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Boron carbide is a material of choice for multiple industries, e.g., aerospace, as a lightweight structural ceramic
due to its high hardness, high melting temperature, and low density. However, its mechanical properties have been
observed to radically degrade under shockwave compression, presumably as a consequence of stress-induced
phase transitions resulting in its partial amorphization. So far, the physical mechanism underpinning this behavior
remains unclear. Here, we report a pressure-induced phase transition in boron carbide occurring between 78 and
90 GPa during static compression in diamond anvil cells, both at room temperature and after quenching from high
temperatures. The crystal structure of the new phase was solved and refined via synchrotron single-crystal x-ray
diffraction measurements and further investigated by Raman spectroscopy as well as density functional theory
calculations. The discovered high-pressure polymorph, mC60-B3C,, has strong resemblance with the known
ambient conditions phase, hR45-B3C,, with the important distinction that the linear C-B—C chain linking B,
icosahedra in hR45-B;C, is bent in mC60-B;3C,. Such bending of the C—B—C chain has been hypothesized as
key to explain boron carbide’s drop in strength, phase transitions, and amorphization. The observed reversibility
of the phase transition, as well as the formation of covalent bonds between B, icosahedra and the bent C-B-C
chains, are assessed to decipher the C—B—C chain’s bending importance on the amorphization and mechanical
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properties of boron carbide.
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I. INTRODUCTION

In its various stoichiometries, boron carbide consists of B,
or CBy; icosahedra and linear three-atoms chain (C-B-C, C—
C-C, or C-B-B), defect chains (C—vacancy—C) or four-atoms
chains (C-B—C-B), oriented along the c axis of its hexagonal
unit cell [1-8]. On account of its short, strong, and multidi-
rectional covalent bonds, it features a range of exceptional
mechanical properties such as superhardness (Vickers hard-
ness of ~41 GPa) [9], a high melting temperature (7, > 2700
K) [10], a low density (~2.55 g/cm® at ambient conditions)
[11], a substantial Young’s modulus (420 GPa) [12], a high
Hugoniot elastic limit (HEL, ~20 GPa, see Fig. 1) [12], and
it is also chemically inert which makes it resilient to most
chemical attacks [13]. Given these properties, boron carbide
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is an ideal material for equipment in which superhardness and
ultralightweight characteristics are crucial.

However, boron carbide suffers from a major inconve-
nience which limits its application: at pressures near 40 GPa, it
suffers a dramatic drop in shear strength, leading to mechan-
ical performances much poorer than expected [14,15]. This
was first demonstrated by shockwave experiments [11,12,14—
16] where a kink in the Hugoniot curve near 40 GPa (Fig. 1)—
corresponding to the slope of the shock velocity versus
particle velocity significantly flattening—is observed. While
this feature is widely interpreted as a phase transition [12], it
is important to note that alternative explanations have been
proposed, such as the pressure-induced formation of point
defects, namely vacancies or an interstitial atom in the linear
chain [3,17,18]. According to this interpretation, it is those de-
fects that would be responsible for the loss of strength beyond
the HEL. A complete description of this viewpoint, as well as
others, can be found elsewhere [17]. Nevertheless, the phase
transition scenario is often considered responsible for the ob-
served drop in shear strength of boron carbide and is often
associated with partial amorphization [19,20]. Indeed, Raman
spectroscopy measurements of nanoindented boron carbide
evidence the presence of broad modes originating from stress-
induced amorphization [9]. Moreover, postmortem analysis
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FIG. 1. A compilation of the stress versus density literature data
points for different stoichiometry of boron carbide, determined from
shock-compression experiments (empty symbols, B,C was used in
all four studies) [12,14-16], static compression experiments (solid
symbols) [27,31], and theoretical simulations (solid and dashed
lines) [22-24]. The data from this work for the ambient pressure
phase (hR45-B3C,) and the new high-pressure phase (mC60-B;C,)
are shown as red circles and green diamonds, respectively. The solid
green line represents the Hugoniot compression curve obtained from
Zhang et al.’s work [12].

of shocked boron carbide with high-resolution electron mi-
croscopy experiments confirmed the amorphization, observed
in bands parallel to specific crystallographic planes [21].

In order to find pathways to circumvent and control the
amorphization of boron carbide, and thus presumably its de-
crease in shear strength, it is essential to understand the under-
lying mechanisms. For this purpose, a significant number of
density functional theory (DFT) calculations were performed
on boron carbides [19,22-25]. These suggest that the C—B-C,
C—C-C, or C-B-B linear chains, linking together the icosahe-
dra, bend under both sufficient hydrostatic and nonhydrostatic
pressures which causes a phase transition as well as the forma-
tion of covalent bonds between atoms of the chain and those
of the icosahedra [19,22-25]. Upon further pressure change,
whether an increase or a decrease [20], the presence of these
newly formed covalent bonds would result in significantly
distorting the icosahedra, eventually resulting in the solid’s
amorphization. Thus, identified as the key mechanism causing
boron carbide’s amorphization, experimental validation of the
presumed pressure-induced bending of the linear chain—and
the phase transition leading to it—is of high importance.

In an attempt to experimentally observe chain bending,
multiple static compression experiments employing diamond
anvil cells (DACs) were performed [26-29]. Two studies
reported evidence of a pressure-induced phase transition
in B43C near 35-40 GPa, based on Raman modes’ fre-
quency shifts, intensity analysis, and Griineisen parameter

determination as a function of pressure [28,30]. However,
despite many attempts, no sign of such a transformation was
observed in other experiments [26,27,29,31], including pre-
cise single-crystal x-ray diffraction (SCXRD) measurements
on B4C up to 74 GPa [31] and on B;3C, up to 68 GPa [27]
(indicated by solid symbols in Fig. 1). Another set of DAC
experiments [20,32] found that, under nonhydrostatic condi-
tions, compressing boron carbide above 25 GPa followed by
a pressure release resulted in a partial amorphization, observ-
able only below ~20 GPa and all the way down to ambient
conditions [20]. While molecular dynamics simulations sug-
gest the cause of this behavior to be the bending of the chain
[20], the crucial experimental evidence is still lacking.

Here, we present synchrotron SCXRD measurements of
boron carbide compressed up to 110(2) GPa in a DAC. These
unveil the transformation of hexagonal boron carbide into a
monoclinic polymorph featuring the sought-after bent C-B—C
chain. The formation of covalent bonds between the chains’
atoms and those of the By, icosahedra is observed, and the
effect it has on the deformation of the icosahedra as well as
the reversibility of the phase transition is investigated.

II. METHODS

In this study, three BX90-type DACs (Fig. S1) with di-
amond anvil culets of diameter of 250 um (exp #1) and
120 um (exp #2 and #3) were prepared to reach pressures
of up to 55 and 110 GPa, respectively. Molecular nitro-
gen was used as the pressure transmitting medium (PTM)
and loaded along with commercially available boron carbide
(< 10 um, 98% purity, Sigma Aldrich). Ambient condition
SCXRD was performed on several randomly selected sin-
gle crystals from the commercially purchased boron carbide
sample. The unit cell volumes, as summarized in Table S1,
ranged from 327.8(1) to 335.2(1) A3, indicating the presence
of boron carbide with varying stoichiometries. Powder XRD
measurements were also conducted on the same sample, and
the Le Bail refinement results are consistent with those from
SCXRD (Fig. S2). The lattice parameters of the specific crys-
tal loaded into the DAC for high-pressure experiments were
not measured at ambient conditions. Instead, the stoichiom-
etry of the loaded sample was estimated to be B13C, based
on its measured equation of state (Figs. 1 and S3), which
closely matches the equation of state reported by Chuvashova
et al. [27]. While evidence suggests the composition of the
studied material to be B;3C,, the presence of defects—and
thereby of a slightly different composition—cannot be ruled
out. More detailed crystal structure and stoichiometry analysis
of the starting material used in this work can be found in
the Supplemental Material [33]. DFT calculations were also
performed to provide further insight into boron carbide’s be-
havior. The complete experimental and calculation details can
be found in the Supplemental Material [33] (also including
Refs. [34-55]).

III. RESULTS AND DISCUSSION

At ambient conditions, boron carbide crystallizes in the
trigonal crystal system [space group R-3m, No. 166, Fig. 2(d)]
[5], here denoted by the Pearson notation 2R45-B3C,. In this
study, B;3C, maintained the hZR45-B3C; crystal structure up
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FIG. 2. X-ray diffraction reciprocal-space reconstruction precession image for the (hOl) plane of (a) #R45-B3C, at 66(2) GPa; (b) mC60-
B3C, at 90(3) GPa, but imposing the same, and now incorrect, unit cell as in #R45-B;3C,—enabling to see the new, unexplained reflections
(peaks marked by blue squares)—and (c) the (-1kl) plane of mC60-B;3C, at 90(3) GPa with the correct monoclinic unit cell that explains
the new reflections. The Miller indices of the indexed reflections are marked in black squares while, in (b), the new reflections that do not fit
hRA5-B3C, are highlighted with blue squares. The crystal structure of (d) #R45-B3C, at 66(2) GPa and (e) mC60-B3C, at 90(3) GPa were
obtained from the corresponding SCXRD data (Tables S5 and S7). Boron atoms are represented by dark yellow spheres, carbon atoms by light
yellow spheres, and the C—B—C chain is highlighted by red dashed lines. Newly formed weak B—B bonds in the mC60-B3C, phase at 90(3)
GPa are shown as dashed lines, while the icosahedra formed by the 12 boron atoms are shown in stick form for clarity. The continuous black
line indicates the unit cells. (f) Representation of the C—B—C chain as observed in hZR45-B;3C, at 66(2) GPa (partly transparent sphere) and
mC60-B;C, at 90(3) GPa (solid spheres). (g) Calculated electron localization function (ELF) along a selected plane at 90 GPa (see also Fig.
S16). The bond distances, obtained from the experimental data, are provided in angstrom A).

to 78(2) GPa—consistent with previous SCXRD experiments
on By3C, [27] and B4C [31], where no phase transition was
detected up to pressures of 68 and 74 GPa, respectively. The
here-obtained measurements on ZR45-B5C, are summarized
in Table S2 and Fig. S4 [33]. The structure refinement re-
sults, quality factors, atomic position and structure models
of hR45-B3C, at various pressures are detailed in Tables
S3-S6 [33], and the here-obtained structure solution is con-
sistent with the literature [5]. The crystal structure solved and
refined at 66(2) GPa is shown in Fig. 2(d). As previously
described [5], it features a three-dimensional framework of
twelve-boron-atom icosahedra connected by B—-B bonds and
straight C—B—C chains, together forming a network of cova-
lently bonded chains and clusters.

When compressing hR45-B3C, at ambient temperature
beyond 78(2) GPa, namely at 90(3) GPa (exp #3) and
above, SCXRD measurements revealed the presence of new
diffraction peaks. Indeed, attempting to use the unit cell of
hR45-B3C; to explain the SCXRD data at 90(3) GPa results
in many peaks not adhering to the unit cell and systematic
absences of space group R-3m [Fig. 2(b), e.g., —h + k +
1 =3n (n = 0,1,2,3...)], demonstrating the occurrence of a
phase transition. The same new phase was also observed from
exp #2 after laser-heating to temperatures of 2600(200) and
2800(200) K at 92(2) and 110(2) GPa. Under these condi-
tions, boron carbide may have melted [7,8], followed by its
quenching to room temperature. This new phase was
solved and refined. It was found to preserve the B3C,
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FIG. 3. Pressure dependence of the chain angle and bond lengths in boron carbide. Pressure dependence of (a) the C—B—C chain angle,
and (b) the average B—B bond length of the B, icosahedra (intraico) and between B, icosahedra (interico), the average B—C bond length
where the B is part of the By, icosahedra (chain-ico), and between B and C atoms from the C-B—C chain (chain) [see Fig. 2(f)]. Calculation
results are shown as solid or dashed lines in all figures, while experimental data is shown as empty or solid symbols. The symbols representing
data in (a) are applied to (b) but with other colors. For comparison, the figure includes simulation results from Korotaev et al. on B4C [22,23],
experimental results from Dera et al. on hR45-B4C [31], and experimental results from Chuvashova et al. on hR45-B3C, [27]. The uncertainty
in the chain angle and bond distance values presented here is smaller than the symbol size.

stoichiometry but to adopt a monoclinic C-centered Bravais
lattice (space group C2/c, No. 15, Fig. 2(e), hereafter re-
ferred to as mC60-B3C;). The lattice parameters at 90(3)
GPaarea = 9.050(2) A, b = 5.056(2) A, ¢ = 7.943(2) A and
B = 114.21(3)°, with a unit cell volume of 331.5(2) A3. The
reciprocal space reconstruction image of the (-1kl) plane for
the mC60-B3C, phase at 90(3) GPa is shown in Fig. 2(c).
The latter allows to see that this monoclinic unit cell ex-
plains peaks that could not be indexed with the unit cell
of hR45-B|3C,. The lattice parameters, refinement results,
quality factors, and crystal structure of mC60-B3C, at 90(3),
92(2), and 110(2) GPa are detailed in Tables S7 and S8 [33].
Raman spectroscopy measurements confirm the presence of
new Raman modes that can be assigned to mC60-B3C, (Figs.
S5-S7). The full discussion of the Raman measurements is
presented in the Supplemental Material [33].

In mC60-B3C,, there is a total of eight crystallographi-
cally distinct atoms; one carbon and seven boron. Six boron
atoms are located on the 8f Wyckoff position, forming the
B, icosahedra, while the remaining boron atom is located at
the 4e Wyckoff position. This atom bonds with the carbon
atoms at the 8 f Wyckoff position, together forming C-B-C
chains [Fig. 2(e)]. The structure that those atoms form has
obvious similarities to hR45-B3C, (Fig. 2). Indeed, mC60-
B3C; is also comprised of By, icosahedra interlinked through
B-B bonds and C-B-C chains. However, there is a remark-
able difference between the hR45-B3C, and mC60-B3C,
polymorphs: the bent C-B—C chain in the latter [Figs. 2(e)
and 2(f)]. Indeed, the chain angle decreases from 180° at
78(2) GPa in hR45-B;3C, to 126.5(8)° at 90(3) GPa in
mC60-B;C, [Fig. 3(a)]. Another consequence of the chain
bending is the elongation of the chain’s B—C bond lengths,

shifting from 1.370(2) A at 78(2) GPa to 1.457(6) A at 90(3)
GPa [Fig. 3(b)].

To corroborate the obtained crystal structure, DFT calcula-
tions were performed on the mC60-B3C, polymorph, as well
as hR45-B;C,, at pressures ranging from 0 to 200 GPa. The
calculated atomic positions, lattice parameters, and volumes
agreed with the values obtained from SCXRD experiments
(see Tables S8-S12 and Fig. S8 for data up to 120 GPa).
Furthermore, the pressure-induced abrupt decrease in the C—
B-C angles and the elongation of the C—B bond length within
the C-B—C chain, as observed in our SCXRD experiments,
are not only reproduced by our calculations but also show
good agreement with the predictions from previous molecular
dynamics simulations (Fig. 3) [22,23]. A detailed analysis
of the experimental structure model of mC60-B3C, and its
calculated phonon dispersion curves suggests the presence of
mild static disorder in the B atom’s position within the C-B—C
chain (Bepain; c.f. Figs. S10-S14 and related analysis as well
as discussion in the Supplemental Material [33]). The chain
bending in boron carbide, whether B13C;, or B4C, has been
hypothesized to be responsible for its partial amorphization,
resulting in a significant deterioration of its mechanical prop-
erties [19,24]. The proposed mechanism from which chain
bending induces amorphization is through the formation of B—
B bonds between boron atoms from the icosahedra and from
the chain. The presence of these bonds would significantly
distort the icosahedra upon pressure decrease or increase,
eventually resulting in the solid’s amorphization [20]. As
such, it is of capital importance to assess whether or not
atoms which are part of the bent C—-B—C chain form some
covalent bonds with atoms constituting the icosahedra. Based
on experimental data at 90(3) GPa, two crystallographically
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distinct B atoms in the B, icosahedra (B3 and B7 in Fig. 2(f),
hereafter referred to as Bjc, » and Bi., j, respectively) are
in close proximity to the B¢p,n atom (B1) in mC60-B3C,.
Indeed, the bond distances between them are 1.901(9) and
1.882(4) A, respectively. This implies an abrupt contraction
in these interatomic distances following the phase transition,
as the Bepain — Bico_1 and Bchain — Bico 2 were 2.140(1) and
2.712(1) A at 78(2), respectively GPa (Fig. S15). The short
B-B distances in mC60-B3C; strongly suggest the formation
of covalent bonds as they approach the value of B-B bonded
atoms in hR45-B13C, at ambient conditions (1.8053(4) A)
[56] and are even shorter than the intraicosahedra bonds in
«o-B (1.987(2) A) at 5.7(5) GPa [57]. To further assess the
presence of covalent bonding between the Bp,, and those
in the B, icosahedra in the mC60-B3C, phase, the electron
localization function (ELF) was calculated. Remarkably, at 90
GPa, the ELF values at the critical bond distance (the bond
center) between Bep,in and the Bico_1/Bico_» atoms are 0.89 and
0.77 (Fig. 2(g) and Fig. S16), respectively, indicating covalent
bonding [58].

With the presence of these important bonds established,
it is now necessary to determine if these distort the B,
cages. For this, the Baur distortion index (BDI) was calcu-
lated for the B, icosahedra, as described in the Supplemental
Material [33]. For the mC60-B3C, phase, this yielded val-
ues of 0.0101(6), 0.0102(8), and 0.0118(9) at pressures of
90(3), 92(2), and 110(2) GPa (Fig. S17), respectively, indi-
cating only a slightly greater distortion compared to that of
the hR45-B3C, phase (an average of 0.007 04 up to 78(2)
GPa). This mild increase is likely due to the greater number
of crystallographically distinct atoms comprising the icosa-
hedra in mC60-B3C, compared to hR45-B;3C,. As such,
this analysis suggests that the formation of bonds between
the Bepain atom and the Bj., atoms does not result in a
significant distortion of the B, cages which would lead to
amorphization upon compression. Moreover, SCXRD and
Raman spectroscopy (Figs. S6 and S7) investigation of the
mC60-B3C, phase upon a slow decompression (~6 hours)
shows that B13C;, remains in the mC60-B3C, phase down
to 75(3) GPa but, remarkably, transforms back into the
hR45-B13C, phase at 70(2) GPa (Table S2). The reversible
nature of the phase transition, along with the restoration
of the By, icosahedra’s BDI (Fig. S17), further strengthens
the claim that, for boron carbide samples compressed un-
der quasihydrostatic conditions, the chain bending is unlikely
to be the mechanism that results in decompression-induced
amorphization.

Beyond the static disorder detected in mC60-B3C,, analy-
sis of the SCXRD data does not reveal the presence of defects,
whether vacancies or interstitial atoms. However, these have
been suggested to potentially play an important role [17,18].
Of particular relevance here, recent DFT calculations [2] have
found the nonmonotonic pressure evolution of a Raman mode
centered near 270 cm™' [28] to potentially be due to defect
C-B-C-B chains in B4C-type boron carbide. As shown in
Fig. S5, this mode is present in our commercially obtained
samples (near 235 cm ™! at 23.3 GPa). As such, if this mode is
confirmed to indeed be the unambiguous signature of defect
C-B—C-B chains [2], their exact role in the phase transition
here observed would need to be considered in detail.

Nonetheless, for the formation of the mC60-B3C, boron
carbide polymorph to be primarily driven by defects appears
unlikely. Indeed, it can be noted that the presence and effects
of presumed C-B—C-B chains were not captured or reflected
in the average unit cell of hR45-B;3C,. As such, it is rea-
sonable to expect that their effects are also not observed in
the average unit cell of the mC60-B3C, polymorph, meaning
that the obtained average structure model is not mainly due
to these defects. Moreover, the successful formation of the
mC60-B13C, compound after laser-heating, with high tem-
peratures being conducive to the removal of defects [56], as
well as the fully reversible nature of the phase transition with
minimal hysteresis, all point to the AR45-B;3C, to mC60-
B3C; transition to be driven by thermodynamics rather than
kinetics.

From the diffraction data discussed above, the bulk mod-
ulus of hR45-B;3C, was determined from a third-order
Birch-Murnaghan equation of state (BM3 EoS) fit [59,60]
(Fig. S18). Values of By = 236(7) GPa, B’y = 3.0(3) and
Vo/Z = 109.08 A® (fixed, from Ref. [56]), and of By =
227.6(12) GPa, By =3.38(2) and V,/Z = 111.33(5) A3
from DFT calculations, were obtained. These are in good
agreement with previously reported values [By = 239(7) GPa
and B'g = 3.2(3)] [27]. For the mC60-B3C, phase, the small
number of experimental data points does not allow the extrac-
tion of reliable EoS parameters. However, the bulk modulus
and its pressure derivative calculated from DFT are 238.4(6)
GPa and 3.42(1) (Vo/Z = 107.70(2) A3), respectively, both
of which are slightly higher than the calculated values for the
hR45-B3C, phase. It is interesting to note that the mC60-
B3C, data points fall clearly below the extrapolated BM3
EoS of the hR45-B3C, phase. This suggests a volume dis-
continuity between the polymorphs (Fig. S18, of about 1.3%
at 90 GPa), which could point to the phase transition being
of the first order. This is also supported by the fact that there
is no group-subgroup relationship between hR45-B3C, and
mC60-B3C,, which are only related through the intermediate
space groups P-3m1 (No. 164), P2/m (No. 10), or R-3 (No.
148) (Fig. S19).

IV. CONCLUSIONS

In conclusion, a pressure-induced phase transition has
been observed in Bj3C, boron carbide at pressures between
78(2) and 90(3) GPa. The crystal structure of the new phase,
mC60-B3C,, was determined using synchrotron SCXRD and
features a bent C—-B—C chain. Remarkably, the B atom of
this chain is shown from experiments and DFT calcula-
tions to form covalent bonds with the B atoms of the two
neighboring icosahedra. However, these bonds do not seem
to meaningfully distort the B, cages and, upon decom-
pression, mC60-B3C, reverts to hR45-B3C,. Based on this
behavior, the chain bending seems unlikely to induce the
previously detected amorphization. Still, it is worth noting
that the phase transition pressure observed here between the
two polymorphs agrees well with the values obtained from
molecular dynamics simulations under hydrostatic conditions,
which predict a transition above 72 GPa to a structure with
a bent chain [22,23]. However, this pressure value is higher
than the one obtained from experiments and calculations for
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boron carbide under shock compression (40-50 GPa) [12,14—
16,24]. This discrepancy could be due to differences between
uniaxial load and hydrostatic conditions, with the phase here
observed likely to be the same phase as the one detected
during shock compression. These findings are essential for
shedding light on the phase transition observed in multiple
shock-wave experiments and the failure in the strength of
boron carbide, but also to help understanding the mechanisms
playing a role in the amorphization of boron carbide under
stress.

Future studies reproducing these experiments albeit with
an boron carbide sample established to be essentially defect-
free [56] would permit the generalization of a hR45-B3C, to
mC60-B3C, phase transition in boron carbides.
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