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The objective of the present investigation was to study the effect of kaolinite addition on sintering behavior
and mechanical properties of pressureless sintered B,C ceramic. Different amounts of kaolinite, mainly 5 to
30 wt.%, were added to the base material. The in situ reaction of kaolinite with B,C generates SiC and
Al,O3, which aid the sintering process and permit pressureless sintering at temperatures between 2050 and
2150 °C. Addition of 30 wt.% kaolinite and sintering at 2150 °C resulted in improving the density of the
samples to about 98.5% of the theoretical density. The composite samples exhibited very good mechanical
properties (hardness, flexural strength, and fracture toughness). As wt.% Kaolinite increases, strength and
toughness increase, and hardness first increases and then decreases.
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1. Introduction

Due to their outstanding properties such as high hardness,
wear resistance, low specific weight, and resistance to chemical
attacks, boron carbide (B4C) ceramics are regarded as having
great potential for applications in wear-resistant parts and for
armor materials (Ref 1-21). However, the use of monolithic
boron carbide is limited by its low strength, low toughness,
poor sinterability and machinability. Since B4C is very difficult
to densify to higher than 80% of the theoretical density (TD), a
variety of Elements and compounds are added to B4C as
sintering aids (Ref 1-14).

Nonoxide ceramics such as SiC (Ref 1-3), TiC (Ref 4), C
(Ref 5-6), and TiB, (Ref 14-20) have also been found to be
very effective as sintering aids for B,C. Metallic sintering aids
such as Al (Ref 7), Si (Ref 11), Ti (Ref 12), 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 large amounts of second phase or very high
sintering temperatures are required for full densification (Ref 1-3).
It has been frequently observed that small amounts of oxides
such as Al,O3 (Ref 18, 19), TiO, (Ref 17, 20), and Cr,0;
(Ref 21) are very effective in improving the sinterability of
B4C. Since these powders must be very fine and with high
purity to improve sintering, they are generally very expensive.

In the present study, the effect of kaolinite addition on
densification behavior of B4C has been investigated. The
selection of this sintering aid was due to the fact that this is an
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abundant material, which converts to Al,O5 and SiC during the
course of sintering.

Other properties, such as hardness and fracture toughness of
B,4C, have been measured and correlated with the variations in
density and composition of the sintered bodies.

2. Experimental Procedure

The starting materials used in the present study consisted of
high-purity B4C (B:C ratio of 3.8-3.9) and kaolinite powder
(AL,Si;05(0OH)4) from green world company, China. The
average particle size of B4,C powder was measured using a
laser particle size analyzer (CILAS 1064, France) and found to
be about 1.33 pum. The specific surface area of this powder was
measured to be 6.64 m*/g (using a BET instrument, model
NOVA 1200). For removing water, kaolinite powder was
preheated to 550 °C for 1 h. Different amounts of preheated
kaolinite, mainly 5, 10, 15, 20, 25, and 30 wt.%, were added as
the sintering aid. Mixed B4C and kaolinite powders were ball
milled in isopropyl alcohol for 8 h using high purity Al,O3
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 pressure into
samples having 3 x 3 x 60 mm® volume. The green samples
were then sintered at 2050 and 2150 °C using a microprocessor
controlled graphite element vacuum furnace. After evacuation,
the furnace was filled with Ar gas and heated up to the sintering
temperature at a heating rate of 10 °C/min. After holding for
1 hr at the temperature, the furnace was shut down and allowed
to cool to room temperature naturally.

For microstructural examination, dense sintered bodies were
surface ground and polished with diamond paste down to 1 pum
surface finish. The polished surfaces were then electrolytically
etched in a 0.1 M KOH solution at a current density of 0.1 Alem?
for 10-20 s. Microstructures of the specimens were observed using
scanning electron microscope (SEM, CAMSCAN MV2300)
and the microstructural constituents identified by X-ray dif-
fraction (XRD, PHILIPS PW 1830) method. The density was
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Table 1 Phase composition after sintering at 2050°C

Wt.% of kaolinite

Phase 10 20 30
Al,O3 (Wt.%) 4.85 9.8 14.8
SiC (wt.%) 5.9 11.6 17.9

measured by Archimedes method (Ref 22). The Al and Si
concentrations in the fired specimens and some green compacts
were determined using wet chemistry and atomic adsorption
spectroscopy methods. An approximate theoretical density was
calculated for the various ternary compositions of B4;C-Al,O5-
SiC system. This approximation was based on the measured Al
and Si concentrations from which the volumetric percentage of
phases was derived. Based on this method, the composition of
sintered samples at 2050 °C for 1 h was determined (Table 1).
The same method has already been used for the B4C-ZrO,
system (Ref 10).

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. Samples were cut to volume of
3 x 4 x 45 mm’ and ground with an 800 grit diamond grinding
wheel. The tensile side of the specimens was polished with
diamond paste down to 1 pm finish (Ref 23-25). To measure
the hardness, a Vickers indentor was used with a load of
1.96 N. The fracture toughness of the specimens was
determined by the indentation strength method (Ref 26, 27).
Small surface cracks of controlled size and shape can be
readily induced in most ceramics by sharp hardness indenters
(Fig. 1).

After indenting, the center of a polished surface beam
specimen at 98 N with a Vickers indentor for 15 s, the fracture
strength was measured with the 4-point flexural configuration,
based on (Eq 1) (Ref 24-26).

Kic = n(E/HY"*(cp' Y/ (Eq 1)

where Kjc, o p, E, and H are fracture toughness, fracture
strength, applied load, young module, and vickers hardness,
respectively. The factor 1 depends on the residual stress fac-
tor y and it was determined empirically as 0.59 £0.12 by
Chantikul et al. (Ref 26, 27).

3. Results and Discussion

Figure 2 shows XRD patterns of B,C with kaolinite before
and after sintering at 2150 °C for 1 h. These results indicate
that a reaction between B4C and kaolinite has occurred during
sintering. Before sintering, there are only B4C and kaolinite
peaks as shown in Fig. 2. After sintering, SiC and Al,O5 peaks
were detected and the kaolinite peaks disappeared, indicating
that there was a reaction between the B4C and kaolinite to
produce these phases.

Figures 3 and 4 show SEM images indicating the influence
of kaolinite on densification of boron carbide. The figures show
that monolithic B4C sintered at 2050 (Fig. 3a) and 2150°C
(Fig. 4a) is not fully densified. Addition of 30 wt.% kaolinite to
the starting powder results in higher density.
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Fig. 1 Small surface cracks induced in ceramic by sharp Vickers
hardness (Ref 27)

After Sintering

0 Before sintering

20(degree)

Fig. 2 XRD patterns of B,C with 10 wt.% kaolinite before and
after sintering at 2050 °C for 1 h ( O B4C; e Kaolinite; ® SiC;
A ALLO5)

This is due to the fact that at sintering temperature, the SiO,
content of kaolinite converts to SiC while Al,O3 remains at
grain boundaries. Formation of these phases was detected by
XRD analysis.

At about 1100 °C, kaolinite decomposes to mullite
(3A1,03,2Si0,) and SiO,, which turn into liquid at tempera-
tures below 2000 °C. These liquid phases at sintering temper-
ature react with B4C to form SiC and Al,Os;. Therefore,
transient liquid phase sintering occurs in this system, which
allows for pressureless full density processing and property
improvement. The effect of the presence of new phases on
sintering behavior of B4C has been studied by a number of
researchers (Ref 1, 12, 19). The primary effect is considerable
increase in relative density (Fig. 3b and 4b), which is due to
enhanced mass transport within these phases or reaction
products at the grain boundaries. This improves such properties
as hardness and fracture toughness (Ref 19).
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Fig. 3 SEM micrographs of samples sintered at 2050 °C for 1 h
(a) B4C (b) and B4C-30 wt.% kaolinite

The effect of kaolinite addition on relative density of the
samples sintered at 2050 and 2150 °C as a function of kaolinite
percentage is shown in Fig. 5. As can be seen from the figure,
the density increases with increasing kaolinite in the starting
powder. The addition of 30 wt.% kaolinite has increased the
relative density from 78 to 98.5% of TD. The increasing density
will improve the mechanical properties as well. Figure 6
illustrates the variation of hardness as a function of the amount
of kaolinite in the compositions. As can be seen, the highest
hardness value obtained was about 31 GPa for the samples
having 15% kaolinite in their compositions and sintered at
2150 °C. This value is very close to the hardness of fully
densified pure B4C materials (31-35 GPa depending on sinter-
ing temperature and method).

The reduction of hardness in samples having more than
20 wt.% kaolinite is due to the presence of less hard phases
such as Al,O; and SiC as reaction products in the samples,
compared to B4C.

Therefore, the increase of kaolinite content will result in
lowering the hardness. Moreover, it was found that the
hardness of the samples sintered at 2150 °C is higher than
that of the samples sintered at 2050 °C possibly due to greater
densification.
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Fig. 4 SEM micrographs of samples sintered at 2150 °C for 1 h
(a) B4C (b) and B4C-30 wt.% kaolinite

Figure 7 illustrates the effect of kaolinite addition on
flexural strength of the samples. From the figure, it is evident
that by increasing the kaolinite up to 30 wt.%, flexural strength
of the samples increases, which is possibly due to the higher
density and the presence of higher compression stress on B,C
grains. As can be seen, the flexural strength of the samples
sintered at 2150 °C is higher than that of the samples sintered at
2050 °C. The same behavior has been seen for fracture
toughness in Fig. 8.

The effect of density on improvement of mechanical
properties is related to the amount of porosity and its role on
such properties. Therefore, by decreasing the porosity, the
mechanical properties, except hardness, will enhance. The
hardness increases up to 20 wt.% kaolinite and then decreases
up to 30 wt.% kaolinite. It is suggested that the lower hardness
of the samples having higher amount of kaolinite is related to
higher amount of Al,0; and MgB, in such samples. The effect
of density on improvement of mechanical properties has been
reported by Kim for B,C samples having 5 wt.% alumina [19].

The coefficient of thermal expansion of alumina is about
8.4 x 107° 1/°C and that of B4C and SiC are 5.5 x 107° 1/°C
and 2.4 x 107° 1/°C, respectively.
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Fig. 5 Effect of kaolinite addition on relative density of the sam-
ples sintered at 2150 °C (@) and 2050 °C (A)
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Fig. 6 Effect of kaolinite addition on Vickers microhardness of the
samples sintered at 2150 °C (®) and 2050 °C (A)

The thermal expansion mismatch between constituents will
cause stress network between B4C grains that lead to micro-
cracks resulting in lowering the hardness.

The improved flexural strength and toughness can be related
to reduction of porosity that is the main source of crack
initiation. Moreover, by formation of alumina and SiC, some
residual stresses exist in the samples that enhance these
properties by crack deflection and microcracking mechanisms
(Ref 19). It seems that in the present study the same
phenomenon controls the mechanical properties.

4. Conclusions

1. The addition of kaolinite has a beneficial effect on sinter-
abillity and density improvement of the B,C material.

2. The mechanical properties, except hardness, improve by
addition of kaolinite up to 30 wt.% to starting B4C pow-
der. Hardness, first increases for samples having up to
20 wt.% kaolinite and then decreases for samples having
higher amounts of kaolinite.
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Fig. 7 Effect of kaolinite addition on flexural strength of the sam-
ples sintered at 2150 °C (®) and 2050 °C (A)
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Fig. 8 Effect of kaolinite addition on fracture toughness of the
samples sintered at 2150 °C (W) and 2050 °C (A)

3. The improvement of toughness is mostly due to a
decrease in the porosity in the samples. It is also hypoth-
esized that the presence of less hard phases in the matrix
and residual stresses around Al,O; and SiC phases are
other possible causes of the enhanced toughness.
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