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Abstract. B4C, Si, Al, and y-ALL,O; were used as raw materials, formed B-Sialon
and SiC in situ by solid-state reaction for preparation of B4C composite powder. -
Sialon and SiC grains are uniformly and dispersedly distributed in the composite
powder. The effects of the molar ratio of raw materials, nitridation temperature
and soaking time for the phase composition, and microstructure of the composite
powder were studied. When the molar ratio of B4C and Si is 2: 3, the composite
powder with columnar B-Sialon grains growing alternately can be prepared after
nitridation at 1500 °C for 4 h. The liquid phase formed by the melting of Si at high
temperature promoted the dissolution of B4C and the formation of SiC. When the
nitridation temperature was increased or the soaking time was prolonged, the gas
phase volatilization of Si and Al was intensified, SiC and AIN whiskers tend to be
formed in the composite powder.
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1. Introduction

Boron carbide (B4C) is an artificial material with a hardness second only to diamond
and c-BN [1]. Compared with diamond and ¢-BN, B4C powder is usually prepared by a
low-cost carbothermal reduction [2,3]. In addition, the B4C has excellent characteristics
such as high melting points, high elastic modulus, low density, and good chemical
stability [4]. It is widely used in the fields of grinding processing [5], catalytic carriers
[6], and antioxidants of refractory materials [7]. However, the sintering of pure B4C
powder is very difficult because of the high content of covalent bonds of B4C, which
reduces the performance of the material [8].

The preparation of composites helps to give full play to the advantages of multi-
component materials [9]. In order to improve the sintering property of B4C, sintering
additives such as metals [10], metal oxides [11], transition metal borides [12], and
carbides [13] are often introduced to improve the density of point defects or
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dislocations, so as to achieve the activation effect on grain boundary and volume
diffusion and increase the diffusion driving force in the sintering process [14,15].
Yavas et al. [16] prepared B4C-CNT composite ceramic containing 3 wt.% CNT by
SPS sintering, with hardness of 32.8 GPa and fracture toughness of 5.9 MPa-m'2. Liu
et al. [17] when the amount of TiB, was 20 mol.%, the relative density of B4C-TiB,
composite ceramic reached 97.91%, Vickers hardness reached 29.82 GPa, and fracture
toughness reached 3.70 MPa-m"? at 1950 °C and 50 MPa by SPS sintering.

The preparation of high-performance composite powder is the basis of subsequent
ceramic sintering. For example, the surface modification of powder is an effective
means to improve the performance of powder [18-21]. As a reinforcing phase often
introduced into composite ceramics, Sialon is a solid solution obtained by partially
replacing Si and N atoms in Si3N4 with Al and O atoms of Al,Os. Still, Sialon is easier
to sinter and reach its theoretical density than SizNs. B-Sialon has the best thermal
stability and toughness among the four crystal forms of the Sialon phase. Its columnar
grains may have a pinning effect at the boron carbide grain boundary, effectively
inhibiting grain growth [22,23]. The research shows that the nitridation temperature can
significantly affect the grain morphology of the product formed by Si powder and
determine the performance of the material [24]. To improve the sintering property of
boron carbide ceramics and prepare high-performance boron carbide ceramic materials
more efficiently. In this work, boron carbide powders were formed in situ by the solid-
phase synthesis reaction of B-Sialon. Through the in-situ nitridation reaction of Si,
Al,O3 and Al, the B-Sialon is introduced uniformly and dispersedly into the boron
carbide. It is expected to play an influential role in promoting sintering and
strengthening in the subsequent ceramic sintering.

2. Experiment and Characterization
2.1. Raw Materials and Process

The raw materials include B4C powder, dsp=4.2 um, Purity > 99.95, Zhongmai Metal
Material Co., Ltd. Al powder, analytically pure, Tianjin Kermel Chemical Reagent Co.,
Ltd. Si powder, dsp=1 pm, Shanghai ST-NANO science and technology Co., Ltd. y-
AL O3, purity > 99%, Shanghai Yuanjiang Chemical Co., Ltd.

The chemical formula of B-Sialon is Sis-,Al,O,Ns_,. In this experiment, ingredients
were added according to the following chemical Eq. 1.

3Si+ Al+ 41,0, +§Nz = Si,AL,O,N, (1)

According to the molar ratio of 2:1, 1:1, 2:3, 1:2 of B4C/Si, they are divided into
Al, A2, A3 and A4. Adding Al and y-Al,O; to mixed in proportion, agate balls and the
appropriate amount of ethanol were added according to the material and ball ratio of 1:
3. Grinding and wet mix at the speed of 300 r'min™! for 10 h, and then dry the ground
mixture in bake oven at 90 °C for 12 h. The dried powder was sieved through a 200
mesh sieve and pressed into powder to a cylindrical sample of ®10 mm under 4 MPa.
Place the samples in a rectangular corundum crucible, using a tubular furnace to
maintain a heating rate of 5 °C/min in N,. The samples were heated to 1450~1550 °C
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for 3~5 h, and then cooled to room temperature with the furnace. The composite
powder was obtained by crushing and grinding the sintered consolidated sample.

2.2. Testing and Characterization

Used XPert-Pro-MPDX ray diffraction (XRD) to analyze the primary phases of the
composite powder after nitride. Used the Nova 400 Nano electronic microscope (SEM)
to observe the microscope of composite powder and energy spectrum analysis of
micro-region components (EDS).

3. Results and Discussion
3.1. Phases Composition

Figure 1 shows the XRD pattern of samples with different molar ratios at 1500 °C for 4
h in N». The main phases of composite powder are Al,Os, SiC and B-Sialon, B4C and Si.
And some B4C reacted to generate BN. As the molar ratio of B4C and Si decreases
from 2:1 to 1:2, the intensity of the diffraction peaks of Al;O;, Si and B4C of the
composite powders decreases gradually, and the intensity of diffraction peaks of f-
Sialon and SiC increases gradually. The increase of Si content promotes the formation
reaction of PB-Sialon proceeded. Hence the reaction amount of AlOs; gradually
increased, resulting in the relative intensity of its diffraction peak weakening gradually.
Due to free carbon in B4C, Si will react with C. with the increase of Si addition, the
amount of SiC will increase. When molar ratio of B4C, Si is 2: 1, the intensity of
diffraction peaks of Si reach the maximum value, which may be due to the low amount
of liquid phase of molten Si at this ratio, common wetting and dissolution of other raw
materials, and insufficient reaction. While the addition of more Si in A3 and A4
samples leads to the increase of the contact area of reactants in the reactions, and
promotes the reaction consumption of Si. The main reason for the low intensity of B4C
diffraction peaks is the formation of liquid phase Si at 1500 °C. Leads to the increase in
contact area and reaction activity between silicon and B4C particles. Through the
dissolution precipitation mechanism [25], the C atoms in B4C are dissolved in the Si
liquid, which promotes the formation of SiC, and then leads to the consumption of B4C.
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Figure 1. XRD patterns of nitridation samples with different molar ratios at 1500 °C for 4 h.
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Figure 2 shows the XRD pattern of A3 samples at different nitridation
temperatures. The main phases are AlOs, SiC, B-Sialon, B4C, and AIN. With the
increase in sintering temperature, the intensity of the diffraction peaks of Si in the raw
material gradually decreases and disappears completely at 1550 °C. It is speculated that
the increase in temperature promotes the reaction consumption of Si, and the reaction is
complete at 1550 °C. At the same time, the diffraction peaks of AIN were detected at
1550 °C, which may be due to the preferential reaction of some Al vapor with N». AIN
was formed with the increase of sintering temperature. Insufficient reaction of f-Sialon
leads to more residual Al,Oj3. The reaction was sufficient at 1500 °C, so the intensity of
diffraction peaks of Al,O3 is low, and the intensity of diffraction peaks of B-Sialon is
high. Since silicon reacts completely at 1550 °C, the relative intensity of the diffraction
peak of SiC is the highest.
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Figure 2. XRD patterns of nitridation of A3 samples at different sintering temperatures for 4 h.

Figure 3 shows the XRD pattern of A3 samples with different soaking times at
1500 °C. With the extension of soaking time, the intensity of the diffraction peaks of -
Sialon increase gradually and reach the highest intensity at 5 h. At the same time, the
diffraction peak of Si can be detected, but its residual is limited. At the same time, the
extension of soaking time also promotes the formation of SiC, resulting in higher
relative intensity of diffraction peaks. However, too short or too long soaking time will
lead to the insufficient reaction of Al,Os, which is not conducive to B-Sialon generation.

*:ALO, ¢:SiC A:Si V:S,ALO,N; e:B,C #:BN

ﬂ u 4h
__;a_«J"‘ U \JL,JL.J\AJ_WUW_JJ\N&_,Q

Intensity(a.u)

3h

1020 30 40 50 60 70 80
20(degree)

Figure 3. XRD patterns of nitridation of A3 samples with different soaking times at 1500 °C.
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3.2. Micromorphology

Figure 4 is the SEM images of samples with different molar ratios nitrided at 1500 °C
for 4 h. Figure 4 (a) shows the small-size grains that have not yet been fully developed
grow on the large B4C particles at 1500 °C. Due to the increase of Si addition, the
second phase grains increase significantly, and the grain size increases slightly in figure
4(b). As can be seen in figures 4(c) and (d), due to the further increase of Si addition,
the size of small grains increases significantly in the axial direction. A small number of
columnar grains were observed in the A3 sample, which is consistent with the typical
structure of the B-Sialon phase. But there are still some undeveloped grains. When the
molar ratio of B4C/Si is 1:2, the micro morphology of the sample is similar to the A3
sample. Except that the grains in local areas are coarsened, and a small number of flaky
grains appear. It shows that the decrease of the B4C/Si molar ratio can promote the
formation of B-Sialon, and it is consistent with the detection results of the above XRD
patterns.
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Figure 4. SEM images of samples with different molar ratios after nitridation at 1500 °C for 4 h: (a) Al, (b)
A2, (c) A3, (d) A4.

Figure 5 shows the SEM images of the A3 sample nitrided and kept for 4 h at
1450~1550 °C. Figure 5(a) shows with the increase in sintering temperature, the
morphology of grains in the sample gradually tends to be regular and neat, growing
from the short rod and granular. Figures 5(b) and (c) shows the column and whisker
grains. And these columnar grains and whiskers are crisscrossed in the boron carbide
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matrix and grow on the surface of large particles. As shown in table 1, columnar grains
(point 1) and whiskers (point 2) are accordances with the elemental composition of f3-
Sialon, SiC, and AIN, due to the effect of residual Al,Os, the atomic ratio is different.
Due to the aggregation of various substances in the energy spectrum region, it is
different from the standard atomic ratio of materials. Combined with the above XRD
analysis, it can be inferred that the prismatic particles formed at 1500 °C are B-Sialon.
The whiskers generated are due to the increase of sintering temperature [26]. Al vapor
reacts with N> to generate AIN whisker at 1550 °C, Si vapor reacts with B4C to
generate SiC whisker at 1550 °C.

o 8 3 o .
Figure 5. SEM images of the A3 samples after nitridation and soaking for 4 h at different temperatures: (a)
1450 °C, (b) 1500 °C, (c) 1550 °C.

Table 1. Micro area composition/Atomic% of figure 5.

Element Al Si (0] N B C
1 18.73 9.15 30.15 41.97 - -
2 10.58 13.69 12.95 19.13 18.72 24.93

Figure 6 shows the SEM images of the A3 sample obtained by soaking for 3 h, 4 h
and 5 h respectively at 1500 °C. With the extension of soaking time, it can significantly
promote the radial growth of B-Sialon grains. From the irregular growth in figure 6 (a)
to the neat and regular grains in figures 6(b) and (c). The grains growth is incomplete
and still in the state of small particles when soaking for 3 h. When soaking for 4 h and
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5 h, columnar grains and whiskers arranged neatly are generated, as shown in figure 6
(b) and (c). Extended soaking time for the formation of B-Sialon is obviously promoted.
When the soaking time is Sh, SiC grows in whisker and staggered distribution. When
the soaking time is 4 h, B-Sialon has a significant content and relatively uniform
distribution.
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Figure 6. SEM images of nitridation at 1500 °C for A3 samples with different holding time: (a) 3 h, (b) 4 h,
(©)5h.

4. Conclusion

The relatively content of B-Sialon is higher and remaining Si and Al,O3 are minor when
the molar ratio of B4C/Si is 2: 3. Excessive Si can cause B4C to dissolve in Si liquid
and cause reaction consumption. It is more full of the form of B-Sialon in the composite
powder at 1500 °C for 4 h. The p-Sialon grains grow towards the edge and staggered
between B4C grains in composite powder. Molten Si promotes the dissolution of B4C
and AlOj; in the liquid Si, thus promoting formation of B-Sialon and SiC. Too high
nitridation temperature and too long soaking time will lead to volatilization liquid.
They are also inhibit the formation of $-Sialon and promotes the formation of SiC and
AIN whiskers.
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