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Abstract

AlN powders were prepared by combining sodium fluoride-assisted solution combustion with carbothermal reduction-nitridation. The effects
of sodium fluoride on the nitridation reactivity, specific surface areas and morphology of the synthesized AlN powders were investigated in detail.
The morphology of the AlN products changed from highly fluffy and porous networks into regular and hexagonal thin flakes, and the specific
surface area decreased with the sodium fluoride content. No hard agglomeration could be found in decarburized AlN powders. The phase-pure
AlN has been observed in all products calcined above 1300 1C, and no sodium was detected in the AlN powders by the X-ray fluorescence
spectrometry.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, aluminum nitride (AlN) ceramics have attracted
considerable attention for its applications as advanced electro-
nic substrates, heat sinks, and packaging materials, because of
the high thermal conductivity (320 W m�1 K�1 theoretical
value), high electrical resistivity (41016 Ωm), low dielectric
constant (8.8 at 1 MHz), low dielectric loss (3–10 at 1 MHz),
and low thermal expansion coefficient (4.6� 10�6 K�1 at
20–500 1C), closely matching silicon [1,2]. During the past
few years, various techniques, including direct nitridation [3],
carbothermal reduction nitridation [4–6], and chemical vapor
deposition [7], have been employed to fabricate AlN. Among
the available chemical processes, a carbothermal reduction-
nitridation (CRN) method can yield the AlN powders with
high purity, high sinterability, and stability against humidity,
compared with other techniques [8]. Nevertheless, this method
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has also displayed some limitations, such as difficulty in
homogeneously mixing the starting materials, the high cost
due to the high calcination temperature, and the requirement of
high purity Al2O3 and carbon black for the fabrication of
highly pure AlN powders [9–10]. Several investigations have
tried to address these issues. It has been reported that the
proper selection of raw materials and the preparation of a
homogeneous mixture of (Al2O3þC) precursors have become
two essential tasks to synthesize fine AlN powders by a CRN
method [11–15].
It is well known that solution combustion synthesis (SCS) is

one of the proper methods to prepare materials, which exhibit
well-defined chemical composition with homogeneous distri-
bution of the elements [16]. Besides, the SCS method can save
energy, rendering simple and instantaneous combustion reac-
tion [17]. Qin et al. [4,8–9,18–20] successfully synthesized
non-oxide ceramic powders by the combination of SCS and
CRN. Generally, sodium fluoride has been used as an additive
during SCS, to tune the combustion behavior, microstructure,
and the product properties. Wen et al. [21] have first reported
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that a new type of eruption combustion in SCS by the additive
of sodium fluoride, and the addition of sodium fluoride into the
SCS resulted in smaller particles, improved dispersity and
significantly increased specific surface area. Manjunatha et al.
[22] found that the addition of 2 wt% sodium fluoride during
the preparation of Sm3þ doped CdSiO3 is highly useful in
enhancing its crystallinity, morphology and thermolumines-
cence intensity. Inspired by these results, this paper wanted to
study the effect of sodium fluoride on the nitridation reactivity,
specific surface areas and morphology of the AlN powders
synthesized by combining sodium fluoride -assisted SCS and
CRN methods.

In the present work, sodium fluoride as an additive,
aluminum nitrate as an oxidizer and aluminum source and
urea as fuel, and glucose as carbon source have been utilized.
AlN powders have been synthesized successfully by combin-
ing salt-assisted SCS and CRN methods. The effects of sodium
fluoride on the particle sizes, phases and morphology of the
precursors, along with the synthesized AlN powders have been
studied in detail.

2. Experimental procedure

2.1. Starting materials

All starting materials, including aluminum nitrate
(Al(NO3)3 � 9H2O, oxidizer and Al source), urea (CO
(NH2)2, fuel), sodium fluoride (NaF, additive), and glucose
(C6H12O6 �H2O, C source) were of analytical reagent grade.
The starting solution was prepared by dissolving all materials
in 180 mL of distilled water. In the solution, the amount of
aluminum nitrate was 0.1 M, and the molar ratio of urea to
aluminum nitrate (U/Al) was 1, and the mixing molar ratio of
glucose to aluminum nitrate (C/Al) was 12. The molar ratio of
sodium fluoride to aluminum nitrate, denoted as φ, was in the
0–1.5 range.

2.2. Synthesis procedure

Each type of solution was filled into a 1000 mL beaker, and
subsequently heated in air on an electrical temperature-
controlled furnace to prepare the precursors. The electrical
furnace could be heated up to 350 1C at 20 K min�1 heating
rate. As heating continued, the solution evaporated and formed
a gelatinous mass. Upon further heating, the resultant mass
suddenly swelled, coupled with the release of a lot of gases.
The whole process of swelling and combustion of gel seemed
to undergo a self-propagating and non-explosive exothermic
reaction, and lasted for several minutes, resulting in a fragile
and foamy mass of precursors. The nitridation reaction of
precursors was performed in a tube furnace. A strict tempera-
ture program was followed in all runs, with a constant heating
rate of 10 K min�1 in the 1200–1500 1C range. The precursors
were heated in a flowing nitrogen gas with the flow rate of
1 L min�1 at various temperatures for 2 h. The residual carbon
in the nitridation product was removed by calcination at
700 1C in air for 2 h.
2.3. Characterization

Phases of the precursors and the nitridation products were
investigated by X-ray diffraction (XRD, MXP21VAHF) at
room temperature. The 2θ angle was varied from 101 to 901 in
0.021 increments. Morphology of the precursors and nitridation
products was characterized by scanning electron microscopy
(SEM, JSM-6510) and field emission scanning electron
microscopy (FE-SEM, ZEISS ULTRA 55). The specific sur-
face area (SSA) of the precursors and nitridation products was
determined by a Brunauer–Emmett–Teller (BET) method
using an automated surface area and a pore size analyzer
(QUADRASORB SI-MP). The elemental analysis of the AlN
powders was determined by X-ray fluorescence spectrometer
(XRF, XRF-1800).

3. Results and discussion

3.1. Characterization of the precursors

Fig. 1 shows the SEM images of four precursors. Fig. 1a
shows typical morphology derived by the conventional SCS
(φ¼0, no salt), which illustrates flakes with an average
thickness of 0.3–0.6 μm. The flakes have a smooth surface.
With the addition of a certain amount of sodium fluoride into
the precursor solution (φ¼0.5), the precursor exhibits more
attenuated flaky appearance with an average thickness of
0.4–0.5 μm (Fig. 1b). For the precursors (φ¼1 and 1.5), the
morphology changes into porous mass (Fig. 1c and d). The
SSAs of the four precursors are calculated to be 6.1, 7.6, 13.7
and 11.2 m2 g�1, respectively. It is distinct that sodium
fluoride has great influence on the morphology of the
precursors, and the SSA increases with the sodium fluoride
additive amount, which is consistent with the phenomenon
reported in the literature [21].
Figs. 2 and 3 show the XRD patterns and energy dispersive

spectra (EDS) analysis of the four precursors. Fig. 2 reveals
that no obvious Bragg diffraction peaks can be detected in the
two precursors (φ¼0 and 0.5), indicating that the two
precursors are amorphous. Combining the XRD results
(Fig. 2a and b) with the EDS results (Fig. 3a and b), the main
compositions of the precursors (φ¼0 and 0.5) are amorphous
carbon and amorphous alumina (Al2O3þC) [8]. Comparing
the two precursors (φ¼0 and 0.5) reveals that there are
byproducts indexed to NaNO3, except for the amorphous
carbon and amorphous alumina (Al2O3þC) in other precur-
sors (φ¼1 and 1.5). A similar phenomenon has been reported
in the literature [21]. Four precursors were used to synthesize
AlN powders by the CRN method in the subsequent
experiments.

3.2. Nitridation reactivities of the precursors

Fig. 4 shows the XRD patterns of the four products calcined
at 1200–1500 1C. No diffraction peaks can be found for the
sample (φ¼0) calcined at 1200 1C. It implies that the crystal-
lization process and the nitridation reaction of the precursors



Fig. 1. SEM micrographs of precursors: (a) φ¼0; (b) φ¼0.5; (c) φ¼1; and (d) φ¼1.5.
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Fig. 2. XRD patterns of four precursors: (a) φ¼0; (b) φ¼0.5; (c) φ¼1; and
(d) φ¼1.5.

2.02.02.02.0 1.01.01.01.0

(d)(c)(b)(a)

C
ou

nt
s 

(a
.u

.)

Energy (keV)

F

Na

Al

O

C

Na

Na F

F

OO

AlAlAl

O

CCC

Fig. 3. EDS spectra of four precursors: (a) φ¼0; (b) φ¼0.5; (c) φ¼1; and
(d) φ¼1.5.
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Fig. 4. XRD patterns of products calcined at various temperatures: (a) φ¼0; (b) φ¼0.5; (c) φ¼1; and (d) φ¼1.5.
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have not occurred at this temperature. However, the three
samples (φ¼0.5, 1 and 1.5), calcined at 1200 1C, have
exhibited weak diffraction peaks of Al2O3 and AlN, indicating
crystallization process from the amorphous phase to alumina
and nitridation reactivity during calcination. It can be con-
cluded that the onset temperature of the nitridation reactions of
the three precursors (φ¼0.5, 1 and 1.5) is lower than that of
the other precursor without the salt (φ¼0). Except for the high
SSA and high activity of the precursors [8], it is obvious that
the molten salt would play an important role in the lower onset
temperature, for the calcination temperature is higher than the
melting point of the sodium salts. For samples (φ¼0.5, 1 and
1.5) calcined at 1200 1C, there are byproducts indexed to
NaNO2, Na2CO3 and Na2.74Al22O38, and these impurity peaks
disappear above 1300 1C, ascribed to the byproducts gasifica-
tion. The phase-pure AlN has been observed in all products
calcined at 1300 1C, 1400 1C, and 1500 1C. To further discuss
the residual sodium impurity level, AlN powders calcined at
1500 1C have been measured by XRF, and the results reveal
that no sodium can be detected in AlN powders (φ¼0.5, 1.0
and 1.5). This implies that the introduction of sodium fluoride
into the solution combustion synthesis would not affect the
purity of AlN powders.
3.3. Nitridation products microstructure

Fig. 5 shows FESEM images of the four decarburized products
synthesized at 1500 1C. The product (φ¼0, no salt) is composed
of irregular three-dimensional flakes consisting of agglomerated
particles ranging from 80 to 100 nm (Fig. 5a), which still holds the
appearance of the original precursor. The average thickness of the
flakes is �0.3 μm (Fig. 5a). The effect of sodium fluoride on both
morphology and particle size can be seen in Fig. 5b–d. It is
obvious that the sodium fluoride plays an important role in
changing the microstructure of the samples. With the addition of
sodium fluoride (φ¼0.5), the three-dimensional flake structure is
broken up and switches to highly fluffy and porous networks
consisting of spherical particles, ranging from 150 to 200 nm, as
seen in Fig. 5b. For (φ¼1) samples, the products are composed of
irregular and thin flakes (Fig. 5c). As the sodium fluoride content is
further increased (φ¼1.5), the product exhibits regular hexagon
morphology (Fig. 5d). Moreover, the flakes (φ¼1 and 1.5) consist
of irregular particles ranging from 150 to 200 nm, and their
average thickness is �100 nm (Fig. 5c and d), which is much
thinner than those without the salt, at φ¼0. It is evident that the
morphology of the three products (φ¼0.5, 1 and 1.5) is different
from the appearance of their original precursors, possibly ascribed



Fig. 5. FESEM images of 1500 1C samples: (a) φ¼0; (b) φ¼0.5; (c) φ¼1; and (d) φ¼1.5.
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to the gasification of byproducts during the nitridation process.
Furthermore, the SSAs of the four products (φ¼0, 0.5, 1 and 1.5)
are calculated to be 21.0, 12.8, 8.7, 6.3 m2 g�1, respectively,
indicating that the SSA of the nitridation products is decreasing.
The change in trend of the SSA for nitridation products is different
from that of the precursors. It is ascribed to the higher driving force
for sintering provided by precursors with higher SSA, which
coarsen the particles more rapidly during the high temperature
calcinations.

3.4. Hard agglomeration analysis of the AlN powders

Fig. 6 shows FESEM images of the fractured surfaces of the
AlN green pellet using AlN powders (φ¼1.5) synthesized at
1500 1C. The AlN green pellet has been prepared by pressing
the AlN powders at 60 MPa. It is observed from Fig. 6 that the
interfaces between the particles of green fracture are very
indistinct, and there are no irregular holes visible at the green
fracture surface (Fig. 6b). In addition, the original appearance
of hexagonal flaky particles vanishes (Fig. 6a). A similar
phenomenon can be found in the literature [23], indicating that
the uniform and smooth green fracture under pressure results
in the powders without the hard agglomeration phenomenon. It
demonstrates that AlN powders, synthesized at 1500 1C, are
free from any hard agglomeration.

4. Conclusions

Sodium fluoride has a significant effect on the specific surface
area, morphology and nitridation reactivities of AlN powders
prepared by sodium fluoride-assisted solution combustion synth-
esis. With the increase of the sodium fluoride content, the
morphology of the products change from highly fluffy and
porous networks into regular and hexagonal thin flakes. AlN
powders synthesized at 1500 1C for 2 h, are free from any hard
agglomeration. Moreover, during the nitridation reactivity, the
impurity peaks of NaNO2, Na2CO3 and Na2.74Al22O38 disappear
above 1300 1C. The phase-pure AlN has been observed in all



Fig. 6. FESEM images of the fractured surfaces of the AlN green pellet.
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products calcined above 1300 1C, and no sodium can be detected
in AlN powders by the XRF analysis.
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