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Abstract

The lattice thermal expansion behaviour of nanocrystalline and microcrystalline boron carbides has been measured by high temperature X-ray
diffraction technique in the temperature range 298—1773 K. The lattice parameters of both were found to increase with increase in temperature. The
average thermal expansion coefficients in this temperature range for the nanocrystalline and the microcrystalline boron carbides were found to be
7.76 x 107 and 7.06 x 1075 K™, respectively. The difference observed in the thermal expansion behaviour is probably due to increase in the

surface energy of the lattice in the nanocrystalline material.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Boron carbide is the third hardest material after diamond and
cubic boron nitride. However, at temperatures above 1373 K, it
is the hardest known material [1-3]. This property, coupled
with its low density, high hardness, high Young’s modulus, and
chemical inertness to acids, makes it a potential candidate for
use in high technology applications that include abrasives for
polishing and grinding media, ceramic armor for personnel and
equipment, blasting nozzles, ceramic bearings and wire
drawing dies [4-6]. The '°B isotope, present in natural boron
(19.5 at.%) has a high absorption cross section for thermal
neutrons and moderate cross section for fast neutrons. Hence
boron carbide (enriched in 198 isotope) is used in the
manufacture of control rods and neutron shields for nuclear
reactors [7-12].

Temperature changes in materials cause dimensional
changes so as to minimise free energy of the system [13].
Lattice vibrations, free electron transitions, electric and
magnetic dipole etc. contribute to the free energy. However,
the largest contribution to the free energy, at moderate and high
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temperatures, is from the lattice vibrations. The thermal
expansion of solid is a manifestation of the anharmonic nature
of the lattice vibrations. Due to the anharmonic component in
the lattice vibrations, the interatomic separations increase with
increase in temperature. These changes in the interatomic
separations are reflected in the changes in the values of lattice
parameters. Hence by measuring the lattice parameters as a
function of temperature, the coefficient of thermal expansion
() of crystalline materials can be obtained. Accurate values of
thermal expansion are useful for various industrial applications
of new materials. Thermal expansion measurements are
necessary in the temperature range of interest in order to
address problems such as thermally induced stresses between
dissimilar materials in contact. In this regard, the thermal
expansion of nuclear fuels, neutron absorbers, and clad
materials is important in determining their performance in
the nuclear reactor. In addition, data on « are needed to derive
heat capacity at constant volume (C,) from the experimentally
measured heat capacity at constant pressure (Cp) [14,15].
Nanocrystalline materials are single or multiphase poly-
crystalline solids with a grain size of a few nanometers,
typically less than 100 nm [16,17]. They have been the subject
of intense research due to their potential applications in a wide
variety of technological areas such as electronics, catalysis,
ceramics, magnetic data storage, structural components etc.
These materials exhibit unique, extraordinary physical and
chemical properties relative to the corresponding properties
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present in bulk materials viz., increased mechanical strength,
enhanced diffusivity, higher specific heat and electrical
resistivity [18]. Since the grain sizes are small, a large volume
fraction (>50%) of the atoms reside in grain boundaries. The
interface or grain boundary structure plays an important role in
determining the physical and chemical properties of nanocrys-
talline materials [19].

Both theoretical and experimental data on the thermal
expansion of various nanocrystalline materials are reported in
the literature [20-22]. Theoretical studies show that « increases
with decrease in crystallite size [20]. Klam et al. [21] and Lu
et al. [22] have reported such a behaviour for copper and
nanocrystalline Ni—P alloys, respectively. However, in some
cases it was observed to be independent of the crystallite size
[20].

Information on the high-temperature thermal expansion
characteristics of boron carbide is very limited. Thevenot [23]
in his review has reported the average « of boron carbide to be
4-8 x 107K ! in the temperature range 298—1073 K. Yakel
[24] has measured the o of boron carbides in the temperature
range 285-1213 K, by using high temperature X-ray diffraction
(HT-XRD) technique and reported the values to be
565 x 107°°C™" and 5.87 x 107°°C™" for a carbon rich
boron carbide phase and a boron rich boron carbide phase,
respectively. Tsagareishvili et al. [25] also measured the o of
boron carbide in the temperature range 298-1213 K by using
the HT-XRD technique and reported a value of
573 x 10°° K. However, data on the thermal expansion
of nanocrystalline boron carbide are not available in the
literature.

In the present study, thermal expansion values of both
nanocrystalline and microcrystalline boron carbides were
measured by HT-XRD technique. The experimentally mea-
sured data for the nanocrystalline boron carbide are compared
with those obtained for microcrystalline boron carbide.

2. Experimental
2.1. Sample preparation

Boric acid (99% pure) procured from M/s Paramount
Chemicals, Chennai, India and sucrose (AR grade) obtained
from M/s Hi Pure Fine Chemicals, Chennai, India, were used
for the preparation of nanocrystalline boron carbide by gel-
pyrolysis method. In this method, a xerogel was prepared by
dissolving boric acid in molten sucrose. This xerogel upon
decomposition at 1273 K yielded a precursor that contained a
homogeneous mixture of boric oxide and carbon. This
precursor upon further heating at 1823 K for 3 h yielded
nanocrystalline boron carbide. The constituent phases present
in this precursor and the final product were identified by using
X-ray diffraction technique (XRD) while their elemental
composition was established by chemical analyses. The
preparation methodology is illustrated elsewhere [26].

Microcrystalline boron carbide prepared by conventional
carbothermic reduction method was obtained from M/s. Boron
Carbide India Pvt., Ltd, Mumbai, India.

2.2. X-ray diffraction studies

The XRD experiment was performed by using Cu Ko
radiation (A =0.154 nm), in a Philips X pert MPD system
equipped with a graphite monochromator. The XRD pattern
was recorded in the two theta range, 10 < 26 < 60. Peak
positions and the relative intensities were estimated by using
the peak fit programme of the Philips X’ pert plus software. The
calibration of the diffractometer was carried out by using
silicon and a-alumina standards obtained from the National
Institute of Standards and Technology (NIST), USA. Crystallite
size of boron carbide was calculated by using the Scherrer’s
formula L = 0.94A/Bcos 0, where L = crystallite size, A = wave
length of the X-rays used, 8 = peak width (Full Width at Half
Maximum) (FWHM), and 6 = Bragg angle [27].

2.3. Chemical analyses

2.3.1. Analysis of boron

Amount of boron in boron carbide sample was quantitatively
estimated by using the sodium carbonate fusion technique [28].
In a typical estimation, about 100 mg of the sample was fused
with about 5 g of sodium carbonate in a platinum crucible at
1223 K. The product was cooled and dissolved in about 25 mL
of 3.5 M hydrochloric acid and made up with distilled water in a
100 mL standard volumetric flask. Boron present in this
solution was estimated as borate by titrating it as mannitol—
boric acid complex against standard sodium hydroxide solution
(0.1 M) by using phenolphthalein as indicator.

2.3.2. Carbon analysis

The carbon present in boron carbide was determined by
oxidising the sample in a stream of oxygen and measuring the
amount of carbon dioxide thus evolved by using an infrared
detector. The analysis was standardised by analysing anhydrous
CaCOs.

2.4. Thermal expansion studies

The thermal expansion of boron carbide was measured from
298 to 1773 K by using the HT-XRD technique. The HT-XRD
measurements were performed by using a Philips-X’pert MPD
system, equipped with the Buhler’s high vacuum heating stage.
The heating stage consisted of a thin (~80 wm thickness)
resistively heated tantalum foil, on top of which the sample was
placed. The temperature was measured by a W-Re thermo-
couple, which was spot-welded to the bottom of the tantalum
heater. The temperature was controlled to an accuracy of about
+1 K using a Proportional-Integral-Derivative (PID) controller.
The diffraction studies were performed by using Cu Ka
radiation in the Bragg-Brentano geometry, at a temperature
interval of 50 K up to 1773 K. A heating rate of 1 K min ' and a
holding time of 60 min at each temperature of measurement
were adopted. The specimen stage was flushed with high purity
argon before the start of every experimental run and a vacuum
level of about 107> mbar was maintained throughout the
experiment. Typical operating conditions for recording XRD
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were: operating voltage of 40 kV; current of 30 mA for the X-
ray tube; scan speed of 0.02 s~ ' with a counting time of 6 s per
step and an angular range (20) of 10°-60° for the diffractometer.

2.5. Lattice parameter estimation

Boron carbide has a rhombohedral crystal structure (space
group R3m (No.166)) indexed on hexagonal coordinates. It
consists of twelve-atom icosahedral clusters linked by direct
covalent bonds and through three-atom intericosahedral chains
along the longest diagonal of the rhombohedron. In the
hexagonal system, the lattice parameters, a and c, are related to
the d-spacing by the following relation:

21172

4
diy = |— (W + hk + k) + — 1
= |3 (h™ + hk + k7) + 2 ()

Two linear equations were set up by substituting the d, «
and the corresponding (% k [) values in the above equation. The
lattice parameters a and ¢ were computed by solving the two
linear equations simultaneously. The procedure was repeated
with d-spacings pertaining to different temperatures.

3. Results
3.1. X-ray diffraction studies

Fig. 1 shows the room temperature (298 K) XRD patterns of
the nanocrystalline and microcrystalline boron carbides. It is
observed from the XRD patterns that boron carbide crystallises
in a rhombohedral crystal structure. The average crystallite size
of boron carbide prepared in this study by gel-pyrolysis method
is 55 nm (designated as N-B4,C) and that of boron carbide
prepared by conventional carbothermic reduction is 300 nm
(designated as M-B4C). The room temperature lattice para-
meters of N-B4C are a = 0.5602 nm, ¢ = 1.2091 nm and those
of M-B4C are a =0.5601 nm, ¢ = 1.2091 nm. The diffraction
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Fig. 1. Room temperature XRD patterns of N-B4,C and M-B,C, JCPDS (35-
0798) pattern of boron carbide is included for the purpose of comparison.

Table 1
Chemical analysis of the boron carbide used in this study.

S.No  Boron Boron Carbon  Phases present  X-ray crystallite
carbide (wt.%) (wt.%) in XRD size

1 N-B,C 75.8 23.9 B,4C and carbon 55 nm

2 M-B,C 789 22.1 B,4C and carbon 300 nm

patterns and the lattice parameter values are in good agreement
with those reported in JCPDS file No 35-0798.

3.2. Chemical analyses

Table 1 shows the results of chemical analyses of boron
carbides employed in this study. Both these boron carbides
were found to be carbon rich.

3.3. Thermal expansion studies

Fig. 2 shows the variation of lattice parameter, ‘a’, of both N-
B4C and M-B,C as a function of temperature along a axis.
Similarly Fig. 3 shows the variation of lattice parameter, ‘c’, of
both N-B,C and M-B,4C as a function of temperature along ¢
axis. These data are also given in Tables 2 and 3. For the
purpose of calculating thermal expansion, data on the corrected
lattice parameter as a function of temperature are fitted to a
second-degree polynomial in temperature increment (7' — 298).
It is seen that the lattice parameters increase monotonically
with temperature. The relevant fit expressions are given below
for both M-B4C (Egs. (2) and (3)) and N-B4C (Egs. (4) and (5)).

For M-B,C:

a(nm) = 8.0908 x 107'°(T — 298)* +5.2418

x 1077(T — 298) + 0.5599 )
c(nm) = 2.7382 x 107°(T — 298)* + 1.2719

x 107%(T — 298) + 1.2085 A3)

5.640

= M-B,C
56354 ® N-B,C

0

5.630
5.625
5.620

5.615

Lattice parameter / A

5.610

5.605

5.600

T T T T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800
Temperature / K

Fig. 2. The variation of lattice parameter (a) with temperature for both N-B,C
and M-B,C (polynomial fit is also shown).
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Fig. 3. The variation of lattice parameter (c) with temperature for both N-B,C
and M-B,C (polynomial fit is also shown).

For N-B,C:
a(nm) = 8.5188 x 10~ '%(T — 298)? + 6.2606
x 1077(T — 298) + 0.5600 4)

c(nm) = 2.9407 x 10~°(T — 298)* + 1.9671
x 107°(T — 298) + 1.2083 5)

where 7 is in Kelvin. Once the lattice parameter is known as a
function of temperature, it is possible to estimate the instanta-
neous (¢; — instantaneous), mean (o, — mean), relative

(o, — relative), and average (o,ye) linear thermal expansion
coefficients by the following relations:

(1) (dar
= (&) (@) ®

Table 2
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Expansion (%) = 100 x {M} (10)

az98

In the above expressions (Eqs. (6)—(10)), ar represents the
lattice parameter at temperature 7 and a,og is the corresponding
value at 298 K. The percentage linear thermal expansion values
computed using Eq. (10) were fitted to a second-degree
polynomial in temperature and the expressions are given below.

For M-B,C:

% Expansion (a axis)

= 1.442094 x 1077 x T? +9.406820 x 10> x T

—0.04094628 (11)

% Expansion (c axis)
=2263169 x 1077 x T> + 1.054712 x 1074 x T
— 0.05164089 (12)
For N-B,C:

% Expansion(a axis)
=1.517726 x 1077 x T? +1.123957 x 107* x T

—0.04712794 (13)

The lattice parameter, % thermal expansion as a function of temperature, instantaneous (¢;), mean (o), relative (o), average (o,y.) thermal expansivities for nano

crystalline boron carbide.

T () a(nm) o (10°K™Y o Om TE (%) ¢ (nm) o o Um TE (%)  Qave
107°K™H) (107K 107 °khH @ °kH 10Kk 107KV
298 0.560262  2.02 2.02 2.02 0.000 1.209147  3.07 3.08 3.08 0.000 2.38
373 0.560352 225 225 225 0.016 1.209443  3.44 3.44 3.44 0.024 2.65
473 0.560487 2.55 256 2.56 0.040 1.209888  3.92 3.93 3.93 0.061 3.01
573 0.560638  2.86 2.86 2.86 0.067 1210393 441 441 442 0.103 3.38
673  0.560807 3.16 3.17 3.16 0.097 1.210956  4.89 49 49 0.15 3.74
773 0.560993  3.46 3.47 3.47 0.130 1211578 537 5.39 5.39 0.201 411
873 0561196 3.77 3.77 3.77 0.167 1.212258  5.85 5.87 5.88 0.257 4.47
973 0.561416  4.07 4.08 4.08 0.206 1.212998  6.33 6.36 6.36 0318 4.84
1073 0.561653  4.37 438 4.38 0.248 1213796  6.82 6.85 6.85 0.385 5.20
1173 0.561906  4.67 4.69 4.68 0.294 1.214654  7.29 733 7.34 0.455 5.57
1273 0562177 4.97 4.99 4.99 0.342 1.21557 717 7.82 7.82 0.531 5.93
1373 0.562465 527 5.30 5.29 0.393 1.216544 825 8.31 8.31 0.612 6.30
1473 0562771 5.57 5.60 5.60 0.448 1217578 872 8.79 8.8 0.697 6.66
1573 0.563093  5.87 5.90 5.90 0.505 1218671 92 9.28 9.28 0.788 7.03
1673 0.563432  6.17 6.21 6.21 0.566 1.219822  9.67 9.76 9.77 0.883 7.39
1773 0.563788  6.47 6.51 6.51 0.629 1.221032  10.14 10.25 10.26 0.983 7.76
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The lattice parameter, % thermal expansion as a function of temperature, instantaneous (c;), mean (), relative (o), average (o,.) thermal expansivities for
microcrystalline boron carbide.

T (K) a (nm) o; o o TE (%) ¢ (nm) Q; o o TE (%) Uave
(10°K™H  (107°K™) (107°K™ (10°°K™) (107 °K™ (10°K™ (107°K™
298 0.56014 1.8 1.8 1.8 0.000 1.209122 2.4 24 24 0.000 2.00
373 056022 2.01 2.01 2.01 0.014 1209355  2.74 2.74 2.74 0.019 2.26
473 0.56034 2.3 2.3 2.3 0.036 1.209714  3.19 3.19 3.19 0.049 2.60
573 0.56048  2.59 2.59 2.59 0.06 1.210128  3.64 3.65 3.65 0.083 2.94
673 0.56063  2.88 2.88 2.88 0.088 1.210596  4.09 4.1 4.1 0.122 3.29
773 0.5608 3.16 3.17 3.17 0.118 1.211119 455 4.55 4.55 0.165 3.63
873 0.56098  3.45 3.46 3.46 0.151 1.211697 5 5.01 5.01 0.213 3.97
973 0.56119  3.74 3.75 3.75 0.187 1.21233 5.44 5.46 5.46 0.265 4.32
1073 0.5614 4.02 4.04 4.04 0.226 1.213017  5.89 591 591 0.322 4.66
1173 0.56164 431 4.32 4.32 0.268 1.21376 6.34 6.37 6.36 0.384 5.00
1273 0.56189 4.6 4.61 4.61 0.312 1.214556  6.79 6.82 6.82 0.449 5.35
1373 0.56215  4.88 49 4.9 0.36 1215408  7.23 7.27 7.27 0.52 5.69
1473 0.56244  5.17 5.19 5.19 0.411 1.216315  7.68 7.73 7.72 0.595 6.04
1573 0.56274  5.45 5.48 5.48 0.464 1.217276  8.12 8.18 8.18 0.674 6.38
1673 0.56305 5.74 5.77 5.77 0.52 1.218292  8.56 8.63 8.63 0.758 6.72
1773 0.56338  6.02 6.06 6.06 0.579 1.219363  9.01 9.08 9.08 0.847 7.07
% Expansion(c axis) 4. Discussion
= 2433414 x 1077 x T? 4 1.626109 x 107 x T Itis observed in the present study, that the lattice parameters a
— 0.07019606 (14) and c increase monotonically with temperature. From Figs. 2 and

Fig. 4 compares the percentage linear thermal expansion
obtained for both N-B,C and M-B,4C along a and ¢ axes. The
average o values from 298 to 1773 K for both M-B,C and N-
B,C are:

Cave = 5.84734 x 107872 +3.31736 x 107°T

+ 1.62057(for M-B,4C) (15)
Qave = 6.12745 x 107°T% +3.50316 x 10°T
+1.36537(for N-B,4C) (16)
1.1
04 — TE along a axis (nanocrystalline)
41 ----- TE along c axis (nanocrystalline) //'
R 0.9 B IR TE along a axis (microcrystalline) // ,
i 08 4 - - TE along ¢ axis (microcrystalline) e //
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Fig. 4. The percentage linear thermal expansion estimated from the lattice
parameter of both N-B,C and M-B,4C along both a and c¢ axis.

3, it is also observed that the lattice parameters of N-B,C are
relatively higher compared to those of M-B4C along both a and ¢
axes. The average o of M-B,C is 5.34 x 107 ®*K ™! in the
temperature range 298—1213 K. This is in reasonable agreement
with the value reported in the literature (5.65 X 107K~ l) [21].
The average « of N-B,C (a=7.76 x 107°K™") is marginally
higher than that of M-B4,C (¢ =7.07 x 10°°K™Y in the
temperature range 273-1773 K. This difference is explained
as follows.

With decrease in crystallite size, the surface to volume ratio
increases. Consequently the number of atoms at the interface or
grain boundary increases. According to Kuru et al. [20], atoms
at the surface or at grain boundary are not saturated with respect
to their state of bonding since their coordination number is less
than that for the bulk atoms. In addition, surface atoms are less
restricted in their ability to vibrate and they are able to make
larger excursions from their equilibrium positions [29]. As a
consequence of these atoms at the surface have higher
vibrational kinetic energy than the bulk atoms. Sugano et al.
[30] prepared gold clusters containing approximately 460
atoms. The electron microscope pictures of these nanoparticles
taken at various times show fluctuation-induced changes in the
structure, which supports that the atoms at the surface have
higher vibrational kinetic energy than the bulk. This leads to a
larger atomic position variation of atoms at the surface than the
bulk atoms due to the thermal vibration. Hence, smaller the
crystal, larger would be its average thermal expansion
coefficient.

The presence of grain boundary can cause an increase in the
spacing between atomic planes near the boundary [31]. Barbara
et al. [31] studied the influence of the presence of grain
boundaries on thermal expansion of nanocrystalline nickel
using classical ~molecular-dynamics simulations  with
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embedded-atom-method potentials and inferred that the
presence of grain boundaries cause a slight increase in thermal
expansion. This is in agreement with the results of the present
study.

5. Conclusions

The lattice parameters and « of nano crystalline and
microcrystalline boron carbides were measured by HT-XRD
technique. The results show that average thermal expansion
coefficient of nano crystalline boron carbide is marginally
higher than that of microcrystalline boron carbide.
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