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B4C ceramics were fabricated by spark plasma sintering (SPS) technique with 5 vol.% silicon as sintering ad-
ditive. Optimization of SPS method production parameters for B4C ceramics having geometries 50 x 50 X 5 mm,
square cross section will be performed. The sintering process was carried out at different temperatures by applying
40 MPa of pressure under vacuum atmosphere. The effect of silicon additive, sintering temperature and different
soaking times on density, vickers hardness, fracture toughness and microstructure were examined. The mechanical
properties of the B4C ceramics having silicon as additive were compared with the results of monolithic B4C. The
hardness and fracture toughness of the samples were evaluated by the vickers indentation technique. Microstruc-
tures of spark plasma sintered B4C samples with different parameters in square cross section were characterized

by using SEM technique.
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1. Introduction

Ceramics are attractive materials for ballistic protec-
tion applications due to their high hardness, high flexu-
ral strength and low density when compared to metals.
Among those materials, boron carbide (B4C) is evaluated
as an ideal material for ballistic protection applications,
especially for light armor, since it is the third hardest
material after diamond and cubic boron nitride and it
exhibits higher hardness and lower density when com-
pared to other ceramics [1, 2].

In recent years, Spark Plasma Sintering (SPS) tech-
nique has been used widely for manufacturing boron car-
bide and related boron carbide ceramics because of the
positive effects on microstructure since it prevents grain
coarsening. With applying external electric field, SPS
enhances densification and the sintering process is com-
pleted at lower temperatures in short times without grain
growth compared to the traditional methods (pressure-
less sintering, hot pressing and hot isostatic pressing).
These unique properties make SPS a preferable candi-
date for producing boron carbide ceramics [3-5].

In one of the studies Frage et al. stated that presence
of Si increases the wetting properties and decreases the
sintering temperature 30 to 60 °C and in more Si addi-
tions it is assumed that the sintering temperature could
be decreased even further [6]. Ye et al. mixed 0% to
10% Si powder in weight with B,C and SPS’ed the pow-
ders in graphite dies having 20 mm inner diameter after
applying 50 MPa pressure at 1800 °C with 100 °C/min
heating rate for 5 minutes. 4, 8 and 10% Si is added
to the monolithic B4C and Si is observed to make lig-
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uid phase sintering and assisted in increasing the relative
density values from 99.0% to 99.93% [7].

2. Experimental

Commercial HS grade B,C powders from German H.C.
Starck Company, with an average particle size of 1.78 ym
and metallic Si, 324 mesh powder from Alpha Aeser Com-
pany were used in the present study. In the experiments
that silicon was used as 5% in volume, suspensions were
prepared by mixing B4C and Si powder with SiC balls
in Merck quality ethanol medium by ball milling for 24
hours. The slurry was then dried and screened from
100 micron openings. After screening, the dry powder
was loaded in a graphite die for conducting in SPS.

The samples were sintered by using the SPS apparatus
(SPS-7.40MK-VII, SPS Syntex Inc.). After applying ini-
tial pressure as 10 MPa, 100 °C/min heating rate from
room temperature to sintering temperature was used un-
der vacuum atmosphere. The temperature of the die
was measured by an optical pyrometer. Samples were
subjected to different soaking times at different temper-
atures applying different pressure values. Whole process
was carried out in vacuum atmosphere and shrinkage,
displacement rate, heating current, and voltage for ev-
ery 5 s was recorded. At the end of the process, sin-
tered compacts were obtained. After the sintering pro-
cess, Archimedes method was used to determine the final
relative densities of the compacts. Specimens, polished
with a diamond paste having particle size of 1 um were
subjected to the hardness and fracture toughness tests at
room temperature and were evaluated by the Vickers in-
dentation technique at a load of 1 kg. The micrographs
of all sample surfaces were observed by scanning elec-
tron microscopy (SEM; Model JSM 7000F, JEOL, Tokyo,
Japan).
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3. Results and discussion

Starting powders and spark plasma sintering condi-
tions along with the relative density values of the sintered
ceramics are given in Table. All of the samples are pro-
duced in square cross section under vacuum atmosphere
and aimed to have 5 mm thickness after sintering and
the powders are heated with 100 °C/min heating rate
and sintered for different soaking times. The sintering
temperatures are defined by checking the completion of
the shrinkage amounts. Maximum relative density val-
ues are achieved at the temperatures where the shrinkage
is completed and the samples are kept constant at that
temperature for 4 minutes.

The first sample in Table is monolithic HS-grade boron
carbide that has been sintered at 1530 °C applying
40 MPa pressure having soaking time of 5 min. Sinter-
ing temperatures (1300, 1400, 1500 °C); applied pressure
(40 and 60 MPa) and soaking times (0 and 4 minutes) are
used as spark plasma sintering variables and investigated
under the scope of this study. The highest relative den-
sity values are achieved from the compacts spark plasma
sintered at 1500 °C by applying 60 MPa for 4 min. The
most significant effect of sintering parameters on relative
density is observed to be sintering temperatures. For in-
stance; the compacts spark plasma sintered at 1300 °C
under 40 MPa for 0 minute has 85.4% relative density
whereas other compacts have 89.9% and 92.6% relative
density for 1400 °C, 1500 °C respectively where applied
pressure, soaking time, additive amount and heating rate
are kept constant. As soaking time increased from 0
to 4 minutes and applied pressure increased from 40 to
60 GPa, relative density values increased. The sample
which gave the highest relative density value as 99.2%
and highest hardness value as 31.4 £ 0.1 within 5% Si
added samples is the compact that is sintered at 1500 °C
under 60 MPa with 4 minutes soaking time.

Hardness and fracture toughness values of the sintered
ceramics are also given in Table. The highest hardness
32.6 + 0.1 GPa is obtained from the monolithic boron
carbide sample sintered at 1550 °C under 40 MPa for 5
minutes. The fracture toughness values of the samples
that have very high amount of pores and relative density
values below 95% having 5% metallic silicon as additive,
couldn’t be measured due to the lack of crack forma-
tion and detection of the crack. Adding 5% metallic Si
in boron carbide ceramics decreased the hardness value
from 32.6 + 0.1 to 31.4 £+ 0.1; however, as the compacts
get denser, the hardness values increased significantly.

XRD micrographs of initial powder mixture, compacts
sintered at 1300 °C, 1400 °C and 1500 °C at 40 MPa,
0 minutes and 4 minutes; compacts sintered at 1300 °C,
1400 °C and 1500 °C at 60 MPa for 4 minutes is given
in Fig. 1. In the first XRD patterns which belong to
the initial powder mixture; only B4C and Si phases are
observed. Figure 1b belongs to the XRD patterns of the
compacts sintered at 1300 °C at 40 MPa for 0 minutes
that consists of B4C, B20O3, SiC, C and SiO; phases.
As the temperature, soaking time and applied pressure
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Relative density, hardness and fracture tough- TABLE
ness values of differently processed spark
plasma sintered HS-grade boron carbide
ceramics.
Starting SPS process Rel. |Hardness| Fracture
powder density| [GPa] | toughness
[%] [MPa-m'/?]
B4C** 1550 °C, 40 MPa, 5 min| 98.9 [32.6 £0.1| 3.0£0.1
B4C* |1300 °C, 40 MPa, 0 min| 85.4 |3.8£0.1| porous
B4C* 1400 °C, 40 MPa, 0 min| 89.9 |54 +0.1 porous
B4C* |1500 °C, 40 MPa, 0 min| 92.6 (23.94+0.1] porous
B4C* |1300 °C, 40 MPa, 4 min| 88.9 |4.9£0.1| porous
B4C* [1400 °C, 40 MPa, 4 min| 89.3 |7.4+0.1 porous
B4C* [1500 °C, 40 MPa, 4 min| 95.5 |24.04+0.1| 5.9+ 0.1
B4C* |1300 °C, 60 MPa, 4 min| 92.3 |5.8£0.1| porous
B4C* [1400 °C, 60 MPa, 4 min| 91.8 |9.1£0.1 porous
B4C* |1500 °C, 60 MPa, 4 min| 99.2 [31.4+0.1] 4.7+0.1
* HS Grade+5%Si, **HS Grade.
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Fig. 1. XRD micrographs of (a) initial powder mix-
ture; compacts sintered at (b) 1300 °C under 40 MPa
for 0 min. (c) 1400 °C under 40 MPa for 0 min. (d)
1500 °C under 40 MPa for 0 min. (e) 1300 °C under
40 MPa for 4 min. (f) 1300 °C under 60 MPa for 4 min.
(g) 1500 °C under 60 MPa for 4 min.

increased, oxide phases and carbon disappeared due to
kinetic factors.

Fracture surface SEM images are given in Fig. 2, which
provided the effect of sintering temperature, soaking time
and applied pressure. Difference of the grain sizes of sin-
tered ceramics are due to the sintering conditions. Fig-
ure 2a belongs to the compacts sintered at 1300 °C at
40 MPa for 0 min that have 85.4% relative density. While
only increasing the sintering temperature from 1300 °C
to 1500 °C; average grain sizes are observed to increase
from 1-2 pm to 56 pm. It is also observed that the aver-
age grain size increased as the applied pressure increased
from 40 MPa to 60 MPa at 1300 °C with 4 minutes soak-
ing times. Samples sintered at 1500 °C under 40 MPa
for 0 minute have relatively the coarsest average grains
and samples sintered at 1500 °C under 60 MPa for 4 min
is observed to have the least amount of pores.

4. Conclusion

In this study, effects of sintering parameters such as
sintering temperature, soaking time and applied pressure



1372

Fig. 2. SEM micrographs of compacts sintered at (a)
1300 °C at 40 MPa for 0 min (b) 1400 °C at 40 MPa
for 0 min. (c) 1500 °C at 40 MPa for 0 min (d) 1300 °C
at 40 MPa for 4 min (e) 1300 °C at 60 MPa for 4 min.
(f) 1500 °C at 60 MPa for 4 min.

is investigated along with effect of 5% metallic silicon
addition. In this study B4C ceramics are produced by
using Spark Plasma Sintering (SPS) method and phys-
ical and mechanical characterization of those ceramics
are performed. Optimization of SPS method production
parameters for B,C ceramics having 50 x 50 x 5 mm di-
mensions and 5 volumetric % Si added to B4C will be
performed.

Cengiz et al. stated that HS-grade boron carbide ce-
ramics processed under vacuum atmosphere with den-
sity values up to 98.9% was attained by spark plasma
sintering technique from 8 mm thick samples having
50 x 50 mm cross section [8]. For further investiga-
tions spark plasma sintering conditions can be changed
such as increasing the temperature, heating rate and
metallic Si amount. Highest hardness values are deter-
mined in monolithic HS-grade boron carbide samples.
Vickers hardness of the samples ranged between 3.8 to
32.6 £ 0.1 GPa and fracture toughness values were mea-
sured between 3.04+0.1 MPam'/? to 5.940.1 MPam!/2.
S. Hayun et al. measured the fracture toughness val-
ues from the Palmqvist crack system equations to be be-
tween 3.9 and 4.9 MPam?!/? [9]. In addition, the pure
HS graded ceramics required higher temperature in or-
der to achieve higher densities. Fracture toughness from
the porous samples couldn’t be achieved due to lack of
crack formation by the indentation method. However, it
is observed that with addition of 5% metallic Si, frac-
ture toughness value is increased as well as the relative
densities.

It should be bared in mind that the sintering temper-
ature is defined by optical pyrometer from the surface of
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the graphite die and minor changes in the die geometries,
dimensions and die wall thickness affect the spark plasma
sintering process parameters drastically [10].
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