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Microstructure, Mechanical, and Thermal Properties of B ,C-

TiB,-SiC Composites Prepared by Reactive Hot-pressing

CAO Yaoqin', HE Qianglong®, WANG Weimin*
(1.China Helicopter Research and Development Institute, Tianjin 300450, China, 2.The State Key Laboratory of Advanced Technology for
Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China)

Abstract: B,C-TiB,-SiC composites with excellent properties were prepared by reactive hot-pressing

using B,C, TiC, and Si powders as the raw materials. The phase transition process was investigated by

heating the powder mixture to different temperatures and combined with XRD tests. TiB, and SiC phases

were synthesized through an in situ reaction, and the mechanical and thermal properties were improved

simultaneously. Microstructure and mechanical properties were also studied, and the 60wt% B,C-21.6wt% TiB,-

18.4wt% SiC composite showed a relative density of 99.1%, Vickers hardness of 34.6 GPa, flexural strength of

582 MPa, and fracture toughness of 5.08 MPa-m'”. In addition, the values of thermal conductivity and thermal

expansion coefficient were investigated, respectively.

Key words: B,C-TiB,-SiC; reactive hot pressing; microstructures; mechanical properties; thermal

properties

1 Introduction

Boron carbide (B,C) has many excellent prop-
erties, such as high hardness (37.7 GPa), low density
(2.52 g/em’), high melting point (2447 °C), high elastic
modulus (450 GPa), high fever electromotive force,
good chemical stability, high neutron absorption cross
section, good shock resistance and excellent wear re-
sistance. It can have all the above excellent properties
at the same time, which is not possessed by any other
ceramic material. Therefore, boron carbide ceramics
are considered a strategic material and are widely used
in light armor, grinding and cutting tools, ceramic bear-
ings, injector nozzles, nuclear industry and high tem-
perature thermocouples' ™.

Although boron carbide ceramics have these ex-
cellent properties, due to the close proximity of boron
(B) and carbon (C) atoms, the different in electroneg-

© Wuhan University of Technology and Springer-Verlag GmbH
Germany, Part of Springer Nature 2020

(Received: June 16, 2020; Accepted: Oct. 9, 2020)

CAO Yaoqin(#¥ PE%E): Researcher; E-mail: caoyq001@avic.
com

*Corresponding authors: HE Qianglong({i] 5% J¢): E-mail:
shsqlhe@whut.edu.cn; WANG Weimin(F N [): Prof.;E-mail:
shswmwang@whut.edu.cn

Funded by the National Key Research and Development Plan
of China (2017YFB0310400), and the National Natural Science
Foundation of China (5167020705)

ativity between them is very small, and a strong cova-
lent bond is formed with a high proportion of covalent
bonds. In addition, boron carbide has a high melting
point and a low self-diffusion coefficient, and there is
usually a thin surface oxide layer (B,0;) on the surface
of boron carbide powder particles. All these factors
will hinder the densification process of boron carbide,
making the sintering of boron carbide extremely diffi-
cult, and also making the fracture toughness of boron
carbide as low as 2.2 MPa-m'"**7), Therefore, the appli-
cation of boron carbide ceramics is greatly limited.

B,C ceramics are usually toughened by add-
ing additives. The main methods are phase transition
toughening, fiber toughening and second phase particle
toughening™'”. The second phase particle toughening
method has the characteristics of simple process and
good effect, so it has attracted extensive attention.
Among the second phase particles, the most ideal
choice is TiB, and SiC, which can effectively improve
the sintering and mechanical properties of the materials
while maintaining the high hardness and low density of
the B,C matrix""'"®". Moreover, TiB, particles can great-
ly improve the electrical conductivity of the materials,
making it possible to use electrical discharge machin-
ing (EDM) to process the materials. In addition, SiC
can effectively improve the oxidation resistance of the
material, due to the oxidation product SiO, of SiC at
high temperature can effectively repair the cracks and
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holes formed by oxidation damage of the material™'").
Therefore, B,C-TiB,-SiC composites are expected to
become multifunctional ceramic materials with excel-
lent comprehensive performance.

The particle size of the additive powders has an
important influence on the sintering performance and
mechanical properties of the composite ceramics, fine
particle additives are beneficial to sintering and me-
chanical properties of the composite ceramics. How-
ever, commercial TiB, powders generally have particle
sizes close to 10 pm. Reactive sintering provides a way
to obtain powders with fine particle sizes even from
coarse precursors’™”. Recently, fine TiB, particles were
introduced into the B,C matrix by reaction (1)*"**, and
B,C-SiC composite ceramics were prepared by B,C-

SiO,-C or B,C-polycarbosilane starting powders'™ >,

B,C + 2TiO, + 3C — 2TiB, + 4CO (g) (1)

All the above preparation methods would gener-
ate gas during the sintering process, which is adverse to
the densification process of the composite ceramics. In
this study, both TiB, and SiC particles were introduced
into the B,C matrix by a solid reaction (2) without gas
formation. And the reaction process, microstructures,
mechanical and thermal properties of the B,C-TiB,-SiC
composite ceramics fabricated by reactive hot presssing
was investigated.

B,C + 2TiC + 3Si — 2TiB, + 3SiC 2)

2 Experimental

The starting materials used in this study were
commercial B,C powders (Mudanjiang Jinggangzuan
Boron Carbide Co. Ltd., China) with a purity of 97%
and a mean particle size of 2.5 um, TiC powders (Alad-
din Co. Ltd., China) with a purity of 99% and a mean
particle size of 3 um, Si powders (Aladdin Co. Ltd.,
China) with a purity of 99.9 % and a mean particle size
of 1 pm. The starting powder mixtures of 84.3wt%
B,C-9.2wt% TiC-6.5wt% Si and 68.5wt% B,C-
18.5wt% TiC-13.0wt% Si were mixed in a polythylene
bottle with ethanol and agate balls for 24 h by a roller
mill (GMJ/B, Xianyang Jinhong General Machinery
Co. Ltd., China). The slurry obtained after mixing was
separated from the agate ball by funnel and transferred
into the eggplant bottle. After that, the slurry was treat-
ed with solid-liquid separation by a rotating evaporator
(R, Shanghai SENCO Technology Co. Ltd., China), the
water bath temperature of the rotary evaporator is 60
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‘C and the rotation speed is 50 rpm. Next the powder
mixture was placed in a vacuum drying chamber (DZF-
6050, Shanghai Jinghong Laboratory Equipment Co.
Ltd., China) at 60 °C for 24 h. Then the as-received
powder mixtures were sieved through a 200-mesh sieve
to minimize the powder agglomeration.

Weigh the powder mixture of 18 g and pour it into
a graphite mold with an inner diameter of 48 mm, in
order to avoid direct contact between the powder and
the graphite die, the powder and the die were separat-
ed by 0.2 mm graphite paper. Then the samples were
sintered at a temperature of 1950 “C under a uniaxial
pressure of 30 MPa by a vacuum hot-pressing furnance
(916G, Thermal Technology Inc, USA). The heating
rate during the low temperature stage before 1 400 ‘C
in vacuum was 20 °C/min, and then 10 “C/min to 1950
C in an argon atmosphere with a dwelling time of 1
h. Afterwards, removed the applied machanical pres-
sure and stopped heating to allow the sample to cool
to room temperature by the cooling water. The sample
of 80wt%B,C-10.8wt%TiB,-9.2wt%SiC reacted from
84.3wt%B,C-9.2wt%TiC-6.5wt% Si was marked as
BTS20 and the sample of 60wt%B,C-21.6wt%TiB,-
18.4wt%SiC reacted from 68.5wt%B,C-18.5wt%TiC-
13.0wt%Si was marked as BTS40. In addition, the
powder mixtures were heated to 1 000, 1 100, 1 200,
1 300, and 1 400 °C respectively without any dwelling
time in order to study the reaction process.

The bulk density of the sintered sample was mea-
sured by the Archimedes method with distilled water
as the immersing medium. The theoretical density was
measured via the rule of mixtures based on the densities
of 2.52 g/cm’ for B,C, 4.52 g/cm’ for TiB,, and 3.21 g/
cm’ for SiC. And the relative density was calculated by
the bulk density and the theoretical density. The flexual
strength was measured through three-point-bending test
on specimens (3 mm X 4 mm % 36 mm) with a span of
30 mm and a loading rate of 0.5 mm/min and the frac-
ture toughness was measured via single-edge notched
beam test using samples of size 2.5 mmx 5 mm x 25
mm (notch depth = 2.5 mm) with a span of 20 mm and
a loading rate of 0.05 mm/min. The test of bending
strength and fracture toughness was completed by the
ceramic test system (MTS810, MTS, USA) and the val-
ues were determined based on the measurements of five
bars. The hardness was measured by a Vickers hardness
tester (430SVD, Wolpert, USA) with an applied load of
9.8 N for a dwelling time of 15 s on a polished surface.

The phase composition was characterized by
X-ray diffraction (XRD, Rigaku Ultima III, Japan) with
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Cu-Kea radiation. The polished, etched and fractured
surfaces of B,C-TiB,-SiC composites were investigated
by scanning electron microscope (SEM, Hitachi 3400,
Japan). The polished surfaces were electrochemically
etched in 1% KOH solution with a current density of
0.1 A/cm’ for 20 s. Image analysis software of ImageJ
was used to estimate the average grain sizes that were
obtained by measuring more than 50 randomly selected
grains from etched surface SEM images. The elemental
analysis of the composites was investigated by elec-
tron probe micro-analyzer (EPMA, JXA-8230, Japan)
equipped with wavelength dispersive spectroscopy
(WDS) and energy dispersive spectroscopy (EDS). The
thermal diffusivity (k) of the B,C-TiB,-SiC composite
was tested by the laser flash method using a laser ther-
mal conductivity testing instrument (LFA457, Netzsch,
Germany) for square specimens (10 mm x 10 mm x 2.5
mm). The specific heat (c¢) of each phase (B,C, TiB,,
and SiC) was evaluated from the chemical thermody-
namics simulation software of HSC Chemistry 6, and
the specific heat (c) of the composite was calculated
using the rule of mixtures by considering the weight
fraction. Then, the thermal conductivity (1) could be
calculated by Eq. (1):

A=ked €))

where, d is the density of the composite. The coeffi-
cient of thermal expansion (CTE) was measured by
an autometic thermal mechanical analyzer (DIL402C,
Netzsch, Germany) from 20 ‘C to 1 000 °C using rect-
angular samples (3.5 mm x 3.5 mm x 14 mm). The
changes in length (AL) with increasing temperature
were recorded in succession and the value of CTE (a)
was calculated by Eq.(2):

a=AL/ (L, AL) 2)

where, L, is the length of the sample at the initial tem-
perature, and AL is the change in the length when the
temperature varied A7.

3 Results and discussion

3.1 Reaction process

The effect of temperature on the phase composi-
tion of the powder mixtures during the heating process
is shown in Fig.1.

The XRD patterns of the original mixtures was
almost the same with that heated to 1 000 ‘C, there had
no obvious change on the XRD intensity of each phase,
indicating that no reaction happened before 1 000 C.
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When the temperature increased to 1 100 “C, it could
be observed clearly that the XRD intensity of TiC
phase had a certain diminishing, and a deformation of
the B,C peak occurred near 35°. It can be speculated
that TiB, phase had already been produced, but the
peak of TiB, could not be detacted visibly by XRD due
to the content of the produced TiB, was very few or the
crystallization was quite poor caused by its tiny particle
size. Peaks of TiB, phase could be observed as the tem-
perature reached 1 200 ‘C. When the temperature come
to 1 300 °C, the intensity of the TiB, phase enhanced
mildly and the Si phase weakened moderately, at the
same time, the peak of SiC phase was detected. When
the temperature ascent to 1 400 ‘C, the XRD intensity
of the TiB, phase increased significantly, the TiC and Si
phases were completely reacted and their XRD peaks
disappeared, in the meantime sharp peaks of the SiC
phase were observed. The phase composition of the
powder mixtures reacted at 1 400 C was almost the
same as the final product that sintered at 1 950 ‘C for
1h. Indicating that the B,C-TiC-Si system reacted com-
pletely at 1 400 °C, all of the TiC, Si conversed into
TiB,, SiC and no other product was found.

*B,C #TiC #+Si 4TiB, ¥SiC
] I Final product
1 . I ¥ s * ng 20 o4 v 4
L 1 1400 C
a3 LIJ [ 2+ p i i JUL |
e :J.,l_l i Lk RS
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= & 1100 C
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&I L] A.ll I I L] : e oo o ’Oﬂ hd
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Before heating
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L L ]
20 60 70 80
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Fig.1 XRD patterns of the powder mixtures heated to different
temperatures

It could be seen from the XRD analysis above
that the reaction process of the B,C-TiC-Si system was
completed step by step. TiB, phase and SiC phase gen-
erated slightly at 1 100 C and 1 300 C, respectively.
Then a great quantity of TiB, phase and SiC phase cre-
ated until 1 400 ‘C. The reasons for this phenomenon
could be explained as follows: the substance transport
rate of solid-state reaction is slow, what’s more, the
product layer of TiB, and C prevent B atoms diffusing
into TiC to form more TiB,. Vast TiB, and C produced
until the Si melted between 1 300 ‘C to 1 400 °C that
provided a new diffusion channel for B atoms, then
sufficient C and Si created a large number of SiC, simi-
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lar phenomena had been reported”®.

The overall reactive equations for the experiment
is shown as reaction (2) and the reactions probablely
occurred during the process are shown as reactions (3)-

(6):

B,C + 2TiC — 2TiB, + 3C A3)
Si +C — SiC @)
B,C + Si — SiC + 4B )
TiC + Si — SiC + Ti (6)
200
TiC+Si—SiC+Ti
g B,C+Si—SiC+4B s
= 0 v v Y. )
= ===
=4 )
2 Si+C—SiC
s -100 |- —= - - - - - - =—u(3)
8 B,C+2TiC—2TiB,+3C
«
2200 )
=]
Qo
-300
B,C+2TiC+3Si—2TiB,+3SiC
7400 1 1 1 1 J
0 400 800 1200 1 600 2000
Temperature/C

Fig.2 Gibbs free energy change of reactions (2)-(6)

The corresponding thermodynamics data of the
reactive equations above are shown in Fig.2. The Gibbs
free energy of the reaction that generated TiB, is much
more negative than the reaction that created SiC, as
a result, the temperature for the producing of TiB,
(1 100 C) is lower than that of SiC (1 300 °C). There
are three potential reactions (4), (5), and (6) to creat
SiC phase. Thermodynamic calculations suggest that
only reactions (4) and (5) are thermodynamiclly fa-
vourable from 1 000 °C to 1 400 ‘C, and the Gibbs free
energy of reaction (4) is much more negative than re-

AT

Fig.3 EPMA mapping images of the BTS40 composite: (a) Back scattering image; (b-¢) The elemental distribution maps of Ti, Si, B, and C
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action (5), showing that reaction (4) is more favourable
than reaction (5). So the SiC phase is generated by the
reaction of Si and C.

3.2 Microstructures

The elemental (Ti, Si, B, and C) distribution of the
sample (BTS40) was analyzed via the EPMA equipped
with WDS and EDS. The BSE image and the corre-
sponding element mappings of this region are shown in
Fig.3. Combined with the XRD results shown in Fig.1,
we can conclude that the white areas where Ti and B
concentrated on are TiB, phases, the grey areas where
Si and C concentrated on are SiC phases and the dark
areas where B and C concentrated on are B,C phases. It
can be judged from Fig.3 that TiB, and SiC phases are
uniformly dispersed in the B,C matrix.

Figs.4(a) and 4(c) show the polished surfaces of
the BTS20 and BTS40 composites, respectively. The
TiB, and SiC phases dispersed homogeneously in the
B,C matrix. A few black areas were formed from the
particles being pulled out during the abrasion process
and the subsequent incomplete polishing. The par-
tial enlargements of Figs.4(a) and 4(c) are shown in
Figs.4(b) and 4(d), indicating that the white and grey
areas are not the grains growed up abnormally, but the
aggregates composed of small grain size TiB, and SiC
grains.

Fig.5 shows the etched microstructures of BTS20
and BTS40 composites. Some pores were formed by
the chemical corroding of TiB, due to the weaker chem-
ical stability and the higher conductivity of TiB,. The
grain sizes of B,C grains were measured by Figs.4(a)-
4(c) from 56 randomly selected grains that divided into
four grous from small size to large size.

Fig.6 shows the grain sizes of B,C grains of
BTS20 and BTS40 composites, the mean sizes of B,C
grains in BTS20 and BTS40 are 3.72 um and 3.38
pum, respectively. With the increasing of the TiB, and
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SiC content, the grain size of B,C became smaller due
to the inhibiting effect of TiB, and SiC. TiB, grains
mainly located at the junctions of the B,C grains which
can inhibit the growth of B,C by the pinning effect. In
addition, because of the C created by the reaction of
B,C and TiC distributed around the B,C, forming the
structure of the B,C being half-surrounded by the SiC
as shown in the red circle of Fig.3(a), so the growth of
B,C was further inhibited.

Fig.4 Polished surfaces and the partial enlarged BSE images of
BTS20 (a, b) and BTS40 (c, d)

Fig.5 Etched surfaces and the BSE images of BTS20 (a, b) and
BTS40 (c, d)

N

[ BTS20
sLC—1 BTs40

all

1

Grain size/um
o W
T

—
T

Serial number of groups
Fig.6 The grain sizes of B,C grains of BTS20 and BTS40
The dence and rough fracture surface is shown in
Fig.7(a), the phenomenon of grain pull-out and the mix
mode of intergranular/transgranular fracture were ob-
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served which improved the fracture toughness. Fig.7(b)
shows the crack propagation path, toughening mecha-
nisms of crack deflection and crack bridging could be
obsered. Crack deflection mainly occurred around TiB,
phase result from the expansion coefficient mismatch
between B,C/ TiB, and SiC/ TiB,.

Crack deflection

Fig.7 SEM images of BTS40 composite: (a) Fracture surface; (b)

Polished surface with crack propagation
3.3 Mechanical and thermal properties

The mechanical properties of BTS20 and BTS40
are shown in Table 1. The BTS40 composite possessed
the optimum properties with a relative density of
99.1%, hardness of 34.6 GPa, flexual strength of 582
MPa and fracture toughness of 5.08 MPa-m'”. The rel-
ative density, flexual strength and fracture toughness
of the composite enhanced with the increasing of the
generated TiB, and SiC, because of the fresh particles
owned higher sintering activity and the smaller grain
might improve both the flexual strength and frac-
ture toughness. The hardness of BTS40 is lower than
BTS20 due to the lower hardness of the TiB, and SiC
phases than the B,C matrix.

Table 1 Mechanical properties of the B,C-TiB,-SiC composite
ceramics

. Flexural Fracture
Relative Hardness
Samples . strength toughness
density/% /GPa s
/MPa /(MPa-m™™)
BTS20 98.5 35.840.5 517427 4.59+0.45
BTS40 99.1 34.6+0.7 582+41 5.08+0.37

Fig.8(a) shows the specific heats (c) of B,C, TiB,,
and SiC calculated by HSC Chemistry 6, and the spe-
cific heats of BTS20 and BTS40 were calculated based
on the rule of mixture according to the weight fraction.
Fig.8(b) shows the thermal diffusivity (k) of BTS20
and BTS40 tested by the laser flash method using
Netzsch-457. The thermal conductivity had been calcu-
lated by Eq.(2): A=kcd and d was the density measured
by Archimedes’ principle at room temperature. Fig.8(c)
shows the thermal conductivity of the BTS20, BTS40
composites and the reference values of B,C*", TiB,""
and SiC™. The thermal diffusivity of B,C-TiB,-SiC
composite is determined by both electrons and phonons
thermal transport mechanisms, thermal transport by
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Fig.8 Thermal properties of BTS20 and BTS40 composites: (a) Specific heat; (b) Thermal diffusivity; (¢) Thermal conductivity; (d) Thermal

expansion coefficient

Table 2 Experimental (¢) and theoretical (a ) values of CTE
(25 °C-1 000 °C, x10*K) for BTS20 and BTS40

Sample Experimental value/ac  Theoretical value/a,  a/a,
BTS20 5.63 5.77 97.6%
BTS40 5.75 6.07 94.7%

electrons relying on the TiB, phase, thermal transport
by phonons relying on the covalently bonded B,C and
SiC phases, and the thermal transporting by phonons
has played the major role. It can be observed that the
thermal conductivity decreased with the temperature
increasing due to phonon-scattering. The measured val-
ues (A) of the thermal conductivity are lower than the
theoretical calculated values (A.) and the ratio A/A, of
BTS20 is lower than that of BTS40. The reasons may
be: the content of TiB, and SiC in BTS20 is too little
to form a continuous network structure, so the thermal
transport is still mainly depend on the B,C matrix; in
addition, the relative density of BTS40 is higher than
that of BTS20 which can also affect the result. Fig.8(d)
shows the thermal expansion coefficients of the com-
posites from 300 ‘C to 1 000 ‘C and the values cal-
culated by the references at 1 000 ‘C"***. The results
show that the CTE of the composites increased with the
temperature rising. Further, the CTE value of BTS40
is higher than that of BTS20 due to the CTE of TiB, is
much higher than B,C and SiC.

Table 2 shows the measured values of CTE and
the calculated values of CTE by volume fraction. The
ratio a/a, of BTS40 is lower than that of BTS20. The
causes of this phenomenon may be that larger interfacial
area lowered the CTE value of BTS40 resulted from
the smaller matrix grain size of the composite; further-
more, higher content of TiB, leaded to more microc-
racks which could provided space for the expansion.

4 Conclusions

B,C-TiB,-SiC composites were in situ synthesized
by hot pressing using B,C, TiC, and Si as raw materials.
Based on the XRD patterns and thermodynamic data,
indicating that TiB, was synthesized by the reaction of
B,C and TiC; SiC was synthesized by the reaction of
Si and C. The BTS40 composite showed the optimum
mechanical and thermal properties: relative density of
99.1%, Vickers hardness of 34.6 GPa, flexural strength
of 582 MPa and fracture toughness of 5.08 MPa'm"?;
thermal conductivity of 36.91-19.94 W/mK from 25 C
to 1 000 °C, thermal expansion coefficient of 5.81x107%
K(25 -1 000 C). The machanical and thermal proper-
ties of the composite increased with the content of TiB,
and SiC increasing.
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