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Consolidation of B4C–VB2 eutectic ceramics by
spark plasma sintering

Dmytro DEMIRSKYI,*,**,³,‡ Yoshio SAKKA* and Oleg VASYLKIV*,**

*National Institute for Materials Science, 1–2–1 Sengen, Tsukuba, Ibaraki 305–0047, Japan
**Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore

The in situ synthesis and consolidation of B4CVB2 eutectic composites by spark plasma sintering (SPS) is reported. The
microstructure properties were determined for composites with the B4CVB2 eutectic composition as functions of the VB2 content
and the VB2VB2 interlamellar spacing. A change of VB2 concentration from 45 to 48mol.% resulted in the formation of the rod-
like eutectic microstructure. Indentation fracture toughness values higher than 4MPa·m1/2 were identified for eutectic composites
with interlamellar spacings between 0.9 and 1.2¯m. The composites obtained by SPS with a composition of 45mol.% VB2

exhibited a lower Vickers hardness (2324GPa) and higher indentation fracture toughness (up to 4.5MPa·m1/2) than the eutectic
composites with 48mol.% of VB2.
©2015 The Ceramic Society of Japan. All rights reserved.

Key-words : Spark plasma sintering, Boron carbide, Eutectic, Toughness, Hardness

[Received May 21, 2015; Accepted August 23, 2015]

1. Introduction

Composites of transition-metal diborides embedded in a boron
carbide matrix that exhibit good hardness and strength are con-
sidered attractive materials for high-temperature applications.1)6)

Since it is generally predicted5) that materials containing up to
30 vol.% of borides should have elevated crack resistance and
high temperature strength. Higher boride content leads to spon-
taneous cracking, especially in non-eutectic composites, hence it
is generally accepted that a composition close to the eutectic is
optimal for consolidation.
Among such systems, B4CMeVB2 eutectic composites have

not been studied as extensively as the B4CTiB2 eutectic1)4) and
non-eutectic composites.7),8) In particular, B4CVB2 remains
largely unexplored among transition metal diboride composites
with boron carbide owing to its high eutectic temperature
(>2150°C). Single crystal vanadium diboride (VB2) has a low
specific-weight (5.1 g/cm3), good wear resistance and electrical
conductivity, and small hardness anisotropy.9) Furthermore,
vanadium boride, in analogy with TiB2, has a thermal expansion
coefficient that differs most from that of boron carbide5) and,
consequently, an increase in the fracture toughness is anticipated
if the proper composite design is developed. Mizutani et al.10)

showed that, for case of particulate composites of SiC20mol.%
MeB2, ceramic composites with VB2 exhibited the highest
toughness. In addition, Tanaka et al.11) showed that the small
addition of VB2 (5 vol.%) to SiC also resulted a high fracture
toughness of 4.6MPa·m1/2.
Recent studies by Demirskyi et al.12),13) on B4CNbB2 ce-

ramics showed an alternative route for preparing high temper-
ature ceramic composites with eutectic structures in situ by
spark plasma sintering (SPS).14)18) This method provides a new

opportunity for studying non-oxide eutectic composites using
the pressure during SPS as a controlling parameter. Namely, the
pressure in SPS can be used to control the eutectic microstructure
and to slightly decrease the eutectic temperature. SPS allows
in situ synthesis of eutectic composites with melting points
exceeding 2000°C, which allows some difficult to prepare com-
posites, such as B4CVB2, to be manufactured using unmodified
SPS hardware.
The work presented here extends a previous investigation of

the B4CNbB2 system12),13) and focuses on the B4CVB2 system.
The consolidation of eutectic composites near the eutectic point
(Fig. 1) are explored using two limit values for the eutectic
composition suggested by an earlier study by Ordan’yan et al.6)

In addition, evaluation of the microstructural properties of B4C
VB2 ceramic eutectic composites prepared in situ by SPS is a
presented.

2. Materials and methods

Commercially available VB2 (¹325mesh, dav = 28¯m,
American Elements, USA) and B4C (dav = 1.55.0¯m, B2O3 <
0.75wt.%, Cfree < 2wt%, Sinopharm Chemical Reagent Co.
Ltd., Singapore) powders were used as starting materials. Powder

Fig. 1. Equilibrium phase diagram of the B4CVB2 system,7) where
(a) and (b) correspond to the structures of ceramic composites (Fig. 2)
with 45 and 48mol% VB2 after SPS at 2150°C, respectively.
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mixtures of B4C and 45 and 48mol.% VB2 were prepared by wet-
chemical mixing in alcohol followed by drying at about 100°C.
The resultant powder was screened through a 60-mesh screen.
The SPS experiments were performed using the ‘Dr. Sinter’

apparatus (Sumitomo, Japan). Initially, a pressure of 20MPa was
applied to ensure sufficient electrical contact between the powder
tablet and the graphite die. The pressure was then increased to
60MPa and the temperature was increased to 800°C. A dwell
time of 1min at 800°C was used to focus a pyrometer on the
outer die wall surface. Then the temperature was increased at a
heating rate of 100°C·min¹1 up to a sintering temperature of
1800°C with a dwell time of 1min. This was followed by rapid
heating (250°C·min¹1) to a temperature of 2150°C. To avoid
the collapse of the sample due to liquid eutectic formation, the
pressure was manually decreased from 60 to 15MPa at temper-
atures between 2000 and 2050°C.12),13) SPS was performed in an
argon gas medium with a flow rate of 2 l·min¹1.
After SPS consolidation, specimens were first ground with SiC

paper to form a flat surface, followed by grinding with diamond
disks to a 0.5¯m finish. Microstructural observations and analy-
ses were carried out on the polished samples using a Hitachi SU
8000 cold-emission field emission scanning electron microscope
(SEM).
Hardness was determined by an MMT-7 Vickers hardness tester

(Matsuzawa MMT-7; Matsuzawa SEIKI Co., Ltd., Tokyo, Japan),
using loads ranging from 0.98 to 19.6N with a dwell time of
15 s following the standard procedure (ASTM C 1327-15). The
fracture toughness was calculated using the half length of the
crack radius (c) formed around the corners of indentations at loads
(L) of 4.819.6N using the equation KIC = 0.073 (L/c3/2).19),20)

The hardness and fracture toughness for 20 points were averaged.

3. Results and discussion

The phase diagram of B4CVB2 is presented in Fig. 1, where
the melting point for the eutectic composition with 4548mol.%
is 2170 « 30°C6). In the present investigation two limit values
(i.e. 45 and 48mol.% VB2) of the eutectic composition and a
consolidation temperature of 2150°C were selected.
The typical microstructure of the eutectic composites with 45

and 48mol.% VB2 are presented in Fig. 2 [(a) and (b), respec-
tively]. Since all samples were consolidated under the same
conditions, it is clear that with increasing VB2 content the shape
of the diboride eutectic inclusions becomes more round and
corresponds to a typical rod-like structure. A slight increase in
rod size, compared to the 45mol.% VB2 eutectic, is also visible.

All specimens prepared during this study had almost full density.
Some minor porosity was visible during examination of polished
specimens by optical microscopy  it was introduced during
polishing of composites, i.e. due to removal of VB2 inclusions.
Anyway, we believe that application of the moderate pressure
during cooling of the eutectic composite ensured enclosure of
pores associated with melting of the ceramic composite.
According to Fig. 3, the composites with the eutectic com-

position exhibited microhardnesses (2426GPa) similar to those
previously reported.6) A further increase in the load (9.8N, Hv9.8)
resulted in a slight decrease in hardness to 22.824.3GPa, follow-
ed by a further decrease to 23.5 « 0.4GPa at a 19.6N load. This
trend is typical for brittle ceramics and was previously reported
by White and Dickey for the eutectic ceramic of B4CTiB2.21)

A decrease in interlamellar spacing () was found with the de-
crease in hardness (Hv9.8) of the eutectic composite with 45 and
48mol.% VB2. A maximum in hardness for both composites was
found. In case of 45mol.% VB2 the maximum was observed for
 = 1.1¯mwith values of 23.7 « 0.3GPa. For the 48mol.% VB2

the maxim hardness of 23.5 « 0.5GPa corresponded to  = 1.3
¯m (Table 1). In the case of the 48mol.% VB2 specimens, a
maximum in fracture toughness (4.2 « 0.5MPa·m1/2) was also
observed around  = 1 to 1.1¯m. For the case of the 45mol.%
VB2, the increase in  from 0.8 to 1.1¯m resulted in the decrease
of KIC from 4.3 « 0.2 to 3.9 « 0.5MPa·m1/2. We also noted that a
mean half length of the crack radius, c = a + l, where a is the
indent diagonal and l is the mean crack length from the indent’s
corner, increase steadily with load applied during the indentation
test. In 45mol.%VB2 ceramic composites with  = 0.8¯m, mean

Fig. 2. Typical structures of B4CVB2 eutectic composites with (a) 45 and (b) 48mol.% VB2 after SPS at 2150°C.

Fig. 3. Effect of load on Vickers hardness of B4CVB2 eutectic
composites prepared by in situ SPS consolidation. Symbols for each
composition have the same meaning as that in Fig. 1.
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values of the c at increased from 16.25 « 1.35 to 30.35 « 2.55
and 53.8 « 1.7¯m at loads of 4.9, 9.8 and 19.6N, respectively.
Figure 4 shows the typical crack propagation observed after

Vickers indentation for the (a) 45 and (b) 48mol.% VB2 eutectic
composite after applying a (a) 19.6 and (b) 9.8N loads. In both
cases indentation surface was perpendicular to the pressure
applied during SPS. The crack propagation path was both
intergranular and intragranular. Transgranular fracture and crack
branching were major mechanisms contributing to good fracture
toughness in the case of the 45mol.% VB2 composites. Fibrils
of material deforming between crack faces was also observed
[Fig. 4(a2)]. Moreover, portions of the materials were observed
to bridge across crack wakes. These results suggested that the
interface bonding strength between VB2 and B4C was higher than
that usually observed for sintered composites. Furthermore, in the
case of the 48mol.% VB2 composites, crack bridging and crack
deflection were the main toughening mechanisms. This suggests
that the slightly higher fracture toughness in case of 45mol.%
VB2 composites is due to the operation of different toughening
mechanisms.
As mentioned in introduction, coefficients of thermal expan-

sion (CTE) between vanadium diboride reinforcements differs

most from that of boron carbide matrix (8.1 © 10¹6 and 5.6 ©
10¹6K¹1, respectively).5) Therefore, thermal residual stresses in
composites naturally arise owing to the coupling of different
phases with different thermo-elastic properties. The magnitude of
the residual stresses depends on the difference of elastic prop-
erties and CTE between phases multiplied by the temperature
difference at which elastic stresses develop (¦T). The proper
evaluation of these tensile stresses in the matrix becomes particu-
larly important when high temperature composites are consid-
ered, since ¦T for these types of composites is high enough to
generate residual stresses in the order of the tensile strength of
matrix itself. Measurements of residual stresses performed by
Raman spectroscopy and X-ray diffraction in ZrB2SiC compo-
sites22) and pointed out that stresses begin to accumulate at
³1400°C during cooling from the processing temperature.
The result is a tensile stress state in the matrix ·m and a

corresponding compressive stress state in the reinforcing phases,
·r, was calculated with Taya et al.’s model:23)

·m ¼ Em
2f¢¾�

A
ð1Þ

and

·r ¼ � ð1� fÞ¾�
f

·m ð2Þ

A ¼ ð1� fÞð¢þ 2Þð1þ ¯mÞ þ 3¢fð1� ¯mÞ ð3Þ
where f is the reinforcement volumetric fraction (0.35 in case of
45mol.% VB2) and

¢ ¼ 1þ ¯m
1� 2¯r

Er

Em

ð4Þ

Er, Em, ¯r and ¯m are Young’s modulus and Poisson ratio of
reinforcement and matrix, respectively, and ¾� is the thermal
expansion misfit strain:

¾� ¼ ð¡r � ¡mÞ�T ð5Þ
where ¡r, ¡m the thermal expansion coefficients of reinforcement
and matrix, respectively, and ¦T is the temperature at which
stresses begin to accumulate, preset as 1400°C.22)

Upon cooling the composite, the VB2 phase is found to be in
tension and the B4C matrix is found to be in compression, which
is expected as CTE of VB2 is larger than the CTE of B4C. As

Table 1. Microstructural characteristics and properties of B4CVB2 ceramics

VB2 content, mol.% , ¯m
Diameter of eutectic
inclusions, d, ¯m

Hv0.98*, GPa Hv9.8, GPa KIC, MPa·m1/2

45 0.8 « 0.13 1.11.5 25.5 « 0.8 21.7 « 0.6 4.3 « 0.2
45 1.1 « 0.15 1.2 « 0.15 25.8 « 0.7 23.7 « 0.3 4.2 « 0.5
45 1.3 « 0.15 1.2 « 0.2 25.4 « 0.7 22.5 « 0.7 3.9 « 0.5
48 0.8 « 0.12 1.4 « 0.2 25.6 « 1.1 22.1 « 0.6 3.6 « 0.2
48 1.0 « 0.1 1.41.9 26.1 « 0.7 22.3 « 0.3 4.2 « 0.5
48 1.1 « 0.12 1.41.9 26.6 « 0.9 23.2 « 0.3 4.1 « 0.5
48 1.3 « 0.1 1.31.8 25.7 « 0.8 23.5 « 0.5 3.5 « 0.4
35 NbB2

12) 1.2 « 0.17 1.1 « 0.1 32.3 « 1.1 26.3 « 1.1 5.2 « 0.6
25 TiB2

3) 2.0 ® ³40** ® 5.6**
25 TiB2

1) 12 ® ® 25.6 4.5
25 TiB2

4) 1.9 ³34 26.32 « 1.11 2.47 « 0.30
8.15 vol.% VB2

5) ® ® 23.8 ® ®

13.6 vol.% VB2
5) ® ® 26.0 ® ®

VB2
27) ® ® 27.46 « 0.12** ® ®

B4C25) ® ® ® 31.31 « 0.79 2.84 « 0.11
B4C26) ® ® ® 22.51 2.21

Notes: *load of 0.98N was used. **load of 1.96N was used.

Fig. 4. Crack propagation in B4CVB2 ceramic composites after
indentation with a load of 19.6 and 9.8N: (a) 45 and (b) 48mol.% VB2.
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result, the B4C matrix is under residual compressive stress of
·m = 600MPa, and ·r = ¹5.63MPa at reinforcement.
These large residual compressive stresses developed in matrix

may lead to a substantial increase in fracture toughness. Similar
situation was observed in TaC-based24) ceramics and lead to rea-
sonable increase in fracture toughness from 3.66 to 4.7MPam1/2.
Furthermore, according to the Taya’s23) model, using a d of 1.1
¯m, the stress intensity factor, ¦KI, can be evaluated as 2.28 and
2.34MPam1/2, in the case of 45 and 48mol.% VB2B4C eutectic
composites, respectively. However, these values are not con-
nected with the specific eutectic microstructure, and hence a
further testing is needed by comparing composites with similar
composition and the eutectic and non-eutectic structures.
In general, the fracture toughness of the eutectic composites

was higher, or similar to, the values reported for monolithic B4C
(24MPa·m1/2)25),26) and other eutectic composites with boron
carbide (Table 1).27) This illustrates that a boron carbide matrix
limits the fracture toughness of B4CVB2 eutectic composites,
the while chemical composition of VB2 inclusions controls the
hardness. This suggests that a further increase in the toughness of
lightweight eutectic composites of B4CMeVB2 may be achieved
by either the formation of a MeIVMeVB2 solid solution, or by
changing a matrix to silicon carbide.

4. Summary

B4CVB2 ceramic composites were produced by high-temper-
ature spark plasma sintering (2150°C) via in situ formation of
eutectic grains during the consolidation process. Uniform eutec-
tic composites with a rod-like structure and wide interlamellar
spacing () were prepared. Microstructures close to the perfect
rod-like eutectic structure were identified for the case of 48
mol.% VB2 composites. Formation of such a structure contrib-
uted to a moderate fracture toughness (³4MPa·m1/2) with crack
bridging and crack deflection being the main toughening mecha-
nisms. In the case of the 45mol.% composite, crack branching
and transgranullar fracture contributed to the KIC of 3.94.3
MPam1/2. In spite of the microstructure difference, eutectic
composites with 45 and 48mol.% VB2 had similar hardness
values of 21.723.5GPa.
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