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Abstract

Aluminum nitride (AIN) powders were synthesized by gas-reduction—nitridation of aluminum hydroxide (AI(OH);) powders using a mixture
of NH; and C;Hg gases. A high conversion to AIN (over 70% of naitridation ratio) and single-phase AIN were achieved over 1200 °C. The
specific surface area of the products decreased with increasing of reaction temperature and soaking time, and products obtained contain much
lesser oxygen than those of the previous researches. The reason why such nanosized AIN powders were easily obtained from Al(OH); was
considered to be the higher surface areas of transition alumina formed by dehydration of AI(OH); during firing.
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1. Introduction

Aluminum nitride (AIN) has excellent properties for using
as an electronic packing due to its high electrical insulation,
high intrinsic thermal conductivity (~320 Wm~! K~1), and
low thermal expansion coefficient, which is close to that of Si.
It is important to establish a low-cost process for the produc-
tion of AIN powder with high-purity and high sinterability.'-?
Several researchers have been investigating the preparation
of high-purity AIN powders from various precursors such
as aluminum citrate,’ (NH4)3A1F6,4 aluminum polynuclear
complexes® and aluminum sulfide® and have reported that
reactivity strongly depends on the starting materials. How-
ever, referred to above, such as aluminum oxide precursors
is often prepared from specialized apparatus and process in
many cases.

On the other hand, aluminum hydroxide (Al(OH)3) is
commonly produced through the Bayer process and is widely
utilized in industrial field, e.g. flame retardants, pigments and
pharmaceuticals.” Generally, It is possible to get AI(OH)3
powders at much lower prices than other typical aluminum
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sources such as y-Al,O3 and a-Al,O3 of the similar grade
since they are mostly produced from AI(OH)s. It is therefore,
desirable, to develop a process for the synthesis of AIN from
AI(OH)3 which has a economic advantage.

Al(OH)3 has demonstrated the high reactivity as a
starting material in the previous study. Carbothermal
reduction—nitridation (CRN) of Al(OH)3 used as a starting
material has received considerable attention, which con-
cluded that the nitridation reaction rate from Al(OH); was
higher than that from conventional a-Al,033!! and the resul-
tant AIN had low oxygen content.!! AI(OH)3 fabricated by
CRN was systematically investigated, however, the problem
of the previous studies is that it needs high temperature (above
1500 °C) and long time firing for the synthesis of AIN.

More recently, Kroke et al.!? used several kinds of alu-
minum oxide precursors including AI(OH)j3 as starting mate-
rials, and reported that the aluminum oxide precursors reacted
with NH3 atmospheres at 1000—1400 °C to form single-phase
AIN with crystallites of 5-60 nm. Suehiro et al. also synthe-
sized AIN nano particles'? and fibers'# from commercialized
transition alumina using NH3 and C3Hg. Up to 95% of Al,03
was converted to AIN at 1300 °C. They claimed that not only
nitridation at the low temperatures was progressed but also
the morphology of the starting material maintained after the
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reaction. It seems that reaction of Al(OH)3 with ammonia
should be better technique for the preparation of AIN pow-
der at low temperature and short time. In order to produce the
AIN ceramics with dense sintered body and high thermal con-
ductivity, it needs to prepare AIN particles with low oxygen
content and to complete the nitridation before the promotion
of grain growth.

In this paper, AIN powders were prepared from Al(OH);3
by reduction—nitridation in NH3 and C3Hg gas mixture, and
to clarify the changes in the morphology and the phase present
during the nitridation process.

2. Experimental

AI(OH)3 powder (C-301, Sumitomo Chem. Co., Tokyo)
composed of gibbsite (y-AI(OH)3) was used as a starting
material. The average particle size and specific surface area of
powder respectively were about 1 wmand 6 m? g~!. The main
characteristic of the raw powder is summarized in Table 1.

The raw powder was weighted, placed in a high-purity alu-
mina boat. Then, the boat was set in a tube furnace, followed
by letting Ar gas (99.999% purity) flow in order to eliminate
oxygen in the system. When the temperature was reached at
700 °C, the flowing gas was switched to the gas mixture of
NH3 (99.999% purity) and 0.5 vol.% C3Hg (99.99%) with a
predetermined proportion at the flow rate of 4 L/min.

The sample was continuously heated to the reaction tem-
perature of the 1000-1400 °C at the 8 °C/min for 0—120 min.
Then, it was cooled down in NH3 atmosphere. Phases present
in the products were indentified by X-ray diffractometry sys-
tem (XRD; RINT2500, Rigaku, Tokyo Japan) using Cu Ko
radiation. Morphologies were observed by scanning elec-
tron microscopy (SEM; JSM-5200, JEOL, Tokyo Japan).
Specific surface areas of the powders were measured by
the single-point of Brunauer—Ematt-Teller (BET; Quanta-
sorb, Quantachrome, Boynton Beach, FL, USA) method.
Furthermore, the extent of nitridation was calculated from
weight change by oxidation of the resultant powder in air
with thermogravimetry15 (TGA; TG-8120, Rigaku, Tokyo,
Japan).

Oxygen contents were measured by oxygen/nitrogen ana-
lyzer based on infrared absorbance technique (EGMA-650,
HORIBA) after correcting calibration curve of standard sam-

Table 1

Characteristics of the raw AI(OH)3 powder

Characteristic Powder
Purity (%) >99.6
Crystalline phase v-Al(OH)3
Specific surface area (m? g~ ") 6

Mean particle size (pm) 1.0

XRD crystallite size (nm)* 51
Transition to a-Al,O3 (°C)P 1293

2 Calculated from the y-Al(OH)3 (002) peak.
" Determined by differential thermal analysis.

ples. Short-term contact of products with ambient air was
performed to avoid the oxygen by vacuum-encapsulate of
sample case.

3. Results and discussion

Fig. 1 shows the XRD patterns of the raw material and the
products. In comparison with JCPDS cards, x-Al,O3 (JCPDS
13-373) and y-Al, O3 (JCPDS 10-425) were identified in the
product fired at 700 °C in Ar flow. It is well known that there
are two dehydration routes in y-Al(OH)3 ¢ during heating as
shown in Fig. 2. The transformation of metastable y-Al(OH)3
to stable a-Al>O3, obtained though high temperature treat-
ments, is well known. All the transition phases are stable at
room temperature but the sequence of transformation was not
reversible with decreasing temperature. One is that AI(OH)3
was dehydrated at low temperatures to form boehmite (y-
AIOOH), which became y-Al>O3. It is known that other parts
of y-Al(OH); directly changes into x-Al,03.'%-?! Therefore,
transformation of the raw A1(OH)3 powder used in this study
seems to be appropriate. Fig. 3 shows SEM photographs of
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Fig. 1. XRD patterns of the (a) raw material and (b) the product fired at
700°C in Ar.
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Fig. 2. Thermal dehydration routes of y-Al(OH);3 to a-Al,O3 16,
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Fig. 3. SEM photographs of the (a) raw material and (b) the products fired
at 700°C in Ar.

the raw material and the products synthesized at 700 °C.
Appearance of the sample did not change before and after
firing. However, the specific surface area of the product was
330m? g~!, which was much higher value than 6 m? g~! of
the raw Al(OH)3. The high value seems to be attributed to
the fine pores formed during dehydration.

Fig. 4 shows the XRD patterns of the resultant powders
fired at the temperature in the range from 1100-1400 °C for
120 min. It was found that the products fired at 1100 °C con-
tained a small amount of unreacted y-Al,O3. Furthermore,
at 1200 °C, a-Al,O3 was detected in the sample. AIN was
the only identified phase in the products synthesized over
1300°C in the NH3—C3Hg mixed gas flow. Taking it into
consideration that Al,O3 remains even in the product fired
at 1400 °C in AlO3—N,—C system, it can be concluded that
not only using AI(OH)3; but also reduction—nitridation in a
mixture of NH3—C3Hg gases has an extremely effect on the
enhancement of formation of AIN powder. XRD patterns of
the products fired in NH3—C3Hg at various temperatures with-
out soaking time were shown in Fig. 5. In spite of firing at
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Fig. 4. XRD patterns of the products synthesized at: (a) 1100°C; (b)
1200 °C; (c) 1300 °C; and (d) 1400 °C for 120 min.

high temperatures, little a-Al,O3 was formed vy and x-Al,O3
remained in the products. The result suggested that AIN was
generated from not a-Al,O3 but vy and x-Al,O3.

Fig. 6 shows nitridation ratio of the products. It was found
that the nitridation started at 1100 °C although AIN was not
able to be confirmed from XRD pattern. This temperature is
much lower than that of the previous paper.?? In the sample
of fired at high temperatures for long soaking time, nitrida-
tion ratio did not reach 100%. Such a lower nitridation ratio
probably resulted from aluminum hydroxide species formed
by the reaction between AIN with high surface area (shown in
Fig. 8) and oxygen in air. However, the presence of such a sur-
face oxide layer on the AIN particles could not be confirmed
by XRD.!3-23
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Fig. 5. XRD patterns of the products synthesized at 10001400 °C without
soaking time: (a) 1100 °C; (b) 1200 °C; (c) 1300 °C; and (d) 1400 °C.
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Fig. 6. Nitridation ratio of the products synthesized at 1100-1400 °C.

Fig. 7 shows SEM photographs of the products synthe-
sized at the temperatures in the range of 1100-1400 °C for
120 min. It was observed that the product was composed
of nanosized composites particles, of which size increased
with an increase in the firing temperature. Grain growth and
coalescence of nano particle was observed in the sample of
produced at 1400 °C (Fig. 7d).

The specific surface areas of the products measured by the
single-point BET method are plotted in Fig. 8. The specific
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Fig. 8. The specific surface areas of the products synthesized at various
temperature for 0—120 min.

surface area decreased with increasing in the reaction tem-
perature and soaking time. For example, the specific surface
area of the products changed from 37 to 13 m? g~ ! as the fir-
ing at 1100-1400 °C for 120 min. However, these values are
much higher than that of commercialized AIN powders. The
reason for formation of such fine grained AIN powders easily
from Al(OH); is considered to be based on high surface area
of transition alumina changed from the hydroxide and high
reactivity of a mixture of NH3—C3Hg gases.

Fig. 7. SEM photographs of the products synthesized at: (a) 1100 °C; (b) 1200 °C; (c¢) 1300 °C; and (d) 1400 °C for 120 min.
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Table 2
Comparison of AIN powders produced from AI(OH)3; and Al,O3
Raw material ~ Synthesis method  Temperature (°C)  Soaking time (h)  Oxygen content (W%)  SSA (mz/g) Particle size (nm)  Remarks
v-Al(OH)3 NH3;—C3Hg 1400 2 1.6 12.7 1442 This study
1 1.9 17.6 1042
1300 2 3.1 25.7 714
+y-AlIOOH CRNP 1400 4 17.0 N/A N/A Mitomo et al.!?
1500 8 3.1 N/A N/A
v-Al(OH)3 CRNP 1500 5 1.9 N/A N/A Tsuge et al.!!
v-Al,O3 1550 5 1.5 N/A N/A
v-Al(OH)3 NH;3 1400 2 2.5 N/A ~60° Kroke et.al.!?
v, 8-Al,03 NH;—C3Hg 1400 1 4.1 19.7 932 Suchiro et al.'3
* BET particle size.
b Carbothertnal reduction—nitridation.
¢ Measured by TEM observation.
Results of this study and previous studies are summarized 2. Baik, Y. and Droew, R. A. L., Aluminum nitride: processing and

on Table 2. It is shown that oxygen content decreased with
increasing reaction temperature. Oxygen content of the pow-
der obtained was lower than that prepared by CRN method
using AlI(OH)3 and Al,O3 powders which are finer than that
used in study.!%!! Furthermore, AIN powder obtained com-
paratively had oxygen content lower than those prepared by
the same techniques using the NH3.!>!3 The low oxygen con-
tent of the particle is considered to be due to the high reactivity
of the resultant Al,O3 with high surface area formed from
Al(OH)3. It can be concluded that AI(OH)3 as a raw material
is most suitable for the preparation of pure AIN particles with
low oxygen content.

4. Conclusion

v-Al(OH)3 powders was heat treated at 700 °C with Ar
atmosphere. As a result, it was confirmed that transition alu-
mina with high specific surface area was obtained depending
on a phase transition. AIN powders were synthesized from
Al(OH)3 as a starting material applying with the NH3—C3Hg
mixed gases. The single-phase AIN powder was obtained
at 1300-1400 °C. It was found that the generated transition
alumina began to nitride at 1100 °C. AIN powder with low
oxygen contents and fine particle size could be synthesized
by NH3-C3Hg system from Al(OH)3.

Acknowledgments

Thanks are offered to Dr. S. Takagi and Dr. M. Yokouchi
(Kanagawa Industrial Technology Research) for measure-
ments of oxygen content. The authors express their sincere
gratitude to Dr. T. Wakihara (Yokohama National University)
for many helpful discussions.

References

1. Virkar, V. A., Jackson, T. B. and Cutler, A. T., Thermodynamic and
kinetic effects of oxygen removal on the thermal conductivity of alu-
minum nitride. Am. Ceram. Soc. Bull., 1989, 72, 2031-2042.

10.

12.

15.

16.

17.

18.

applications. Key Eng. Mater., 1996, 122-124, 553-570.

. Weng, L., Huang, D. and Jiang, X. X., Synthesis of aluminum

nitride from aluminum citrate precursor. Mater. Lett., 1993, 18, 159—
162.

. Huseby, 1. B., Synthesis and characterization of a high-purity AIN

powder. J. Am. Ceram. Soc., 1983, 66, 217-220.

. Hashimoto, N., Sawada, Y., Bando, T., Yoden, H. and Deki, S.,

Preparaton of aluminum nitride powder from aluminum polynuclear
complexes. J. Am. Ceram. Soc., 1991, 74, 1282-1286.

. Jung, W.-S. and Ahu, S.-K., Synthesis of aluminum nitride by the

reaction of aluminum sulfide with ammonia. Mater. Lett., 2000, 43,
53-56.

. Baumgardner, L. H., World Production and Economics of Alumina

Chemicals. In L. D. Hart, ed. American Ceramic Society Inc., Alu-
mina Chemicals, Ohio, 1990, pp. 7-9.

. Cho, Y. W. and Charles, J. A., Synthesis of nitrogen ceramic powders

by carbothermal reduction and nitridation part 3: aluminum nitride.
Mater. Sci. Technol., 1991, 7, 495-504.

. Tseng, W. H. and Lin, C. I., Carbothermal reduction and nitridation

of aluminum hydroxide. Mater. Sci., 1996, 31, 3559-3565.

Mitomo, M. and Yoshioka, Y., Preparation of SizN4 and AIN powders
from alkoxide-derived oxides by carbothermal reaction and nitrida-
tion. Adv. Ceram. Mater., 1987, 2(3A), 253-256.

. Tsuge, A., Inoue, H., Kasori, M. and Shinozaki, K., Raw material

effect on AIN powder synthesis from Al,O3 carbothermal reduction.
Mater. Sci., 1990, 25, 2359-2361.

Kroke, E., Loeffler, L., Lange, F. F. and Riedel, R., Aluminum nitride
prepared by nitridation of aluminum oxide precursors. J. Am. Ceram.
Soc., 2002, 85, 3117-3119.

. Suehiro, T., Hirosaki, N., Terao, R., Tatami, J., Meguro, T.

and Komeya, K., Synthesis of aluminum nitride nanopowder by
gas-reduction—nitridation method. J. Am. Ceram. Soc., 2003, 86,
1046-1048.

. Suehiro, T., Tatami, J., Meguro, T., Komeya, K. and Matsuo, S.,

Aluminum nitride fibers synthesized from alumina fibers using gas-
reduction—-nitridation method. J. Am. Ceram. Soc., 2002, 85, 715-
717.

Nicolaescu, I. V., Tardos, G. and Riman, R. E., Thermogravimetric
determination of carbon, nitrogen, and oxygen in aluminum nitride.
J. Am. Ceram. Soc., 1994, 77, 2265-2272.

Goodboy, K. P. and Downing, J. C., Production Processes, Properties,
and Applications for Activation and Catalytic Aluminas. L. D. Hart,
ed. American Ceramic Society Inc., Alumina Chemicals, Ohio, 1990,
pp. 93-98..

Yanagida, H. and Yamaguchi, G., Two types of water contained in
transient aluminas. Bull. Chem. Soc. Jpn., 1965, 38, 2194-2196.
Beretka, J. and Ridge, M. J., Dehydration products of aluminum
hydroxides. J. Chem. Soc. Lond. Ser. (A), 1967, 2106-2109.



2418 T. Yamakawa et al. / Journal of the European Ceramic Society 26 (2006) 2413-2418

19. Sato, T., Thermal decomposition of aluminum hydroxide to aluminas.
Thermochimica. Acta, 1985, 69-84.

20. Wilson, S. J. and McConnell, A kinetic study of the system +y-
AlOOH/A1,03. J. Solid St. Chem., 1980, 34, 315-322.

21. John, C. S., Alma, N. C. M. and Hays, G. R., Characterization of
transitional alumina by sold-state magic angle spinning aluminum
NMR. Appl. Catal., 1983, 6, 341-346.

22.

23.

Komeya, K., Mituhash, E. and Meguro, T., Synthesis of AIN
powder by carbothermal reduction nitridation method—effect of
additives on reaction rate. Ceram. Soc. Jpn., 1993, 101, 377-
382.

Ponthieu, E., Grange, P, Delmon, B., Lonnoy, L., Leclercq, L.,
Bechara, R. et al., Proposal of composition model for commercial
AIN powder. J. Eur. Ceram. Soc., 1991, 8, 233-241.



	Synthesis of AlN powder from Al(OH)3 by reduction-nitridation in a mixture of NH3-C3H8 gas
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgments
	References


