Available online at www.sciencedirect.com

SciVerse ScienceDirect

CERAMICS

INTERNATIONAL

ELSEVIER Ceramics International 39 (2013) 763-770

www.elsevier.com/locate/ceramint

Effect of particle size on the mechanical properties of reaction
bonded boron carbide ceramics

Prasenjit Barick™, Dulal Chandra Jana, Natarajan Thiyagarajan

Centre for Non-Oxide Ceramics, International Advanced Research Centre for Powder Metallurgy & New Materials, PO: Balapur, RCI Road, Hyderabad
500005 Andhra Pradesh, India

Received 9 March 2012; received in revised form 22 June 2012; accepted 28 June 2012
Available online 6 July 2012

Abstract

In the present communication, effect of boron carbide particle size on the mechanical properties such as hardness, fracture toughness
and flexural strength of reaction bonded boron carbide (RBBC) ceramics were investigated. RBBC composites were produced by the
reactive infiltration of molten silicon into porous preform containing boron carbide and free carbon. Boron carbide powders with mean
particle size of 18.65 pm, 33.70 pm and 63.35 pm were chosen for the RBBC composites. The experimental results show that hardness
increases from 1261.70 + 64.74 kg/mm? to 1674.90 + 100.00 kg/mm? and fracture toughness drops from 5.76 +0.26 MPa m'? to
3.4 +0.37 MPa m'?. However, flexural strength decreases from 403.41 + 5.70 MPa to 256.15 4+ 25.05 MPa with the increase in particle
size. Indentation induced cracks in RBBC are mainly median type and number of cracks increase with the increase of starting
particle size.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Reaction bonded boron carbide (RBBC) is an alternative
for hot-pressed monolithic boron carbide. In the fabrication
of RBBC, a porous preform (porosity 20-25%) containing
boron carbide and/or free carbon is infiltrated with molten
silicon at 1450-1600 °C under vacuum (typically 10°-10"*
Torr) [1-3]. Molten silicon infiltrates into the porous pre-
form and spontaneously reacts with free carbon and forms
silicon carbide. This silicon carbide occupies a fraction of
the total pores and remaining pores in the preform are filled
with silicon. The reaction formed silicon carbide, residual
Silicon, and pre-existing boron carbide particles are inter-
connected into a uniform and strong three dimensional
network [3]. It is also reported that a ternary boron carbide
based compound B,(B,C,Si); is found at the peripheral
region of boron carbide particles [3,4].

The novelty of reaction bonding technique lies in its
low processing temperature (1450 °C-1600 °C) and ability to
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produce near net shape product with zero shrinkage [5,6].
These processing advantages combined with low mass to
volume ratio (2.57 gm/cm?) and excellent mechanical property,
e.g. hardness (HV,=2807+ 54 kg/mm?), flexural strength
(278 + 14 MPa), and Young’s modulus (382 +6 GPa) of
RBBC make it a potential material for ballistic application
[5]. The high hardness value (2807 + 54 kg/mm?) of RBBC is
attributed to the presence of high hardness monolithic boron
carbide [5]. In RBBC, hardness depends upon the relative
amount of phases present ¢.g. boron carbide, silicon carbide,
and silicon in the microstructure.

Mechanical property of polycrystalline material depends
upon several parameters like grain size and their distribu-
tion, porosity, pore size distribution, inclusions, agglom-
erations, and impurities in the starting materials [7].
Presence of flaws in the form of microcracks and pores
reduce real fracture strength of ceramics at least by two
orders of magnitude than the theoretical value [7-9]. The
cracks which nucleate at grain boundary of polycrystalline
ceramics may propagate up to one grain diameter [7].
Ceramics with smaller grain size exhibits higher fracture
strength according to Griffith equation or=(2yY/TIC)"?
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where ‘o is the fracture strength in MPa, “y’ is the fracture
surface energy (J/m?), ‘C’ is half of the crack length (um)
and ‘Y’ is the Young’s modulus in GPa [8]. Therefore,
grain size has an important implication in controlling the
mechanical property of engineering materials. Hence, it is
important to address the mechanical property—particle
size issue for such an important material like RBBC in
order to construct a preliminary platform towards tailor-
ing its properties.

Various aspects of reaction bonded boron carbide have
been studied by several researchers. Hayun et al. [4] have
shown that a suitable particle size distribution in starting
powder mixture improves the mechanical properties of
RBBC composite significantly. With the use of suitable
particle size distribution, it was possible to increase the
density of green preform to 75% of theoretical density. Free
silicon content eventually reduced to 8-10 vol% in RBBC
composite, which enhance hardness (HVgp0 o=2300 £ 250
kg/mm?), flexural strength (318 +20 MPa) and Young’s
modulus (400 £+ 10 GPa). Use of particle size distribution
plays a crucial role to reduce free silicon content in RBBC
and to improve mechanical properties. Another study shows
that, RBBC microstructure consists of polygon shaped SiC,
if boron carbide powder blend was prepared with free carbon
[3]. Plate shaped silicon carbide was observed while starting
composition for RBBC was made without free carbon [3]. A
recent report shows that dissolution—precipitation mechan-
ism is the possible cause for the formation of By»(B,C,Si); at
the outer region of boron carbide grains in RBBC, which is
called as core-rim structure [3,10]. Chhilar et al. [11] have
shown that the increase of residual silicon in RBBC decreases
its hardness, flexural strength and Young’s modulus but
increases fracture toughness. Presence of residual silicon in
RBBC matrix can increase the fracture toughness value to
5 MPa m'? comparing with that of monolithic boron carbide
(&3 MPam'?)[12].

In this study, we have investigated the influence of boron
carbide particle size on mechanical properties such as
hardness, fracture toughness, indentation induced crack
propagation behavior and flexural strength of RBBC
ceramics.

2. Experimental procedure
2.1. Powder processing

Commercial grade boron carbide powders of mean
particle size Dsp=18.65 pm, Dsy=33.70 pm, and Ds,=63.35
um [Speedfam India (Pvt.) Limited, India] and carbon black
(Phillips Carbon Black Limited, India) were used as starting
raw materials. The particle size distribution of boron carbide
powders, measured by granulometer (CILAS920, France) is
presented in Table 1. For the ease of identification, the
powders are designated as RB-1, RB-2 and RB-3. The
morphology of boron carbide powders in Fig. 1(a—c) shows
that the powders are free from agglomerates and particle
shape is irregular with sharp edges and corners. The powder

Table 1
Particle size distributions of boron carbide powders.

Powder Particle size distribution™

Do (um) Dso (um) Dy (pm)
RB-1 7.47 18.65 45.48
RB-2 21.63 33.70 53.07
RB-3 37.48 63.35 187.47

*Measured by ‘CILAS920 granulometer’.

mixture was prepared with 87.20 wt% boron carbide,
2.44 wt% carbon black and 10.37 wt% phenolic resin
(estimated carbon content of resin was 36.04 wt%). Resin
served as an organic binder and a source of carbon. The net
amount of carbon (7 vol%) has come from direct addition of
carbon black and through pyrolization of above-mentioned
resin. For each type of powder (RB-1,RB-2, and RB-3), a
batch of 100 g powder was prepared by ball milling of boron
carbide and carbon black in acetone medium using ZrO,
balls. Resin was added 2h prior to the completion of
milling. Finally, acetone was removed from resultant slurry
to obtain a dry powder mass. These powders were screened
through a 60 BSS sieve to avoid the presence of agglomer-
ates. Premix powder was uniaxially compacted at 140 MPa
using a metallic die to obtain green specimens.

2.2. Binder removal and silicon infiltration

All the green preforms were slowly heated (1 °C/min) to
550 °C with dwell time of 60 min in order to burn out
resinous binder. Subsequently, infiltration was carried out
with molten silicon in a resistance heating graphite furnace
under vacuum (65 x 10~° Torr) at 1550 °C for 30 min.

2.3. Characterization technique

Relative density of green preforms was measured and is
presented in Table 2. Phase evaluation of the composites were
performed by a powder X-ray diffractometer (D8 Advanced
system, BRUCKER, axs, Germany) using Cu-Ka as char-
acteristics radiation of wavelength 1=1.54187 A. Microstruc-
tures of the polished specimens (optical finish with 1 pm
diamond slurry) were examined using scanning electron
microscopy (S-3400N, HITACHI, Japan) operated at
20 KV. Image analysis for scanning electron micrographs
was conducted using ANALYSIS 5 software (Olympus,
USA) to evaluate the ratio of average grain size to silicon
thickness in RBBC composites. Hardness was determined
using a microhardness tester (UHL VMHT, Wateruhl
technische Mikroscopie GmbH & Co. KG, Germany) with
a Knoop indenter under 9.80 N load. Vickers indenter was
used at 9.80 N load to generate cracks on the sample
surface using same hardness tester. Fracture toughness
of test bars (45 mm x 4 mm x 3 mm) was measured using
the single edge notch beam (SENB) technique with a
notch width of 300 um, a span of 40 mm and a cross-head
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Fig. 1. Scanning electron micrographs of boron carbide powders: (a) Dso=18.65 pm (RB-1); (b) Dso=33.70 pm (RB-2); and (c) Dsp=63.35 pm (RB-3).

Table 2
Relative density of green preforms.

Sample Relative density of
green performs (%)

RB-1 55.89

RB-2 58.94

RB-3 62.67

speed of 0.5 mm/min. Flexural strength of test specimens
(21 mm x 4 mm x 3 mm) was carried out following three
point bending mode in a universal testing machine
(INSTRON-4483) using a span of 16 mm with crosshead
speed of 0.5 mm/min.

3. Results and discussion
3.1. XRD observations

X-ray diffraction patterns (Fig. 2) of RBBC composite
samples were analyzed with reference to ICDD PDF-
4+2009 RDB database. Phases present in RBBC micro-
structure, were identified using Rietvelt analysis. The
identified phases were Bi;94C, (ICDD card no. 04-007-
9814), B13.72Ci52 (ICDD card no. 04-009-6158), SiC(f-
form) (ICDD card no. 04-008-1657), Si(ICDD card no.04-
012-7888), CaAl,Si,Og (ICDD card no. 04-011-5378),
FeSiO; (ICDD card no. 04-009-1850), ZrO,(04-010-3279)
and ICDS database (card no. 00-019-0178) was used for
identification of B,4C.

As expected, silicon carbide formed due to the reaction
between carbon and molten silicon. It is reported in
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Fig. 2. X-ray diffraction pattern of reaction bonded boron carbide
composites with different particle sizes.

literature that, SiC also formed due to the reaction
between boron carbide and molten silicon as Si(l)+
3B4C(S)=SiC(S)+B1(B,C, Si);(S) [13,14]. However, it
was difficult to differentiate between SiC formed due to
the above mentioned two mechanisms. Presence of calcium
aluminosilicate and iron silicate in XRD pattern were due
to the reaction between trace impurities (Ca, Fe) present in
boron carbide powder with molten silicon. This relative
increase of peak intensity for RB-1 may be due to strong
polycrystalline nature of CaAl,Si;Og and FeSiOj because
of high potential towards their formation for smaller
particle size or may be due to preferential orientation.
However, it needs further investigations to find the exact
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cause. The presence of ZrO, was due to contamination
from the milling media.

3.2. Microstructural analysis

3.2.1. Scanning electron microscopic analysis

Fig. 3 (a—) shows the back scattered scanning electron
micrographs for three RBBC composites made from afore-
mentioned different particle sizes. SEM images revealed that
boron carbide particles (dark gray) are uniformly distributed
and interconnected with reaction formed silicon carbide
(light gray) and silicon (white) phases. This color contrast
appears due to variation in atomic number of each phase
present in the microstructure. It is observed from SEM that
RBBC composites are free of pore or void. Total amount of
pores in the composite is partially occupied by in-situ
reaction formed silicon carbide and remaining pores got
filled with residual silicon because conversion of carbon to
silicon carbide due to reaction with molten silicon is
associated with 2.33 times volume expansion [15].

3.3. Mechanical properties

3.3.1. Hardness and fracture toughness

Fig. 4 shows the hardness and fracture toughness of
reaction bonded boron carbide composites as a function of
particle size. Average hardness values calculated from ten
numbers of indentations are represented with error bars in
Fig. 4. The hardness value of RBBC composites increases
from 1261.70 + 64.74 kg/mm? to 1674.90 + 100.00 kg/mm?>
and fracture toughness decreases from 5.76+0.26 to

3.4+ 0.37 MPam'? with the increase in boron carbide
starting particle size from 18.65 um to 63.35 um. This
increasing trend of hardness can be expressed as
Y=1079.35+9.33X while decreasing trend of fracture
toughness can be represented as Y=6.74-0.05X, where
‘X’ axes represents starting particle size and ‘Y’ axis
represents hardness and fracture toughness in Fig. 4. In
polycrystalline material, hardness decreases when smaller
size grains transform to larger size because of decrease in
grain boundary area. Precipitation hardened material with
uniformly dispersed fine particles exhibits higher strength.
When these dispersed fine particles coalesce with each
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Fig. 4. Hardness and fracture toughness of RBBC composites as a
function of boron carbide starting particle size.

Fig. 3. Scanning electron micrographs of polished surface of (a) RB-1, (b) RB-2, and (c) RB-3 composites (dark gray color—boron carbide, light gray

color—SiC, white color—silicon).
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other and form larger size particles, the strength drops as
the interparticle spacing increases because strength or
hardness and interparticle spacing are inversely propor-
tional to each other.

Reaction bonded boron carbide is a multiphase ceramic
containing boron carbide, silicon carbide and silicon. Here,
no grain growth mechanism is present. The particle size
dependent hardness phenomenon may not be explained
using the above said concept for RBBC ceramics.

For the composite RB-1, fine boron carbide grains are
uniformly distributed in the microstructure. Fineness of
powder increases the surface area. Therefore, RBBC compo-
site with fine grain size consist maximum boundary area in
comparison with larger size particles [16]. Interface boundary
is generally a weak zone. During hardness measurement, the
amount of weak interfacial area under the indenter is
expected to be more for RBBC composite with smaller size
starting particles (i.e. RB-1). As a result, RB-1 shows
minimum hardness as its indentation size is larger at a given
load. Accordingly, RB-2 and RB-3 composites show medium
and maximum hardness value.

Kic or fracture toughness is directly proportional to strain
energy released per unit area of crack surface, developed
during the propagation of unstable crack [7,8]. To release
more energy, the fracture path must be longer. A crack
during propagation will go around the grains. The number of
grains for crack propagation that will pass through depends
upon the average grain size and intergranular silicon thick-
ness [17]. The ratio of average grain size and silicon
thicknesses are 3.36, 3.08 and 2.71 for RB-1, RB-2 and
RB-3 composites respectively, as estimated through image
analysis. Accordingly, a crack will propagate longest distance

for RB-1 type composite and smallest distance for RB-3 and
medium distance for RB-2 for a given volume fraction of
composite. Thus, Kjc will be maximum for RB-1 and
minimum for RB-3. This type of phenomenon in reaction
bonded silicon carbide ceramics has also been observed in the
work reported by Chakrabarti et al. [17].

Further, RBBC composite possibly fails due to three
types of fracture mechanisms namely, (i) fracture in boron
carbide grains i.e. transgranular fracture, (ii) failure due to
interfacial debonding from free silicon and (iii) deformation
in silicon. Among all the mechanisms, silicon deformation
has major contribution towards substantial improvement of
fracture toughness (& 5MPam'?) for reaction bonded
boron carbide ceramics. The fracture toughness for pristine
boron carbide or hot pressed boron carbide is 2.9-3.7 MPa
m'/? [18]. Residual silicon or free silicon in RBBC ceramics,
fractured in semi-ductile mode during failure, causes higher
Kic [12,19]. As the particle size or grain size decreases,
interfacial debonding mechanism dominates over transgra-
nular fracture [19]. Debonding at boron carbide—silicon and
silicon carbide-silicon interface has more contribution
towards the enhancement of fracture toughness as com-
pared to transgranular failure mode [20]. This led to highest
fracture toughness for RB-1, medium for RB-2 and lowest
fracture toughness for RB-3. Moreover, it is realized from
SEM fractrographs of the composites (Fig. 5(a—c)) that
degree of smoothness for fracture surface increases with
increased particle sizes. Maximum extent of non-planarity is
observed at fracture path of RB-1, medium for RB-2 and
lowest for RB-3, and concurrently same type of behavior is
observed in the deformation of silicon. As a result, RB-1
with smallest particle size exhibits highest fracture toughness

Semi-ductile
deformation of silicon

3 Y

= Transgranular fracture of
B4C grains

200um

Fig. 5. Scanning electron micrographs of the fracture surface of (a) RB-1, (b) RB-2, and (c¢) RB-3. Dark gray color—boron carbide and white

color—silicon.
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and RB-3 shows least fracture toughness, while, RB-2
demonstrates intermediate fracture toughness.

3.3.2. Indentation induced crack propagation behavior

It is known that the presence of cracks in the material
alters its state of stress because significant energy is required
for the propagation of nucleated cracks, compared to the
energy that is essential to produce plastic yield. In poly-
crystalline, brittle materials, such cracks can be generated
and propagated by the application of sharp indenters like
Vickers and Knoop. Accordingly, RB-1, RB-2 and RB-3
samples have been subjected to the Vickers indentation
technique for the development of indentation induced cracks.
It is intended to study the qualitative mechanical behavior of
these samples based on their cracking pattern, crack path and
crack type. The experimental quantitative data is useful to
make a comparative statement among composites with
different particle sizes, which provides the indication about
material’s behavior under indentation load.

Vickers microhardness tester has been used to introduce
cracks on all the reaction bonded boron carbide composite
samples. No appreciable crack was observed at loads of
1.96 N and 4.90 N.

In all the indentations made on RB-1, RB-2 and RB-3
samples, mostly median cracks (at the tip of the impression)
nucleate at the interface region between plastically and
elastically deformed materials observed with different lengths.
Occasional formation of lateral cracks has also been noticed
in some cases. These cracks were of varying widths ranging
from 0.3 um to 0.7 um in all the samples. In most of the
cases, cracks traveled across the boron carbide grains and

terminated at the softer ‘Si’ zone. Sometimes cracks traveled
2-3 grains of boron carbide in addition to traveling through
the softer silicon region. This indentation induced crack path
and their patterns are shown in Fig. 6(a—). Since, boron
carbide has strong covalent bonding and grain boundary
cohesive force, it is expected that the transgranular type of
cracking path occurs in all the samples. Further, relationship
between fracture toughness and average number of cracks
with the boron carbide particle size is shown in Fig. 7. With
the increasing boron carbide particle size, there is an increase
in the number of average cracks which reflect the declining
trend of fracture toughness with grain size.
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Fig. 7. Fracture toughness and average number of indentation induced
cracks as a function of boron carbide starting particle size.

Fig. 6. Optical micrographs of Vickers indentation imprints for (a) RB-1, (b) RB-2 and (c) RB-3 composites. Arrow marks indicate indentation induced

cracks.
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Fig. 8. Flexural strength of RBBC composites as a function of boron
carbide starting particle size.

3.3.3. Flexural strength

The room temperature flexural strength as a function of
boron carbide starting particle size for RBBC composites is
shown in Fig. 8. Flexural strength drops from 403.41 £ 5.70 to
256.15 + 25.05 MPa while boron carbide particle size increases
from 18.65 um to 63.35 um. A mathematical equation Y=
464.05-3.25X is generated to express the decreasing trend for
particle size dependent flexural strength of RBBC ceramics,
where ‘X* axis represents particle size and ‘Y’ axis represents
flexural strength. Average flexural strength data along with
error bars are presented here.

In RBBC, residual stress develops during cooling at
weak interfacial sites because of thermal expansion mis-
match between boron carbide (CTE: 5.73 x 10 ¢/K) [18],
and silicon (CTE: 3.07 x 10%/K) [8]. This thermal stress
further generates cracks or flaws at interfacial areas. The
mean particle size (Dsg) for RB-3 composite is the largest
one (63.35 um). Hence, the probability of largest flaw size
formation is highest for RB-3 composite because the scale
of interfacial zone between boron carbide grains and
silicon is maximum [7]. In addition, flaws generated at
the interface, propagate maximum up to one grain size [7].
Therefore, RB-3 with largest boron carbide grains should
consist of largest flaws among all the composites. As a
result, composite with smallest particle size, i.e. RB-1
exhibits highest flexural strength and RB-3 shows least
flexural strength as Griffith equation describes that frac-
ture strength is inversely proportional to the square root of
crack length, whereas RB-2 shows an intermediate value
which is consistent with other mechanical properties [21].

4. Conclusions

In this study, an investigation was carried out to study the
effect of starting boron carbide particle size on the mechan-
ical properties including hardness, fracture toughness and

flexural strength of reaction bonded boron carbide ceramics.
The observations are summarized below:

(a). Hardness of RBBC composite increases with the
increase of starting particle size, because of decrease
in the volume fraction of weak interfacial area.

(b). There is a decreasing trend in fracture toughness with the
increase of boron carbide starting particle size. This
phenomenon is in agreement with the facts that (i)
decrease in the ratio of boron carbide grain size and
silicon thickness in RBBC composites; (i) domination of
transgranular fracture mechanism over interfacial
debonding mechanism; and (iii) lesser degree in non-
planarity at fracture path with the increase in particle size.

(c). Indentation induced cracks in RBBC are median type.

(d). Flexural strength decreases with the increase in start-
ing particle size due to larger size flaw formation in
RBBC, containing larger boron carbide grains.
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