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Abstract

We report a combined experimental and theoretical study of boron carbide
under stress/deformation. A special rotating anvil press, the rotating tomog-
raphy Paris Edinburgh cell (RoToPEC), has been used to apply torsional
deformation to boron carbide under a pressure of 5 GPa at ambient temper-
ature. Subsequent damages and point defects have been analysed at ambient
pressure by energy dispersive X-ray microdiffraction at the synchrotron and
by Raman spectroscopy, combined with calculations based on the density
functional theory (DET). We show that apart from the signals due to B4C,
new peaks appear in both characterisation methods. The DFT calculations
of atomic structures and phonon frequencies enable us to attribute most of
the new peaks to boron vacancies in the intericosahedral chains of boron
carbide. Some of the Raman spectra also show three peaks that have been
attributed to amorphous boron carbide in the literature. Deformed boron
carbide thus shows small inclusions of clusters of boron carbide with chain
vacancies, and/or small zones interpreted as amorphous zones.
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tomography Paris Edinburgh Cell, dynamic loading in boron carbide, chain
vacancies in boron carbide

1. Introduction

The properties of boron carbides under stress/deformation have been a
long-standing puzzle. On one hand, B4C has outstanding static mechanical
properties with, notably, the Vickers hardness ranging from 38 GPa up to
45 GPa in single crystals [1]. But on the other hand, its behaviour under
dynamical loading is very different. Though it has the highest Hugoniot
elastic limit (HEL) among ceramic materials, around 15-17 GPa [2, 3, 4],
the shear strength in the shocked state rapidly decreases beyond the HEL,
resulting in premature failure of the material as the shock stress reaches a
threshold value of 20 GPa [5].

Several hypotheses have been put forward to explain the failure of boron
carbide under dynamical loading. First, the occurrence of a phase transi-
tion has been suggested [6] including by/Werheit et al. who have suggested
a phase transition by citing changes in optical properties of the material, as
well as analysing subsequentRaman peaks [7]. Vogler et al. have however
noted that the material after the hypothetical phase transition is similar
to undeformed boron carbide (figure 1(a)) [8] for dynamic loading. More-
over, in materials that show a polymorphic phase transition under shock,
like sapphire [9, 10, 11] or GaAs [12, 13], the crystal-to-crystal phase tran-
sition also occurs upon reversible loading under static conditions, for in-
stance in a diamond anvil cell [14]. However, X-ray diffraction results have
not provided any evidence of a phase transition in boron carbide under re-
versible loading: the cell parameters decrease monotonically [15]. Therefore
there is no characterisation of the hypothetical high-stress phase. The be-
haviour of the Raman peaks and the optical absorption under high pressure
show qualitative changes that have been interpreted as the occurrence of
a smooth structural modification in the motif of the boron carbide crystal
structure |7, 16, 17, 18]. This suggests that hydrostatic pressure would thus
modify the C-B-C chains while leaving the (B1;C) icosahedral structure in-
tact. Werheit, however, disagrees with this argument [19] and thinks that
modification of icosahedra must not be excluded, based on an analysis of
the density of electronic states of some atomic configurations computed in
Ref. [20].

Finally, another kind of phase transformation has been suggested: the
occurrence of shear bands containing amorphous solid have been observed
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under nanoindentations [21, 22], shock-wave loading experiments [23] as well
as during one experiment in a diamond anvil cell, upon decompression after
loading above 25 GPa [24]. The measured mechanical properties would
then be strongly influenced by the amorphous zone [25, 22]. Nonetheless,
the nature of the amorphous solid varies, it could be amorphous carbon
or amorphous boron carbide. Its proportion is tiny with respect to the
proportion of remaining boron carbide. Moreover, no clear consensus has
been reached so far about the mechanisms leading to amorphisation in boron
carbide nor about the interpretation of experimental and computational
results [26].

Alternatively, some of us have suggested a different mechanism, via the
formation of point defects, for the loss of mechanical strength beyond the
HEL, based on density functional theory (DFT) calculations. It would result
from the formation of vacancies under dynamic loading [27]. By computing
the formation energy of various neutral vacancies in boron carbide, we have
shown that boron atoms at the centre of the C-B-C chains are the most prone
to form vacancies. The drastic consequence of the presence of such chain
vacancies in boron carbide driven to the plastic regime is the formation of
new carbon-carbon bonds in the chains: upon application of pressure, new
C-C bonds form in the chains, leading to volume variation and ultimately,
to the degradation of the material.

The intrinsic concentration of vacancies in boron carbide is too small
by itself to lead to mechanical failure [24, 28]. This is compatible with the
fact that undeformed boron carbide maintains large mechanical strength
even under high temperature conditions [2]. However, the amount of point
defects in a crystal can increase drastically under plastic deformation, due
to the formation and motion of jogs for instance [29, 30, 31]. Therefore, our
hypothesis is that above the Hugoniot limit, a significant concentration of
vacancies appears in the ceramic and a large proportion of them undergoes
the CHC to C-C transformation, where the symbol O stands for the chain
boron vacancy.

However, so far, no experimental proof of the formation of chain va-
cancies in deformed boron carbide has ever been reported. The purpose
of the present work is thus to drive boron carbide to the plastic regime in
a controlled way and to analyse the subsequent defects and damages thus
formed in the material. To this end, we report a combined experimental
and theoretical study. In the experiments, a special type of rotating anvil
press, the rotational tomography Paris-Edinburgh cell (RoToPEC) designed
by some of us, has been used to obtain non-hydrostatic torsional stress in
boron carbide. The RoToPEC allows us to exercise greater control on the
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(a) (BHC)C—B-C

Figure 1: Panel a: Atomic structure of BsC boron carbide with ordered (Bi1C) icosahe-
dra. Panel b: Boron vacancy isolated in one of the C-B-C' chains of (B11C)C-B-C with
substitutional polar disorder. Panel c: Ordered (B11C)C-C (Ref. [28]). The black balls
represent the carbon atoms, the grey balls represent the boron atoms at equatorial sites,
while the white balls represent the boron atoms at polar sites and chain centers.

experimental parameters such as temperature and pressure conditions than
conventional velocity impact experiments [8, 32]. In the theory, DFT cal-
culations have been used to interpret the subsequent atomic structure, to
search for evidence of the chain boron vacancy formation, and to check the
conditions under which such COC intericosahedral configurations might be
present.

In section 2, we discuss the materials and methods used in the course of
the current work. Next, in section 3 we report the experimental observations
and in section 4 theoretical results are shown. Experimental and theoretical
are compared and discussed in section 5. Finally, the conclusions of the
work are put forward in section 6.

2. Materials and methods

2.1. Ezxperimental method

Torsional stress has been applied to compressed boron carbide with the
RoToPEC press. While the detailed mechanical description of this device
can be found elsewhere (Ref. [33]), we briefly mention here that the two
opposed anvils can rotate independently under load with no limitation in
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the rotation angle, through two sets of gear reducers and thrust bearings
located at the end of each anvil. The accurate rotation of the anvils is
monitored by stepper motors and encoders, with an angular resolution of
0.02°. The working principle of the RoToPEC requires the sample chamber
to be completely filled (see figure S1 of supplementary materials) and to this
end, the use of powder sample was the best possible technical choice. Indeed,
it is notoriously difficult to machine the very hard boron carbide material
into a solid cylinder that fits for the RoToPEC. In the present case, an
uniaxial pressure of 5 GPa has been applied vertically (see figure S1) in order
to prevent the sliding between the powder grains [34].- The considerable
inhibition of relative displacement of the grains by the pressure at room
temperature is also expected to limit the shear stresses on the grains to those
exerted by the torsion generated by the RoToPEC. Since boron carbide has
good wear resistant properties at room temperature [35], it is improbable
that there would be any significant friction inflicted structural damage in the
surface of the boron carbide grains at the pressure-temperature conditions
mentioned in the current work: in fact, no example of such structural change
in boron carbide has been found in literature [36, 35].

Three such experiments have been performed under a pressure of about
5 GPa, with various degrees of rotation of the anvils : 90°, 180° and 270° (ta-
ble 1). The pressure was determined by the value of the primary pressure
on the press, which had been calibrated using in situ experiments at syn-
chrotrons with pressure calibrants, similar to the calibration method for the
conventional Paris-Edinburgh press [37, 38, 39]. In all of our experiments,
only the lower anvil was rotated, while the upper one was kept fixed. The
speed of rotation of the lower anvil was maintained at 0.01°/second. After
each experiment, the pressure was released slowly over thirty minutes.

2.2. Material

Samples subjected to torsion consisted of commercial boron carbide pow-
der (Alfa Aesar, particle size < 10 um, 994+ % purity), that was put inside
a fired pyrophyllite gasket. The powder was confined inside the gasket by
using one MgO plug on each end. The gasket was then placed inside the
RoToPEC and subjected to a pressure of 5 GPa at room temperature, and
a torsion of a given angle at the same time. The torsion angle was precisely
controlled. We note that in principle, the centre of the gasket has no tor-
sional stress: the further the sample grain(s) are from the gasket centre, the
larger the effect of the torsion.

Special attention has been given to the choice of the pressure load in
order to reproduce the stress conditions generated in a shock wave experi-
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Expt. name Rotation (°) EDXRD Raman Summary
RP 1 270 changes changes COC clusters detected
RP 2 180 no changes  changes  no COC configurations detected
RP 3 90 no changes no changes no COC configurations detected

Table 1: Rotation angles used for the deformation experiments done using the RoToPEC
and summary of the characterisations with respect to reference By C.

ment with high velocity impact as closely as possible [5]. The chosen value is
based on the known value of the Hugoniot elastic limit (HEL) of boron car-
bide, 15-17 GPa [2, 3, 4], and on the fact that our calculations with density
functional theory in the generalized gradient approximation (DFT-GGA)
have shown that when boron carbide is heated to a temperature of 2000 K,
the computed thermal expansion is equivalent to an internal pressure of
-12.2 GPa (see e.g. Ref. [40]). Thus, whenever, in a shock wave experiment,
a dynamical stress of 17 GPa (the HEL of boron carbide) is applied and the
elevation of temperature is up to 2000 K [41, 42, 43|, the equivalent state
of stress at ambient temperature amounts to (17-12.2) GPa = 4.8 GPa [40].
Therefore, a value of 5 GPa during the generation of the torsion at ambient
temperature is expected to be a good approximation of the non-hydrostatic
conditions as those near the HEL for boron carbide [44].

The commercial boron carbide powder and some high purity single crys-
tals synthesised at high'temperature [45] have the composition of By 3C,
however we use B4C in this work as a general name for boron carbide. The
XRD spectra and Raman spectra after the deformation has been compared
with the spectra of the undeformed initial boron carbide powder, and the
new peaks, both in XRD and Raman, are those peaks that were formed after
the deformation and were absent in the initial boron carbide experimental
spectra.- Thus, the methodology of the attribution of the new peaks already
takes into account the structural defects possibly present in the undeformed
boron carbide powder.

2.3. Post-mortem sample characterisation

Samples have not been directly recovered after the pressure release. Due
to the nonuniform radial deformation of the sample, it was decided to keep
the sample inside the pyrophillite gasket for the post mortem characteri-
sation. This avoids the mixing of undeformed and deformed powder and
enables us to characterise the defects as a function of the radial distance.

Indeed, in principle, apart from what is induced by the (reversible) pres-
sure load, no deformation is expected at the centre of the assembly, while



Journal Pre-proof

deformation maxima is expected to occur on the sample edge near the gas-
ket. In between the centre and the edge of the sample, the deformation is
expected to be a function of the radial distance, as is the torque produced
T, whose expression is 7 = r X F, r being the radial distance and F' is the
applied force.

Two complementary characterisations have been performed: energy dis-
persive X-ray diffraction and Raman spectroscopy.
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Figure 2: (a) For one sample, the nine positions on the top and bottom of the gasket -
filled with boron carbide - where Raman spectroscopy has been performed (blue, back, white
circles) (b) Positions in the cylindrical space of the gasket where EDXRD has been per-
formed (red colour). The (0,0) coordinates refer to the centre of the sample (equivalent to
the gasket centre), marked with the label “1”. The deformation is supposed to be minimum
at the centre, while the deformation maxima are expected at z= -1.4, given by the labels
“157 since only the lower anvil of the RoToPEC was rotated during the deformation ex-
periment. Point coordinates are given in mm, with the sample/gasket centre as the origin.
The rectangular shape of the sample results from the projection of the cylindrical space of
the gasket filled with boron carbide, onto the xz plane.
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2.8.1. Energy dispersive X-ray diffraction

In the first step of the characterisation process, the deformed samples
were observed at the PSICHE beamline in the SOLEIL synchrotron, us-
ing energy dispersive X-ray microdiffraction (EDXRD). This allowed us to
characterise different points in the sample volume locally, using the powerful
synchrotron radiation without the requirement of any sample recovery from
the gasket. Figure 2(b) shows the locations of all of the points on a cross-
sectional view of the sample volume where EDXRD has been performed.
The positions were chosen assuming that the deformations in the sample
would be radially symmetric.

The white beam in SOLEIL has an energy range spanning from 15 to 80 keV
and it is focused to a size of 25 pum in the vertical direction and collimated
to 50 um in the horizontal direction of the sample. This limits the sample
size that was scanned at each position, thus ensuring local characterisation
when compared to the total sample volume (3.5 mm diameter).

The sample cross-section has been mapped using EDXRD at 15 different
points of each of the three samples, leading to 45 different EDXRD patterns.
Due to space constraint, only the most relevant data is shown in the next
section. In the following, the EDXRD data has been converted to the cor-
responding peaks for Cu K-« radiation, in order to compare them with the
XRD pattern of the initial undeformed boron carbide powder.

2.3.2. Raman spectroscopy

In the second step of the characterisation process, the same gaskets were
prepared for the Raman spectroscopy. Each of the gasket was embedded in a
cold resin made by mixing two parts by weight of acrylic KM-U and one part
by weight of methyl methacrylate. The sample never came in direct contact
with the resin: the resin only covered the MgO plugs and the pyrophyllite
of the gasket.

The gasket embedded in the resin was then polished using a macropol-
ishing device (MECAPOL P230), until the sample surface was exposed on
both sides. The polishing was done as gently as possibly with a 120 grit
sandpaper at a speed of 100 revolutions per minute.

The Raman spectroscopy was then performed on both the upper and
lower exposed surfaces of the samples. Nine spectra were taken on each
side of a sample, leading to 54 spectra in total for both sides of the three
samples (figure 2(a)). The Raman spectroscopy was done in back-scattering
geometry, using a Horiba Jobin Yvon HR800 Raman spectrometer with x 10
and x 20 objectives. The 514.5 nm line of an Ar™ laser, with 2 um beamspot,
is used to measure the atomic vibration frequencies in the samples. Even
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though work done by Werheit et al. [46, 47] seems to suggest the use of
a higher wavelength laser for bulk Raman spectroscopy of boron carbide,
we have used the standard 514.5 nm exciting laser in this work because of
three reasons. Firstly and mainly, the assertion that the 514.5 nm laser does
not give the bulk Raman spectroscopy is controversial [48, 49, 50, 51].The
choice of the energy of the exciting laser between 2.41 eV (514 nm) to 1.58
eV does not affect the positions of the Raman lines, as shown by Xie et al
[61]. Secondly, as Raman intensity is inversely proportional to the fourth
power of wavelength, using a higher wavelength laser would require much
longer exposure times to obtain comparable Raman spectra, which would
lead to undesirable local heating and possible heat damage in the sample
which would made difficult or even impossible to distinguish the torsional
damage. Thirdly, it would be impossible to comipare our results with the
existing literature since the 514.5 nm laser is used in many cases for the
boron carbide powder spectra [24, 21].

Similar to the EDXRD results, only a few of the most pertinent spectra
have been reported in the following.

It is important to note that the EDXRD and the Raman spectroscopy
have not been done on the same areas of the sample. The Raman spec-
troscopy has been collected on the top and bottom circular areas of the
sample surfaces (figure 2(a)); as these were the only areas that could be
accessed with optical means without destruction of the sample. The ar-
eas where Raman spectroscopy was performed, however, are close to the
positions 7, 8, 9 and 13, 14, 15 in figure 2(b).

2.4. Computational methods

Total energy and phonon calculations have been performed within the
density functional theory (DFT)) [52, 53] and density functional perturba-
tion theory (DFPT) [54] with the pseudopotential and plane-wave method.
Both the generalised gradient approximation in the PW91 parameterisation
(GGA-PWO1) [55] and the local density approximation (LDA) [56] have
been used, the former for the characterisation of the atomic structures, en-
ergetics and calculation of the enthalpy, and the latter for the energetics and
for the phonon frequencies at the centre of the Brillouin zone (BZ).

Three kinds of models have been used for the defective atomic structure,
with the aim of representing either cluster of defects or isolated defects.

2.4.1. Ordered models for boron carbide
Firstly, cluster of defects have been modelled by one single crystalline
phase, repeating periodically the 14- or 15-atom unit cell, to obtain the



Journal Pre-proof

crystal unit cells of ordered (B, C?)COC, (B1;CP)C-C and of the reference
(B11CP)C-B-C. The subscript ? indicates that the carbon atom is in one of
the six equivalent atomic positions of the polar site of the icosahedron. In
such elementary unit cells, the polar carbon atom is located at the same
atomic position from one cell to the other (see e.g. figures 1(a) and 1(c)),
and the crystal symmetry is monoclinic. To obtain the XRD patterns, the
base-centered monoclinic unit cell parameters and atomic positions have
been averaged in the trigonal symmetry, as reported in section S3 of sup-
plementary materials.

Phonons at zone centre have been computed for these structural models.
Main approximations for the computation of vibrational properties are the
Born-Oppenheimer approximation and the harmonic approximation.

From the group theory, one expects 12 Raman-active frequencies for B4C
in the R3m space group, of which seven modes have the E, symmetry and
five modes have the A;, symmetry [57]. Removing the chain centre atom
only affects the number of infrared active modes so that 12 Raman-active
modes are also expected for (B1;CP)COC and (B1;CP)C-C. The phonon
eigenvectors of the monoclinic cells have then been projected onto the phonon
eigenvectors of a crystal with the triconal symmetry to retrieve the vibra-
tional modes that are Raman active in the average trigonal symmetry. We
choose the theoretical (B12)C-C-C crystal as our trigonal reference. To fol-
low each of the Raman-active modes as closely as possible, we have designed
the projection paths given below [58]:

e (B12)C-C-C — (B;2)COC — (B1;CP)COC for the vacancy;
e (B12)C-C-C — (B12)COC — (B12)C-C — (B11CP)C-C for the diatomic

chain;

e (By2)C-C-C — (B12)C-B-C — (B;;CP)C-B-C for the reference boron

carbide.

2.4.2: Models for substitutional disorder in boron carbide

Secondly, to investigate the effect of the lift of symmetry in the ordered
models, and to reproduce numerically the more symmetric R3m space group
observed experimentally in boron carbide, 3x3x3 supercells that contained
27 icosahedra have been constructed and the substitutional disorder of car-
bon atoms in the six equivalent atomic positions of the polar site of the
icosahedra was reproduced (see section S4 of supplementary materials). This
enables us to obtain the trigonal symmetry for all of the XRD peaks, in the
sense that only a limited number of peaks have a significant intensity, the

10
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intensity of the other ones being vanishingly small. The positions of these
peaks correspond nicely to the position of the peaks of the trigonal average
of the ordered structure. One exception is the (221) peak of the disordered
(B11CP)COC phases (table 2, last raw, 4" column), which is consistent with
the fact that (B1;CP)COC has the largest monoclinic distortion (see table
S1 of supplementary materials). The higher the monoclinic deformation and
the Miller indices, the larger the supercell size required in order to be close
to the average trigonal symmetry. As the (221) peak does not play a signif-
icant role in the discussions of section 5, the 3x3x3 supercell is sufficient for
our purpose.

260 values of the disordered phases were then compared to symmetri-
cally averaged values of the ordered phases. They turn out to be only
slightly different from corresponding peaks of the ordered phase: the mean
squared difference (MSD) between the ordered phase and the phase with
polar disorder amounts to 0.036° for (B1;C)CEIC (table 2, comparison of
columns 2 and 4), to 0.024° for B4C (columns 8 and 10) and to 0.015° for
(B11C)C-C (columns 12 and 14). The MSD is the largest for (B1;C)COC and
the smallest for (B1;C)C-C, B4C MSD being inbetween, which is consistent
with the fact that the monoclinic distortion is the largest for (B1;C)COC
and the smallest for (B1;C)C-C (see table S1 of supplementary materials).
In the following, XRD experiments will be compared with either of the two
results, and the quantitative comparison (mean-squared differences) will be
estimated with values of calculations with polar disorder.

2.4.83. Modelling isolated defects in boron carbide

Third, isolated defects have been modelled by one single (B;;C)C-C
(resp. (B11C)COC) defect in a 3x3x3 matrix of B4C. Out of the 27 chains
contained in the simulation cell, 26 were C-B-C ones and the remaining
icosahedral space contained one COC configuration (resp. one C-C chain).
Substitutional disorder of the carbon atom in the polar site of the icosahedra
has been accounted for.

2.4.4. Computational details

The size of the plane wave basis set has been limited with a cutoff energy
of 80 Ry. The BZs of the elemental unit cells have been sampled with a
12x12x12 k-point mesh centred at I', whereas the BZs of the supercells have
been sampled with a 2x2x2 Monkhorst-Pack mesh [59]. Metallicity has been
treated by the Methfessel-Paxton smearing with a width of 10 mRy [60]. All
of the lattice parameters and atomic positions have been relaxed and the

11
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main equilibrium properties are reported in the supplementary materials
(table S1 and table S2).

Finally, our aim was also to estimate the energy barrier between the
COC and C-C configurations. Indeed, the distance between the two carbon
of the chain can be seen as a reaction path to go from one phase to the
other, or from one isolated defect to the other. For the ordered phases,
this distance has been fixed and the enthalpy calculated while all remaining
atomic positions and cell parameters were relaxed. This enabled volume
relaxation along the path. For the isolated defect, we used instead the
climbing image nudge elastic band method [61, 62] which enabled us to find
the minimum energy path at the volume of the B4C matrix.

3. Experimental results

3.1. Energy dispersive X-ray diffractograms

With respect to initial undeformed bhoron carbide (figure 3, bottom
curve), several new diffraction peaks appear in the XRD patterns of the
RP 1 experiment when taken on the gasket edge (position 15, upper curve).

Such peaks are absent when taken at the gasket center (position 13) or
at midway between center and edge (position 14) (resp. third and second
curves from top to bottom). In the latter cases, the atomic structure of
boron carbide is left unchanged.

In the following, the new peaks seen on the sample edge are interpreted
as the formation of clusters of defects. This set of results is consistent with
the expectation that the maximum deformation should occur at the edge of
the sample, at the largest distance from the gasket centre. Moreover, the
deformation should also be maximum at low z (position 15 in figure 2(b))
and minimum at high z (position 9 in figure 2(b)) since only the lower anvil
of the RoToPEC was rotated.

In order to demonstrate the effect of the degree of rotation on the sam-
ples, the XRD patterns on the same positions as in the RP 1 experiments are
shown for the RP 2 and RP 3 experiments defined in table 1 (figure 4, resp.
top and bottom panels). These patterns show no difference with respect to
the distance from the centre. Hence, a minimum deformation threshold is
probably needed to activate the transformation mechanism.

Two unknown peaks marked with the label ”a” have appeared in all
of the spectra at the 20 values of 24.2° and 27.4°. These peaks appear
whatever the torsion angle, even near the centre of the samples where the
deformation induced by the torsion is negligible, as confirmed by the non
variation of other peaks in this region. Hence, they are attributed to escape
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Figure 3:  Characterisation at ambient pressure of the sample from the RP 1 experi-
ment. X-ray microdiffraction pattern of the rectangular cross-section of the gasket rotated
by 270° under 5 GPa in the RoToPEC (table 1).” The legends ’edge’, ‘middle’ and ‘centre’
correspond to positions 15, 14 and 13 respectively (see figure 2(b)). The black line shows
the XRD of the boron carbide powder at ambient pressure before deformation.

peaks from the germanium detector, and not to a peak arising because of
defects formed in the sample itself. If these peaks are excluded, four peaks
are new and all of them coincide with those expected by the theory for
(B11CP)COC, as will be shown in Sec. 5 below.

3.2. Raman spectra

For the sample of the RP 1 experiment, the Raman spectra along three
distinct directions of the circular surfaces also showed changes when the
probing laser beam was moved from the gasket centre towards the edge
(figure 5). However, the correlation between spectral changes and the radial
distance at which the spectrum has been taken is not as strict as in the case
of the XRD patterns. This can be seen in particular in figure 5(c), where at
midway between the gasket centre and edge, the number of peaks is larger
than on the edge, and the additional peaks appear to be more harmonic
than the initial undeformed boron carbide peaks.

Raman spectra of the sample obtained from the RP 2 experiment show
some changes (figure 6, top panel), while no changes have been observed for
the RP 3 experiment for which the torsion is the smallest (panel 6(b)).

These Raman observations underscore the effect of the angle of rotation
in creating deformation, and thus defects, in the sample. The larger the
torsion angle, the greater the number of changes in the spectra.
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4. Theoretical results

In the following, we look for the spectroscopic fingerprints of the COC
configuration in large clusters or as a defect isolated in a matrix of B4C
(fig. 1(b)). We also study the configuration in which the C-C bond is formed
and the chain is diatomic (fig. 1(c)), as this configuration with diatomic
chains is expected at large pressure [27, 63]. It needs to be understood
whether, in the experiments, the pressure of 5 GPa applied together with the
torsional deformation is expected to lead to the COC — C-C transformation
once chain vacancies have been formed.

4.1. Formation energy

The review of the formation energy of various neutral vacancies in boron
carbide shows that the boron atom vacancy at the centre of the C-B-C chains
has the lowest formation energy among neutral vacancies [64, 27, 65, 48].
Its value depends on the chemical potential of boron, and ranges from 1.62
to 1.77 eV /defect for the neutral vacancy in a 2x2x2 supercell, and from
2.16 to 2.31 eV/defect for the vacancy charged with one electron (DFT-
LDA, Ref. [48]). In our 3x3x3 supercell with substitutional disorder on the
polar site, the DFT-LDA formation energy is slightly higher, 1.96 eV for
the neutral COC vacancy with respect to B4C with polar disorder. For the
C-C chain, it amounts to 2.73 eV. We note that the boron chain vacancy
is however not the defect having the lowest energy: at low temperature,
the Pandey concerted exchange mechanism between the polar carbon atom
and the polar boron atom of a neighboring icosahedron leads to the bipolar
defect complex that has the lowest energy which amounts to only one fourth
of an eV in DET-LDA [66, 64, 48].

The fact that vacancies primarily form in the chains is consistent with
an earlier study that showed that the boron atom at the chain centre is
weakly bonded to the atoms at the chain ends, since their shorter C-B
distance, 1.43 A (see table S1) points towards substantial 7-bonding [67]. Tt
is also confirmed by more recent calculations of isolated defects and cluster
of defects [68, 27, 63, 65, 48].

This is also consistent with experiments: boron atoms at chain centres
are known to have a high thermal Debye-Waller factor in X-ray diffraction
data. Up to 15-25% chain centers have been observed to be boron vacancies
in neutron diffraction data [69]. Moreover, the weak bonding of some of the
boron atoms is also demonstrated from the fact that only boron atoms are
evaporated from a heated surface of pure B4C [70].
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4.2. Atomic structures

In the absence of the boron atom, the chain evolves from the triatomic
(C-B-C chains) to the COC configuration, with a drastic change of the first-
neighbour distance in the chain d.pqn. Consequent spectroscopic finger-
prints of this change can been seen in the theoretical XRD peaks (table 2)
and depend on whether the defect is isolated in a matrix of B4C (columns 6-
7) with depgin = 3.05 A, or whether a large number of neighbouring defects
are formed (columns 2-5) with dypain ~ 2.86 A.

For an isolated defect, the peak positions are shifted towards slightly
higher values than in B4C, with a mean squared shift (MSS) of the nine 2 ¢
values of 0.017°. The shift is larger for the C-C defect, the MSS reaching
0.027°. The peak positions are merely shifted towards slightly higher values
of 2 6, which reflects a slight crystal volume decrease that is larger for the C-
C defect than for the COC defect. The diffraction pattern is similar to that
of pristine B4C and the occurrence of isolated defects cannot explain the
new peaks observed in the experiments. The 2 6 values of isolated defects
are very close to those of B4C which indicates that isolated defects, if any,
cannot be detected by EDXRD.

For clustering defects on the contrary, the average theoretical MSS shift
of (B1;CP)COC, taken as a crystal, with respect to undeformed (B;;CP)C-
B-C, is one order of magnitude larger than that of the isolated defect and
amounts to 0.184° (columns 4 and 10). The intensities also show some
changes (columns 5 and 11), as in particular the relative intensities of the
two most intense peaks are modified (hkl peaks 211 and 111).

Changes are more important when chains evolve from triatomic to di-
atomic (C-C chains) than to COC configurations, with a MSS as large as
0.524° (columns 10 and 14).

Remarkably, all of the new peaks observed in EDXRD characterisations
after large deformation coincide well with the peaks of the (B;;CP)COC, as
discussed in section 5.

4.8.-Behaviour of the chain vacancy under pressure

In this section, we study the effect of pressure on the chain vacancy, as
in our experiment, a pressure of 5 GPa is applied simultaneously with the
torsional deformation. The question that arose was whether this pressure
would be sufficient to modify the vacancy configuration so that a new C-
C bond is formed. To this end, we present the enthalpy as a function of
the relative distance between the two carbon atoms of the chain for various
pressure values (figure 7).
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In fact, the presence of a vacancy in the chain leads to the presence of
dangling bonds between the carbon atoms [63], and to defect-induced energy
levels in the band gap of the Kohn-Sham electronic band structure. Such a
defective electronic configuration tends to be restabilised, either, at ambient
pressure, by capturing a charge [58, 65, 48], or, as previously studied [27, 63],
by forming a carbon-carbon bond under pressure (figure 7).

As far as energy at both ambient pressure and thermodynamical equi-
librium is concerned, a crystal in which all of the intericosahedral spaces
contain C-C chains is competing with the crystal in which they all contain
COC configurations (figure 7, left panel, dashed line). The energy differ-
ence at ambient pressure between the (B1;C?)COC and (B CP)C-C phases
is smaller than 100 meV, and it is hard to decide from our calculations
which one is the most stable phase: (B11CP)COC is the most stable phase
in DFT-GGA-PWO91, while (B;;CP)C-C is the most stable one in LDA (not
shown).

At thermodynamical equilibrium the two structures can coexist, and
which one of the phase is formed depends on the conditions of formation.
The two phases are however separated by an energy barrier of 0.33 eV at zero
pressure, so that once vacancies are formed, the probability of formation of
C-C bonds is negligible unless one of the physical variables is modified: for
instance, application of an hydrostatic pressure lowers the energy barrier.
At 6 GPa, the energy barrier is 0.21 eV (figure 7, left panel). Ultimately, at
approximatively 28 GPa in the DFT-GGA-PWO91 calculations -and 20 GPa
in DFT-LDA [63]- only the (B1;CP)C-C phase can exist. This (hydrostatic)
pressure is larger than the expected uniaxial pressure reached in our exper-
iments.

When the defect is isolated in a matrix of B4C, for steric reasons, the
energetic competition turns out to be in favour of the COC configuration
(figure 7, right panel, dashed line). The volume of (B1;CP)COC is smaller
then the volume of B4C, the volume of (B;;C?)C-C being even smaller [28]
(see table S1 for the volumes of the ordered phases). The presence of the B4C
matrix constrains the COC configuration in extension and the C-C chain in
even larger extension. The presence of the B4C matrix thus stabilises the
COC configuration, by 0.6 eV at ambient pressure (figure 7, right panel,
dashed line). The energy barrier amounts to 0.46 eV at 5 GPa and to
0.35 eV at 10 GPa, so that only under pressures higher than 28 GPa (not
shown) does the isolated C-C bond replace the vacancy.

In conclusion of this section, the formation of a C-C bond, replacing a
vacancy, is not expected under a moderate value of the hydrostatic pressure.
The case of an uniaxial pressure led to similar conclusions for clusters of
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Figure 7:  Theoretical energy barrier between the COC and C-C configurations of the chain.
Left panel: in the periodically-repeated 14-atom unit cell, at zero pressure (dashed line),
in compression up to 28 GPa, and in extension down to a negative pressure of -12 GPa
(solid lines). Volume relazation was accounted for along the path. Right panel: isolated
chain-defect in a 3x3x3 matriz of ordered B4C at ambient pressure (dashed line) and in
compression up to 10 GPa (solid lines), computed with the nudge elastic band method at
the volume of the B4 C matriz for a given pressure. Computations in DFT-GGA-PW91.

defects [63]. Whenever C-C bonds are formed in the experiments, this would
be attributed to the unusual conditions in the RotoPEC, where both uniaxial
pressure and torsional deformations are applied.

4.4. Vibrational properties

The Raman-active vibrational frequencies are reported for the ordered
(B11CP)C-B-C (table 4), (B1;C?)COC and (B;;CP)C-C phases (table 5).

Going from C-B-C to C-C and to COC configurations in the intericosa-
hedral space induces changes in all of the vibrational frequencies. The main
change, however, is for the symmetric stretching mode of the chain (cs)
that we have called Ch5. Its frequency goes from 1095 cm~! to 570 cm™!
(in the case of C-C) and 398 cm~! (in the case of COC). This evolu-
tion comes from the distance between the chain atoms, which increases
from 1.42 A to 1.73 A and to 2.84 A in DFT-LDA (and from 1.43 A to
1.80 A and to 2.92 A in DFT-GGA), see table S2 (resp. table S1).

The libration of the icosahedra has similar frequencies in all of the ma-
terials (Icob also called lib mode) and is present in all of the experiments,
which testifies to the presence of icosahedra (resp. 536 cm™!, 481 cm~! and
491 em~! in B4C, (B1;CP)COC and (B1;CP)C-C phases).

Finally, the (pseudo) chain rotation (Ico7 or pcr) is one of the character-
istic Raman peaks of B4C, together with the librational mode. It is found

21



Journal Pre-proof

at 488 cm~! and 529 cm~! in B4C and (B1;CP)COC, and is blue shifted by
140 cm~! between B4C and (B1;CP)C-C, where it is at 621 cm ™!,

5. Discussions

Both the XRD patterns and Raman spectroscopy of the RP 1 sam-
ple show the formation of new peaks. These peaks can be explained by
the formation of vacancies in the crystal structure of boron carbide due to
the torsional stress generated by the RoToPEC, as we are going to show.
In order to verify this hypothesis, the changes in the spectra have been
compared with the spectra of the various defective boron carbides calculated
in section 4. The XRD patterns are discussed in section 5.1 and Raman
spectra in section 5.2. In both kinds of experimental characterisation, we
identify the presence of point defects (sections 5.1 and 5.2.1). Amorphous
zones have been identified by Raman scattering only (section 5.2.2). Thus,
we show that EDXRD and Raman spectroscopy turn out to be complemen-
tary and mandatory in characterising the damage formed in the vicinity of
the plastic deformation in boron carbide.

5.1. Comparison of experimental and theoretical XRD spectra

All of the four peaks that appear in EDXRD spectra can be explained
by the theoretical calculations as coming from the formation of large clus-
ters of unit cells with a boron chain vacancy (table 2). The formation of
vacancies occurs on distances large enough to be detected by the (very ac-
curate) EDXRD: The reason behind this cluster formation is attributed to
the torsion generated in the RoToPEC.

The two most intense peaks are observed at resp. 37.73° and 34.94° (see
section S5 of supplementary materials). They are attributed to B4C and,
remarkably, these two peaks are also predicted to be the most intense ones
by the theoretical calculations for B4C (column 11 of table 2). They come
from the (111) and (211) planes in the trigonal representation of the R3m
space group.

The (211) peak is computed at 34.93° for B4C and at 35.64° for
(B11CP)COC. These two peaks are theoretically well separated and can in-
deed be distinguished in the experiments (table 3). On the contrary, the
(111) peak is the most intense peak for B4C and the second most intense
peak for (B;;CP)COC, and are close to each other, at resp. 37.73° and
38.27°. Only one peak can be seen in the experiment at 37.73°.
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Among the new peaks that appear upon large deformation, two can only
be explained by the presence of (B1;CP)COC : they come from the (110) and
(211) planes, and are observed at resp. 33.35° and 36.29°.

Trigonal ~EDXRD 26(°) Theory 26(°) Hexagonal
hkl New Common coce B4C C-C hkl
100 19.87 19.67 20.04 101
111 22.04 22.53 22.04 23.95 003
110 23.47 23.87 23.47 24.39 012
110 31.91 - 31.87 32.11 110
110 3335 32.31 - 110
211 34.94 - 34.93 104
211 36.29 35.64 - 37.25 104
111 37.73 38.27 37.73 38.14 021
210 39.15 39.75 39.08 40.45 113
200 40.75 40.56 39.95 40.73 202
221 42.51 42.20;42.57 - 41.68 44.77 015

Table 3: XRD experimental and theoretical peak positions. 20 values are given in Cu K-a.
New peaks that have appeared in the RP 1 experiment at the edge (position 15) (figure 3)
and corresponding Miller indices in the trigonal representation of the R3m (# 166) space
group; Peaks common to the RP 1 expt. and to undeformed By C observed at the centre of
the sample of the RP 1 expt.; Theoretical peaks for (Bi1 CP)COC, B4C and (B11C?)C-C
in the 3x3x8 supercell with substitutional disorder of the carbon atom in the polar site.

The other two new peaks at 40.75° and 42.51° turn out to be in
better agreement for (B1;CP)COC than for B4C, with computed angles of
40.56° and 42.20° or 42.75° (rather than 39.95° and 41.68° for B4C).

Finally among the nine lowest (h k) planes predicted by theory, eight
are observed for (B;;CP)COC and B4C, the exception being the lowest
(100) plane, which is quasi-absent from our energy-dispersive XRD experi-
ments. The (100) plane has been observed in conventional X-ray diffraction
that we performed in the laboratory on undeformed boron carbide. Its
quasi-absence in EDXRD is due to to the beam profile at Soleil synchrotron,
which prevents correct intensity observations at small energies (converted to
small scattering angles in our results) as well as at large ones.

To quantitatively assess the assignment of the four new peaks, the mean
squared error (MSE) of all of the eight peaks observed at the position 15
of RP 1 that can be corroborated with the peaks of (B1;CP)COC in table 3
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has been calculated as

1
MSE:§\/;(29 Pt — Qftheory)2 (1)

The MSE amounts to 0.20°, for the eight peaks that could correspond to the-
oretical (undeformed) (B1;CP)COC at ambient pressure (column 4). Simi-
larly, the mean squared error is 0.15° for the eight peaks that can correspond
to the theoretical (undeformed) (B1;CP)C-B-C (theoretical B4C) at ambient
pressure (column 6). Both MSEs are on the same order of magnitude, show-
ing that theory yields similar accuracy w.r.t. experiment for (B;;CP)C-B-C
and (B;;CP)COC. We find it to be a strong argument in favour of the pres-
ence of (B;;CP)COC in addition to B4C, as the presence of B4C alone is not
able to explain all of the observed peaks.

Finally, the EDXRD spectra for RP 2 and RP 3 do not show much
change w.r.t. B4C, and this observation underscores the effect of the degree
of rotation on the defects formed in the sample - RP 2 (180°) and RP 3
(90°) are less deformed compared to RP 1(270°). The deformation threshold
corresponds to approximately 180°  of anvil rotation.

In conclusion, the comparison of EDXRD spectra between theory and
experiments leads us to characterise the sample after the largest deformation
as multizone, with zones of B4C and zones of (B1;CP)COC, the latter of size
smaller than 10 pm.

5.2. Comparison of the Raman active frequencies

The Raman spectrum of distorted B4C is similar to that of the unde-
formed one (table 4, columns 2 and 3), and in agreement with the the-
oretical spectrum (column 4), with the provision that only 8 peaks are
singled out 1n the experiments, as in previous works [57, 58, 48] instead
of the expected 12 modes. The torsion shifts the peak positions by a few
wavenumbers/cm L.

There are however a number of new peaks which cannot be explained by
the presence of B4C only and that we now discuss. They are of two types:
peaks attributed to points defects, which turn out to be consistent with the
XRD findings of the previous section; and those attributed to amorphous
zones that cannot be detected by EDXRD. The amorphous zones could not
be detected by EDXRD because of their lack of long range order: even the
very wide amorphous halos due to diffused scattering that might form was
not visible in presence of the sharp crystalline boron carbide peaks. Thus,
EDXRD and Raman spectroscopy complement each other to characterise
the damage in B4C.
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Figure 8: (a) Experimental EDXRD pattern from RP1 (edge) and theoretical XRD peak
positions for Cu K-a for undeformed (B11 C?)COC and (B11CP)C-C at ambient pressure
and also those of the reference boron carbide powder, (b) Experimental Raman spectrum
and theoretical Raman-active frequencies. Same spectrum as in figure 5(b) (edge) and
figure 5(c) (middle position) of RP1 experiment. Theoretical frequencies are shown for
undeformed (B11C?)COC and (B11CP)C-C at ambient pressure and also those of the ref-
erence boron carbide powder.
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Raman peaks Undeformed B4C Mode description

New Common Reference Theory Name Symmetry
416
479 476 479-488 Ico7,per E,
531 529 536-549 Icob5,lib E,
699 Icol7 Aqg
717 711 719 Ico9 Aqg
767 - 737-768 Icoll E,
788 -
798 -
808-815 1co20 Eg
823 820 840-841 Icol3 Ey
871 866 -
967" 967 964 -
998 990 994 Ico21 Ay

1052-1052  Ico23,asis Eg
1069 Ico24, sis Ay

1082 1079 1095 Chb,cs Ay
1098-1139 Ch3,cr Ey
1198
1249
1391

Table 4: Ezperimental and theoretical Raman-active frequencies (RAF, cm™*): new peaks
that have appeared in the RP 1 experiment, RAF common to RP 1 expt. and to distorted
boron carbide, RAF of undeformed boron carbide at ambient pressure as observed (col-
umn 3) and computed (column 4). The Cm monoclinic symmetry in the calculations
slightly lifts the degeneracy of the Eq modes. All of the peaks of reference B4 C are present
in the deformed sample. The ‘*’ signifies a much sharper peak at the frequency than the
one observed. for reference ByC. per, lib, asis, sis, c¢s and cr stand respectively for the
pseudo-chain rotation, libration of the icosahedra, anti-symmetric and symmetric interi-
cosahedral stretching, symmetric chain stretching and chain rotation modes. Theoretical
frequencies in bold font are expected to be the most intense ones.

5.2.1. Point defects

In the RP 1 experiment, one new small peak is observed at 416 cm™! or
412 em™! (figure 5(a)), which corresponds nicely to the Ch5 chain stretch-
ing (cs) mode of the (B;;CP)COC phase. This is an important finding, as
the Ch5 mode is expected to be the most intense mode of (B1;CP)COC
(figure 8(b)).
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Three additional peaks are also observed at resp. 1198, 1249 and 1391 cm™!
(figure 5(b)). The peaks at 1198 and 1249 cm™! correspond well with
the peak at 1218 cm™! of the (B1;CP)COC phase, and with the mode at
1184 cm™! of the (B1;CP)C-C phase. However, there has not been any
corresponding peaks identified for the last peak at 1391 cm™!.

Raman peaks Theory Mode description
New Common (B;;C?)COC (B1:C?)C-C  Name Sym.
416 398 570 Chb,cs Aqg
479 481-488 410-491 Icob,lib Ey
531 529-533 592-621 Ico7, pcr By
717 713 692 Icol7 Ay
692-708 Icol3 Ey
Icoll Eq
1co9 Ay
767 730-754 726-770 Icoll Ey
788 795 805 Ico9 Aqg
798 801-827 Ico20 Eq
823 819-831 Icol3 Ey
871 876-918 Ico20 Ey
Ico23 Ey
967" 967 984 Ico21 Aig
998 Ico21 Aqg
1048-1059  Ch3,cr Eg
1057 Ico2l Aqg
1082 1096-1108 Ico23,asis By
Ico24, sis Aqg
1198 1133 1120 Ico24, sis Ay
885-1184 Ico23,asis Eq
1249 1218-1223 Ch3,cr Ey

Table 5: Same experimental data as in table 4, and theoretical Raman-active frequencies
(cm™) of undeformed (By1 CP)COC and (Bi1 CP)C-C' corresponding to some of the new
peaks. The Cm monoclinic symmetry of the former two lifts the degeneracy of the Eg
modes. Theoretical frequencies in bold font are erpected to be the most intense peak for

(Bn CW)CDC and (B11C¢)C—C.

Quite a few new peaks have also appeared at 767, 788, 798, and 967 cm ™!
in figure 5(c) (middle position). Some of them could be matched to differ-
ent predicted peaks of (B1;CP)COC, as shown in figure 8(b). In fact, it is
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observed from tables 4 and 5 that the entire spectra observed at this middle
position could either be explained by peaks of the reference B4C or by the
peaks of (B1;CP)COC, which points to the formation of small zones, of size
smaller than 2 pm, of (B1;CP)COC.

However, the peaks corresponding to (B1;C?)COC that have been noted
in figure 5(b) have not appeared in the spectrum of figure 5(c). Moreover,
the peak at 967 cm ™! is much sharper than the hump observed in the refer-
ence B4C around the same frequency. Since this peak does not correspond to
any of the (B1;CP)COC peaks as well, it might be the case that some other
polymorph like (B;;CP)C-C might also be present. Table 5 shows this pos-
sibility of the formation of C-C chains in the sample. This is possible if the
COC intericosahedral configurations that had been previously formed under
torsion collapsed under the combined torsional and uniaxial deformation to
form the C-C chains, as discussed in section 4.3.

The mean square difference between theory and experiment amounts to
5 cm ™! for B4C which is remarkable given the fact calculations are limited to
the harmonic approximation (table 4). It reéaches 7 cm~! for (By;CP)COC
when 11 modes are compared, and 13 ¢cm~! when only the six new modes at
resp. 416, 767, 788, 798, 1198, and 1249 cm~! are compared. The MSD for
(B11CP)C-C amounts respectively to 15 cm~! when 10 modes are compared,
and to 19 cm~! when only the six new modes at resp. 416, 767, 798, 967,
1198 and 1249 cm™! are compared.

The boron atom displaced from the chain is expected to be placed in
interstitial positions. - Some of us have proposed that boron-rich boron
carbide contain boron atoms in the intericosahedral space, in the 2¢ and/or
69 Wyckoff sites of the average R3m trigonal unit cell [40]. Indeed, such
atomic configurations combined to (Big) icosahedra and C-B-C chains forming
414 elementary unit-cells, turn out to have, in the calculations, the lowest
formation energy at 8.7 and 13.0 % at. C concentrations. In the present work
however, a change in the icosahedron composition could not be detected
either in XRD or in Raman spectroscopy.

Finally, in the spectra shown for RP 2 in figure 6(a), there has been no
new peaks corresponding to another polymorph of boron carbide, and the
spectra obtained for RP 3 in figure 6(b) have shown no changes with respect
to undeformed boron carbide.

5.2.2. Amorphous zones
Another important change is the occurrence, in some of our Raman
spectra, of large bands that we tentatively attribute to amorphous zones.
As explained in the introduction, no clear consensus has been reached
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so far about the mechanisms leading to amorphisation in boron carbide
or about the interpretation of experimental or computational results [26].
Moreover, the kind of amorphous boron carbide obtained in shear bands
generated in shock-wave and nanoindentation experiments [23, 24, 25, 21, 22]
has to be differentiated from the amorphous boron carbide films obtained
by chemical vapor deposition (CVD) [71, 72] and by irradiation [73, 74, 75].

In the former, shear bands are associated with two bands centered re-
spectively at 1330 and 1520 cm™!, and a small peak at 1810 cm™!. The first
two peaks have been attributed to the D and G bands of amorphous carbon,
expected respectively at 1350 and 1580 cm ™! [25, 22], or to a kind of amor-
phous boron carbide [76, 24, 21]. The origin of the peak at 1810 em™ ! s
not known. DFT calculations cannot explain the occurrence of these peaks
unless pressures larger than 60 GPa are achieved [26]. These shear bands
do not occur in nanoindentation experiments when a uniaxial compression
smaller than 8 GPa is imposed [25], which is far enough from the value
applied in the RoToPEC experiments. Awasthi et al. [76] have suggested
that the amorphisation occurs due to melting and recrystallisation as an
impact of stresses, based on multi-scale quantum mechanical and molecular
dynamics modelling,.

In the products synthesised by CVD, besides the D and G bands of
amorphous carbon, two large Raman bands are observed at 400-700 cm ™"
and 850-1350 cm ™! centered at 1050 cm~! [71, 72]. The overall stoichiom-
etry, including free carbon, was Bg 5C. Transmission electron microscopy
and Raman experiments were conducted in boron carbide irradiated with
slow heavy Au ions. It was shown that local arrangements are disturbed
and Raman peaks become broad, similar to the CVD experiments. At high
fluences, additional broad bands beyond 1200 cm™! were attributed to C-C
bonds [73]. In the non implanted damaged zones, only partial disorder was
produced, with nanometric amorphous zones in a still crystalline matrix.
It was concluded that the local damage cannot trigger complete structural
disorder in the zones with no Au-implentation [73, 75].

Turning back to our result, a large peak can be seen at 1339 cm~! for
instance in figure 5(a), taken on the sample of the RP 1 experiment. The
two other signatures at 1580 cm™! and 1810 cm™! were also present (not
shown). We thus tentatively assign these peaks to what is called amorphous
boron carbide, as mentioned in the literature about shear bands.

It is notable that in the present case, the peak that would correspond to
amorphous boron carbide has an intensity similar to those of the crystalline
boron carbide peaks. In fact, in none of the Raman spectra obtained so far
has the amorphous boron carbide peak been more intense than the crys-
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talline boron carbide peaks. Since the laser beam spot of the micro-Raman
spectrometer used in these analyses is around 2 um, we can safely con-
clude that the amorphous zones are very localised with areas much smaller
than 2 ym. This is in accordance with what has been reported by Chen et
al. [23] in that the bands attributed to amorphous zones, when present, are
extremely localised.

Figure 5(b) has been obtained in another direction along the radius of
one of the circular faces of RP 1. A small peak is observed around 1360 cm ™!
for the spectra taken at the middle of the sample along the radius. This can
be attributed to amorphous carbon or graphite (1350 ctn=!) [77]. This is not
unusual as commercial boron carbide is known to contain a certain amount of
free carbon in the samples [74]. The latter was however not detected in large
quantity in undeformed boron carbide. Further investigation is required to
understand whether the D band also comes from the deformation process in
the RotoPEC. Figure 5(c) has been obtained in yet another direction on the
RP 1 sample surface and we observe only a small peak that we tentatively
attribute to amorphous boron carbide on the edge, with the caveat given
above.

Finally, in the spectra shown for RP 2 in figure 6(a), one can notice the
presence of only a feeble peak attributed to amorphous boron carbide on
the edge of the sample.

5.2.8. Conclusion about Raman spectroscopy

In conclusion, the comparison of the experimental and theoretical Raman
spectra leads us to characterise the sample after the largest deformation as
multizone. Apart from B4C in our samples, we also find zones of amorphous
boron carbides and/or amorphous carbon, whose size is less than 2 pym, as
well as zones of (B1;CP)COC of size less than 2 ym. We raised the possibility
of zones of (B1;CP)C-C. The deformation threshold for the occurrence of
damage is approximately 180° of anvil rotation, and is detected to be smaller
by Raman spectroscopy than by EDXRD.

We also have to consider that a vast variety of atomic configurations
for boron carbide may exist due to the complexity of the system, as hy-
pothesised by several authors [78, 79, 5|. However, energetics consideration
allows us to disregard most of the high energy configurations, as the present
experiments have been performed at room temperature, which hinders the
overcoming of large energy barriers between two atomic configurations. In
particular, it must be noted that Fanchini et al. [3] have suggested, based
on density functional theory calculations, that shock amorphisation of the
(B12)C-C-C polytype of boron carbide through the segregation of Bis icosa-
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hedra and amorphous carbon is the reason for the possible source of failure
of boron carbide above the HEL. However, for this hypothesis to be effec-
tive, the (B12)C-C-C atomic configuration should be present abundantly in
boron carbide. But both DFT calculations [63, 27] and molecular dynamic
simulations [80] have established that it is not the case and that (B12)C-C-
C is not an abundant atomic configuration in boron carbide. Furthermore,
detailed examination of our computed XRD pattern for (B;2)C-C-C (not
shown) indicates that this atomic configuration is not able to explain the
occurrence of the new peaks at 33.35° and 36.29°. In addition, the MSE for
the six common peaks is one order of magnitude larger for (B12)C-C-C than
for B4C. In this respect, our experimental results consisting of both Raman
spectra and XRD peaks -with mean squared error of the (B1;C)CC peak be-
ing of the same order of magnitude as boron carbide itself- is a well-rounded
demonstration of the presence of the (B1;C)CHC atomic configuration.

6. Conclusions and perspectives

The EDXRD and Raman spectroscopy have clearly provided evidence
that chain vacancies are produced in boron carbide under the non-hydrostatic
torsional stress generated in the RoToPEC, as predicted by Raucoules et
al. [27]. In fact, this is the first experimental demonstration of chain vacancies
forming in boron carbide under non-hydrostatic stress, which can lead to the
well-known mechanical failure of boron carbide beyond its Hugoniot elastic
limit. The samples thus appear as multizone, remaining principally B4C
with inclusions of (B1;C?)COC zones and/or amorphous zones. The possi-
ble presence of other polytypes of boron carbide like (B;;CP)C-C has also
been discussed. Thus, the present work offers a new solution to the long-
standing puzzle of the loss of mechanical strength of boron carbide under
dynamic loading.

It also opens the door to several new avenues of further investigation.
Both the deformation generated and the defect concentrations can be quan-
tified by repeating the same experiments with a wire inserted at different
locations of the sample and noting the deformation of the wire using syn-
chrotron X-ray radiography. Indeed, it is evident from the results that the
defects formed depend greatly on the degree of rotation of the gasket, and
a quantification of the deformation would also be valuable for further theo-
retical investigations.

Obtaining an absolute value of the quantity of defects is a difficult task,
and a realistic aim could be to study the defect concentration change as
a function of the deformation, with respect to a carefully chosen reference
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state. The question of the determination of the complicated stress gradient
with respect to the radial distance is a possible topic for further investiga-
tions in in situ experiments in synchrotron facilities. The experiments dis-
cussed in this work have been performed at room temperature. That would
not result in achieving the HEL in boron carbides, and therefore would not
cause any mechanical failure in the samples. However, this will bring boron
carbide into the plastic regime, and produce defects and vacancies similar
to those produced in boron carbides as it approaches the HEL, thus giving
an opportunity to study these defects in a controlled and systematic man-
ner. Higher temperatures can be used in later experiments to approach the
HEL more closely and, eventually, investigate the probable effect of defect
annealing.

Finally, we point out that EDXRD and Raman spectroscopy are com-
plementary, and in our view both of them should systematically be used in
the study of damage in boron carbide. The probable occurrence of amor-
phous zones could be detected, however further theoretical and experimental
investigations are required to understand their formation mechanism(s).
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