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ABSTRACT

B4C/TiB2 ceramic composites having 5-10-15 vol %
TiB2 have been prepared via reactive hot pressing of
B4C, TiO2 and C powder mixture. Reactive hot pressing
were carried out at 2273 K and 2373 K applying
50 MPa pressure under argon atmosphere for 1 hour.
The effect of TiB2 amount of composite and sintering
temperature on sintering behavior and some mechanical
properties of reactive hot pressed composites were
investigated. The highest theoretical density that could
be achieved, being 99.6 %, was with the composite
having 5 % TiB2 following reactive hot pressing at
2000°C applying 50 MPa pressure under argon
atmosphere for 1 hour. The highest strength level
achieved with the same composite (B4C-5 vol.% TiB2)
was 450 MPa. The fracture toughness of the composite
was found to be 4.2 MPa. m"2. Increasing TiB2 content
in composites led to increasing porosity in B4C-TiB2

samples and decreasing mechanical properties.

Keywords: B4C-TiB2) reactive hot pressing.

1. INTRODUCTION

The unique mechanical, physical and thermal
properties such as high hardness, high wear resistance,
high elastic modulus, high melting point, good chemical
stability, low density and high neutron absorption cross-
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section, make boron carbide (B4C) ceramics very
attractive candidates for many structural applications
(cutting tools, wear resistant parts, sand blasting
nozzles, armour materials, etc.) /1-4/. However, their
widespread use as structural materials has been limited
due to their poor sintering behavior, low strength and
low fracture toughness. Since covalently bonded boron
carbide having very low self diffusivity, it is very
difficult to achieve full density with monolithic boron
carbide by conventional sintering techniques. To obtain
high relative densities in boron carbide ceramics, some
sintering additives, extremely high sintering
temperatures and in the most case pressure application
(uniaxial pressure or isostatic pressure) have been
required during the sintering procedure /2,4/.

Some additives such as C, AI, Fe, Ti, SiC, TiB2,
A12O3, ZrO2 have been used to improve sintering
behavior and mechanical properties /5-12/. Small
amount of carbon addition seems to improve sintering
behavior of boron carbide 151. However metallic phase
addition reduces the physical and mechanical properties
of the ceramic. Addition of small amount of A12O3

increased the sinterability, hardness, elastic modulus,
flexural strength and fracture toughness of B4C 161. The
effects of other additives such as SiC, TiC, WC and BN
have j'so been investigated with limited success in
propt lies /7,8/. Addition of small amount ZrO2

resu · ,: in excellent mechanical properties of fully
dense U4C /8/.

Tvvo major approaches have been used to develop
bor···., carbide-titanium diboride composites; sintering
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boron carbide and titanium diboride powders /9-12/ and
in situ reactive sintering of boron carbide with additions
of titanium, titanium oxide or titanium oxide and carbon
powders /13-20/. Sintering process have been conducted
via pressureless sintering 79, 12-16, 18, 217, hot pressing
711, 14, 187 or hot isostatic pressing techniques 7227.
Addition of 30 % TiB2 and pressureless sintering at
2423 Κ resulted in 99 % of theoretical density and
improved mechanical properties in the samples 797.
However, hot pressing of B4C with 20 % of TiB2 at
2173 Κ results in a material of 20 % porosity 7117.
Skorokhod et al. 712, 137 have found that 98.5 % of
theoretical density could be reached in the sample
containing 15 vol.% TiB2 by pressureless sintering of
B4C-TiO2-C starting powders at 2373 K. The bending
strength and fracture toughness reached their maximum
of 500 MPa and 4.6 MPa.m"2, respectively 7137. By
reactive hot pressing of B4C with the addition of TiO2

and C at 2273 K applying 20 MPa pressure, 15 vol.%
TiB2 containing B4C have been produced with flexural
strength of 621 MPa and fracture toughness of over
6.1 MPa.ml/2 7147. Goldstein et al. 7187 explained the
enhanced sintering of pressureless sintered B4C7
28 vol. % TiO2 powder by the formation of the boron
rich solid solution.

An alternative pressure assisted sintering technique
called spark plasma sintering (SPS) have been also tried
to produce B4C-TiB2 composites at lower sintering
temperatures. Fully densified composites obtained at
1973 K SPS temperature applying 100 MPa pressure
7207.

In the present study, B4C, TiO2 and C powder
mixture have been subjected to reactive hot pressing
technique to fabricate B4C-TiB2 composites. The effect
of TiB2 content and hot pressing temperature on
sintering behavior and mechanical properties of hot
pressed composites were investigated.

2. MATERIALS AND METHODS

Boron carbide (HP grade, H.C.Starck, Germany),
TiO2 (>99 % purity) and carbon black (Elftex 125,
Cabot, Spain) were used to prepare ceramics
B4C containing 5-15 vol. % TiB2 composites.

Sintering procedure was performed in a graphite
resistance vacuum hot press HP W 150/200-2200-100
(FCT System GmbH, Germany). Samples having
42 mm in diameter and 5 mm in thickness were
prepared by reactive hot pressing at 2273 K and 2373 K
applying 50 MPa pressure for Ih under argon. Heating
rate was 10 K/min. After sintering, sample densities
were determined by Archimed's technique. To identify
the crystalline phases, X-ray diffraction of Cu Κα was
employed using Panalytical X-Pert Pro equipment. For
measuring flexural strength, test pieces were cut from
reactive-hot-pressed samples with a diamond wheel, and
three point bending test conducted according to ASTM
Ε 399-90. Bending strength levels were measured by
using Instronll95 universal test machine with a cross-
head speed of 1 mm/s. For all measurements six
specimens have been used for each composition.
Hardness and fracture toughness measurements were
performed on micro Vickers Straus Duramin A-300, by
applying 2 kg load. Fracture toughness values were
calculated by using Anstis equation 7207.

Klc =0.016 (Ε/Η)1" χ (Ρ/Ο (1)

where KIC is the fracture toughness, Ε-elastic modulus,
Η-hardness, P-load, 2C-full crack length produced by
Vickers Hv indentation.

Microstructures of the materials were studied using a
field emission scanning electron microscope JEOL 7100
FEG-SEM for backscattered electron images.

3. RESULTS AND DISCUSSION

3.1 Thermodynamic Consideration and Phase
Formations

2B4C + 2TiO2+3C = B4C + 2TiB2+4CO (1)
5/2B4C + 3Ti02 = 3TiB2 + 2B2O3 + 5/2C (2)
B4C+ TiB2+2B2O3+7C= 2B4C + TiB2 + 6CO (3)

"Reaction" module of Factsage 6.0 7237 showed that
above reaction (1) was thermodynamically possible
even at room temperature. In order to understand the
reaction mechanisms, "Equilib" module of the Factsage
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was used to simulate the reaction (1) at different
temperature considering starting amount of B4C, Ti(),
and C powders to obtain 5 vol.% TiB2 containing
B4C-TiB2 tablet having 42 mm diameter and 5 mm
thickness and result was shown in Fig. 1. The reaction
(1) consists of two main reactions. The first one is the
reaction of TiO2 with B4C to form TiB2, B2O3 and C
(Reaction 2); the second is the reaction of intermediate
products with C to form B4C, TiB2 and CO (Reaction
3). The calculation results also indicate that all solid C
oxidized to CO above 1831 K. TiC formation is not
possible thermodynamically.

Fig. 1: Simulation result of reaction of 2B4C(s) +

8

B.C(s) |

TiB^s) TiB,(s)
HAM, _ Η.η^) ^ ^ · C0(fl)

b).C(l)

0300 0600 0900 1200 1500 1800 2100 2400 2700 3000
Temperature (Κ)

2TiO2(s) + 3C(S) = B4C(S) + 2TiB2(s) + 4CO(g) at
different temperatures under 1 atm.

Powder mixtures containing proper amount of B4C,
TiO2 and C to obtain B4C-TiB2 composites having 5, 10
and 15 vol.% TiB2 were reactive-hot- pressed at 2273 Κ
and 2373 Κ under 50 MPa pressure for 1 hour in an
argon atmosphere, and the XRD patterns of samples are
given in Fig. 2 and Fig. 3, respectively. Phases observed
in these products are only B4C, TiB2 and C. Unreacted
TiO2 was not observed in XDR patterns of hot pressed
samples. Increasing amount of TiO2-C content in
starting powders led to an increase in the peak
intensities of TiB2 of the samples. However, a
significant peak of unreacted C was observed in the
composites in which 15 vol.% TiB2 was expected to
form.

Fig. 2: X-ray diffractograms of specimens applied

reactive-hot-pressing at 2273 K 50 MPa

for 1 hour under argon gas.
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Fig. 3: X-ray diffractograms of specimens applied
reactive-hot-pressing at 2373 K, 50 MPa
for 1 hour under argon gas.

3.2 Relative Density of Reactive Hot Pressed
Samples

Density values of composites reactive-hot-pressed at
2273 K and 2373 K applying 50 MPa pressure for 1
hour under argon are given in Table 1. Increased TiB2

content in composites led to a decrease in the relative
densities due to unreacted C at both temperatures.
However the densities of reaction-hot-pressed
composites containing 5 and 10 vol. % TiB2 at 2373 K
showed a small decrease as compared to the composites
obtained at 2273 K.
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Table 1
Relative densities of samples reactive-hot-pressed at

2273 Κ and 2373 Κ applying SOMPa pressure
under argon for 1 hour.

B4C-5% vol. TiB2

B4C-10%vol. TiB2

B4C-15%vol.TiB:

Relative
Density (%)
at 2273 Κ

99.6

99.6

97.2

Relative
Density (%)
at 2373 Κ

99.3

99.0

97.2

3.3 Mechanical Characterization Results

Figure 4 illustrates the variation of hardness versus
the amount of TiB2 in the composites for both reactive
hot pressing temperatures. For both temperatures, by
increasing TiB2 content from 5 vol. % to 15 vol. % the
hardness decreased. This is due to the fact that the
structures of composites containing high amount of
TiBi are porous, and that the hardness of TiB2 compared
to matrix phase (B4C) is lower. As can be seen, the
highest hardness value obtained was about 34 GPa for
the samples having 5 and 10 vol. % TiB2 reactive-hot-
prcssed at 2273 K.
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Fig. 4: Hffect of TiB2 content on hardness of the
composites reactive-hot-pressed at 2273 Κ and
2373 Κ applying SOMPa pressure under argon
for 1 hour

The variation of bending strength as a function of
TiB2 percent is given in Figure 5. The bending strength
decreases from 450 MPa to 330 MPa for samples with 5
vol.% TiB2 to 15 vol. % TiB2 reactive-hot-pressed at
2273 K. For samples reactive-hot-pressed at 2373 K,
the bending strength values varied between 415 MPa
and 370 MPa with the increasing TiB2 content. The
decrease in flexural strength values are caused by the
decreasing relative density as the TiB2 content in
composites were increased.

500

1?450

1,400

i350

I 300 -
t/3
S 250
3

Ja 200
150

2273Κ
2373K
2273KYamadae ta l . [17]

5 10 15

TiB2 Content (vol. %)

2C

Fig. 5: The variation of flexural strength as a function
of TiB2 content in composites reactive-hot-
pressed at 2273 K and 2373 K applying 50 MPa
pressure under argon for 1 hour

Fracture toughness values of composites are given in
Table 2. These values changed between 4.3 and 3.9
MPa.m"2 for composites containing 5 and 10 vol. %
TiB2 reactive-hot-pressed at 2273 K and 2373 K. The
fracture toughness of the composites containing 15 vol.
% TiB2 could not be determined due to their high
porosity. The fracture toughness of monolithic B4C
ceramics fabricated by hot pressing at 2273 K applying
50 MPa pressure was measured as 2.6 MPa.m"2 by
Yamada et al./17/. As compared to the monolithic B4C,
highly densified composites having 5 and 10 vol. %
TiB2 showed improvement in fracture toughness. Many
researchers explained this improvement by the
difference in thermal expansion coefficients of B4C and
TiB2. Due to the thermal expansion mismatch between
B4C and TiB2, residual stress is generated around the
TiB2 particles during cooling, which results in the
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formation of microcracks and deflection of propagating
cracks /9, 17, 21/. Figure 6 shows crack deflection
observed around the TiB2 particles in polished B4C-5
vol. % TiB2 composites by using Vickers diamond
indenter.

Table 2
Fracture toughness values of composites reactive-hot-

pressed at 2273 K and 2373 K applying SOMPa pressure
under argon for 1 hour.

B4C-5% vol. TiB2

B4C-10%vol. TiB2

B4C-15%vol.TiB2

Fracture Toughness, (MPa.m"2)
2273 K

4.2 ± 0.4
4.3 ± 0.4

n.d.

2373 K
4.1 ±0.6
3. 9 ±0.3

n.d.
n.d.: not determined

Fig. 6: Crack deflection on B4C- 5 vol.% TiB2

composite.

Figure 7 (c) Figure 7(d)
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Figure 7(e) Figure (f)
Fig. 7: Microstructures of B4C-TiB2 composites reactive-hot-pressed at two different temperatures:

(a) 5 vol. % TiB2 (b) 10 vol. % TiB2 (c) 15 vol. % TiB2 at 2273 K
(d) 5 vol. % TiB, (e) 10 vol. % TiB2 (f) 15 vol. % TiB2 at 2373 K

3.4 Microstructural Observation ACKNOWLEDGEMENTS

Figure 7 shows microstructures observed in the
fractured surface of the B4C-TiB2 composites. In these
micrographs,TiB2 particles appear as white areas due to
high atomic number of Ti. In the composites reactive-
hot-pressed at 2273 K, TiB2 particles were highly
dispersed whereas a large number of aggregated TiB2

particles existed in the composites reactive-hot-pressed
at 2373 K. For both reactive hot pressing temperatures
the microstructures of composites prepared to form
15 vol. % TiB2 (Figures 7c and 70 showed high porosity
and less homogeneity.

4. CONCLUSION

B4C-TiB2 composites having 5, 10 and 15 vol. %
TiB2 were fabricated by reactive hot pressing of B4C-
TiO2-C mixtures applying 50 MPa pressure under argon
for 1 hour at 2273 K and 2373 K. The composites
containing 15 vol. % TiB2 resulted in lower density and
degraded mechanical properties for both temperatures.

Nearly fully dense composites containing 5 and 10
vol.% TiB2 obtained by reactive hot pressing at 2273 K
applying 50 MPa pressure under argon for 1 hour. These
dense composites showed an increase in fracture
toughness compared to monolithic boron carbide.

This research has been supported by The Scientific
and The Technological Research Council of Turkey-
TUBITAK under Projection 105M342. Authors thank
Assoc. Prof. Gültekin Göller and Hüseyin Sezer for
their contributions and FCT Systeme GmbH for hot
pressing experiments.
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