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Effect of carbon contents on microstructure of B,C/SiC
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B4C/SiC composites were obtained by reaction sintering between C/B4C green body and liquid Si, and the effect of carbon
contents on microstructure was investigated by OM and SEM. Results show that B4C/SiC composites consist of three new
phases, namely, SiC, B13Cp, and Bi»(C, Si, B)s. Compared with composites without carbon addition, microstructure
becomes more even and smaller with increased carbon contents ranging from 0 vol.% to 10 vol.%, which may be due to the
generation of a small amount of SiC and the increase in grain boundary. However, when the carbon contents exceeded 10
vol.%, residual carbon can forms defects, and abnormal grain growth is clearly observed. Meanwhile, increased carbon
addition, more SiC is generated results in poor distribution uniformity of each phase.
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1. Introduction

B,4C ceramic has long been considered as a choice for
armor and nuclear protection fabrication fields as a result
of good ballistic and wear resistance, higher hardness and
modulus, lower density, and higher thermal neutron
shielding factor [1-4]. However, its low fracture toughness
has impeded wider applications on certain structural
components. Adding SiC to B,C-based materials is an
effective method of obtaining relatively higher fracture
toughness, while preserving the good mechanical and
physical properties of B,C [5,6].

Li Aiju [7] has recently obtained B,C/SiC composites
by hot pressing technology under at temperature ranging
between 1800 °C to 1880 °C and pressure of 30 MPa, and
the relative density of the obtained composite material was
95.6%. Furthermore, Masato Uehara [8] fabricated
composites by hot pressing technology at a temperature of
2000 °C without any sintering additives, and the relative
density of the obtained composite material was 99%.
However, disadvantages of the composites, which include
high sintering temperature and cost, limit wider use. By
contrast, reaction sintering to obtain B4C/SiC composites
has been considered as an alternative method because of
shorter sintering time and lower sintering temperature, as
well as lower cost, in particular, to obtain higher density.

Hayun [9] added free carbon to B,C by sugar
pyrolysis and fabricated the composite material by
reaction sintering with molten Si. However, the

microstructure of the composites has yet to be studied
systematically. In this paper, reaction sintering was used to
fabricate the B,C/SiC composites at a lower temperature,
and the the material components and a theory of
formulation were developed. In addition, the study aims to
study the influence of different carbon addition amounts
on the microstructures of composites, to provide more
theoretical basis and support for the study of mechanical
properties in the future.

2. Experimental procedure
2.1 Fabrication of Composites

(1) B4C powder (5 um, Jin Ma Company) and carbon
powder (Yi Jia Chemical Co.), along with a certain
amount of binders, were uniformly mixed based on Table
1. Then, the mixtures were mechanically ball-milled in
ethanol for 12 h using agate balls and dried at 65 °C for
12 h.

Table 1. Formation of SiC/B,C composition.

Samples 0# 1# 24 34

C (vol. %) 0% | 5% | 10% | 15%
B,C (VOI%)

100% | 95% | 90% | 85%
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(2) After being dried, crushed and screened through a
200 mesh sieve, the powders were granulated. The mixture
was placed into the mold and compacted by die-pressing
(SL-45, Shanghai Mechanics, China) at 120 MPa.

(3) The green bodies were infiltrated with liquid
silicon at 1650 °C for 2 h under 1 x 107 Pa vacuum in
vacuum sintering furnace.

2.2 Microstructure and composition

Porosity was measured by mercury intrusion method.
Density was determined by the water immersion technique
in accordance with ASTM Standard.B311. The phase
composition and structure of the samples were analyzed by
X-ray diffraction (XRD). The microstructure of the
composites was characterized by optical microscope (OM
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2000) and scanning electron microscope (SEM, SEM
4800).

3. Results and discussion
3.1 Composition design

In the reaction-bonded SiC/B4C composite, B4C and
Si at the temperature of the experiment are inert because
the wetting angle of Si to B4C is 0°. The reaction-
bonding mechanism is the same as that for the reaction
bonded silicon carbide silicon carbide (RBSC). The
process of the reaction-bonded SiC/B,C is shown in
Fig. 1.
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Fig. 1. Schematic of the reaction-bonded SiC/B,C.
(Vz is the pore volume of a green body, V' is the pore volume of a sintered body).

In the preparation of the SiC/B,C composite without
any obstruction of infiltrating Si, the main reaction
involved is C+Si—SiC. The atomic weights of C and SiC
are known, and the volume ratio of SiC/C in the
ingredients can be determined from the theoretical
densities of C and SiC, which are calculated as follows:
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Based on this calculation, the equation can be developed
as follows:

V. = 2.33V @)

Normally, a sintered body of RBSC consists only of
SiC and Si and is free of pores and carbon residue. If the
volume of a green body is equal to that of a sintered body
and considering the mass conservation law, the equation
obtained is as follows:

Vo4 Vp = Vi + ViV, 4V, = 2330, + V' (3)

133V, =V, — I )

Ideally, the composite is free of residual silicon
(Vz =0). Based on the testing, V, is 0.35, and the
volume fraction of carbon is calculated as follows:

Al P PSS
€T 133 el (5)

Namely, the carbon contents of the reaction-bonded
SiC/B,C system formulations should theoretically range
from 0 to 26.32 vol%. Combine with previous research
outcome on its mechanical properties [10], effect of
carbon contents ranged from 0 to 15 vol% on the
microstructure of SiC/B,C will be studied in this paper.

3.2 Composition of B4,C/SiC composites

Fig. 2 shows the XRD patterns of B4C/SiC
composites with varied C contents. We can see new phases,
which included SiC, B13C,, and By»(C, Si, B); in the
B,C/SiC composites, in comparison with composites
fabricated by reaction sintering without any carbon. In
addition, residual Si can be detected in composites with or
without carbon addition.

With increased carbon contents, particularly at 15
vol. % C, residual carbon can be detected within the
material system, indicating an incomplete reaction and
excess of carbon. This phenomenon may be due to greater
SiC amount generated in the reaction of molten silicon and
carbon powder, which surrounds the carbon powder and
hinder the reaction of carbon and silicon. However,
residual carbon may cause a decline in the strength of the
sintered body because of the zero strength [11].
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Fig. 2. XRD patterns of B4C/SiC composites with various C
contents: (1) 0 vol. %; (2) 5 vol. %; (3) 10 vol. %; (4) 15 vol. %.

3.3 Compactness of BAC/SiC composites

Fig. 3 shows the density and porosity of composites
with different contents of carbon. As can be seen in Fig. 3,
higher carbon contents translated to higher density of the
composites, all four group of samples have better
compactness because of the lower porosity. However, a
carbon contents exceeding 10 vol.% results in gradually
increased the amplitude of density. Meanwhile, porosity
presents a minimum with increased carbon addition.
Adding a certain amount of carbon powder can lead to the
formation of SiC. Pores can be filled, and porosity
consequently decreases. However, when carbon addition
exceeds 10 vol.%, SiC particles tend to aggregate together
in the reaction progress and partially blocks the channels
of silicon infiltration. This blockage result in pores within
composites, and thus porosity increases [12].

With increased carbon contents, the relative contents
of SiC in composites increases because of the higher
density of SiC (3.21 g/cm®) than B,C (2.52 g/cm?).
Increased carbon contents definitely lead to increased
density of the composites. In addition, the porosity decline
leads to the increased compactness and contributes to the
increase of density. However, beyond 10 vol.% C, the
increase in porosity affects the increase in density.
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Fig. 3. Density and porosity of B,C/SiC composites with various
C contents (1) 0 vol. %; (2) 5 vol. %; (3) 10 vol. %; (4) 15 vol. %.

3.3 Microstructure of B,C/SiC composites

Fig. 4. OM images of SiC/B,C composites with different C
contents:(a) 0 vol. %; (b) 5 vol. %; (c) 10 vol. %; (d) 15 vol. %.



Effect of carbon contents on microstructure of B,C/SiC composites 485

Fig. 4 shows the OM images of the composites with
different carbon contents. In Fig. 3, without any addition
of carbon, the distribution of grains within sintering body
is uneven (Fig. 4(a)). Particles are dispersed unevenly,
which suggests the significant agglomeration of the
powder in the process of mixing. In contrast, the addition
of carbon results in greater uniform distribution of grains,
and particles are dispersed more evenly with increased
carbon contents from 0 vol.% to 10 vol.%. In addition, no
abnormal grain growth [13-15] is found when carbon
addition ranged between 0 and 10 vol.%, which may be
due to the generation of a small amount of SiC and the
increase in grain boundary.

However, when carbon content is higher than 10
vol. %, more non-uniform grain distribution is observed.
Abnormal grain growth is clearly seen in Fig. 4(d). Given
the higher carbon contents, more SiC is generated, which
enhances the thermal effect, bridges B,C particles, and
ultimately promotes abnormal grain growth.

Fig. 5 shows the SEM images of B4C/SiC composites.
We used Fig. 5 in combination with the EDS analysis (Fig.
6) to define A, B, C, D, and E, which respectively stands
for different phases. Gray-colored area A is a mixing zone
with less SiC and more Si. Black-colored area B
approximates the B,C phase. Area C, which is also of a
gray color, is a mixing zone of less Si and more SiC,
which is the same as in areas D and F, only varying
according to the atomic ratio of C/Si.

According to Fig. 5(a), without carbon addition, the
composite material mainly consists of Si and B4C phase.
However, a small amount of binder mixed with carbon
element, which was added to the original powder in the
process of mixing materials, caused the reaction between
Si and C and lead to the formation of less SiC. Thereby, a
mixing zone of less SiC and more Si appears among the
B,C phases with a dispersive distribution. In contrast, the
element of gray areas transforms from a region containing
more Si to a region containing more SiC with the addition
of carbon powder. This transformation is attributed to the
complete reactions between molten silicon and carbon,
leading to the formation of more SiC molecules.
Meanwhile, the molten silicon continues to infiltrate and
surround SiC. Finally, a mixing zone of less Si and more
SiC forms (Fig. 5(b)).

Fig. 5. SEM images of SiC/B4C composites with different C
contents: (a) 0 vol. %; (b) 5 vol. %; (c) 10 vol. %; (d) 15 vol. %.
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keV

Element(A) Weight% Atomic%
CK 3.45 7.71
SiK 96.55 92.29
Si
B
C
0 2 k;V 6 8
Element(B) Weight% Atomic%
BK 81.98 85.98
CK 12.48 11.78
SiK 5.54 2.24
Si
(o3
0 2 k;V 6 8
Element(C) Weight% Atomic%
C 32.72 46.79
Si 67.28 53.21
Element(D) Weight% Atomic%
C 30.21 45.38
Si 69.79 54.62
Element(F) Weight% Atomic%
C 27.59 40.96
Si 72.41 59.04

Fig. 6. EDS analysis of composites.

In addition, we can see that, without carbon addition,
phases display various sizes, which is due to the difficulty
of B,C sintering without any sintering aids ™. More
carbon addition beyond 10 vol.% carbon results in poorer
distribution uniformity of each phase, because a high ratio
of SiC is generated in the reaction, and agglomeration
result in regions with larger size (Fig. 5(d)).

4. Conclusions

(1) In comparison with composites fabricated by
reaction sintering without any carbon addition, new phases,
which include SiC, B13C,, and Bi1,(C, Si, B);, can be
detected in B,C/SiC composites with carbon addition. At a
carbon contents exceeding 10 vol.%, residual carbon
appears.

(2) The addition of carbon results in more uniform
distribution of grains, and particles are dispersed more
evenly with increased carbon contents. However, when the
carbon contents is higher than 10 vol.%, abnormal grain
growth is evidently observed.

(3) Combined with SEM and EDS analysis, the
element of the phase with grey color transforms from the
region containing more Si to the region containing more
SiC with the addition of carbon powder, which confirms
the generation of SiC.
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