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Abstract

Boron carbide (B4C)/TiC/Mo ceramic composites with different content of TiC were produced by hot pressing. The effect of TiC content on the
microstructure and mechanical properties of the composites has been studied. Results showed that chemical reaction took place for this system
during hot pressing sintering, and resulted in a B,C/TiB,/Mo composite with high density and improved mechanical properties compared to
monolithic B4C ceramic. Densification rates of the B,C/TiC/Mo composites were found to be affected by additions of TiC. Increasing TiC content
led to increase in the densification rates of the composites. The sintering temperature was lowered from 2150 °C for monolithic B,C to 1950 °C for
the B,C/TiC/Mo composites. The fracture toughness, flexural strength, and hardness of the composites increased with increasing TiC content up to
10 wt.%. The maximum values of fracture toughness, flexural strength, and hardness are 4.3 MPa m'’?, 695 MPa, and 25.0 GPa, respectively.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Boron carbide (B4C) has high hardness, high wear
resistance, high melting point, good chemical inertness, high
thermal conductivity as well as high cross-section for neutron
absorption [1], that make it promising candidate for wear
resistance component. B,4C is best recognized for its hardness
and abrasion resistance. After diamond and cubic boron nitride,
B4C is the third hardest of the technically useful materials. Sand
blasting nozzles made of dense sintered B4,C are extremely
wear-resistance. Under highly abrasive conditions B4,C out-
performs other hard materials [2—4]. Moreover the low density
of B4C and its high Young’s modulus recommend this material
for the construction of light-weight armour, as is need in the
military helicopter and similar aero-applications [5].

Compared with the ceramics such as SizNy, SiC, ZrO,, etc.,
the strength and fracture toughness of monolithic B,C ceramic
material are rather low (about 200—400 MPa), and its fracture
toughness is about 2-3 MPam'"? [1]. Moreover, the poor
sinterability of B4C limits its application because both high
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temperature and high pressure are required for a complete
densification [6,7]. In earlier studies [8—15], some of the B,C-
based-composites, e.g., B4C/(W,Ti)C, B,C/SiC, B4C/TiB,,
B4C—CrB2, B4C/TiB2/MB2, B4C/MB2, B4C/A1, have been
developed and used in various applications, mechanical
properties and microstructure studies on them are also
extensively carried out. It has been shown that the additions
of secondary phases to B,C matrix can improve its mechanical
properties, i.e., fracture toughness and flexural strength.

In this paper, B4C-based ceramic composites with different
content of TiC were produced by hot pressing. The mechanical
properties and the microstructure of these composites have
been studied. Particular attention was paid to the effect of TiC
additions on the mechanical properties and microstructure.

2. Experimental procedure
2.1. Materials and processing

The starting powders used to fabricate the B4C/TiC/Mo
composites are listed in Table 1 with their particle size, purity
and manufacturer. B,C/Mo (mass ratio 18:1) was used as the
base material. Additions of TiC particles were added to B4C/
Mo matrix according to the combinations listed in Table 2. The
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Table 1
Particle size, purity and manufacturer of the starting powders
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Starting powder Average particle size (um)

Purity (%) Manufacture

B,C 3-5 >95 Mudanjiang Abrasive Works, PR China

TiC 1-2 >99 Zhuzhou Cemented Carbide Works, PR China
Mo 1-3 >99 Zhuzhou Cemented Carbide Works, PR China
Table 2

Compositions, sintering parameters, and relative densities of the composites

Sample Compositions (wt.%) Sintering parameter Relative density (%) Grain size (pm)
B,C TiC Mo Temperature (°C) Time (min)
B0O 100 0 0 2150 65 95.0 5-8
BTMO 94.7 0 53 1950 50 96.5 1-2
BTMO5 90.0 5 5 1950 50 99.1 12
BTM10 85.3 10 4.7 1950 50 99.2 1-2
BTMI5 80.5 15 4.5 1950 50 99.0 1-2
BTM20 76 20 4 1950 50 98.5 1-2

combined powders were prepared by wet ball milling in alcohol
for 100 h with cemented carbide balls. The container with
internal diameter 150 mm is made of cemented carbide, and is
rotated with a speed of 100 rpm. The average diameter of the
carbide ball is 6 mm. The average particle size of the milled
combined powders is less than 1.5 wm. Following drying, the
final densification of the compacted powder was accomplished
by hot pressing with a pressure of 35 MPa in argon atmosphere
for 10-65 min to produce a ceramic disk. The maximum
temperature employed for hot pressing was 2150 °C.

2.2. Material characterization

Densities of the hot-pressed disks were measured by the
Archimedes’s method. Test pieces of 3 mm X 4 mm x 36 mm
were prepared from the disk by cutting and grinding using a
diamond wheel and were offered for measurement of flexural
strength, Vickers hardness and fracture toughness. Three-point-
bending mode was used to measure the flexural strength over a
30 mm span at a crosshead speed of 0.5 mm/min. Fracture
toughness measurement was performed using indentation
method in a hardness tester (MH-6) using the formula proposed
by Cook and Lawn [16]. On the same apparatus the Vickers
hardness was measured on polished surface with a load of 98 N.
Data for hardness, flexural strength, and fracture toughness
were gathered on five specimens.

XRD (D/max-2400) analysis was undertaken to identify the
crystal phases present after sintering. The microstructures of
sintered materials were studied on fracture surfaces and
polished section by scanning electron microscopy (HITACHI
S-570).

3. Results and discussion
3.1. X-ray diffraction phase analysis

Fig. 1 shows the X-ray diffraction analysis of the BTM10
composite after hot pressing at temperature 1950 °C for 50 min.

It is obvious from Fig. 1 that TiB, is newly formed phases, and
are resulted from the reaction of B,C with TiC. No trace of TiC
was found in the sintered materials when these phases had been
added in the powder compacts prior to sintering, showing that a
complete reaction occurred during sintering. The reaction
formulas are as follows [8]:

B4C + 2TiC — 2TiB, +3C (1)

According to the thermo-chemical data for the B,C-TiC
system, the AG} (Gibbs free energy) of above reaction at
2100 K can be calculated. The value of AG} is —201.800 kJ/
mol [17]. It is negative. Therefore, the above chemical reaction
is proved to occur.

3.2. Densification of the composites

Densification rates of the B4C-based ceramic composites
were found to be affected by additions of TiC. Increasing
content of TiC led to increase the densification rates of
composites as can be seen in Fig. 2 and Table 2. The relative
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Fig. 1. X-ray diffraction analysis of the BTM10 composite after hot pressing at
temperature of 1950 °C for 50 min.
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Fig. 2. Densification behaviors of BTMO0 and BTM10 composites (hot pressing
temperature: 1950 °C).

density of BTM10 composite reaches 99.2% after hot pressing
at temperature of 1950 °C for 50 min; while it is only 95.0% for
monolithic B4C ceramic after hot pressing at temperature of
2150 °C for 65 min. The hot pressing temperature was lowered
from 2150 °C for monolithic B,C to 1950 °C for B,C/TiC/Mo
composites.
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3.3. Mechanical properties

Fig. 3 shows the effect of TiC additions on the mechanical
properties of the B4C/TiC/Mo composites. It was found that the
flexural strength increased with increasing of TiC content up to
10 wt.%, and rose from 540 MPa for BTMO to 695 MPa for
BTMI10 composite, representing a maximum strengthening
increase of 155 MPa. Within further increasing the TiC content,
the flexural strength decreased with increasing TiC content. The
trend of the fracture toughness and hardness are the same as that
of the flexural strength. The maximum values of fracture
toughness and hardness are 4.3 MPam'? and 25.0 GPa,
respectively for BTM10 composite.

The effect of sintering time and hot pressing temperature on
the mechanical properties of BTM10 composite are shown in
Figs. 4 and 5, respectively. For a sintering time of less than
45 min, the flexural strength, fracture toughness, and hardness
of the BTM10 composite increase with sintering time, and
within a further increase, they almost remain constant. On the
other hand, when the hot pressing temperature is lower than
1950 °C, the flexural strength, fracture toughness, and
hardness continuously increase with the hot pressing tem-
perature, and within a further increase, they shows no much
changes.
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Fig. 3. Effect of TiC additions on the mechanical properties of the B4C/TiC/Mo composites (hot pressing temperature: 1950 °C, sintering time: 50 min).
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Fig. 4. Effect of sintering time on the mechanical properties of BTM10 composite (hot pressing temperature: 1950 °C).

3.4. Microstructural characterization

Fig. 6 shows the SEM micrographs of the fracture surfaces
of monolithic B4,C (B00) after hot pressing at temperature of
2150 °C for 65 min. It is shown that the monolithic B,C
exhibited a flat fracture surface, resulting from the transgraular
fracture mode, and there are a lot of obvious pores located at the
B,4C grain boundary. These pores may serve as fracture origins
and cause the degradation of strength and fracture toughness. A
remarkable increase of the grain size (5-8 pm) was also
observed (see Fig. 6b).

Fig. 7 shows the SEM micrographs of the fracture surface of
BTM10 composite after hot pressing at temperature of 1800
and 1950 °C. From these SEM micrographs, different
morphologies of the composites can be seen clearly. It is not
a dense body, and reveals quite a number of cavities at the
fracture surface when sintered at 1800 °C (see Fig. 7a). While
the composite sintered at 1950 °C is dense, porosity is virtually
absent, and shows an intergranular fracture mode (see Fig. 7b).
The grain sizes ranged from 1 to 2 wm. The addition of TiC
phase seems to have inhibited the grain growth of the
composite.

Fig. 8 shows typical microstructure from the polished
surface of hot-pressed monolithic B,4C. It is shown that there are
quite a number of cavities on the polished surface of monolithic
B,C.

Typical microstructures from the polished surface of
BTM10 composite after hot pressing at temperature of 1850
and 1950 °C are shown in Fig. 9. The gray areas as identified by
EDX analysis are B4C and the white areas are of TiB,. It is
noted that the TiB, particles seem quite uniformly distributed
throughout the microstructure when sintered at 1950 °C (see
Fig. 9b); while it shows a loose structure on the polished surface
when sintered at 1850 °C (see Fig. 9a).

4. Discussion

For particle composites, several toughening mechanisms
have been proposed [18-21]. Crack pinning, crack deflections,
microcracking, crack bridging, and residual stresses. A number
of these mechanisms can be active at the same time, making it
difficult to indicate a prevailing phenomenon. In the present
case, since the thermal expansion coefficients of the constituent
phases are quite difference (see Table 3), the fracture toughness
increase can be attributed more probably to the mechanisms
such as residual stresses and crack deflection.

The compressive thermal residual stress in the matrix is
generated when the coefficients of the thermal expansion (CTE)
of the particle exceeds that of the matrix. Since the existence of
this thermal residual stress in the particle reinforced ceramic
composite, the fracture toughness Kjc of the material is
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Fig. 5. Effect of hot pressing temperature on the mechanical properties of BTM10 composite (sintering time: 50 min).

expressed as [19-21]:

2D
Kic = Ko + 241 =

where Kj is the critical stress intensity factor of the matrix, g is
the local thermal residual compressive stress, D is the length of
the compressive stress zone which in this case is the average
particulate spacing. If the dispersed phase of the same grain size

2)

is distributed uniformly in the matrix, then D = A — d, where

the average distance between the particles of the dispersed
phase is A.

The existence of the local stress g decreases the stress
intensity factor, AK}. From Eq. (2) this decrease is

200 —d)
b

AK; = Kic — Ko = 2q 3)
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Fig. 6. SEM micrographs of the fracture surfaces of (a) monolithic B,C after hot pressing at temperature of 2150 °C for 65 min and (b) enlarged SEM micrograph

corresponding to (a).
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Fig. 9. Typical microstructures of the polished surface of BTM10 composite after hot pressing at temperature of (a) 1850 °C and (b) 1950 °C.

Table 3
Properties of B4C, TiB, and Mo [1,5]

Density (g/cm3) Melting point (°C)

Hardness (GPa)

Elastic modulus (GPa) Poisson’s ratio Thermal expansion coefficient (10_6 K™

B4,C 2.52 2450
TiB, 4.52 2790

29-46
25-33

445
529

0.25 4.5-5.5
0.28 8.1

pressing at temperature of 2150 °C for 65 min.
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Fig. 11. Crack path produced by Vickers indentation on the polished surface of BTM10 composite.

difference in the thermal expansion between the particle and the
matrix, AT is the temperature change.

According to the above theoretical analyses, corresponding
calculations are carried out with an example of B,C/10 vol.%
TiB, composite where B,4C is the matrix and TiB, acts as the
dispersed phase owing to the reaction of B4C with TiC in
present study. With the data of the material properties shown in
Table 3, the result is as follows:

AK; = —0.793 MPam'/? (®)

AK; < 0 means the stress intensity factor is decreased by
AKj as a result of the action of the thermal residual stress.
However, the decrease in the stress intensity factor by AKj is
equivalent to the increase in the crack growth resistance by the
same amount AKj. Therefore, the corresponding toughening
increment of B4C/10 vol.% TiB, composite owing to com-
pressive thermal residual stress is 0.792 MPa m'?.

An additional mechanism which contributes to the
toughening of particle-reinforced ceramic composite is crack
deflections [18,19]. Fig. 10 shows the path of a crack
produced by Vickers indentation on the polished surface of
hot-pressed monolithic B4C. It is noted that crack deflection
rarely occurred (see Fig. 10b). The path of a crack produced
by Vickers indentation on the polished surface of BTM10

composite is shown in Fig. 11. It is shown that by
incorporating TiC into B4C, the cracks suffered a larger
deflection (see Fig. 11b and c¢) and bridging effect (see
Fig. 11d) during the course of the propagation. This made the
newly ruptured surface areas become larger, and a greater
amount of rupture energy was consumed. The crack
deflection was thought to be caused by the residual stress
generated by the difference in the thermal expansion
coefficient between B,C and TiB, in the composites [8].
Thus, the improvement of fracture toughness may be also
attributed to the crack deflection mechanism triggered by
internal stresses due to the thermal expansion coefficient
mismatch of B4C matrix and TiB, dispersed phases.

The flexural strength of the composite is greatly improved
with respect to B4C matrix when the composite are nearly fully
dense and with finer microstructure (see Table 2). So strong
grain refinement, higher relative density, more uniform
microstructure associated with the reduction of porosity may
be the direct consequence of the higher strength of the
composites.

5. Conclusions

B,C/TiC/Mo ceramic composites with different content of
TiC were produced by hot pressing. Particular attention was
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paid to the effect of TiC additions on the mechanical properties
and microstructure. The following conclusions were obtained:

1. Chemical reaction took place for this ceramic system during
hot pressing, and resulted in a B4,C/TiB,/Mo composite with
high density and improved mechanical properties compared
to monolithic B4,C ceramic.

2. Densification rates of the composites were found to be
affected by additions of TiC. Increasing content of TiC led to
increase the densification rates of the composites. The hot
pressing temperature was lowered from 2150 °C for
monolithic B4C to 1950 °C for B4C/TiC/Mo composites.

3. The fracture toughness, flexural strength, and hardness of the
composites increased with increasing of TiC content up to
10 wt.%. The maximum values of fracture toughness, flexural
strength, and hardness are 4.3 MPa m" 2, 695 MPa, and
25.0 GPa, respectively.
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