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The effect of TiB2 addition on sinterability and mechanical properties of B4C material was investigated. It
was found that addition of TiB2 aids the sintering process and permits pressureless sintering at tempera-
tures between 2050 and 2150 �C. This also alleviates grain growth during sintering. The relative density
reaches 98.5% of the theoretical density by increasing the percentage of TiB2 in the composition. The
mechanical properties such as hardness, fracture toughness, and bending strength were improved
remarkably by addition of TiB2.
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1. Introduction

Boron carbide is characterized by a very high hardness
(Vickers hardness 40-60 GPa) and a very low density (2.52
g/cm3), desirable for many industrial applications (Ref 1-22).
However, the use of monolitic boron carbide is limited by its
low strength, low toughness, poor sinterability and machin-
ability. Since B4C is very difficult to sinter with higher
approximately 80% of the theoretical density, a variety of
second phases have been added as sintering aids (Ref 1-20).
Nonoxide ceramics such as SiC (Ref 1-3), TiC (Ref 4) and C
(Ref 5-7) have also been found to be very affective as sintering
additives for B4C. Metallic sintering aides such as Al (Ref 8),
Si (Ref 18), Ti (Ref 19), Mg and Fe are frequently added to
provide a medium for liquid phase sintering. Metallic phases at
the grain boundaries generally deteriorate the unique properties
of hard ceramics. However, in these cases, either a large amount
of a second phase or very high sintering temperatures are
required for full densifications (Ref 1-18). Oxides are scarcely
used as sintering aids for B4C, mainly because of the chemical
instability of B4C with respect to many oxides (Ref 21, 22). In
other words, B4C reacts with other oxides during sintering to
form new compounds that might determine the unique
properties of B4C. However, recently, Kim observed that the
addition of small amounts of Al2O3 increases the sinterability
of B4C remarkably (Ref 1, 22).

Research has been done to study the effect of additional
TiB2 on the properties of B4C. Shorokhod studied the formation
of TiB2-B4C composite via in situ reaction of B4C-C-TiO2 (Ref
23). Other researchers have measured mechanical properties of
the same composite material prepared by hot-pressing or spark

plasma sintering methods (Ref 24-30). All the previous
researches emphasize the effectiveness of TiB2 on mechanical
properties of B4C material.

All these techniques either require expensive processing
equipments or as for the in situ method need complicated
processing route (Ref 23-30). In the present study, the effect of
TiB2 addition on the pressureless sintering and densification
behavior of B4C has been investigated. Mechanical properties,
such as hardness and fracture toughness of B4C, have been
measured and correlated with the variation in density and
composition of the body.

2. Experimental Procedure

High-purity B4C (B:C ratio of 3.8-3.9) and high-purity TiB2

powders were used as starting materials. The average size and
the specific surface area of B4C powder were measured to be
1.33 lm and 6.64 m2/g, respectively. Up to 30 wt.% of TiB2

was added as the sintering aid. The powders were ball-milled in
isopropyl alcohol for 8 h using high-purity Al2O3 balls. The
mixture was then dried in a rotary vacuum evaporator, and
passed through a 60-mesh screen. The powder mixtures were
cold-pressed under 80 MPa into samples having 30 · 3·
60 mm3 dimensions. The green samples were then sintered
using a microprocessor controlled graphite element vacuum
furnace. The heating and cooling rates were 10 �C/min and
furnace cooling, respectively.

For microstructural examinations, dense sintered bodies
were surface ground and polished with diamond paste down to
1 lm surface finish. The polished surfaces were then electri-
cally etched in a 0.1% KOH solution with a current density of
0.1 A/cm2 for 10-20 s. Microstructures of the specimens were
observed using a scanning electron microscope and the phases
were characterized by X-ray diffraction (XRD) method. The
density was measured by Archimedes method. An approximate
theoretical density was calculated for the various compositions
of B4C-TiB2 system (Ref 12).

For mechanical testing, samples were cut to dimensions of
3· 4· 45 mm3 and ground with an 800-grit diamond-grinding
wheel. The tensile side of the specimens was polished with
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diamond paste down to 1 lm finish. The edges of the tensile
side of the specimens were rounded with a radius of
0.15 ± 0.05 mm. To measure the hardness, a Vickers indenter
was used with a load of 1.96 N. The flexural strength was
measured by four-point flexural test method using a universal
testing machine with a crosshead speed of 0.5 mm/min. The
inner and outer spans of the jig were 20 and 40 mm,
respectively. The fracture toughness of the specimens was
determined by the indentation strength method. After indenting
the polished surface at 98 N with a Vickers indenter for 15 s,
the fracture strength was measured with the four-point flexural
configuration (Ref 13). For each set of mechanical tests at least
five samples were tested.

3. Results and Discussion

Figures 1 and 2 show SEM images indicating the influence
of TiB2 on densification of boron carbide. From the figures, it
can be seen that by increasing the sintering temperature from

2050 to 2150 �C, the amount of porosity has decreased
remarkably with an increase in grain size. The white phase is
TiB2 and the dark phase is B4C. The figures also indicate that
addition of TiB2 has resulted in reduction of porosity in both
samples. Compared to Fig. 2(a), less porosity is observed in the
samples sintered at 2150 �C [Fig. 2(b)]. It is also apparent that
the grain size in these samples is smaller than that of the
additive-free samples. In order to quantify the size of the grains,
the polished surfaces of some B4C and B4C-TiB2 samples were
thermally etched and the grain sizes were measured (Table 1).

This indicates that TiB2 has acted as a grain growth inhibitor
in this case. The same effect has been reported for graphite
and carbon black by other researchers (Ref 5-7). The better
sinterability will result in increasing density. Figure 3 shows
the variation of relative density as a function of TiB2 addition.
The figure indicates that by increasing the amount of TiB2 the
relative density increases. It is also apparent that this value is
higher for the samples sintered at 2150 �C. A density value of
98.5% of the theoretical density was obtained for the samples
having 30% TiB2 and sintered at 2150 �C, whereas the density
of the samples sintered at 2050 �C was about 96.5 of TD.

Fig. 1 SEM micrographs of samples sintered at 2050 �C for 1 h. (a) B4C-free TiB2 and (b) B4C-30% TiB2

Fig. 2 SEM micrographs of samples sintered at 2150 �C for 1 h. (a) B4C-free TiB2 and (b) B4C-30% TiB2
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The higher density has a remarkable effect on mechanical
properties of sintered samples. Figure 4 illustrates the variation
of hardness vs. the amount of TiB2 in the compositions. As can
be seen, the highest hardness value obtained was about 31 GPa

for the samples having 15% TiB2 in their composition. This
value is very close to the hardness of fully densified pure B4C
materials. By increasing TiB2 from 15% to 30%, the hardness
decreases. This is due to the fact that TiB2 is a less hard phase
compared to B4C.

In Fig. 5, the variation of bending strength as a function of
TiB2 percentage has been drawn. From the figure, the bending
strength has improved remarkably as a result of TiB2

addition. With respect to this figure, the bending strength
increases from 220 MPa to a value of 345 MPa for samples
with 15% TiB2 and then decreases for samples having higher
amount of TiB2 in their composition. Contrary to the other
mechanical properties, the fracture toughness increases for all
the samples having up to 30% TiB2 (Fig. 6). The reason for
this behavior seems to be the crack interaction with tougher
TiB2 phase or crack deflection by microcracks around TiB2
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Fig. 4 Effect of TiB2 addition on Vickers Microhardness of the
samples sintered at 2150 �C (n) and 2050 �C (m)

Table 1 The grain size of samples

Materials composition, wt.%TiB2 Grain size, lm

2050 (�C)
0 20
10 15
20 12
30 9

2150 (�C)
0 30
10 17
20 14
30 10
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Fig. 3 Effect of TiB2 addition on relative density of the samples
sintered at 2150 �C (n) and 2050 �C (m)
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Fig. 5 Effect of TiB2 addition on fracture toughness of the samples
sintered at 2150 �C (n) and 2050 �C (m)
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Fig. 6 Effect of TiB2 addition on fracture toughness of the samples
sintered at 2150 �C (n) and 2050 �C (m)
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phase. Due to thermal expansion mismatch between TiB2 and
B4C, microcracking or compression residual stress field exists
around TiB2 phase.

4. Conclusion

1. Addition of TiB2 has a remarkable effect on grain
growth, sinterability, and density improvement of B4C
material.

2. Bending strength and hardness follow the same behavior.
These properties improve by addition of TiB2 to certain
amounts and then start to decrease.

3. The fracture toughness increases for all the B4C-TiB2

samples, having up to 30% TiB2.
4. Addition of TiB2 alleviates B4C grain growth during sin-

tering process.
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