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Abstract. Boron (B10 )-based materials such as boron carbide (B4 C) are used in control rods of the nuclear
reactors because of their high neutron capture cross section and resistance to thermal and chemical degradation.
There is an interest to consider other materials that may serve this purpose. In particular, boron-doped diamonds
are prospective candidates as they are known to have excellent mechanical strength. In this work, molecular
dynamics (MD) simulations are used to characterize and compare the basic radiation damage properties of
boron-doped diamond with the stoichiometric formula BC3 . Only cubic structures of BC3 were considered since
the experimentally synthesized structure (as per existing literature) was cubic. The basic radiation damage
properties compared include threshold displacement energy, primary damage and defect cluster analysis. In
addition, the propensity of the material to amorphize under radiation (RIA – radiation-induced amorphization)
was also analysed. It was found that the three materials had very similar threshold displacement energies and
hence responded to radiation damage in an identical manner. Furthermore, it was seen that none of them were as
favourable as the commonly used B4 C, as all of them amorphized at lower doses. Consequently, it is concluded
that BC3 , while having excellent mechanical properties, may not have good radiation resistance.
Keywords. Molecular dynamics; boron-doped diamond; threshold displacement energy; point defects; dose to
amorphization.

1. Introduction
Structural materials of next generation nuclear reactors
should withstand high temperature, radiation and stresses
[1, 2]. Boron-based materials such as B4 C are very attractive as control rods in nuclear reactors because of their high
neutron capture cross section. For example, (10 B) has a
neutron capture cross section of 752 barns [3]. In addition, a
high resistance to radiation damage of B4 C has also been
demonstrated [4, 5], which is believed to be due to the
presence of icosahedral cages [6], which heal damages.
B4 C is used as a nuclear absorbent in nuclear reactors [7].
The unit cell of B4 C (B12 –(C–C–C)) is as shown in ﬁgure 1.
Neutron bombardment can induce point defects such as
vacancies, interstitials and antisites [8], which can lead to
changes in the material properties [9]. For example radiation damage can amorphize the material, leading to a
deterioration in the thermo-mechanical properties [10]. In
addition, radiation-induced defects cause swelling [11],
unwanted precipitation [12] and stress corrosion cracking
[8].

*For correspondence

Molecular dynamics (MD) has been successfully
employed to quantify the evolution of defects by conducting displacement cascade simulations. Since the time-scales
of MD and that of the actual phenomenon match (order of a
few tens of picoseconds), MD is a versatile tool to analyse
radiation damage in materials. MD simulations has been
employed for various metals and ceramics and it is
instructive to examine a few works to understand the kind
of information these simulations can provide. Analysis of
primary damage has been performed using MD simulations
for metals like Ni and Fe [13], Mo [14] and Cu [15]. Farrell
et al [16] conducted displacement cascades on SiC with a
Primary Knock on Atom (PKA) energy of 10 keV for
temperatures varying from 0 to 2000 K with same PKA
conditions. They concluded that at high temperatures,
considerable annihilation of defects takes place. Sahoo et al
[17] examined the effect of pre-existing defects on the
primary damage in SiC. It was found that C and Si
vacancies have the maximum effect on defect production.
Vincent Aublant et al [18] found that more damage
occurred in bi-crystals when compared with single crystals
and those defect concentrations were higher near grain
boundaries. Samaras et al [13] found that interstitials have a
higher mobility when compared with vacancies, which
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Figure 1. Unitcell of B4 C; red colour represents B and blue
colour represents C.

resulted in truncated stacking fault tetrahedra. Millet et al
[14] analysed the migration of defects and found out that a
high annealing time of 779 ps is required even for temperature as high as 2300 K. Bai et al [15] ﬁnd that symmetric tilt grain boundaries can release atoms that occupy
vacancies at the interior of grain and thus contribute to
damage healing. In this manner, MD simulations of radiation cascade have shed signiﬁcant insights into the qualitative features and demonstrate various new physical
mechanisms, which are difﬁcult to observe through
experiments.
During displacement cascade, the point defects form
clusters, which aid in amorphizing the material. Many MD
simulations have reported the importance of defect clusters,
which make the structure unstable [17, 19–21]. In SiC, the
re-combination barrier of Si (0.03 eV) is lower than that of
C (0.90 eV) [22]. Hence, the C interstitial clustering is more
when compared with Si interstitial clustering [21] and
contributes signiﬁcantly to destabilize the structure. Liu and
Szlufarska [19] performed MD simulations on SiC with
PKA energy varying between 10 and 50 keV. They found
that the defect clusters that are formed have more number
of C defects when compared with Si defects.
Since boron-doped diamonds (BCx ) are prospective
superhard material [23] resistant to oxidation [24] and
radiation, it is important to estimate their radiation damage
properties and evaluate how they compare to other existing
materials. Synthesis of BCx compounds and understanding
their properties is gaining importance due to their
prospective use as tool material for machining and the
fundamental challenge they pose due to the numerous
possibilities of crystal structure. Boron-doped diamonds,
like BC3 , are difﬁcult to synthesize [25] and the radiation
damage properties have not been estimated. In this work,
boron-doped diamond with stoichiometry BC3 is considered for determining some of its properties. Since the
experimentally synthesized structure of BC3 is cubic [26],
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we consider all the three ab-initio cubic structures of BC3
(c-BC3 ) reported in the literature for determining and
comparing the radiation damage properties using MD
simulations (see section 2.1 for more details about the three
cubic structures).
Several basic radiation damage properties like threshold
displacement energies (Ed ), primary defect and point defect
clusters and radiation-induced amorphization (RIA) of the
three c-BC3 structures are determined and compared to
each other. Apart from good radiation resistance properties,
nuclear structures have to withstand high temperatures and
it is preferable that they have suitable linear coefﬁcient of
thermal expansion (a) [27]. The value of a should be such
that the thermal-stresses induced due to relative expansion
or contraction with adjoining materials are low. Therefore it
is important to know the value of a and MD simulations
have been employed in the past to estimate the value of a
for several materials, including B4 C (as given in Ref. [28]).
Ed is the minimum energy that is required to permanently
knock off an atom from its lattice position [29]. Ed can be
considered as a fundamental property of the material, which
can be used to estimate the number of point defects produced due to irradiation. For example a simple Kinchin and
Pease model predicts that the number of point defects
decreases linearly with the increase in value of Ed [30]. MD
simulations have been employed to ﬁnd the values of Ed for
SiC [29] and MgO [31]. In this work, MD simulations are
employed to estimate the value of Ed for all the three c-BC3
structures for both B and C atoms.
The dose or DPA (Displacement Per Atom, which is the
ratio of the number of atoms displaced to the total number
of atoms in the sample) required to amorphize the material
is an important property that determines the radiation
resistance of the material [32]. In the actual material, the
atoms are displaced due to a cascade initiated by a PKA.
When the material is subjected to prolonged radiation, it
gets amorphized due to accumulation of point defects. RIA
is expected to occur when enough defects have accumulated, making the amorphous material more energetically
favourable. Both temperature and mechanical stresses seem
to affect the dose required to amorphize the material. For
materials such as SiC, the dose to amorphization (DTA) is
constant at low temperatures, but at higher temperatures it
increases exponentially with temperature [33]. For diamond, like carbon, localized amorphization occurs during
radiation because its sp3 bond contents get reduced [34].
More recently Sahoo et al [17] simulated the amorphization
of SiC by displacing both Si and C atoms and then relaxing
the sample. These simulations involved simulating RIA at
both constant pressure (using NPT ensemble) and constant
volume (using NVT ensemble). At constant pressure, they
found that the volume of the amorphized sample increases
by about 15% while at constant volume they found the
pressure to be very high value of 22 GPa. The accumulated
elastic energy (at constant volume) was released, and this
resulted in amorphizing the material at lower doses than
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Table 1. Different structures of BC3 , predicted and synthesized.
No.

Year and [reference]

1
2
3
4
5
6
7
8
9

2005
2006
2010
2011
2012
2013
2014
2015
2015

[39]
[40]
[41]
[42]
[26]
[43]
[44]
[23]
[45]

when the simulations were conducted at constant pressure.
Therefore, the analysis of temperature and stresses on the
propensity of the material to undergo RIA is important. The
effect of temperature can however be seen only under
experimental time-scales as it involves diffusion and recombination of defects. Therefore, in this paper, DTA of
the three c-BC3 structures at constant pressure and volume
are estimated to determine to what extent the accumulated
pressure plays a role in amorphizing the material.
It is important to note that, in reality, the 10 B absorbs
neutrons and transmutes into 7 Li and 4 He [35]. In this work
only the evolutions of point defects due to displacement
cascades on the three c-BC3 structures are considered and it
is not possible to account for this transmutation within the
MD framework. These simulations were conducted to
examine if an alternative to B4 C could exist in terms of its
use as a control rod material from the viewpoint of the
material’s resistance to radiation damage.

2. Simulation details
All the simulations were conducted using the LAMMPS
package [36], while Ovito [37] and VMD [38] were used
for visualization purposes.

2.1 Crystal structure of BC3
Synthesis of BC3 [26] and understanding its properties is
gaining importance due its prospective use as tool material
for machining and the fundamental challenge it poses due
to the numerous possibilities of its crystal structure. The
synthesized structure was conﬁrmed to be cubic using
electron energy loss spectroscopy, electron diffraction, xray diffraction, transmission electron spectroscopy and
Raman scattering techniques. The crystalline phase of
cubic-BC3 (c-BC3 ) phase had a lattice parameter of
3:589  0:007 Å at ambient conditions. We point out that
the exact structure of BC3 is still ambiguous and due to the

Structure
BC3 (a), BC3 (b)

P42m
BC3 (a)

P4m2,Pmma-a
and Pmma-b
Cubic
R3m
P4m2

I43m
C2/m

Method
Ab-initio
Ab-initio
Ab-initio and MD
Ab-initio
Experimental
Ab-initio
Ab-initio
Ab-initio
Ab-initio

similar size of B and C atoms, the actual locations of the B
and C atoms are not known. For this reason, many studies
using ab-initio techniques have attempted to pin point the
exact location of B and C atoms of BC3 . The different
structures of BC3 that are established using ab-initio and
other methods are tabulated in table 1.
Since the structure synthesized experimentally is cubic,
all the known ab-initio-based cubic structures are considered in this work. From the survey, only three cubic
structures seem possible; they are BC3 (a) with lattice
parameter 3.601 Å ([41]), BC3 (b) with 3.685 Å ([39]) and a

222 super cell (I43m
space group) with 7.33 Å [23],
which we call as BC3 (c) in this work. The three structures
used are shown in ﬁgure 2 and the details are as given in
table 2.
One of the main difference among the three structures is
the number of B–B bonds. BC3 (a) has no B–B bonds,
BC3 (b) has 0.01998 and BC3 (c) has 0.02031 B–B bonds per
Å3 . It is known that the B–B bond is weaker than B–C and
as a consequence, the material with the highest density of
B–B bonds shows more plastic behaviour [23]. It is
instructive to see whether the B–B bond density differences
affect the radiation properties as well. It has also been
found that mechanical properties of the c-BC3 structure are
affected due to differences in B–B density [46].
Two BC3 structures (BC3 (a) and BC3 (b)) were predicted
by Lowther (2005) [39]. Both the structures are based on
diamond, except that BC3 (a) does not have any B–B bonds
while BC3 (b) has one B–B bond per unit cell. There is still
some uncertainty associated with the actual structure
BC3 (a) and BC3 (b), which can be mildly tetragonal with,
respectively, 11% and 3% difference in lattice constants
[39]. Although BC3 (a) was found to be tetragonal using abinitio methods, MD simulations were carried out to determine the elastic constants of BC3 (a) by considering the
structure to be cubic [41]. Lowther [39] has also predicted a
cubic structure for BC3 (b) using generalized gradient
approximation in ab-initio calculations. Therefore, keeping
in mind that the experiments predict cubic structures,
BC3 (a) and (b) are considered to be cubic in this work. It is
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Figure 2. Three c-BC3 structures, BC3 (c) is 2  2  2 super cell with cubic lattice.

Table 2. Comparison of different structures of c-BC3 used in this work.
Structure
(c-BC3 )
BC3 (a)
BC3 (b)
BC3 (c)
(super cell)

Number of
atoms
8
8
64
(2  2  2)

Lattice
constant (Å)
3.601
3.685
7.33

Volume
(Å)3
46.69
50.04
393.83

clear that BC3 (c) is cubic, with all its B–B bondings along
its principal diagonal [23].

2.2 Interatomic potential
Tersoff potential developed by Matsunaga et al [47] has been
used for BC3 [41] and B4 C [28] structures to predict
mechanical properties, linear coefﬁcient of thermal expansion
and speciﬁc heat capacity. Matsunaga Tersoff potential was
found suitable for all the three cubic BC3 structures as it
predicted the bulk modulus, lattice parameter and elastic
constants without a signiﬁcant error compared to the literature
values [46]. ZBL parameters were used for capturing close
range interactions, which occur during radiation damage.
Tersoff potential has been used in the past for diamond to
determine graphitization using a PKA energy of 416 eV [48].
These ﬁndings agreed well with the literature values.

2.3 Coefﬁcient of thermal expansion (a)
A cubic system consisting of 8000 atoms (which corresponds to 10  10  10 unit cells for BC3 (a) and (b) 5 
5  5 unit cells for BC3 (c)) was chosen for the study. The
systems were equilibrated at a pressure of 0 GPa and at
temperatures of 300, 600, 900 and 1200 K using combinations of NVT and NPT ensembles. Following the equilibration, the system was equilibrated using an NVE

Number of B–B
bonds (per unit cell)

Density of B–B bonds
(number per Å3 )

0
1
8

0
0.01998
0.02031

Reference
[41]
[39]
[23]

ensemble at each temperature for all polytypes. The temperature (T) was determined by averaging the value of
temperature during NVE run. The volume (Vol) at each
temperature (T) corresponds to volume in NVE run (Vol
will remain constant for NVE run). Later, the value of a is
calculated using Eq. (1), where a0 is the value of lattice
parameter at 300 K. Further, the value of lattice parameter
(a ) at different temperatures (600, 900 and 1200 K) is
found out using Eq. (2). Value of n is 10 for BC3 (a) and (b),
and 5 for BC3 (c) as 10  10  10 unit cells are used for
BC3 (a), (b) and 555 unit cells are used for BC3 (c). For
the temperature range between 300 and 1200 K, the
material retains cubic structure; the variation of lattice
constant with temperature is assumed to be a straight line ﬁt
(for this temperature range) through the data points and
Eq. (1) is used to ﬁnd the value of a:
1 da
;
a0 dT
p
ﬃﬃﬃﬃﬃﬃﬃ
3
Vol

:
a ¼
n
a¼

ð1Þ
ð2Þ

2.4 Threshold displacement energy (Ed )
The value of Ed is found in four directions [0 0 1], [1 1 0],
[1 1 1] and [1 1 1], similar to SiC [29]. In this work Ed is
calculated for both B and C atoms. A system of size 8000
atoms, as mentioned in section 2.3, was used for
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calculating Ed . The system was equilibrated to 150 K and 0
GPa using a combination of NVT and NPT ensembles.
Then a PKA atom is chosen approximately from the centre
of the primary box and given random kinetic energy. Following this, its potential energy and displacements were
monitored for 4 ps using a time-step of 0.1 fs. It is noticed
that if the kinetic energy is insufﬁcient to displace the PKA,
the atom returns to its original position in a time period of
ﬁrst 0.4 ps. If the kinetic energy was sufﬁcient enough for
displacement, then a lower energy was tried (and if kinetic
energy was not sufﬁcient for displacement, a higher energy
was tried). In this manner, the process was repeated with an
accuracy of 1 eV for all the cases (three structures of c-BC3
with B and C as PKA in four directions).

2.5 Displacement cascades
A simulation box with 432,000 atoms (30  30  60 unit
cells for BC3 (a) and (b) and 15  15  30 unit cells for
BC3 (c)) was chosen for conducting the displacement cascade simulations. A schematic sketch of the simulation setup is shown in ﬁgure 3. The number of unit cells along the
Z-axis (60) is twice the number of unit cells along the X- or
Y-axis (30). A PKA is chosen approximately in the middle
of X  Y plane and a velocity (corresponding to a given
PKA energy) is given in [0 0 1] direction as shown in
ﬁgure 3. The whole system was equilibrated at 300 K and 0
GPa using a combination of NVT and NPT ensembles. A
thermostat region was deﬁned within the simulation box.
The velocities of the atoms in the thermostat region were
re-scaled to reﬂect a temperature of 300 K. This thermostat
region was used to dissipate the heat generated from the
cascade [49]. The thermostat region consists of 15% of total
length on both sides of X and Y directions (corresponding to

Figure 3. Schematic of simulation box, where a ¼ 3:601, 3.685
and 7:33
2 Å , respectively, for BC3 (a), (b) and (c).
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4.5’a’ on each side) and 15% in the bottom of Z direction
(corresponding to 9.0’a’). There was no thermostat region
on the face where PKA atom was chosen. The temperature
of the thermostat region was maintained at 300 K by rescaling its velocities. Thermostat dissipates the heat generated from the displacement cascade in the simulation
domain. Both B and C are chosen as PKA for simulations.
Several phases are involved in conducting the displacement
cascades. In the current work, the scheme followed in Ref.
[17] is used with some modiﬁcations. The main phases
involved in conducting displacement cascades are
– equilibration of simulation domain and thermostat to 0
GPa and 300 K;
– velocity re-scaling to maintain a temperature of 300 K in
the whole system;
– collision (ballistic and evolution phases) phase begins
after PKA is given an energy and the whole system is
monitored for 6 ps;
– ballistic phase of 0.5 ps, time-step of 0.01 fs;
– evolution phase of 5.5 ps, time-step of 0.1 fs;
– evaluation of point defects.
During all the phases, the thermostat is maintained at 300 K
through velocity re-scaling. The total time was chosen as 6
ps as the number of defects did not vary signiﬁcantly once
the energy of the PKA atom was completely dissipated and
the defect numbers reached a steady state. Hence, the time
required for a particular simulation depends on the PKA
energy (higher the energy, higher the time required for
point defect evolution). For instance, it has been shown that
for b-Li2 TiO3 [50] and SiC [51] the steady state is reached
well before 6 ps even though the simulation runs for 10 ps.
Since the aim of these simulations was to compare the
defect production (primary damage) in the three c-BC3
structures, a random, relatively low PKA energy of 5 keV
was chosen. Radiation effects due to point defects because
of diffusion cannot be captured in the time-scale of MD as
the time period required to ﬁnd some noticeable results
ranges from a few milliseconds to a few months [8]. Point
defects are identiﬁed using the Wigner–Seitz method,
which is based on comparing the coordinates of the atoms
before and after the displacement cascade. The evolutions
of all six types of point defects (which are B vacancy VB , C
vacancy VC , B interstitial Bi , C interstitial Ci , B antisites

Figure 4. Bending of linear chain in the unit cell and 222
unit cells of B4 C connecting icosahedra.
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BC , C antisites CB ) are tracked during the simulation. The
primary damage state is taken at the end of 6 ps. Vacancy
and defect clusters were also obtained using the Hoshen–
Kopleman algorithm [52]. This algorithm requires a certain
cut-off distance to identify a defect belonging to a speciﬁc
cluster. This distance was taken to be 1 Å. Since the results
of displacement cascade simulations are sensitive to the
initial micro-states [49], 8 different initial conditions are
used to start the cascade simulations so that reasonable
statistics in the defect numbers can be obtained. Average
value and standard deviation of each point defect are
reported.

Table 3. Value of a (K1 ) at 300 K.
Structure
BC3 (a)
BC3 (b)
BC3 (c)

a (K1 )
5:54  106
5:56  106
6:95  106

(2020) 45:161

2.6 RIA
A cubic simulation box with 8000 atoms for all three
polytypes of c-BC3 (as mentioned in section 2.3) was
considered for analysing the RIA. For SiC, C had a lower
Ed value when compared with Si, so only C atoms were
moved for evaluating the amorphization properties [53].
For c-BC3 structures, C was found to have higher value of
Ed along some directions while B had higher values along
others. Therefore, both B and C atoms are considered for
evaluating the dose required to amorphize the material. The
method followed here is similar to the one in Ref. [17]. The
atoms are relocated one by one such that the Frenkel pair
created by the movement of each atom is separated by a
distance of one lattice constant. It is also ensured that no
atom is closer than 1 Å to any other atom after each
movement. The relaxation process is either an NVT or NPT
run. The NVT is carried out for a time-span of 2 ps using
time-step of 1.0 fs and NPT is carried out for a time-span of
4 ps using time-step of 1.0 fs after each atom is displaced.
Since NPT required more time to equilibrate when compared with NVT, a larger time-span was used. This process
was repeated until every atom in the system moved at least

Figure 5. Variation of potential energy and displacement with time for BC3 (c) along [0 0 1] direction with B as PKA.
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Table 4. Value of Ed for three BC3 structures (eV).
Structure

PKA

BC3 (a)

B
C
B
C
B
C
Si
C

BC3 (b)
BC3 (c)
SiC taken from [29]

[0 0 1]

[1 1 0]

16
41
26
28
28
16
36
31

35
42
36
34
32
14
71
38

Table 5. Number of defects with error bar after relaxation phase
(at 6 ps).
Structure

PKA

BC3 (a)

B
C

BC3 (b)

B
C

BC3 (c)

B
C

CB

Total

19.25 44.38 24.75 38.88 10.00 15.50
(2.54) (2.56) (2.43) (3.48) (2.27) (2.07)
16.13 47.75 21.38 42.50 11.25 16.5
(4.32) (6.78) (4.00) (5.18) (3.62) (4.84)
19.88 47.25 25.63 41.50 10.63 16.38
(5.00) (4.53) (4.87) (5.40) (3.46) (4.44)
19.50 49.38 26.75 42.13 10.38 17.63
(4.28) (2.20) (3.54) (4.02) (3.38) (2.83)
19.38 46.25 27.88 37.75 9.00 17.50
(5.29) (6.61) (3.14) (5.04) (2.39) (2.33)
19.63 47.00 26.63 40.00 11.75 18.7.5
(3.11) (3.59) (5.18) (4.99) (1.75) (3.15)

152.75
(10.07)
155.50
(10.49)
161.25
(11.70)
165.75
(12.23)
157.75
(10.69)
163.75
(13.93)

VB

VC

Bi

Ci

BC

once. At this state, the dose experienced by the sample is 1
DPA. The DTA corresponds to that DPA at which the
potential energy reaches a constant value, the premise being
that the energy of the amorphous material does not change
as atoms are moved around. Since there were 8000 atoms in
the simulation cell and atoms were moved until a dose of 1
DPA was reached, 8000 energy–dose pairs were obtained
for every cases studied in this work. In order to show the
variation in the potential energy vs. dose (DPA), a polynomial function passing through these points is used to
represent the results. The DTA corresponds to that DPA
when the slope of energy vs. dose curve reaches zero. The
slope of the amorphization curve is obtained by differentiating the polynomial function with respect to DPA. The
variation of potential energy and its slope with respect to
DPA is plotted for two types of relaxation carried out following each atomic displacement. In order to ascertain that
this energy criterion for identifying amorphization gives a
reliable comparison of the three structures, we also plot the
point defects, as the material amorphizes due to explicit
atom movements. The DPA at which there is no change in
point defect numbers with atomic displacement can also be
viewed as the DTA. However, it is not necessary that the
DTA from the two criteria actually match as one (energy
criteria) is associated with the energetic stability while the

[1 1 1]
38
4
40
4
40
42
113
28

[1 1 1]
24
7
31
49
25
25
39
71

Avg.
28.25
23.50
33.25
28.75
31.25
24.25
64.75
42.00

other (defects) with structure or topology. Also the Radial
Distribution Function (RDF or g(r)) is plotted periodically
between DPA 0 and 1 at intervals to check whether the
structure retains the crystalline or amorphous nature as
atoms are displaced. The results of the RIA are compared to
similar simulations on B4 C, so that it will be clear as to
whether any of the polytypes considered here (BC3 (a), (b)
and (c)) are better or worse. We point out that, when MD
simulation is used to equilibrate the structure of B4 C, using
the Matsunaga potential [47], the linear chain connecting
the unit cell of icosahedra bends, without any external
stimuli, as shown in ﬁgure 4(a) and (b). These chains are
supposed to be linear; it is conﬁrmed that the bending of
linear chain leads to amorphization of B4 C using ab-initio
calculations [54] and experiment [55]. These chains were
found to be linear when a simple energy minimization was
conducted. At this stage it is not clear why B4 C behaves
this way and we believe the Matsunaga interatomic
potential is not perfect for this structure. However, the
comparisons between the structures considered in this work
and B4 C are expected to be only qualitative and we do not
believe that this imperfection in the potential would alter
the qualitative conclusions.
For B4 C, following each atomic displacement only an
energy minimization was carried out. We note that the
simple energy minimization reﬂects a 0 K situation
while the simulations involving the c-BC3 structures
used in this work are however carried out at 300 K.
Therefore a question arises as to whether a direct
comparison can be made between simulations carried
out at 0 K and those conducted at ﬁnite temperatures.
To address this, we note that the value for DTA,
determined using the simple energy minimization following each atomic displacement, will be higher than
that obtained at ﬁnite temperatures as there is a possibility of more defect re-combination and healing at
higher temperature. Consequently, if one of the structure considered in this work requires a lower DPA to
amorphize at ﬁnite temperature and B4 C needs a higher
DPA at 0 K, it can be asserted that at higher temperatures B4 C will also require a higher DPA to amorophize.
Hence, there is no ambiguity, at least in the qualitative
conclusions.
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Figure 6. Variation of defects for BC3 (c) with B and C as PKA.

3. Results

with the idea that B–B bonds are weaker when compared
with the bonds made of C atoms [46].

3.1 Coefﬁcient of thermal expansion
The variation of lattice parameter with temperature is used
to ﬁnd out the values of coefﬁcient of linear expansion, a,
for all the three structures. The value of a was found to be
of the same order for all the structures and the values are
given in table 3. The values indicate that BC3 (c), which has
the highest B–B bond density, expands more and BC3 (a),
which does not have any B–B bond, expands the least. In
other words it seems that B–B expands more when compared with B–C and C–C bonds. This conclusion is in line

3.2 Threshold displacement energy
To elaborate on the determination of Ed , a B atom of
BC3 (c) with PKA directed along [0 0 1] direction is considered as an example. The variation of potential energy
((a) and (c) of ﬁgure 5) and displacement ((b) and (d) of
ﬁgure 5) with time is plotted for two different PKA energies. It is seen that the atom comes to rest within 0.4 ps if
the energy given to the PKA is not sufﬁcient to cause
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Figure 7. The number of interstitial and vacancy defect cluster for six different cases. (C BC3 (b) means the structure is BC3 (b) and
PKA is C atom).

Figure 8. Actual variation of potential energy with DPA.

permanent displacement (see ﬁgure 5(a) and (c)). From the
results it is clear that when 27 eV (5(a) and (b)) energy is
given, the PKA atom moves and comes back to its original
position. However, at 28 eV (5(c) and (d)) the atom gets
displaced completely to a new position and there is also a
permanent change in the potential energy. It is concluded
that the value of Ed for B atom along [0 0 1] direction of
BC3 (c) structure is 28 eV. In this manner, Ed was determined for all the structures along the four directions.
The value of Ed for the three structures with B and C as
PKA along the four directions and its average value are
given in table 4. Value of Ed for B atom varies from 16 to
40 eV, while that of the C atom varies from 4 to 49 eV. The
average value of Ed was slightly higher for B when compared with C atom. However, since the average values are
similar for both B and C atoms, for all the three structures,
the numbers of point defects generated are also likely to be
similar. BC3 (c) is body centred cubic, while BC3 (a) and

BC3 (b) are diamond cubic. C atom shows low value of Ed
(\10 eV) along some directions for BC3 (a) and (b) as
shown in table 4. One possible reason could be associated
with the atomic packing fraction. BC3 (c) is body centred
cubic, while BC3 (a) and (b) are diamond cubic. The atomic
packing fraction for body centred cubic structure is higher
than that for diamond cubic structure. Here in this case B
and C atoms have almost similar atomic radii, so the
packing fraction will not vary a lot when compared to the
case when only one atom type is present in the unit cell.
Since BC3 (a) and (b) are diamond cubic a larger number of
voids are likely to be present, where interstitials can form.
Therefore, atoms can get pushed to vacant sites for low
values of Ed . This is probably the reason for a low Ed for C
along some directions. However, the B atoms did not show
low value of Ed along any of the directions and it is not at
this point clear why B shows this behaviour. On an average,
value of Ed is higher for SiC when compared with
c-BC3 structures and they are given in table 4. Value of Ed
for SiC was also determined using the same simulation setup.

3.3 Comparison of primary damage
The numbers of defects that are produced in different cases
were almost same after the relaxation phase (end of 6 ps).
The number of point defects, namely VB , VC , Bi , Ci , BC and
CB and their sum (which is the total of all defects) are given
in table 5 after the relaxation phase of 6 ps. The standard
deviation associated with each case is given in the
parenthesis.
It is instructive to compare the defect numbers produced
for the BC3 material considered in this work to those of
SiC. Farrell et al [16] conducted displacement cascade in
SiC with a PKA energy of 10 keV (higher than what is used
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Figure 9. Variation of potential energy and slope with DPA for NVT.

in this work) to study the effect of temperatures (ranging
from 0 to 2000 K) on the defect production. It was shown
there that temperatures do not affect primary defect production signiﬁcantly. The ﬁnal number of defects produced
was between 100 and 150 for all the temperatures (ﬁgure 6
of [16]). In the current work, for all the c-BC3 structures the
total number of point defects at the end of 6 ps is above 150

as given in table 5. The results clearly show that the
number of defects produced in SiC with 10 keV PKA are
fewer when compared with all the three structures of c-BC3
with 5 keV PKA. This aspect clearly shows that SiC is a
material with more radiation tolerance (at least with regard
to its primary damage, when compared with the three
polytypes of c-BC3 ).
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Figure 10. Defect evolution with DPA at constant volume.

Figure 11. Variation of pressure with DPA.

Table 6. Dose to amorphization for BC3 , NVT.
Structure
BC3 (a)
BC3 (b)
BC3 (c)

B

C

0.32
0.19
0.28

0.21
0.18
0.19

Figure 6 shows the evolution of point defects when B
and C are used as PKA for the three cubic BC3 structures.
In all the six cases, that is for three structures with B and C
as PKA, the number of defects reached steady state condition in about 0.2–0.4 ps. It is clear from the results that
the numbers of defects produced due to displacement cascades do not signiﬁcantly depend on the density of B–B
bonds.
Number of C atoms is thrice that of B atom for c-BC3
structures, but the number of defects produced due to B
atom is proportionally higher than that from C as shown in
table 5 in all the six cases. Consider for example BC3 (a)
with B as PKA: the numbers of VB and VC produced are
19.25 and 44.38, respectively (3 number of VB produced

[ number of VC produced). Hence, one conclusion is that
the defects produced due to B atom are proportionally
lower when compared with C atom. For c-BC3 , the number
of re-combinations of interstitial and vacancy was less
when compared with SiC after the ballistic phase [16].
The numbers of interstitial and vacancy cluster formed at
the end of 6 ps are as shown in ﬁgure 7(a) and (b),
respectively. It is clear that these clusters contain at most
only 2 or 3 defects. Higher cascade energy could produce
defect clusters; however due to the computationally intensive nature of this work, higher cascade energies could not
be tried out.

3.4 DTA
For c-BC3 structures, there are two cases considered: RIA
at constant pressure (relaxation using NPT ensemble) and
another at constant volume (relaxation using NVT ensemble). The movement of both B and C atoms showed almost
similar variation in energy and defects with DPA, with C
atom movement showing slightly quicker amorphization in
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Figure 12. Variation of potential energy with DPA at constant pressure.

all the cases. The energy of the three polytypes after
amorphization showed the same steady state value. This
observation arises because the three polytypes have same
stoichiometry and when they amorphize, they end up with
the same topology. This is true for both NVT and NPT
cases of relaxation.

3.4.1 DTA at constant volume: The actual data
showing the variation of the potential energy with DPA
of BC3 (a) for B and C atom displacement at constant

volume is as shown in ﬁgure 8. The ﬂuctuation of potential
energy for a small change of DPA makes it difﬁcult to ﬁnd
the slope to identify the DTA in all the cases. Hence, a
polynomial ﬁt through these data was determined and this
was differentiated to identify the slope.
Figure 9 shows the variation of potential energy (a, c and
e) and its slope (b, d and f) with DPA, where relaxation
following each atom movement was carried out in an NVT
ensemble. Figure 10 shows the variation of total number of
point defects for the three structures. When atoms are
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Figure 13. Variation of volume with DPA.

Table 7. Dose to amorphization for BC3 , NPT.
Structure

B

BC3 (a)
BC3 (b)
BC3 (c)

0.35
0.22
0.52

C
0.24
0.21
0.22

moved at constant volume, internal stresses increase and it
can aid the material amorphization. As seen in ﬁgure 11,
the pressure increases from 0 to 32 GPa. The values of
DTA based on the energy criteria are as given in table 6.
The point defects also show a saturation at around 0.6 DPA
for all the three materials (see ﬁgure 10). Although the
DTA with the defect criterion is higher than what is
determined by the energy criterion, it is clear that all the
three materials show similar behaviour. Clearly, there is no

signiﬁcant difference in the three materials as regards their
DTA. However, it is seen that the movement of only C
atom results in quicker RIA (amorphized at lower dose)
when compared with the situation where only B atoms are
moved. However, such a situation may not occur in reality
since both the B and the C atoms have similar Ed (see
table 4) and are equally likely to be displaced.

3.4.2 DTA at constant pressure: Figure 12 shows the
variation of potential energy (a, c and e) and its slope (b, d
and f) with respect to dose (DPA). The volume expanded
for all the three structures by around 21% as shown in
ﬁgure 13. We note that the defects are not monitored for
this case as the volume continuously varies and the
Wigner–Seitz method for determining defects cannot be
used without signiﬁcant modiﬁcations to our existing codes.
The dose at which RIA occurs is given in table 7.

Figure 14. Variation of potential energy (left side) and its slope (right side) with DPA.
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DTA was found to be slightly lower when the relaxation
was performed at constant volume than at constant pressure. This happens because at constant volume, the structure is relaxed and no internal stresses are developed.
However, at higher pressures, the elastic energy probably
aids in the amorphization of the material quickly at lower
DPA. Similar effect was shown for SiC in Ref. [17].
However the effect observed here is not as prominent as
observed for SiC, where a clear pressure drop is seen,
indicating the release of elastic energy, resulting in amorphization of the sample. In conclusion, it was seen that the
DTA did not vary much amongst the three structures, based
on the energy or the defect criterion.
Also all the three polytypes get amorphized a little more
quickly when C is moved when compared with B. For
example in NVT consider the polytype BC3 (a): when B
atom alone is moved the material gets amorphized at 0.32
DPA and when C atom is moved it gets amorphized at 0.21
DPA (see table 6 and ﬁgure 9). A similar trend can be
observed for NPT also as shown in ﬁgure 12 and table 7.
One possible reason for this observation is that when a C
atom is displaced, a stronger bond made of C atom is
broken than when B is moved (where a relatively weaker
bond made of B atom is broken). Therefore, when C atom
is moved it may increase the energy more than when a B
atom is moved.

(2020) 45:161

software [37]. The number of defects (\3000 at a very high
DPA of 2 for C atom movement) that are produced when C
atoms are moved is lesser than that for the B atoms ([4000
at DPA=2 for B). According to energy criterion also, RIA
occurs mainly when the B atoms are moved as shown in
ﬁgure 14. Clearly, the amorphization in B4 C occurs mainly
due to the movement of B atom and at doses much higher
than what is seen for the three BC3 structures.
The energy of the three c-BC3 structures and B4 C with
DPA (up to 1) is shown in ﬁgure 16 when B atom alone is
moved. Considering the energy, it is seen that c-BC3 has an
inferior resistance to RIA when compared with B4 C. The
icosahedral structure forms the basis of strength for B4 C.
The results clearly show that all the c-BC3 structures
amorphize between 0.19 and 0.32 DPA when B atom alone
is moved, while B4 C does not get amorphized even after a
dose of 1 DPA. The comparison of three cubic polytypes of
BC3 and B4 C when C atom alone is moved is given in
ﬁgure 17; all the polytypes of c-BC3 get amorphized before
0.22 DPA. The values of DPAs are consistent with amorphization based on energy analysis (see table 6). However,

3.4.3 DTA of B4 C: The potential energy of the system
and its slope are plotted with DPA as shown in ﬁgure 14. It
is clear that the DPA required for RIA of the material is
well above 1 DPA for B motion, while for C movement the
system does not show RIA at all. The energy hardly
increases when C atom is moved, so RIA is clearly caused
due to exclusive B movement. The doses at which
amorphization is noted for B movement and random
movement of both atoms are 1.80 and 1.25, respectively,
for B4 C. The evolution of defects for B4 C is as shown in
ﬁgure 15. The defects for B4 C are calculated using Ovito
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Figure 16. Evolution of energy for c-BC3 and B4 C when B atom
is moved.
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Figure 15. Variation of number of point defects with DPA.
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Figure 17. Evolution of energy for c-BC3 and B4 C when C atom
is moved.
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B4 C does not show amorphization when C atom alone is
moved as the energy at 0 and 1 DPA did not vary very
much. Based on these observations it can be asserted that
BC3 has an inferior resistance to RIA, when compared with
B4 C. For SiC, movement of Si atom produced quicker
amorphization [17]. When Si atom was moved, the dose
required for RIA was 0.25 in NPT and 0.40 in NVT. When
C atom is moved, the corresponding values at NPT and
NVT are 0.50 and 0.60, respectively. Thus, SiC also
showed higher resistance to RIA when compared with all
the three c-BC3 polytypes.

3.4.4 Comparison of RIA for c-BC3 structures
and B4 C using RDF: Apart from energy and defect
criteria, the structural changes during irradiation were also
monitored using the RDF. RDF is plotted for the three
polytypes of BC3 and B4 C when B/C atom is moved, and
the relaxation is carried out at constant volume. Since all
the cubic polytypes of BC3 amorphized between 0.19 and
0.32 DPA for B atom movement (as given in table 6), the
total RDF at 0.0, 0.1, 0.33 and 1.0 DPA was analysed.
Figure 18(a), (b), (c) and (d) shows the RDF at 0.0, 0.1,
0.33 and 1.0 DPA, respectively, when B atom is moved. It
is clear that the RDFs of the three materials do not show
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any peaks, indicating that all three c-BC3 have completely
amorphized by about 0.33 DPA, which is consistent with
our results based on energy criterion as described in
section 3.4.1. However, for B4 C, according to energy
criterion the DPA required for RIA is found to be 1.80
when B atom alone is moved as described in section 3.4.3.
Similarly, the RDF of c-BC3 polytypes and B4 C is
analysed at different DPA when C atom is moved. Figure 19 (a), (b) and (c) presents RDF at, respectively, 0.1,
0.22 and 1 DPA when C atom alone is moved. The DPA of
0.33 and 0.22 is chosen for B and C atom displacement
because using energy criterion all the polytypes get amorphized at the corresponding DPAs as shown in table 6 of
section 3.4.1. The RDF at 0 DPA is the same as that given
in ﬁgure 18(a). Furthermore we note that all the amorphized c-BC3 structures have similar topology (from RDF
point of view) after amorphization, which is expected given
that they have the same stiochiometry.
As far as B4 C is concerned, the RDF at 0.33 DPA (when
B atoms alone are moved) and 0.22 DPA (when C atom
alone is moved) shows that the material gets amorphized
even at this low dose. This result seems to suggest that
energy changes with B4 C due to amorphization are less
drastic, when compared with topological changes.

Figure 18. Variation of RDF with DPA when B atom is moved for c-BC3 and B4 C.
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Figure 19. Variation of RDF with DPA when C atom is moved for c-BC3 and B4 C.

4. Conclusion

Acknowledgements

MD simulations were used to examine several properties of
three polytypes of BC3 . The a values of three polytypes of
c-BC3 were ﬁrst determined and compared. Some parameters were also compared with those of SiC or B4 C in order
to comment on the usefulness of this material in a nuclear
environment. It is seen that value of a is the highest for
BC3 (c), which has the highest B–B volume density, and is
the least for BC3 (a). Even though the values do not vary
much for the three polytypes, it appears that the B–B bonds
expand more when compared with bonds made of C atom.
This is in line with the existing results that B atoms form
weaker bonds.
The results concerning radiation damage response show
that the behaviour does not vary signiﬁcantly among the
three materials, and hence it can be concluded that these
properties are insensitive to the number of B–B bonds in the
material. In particular, the value of Ed of atoms was higher
for B along some directions while it was higher for C along
other directions. On an average, B atom has a slightly
higher value of Ed when compared with C atoms. Overall,
no major difference could be seen amongst the three
materials. However, when compared with SiC, the average
values are lower. Given that the Ed is similar for the three
materials, it is not surprising that the primary damage and
the damage evolution are very similar for the three
polytypes.
The DPA required for RIA of the structure was almost
same for all the structures as well. The structure showed
lower dose for RIA at constant volume than at constant
pressure. The DTA of the three structures was much lower
when compared with B4 C. Therefore, it is concluded that
while boron-doped diamonds may have higher strength or
other properties like superconductivity, they may not be
suitable as a radiation-resistant material for nuclear applications, as they may undergo signiﬁcant damage and
amorphize at low DPAs to undergo RIA.
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