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Abstract
Boron carbide is one of the lightest and hardest ceramics, but its applications are limited by its
poor stability against a partial phase separation into separate boron and carbon. Phase
separation is observed under high non-hydrostatic stress (both static and dynamic), resulting in
amorphization. The phase separation is thought to occur in just one of the many naturally
occurring polytypes in the material, and this raises the possibility of doping the boron carbide
to eliminate this polytype. In this work, we have synthesized boron carbide doped with silicon.

We have conducted a series of characterizations (transmission electron microscopy, scanning
electron microscopy, Raman spectroscopy and x-ray diffraction) on pure and silicon-doped

boron carbide following static compression to 50 GPa non-hydrostatic pressure. We find that
the level of amorphization under static non-hydrostatic pressure is drastically reduced by the

silicon doping.

Keywords: boron carbide, high pressure, amorphization, ceramics
Online supplementary data available from stacks.iop.org/JPCM/27/015401/mmedia

1. Introduction

Lightweight, impact-resistant materials are needed for
applications such as the aerospace industry, where protection
from space debris is required, and ballistic armour. In both
cases high-velocity impacts occur and the drive to reduce
weight is huge. The most widely used impact-resistant
ceramics are boron carbide (B4C), silicon carbide (SiC) and
alumina (Al,O3). Boron carbide is the lightest and has
potential to be the most effective. It possesses extreme
hardness (~45 GPa, surpassed only by diamond and cubic
boron nitride) and higher Hugoniot elastic limit than any other
ceramic material by a factor of 2 (17-20 GPa) [1]. However
it unexpectedly fragments under high-velocity impacts due to
the formation of thin amorphous bands in the material [2, 3].
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It was shown that the mechanism of failure of boron
carbide against high-velocity impacts also occurs in static
high-pressure experiments using the diamond anvil high-
pressure cell (DAC), provided the applied pressure is non-
hydrostatic [4]. Raman spectroscopy [4] and electron
microscopy [2,4] have indicated that the failure of boron
carbide is due to irreversible localized pressure-induced
amorphization—the formation of narrow amorphous bands
(<10nm diameter) while most of the sample remains
crystalline.  Some limited amorphization was observed
following static pressure treatment to 25 GPa, with widespread
formation of amorphous bands following pressurization to
35GPa [4].

Pressure-induced amorphization is an important and
widely studied phenomenon, observed in materials of
importance in geology and planetary science [5—7]. It usually
occurs when a phase transition between two crystal structures

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of the crystal structure of boron carbide, consisting of 12-atom icosahedra linked by 3-atom chains. Due to the similar
atomic volumes of boron (green) and carbon (white), different arrangements (polytypes) of boron and carbon atoms within the icosahedra
and chains are possible [3]. Two examples of polytypes thought to exist in pure boron carbide [3, 11] are shown on the left. It is believed
that the existence of the B,,(CCC) polytype causes the pressure-induced amorphization process in pure boron carbide, due to the spatial
proximity of the carbon atoms allowing the formation of small islands of amorphous carbon under stress. The diagram on the right shows
how the icosahedra and chains fit together to form the boron carbide lattice, and how for the B,,(CCC) polytype (shown) this results in the

close proximity of the carbon atoms.

of an element/compound is kinetically inhibited, and in some
cases when a dissociation of a compound into two separate
compounds is kinetically inhibited [8]. The pressure-induced
amorphization of boron carbide is a very unusual case because
it occurs due to a kinetically frustrated phase separation into
separate elements.

The amorphization of boron carbide is also unusual
because the transition is irreversible and localized to 2—10 nm
diameter bands. Therefore, the amorphous regions have
been characterized using transmission electron microscopy
(TEM) and Raman spectroscopy [2,4] instead of the normal
technique [9, 10] of x-ray diffraction. Due to the extremely
localized nature of the amorphization process in boron carbide
(TEM data [2,4] shows that most of the material remains
crystalline), the x-ray diffraction signal from an amorphous
area of boron carbide produced by static or dynamic pressure
treatment is always convoluted with a signal orders of
magnitude larger from remaining crystalline material.

In recent years, the mechanism for the pressure-induced
amorphization of boron carbide causing its failure against non-
hydrostatic stress has been understood on an atomic level in
terms of its crystal structure. Boron carbide’s structure consists
of 12-atom icosahedra linked by 3-atom chains (figure 1). Due
to the similarity in atomic volume between boron and carbon,
it is difficult to determine which sites are occupied by which
atoms.

Experimental studies aimed at elucidating this have
produced conflicting results (reviewed in [3]). However, DFT
calculations showed that, due to the similar atomic volumes of
carbon and boron, differences in atomic arrangement cause
changes to the Gibbs free energy of the material that are

negligible compared to the thermal energies available during
synthesis [11]. Variation in lattice parameters as a function of
carbon atom location is also negligible.

It is therefore likely that different possible arrangements
of boron and carbon atoms exist in pure boron carbide.
These can be thought of as different polytypes, and described
using notation such as B;;C,(CBC), B{2(CBC) or B,(CCC)
(figure 1). The atoms in the chains are those in the brackets.
The fact that the stoichiometry of crystalline boron carbide
varies [3] supports this hypothesis.

However, while the difference in Gibbs free energy
between polytypes is negligible the energetic barrier to partial
phase separation under pressure (origin of the observed
amorphization) is predicted to vary strongly between the
different polytypes. In particular, DFT calculations [11]
showed that the energetic barrier to partial phase separation
under pressure is by far the lowest for the B, (CCC) polytype.
This is because the carbon atoms already sit in close proximity,
so can form disordered graphitic/diamond-like islands with
minimal movement.

This understanding leads to the conclusion that it may
be possible to stabilize boron carbide against amorphization
by doping with small quantities of a different element.
Silicon is the obvious candidate for this, as it has a similar
electronic structure to carbon. The addition of silicon can
stabilize boron carbide in several ways. Firstly, it is likely
to reduce the concentration of the B;,(CCC) polytype. DFT
calculations [12] have predicted that silicon doping will
drastically increase the difference in Gibbs free energy between
the stable B1;C,(CBC) polytype and the minority B;>(CCC)
polytype, making formation of the latter polytype (the polytype
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responsible for the observed amorphization) energetically
unfavourable when boron carbide is synthesized. Secondly,
it should increase the energetic barrier to atom-swapping
in the material, i.e. conversion between polytypes. DFT
calculations [11] have predicted that in pure boron carbide
the energetic barrier to a conversion from the B;;C,(CBC)
polytype to the B;,(CCC) polytype becomes very low at high
pressure. Addition of silicon should ameliorate this problem as
itis believed that the silicon atoms preferentially sit at the poles
of the icosahedra adjacent to the chains [12]. There is therefore
no longer a carbon atom adjacent to the chain ready to move
into the chain and form the B, (CCC) polytype. Thirdly, the
addition of silicon may ensure that the boron carbide compound
remains the thermodynamically stable phase of the material
(compared to phase-separated boron and carbon) to a much
higher pressure. Itis believed that pure boron carbide becomes
thermodynamically unstable against a phase separation to
elemental boron and carbon at just 7 GPa pressure [11].

The synthesis of silicon-doped boron carbide presents an
experimental challenge, as it is difficult to ensure the formation
of silicon-doped boron carbide instead of boron carbide
with elemental silicon, or silicon carbide with elemental
boron. Han [13] achieved an average silicon concentration of
0.38 at%. In this work, we synthesize boron carbide nanowires
with much higher silicon content (0.8—1.6 at%), and perform
static high-pressure experiments to experimentally test for the
first time the stabilizing effect of silicon on the material.

2. Methods

Boron carbide nanowires doped with silicon were synthesized
by the solid—liquid—solid method in which submicron boron
powder (Sigma Aldrich, purity ~99%, initial particle size
0.82 um), activated carbon (Norit America Inc., purity ~99%,
initial particle size 5 um) and silicon powder (Sigma Aldrich,
purity >99%, initial particle size 4.27 um) were used as the
starting materials. A mixture (1 wt%) of nickel boride (NiB,
Alfa Aesar, purity 99%, initial particle size 500 um), nickel
diboride (NiB,, Alfa Aesar, purity 99%, initial particle size
500 um) and cobalt (Co, Alfa Aesar, purity 99.8%, initial
particle size 1.6 um) was used as catalyst for the formation
of the nanowires. The components and catalyst were mixed
together and thoroughly ground using an agate mortar and
pestle. The ratio was 1:1 B:C with 2wt% Si. The reactant
mixture was placed in a 10 ml alumina combustion boat, which
was inserted into a 99.8% dense alumina tube (Ilength 70 cm,
inner diameter 6.35 cm) in a clam shell furnace. The powder
mixture was heated to 1150 °C and held for 1h in argon at a
pressure of 1 atm.

TEM images along with a fast Fourier transformation
(FFT) confirming the single crystalline nature of such
nanowires are shown in figures 2(a)—(c). The chemical
composition of the nanowires was obtained by electron energy
loss spectroscopy (EELS) mapping as indicated by the colour
plots in figures 2(d)—(f). It can be seen that the body of the
nanowires consist of boron, carbon and silicon only and that
the silicon is dispersed reasonably well throughout the entire
nanowire segment. The chemical analysis was performed

on approximately 100 nm long segments of ~50 nm diameter
wires. Silicon content was confirmed with energy dispersive
x-ray spectroscopy (EDX), and ranges from 0.8—1.6 at%. The
nanowires are believed to grow via the solid-liquid—solid
mechanism: first, the solid precursors mix with the catalysts
to form a low melting point liquid. This is followed by
further precursor dissolving into the catalyst as the sticking
coefficient is higher than the solid leading to supersaturation.
Finally excess product is precipitated from catalyst in the
form of nanowires. A more detailed discussion of the growth
mechanism and kinetics is given in [14].

Although in some cases catalyst particles can be observed
at the ends of the nanowires after growth, no evidence of
catalyst particles was observed in the x-ray diffraction patterns
or Raman spectra. Therefore, in terms of volume and mass,
the catalyst particles make up a negligible proportion of the
sample (each ~1 mm long wire grows from a single catalyst
particle). Furthermore it should be noted that we did not detect
silicon carbide in the silicon-doped sample which is the major
advantage of this synthesis technique.

The nanowires were ball milled for 1h in an argon
atmosphere and then consolidated by spark plasma sintering
(SPS). The samples were densified at 2100 °C under 50 MPa
for 20 min. No sintering aids were added to the powder. The
densities of the samples measured by the Archimedes method
(2.5 gem™340.1) were in agreement with the theoretical value
(2.52gcm™).

The pure boron carbide samples used were powder
produced by H C Starck, Grade HP and purchased via Sigma
Aldrich.

Pressure treatment under static non-hydrostatic conditions
was performed by compressing the material in rhenium-
gasketed diamond anvil cells (DACs) (250 um diameter
culets). Pressure was measured using the standard techniques
of performing x-ray diffraction on a small grain of tantalum
in the sample chamber, or by performing photoluminescence
on a ruby microcrystal in the sample chamber. To ensure
non-hydrostatic conditions the rest of the sample chamber was
filled with the boron carbide sample. No pressure-transmitting
medium was employed.

TEM lamella were produced from samples after high-
pressure treatment using focused ion beam (FIB) milling
following the in situ lift-out procedure, on a FEI, Helios
dual beam FIB. A final low energy polish at 2kV and
28 pA was then carried out. Imaging and spectroscopy were
performed on a monochromated and image corrected FEI,
Titan operating at 300kV.

Raman spectra were collected in the backscattering
geometry using two Raman microscopes, a Renishaw 1000
instrument and a custom-constructed instrument. In both
cases, the laser beam (514/532 nm) was focused to a spot size
of ~1 um on the sample using a 50x objective lens and the
laser power reaching the sample was significantly lower than
5 mW. We found that using a much higher incident laser power
caused localized damage to the sample so worked carefully to
avoid this throughout. Raman spectra were collected using
1200 lines per inch diffraction gratings, nitrogen and Peltier-
cooled CCD detectors. TEM and Raman data were collected
from different areas of the samples.
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Figure 2. Upper panel: TEM images ((a), (b), (c), top inset of (c)) and corresponding FFT (bottom inset of (c)) of silicon-doped boron
carbide nanowires as-produced. Lower panel: chemical mapping of as-produced silicon-doped boron carbide nanowires performed with
EELS. The element corresponding to each colour is indicated in the lower right of each EELS plot.

Powder x-ray diffraction data was collected at beamline
I15 at the Diamond Light Source, UK. The incident x-ray
wavelength was 0.4133 A and the beam size was approximately
50 um. The diffraction data were collected on a mar345
image plate and the two-dimensional diffraction images (60 s
exposure time) were integrated using Fit2D [15] to give
standard diffraction profiles. X-ray diffraction data were
analysed using a Pawley structureless fitting procedure within
the GSAS [16] suite of programs to determine the peak
positions and peak intensities. Instrumental peak shape
broadening was estimated from the diffraction data collected
from a silicon standard at 0 GPa.

3. Results

Pure boron carbide has been shown by other authors to undergo
a localized irreversible amorphization process after pressure
treatment to 25 GPa non-hydrostatic pressure in the DAC [4].
In this work, we therefore compressed several samples of
both pure and silicon-doped boron carbide to 50 GPa non-
hydrostatic pressure in the DAC to evaluate the stability of
both materials.

Our TEM study of pure boron carbide after pressure
treatment to 50GPa revealed the presence of localized
amorphous areas and widespread microcracking, as observed
by other authors following both shock compression [2]
and non-hydrostatic compression in the DAC [4]. In

contrast, our TEM study of silicon-doped boron carbide
after pressure treatment did not reveal amorphous bands—
the material remained entirely in its (poly)crystalline state.
Figure 3 shows representative TEM images of pure and
silicon-doped boron carbide after non-hydrostatic pressure
treatment to 50 GPa. FFT images are included to verify
the crystalline (or non-crystalline) nature of different areas
of the samples. See online supplementary material for
further images of both pure and silicon-doped material
(stacks.iop.org/JPCM/27/015401/mmedia).

To evaluate the resilience of the materials on a
macroscopic scale we took scanning electron microscopy
(SEM) images of cross-sections through the pressure-treated
pure and silicon-doped material cut using a FIB. A large
network of cracks is seen running across the pure material
while the silicon-doped material is crack free (figure 4).

In our Raman spectroscopy experiments the contrast
between pure and silicon-doped boron carbide was just as
striking.  After pressurizing both pure and silicon-doped
boron carbide to 50 GPa non-hydrostatic pressure 10 Raman
spectra of each sample from different locations on the
sample surface were collected. In the pure material, the
Raman peaks characteristic of amorphous boron carbide
(particularly the strongest peak at about 1325 cm™!) appeared
with significant intensity in 7 out of 10 spectra. In the
silicon-doped material, these peaks appeared in only 1 in 10
spectra. Example Raman spectra are shown in figure 5 and
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Figure 3. TEM images of pure (left) and silicon-doped (right) boron carbide after pressure treatment to 50 GPa. In the pure material (left),
amorphous regions 2-10 nm in diameter were frequently observed, in agreement with the findings of other authors. The inset on the top
right is an FFT of the whole image (consistent with a [1 0 1] zone axis) while the inset on the bottom right is from the band where the box is
marked and can be seen to be amorphous. In the silicon-doped material (right), we did not observe a single amorphous area—the material
remained crystalline throughout. The inset on the top left is an FFT of the whole image (consistent with a (0 1 1) zone axis).

Figure 4. SEM images taken during the final stages of TEM sample preparation by FIB of (a) pure boron carbide showing significant micro

cracking and (b) silicon-doped boron carbide showing no cracking.

further Raman spectra (collected before and after pressure
treatment) are shown in the online supplementary material
(stacks.iop.org/JPCM/27/015401/mmedia).

We also performed an experiment in which we compressed
silicon-doped boron carbide to much higher pressure, 67 GPa.
Following this experiment, Raman spectra of the sample
demonstrated widespread amorphization (figure 6). Further
characterization of this sample was therefore not attempted.

Commercially available boron carbide always contains
some graphite [3,17,18], as expected from theory [11].
Our Raman spectroscopy experiments revealed the presence
of some graphite in both pure and silicon-doped samples

as-received/produced. In some spectra, graphite Raman
peaks [19,20] at about 1340 cm~! and about 1580 cm™' were
observed. Higher graphite content was found in the silicon-
doped samples. We did not observe an increase in graphite
content following pressure treatment in either sample, but
Raman spectroscopy can only provide a qualitative measure
of the graphitic/diamond-like nature of a disordered carbon
sample. This is especially true for spectra such as those
in figure 6 where a number of peaks significantly overlap,
preventing accurate fitting of relative intensities. A peak at
frequency close to the graphite G peak (about 1580cm™") is
observed even in samples of boron carbide that are believed
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Figure 5. Raman spectra of pure (a), (¢) and silicon-doped (b), (d)
boron carbide taken before and after pressure treatment to 50 GPa.
In all spectra collected before pressure treatment (c), (d) the
crystalline boron carbide peaks from 450-1200 cm™! are the
strongest peaks present. Following pressure treatment of the pure
sample (a), peaks originating from amorphous boron carbide [4] at
about 1325cm™!, 1520cm™! and 1810 cm~! appear with significant
intensity in 7/10 of spectra collected. In the case of the
silicon-doped sample (b), these peaks appeared in only 1/10 of
spectra collected. See online supplementary material
(stacks.iop.org/JPCM/27/015401/mmedia) for further Raman
spectra.
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Figure 6. Raman spectra of silicon-doped boron carbide after
pressure treatment to 67 GPa collected from five different locations
in the sample chamber. Crystalline B4C peaks are now weak and
peaks from amorphous B4C and carbon now dominate. The peak at
about 1580 cm™! is the G peak of disordered carbon while the peak
at about 1350 cm™! contains contributions from the D peak of
disordered carbon and the most intense Raman peak from
amorphous boron carbide.

to be single crystal (see [3,4] and references therein). The
origin of this peak is debated—potentially the formation
of a boron carbide polytype with a CBB chain could also
lead to the appearance of a Raman peak here [3]. For
figure 5 we chose, for clarity, spectra that did not show
graphite/CBB chain content, for spectra demonstrating the

graphite/CBB chain content see online supplementary material
(stacks.iop.org/JPCM/27/015401/mmedia).

We also performed synchrotron x-ray powder diffraction
on pure and silicon-doped boron carbide samples before and
after pressure treatment, and in situ in the DAC at high
pressure. Evidence of structural collapse under pressure was
not found and (within experimental error) the compressibility
of the material is not affected by the silicon doping. The
x-ray diffraction results do not conclusively demonstrate the
presence of amorphous areas in the pure sample following
pressure treatment, as expected from the observation with
TEM that most material remains crystalline and in agreement
with other authors [21]. We did, however, observe x-
ray diffraction peak broadening following pressure treatment
that was greater in the pure sample than the silicon-doped
sample, consistent with reduction in crystallite size (Scherrer
broadening) due to the creation of amorphous areas in the pure
sample observed in TEM. See online supplementary material
(stacks.iop.org/JPCM/27/015401/mmedia) for further details
of x-ray diffraction results.

4. Discussion

Other authors [4] demonstrated that just 25 GPa of non-
hydrostatic pressure is required to induce the localized
amorphization process that prevents pure boron carbide from
withstanding high-velocity impacts. Here, we have confirmed
the presence of widespread localized amorphization in pure
boron carbide following pressure treatment to 50 GPa, and
demonstrated that there is virtually no amorphization in
silicon-doped boron carbide following treatment to the same
pressure—a significant improvement in stability compared to
pure boron carbide. However, we found that a pressure of
67 GPa did induce significant levels of amorphization even
in the silicon-doped material. It is predicted theoretically
that, in pure boron carbide, the energetic barrier to atom-
swapping (i.e. conversion between polytypes) and therefore
amorphization reduces as a function of pressure [11]. It is
likely that this is also true to some extent even for silicon-doped
boron carbide—ensuring that, if pressure is high enough, even
silicon-doped boron carbide will amorphize.

It is important to note that the significant stabilizing
effect of silicon that we have observed experimentally must be
achieved through several different mechanisms, as proposed
earlier. A reduction in B;,(CCC) content in the material as-
synthesized due to the presence of silicon will undoubtedly
play a role, but for the average silicon content in our samples
(1.2 at%) we still expect a significant quantity of the B, (CCC)
polytype to form. Using results from DFT calculations
of the Gibbs free energies of different polytypes in the
pure [11] and silicon-doped [12] samples it is possible to
predict the concentration of the different polytypes. We
expect that a sample doped with 1.2 at% silicon will exhibit
B2(CCC) polytype concentration 91% of that in pure boron
carbide. =~ We expect that in the synthesis temperature
range of interest (1400-2200 K) B;,(CCC) concentration will
vary little with temperature, especially for the silicon-doped
samples. In both cases we expect B1,(CCC) concentration to
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increase slightly as growth temperature is decreased. This
is because, while this polytype has slightly higher Gibbs
free energy than the stable polytype B1;C,(CBC) (AG =
0.03781eV), the polytypes with even higher Gibbs free
energy (e.g. B1;C,(CCB) with AG = 0.07789eV) are
eliminated first as temperature is decreased with B;;C,(CBC)
and B2(CCC) concentration both increasing to compensate.
See online supplementary material for further information
on the expected effect of synthesis temperature on polytype
distribution (stacks.iop.org/JPCM/27/015401/mmedia).

If our prediction that B1,(CCC) concentration in our
silicon-doped samples is 91% of that in pure boron carbide
is correct, then it is likely that the stabilizing effect observed
of silicon doping must occur through other mechanisms also,
in addition to reducing the B;,(CCC) concentration upon
synthesis. Most probable is that the addition of silicon inhibits
formation of the B1,(CCC) polytype under pressure through
atom-swapping, and increases the maximum pressure at which
the boron carbide compound is thermodynamically stable
against phase separation. Further theoretical studies would
be useful to elucidate these issues.

Previous experimental [2,4] and theoretical [22] studies
have demonstrated the necessity of a non-hydrostatic stress
component to induce amorphization in pure boron carbide.
Under impact (extremely non-hydrostatic conditions), only
~23 GPa pressure is required for the amorphization
process [2]. Under non-hydrostatic static compression in the
DAC, limited amorphization was observed following treatment
to 25 GPa pressure and widespread amorphization following
treatment to 35 GPa [4]. Under quasi-hydrostatic conditions
provided by an NaCl pressure-transmitting medium pure boron
carbide was found to be stable to 50 GPa, the highest pressure
reached in the study [4].

In both our study and [4] the comparison between the
Raman spectra and TEM images of pure boron carbide
following pressure treatment provides additional evidence
regarding the role of non-hydrostatic stress in inducing
pressure-induced amorphization. In the Raman spectra of
pure boron carbide following pressure treatment to 50 GPa
(figure 5 in main text, figure S2 and [4]) the crystalline peaks
are often weaker than the amorphous peaks, indicating that
areas comparable in diameter to the ~1um diameter focused
laser beam have amorphized. In contrast, the TEM images
(figure 3 in main text, figures S5 and S6) show most material
remaining crystalline and only very narrow (2—-10nm) bands
amorphizing.

In the Raman spectra of silicon-doped boron carbide
following pressure treatment to 50 GPa (figure 5 in main text
and figure S2) we observe the peaks from amorphous boron
carbide in 1 in 10 spectra, while in the TEM images collected
(figure 3 in main text, figures S5 and S6) we did not observe a
single amorphous area of any size.

This is due to the fact that Raman spectroscopy of
an opaque material such as boron carbide or graphite is a
surface technique, probing only the first ~50 atomic layers.
In contrast, the TEM images are from cross-sections of
~10 pum through the material. In our DAC experiments, non-
hydrostatic stresses are much greater at the surfaces of the

sample touching the diamond anvils, and therefore it is not
inconsistent for there to be a weak amorphous signal on the
surface detected using Raman spectroscopy but no amorphous
areas detected in the bulk of the sample using TEM.

Pure boron carbide is not the only material in which the
presence of a non-hydrostatic stress component is necessary
to cause pressure-induced amorphization. For instance, non-
hydrostatic conditions were also found to be necessary to
observe pressure-induced amorphization in sulphur at room
temperature [23-25].

5. Conclusion

In conclusion, we have synthesized silicon-doped boron
carbide and performed a series of experiments (TEM, SEM,
Raman spectroscopy and x-ray diffraction) demonstrating that
the silicon doping significantly suppresses the static pressure-
induced amorphization previously reported for pure boron
carbide. In a direct comparison between pure and silicon-
doped boron carbide following treatment at 50 GPa non-
hydrostatic pressure we observe widespread amorphization in
pure boron carbide and virtually no amorphization in silicon-
doped boron carbide. Our results indicate that the static
pressure required to induce widespread amorphization in boron
carbide is approximately doubled as a result of doping with
silicon, from 35 GPa [4] to 67 GPa.

Itis now urgent to find ways to synthesize larger quantities
of this new material to enable ballistic testing. If it is found that
silicon doping also suppresses the amorphization process under
shock compression then silicon-doped boron carbide could
significantly out-perform the current state-of-the-art materials
in terms of performance against high-velocity impacts, while
remaining the lightest major ceramic. Even a relatively small
improvement in the performance of boron carbide against high-
velocity impacts would be of significant technological interest.
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