O3 eventu-
ally transformed into a-Al,O3. Therefore, the direct nitridation
of active y-AlpO3 without the formation of a-Al,O3 may explain

Table 1

Phase transition behaviors during nitridation process and combustion phenomena during preparation process of the precursors prepared from different carbon sources
Carbon sources Combustion phenomena 1200°C 1300°C 1400°C 1500°C 1600°C
Glucose Smouldering v-Al, O3 v-Al,O3 AIN AIN AIN AIN
Sucrose Smouldering v-Al, O3 v-Al,03 AIN AIN AIN AIN
Water-soluble starch Smouldering v-Al, O3 v-Al,O3 AIN AIN AIN AIN
Citric acid Smouldering v-Al, 03 v-Al,03 AIN AIN AIN AIN
Carbon black Flame a-AlL O3 a-AlO3 AIN a-Al,O3 AIN AIN AIN
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Fig. 4. SEM photographs of AIN powders synthesized from different carbon sources (a, glucose; b, sucrose; ¢, water-soluble starch; d, citric acid; e, carbon black).

the more rapid reaction rate for the precursors prepared with
water-soluble organic materials as carbon sources.

3.3. SEM observation of AIN powders

Fig. 4 shows the SEM photographs of AIN powders synthe-
sized from the precursors prepared with different carbon sources.
AsshowninFig. 4, AIN powders synthesized with water-soluble
organic materials as carbon source consist of very fine spheri-
cal particles (particle size about 100 nm) and their particle size
distribution is sharp. The particles of AIN powders synthesized
with carbon black as carbon source seem to be larger than those
of the powders synthesized with water-soluble organic materi-
als as carbon source, and their size distribution is wider. These
differences can be easily explained by considering the differ-

ences of the particle size and the mixing homogeneity of the
raw materials

3.4. Effect of carbon content on the specific surface area of
AIN powders

Glucose was used as a water-soluble carbon source to study
the influence of carbon content on the specific surface area of
the synthesized AIN powders. The molar ratio of carbon to
aluminum (C/Al) in the combustion synthesis precursors was
changed by varying the molar ratio of glucose to aluminum
nitrate in the starting materials. Fig. 5 shows the relationship
between the specific surface area of AIN powders synthesized
at 1500 °C for 2h and the C/Al molar ratio in the precursors.
The specific surface area increased with the increase of the
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Fig. 5. Effects of C/Al molar ratio on the specific surface area of AIN powders.

C/Al molar ratio in the precursors. These results indicate that an
increase of carbon content facilitates the synthesis of AIN pow-
ders with finer particle size and better dispersability. It is gener-
ally accepted that the heat generated in the combustion reaction
is almost a constant when the ratio of fuel (urea) to oxidizer (alu-
minum nitrate) in the starting materials is fixed and the reaction is
under the same conditions.?” In our experiment, the heat gener-
ated in the combustion reaction not only transformed aluminum
compound into alumina, but also made the glucose dehydrated
and decarbonzied to form carbon matrix. The heat consumed by
the dehydration and decarbonization of organic carbon sources
increased in line with the amount used. It was found that, when
the amount of water-soluble organic materials increased to a
certain amount, the heat generated in the combustion reaction
was insufficient for the dehydration and decarbonization of these
organic carbon sources and the precursor prepared became a hard
brown lump. As the heat used for the dehydration and decar-
bonization of organic carbon sources was increased, the heat
that transformed aluminum compound to alumina decreased and
finer alumina particles were obtained. These finer alumina par-
ticles dispersed into a larger amount of carbon matrix, which
caused the particle size of synthesized AIN powders to become
finer and the specific surface area of the powders to increase.

4. Conclusions

Carbon sources had a great influence on the synthesis of AIN
powders by carbothermal reduction of combustion synthesis

precursors. AIN powders were synthesized directly from
v-Al,O3 when water-soluble organic materials were used as
carbon sources, while AIN powders were synthesized from the
nitridation of «-Al,O3 when carbon black was used as carbon
source. The reaction rate for the precursors with water-soluble
organics as carbon sources was faster. The particles of AIN
powders synthesized with water-soluble organics as carbon
sources were smaller and their particle distribution was sharper.
The carbon content had a great influence on the particles of AIN
powders. The specific surface area of synthesized AIN powders
increased with the increase of carbon content in the precursors.
The increase of the carbon content in the precursors facilitated
the synthesis of AIN powders with fine particle size and good
dispersability.

References

. Mussler, B. H., Am. Ceram. Soc. Bull., 2000(79), 45-47.
. Sheppard, L. M., Am. Ceram. Soc. Bull., 1990(69), 1801-1812.
. Selvadruray, G. and Sheet, L., Mater. Sci. Technol., 1993, 9, 463-473.
. Bachelard, R. and Joubert, P., Mater. Sci. Eng. A, 1989, 109, 247-251.
. Silverman, L. D., Adv. Ceram. Mater., 1988, 3, 418-419.
. Jung, W. S. and Ahn, S. K., J. Mater. Chem., 1994, 4, 949-953.
. Hashimoto, N., Sawada, Y., Bando, T., Yoden, H. and Deki, S., J. Am. Ceram.
Soc., 1991, 74, 1282-1286.
8. Kroke, E., Loeffler, L., Lange, F. F. and Riedel, R., J. Am. Ceram. Soc.,
2002, 85,3117-3119.
9. Pathak, L. C., Ray, A. K., Das, S., Sivaramakrishnan, C. S. and Ramachan-
drarao, P., J. Am. Ceram. Soc., 1999, 82, 257-260.
10. Suehiro, T., Hirosaki, N., Terao, R., Tatami, J., Meguro, T. and Komeya, K.,
J. Am. Ceram. Soc., 2003, 86, 1046—10438.
11. Yamakawa, T., Tatami, J., Komeya, K. and Meguro, T., J. Eur. Ceram. Soc.,
2006, 26, 2413-2418.
12. Tseng, W. H. and Lin, C. I., Mater. Sci., 1996, 31, 3559-3565.
13. Jung, W. S. and Ahn, S. K., J. Eur. Ceram. Soc., 2001, 21, 79-85.
14. Kingsley, J. J. and Patil, K. C., Mater. Lett., 1988, 11-12, 427-432.
15. Fumo, D. A., Jurado, J. R., Segadaes, A. M. and Frade, J. R., Mater. Res.
Bull., 1997, 32, 1459-1470.
16. Purohit, R. D., Sharma, B. P, Pillai, K. T. and Tyagi, A. K., Mater. Res.
Bull., 2001, 36,2711-2721.
17. Chakraborty, A., Devi, P. S. and Rao, M. S., J. Mater. Res., 1995, 10,
918-922.
18. Kalyani, P., Kalaselvi, N. and Muniyandi, N., J. Power Sources, 2002, 111,
232-236.
19. Zhang, Y. and Strangle, G. C., J. Mater. Res., 1994, 9, 1997-2004.
20. Cho, Y. W. and Charles, J. A., Mater. Sci. Technol., 1991, 7, 495-504.

~N NN R W



	Influence of carbon on the synthesis of AlN powder from combustion synthesis precursors
	Introduction
	Experimental
	Results and discussion
	Effects of carbon source on the phase transition behaviors
	Nitridation reaction
	SEM observation of AlN powders
	Effect of carbon content on the specific surface area of AlN powders

	Conclusions
	References


