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Chapter

Carbothermal Synthesis of
Spherical AIN Fillers

Qi Wang, Kexin Chen and Wenbin Cao

Abstract

Micro-sized spherical AIN particles have presented great commercial potential
as thermally conductive fillers for high-performance thermal interface materials,
benefiting from their high thermal conductivity and good fluidity in the polymers.
In this chapter, recent research progress in the carbothermal synthesis of spherical
AIN fillers is highlighted. The influences of various synthetic parameters, includ-
ing N, gas pressure, additive content, additive particle size, reaction temperature,
reaction time, carbon content, and additive types, on the nitridation rate and the
particle size and morphology of final AIN powders are summarized. More impor-
tantly, the growth mechanism of micro-sized spherical AIN granules is deeply
discussed as well.

Keywords: carbothermal synthesis, spherical AIN particles, thermally conductive
fillers, thermal interface materials, growth mechanism

1. Introduction

With the rapid progress of microelectronics technology, electronic products and
devices are developing toward the direction of miniaturization and high integra-
tion. Although powerful functions are introduced, the heat dissipation has become
an important bottleneck restricting the development of electronic technology. In
the field of heat dissipation, thermal interface materials (TIMs) play an important
role. TIMs are mainly used to fill the microvoids or uneven holes generated by the
contact between heating devices and radiators, establishing an effective channel
and improving the efficiency of heat dissipation [1]. Therefore, the TIMs are receiv-
ing more and more attention.

In order to achieve optimum heat dissipation, the TIMs should have good ductil-
ity to fill the air gap completely. Polymeric materials have attracted increasing inter-
est owing to their excellent processability, high ductility, and low cost. However,
most of the polymers have thermal conductivity lower than 0.5 W/m K [2], which is
difficult to meet the demand for heat dissipation. To solve this problem, one effec-
tive approach is to introduce high-thermal-conductivity fillers into the polymers.
Inorganic ceramic powders have been considered as ideal fillers benefiting from
their high thermal conductivity, low dielectric constant, and good insulating prop-
erties. At present, oxides and nitrides are the most commonly considered fillers.

Silica (Si0,) is widely used in the field of electronic heat dissipation because of
its safety, reliability, and low cost [3, 4]. However, its intrinsic thermal conductivity
is only 1.5-1.6 W/m K [5], so it is difficult to obtain composite materials with higher
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thermal conductivity. Zinc oxide (ZnO) has a high thermal conductivity up to

60 W/m K, but the high dielectric constant greatly restricts its practical application
as fillers [6]. Beryllia (BeO) has the highest thermal conductivity (~240 W/m K)

in all the inorganic oxides. However, the high cost and high toxicity make it unat-
tractive for commercial use [5]. Comparatively, alumina (AL,O;) has a much

higher thermal conductivity than SiO, and also presents remarkable electrical and
mechanical properties, as well as the cheap producing cost [7-9], so it is the most
widely used commercial filler at present. Kozato et al. [7] successfully prepared
epoxy composites filling with 60 vol% Al,O;, achieving a high thermal conductivity
of 4.3 W/m K. However, due to the relatively low intrinsic thermal conductivity of
38~42 W/m K [5], it is still difficult for Al,O; to prepare high-performance TIMs to
satisfy the increasing heat-dissipation requirements in future.

Compared with oxides, nitride powders are more attractive owing to the rela-
tively high thermal conductivity. For example, boron nitride (BN) has a thermal
conductivity as high as 280 W/m K and also shows the stable chemical property
[10]. Xu et al. [11] used modified BN particles as fillers and finally prepared the
composites with a high thermal conductivity of 10.3 W/m K. Nevertheless, the high
price still limits its wide application. Silicon nitride (Si3N4) has a low coefficient of
thermal expansion and a low dielectric constant, but it has been seldom used as fill-
ers for high-thermal conductivity TIMs owing to its moderate thermal conductivity
of 86~120 W/m K [12].

In comparison, aluminum nitride (AIN) has attracted tremendous attention in
the electronic industry thanks to its outstanding properties such as high intrinsic
thermal conductivity (~320 W/m K), good electrical resistivity, low dielectric con-
stant, and low thermal expansion coefficient close to that of silicon [13, 14]. Ohashi
et al. [15] filled epoxy resin with 74 vol% approximately spherical AIN particles,
obtaining a composite thermal conductivity as high as 8.2 W/m K. Zhou et al. [16]
prepared TIMs using angular AIN powders to replace Al,O;, and the composite
thermal conductivity was increased to 2.6 times with a filling fraction of 68.5 vol%.
Therefore, AIN fillers have shown prosperous application prospects for preparing
high-performance TIMs.

Besides the intrinsic thermal conductivity of fillers, the thermal properties of
TIMs are also affected by the filling fraction, the shape and particle size of fillers.
In order to prepare the composites with higher thermal conductivity, it is important
to raise the filler loading as high as possible and meanwhile retain the good fluid-
ity of the composites for facile processability [17]. Compared with angular and
plate-like particles, spherical fillers offer greater advantages in this regard owing
to their better fluidity in the polymers [2]. In addition, it is generally believed that
the thermal conductivity of composites increases with increasing the particle size
of fillers [18]. This can be explained by the following two reasons: on the one hand,
larger particles tend to result in the smaller fillers/matrix interfaces, leading to less
photon scattering and lower thermal resistance; on the other hand, the fillers with
a larger particle size are more easy to achieve higher filling fraction owing to the
better fluidity and lower viscosity of the fillers/matrices. In general, the micro-sized
fillers can give higher composite thermal conductivity than nano-sized fillers.
Therefore, with the above considerations in mind, it is great significant and impera-
tive to synthesize micro-sized spherical AIN particles as thermally conductive fillers
for the next generation TIMs.

Despite the potentially high commercial importance, the large-scale synthesis
of micro-sized spherical AlN fillers remains a huge challenge to date since nitrides
tend to decompose at high temperature and cannot be converted to a spherical
morphology just by the traditional surface tension method [19]. Up to now, limited
related literatures can be retrieved. Among the existing studies, Ohashi et al. [15]
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successfully synthesized spherical AIN particles via solution-reprecipitation
treatment of angular AIN powders in a low-melting Ca-Al-O flux. Nevertheless, the
particle size of the products was limited by the raw AIN powders, and the necessary
hydrochloric acid treatment for removing residual Ca-Al-O was harmful to the
product purity and the environment as well. Chowdhury et al. [20] first prepared
core-shell structured C@ALO; composited particles, following the nitridation
process in the flowing nitrogen at high temperature to ultimately obtain spherical
AIN particles. However, the sphericity of the final product is very low due to the
limitation of the heterogeneous mixing process. Suehiro et al. [21] synthesized
spherical AIN particles by gas nitridation of spherical Al,O;, using a NH;-C;Hg gas
mixture as the reduction-nitridation agent, but the undesired impurities were still
presented owing to the incomplete conversion. In addition, an effective two-step
method, involving the freezing granulation and subsequent sintering process,

was also developed to prepare spherical AIN granules with the high sphericity and
particle size more than tens of microns [22, 23]. Nevertheless, the AIN was used as
raw materials, resulting in the relatively high production cost. Therefore, it is still
highly desirable to explore suitable methods to directly synthesize spherical AIN
fillers with high sphericity and enhanced properties.

In general, commercial AIN powders are mainly synthesized by two methods. One
is the direct nitridation of aluminum powders with N, or NH; (2Al + N, -+ 2AIN); the
other one is carbothermal reduction nitridation (CRN) of alumina powders in the
presence of N, (ALO; + 3C + N, » 2AIN + 3CO) [24]. Comparatively, the CRN method
is a better choice for industry production since the resultant AIN powders exhibit
more attractive properties such as high purity, facile sinterability, and resistance
against humidity.

To date, many efforts have been devoted to ameliorating the quality of AIN
powders synthesized by the CRN method [25-28]. Unfortunately, most of them just
aimed at fabricating fine or ultrafine AIN powders via low-temperature synthesis to
improve the sintering ability and reduce the fabricating cost. The obtained nano or
submicron particles are too small to meet the basic requirements as promising fill-
ers. Until recently, increasing attention has been paid on the carbothermal synthesis
of coarser AIN granules, especially micro-sized spherical AlN fillers. Based on a
series of studies [29-33], the authors have successfully synthesized micro-sized
spherical AIN fillers by using appropriate additives and high-pressure N, in the
CRN process. The as-synthesized AIN granules presented high sphericity, uniform
size distribution, and good dispersing behavior, which exhibited great potential
as high-performance thermally conductive fillers. Based on this, this chapter will
focus on the research progress in the carbothermal synthesis of spherical AlN fillers.
The influence of various synthetic parameters on the morphology and particle size
of final products will be summarized, and the growth mechanism of micro-sized
spherical AIN particles will be discussed as well.

2. Influence of carbothermal synthetic parameters

The typical carbothermal process for synthesizing spherical AlN fillers consists
of three steps: first, the raw materials (AL, O3, carbon black, and additives) were
homogenized by ball milling; second, the CRN process was conducted in a graphite
furnace with a high temperature and an elevated N, gas pressure; finally, the obtained
powders were transferred to a muffle oven and heated in air to remove the residual
carbon. It was found that various synthetic parameters, such as N, pressure, additives,
reaction temperature, reaction time, and carbon content had an important impact on
the nitridation rate, the morphology, and the particle size of the final products.
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2.1 Effects of N, gas pressure

In order to evaluate the effects of N, gas pressure on the nitridation rate and the
morphology of AIN particles, the raw mixtures containing 5 wt.% CaF, additive
were heated at a temperature ranging from 1400 to 1800°C and under various N,
pressure (0.1, 0.1, and 1 MPa), respectively. The AIN conversion fraction was deter-
mined based on XRD peak intensities of the plane (100) of AIN and (104) of ALO;.
Figure 1 shows the relationship between AIN conversion fraction and N, pressure at
various reaction temperatures.

As observed, AIN conversion fraction was significantly decreased with increas-
ing the N, pressure, indicating an elevated N, pressure hampered the reduction-
nitridation process. Based on the studies of Forslund et al. [34, 35], under a high N,
pressure, the removal of produced CO vapor became more difficult. Thus, a barrier
was set up on the surface of solid raw materials by the increased CO level, which
limited the contact between Al,O; and N,, and eventually decreased the reduction-
nitridation rate. In addition, it can also be observed in Figure 1 that the nitridation
rate increased with the reaction temperature. When the reaction temperature was
higher than 1600°C, the nitridation rate was significantly improved due to the high
reaction activity. As a result, Al,O; was completely converted into AIN irrespective
of the tested N, pressure values.

Figure 2 further presents the SEM images of the AIN powders synthesized at
1800°C but under various N, pressures. Under the N, pressure of 0.1 Mpa, as shown
in Figure 2a, irregular AIN particles were obtained. When the N, pressure was
increased to 0.5 Mpa, approximately spherical AIN particles could be observed in
Figure 2b. With the N, pressure further increasing to 1 Mpa, micro-sized spherical
AIN fillers were successfully prepared, as shown in Figure 2c. It should be noted
that the both particle size and the sphericity of the as-synthesized AIN particles
were improved with increasing the N, pressure. As established, the elevated N,
pressure tended to improve the CO level in the system. The AIN nucleation rate
was slowed down, resulting in the large particle size. Additionally, CaF, additive
was expected to react with AL, O; to form low-melting Ca-aluminates, providing the
liquid catalyst for AIN nucleation [36]. The slow reaction rate under the elevated
N, pressure was also beneficial for the migration and uniform distribution of
Ca-aluminate liquid phases in the system. Therefore, the uniform liquid-assisted
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Figure 1.
Relationship between AIN conversion fraction and N, gas pressure at various veaction tempevatures [31].
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nucleation further promoted the formation of AIN particles with the larger particle
size, uniform distribution, and spherical morphology.

2.2 Effects of additive content

As mentioned above, the aluminates formed from the reaction between addi-
tives and ALLO; played an important role to determine the CRN reaction rate and the
morphology of AIN particles. Therefore, the investigation of the additive was help-
ful to verify the previous inference and better understand the formation mechanism
of spherical AIN particles. In this section, the raw materials with various CaF,
contents (0, 3, 5, and 10 wt.%) were used to proceed the CRN reaction under the
high N, pressure of 1 MPa and at different temperatures of 1500 and 1800°C. The
XRD patterns of the as-synthesized products were shown in Figure 3.

As observed from Figure 3a, Al,O; was identified in all samples, indicating the
incomplete nitridation at 1500°C. In the absence of CaF,, the peaks of Al,O; were
detected strongly. When 3 wt.% CaF, was introduced, the relative intensity of the
AL O; diffraction peaks decreased obviously, which indicated that a small amount
of CaF, could effectively accelerate the nitridation rate. However, with the CaF,
content further increased to 5 and 10 wt.%, the peaks of Al,O; increased instead,
suggesting the conversion fraction of AIN was decreased. This is mainly because
the reaction between CaF, and Al,O; was relatively slow at the low temperature of
1500°C; excessive and unreacted CaF, existed in the system, hindering the contact
between reactants and further retarding the nitridation process [37]. In addi-
tion, the secondary phase of CaAl;;0;9 was detected in all samples with CaF,. The
Ca-aluminates were mainly formed from the reaction between Al,O; and CaF,. The
process can be described by the following equations [38]:

Al, O3(s) + 3CaF,(s)—2AlF3(g) + 3Ca0(s) (1)

CaO¢s) + Al,05(s) =~ Ca-aluminates (1) (2)

As the reaction proceeds, the low-melting Ca-aluminates tended to be reduced
and further transformed into AIN, providing some Ca-compounds [39]:

Ca-aluminates (1) + C(s) + N,(g)— AIN(s) + CO(g) + Ca-compounds (3)

The reduction and nitridation of intermediate Ca-aluminate liquid undergo an
easier nitridation process, promoting the conversion rate from Al,O; to AIN.

Figure 2.
SEM images of the AIN powders synthesized at 1800°C but under various N, pressures: (a) 0.1 Mpa,
(b) 0.5 Mpa, and (c) 1 Mpa [31].
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Figure 3.
XRD patterns of the products synthesized with various CaF, contents at (a) 1500°C and (b) 1800°C.

When the reaction temperature was increased to 1800°C, only the peaks
of AIN were observed in Figure 3b, suggesting the full conversion of ALO; to
AIN. Moreover, it is necessary to note that no diffraction peaks ascribed to the CaF,
or Ca-compounds were detected, inferring that Ca-compounds were just formed at
relatively low temperature; afterwards, they were reduced and further vaporized
in the atmosphere with the increase of synthesis temperature. The process was
established as follows [39, 40]:

Ca-aluminates (1) + C(s) + N,(g) - AIN(s) + CO(g) + Ca(g) (4)

Figure 4 further shows the SEM images of the AIN products synthesized at
1800°C. As observed in Figure 4a, small particles accompanied with some irregular
grains were obtained in the absence of the CaF, additive. When a different amount
of CaF, ranging from 1 to 10 wt.% was added, both the sphericity and particle size of
AIN granules significantly increased with the CaF, content, as shown in Figure 4b-d.
Clearly, the higher CaF, content meant more Ca-aluminate liquids were generated,
providing the liquid environment for AIN nucleation and material transport. A large
amount of Ca-aluminate liquid explicitly favored for the complete wrap of AIN
particles, promoting the formation of a smooth spherical morphology. In addition,
the small AIN particles were more easy to dissolve in the excessive liquid phase and
reprecipitate on the surface of large particles, which finally promoted the growth of
AIN particles via the dissolution-precipitation mechanism.

2.3 Effects of the additive particle size

In this section, CaF, granulations with different particle sizes (<75 pm,
75~150 pm, and >150 pm) were used to evaluate the effects of the additive particle
size on the nitridation rate and morphology of the final products. The nitridation
pressure in the CRN process was maintained at 1 MPa. According to the particle
size of CaF, granulations changing from small to large, the obtained powders were
briefly named as ACF-S, ACF-M, and ACF-L. Table 1 summarized the AIN conver-
sion fraction of the products synthesized at 1500 and 1800°C.

It could be clearly inferred that the AIN conversion fraction decreased with the
increase of the CaF, particle size at the low temperature of 1500°C. This is mainly
because the large CaF, particle size tended to reduce the reaction rate between
CaF; and Al,O;, leading to the slow formation rate of Ca-aluminates. This obser-
vation further demonstrated that the Ca-aluminates played a central role in the
nitridation process. When the temperature increased to 1800°C, full nitridation
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Figure 4.
SEM images of the AIN products synthesized at 1800°C with various CaF, contents: (a) o, (b) 3, (c) 5, and
(d) 10 wt.% [31].

Samples CaF, particle size (pm) AIN conversion fraction (%)
1500°C 1800°C
ACF-S <75 88.03 100
ACF-M 75~150 73.01 100
ACF-L >150 57.36 100
Table 1.

The AIN conversion fraction of the products synthesized with different CaF, particle sizes at 1500 and 1800°C [29].

was achieved for all samples, and the corresponding SEM images are shown in
Figure 5.

As observed, the particle size of AIN products significantly decreased with
increasing the particle size of the CaF, additive. As mentioned, the large CaF,
particle size could lead to a low formation rate of liquid aluminates. Therefore,
insufficient liquid aluminates existed in the system. As a result, small AIN particles
were difficult to precipitate on the surface of large particles through the dissolution-
precipitation mechanism. The rearrangement and growth of AIN particles were
limited, leading to the AIN products with a small particle size.

2.4 Effects of reaction temperature

Figure 6 shows the typical SEM images of the AIN granules synthesized from
a typical mixture of AL,O;/C with 5 wt.% CaF, at various reaction temperatures
(1600-1900°C) under the N, pressure of 1 MPa for 2 h. As can be seen, the tempera-
ture has a great influence on the morphology and particle size of the as-synthesized
AIN granules. At 1600°C, angular AIN granules along with several tadpole-like
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Figuress.
SEM images of the products synthesized with different CaF, particle sizes at 1800°C: (a) ACF-S, (b) ACF-M,
and (c) ACF-L [29].

Figure 6.
SEM images of the AILN products synthesized at various temperatures: (a) 1600 [31], (b) 1700 [31], (c) 1800,
and (d) 1900°C.

particles were obtained. As the temperature increased to 1700 and 1800°C, the
tadpole-like morphology gradually disappeared, while the shape of AIN particles
was changed from angular to spherical. However, when the temperature was further
raised to 1900°C, the morphology was abnormal again, changing from spherical to
angular.

This interesting observation can be understood from the formation and distri-
bution of liquid aluminates. In general, two main reaction processes existed in the
system: one is the formation process of Ca-aluminates through the reaction between
Al,O; and CaF,, and the other one is the nitridation process of Ca-aluminates,
promoting the formation of AIN. The low formation rate and the high nitridation
rate of Ca-aluminates could both result in the reduced content of liquid phases in
the system, which would obviously affect the morphology of AIN particles. At alow
temperature of 1600°C, the Ca-aluminates appeared in a small amount and tended
to distribute unevenly in the system due to the slow reaction rate between CaF, and
Al Os. As a consequence, AIN had a higher growth rate in the liquid concentration
area, leading to the appearance of “tadpole tail.” In addition, the small amount of
liquid phases also resulted in a relatively slow material migration rate, thus the

8
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AIN granules preferred growing into the angular morphology according to the
crystal structure [41]. When the temperature was increased to 1700 and 1800°C,
the amount of liquid Ca-aluminates remarkably increased. The rapid material
migration aiding with the liquid phases eventually promoted the formation of

the spherical morphology with the lowest surface free energy. However, when

the temperature was further increased to 1900°C, the nitridation rate of liquid
Ca-aluminates increased significantly, even larger than that of the formation rate.
In other words, the Ca-aluminates were nitrided immediately as soon as they were
formed. There were not enough liquid phases in the system to modify the morphol-
ogy of AIN. Asaresult, AIN presented the angular morphology again in accordance
with its own structure.

2.5 Effects of reaction time

To investigate the effects of reaction time on the morphology of AIN products,
the raw materials with 5 wt.% CaF, were heated at 1800°C and under the N, pres-
sure of 1 MPa for various reaction times (0.5, 1, 2, and 4 h). Figure 7 shows the SEM
images of the as-synthesized powders.

As the reaction time prolonging from 0.5 to 1 h and further to 2 h, the size and
uniformity of AIN particles significantly increased. It was expected that the dissolu-
tion and reprecipitation of AIN aiding with liquid phases contributed greatly to the
particle growth. In addition, as the prolongation of reaction time, the residual liquid
phases in the system could also adjust themselves under the action of the interfacial
energy to uniformly wrap the AIN particles, further improving the uniformity of
the particle size. However, when the reaction time further increased to 4 h, the
growth of AIN particles was no longer obvious. Instead, most of the AIN particles
were sintered each other to form large aggregates, and the individual particles
tended to change from the spherical to angular morphology, as demonstrated by the

Figure7.
SEM images of the AILN products synthesized for various reaction times: (a) 0.5, (b) 1, (c) 2, and (d) 4 h [29].

9
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inserted images in Figure 7c and d. As the reaction proceeding, Ca-aluminates were
continuously consumed until they were completely reduced to Ca vapor follow-

ing Eq. (4). The residual liquid phase was too less to completely encapsulate the
AIN particles. The driving force of small AIN particles migrating to large particles
decreased, and the energy required for the growth of individual particles increased.
Therefore, the AIN particle growth gradually stopped and was replaced by the neck
sintering between particles.

2.6 Effects of the carbon content

It is generally believed that the ratio of carbon and AL, O; has a great effect on
the CRN process. Traditionally, excessive carbon was used to guarantee the full
conversion of AlL,O; to AIN [42]. In order to evaluate the effects of carbon content
on the synthesis of spherical AIN particles, the raw powder mixtures with 5 wt.%
CaF; and various C/Al,O; mole ratios (2.5, 3.0, 4.0, and 5.0) were used, and the
CRN process was conducted under the N, pressure of 1 MPa and at different
temperatures for 2 h.

Figure 8 shows the relationship between the AIN conversion fraction and
the C/AL,O; mole ratio at 1500 and 1800°C, respectively. At 1500°C, no samples
achieved full nitridation. When the mole ratio of C to A,O; was 3.0, namely, the
theoretical value of the CRN reaction, a highest AIN conversion fraction of ~79%
was obtained, while a lower or higher C/Al,O; mole ratio tended to reduce the
AIN conversion fraction. As discussed, the formation and nitridation process of
liquid Ca-aluminates played a crucial role in the CRN process. When the carbon
content was insufficient, the contact interface between carbon and Ca-aluminates
decreased. As a consequence, the nitridation rate of Ca-aluminates was reduced,
leading to the decrease of the AIN conversion fraction. On the other hand, when
the ratio of C to Al,O; exceeded the theoretical value, the excessive carbon tended
to hinder the contact between CaF, and Al,O;. The formation rate of Ca-aluminates
was decreased correspondingly, resulting in the low AIN conversion fraction as well.

In addition, it can also be observed from Figure 8 that the full AIN conver-
sion occurred for the samples with the C/AL,0; mole ratios of 3.0, 4.0, and 5.0 at
1800°C. As for the sample with the C/AL,O; mole ratio of 2.5, a small amount of
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Figure 8.
Relationship between the AIN conversion fraction and the mole vatio of the C/AlL,O; mole ratio at 1500 and
1800°C [29].

10



Carbothermal Synthesis of Spherical ALN Fillers
DOI: http://dx.doi.org/10.5772/intechopen.81708

ALO; still existed in the system due to the lack of carbon black. The SEM images of
all samples synthesized at 1800°C were shown in Figure 9.

When the carbon content was less than the theoretical value, many large sinter-
ing aggregates could be observed (Figure 9a). As increasing the carbon content,
the large aggregates gradually disappeared, while the particle size significantly
decreased. As known, the growth of particles was not only affected by their growth
rate but also restricted by external growth space. When insufficient carbon black
was used, the residual carbon black in the late stage was scare. Thus, the AIN par-
ticles were likely to contact each other, promoting the formation of large particles
and hard aggregates. When the carbon content was excessive, a large amount of
unreacted carbon dispersed between AIN particles, which enlarged the migration
distance of small particles to AIN nucleus, and limited the growth space of AIN. As
aresult, AIN powders with smaller particle size were obtained.

2.7 Effects of additive types

In Sections 2.1-2.6, CaF, was selected as the typical additive to synthesize
spherical AlN fillers by the CRN method. Actually, many single or composite com-
pounds can be used as additives to promote the enhancement of the nitridation rate
and the formation of the spherical morphology of AIN particles [37, 43-46]. These
compounds have the same characteristic that they can react with AL, O; to produce
low-melting liquid aluminates at a relatively low temperature. However, different
kinds of additives showed a slight different effect on the nitridation process and the
product morphology. Table 2 shows the powder mixtures with different additive
types that the authors previously investigated. The CRN process was carried out at
1400-1800°C and under the N, pressure of 1 MPa for 2 h. The influence of additive
types on the AIN conversion fraction was summarized in Table 3.

Figure 9.
SEM images of the AIN particles synthesized at 1800°C from samples with various C/Al,O; mole vatios: (a) 2.5,
(b) 3.0, (c) 4.0, and (d) 5.0 [29].

11
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Samples Formulation (in wt.%)

A1203 C Can Y203 YF3
AP 66.7 333 — — —
ACF 63.3 317 5.0 — —
AYO 63.3 317 — 5.0 —
ACFYO 63.3 31.7 3.0 2.0 —
ACFYF 63.3 31.7 3.0 — 2.0

Table 2.

Compositions of the investigated powder mixtures [32].

Samples AIN conversion fraction (%)

1400°C 1500°C 1600°C 1700°C 1800°C
AP 1.78 42.94 96.02 100.00 100.00
ACF 13.96 32.85 100.00 100.00 100.00
AYO 11.21 6748 100.00 100.00 100.00
ACFYO 10.70 50.45 100.00 100.00 100.00
ACFYF 35.60 75.62 100.00 100.00 100.00

Table 3.

The AIN conversion fraction at different temperatures for the investigated samples [32].

At 1400°C, all samples with additives showed a higher AIN conversion fraction
than that of without additives, further indicating additives favored for the nitrida-
tion process. However, it should be noted that the sample ACF showed a lower AIN
fraction than AP at 1500°C. This was mainly because most of CaF, melts to the
liquid phase due to the general melting point of 1418°C. As a result, excessive CaF,
liquid wrapped on the surface of raw materials, hindering the nitridation process.
The rest of samples all present higher AIN conversion fraction than that of AP and
ACEF, in accordance with the order of ACFYF > AYO > ACFYO. The sample ACFYF
presented the highest AIN conversion fraction among all samples. According to the
studies of Qiao et al. [38], the formation of (Ca,Y)F, intermediate and the further
appearance of liquid Ca-Y-aluminates at a relatively low temperature of 1350°C were
the main reasons for achieving the highest nitridation rate for the Al,0;-CaF,-YF;
system.

Figure 10 further shows the SEM images of the AIN particles synthesized at
1800°C from various samples. As observed, micro-sized spherical AIN fillers were
successfully synthesized from all samples, but their morphology and particle size
were slightly different, which might be related to the different formation rate and vis-
cosity of liquid aluminates in the process. From the whole, the sample ACF presented
the highest individual sphericity and the best uniformity. Although the near-spherical
morphology can also be observed in the remaining samples of AYO, ACFYO, and
ACFYF, several hard agglomerates cannot be overlooked. Figure 11 shows the typical
morphology of these hard agglomerates. It can be seen that many compounds precipi-
tated on the particle surface and the neck of sinter particles, which were identified as
Y-aluminates by EDS analysis. This indicated that Y-containing compounds could not
volatilize as Ca-containing compounds after the CRN reaction, but deposited in the
system in the form of precipitates.
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Figure 10.
SEM images of the AIN particles synthesized at 1800°C from samples with various kinds of additives: (a) ACF,
(b) AYO, (c) ACFYO, and (d) ACFYF [32].

Figure 11.
SEM images of typical microstructures showing Y-aluminate compounds in the sample ACY5 after treatment at
1800°C for 2 h [32].

The appearance of these agglomerates was mainly related to the addition of Y,0;.
According to other studies [47], in the CRN process, the additive Y,0; firstly reacted
with Al,O; to form Y-aluminates, which were further reacted with carbon and N, to
form AIN based on the following equations:

Al,05(s) + Y,03(s) - Y-aluminates(1) (5)
Y-aluminates(l) + C(s) + Ny(g)—AIN(s) + CO(g) + Y-compounds (6)
When the reaction temperature was high enough or the time was long enough,

the Y-aluminates could be reduced completely to Y,O5:
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Y-aluminates (1) + C(s) + Np(g)—AIN(s) + CO(g) + Y,05(s) 7)

According to the studies of sintering AIN ceramics, the existence of these
Y-aluminates tended to hinder the connection between AIN grains, leading to the
decrease of thermal conductivity of AIN products [48]. However, direct experimen-
tal evidence was still necessary for the spherical AIN fillers.

3. Formation mechanism of micro-size spherical AIN fillers

In the above section, we summarized the influence of synthetic parameters on
the morphology of final AIN products. It can be concluded that high N, pressure,
suitable additives, and appropriate reaction temperature were essential to syn-
thesize the micro-sized spherical AIN fillers. Compared with the traditional CRN
method, the as-synthesized AIN fillers exhibited two main obvious morphological
changes: the growth of the particle size and the sphericity of the particle shape. In
this section, we will discuss the formation mechanism of the two morphological
changes based on the experimental results.

3.1 Growth mechanism of the AIN particle size

In the process of carbothermal synthesis of spherical AlN fillers, two typical
processes occurred: the reaction between Al,O; and additives to form the liquid
aluminates and the further reduction and nitridation of aluminates to produce
AIN. After formation, the process of AIN particles enlargement could be divided
into three stages: nucleation, growth, and coarsening [49]. First, AIN was nucleated
in the liquid aluminates, and the number of AIN grains was continuously increased.
After that, the newly generated AIN grew on the basis of crystal nucleus, and the
AIN particle size was continuously improved. Finally, as the reaction entered the
later stage, the small AIN particles were constantly swallowed by the large particles,
leading to the rearrangement and coarsening of AIN particles. Therefore, the AIN
particle size was determined jointly by the three stages. The low nucleation rate,
high growth rate, and high coarsening rate were all advantageous to obtain the AIN
tillers with a large particle size.

As demonstrated, the elevated N, pressure favored the formation of AIN gran-
ules with a large particle size. Under a high N, pressure, the release of CO vapor was
inhibited, becoming a barrier to limit the contact between Al,O; and N,. As a result,
the AIN nucleation rate was significantly decreased, resulting in a large particle size.

The AIN growth rate was mainly influenced by the formation and nitridation
rate of liquid aluminates. In general, when the nucleation rate and holding time
were constant, the fast growth rate meant that AIN particles stayed longer in the
coarsening stage, which was conducive to the particle size growth. For example,
both the small CaF, particle size and high reaction temperature could accelerate the
formation rate of aluminates, enhancing the AIN growth rate and further promot-
ing the appearance of large AIN particles.

In the later stage of the reaction, the coarsening rate played a decisive role in the
final particle size. Since small particles had higher interface energy, they were more
easy to be swallowed by the large particles in order to reduce the overall energy of the
system, leading to the growth of the AIN particle size. Therefore, the coarsening stage
could be considered as the process of interface migration, and the coarsening rate was
affected by the reaction time, temperature, and the difficulty of interface migration.
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It could be easily understood that longer reaction time meant longer coarsening
stage, hence larger particles were more easy to be obtained. However, it should be
noticed that too long reaction time could lead to the complete disappearance of
small particles, and the interface migration required much more energy than the
system could provide. Thus, the growth of the particle size was not that obvious, as
demonstrated in Section 2.5.

High reaction time tended to accelerate the rate of interface migration, promot-
ing the growth of the particle size as well. In addition, when more liquid aluminates
existed in the system, it got much easier for small particles to migrate to large
particles, so the coarsening rate was significantly increased. This can well explain
why more CaF, content resulted in a larger particle size in Section 2.2.

Moreover, the final particle size was also influenced by the dispersion of second-
phase particles. As demonstrated in Section 2.6, excessive carbon black could
become the barriers for small particles to large particles. The external growth space
of AIN particles were limited, leading to the small AIN particle size.

In summary, the particle size of the as-synthesized AIN fillers was influenced by
a variety of synthetic parameters. In the preparation process of the raw materials,
decreasing the additive particle size, increasing the additive content, and decreas-
ing the amount of the carbon black all could lead to the increase of the AIN particle
size. Additionally, using a high N, gas pressure, increasing the reaction temperature
and prolonging the holding time in the CRN reaction process could result in larger
AIN particles as well.

3.2 Sphericity mechanism of the AIN particle shape

According to the comprehensive investigations in Section 2, it can be concluded
that the amount and distribution of liquid aluminates were important for the for-
mation of the spherical AIN morphology. Based on the crystal growth theory [41],
crystals preferred to grow into the lowest energy state. When there were no liquids
in the system, the AIN morphology was mainly determined by the internal intrinsic
structure. Thus, AIN particles tended to grow in the angular morphology to achieve
the most stable state of energy. However, when additives were used in the CRN
process, AIN was nucleated in the liquid aluminates, and thus its morphology was
consequentially influenced by the external liquid phase environment. The solid AIN
and liquid phase constituted a common system, and hence the lowest solid-liquid
interface energy became the main driving force for the growth of AIN. Compared
with the angular morphology, spherical particles showed the least specific surface
area and the corresponding lowest solid-liquid interface energy. Therefore, AIN
tended to grow into the spherical morphology with the aid of liquid Ca-aluminates.

Based on the above inference, only when the AIN particles were completely
wrapped in the liquids during the growth stage, the spherical morphology could
be obtained. Thus, both the low liquid content and the fast AIN growth rate could
lead to the disappearance of the solid-liquid interface and the difficulty to form the
spherical shape. For example, when a low N, pressure was used, the AIN growth
rate was significantly increased so that the AIN particles could not be completely
wrapped by the liquids, resulting in the poor sphericity. In addition, the low reac-
tion temperature and the little additive content both led to the small liquid content,
thus the spherical AIN particles could not be obtained as well. It can be concluded
that the elevated N, pressure, suitable additives, and relatively high reaction
temperature greatly favored for carbothermally synthesizing AIN particles with a
smooth spherical morphology.
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4. Conclusion and perspective

In conclusion, this chapter presents the recent advances on the carbothermal
synthesis of spherical AIN fillers. The influence of various synthetic parameters on
the morphology and particle size of final products is summarized. During the CRN
process, the elevated N, gas pressure favored the growth of the particle size and the
formation of the uniform spherical morphology, but hampered the nitridation rate.
The relatively high reaction temperature could result in the increasing nitridation
rate, the growth of the particle size, and the sphericity of AIN particles, but a too
high temperature above 1900°C was not beneficial for the spherical morphology
due to the decreasing liquid content. Prolonging the reaction time properly was also
conducive to the formation of large spherical AIN particles. As for the raw materi-
als, increasing the additive content tended to enhance the sphericity and particle
size of AIN particles; excessive carbon black reduced the nitridation rate and
particle size, but increased the sphericity of AIN particles; the use of the additive
with a large particle size could slow down the nitridation rate and reduce the AIN
particle size.

In summary, the liquid aluminates forming from the reaction between Al,0; and
additives played an important role in the carbothermal synthesis of spherical AIN
fillers by improving the nitridation rate, increasing the particle size, and promoting
the formation of smooth spherical appearance. The condition that AIN particles
were completely wrapped with liquid aluminates during the growth stage was
necessary for the spherical morphology.

Although the micron-sized spherical AIN particles, which showed great
potentiality to be used as fillers, were successfully synthesized by the CRN
method, further research is still necessary aiming at evaluating the actual thermal
conductivity of the AIN fillers and the performance of the as-prepared thermal
interface materials.
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