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The effect of radiative impacts on the structure of boron carbide has been studied by both classical
and ab initio simulations. As a part of this study, a new forcefield was developed for use in studying
boron carbide materials. Impact scenarios in boron carbide were simulated in order to investigate the
exceptional resistance of this material, and other icosahedral boron solids, to high-energy impact events.
It was observed that interstitial defects created by radiative impacts are likely to be quenched locally,
utilising the high substitutional disorder of chains and cages in the boron carbide structure, rather than

via impacted atoms recombining with their vacated lattice site.

1 Introduction

Boron carbide is a solid based on Bi, icosahedra connected in hexagonal sheets. These layers are
connected via linear chains along the trigonal [001] direction, with one chain per icosahedron. In the
general form, the icosahedra are Bi. units and the chains are C-B-C units, making three tetrahedral
bonds to icosahedra at either end, as seen in Figure 1. This system does not conform to Wade’s rules*
in that each chain-icosahedron unit has an unpaired electron. As a result the true structure of boron
carbide is disordered, with the nature of disorder not fully characterised: carbon composition can vary
in the range 9-20 atom %? 2, whilst X-ray experiments do not distinguish between carbon and boron
atoms*, and neutron diffraction is problematic when analysing boron solids, due to neutron capture
events with °B nuclei, although enrichment with !B has allowed for some characterisation®.
Theoretically the lowest energy structure® of stoichiometric (C3B12) boron carbide would contain solely
CB11 cages, and C-B-C chains. This represents the most carbon-rich end of the compositional range,
whilst the boron-rich end has a high proportion of B icosahedra and B-[vacancy]-B chains. However,
it is accepted that the composition of any boron carbide system will include some C2B1o, CB11, and Bi2
cages, and some C-B-C, C-B-B, B-B-B, and 2 or 4 atom chains®. It may therefore be regarded as a
“frustrated” system, without an ideal structure’.

Boron carbide is one example of a family of solids based on layers of boron icosahedra with a
double tetrahedral X-X or X-B-X chain of hetero atoms. Other examples include boron phosphide?,
arsenide®, and oxide'®, as well as B-boron. Boron carbide is the most conspicuous example of this family,
with a large body of experimental data available, due to its uses in varying fields; for example, as a
component in control rods in nuclear reactors! and body and vehicle armour'?, taking advantage of the

high neutron absorption cross-section of 1°B and the extreme hardness of boron carbide. For this reason,
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in this work we focus solely on the boron carbide material. However, all of the solids exhibit the same
exceptional resistance to radiation. Previous studies in which “icosahedral” boron solids are exposed to
radiation have involved the bombardment of Bi.P, with 400 keV electrons®*, and of B-boron with
160keV N* ions™ 4, In both cases the radiative impact energies are five orders of magnitude greater
than common bond dissociation energies, but the crystal structure appeared to remain unaltered in both
cases. When boron carbide itself is irradiated with thermal neutrons, lithium and helium ions are
produced by neutron capture events of 1°B, which cause bubbles to form in the structure. This does not
affect nano-crystallinity®® ¢, although micropores are observed. Amorphisation is possible using H* ion
radiation, which alters the structure chemically®’, but 1MeV electron impacts again do not affect the
gross crystal structure'®; 2MeV impacts are required to induce amorphisation through impact.

This resistance of the material to structural damage has been attributed to two possible
mechanisms. One hypothesis is that crystallinity is retained by a “self-healing” method, whereby
impacted atoms are displaced as positive ions, leaving behind the electrons occupying the cage bonding
orbitals. Over the timeframe of observation, it is proposed that Coulombic forces drive the displaced
atom back to its lattice site™ . An alternative mechanism is one in which the displaced atom is
incorporated into a nearby chain, whilst the cage is reformed by extracting an adjacent chain atom. In
this way twelve-atom cages are retained whilst chain disorder is increased - an effect that would not
readily be observed using crystallographic characterisation methods given the disorder already
prevalent in boron carbide chains.

In this work, we examine the proposed mechanisms using classical and ab initio computation.
Impact events are simulated using molecular dynamics, in which the velocity of a targeted bulk atom is
increased in a random direction. The damage sustained by the bulk solid, after the defect stabilises

during the classical MD simulations, is analysed using ab initio techniques.

2 Methodology

2.1 Forcefield derivation

In order to perform molecular dynamics simulations on the boron carbide systems, forcefield terms
needed to be derived. These were validated by comparison with the experimental crystal structure, bulk
moduli and vibrational spectra of boron carbide. The bulk modulus was obtained using the Reuss
definition provided by the program GULP? (derived from elastic constants calculated for the static
system). GULP was also used to compare optimised structures with experiment, whilst an alternative
derivation of bulk modulus using molecular dynamics, as well as the main molecular dynamics
simulations were performed using DL_POLY 4?2 The system was described as follows.

Given the broad compositional range found among boron carbide samples, the structure was

represented using an idealised symmetrical system with CBi; cages and C-B-C chains. For



computational simplicity the cage carbon atom was placed at the chain bonding “equatorial” site (see
Figure 1), implying C1 symmetry.

Bonding within and between cages (intra- and inter-icosahedral bonds), between chains and cages
(chain-icosahedral bonds), and chain bonds, were represented by Morse potentials. A harmonic angle
term was also required for the chain bend. Non-bonding interactions were described by Lennard-Jones
potentials. Charges were derived using the Mulliken method from molecular ab initio calculations on
the boron carbide system. These were performed using the CP2K code? at the PBE/6-31G* level, and
produced the charges given in table 1. The presence of so many atom types is necessary to differentiate
between inter- and intra-icosahedral bonds; a B2-B2 interaction is inter-icosahedral for example, while
B2-B* (where B* represents B1, B3, B4 or B5) is intra. However B2, B4 and B5 atoms are considered
chemically equivalent. As table 1 shows, the negative charge is localised at the tetrahedral bonding
sites, consistent with the higher electronegativity of carbon atoms, and the more directional covalent
nature of the bonding in which they participate (in distinction from the aromatic-type bonding of the
cages).

Initial parameters where chosen from the OPLS forcefield?, and a fitting process was conducted
using the least squares fitting algorithm in the GULP program. As previously stated, the properties fitted
to were the vibrational spectra, crystal structure and bulk modulus of experimental boron carbide,
leading to the forcefield terms given in table 2. The minimum-energy structure, when optimised in
GULP at constant pressure, has the cell parameters a=5.880 A, c=12.074 A. Experimentally the lattice
constants vary with carbon content and method of preparation. Towards the higher end of carbon
content (roughly for x > 2, where approximate stoichiometry is B1s.«Cyx ) lattice parameters lie in the
ranges a=5.591-5.653 A and ¢=12.059-12.163 A* %25, Our ¢ parameter lies within the reported range,
although the a parameter is slightly larger. However it should be borne in mind that ours is a pristine,
idealised structure with maximum C content and overall composition C3Bi.. In reality high carbon
content is believed to correlate to a high number of boron chain vacancies and other defects. The larger
simulated cell volume is thus not inconsistent with the assumptions made in our structural model.

The forcefield also gives a reasonable fit to vibrational spectra®” as shown in Figure 2.
Experimentally?’, the peak at ~1600 cm™ has been attributed to a chain stretch term, 1100 cm™ is
attributed to the inter-icosahedral B-B vibrations, and the peaks at 800-900 cm™ to intra—icosahedral B-
B vibrations, corresponding to the assignments in this investigation. We note that previous authors?®
maintain that the Raman band at around 1600 cm™ arises solely from the presence of carbonaceous
impurities. However later works (e.g. 2°) have not always concurred with this assignment, and moreover
it seems at least fairly conclusive that the band appears in the infrared spectrum of the “pure” material?,
our simulations not distinguishing between infrared, Raman-active or other modes. It is acknowledged
that peaks below ~500cm™?, indicative of whole lattice vibrations, are not well modelled; however
classical simulations typically do not model this area of the spectrum well, and moreover there are no

negative frequencies.



The experimental bulk modulus of boron carbide is variously quoted as 236-247 GPa®, and the
bulk modulus calculated by GULP using this forcefield is 240 GPa. The modulus was also calculated
using molecular dynamics: an MD run was performed at ambient temperature, on a 60750 atom system
(i.e. a 15 x 15 x 6 supercell), at a high pressure (60 MPa), having been first equilibrated at 1 atm. The

bulk modulus was then derived using the following equation:

where K, V and P represent bulk modulus, volume and pressure respectively. This led to a
modulus of 247GPa, within the range of experimental values and very close to the value derived by the
Reuss method.

2.2 Methodology: simulations

Having derived the forcefield and tested it against various experimental properties, impact studies
were performed using DL_POLY 4 on a 15 x 15 x 6 supercell of volume around 574000 A3, containing
60750 atoms. All simulations were carried out using the NPT ensemble at 298 K, and 1 atm pressure,
using a 0.001 ps timestep and 12.0 A short-range cutoff. The Berendsen thermostat and barostat were
used, with both time constants set to 1.5s. Bonded atoms whose separation exceeds that of the bonding
cut-off (the sum of their covalent radii) during the course of the simulation lose the attribute of being
bonded, i.e. atoms which become significantly displaced due to impact continue to interact via their
electrostatic and van der Waals parameters.

Initial simulations were carried out to test the suitability of a range of impact energies, i.e. that the
energies are sufficient to cause a reasonable number of atomic displacements, but not so great as to
create instability in the simulation. These involved increasing the velocity of a randomly selected atom
in a random direction by applying impact energies between 0.1 and 1.2 keV.

Further elastic impacts were then simulated by increasing the velocity of a targeted atom in a
random direction with impact energy of between 0.1 and 1.1 keV. 11 simulations were performed, on
each of four atom types (B1, B3, C1 and C4) creating a library of “damaged” phases.

Some of damaged systems were further analysed at an ab initio level, extracting the atom positions
of the original 45 atom unit cell that includes the impacted atom, as well as 1 unit cell in the positive
and negative z direction, and the positive x and y directions (effectively a 2 x 2 x 3 supercell of the
structure surrounding the impacted atom), for a 540 atom cell of approximate volume 5100 A3 from the
DL_POLY molecular dynamics runs. This is a compromise between dilution of defect and
computational cost. Single point calculations, geometry optimisations, and ab initio molecular
dynamics were then carried out using the CP2K program at the PBE/6-31G* level of theory.

Finally, further forcefield-based MD simulations were carried out using a larger impact energy of

12 keV. This is still low in comparison to the energies of experimental radiative impacts, but results in



much larger atom displacements, allowing the effect of an impact to be assessed at greater distances

from the original site of the impacted atom.

3 Results and discussion

3.1 Low energy impacts: Forcefield-based MD studies

Initial calculations were performed by simulating impacts on a random selection of bulk atoms,
confirming that 0.1-1.2 keV is an appropriate range of impact energies to apply under these conditions
(60750 atom cell, 0.001 ps timestep, 12 A cutoff), in that a good number of displacement events were
observed, but the energies were not so high so as to render the bulk of the simulations unstable. The
changes in cell volume from these preliminary studies are illustrated in Figure 3, showing that the initial
impact results rapidly in a slight increase in the cell volume up to about 0.12 %, dependent on the impact
energy. The plots for each energy represent a single MD run. In general, higher energies caused greater
volume changes, although the correlation is not exact, suggesting that the identity of the displaced atoms
and the direction of the impact vector are also important factors. Over the course of the simulations (8
ps), the volume tends to reduce again for the higher-energy impacts but does not return to the original
value. However the majority of the simulations were well-behaved in terms of energy conservation and
temperature stability. Only those at 1.0 and 1.1 keV failed due to initial instability in the simulation.

Further impact simulations were carried out as described in section 2.2 on the four representative
atom types, with the impact energy imparted in a random direction at each of the 11 energies.
Displacements of the impacted atoms 2.5 ps after impact are shown in Table 3. At each energy, the data
represent a single impact simulation. These data give an indication as to whether a defect has been
generated, 2.5 ps being a timespan over which the atomic positions found to have sufficiently stabilised.
Dashes in the table indicate instances where the simulations failed due to excessive cell volume changes.
Similarly, 12 A being the short-range cut-off, any atom displacements greater than this distance caused
DL_POLY to fail. Below a cut-off of ~0.6A maximum displacement, the structure is regarded as having
retained its original structure, while above 3.0A a vacancy/interstitial defect has been generated, with
an atom displaced from its lattice position. In the results given in Table 3, it can be seen that there is a
clear distinction between these two types of outcome, with no displacement observed between 0.50 and
3.02 A

Broadly, below impact energies of 0.8 keV, displacements are consistent with crystallographic
positions being retained. However there is evidence that some atom types are more easily displaced that
others, for instance, B3 (chain boron) at 0.2, 0.5 and 0.7 keV impact (as well as higher energies where
displacement exceeded the short-range cutoff), also suggesting that the direction of impact (chosen
randomly in our simulations) is important in determining whether an atom will be displaced. At impact

energies higher than 0.8 keV, combined interstitial/vacancy defects are formed by displacement of the



C1, Bl and B3. Stable defect structures were generated for C1 at 0.9 keV and B1 at 1.1 keV, in addition
to the B3 cases already mentioned.

The effect on local structure for the example of a 1.1 keV impact on a B1 (cage) atom is displayed
in Figure 4, which had a defect energy of ~2800 kJ mol, calculated by comparing the average energies
of damaged and undamaged structures in the MD simulation. Following the displacement of the B1
atom, it continued to occupy its interstitial position for the remaining 24 ps of the simulation.

Other defect scenarios arising from impact on the B3 (chain) atoms are shown in Figure 5. As can
be seen, the chain boron atoms, following impact, find stable defect positions between layers of
icosahedra, in the “pocket” formed between three icosahedra in one layer, and one icosahedron in
another layer, shown more clearly in Figure 6. In the case of Figure 6(b), the impacted atom is still
bonded to one of the chain carbons; in this case the direction of the random impact generated was mainly
along the z direction.

These low-energy impact classical simulations are not inconsistent with either of the self-
healing hypotheses, in that, for instance, 6.75 A is a distance over which Coulombic attraction is
significant. Migration of the impacted atom back to its lattice site could thus conceivably be achieved
within the period of experimental observation - a timescale however that would be unreasonable to
model using ab initio MD. On the other hand, we would not expect to observe incorporation into other

chain moieties with classical atomistic MD.

3.2 High energy impacts: Forcefield-based MD study

To compare with the low energy impact simulations, the conditions were altered such that an impact
of 12 keV on an icosahedral B1 atom could be simulated. The short-range cutoff was extended to 36 A,
to permit atoms to become significantly separated without causing the simulation to terminate.

At this higher impact energy (still an order of magnitude lower than experimental energies of
~160keV™3), the B1 atom is displaced by 20 A after 1.0 ps. This result thus argues strongly against the
“self-healing” mechanism proposed by Emin et. al., since Coulombic interactions between the impacted
atom and its original lattice site would be considerably weaker at this separation, especially when it is
considered that the vacancy and interstitial sites are shielded by six icosahedral units. In Figure 7 the
progressive damage to the system caused by the impact is illustrated. Following the impact on a single
atom of 12 keV, it can be seen that a significant region of the structure around the B1 atom is disrupted,
with those atoms displaced by at least 1.5 A being highlighted. The size of the disrupted area reaches a
maximum at around 0.5 ps.

This result is consistent with the idea that damaged icosahedra subtract a chain atom to complete
the cage bonding set, whilst the impacted atom exists as an interstitial, or combines with a nearby chain.
This is unlikely to affect the observed long-range crystallinity of the system, since there is an accepted

random nature to the composition of chains®.,



3.3 Periodic Ab initio study

In addition to classical forcefield-based simulation, periodic ab initio molecular dynamics
calculations were carried out on the damaged system. As described above, defects generated by low
energy impacts were analysed by extracting the local structure around the defect. This 540 atom
supercell includes the impacted atom and its original cage. For the case of the 1.1 keV impact on a B1
(originally cage) atom, geometry optimisation of the damaged system (after 24 ps classical MD
simulation) found a local minimum in which the impacted boron atom inserts itself into a nearby chain,
between a chain carbon and a cage boron atom (see Figure 8). A “psuedo 4-atom” C-B-C-B chain is
formed in which the geometry is somewhat distorted compared to the undisturbed structure. The ideally
linear chain C-B-C angle becomes 161.2° and the angles around the tetrahedral chain carbons also
distort, with Bchain-Cchain-Bcage ranging up to 132.6° (ideally 114.9%). The Bchain-Cenain bond lengths
diverge from around 1.50A to 1.475 and 1.539A, and the Cenain-Beage bonds are reduced from an average
of 1.797 A to 1.737 A, whilst in the icosahedron bonded to the interstitial B, the average B-B bond
length decreases from ~1.89 A to ~1.82A. By comparison, in the forcefield simulations the Behain-Cechain
bond lengths close to the defect equilibrate to 1.43A and 1.53A, the corresponding Benain-Cechain-Beage
angles vary between 92° and 124° and the Cehain-Beage bonds average 1.735A; the median B-B distance
in the impacted cage is around 1.84A. The C-B-C chain angle reduces to about 175°, however the three-
body constraint still applies in the forcefield simulation, so direct comparison with ab initio results is
not appropriate. With these changes in geometry, the structure is able to accommodate the interstitial
chain boron. Ab initio molecular dynamics carried out at 298 K for 500 fs saw no further change in the
bond connectivity of the impacted system.

The original icosahedral cage, from which the B1 atom was abstracted, assumes a nido
configuration, as shown in Figure 9. A nido boron cluster is stable when it has 2 electrons more than
the closo equivalent, so it is unsurprising that, overall, these cage atoms see a net change in charge of -
0.79 e from the original structure, consistent with experimental findings on molecular carborane
derivatives®. While this is not the full formal compensating charge, it demonstrates how the loss of an
icosahedral vertex can be partly accommodated through changes in the electronic structure. Further ab
initio MD simulations at 298K for 500 fs did not see any extraction of nearby chain atoms into the
impacted cage, though admittedly this a very short timescale compared to periods of experimental
observation. After rebonding of the interstitial B into its new chain, the ab initio defect energy was
783.5 kJ mol™. This indicates that quite substantial impact energies are able to be absorbed via this
interstitial-chain bonding mechanism, though also raising questions about the concentration of defects

that could be sustained within the material.



4 Conclusions

The effect of radiative impacts on the boron carbide system has been modelled at classical and ab
initio (periodic DFT) levels of theory. Previously proposed mechanisms by which the material is able
to tolerate the energies of radiative impact without significant structural degradation or amorphisation
include (1) self-healing involving recombination of an impacted cage atom with its original cage as a
result of electrostatic attraction and (2) insertion of the abstracted atom into a chain unit followed by
reformation of the icosahedral cage by a chain atom. Our MD simulations indicate that relatively low
impact energies can give rise to significant displacements, e.g. of the order of 20 A for a 12 keV impact
on a cage B atom. Although DFT calculations indeed confirm that negative charge remains on the
impacted icosahedral cage, the distances involved are likely to be too large for the self-healing
mechanism to be plausible at realistic impact energies. Regarding the second mechanism, a combination
of classical and ab initio calculations show that an interstitial boron atom, displaced into a intercage
cavity, can then insert into a nearby chain without additional energy barrier. The defect is stabilised
both by its distance from the original lattice site and by the extent to which the structure is able to distort
to accommodate the additional atom. The original cage remained in a nido-type configuration, stabilised
by the additional negative charge. Within the short timescale of our ab initio MD simulations there was
no sign of an atom being abstracted from a nearby chain to complete the 12-membered cage. Our
simulations therefore provide strong corroboration that the second mechanism is both feasible and likely
to explain the origin of the radiation tolerance exhibited by icosahedral boron-containing materials.

However, it is important to consider other experimental evidence regarding the mechanism behind
the extraordinary resistance to radiation of icosahedral-boron solids; alongside boron carbide there are
several examples of materials that contain icosahedral boron structures, with other atoms occupying
chain positions, such as boron phosphide?, arsenide® and oxide®. There are also several examples of
heterosubstituted icosahedra with elements as varied as technetium®, tin or germanium at the
icosahedral vertices®. It is feasible then, that the stabilisation of damaged icosahedra by the abstraction
of a chain atom of a different element would be a viable mechanism to resistance of these solids to
radiation. Further studies on the stability of such solids are necessary for confirmation.

It is also important to consider that experimentally the radiative bombardment is sufficient to
displace each atom several times. Therefore, the combination of an “abstracted chain” and “interstitial
boron” defects at a local level will be a route to maintaining crystallinity in these solids, owing to the
long term stability of icosahedral units with a vertex removed as a cation, particularly with the degraded
cage further stabilised by the partial abstraction of a chain atom.

If possible, more extensive periodic DFT calculations in future could probe the concentration limit
of the interstitial chain defects as well as examining the energy barriers to cage recombination and the

mechanisms by which the charge imbalances are locally compensated.
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Table 1. Atom types and their charges in boron carbide
(see fig. 1 for key).

Atom type Charge /e
C1 -0.896

B3 0.7

C3 -0.68

C4 -0.576

Bl 0.1974

B2 0.0775

B4 0.0775

BS 0.0775

Table 2. Forcefield terms used in simulations of Boron Carbide

Bonding terms (Morse potential) E = Dy (1 — e~*("~70)

Type Do /kJ/mol*! a lAT ro /A
Beage-Beage (intra-icosahedral term) | 144.73 19 1.8

Beage-Beage (inter-icosahedral term) | 168.85 1.9 1.715
Bcage-Ceage 139.90 1.9 1.760
Benain-Cehain 144.73 1.9 1.433
Ceage~Cehain 144.73 1.9 1.605
Beage-CChain 144.73 1.9 1.605

Angle terms (harmonic) E = K (68 — 8,)?

Type K /kJ mol* 0o /"

C-B-C | 482.4152 180.0

12 6
Non-bonding terms (Lennard-Jones potential) E = 4« [(%) - (5) ]

T

Type & /kJ mol? o /A
B-B 0.397132 3.453000
B-C 0.317752 3.411000

Cc-C 0.254238 2.860000




Table 3. Atom displacements at 2.5 ps following impact in classical MD simulations

Impact Displacement/A for atom type

Sheray c4 c1 B1 B3
0.1 0.08 0.44 0.08 0.34
0.2 0.16 0.24 0.26 4.05
0.3 0.32 0.38 0.18 0.20
0.4 0.20 0.28 0.09 0.05
0.5 - 0.50 0.07 3.02
0.6 0.30 >12 0.14 0.34
0.7 0.23 - 0.19 3.59
0.8 - >12 0.16 -
0.9 - 9.38 0.12 >12
1.0 - 0.41 0.08 >12
11 - >12 6.75 >12




Figure 1. Motif of C3B12 with atom types labelled
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Figure 2. Experimental?’ infrared (red), Raman (black) and theoretical (blue) vibrational spectra of
boron carbide
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Figure 3. Evolution of cell volume following impacts at different energies. Impacted atom and
direction of velocity were chosen at random in each case.



Figure 4. Fragment of Boron Carbide structure within 10A radius of impacted B1 atom, shown in
red before (A) and after (B) impact..



Figure 5. Fragments of boron carbide structure showing B3 displacement during classical MD simulation,
following impacts of (a) 0.2 keV, (b) 0.5 keV,, (c) 0.7k eV. Impacted atoms are shown as red spheres, whilst the
chain atoms with which they were initially bonded are shown in in yellow (otherwise green: C; purple: B)



Figure 6. View of boron carbide structure showing interstitial position between four icosahedra
(interstitial atom highlighted in red).
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Figure 7. Simulation cell of Boron Carbide (60750 atoms), at 0.1 ps intervals following 12 keV
impact on a B1 atom, viewed (A) along the axis of impact and (B) perpendicular to impact.. Atoms that
are displaced by more than 1.5 A are highlighted in yellow.



Figure 8. Fragment of the boron carbide structure showing the insertion of impacted boron atom
into chain. Colour code — red: original impacted B atom; purple: other B atoms; green — C atoms.



Figure 9. Fragment of impacted boron carbide structure showing residual cage with nido
configuration, highlighted with spheres. The closest C-B-C chain is also highlighted.



