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Abstract
Grain boundaries, ubiquitous in real materials, play an important role in the mechanical

properties of ceramics. Using boron carbide as a typical superhard but brittle material under
hypervelocity impact, we report atomistic reactive molecular dynamics simulations using the ReaxFF
reactive force field fitted to quantum mechanics to examine grain boundary engineering strategies
aimed at improving the mechanical properties. In particular, we examine the dynamical mechanical
response of two grain boundary models with or without doped Si as a function of finite shear
deformation. Our simulations show that doping Si into the grain boundary significantly increases the
shear strength and stress threshold for amorphization and failure for both grain boundary structures.
These results provide validation of our suggestions that Si doping provides a promising approach to
mitigate amorphous band formation and failure in superhard boron carbide.
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1. INTRODUCTION
Boron carbide (B4C) is a superhard material with a wide range of engineering applications,

including personal body armor, abrasives, neutron capture materials1, and high-pressure nozzles2
because of its high hardness, low density, chemical inertness, resistance to wear, and high neutron
absorption cross section.3,

4

However, applications are limited by the brittle failure observed under

hypervelocity impact or high pressure.4,

5

Recent transmission electron microscopy (TEM)

experiments indicated that this abnormal brittle failure arises from the formation of a very tiny
amorphous shear band of 2~3 nm in width and 100~300 nm in length under various loading
conditions of hypervelocity impact5, indentation6, laser shock7, radiation8, and mechanical scratching9.
In order to explain the amorphization in B4C, numerous theoretical studies focused on the atomic
structural failure that leads to the amorphous shear bands. For instance, our previous DFT study
showed that the structural failure of B4C along the lowest shear stress slip system, (0111)/[1101] (or
(100)r[001]r, using Rhombohedral lattice index) arises from the breaking first B-C bond connecting
two icosahedra with the negative C reacting with the middle positive boron atom in the C-B-C
chain.10 This reaction causes the deconstruction of the icosahedra containing the C, which then

contracts 5-10 % to higher density. Then to further determine how this amorphous band is related to
brittle failure, reactive molecular dynamics (RMD) simulations were performed on finite shear
deformations of B4C with a large (25 nm × 25 nm) system of ∼200,000 atoms.11 Indeed, amorphous
shear bands with a width of 2–3 nm were observed that led to twinning, followed by amorphization,
cavitation, and finally crack formation.11 The origin of the brittle failure is that deconstruction of the
icosahedra increases the density by 5%, leading to tension and cavitation. Therefore, to prevent brittle
failure in B4C, we need to mitigate amorphous shear band formation.
Our QM studies showed that replacing the CBC chains with two-atom chains such as Si2 and P2

leads to ductile single crystals. This suggests that adding Si or P to the grain boundaries might
improve ductility. Several approaches, such as microalloying12–16, stoichiometry control17–19, and
addition of a 2nd phase20–22, have been proposed to mitigate amorphous shear band formation. For
microalloying, both non-metal dopants (P23 and Si24), as well as metal dopants (Li14, 15, Mg12,16, and
Ti13) may decrease amorphization in B4C. Both experimental and theoretical studies have suggested
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that boron enrichment is helpful to mitigate amorphization.17–19 Moreover, the addition of the 2nd
phase, such as SiC25 and TiB226 has been shown to improve the fracture toughness of B4C.
Among these approaches, grain boundary (GB) engineering is promising. Boron carbide has

sharp clean GBs,22, 27 but the presence of GBs in boron carbide weakens the strength of icosahedra

next to the GB, leading to amorphization and GB sliding in nanocrystalline B4C.28 Thus, to improve
the fracture toughness of boron carbide it is important to mitigate amorphization initiated from GBs
by proper design of the GBs. Previously ReaxFF RMD simulations and TEM observations were
combined to examine the atomic level deformation mechanisms of nanocrystalline boron carbide (nB4C) with a range of grain sizes.29 The results showed that high-energy GBs in n-B4C promote GB
sliding, resulting in higher ductility. Another approach for GB engineering is doping additives into the
GBs.30 Previous experiments demonstrated that Al and Si can be absorbed by the GBs in boron
carbide to modify the GB chemistry.31, 32 Moreover, a very recent experiment indicates that a small

amount of Si (~1 at%) doped into boron carbide leads to short, diffuse and multivariant shear faults
that arise from direct fragmentation to contribute to quasi-plasticity in Si-doped boron carbide.33 This
suggests that doping Si into boron carbide can markedly mitigate amorphous shear band formation,
making Si a possible promising candidate for improving the mechanical properties of boron carbide
through GB engineering.
In the present study, ReaxFF RMD simulations were performed to illustrate this Si doping GB

engineering strategy to mitigate the amorphous band formation in B4C. Our simulations find that
boron enrichment mitigates amorphous shear band formation. More interesting, doping Si into the GB
region significantly increases the critical stress for amorphization to strengthen polycrystalline boron
carbide. Our results explain previous experimental findings that Si doping can mitigate the
amorphization in boron carbide by fragmentation rather than amorphization.33

2. METHODOLOGY
2.1 ReaxFF simulations
All RMD simulations were performed using the ReaxFF reactive force field incorporated into the

large-scale atomic/molecular massively parallel simulator (LAMMPS)34. The time step for integrating
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the equation of motion was set to 0.5 fs. The periodic boundary conditions were applied to eliminate
the surface effects. The NPT ensemble and NVE ensemble were applied in the RMD simulations.
For structural optimization, both atomic positions and cell parameters were allowed to relax to

minimize potential energy. Using the optimized structure, the unit cell was rotated to make the “a axis”
along the slip direction and the “c axis” along the slip plane. Then a supercell was constructed by
expanding the rotated structure along all three directions. Next, the structure was relaxed at room
temperature using the NPT ensemble for 10 ps. Finally, finite shear deformation was applied to
examine shear-induced failure.
In order to control shear deformation, we considered three regions of the supercell: an immobile

lower region with a thickness ~1 nm, an immobile upper region with a thickness ~1 nm, and a mobile
region of ~5 nm between the immobile layers, as shown in Fig. S1 of Supplementary Materials
(SM).35 Then a velocity of 1 × 103 m/sec was assigned to the atoms in the upper layer while the atoms
in the lower layer remained fixed. The atoms in the mobile layer were assigned velocities that initially
varied from 0 to 1 × 103 m/sec on top of their thermal velocities at 300 K. The corresponding
engineering strain rate for all simulations is ~1 × 10-3 ps-1. We applied the NVE ensemble to describe
the shear deformation for the mobile atoms while temperature control was achieved by velocity
rescaling in the other two non-sheared directions.
For Si-doped GBs, we added 32 and 8 Si atoms in GB regions to retain the same doping

concentration of ~0.09 at%. In addition, all the Si dopants were placed into the void sites in the GB
regions and the void sites are close to GB atoms with larger atomic volume determined using Voronoi
polyhedra.

2.2 Quantum simulations
QM simulations were performed to build the trainset for retraining ReaxFF to describe B-C

systems. All QM calculations were performed using VASP package34,35 with the Perdew-BurkeErnzerhof (PBE) flavor of the generalized gradient approximation (GGA).36,37 The 2s22p2 electrons
were described explicitly for C, 2s22p1 electrons for B, and 3s23p2 electrons for Si. The
pseudopotentials were constructed using the projector augmented-wave (PAW) method.39 The cut-off
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energy for the planewave basis set is 500 eV, giving good convergence of the energies and structures.
The criteria for terminating self-consistent field and the geometry optimization were set to 10-6 eV and
10-3 eV/Å, respectively. The Brillouin zone integration was performed using the Γ-centered symmetry
reduced Monkhorst−Pack meshes with a fine resolution of 2π×1/40 Å−1.
The equation of state (EOS) for the crystalline structures B4C, B13C2, and B12Si2 were obtained

by compressing or stretching the equilibrium supercell with a strain of 0.02 along each direction. At
each strain, the structure was optimized with fixed cell parameters. The ideal shear deformation was
applied to obtain the energies and structures at finite shear strain for crystalline phases B12Si2, B13C2GBI, B13C2-GBII, Si-doped B13C2-GBI, and Si-doped B13C2-GBII. The shear strain was employed
along a particular slip system while relaxing the structure to minimize the other five stress
components.40 For B12Si2, a 2 × 2 × 2 supercell with 112 atoms was used for shear deformation along

the slip system of (100)r[001]r. The shear deformation of all GB structures was applied parallel to GB

planes using a supercell with ~200 atoms. This force field was developed based on previous ReaxFF
for B4C.11

3. RESULTS AND DISCUSSION
3.1 Development of ReaxFF for B-C-Si
The parameterization of the ReaxFF force field for B-C-Si was firstly improved based on

quantum mechanics (QM) simulations on crystalline phases (B13C2, B4C, and B12Si2) and
microstructures (GBs, and Si-doped GBs). Our QM simulations indicated that Si prefers to be
incorporated into B13C2 rather than B4C. Therefore, to improve the ReaxFF for B4C, QM data on
B13C2 microstructures was added to the training set for developing the B-C-Si force field. The training
set for developing ReaxFF includes QM results for
i.

the equation of state (EOS) of (B11Cp)(CBC) (hereafter B4C) and (B12)(CBC) (hereafter B13C2)

ii.

shear deformation of B4C and B13C2 of two specific GB structures for B13C2 and B4C

iii.

(designed as GBI and GBII),
the heat of formation of B4C and B13C2,
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the energy difference between GBs and crystalline structures (B4C and B13C2),

v.

shear deformation of B12Si2 and Si-doped GB structures (GBI and GBII),

vi.

heat of formation of B12Si2, and

vii.

heat of formation of two Si-doped GB structures.
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iv.

The EOS and shear deformation results for B-C systems from both ReaxFF and QM are

compared in Fig. 1(A-F) while the calculated values for heat of formation and energy differences are
listed in Table S1 and S2 of the Supplementary Material (SM). The shear deformations of B12Si2, Sidoped GBI, and Si-doped GBII are shown in Fig. 1(G-I) and the heat of formation for B12Si2 and Sidoped GB structures are listed in Table S1. Overall, the predictions from ReaxFF are consistent with
QM results, validating the new ReaxFF for B-C-Si system. Inserting Si into B13C2-GBI and B13C2GBII leads to negative heats of formation from QM simulations, suggesting that Si prefers both GB
models of B13C2. The force field parameters are listed in the SM.

3.2 Shear deformation and failure mechanism of B4C and B13C2
The new B-C-Si ReaxFF was used in MD simulations to examine the shear deformation and

failure mechanism of B13C2 which were compared to the ground state B4C. Here, B4C is sheared along
the most plausible slip system of (001)r[100]r.10, 11 The simulation model was constructed with cell
lengths a=2.08nm, b=2.08nm, and c=8.02nm for B4C and a=2.11nm, b=2.11nm, and c=7.26nm for

B13C2, leading to supercells with ~4000 atoms. These models of B4C and B13C2 are shown in Fig. 2(A)
and (B), respectively.
The shear-stress-shear-strain relationships of B4C and B13C2 are shown in Fig. 2(C). The

predicted critical shear stress of B4C is 46.7 GPa, which is comparable with the value (45 GPa) from
our previous ReaxFF simulations.11 This value is higher than the ideal shear strength (37.2 GPa) from
QM simulations10 possibly due to the fixed volume shear deformation. The failure process of B4C
during shear deformation is shown in Fig. 3. Fig. 3(A) displays the intact structure before shear. As
the shear strain increases to 0.325, the shear stress increases to its maximum value of 46.7 GPa, with
all icosahedra are deformed elastically under shear stress, as shown in Fig. 3(B). Then, at 0.529 shear
strain, the amorphous band forms, which dramatically releases shear stress to 22.2 GPa, as shown in
Fig. 3(C). Finally, as the shear strain increases to 1.303, a cavity forms within the amorphous band to
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further relax the shear stress, as shown in Fig. 3(D). This failure process and amorphous band
formation are similar to our previous ReaxFF study.11

Comparing to B4C, B13C2 shows a much lower critical shear stress of 28.6 GPa, suggesting that it

is intrinsically weaker than B4C, as shown in Fig. 2. However, a kink is observed in the shear-stressshear-strain relationship, suggesting a two-step failure process under shear deformation, which is
different from B4C. The failure process of B13C2 is shown in Fig. 4. Fig. 4(A) shows the intact
structure before shear. As the shear strain increases to 0.254, the structure deforms elastically without
structural failure. However, at 0.341 shear strain, the B-B bonds connecting two nearby layers of
icosahedra have broken. Meanwhile, some icosahedra rotate to relax the shear stress from 25.5 GPa to
20.0 GPa, as shown in Fig. 4(B). Then, with increased shear strain, more icosahedra start to rotate. At
0.510 strain, the region of rotated icosahedra expands to the whole structure, as shown in Fig. 4(C).
Meanwhile, the shear stress increases to the maximum value of 28.6 GPa. Then the amorphous band
forms as the shear strain increases further to 0.848 (Fig. 4(D)). Finally, at 1.480 shear strain, a cavity
forms within the amorphous band, as shown in Fig. 4(E). The critical shear strain (0.848) for
amorphization in B13C2 is much larger than that of B4C (0.529), suggesting that B13C2 has a larger
strain to failure than B4C. The improvement of ductility is because the icosahedra in B13C2 favor
rotation rather than breaking the icosahedra bonds to relax stress during shear. This postpones the
deconstruction of icosahedra. However, this rotation of icosahedra also decreases the strength of
B13C2. The results also indicate that boron enrichment can help mitigate the amorphization in boron
carbide, which agrees with the findings in previous experiment.17–19 To obtain the intrinsic error of

our simulations, a 2nd simulation was performed by reassigning the velocity distribution at 300 K
before equilibrium. Following the same procedure as the first simulation, the shear-stress-shear-strain
relationship is computed and shown in Fig. S2(A). The obtained critical stress for the 2nd simulation
is 29.0 GPa, which is ~1.4% different than the first simulation, suggesting that the intrinsic error is
about 1.4%. Also, the failure mechanism is the same for both simulations.

3.3 The effect of doping Si in the GB region on shear deformation of B13C2-GBI.
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Next, the new ReaxFF was applied to examine shear deformation of polycrystalline boron

carbide containing GBs. The QM simulations indicated that Si prefers to be doped into the B13C2
rather than B4C. Particularly, the heat of formation of Si-doped B13C2-GBI and B13C2-GBII is -0.647
eV and -1.135eV, which is more negative than that of Si-doped B4C-GBs (1.785 eV for GBI and 0.079eV for GBII). Therefore, we focus on RMD simulations of the Si-doped B13C2 systems. For the
GB structures of B13C2, the B13C2-GBI model was firstly selected with two grains orientated along
[111]r and [113]r along the “c” direction. In this GBI model, the icosahedral clusters are not

deconstructed. The DFT study of the deformation of this GB for B4C was published previously.28 In
contrast to the previous GB model, the number of crystalline layers was increased between the two
GB regions to construct a supercell with cell lengths of a=4.27nm, b=4.27nm, and c=8.21nm, leading
to 18,240 atoms, as shown in Fig. 5(A). In this model, the shear direction (“a” axis) is parallel to the
GB regions. In order to determine the most plausible slip direction (parallel or perpendicular to GBs)
for GBI structures, a model with the “a” axis perpendicular to the GB regions was constructed,
corresponding to the [113]r direction for Grain A and the [111]r direction for Grain B, as shown in Fig.

S5(A). This leads to the cell lengths of a=5.61nm, b=2.13nm, and c= 7.58nm.
The shear-stress-shear-strain relationships of GBI structures along shear directions parallel or

perpendicular to the GBs are shown in Fig. S3. For the shear deformation parallel to the GBs, we
sheared the model along both negative and positive directions and compared the critical stress. The
results show that the negative direction, which corresponds to the [100]r direction for Grain A and [1
10]r for Grain B, has a lower critical shear stress of 25.4 GPa compared to 33.5GPa for the positive
direction parallel to GBs and 37.8GPa for the direction perpendicular to GBs, suggesting that it is
more plausible for B13C2-GBI. This value is lower than that of single-crystal B13C2 (28.6 GPa),
suggesting that the presence of GB weakens the B13C2 with the amorphization initiating from the GB
regions in polycrystalline B13C2, as shown in Fig. S4. Moreover, a kink is observed in the stress-strain
relationship (Fig. S3), suggesting that the failure process can be partitioned into two steps, as shown
in Fig. 5. The intact structure before shear is shown in Fig. 5(A). As the shear strain increases to 0.296,
the icosahedral clusters near the GB region are deconstructed, as shown in Fig. 5(B). This also
releases the shear stress from the maximum value of 25.4 GPa to 21.2 GPa. Meanwhile, the
icosahedra in the crystalline region of Grain B are deformed without deconstruction. Then, as the
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shear strain increases to 0.635, the shear stress gradually increases to 23.5 GPa and releases the stress
to 21.3 GPa. This is because the icosahedral clusters in the crystalline layer are deconstructed,
initiating the amorphization in this GB structure, as shown in Fig. 5(C). Finally, an amorphous band
forms in the region of Grain B at 1.062 shear strain to release the shear stress to ~19 GPa, as shown in
Fig. 5(D). After that, the 2nd simulation on shear deformation along the negative direction was also
performed, similar to crystal B13C2, to examine the intrinsic error of the RMD simulations. The
obtained shear-stress-shear-strain relationship is shown in Fig. S2(B) and the intrinsic error for RMD
is also ~1.5% which is similar to crystalline B13C2.
The failure mechanism along the positive direction parallel to the GBs is similar to the failure

process along negative direction parallel to the GBs, as shown in Fig. S5. The intact structure is
shown in Fig. S5(A). The first step of structural failure arises from the deconstruction of icosahedral
clusters in the GB region at 0.392 shear strain, as shown in Fig. S5(B). This releases the shear stress
from the maximum value of 29.8 GPa to 26.0 GPa. Then, at 0.920 shear strain, the icosahedral
clusters in the crystalline layers are deconstructed to form an amorphous band, leading to the further
release of shear stress to 15.5 GPa, as shown in Fig. S5(C). This corresponds to the second step of
structural failure.
The failure mechanism for shear perpendicular to the GBs is shown in Fig. S6. The structural

failure also arises from the deconstruction of icosahedral clusters in the GB region, as shown in Fig.
S6(B). All these results regarding the failure mechanism of the B13C2-GBI structure indicate that the
GB region is weaker than the crystalline region. Hence, the failure of the B13C2-GBI model occurs
when the icosahedra in the GB region deconstruct.
Then, 32 Si atoms were added into the GB region (doping concentration: ~0.09 at%) to construct

the Si-doped GB model. Shear deformation was applied to examine the effects of Si doping. Here, the
Si-doped GBI structure was sheared along the negative direction parallel to the GB since it is the most
plausible slip direction for GBI. The shear-stress-shear-strain relationship for Si-doped GBI is shown
in Fig. 6 and compared to GBI without Si. Doping with Si increased the critical shear stress to 30.2
GPa, which is 4.8 GPa higher than that of pure GBI (25.4 GPa). This is comparable to the crystalline
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B13C2 (28.6 GPa), suggesting that doping Si atoms in the GB region can dramatically strengthen
the GBI structures by increasing the stress threshold for amorphization.
The failure mechanism of the Si-doped B13C2-GBI structure is displayed in Fig. 7. The initial

structure before is shown in Fig. 7(A). As the shear strain increases to 0.326, the icosahedra in the GB
region are deconstructed, as shown in Fig. 7(B), releasing the shear stress from 25.1 GPa to 21.1 GPa.
Then, with the increase of shear strain, the icosahedra near the GB region in Grain A of Si-doped GBI
are rotated as shear strain increase to 0.612, which is similar to the first step of the failure process for
crystalline B13C2. This is different from the failure mechanism of pure GBI that the icosahedra in the
region of Grain B are deformed and then deconstructed to form an amorphous shear band. Meanwhile,
the icosahedra in the Grain B region are deformed. However, none of them is deconstructed at this
shear strain, as shown in Fig. 7(C). With further increase of shear strain, the rotated icosahedral layers
are gradually expanded to the whole crystalline region of Grain A. At 0.776 shear strain, 5-layers
icosahedra are rotated, as shown in Fig. 7(D). Finally, at 1.075 shear strain, the rotated icosahedra in
Grain A are deconstructed to form an amorphous band, as shown in Fig. 7(E).
The B13C2-GBI has a lower critical shear stress of 25.4 GPa under ideal shear deformation,

compared to 28.6 GPa for crystalline B13C2, suggesting that the presence of GBs in the polycrystal

lowers the strength of B13C2 while favoring the formation of the amorphous band.
However, doping Si atoms into the GB region increases the stress threshold for amorphization as

well as the strength of the GBI structure. This is due to the change in failure mechanisms between
pure GBI and Si-doped GBI. For pure GBI, the icosahedra in Grain B deform and then deconstruct to
form the amorphous shear band. However, for Si-doped GBI, the icosahedra in Grain A rotate first
and later deconstruct to form the amorphous band.

3.4 The effect of doping Si in the GB region on shear deformation of B13C2-GBII.
In addition to GBI, the shear deformation of B13C2-GBII was examined and explored how Si

doping affects the deformation process. The GBII model has broken cages along the GBs, in contrast
to the GBI model. Firstly, the GBII model was constructed with Grain A along [211] and Grain B

along [211] along “c” direction. The orientations are similar to the GBII model of B4C in our previous
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DFT study.28 Then, a supercell was created by increasing the crystalline layers between two GBs by 4

layers compared to our previous DFT.28 The constructed supercell has cell lengths of a=4.93nm,

b=2.21nm, and c=6.01nm, leading to 8,720 atoms, as shown in Fig. 9(A). For the shear deformation,
the orientations for Grain A and Grain B are the same. For the GBII model, it is only sheared parallel
to GBs.
The shear-stress-shear-strain relationship for the pure GBII is shown in Fig. 8. The critical shear

stress is 28.0 GPa, which is slightly lower than crystalline B13C2 (28.6 GPa), as shown in Fig. S4. In

order to demonstrate that this small decrease in critical stress of GBII is not caused by intrinsic error
of the RMD simulation, the standard deviation for the shear stress fluctuation was computed to be
0.166GPa. This suggests that the critical stress of GBII is lower than the value of crystalline B13C2.
The failure process of the GBII structure is shown in Fig. 9. The intact structure is shown in Fig. 9(A).
Fig. 9(B) exhibits the structural failure in the GB region at 0.297 shear strain. This slightly releases
shear stress from 27.1 GPa to 26.2 GPa. Meanwhile, the icosahedra in part of the crystalline region of
Grain B also deform under shear stress. However, they do not deconstruct. At 0.503 shear strain, all
icosahedra in Grain B are deformed, as shown in Fig. 9(C). Also, some icosahedra at the bottom of
the cell start to deconstruct, which initiates amorphization. Then, as shear strain increases to 0.723,
the amorphous band in that crystalline region forms, as shown in Fig. 9(D).
Then, 8 Si atoms were added into the GB region, leading to a doping concentration of ~0.09 at%,

as shown in Fig. 10(A). This doping concentration is same with Si-doped GBI. This Si-doped GBII
was sheared along the same direction as the pure GBII. The shear-stress-shear-strain relationship is
shown in Fig. 8. The critical shear stress of Si-doped GBII is 30.5 GPa, which is higher than GBII
(28.0 GPa). Thus, Si doping can help strengthen the GBII. The failure mechanism of the Si-doped
GBII is similar to the failure process of the pure GBII structure, as shown in Fig. 10. The intact
structure is shown in Fig. 10(A). Then, at 0.349 shear strain, the structure in the GB region fails while
the icosahedra in the crystalline region of Grain B start to deform, as shown in Fig. 10(B). This
slightly releases the shear stress from the maximum value of 28.5 GPa to 26.0 GPa. Note that this
critical shear stress is slightly higher than that of pure GBII (27.1 GPa), suggesting that Si doping can
increase the stress threshold for the deconstruction of icosahedra in the GB region. Then, at 0.614
shear strain, the icosahedra in the bottom layers of Grain B start to deconstruct, initiating
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amorphization and relaxation of the shear stress, as shown in Fig. 10(C). Finally, at 0.818 shear strain,
the icosahedra in that region completely deconstruct and the amorphous band forms, as shown in Fig.
10(D). The combination of stress-strain relationship and failure process suggests that doping Si into
the GB region of GBII can increase the stress threshold for both structural failures in the GB region
and for amorphous shear band formation.
The critical shear stress of 28.0 GPa for B13C2-GBII is lower than the 28.6GPa of crystalline

B13C2, suggesting that amorphization prefers to initiate near the GBII region of polycrystalline boron
carbide. However, adding Si into the GB region increases the strength of GBII and helps mitigate the
formation of amorphous shear band in GBII, similar to the Si doping in GBI.

4. CONCLUSION
In summary, ReaxFF RMD simulations were applied to examine how Si doping in GBs affects

the shear deformation and failure mechanism of boron carbide. Firstly, the shear deformation of B13C2

was examined and compared to B4C. Then, the shear deformation of two specific GB models of B13C2
including B13C2-GBI and B13C2-GBII were examined. After that, Si atoms were added into their GB
regions to illustrate the effect of Si doping on the mechanical properties of GB structures. The main
findings are:
1. B13C2 has a lower critical shear strength (28.6GPa) compared to B4C (46.7GPa), but B13C2

exhibits a larger critical strain for amorphization, 0.848 compared to 0.529, suggesting that boron
enrichment helps mitigate amorphization in boron carbide.
2. The critical shear stresses for B13C2-GBI and B13C2-GBII models, 25.4GPa and 28.0GPa, are

lower than that of crystalline B13C2, 28.6GPa, suggesting that the GB models are weaker than the
crystal phase and that the amorphous band prefers to initiate near GB regions.
3. For both B13C2-GBI and B13C2-GBII, adding Si atoms into GB regions increases their shear

strength and stress threshold for amorphous band formation: 30.2GPa and 30.5GPa compared to
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25.4GPa and 28.0GPa This suggests that doping Si in GBs helps mitigate amorphization in boron
carbide.
The present study focuses on two special GB models. In future studies, it is important to examine

the effects of Si dopants on more general GB structures, such as tilt and twist boundaries. Our results
provide an atomic-level explanation consistent with experimental findings that doping Si into boron
carbide helps mitigate amorphization.33 Our findings provide a basis for future materials design to
improve ductility of super-hard boron carbide.
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Figure Captions
FIGURE 1 Comparison between ReaxFF and QM results for equation of state of (A) B4C and (B)
B13C2 , and shear deformation of: (C) B4C, (D) B13C2, (E) B13C2-GBI, (F) B13C2-GBII; (G) B12Si2; (H)
Si-doped B13C2-GBI, and (I) Si-doped B13C2-GBII.

FIGURE 2 (A) and (B) The models for shear of B4C and B13C2, respectively; (C) the shear-stressshear-strain relationships of crystalline B4C and B13C2 along the (001)r[100]r slip system. The blue
and yellow balls represent the boron and carbon atoms, respectively.

FIGURE 3 Failure mechanism of crystalline B4C along the (001)r[100]r slip system. (A) The intact
structure; (B) the structure at 0.325 shear strain; (C) the formation of amorphous shear band at 0.529
shear strain; (D) cavitation within the amorphous band at 1.303 strain. The blue and yellow balls
represent the boron and carbon atoms, respectively.

FIGURE 4. Deformation and failure mechanism of crystalline B13C2 for shear along the (001)r[100]r
slip system. (A) The intact structure; (B) the structure at 0.341 shear strain before rotation of
icosahedra; (C) the rotation of icosahedra at 0.510 shear strain (D) the formation of amorphous band
at 0.848 strain; (D) cavitation within the amorphous band at 1.480 strain. The blue and yellow balls
represent the boron and carbon atoms, respectively.

FIGURE 5. Deformation and mechanism of B13C2-GBI for shear parallel to GB. (A) The intact
structure; (B) the deconstruction of icosahedra near GB region at 0.296 shear strain; (C) the initiation
of amorphization at 0.635 shear strain; (D) the formation of amorphous band at 1.062 shear strain.
The blue and yellow balls represent the boron and carbon atoms, respectively.
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FIGURE 6 Shear-stress-shear-strain relationships of B13C2 GBI-model with/without doped Si.

FIGURE 7 Deformation and mechanism of Si-doped B13C2-GBI for shear along the negative direction
parallel to the GB. (A) The intact structure; (B) the deconstruction of icosahedra near GB region at
0.326 shear strain; (C) the rotation of one-layer of icosahedra in Grain A at 0.612 shear strain; (D) the
rotation of 5 icosahedral layers in Grain A at 0.776 shear strain; (E) the formation of the amorphous
band in Grain A at 1.075 shear strain. The blue, yellow, and red balls represent the boron, carbon, and
silicon atoms, respectively. The black dashed line indicates the GBs.

FIGURE 8 Shear-stress-shear-strain relationships of B13C2 GBII-model with/without doped Si.

FIGURE 9. Deformation and failure mechanism of B13C2-GBII shear parallel to GB. (A) The intact
structure; (B) structural failure in GB region at 0.297 shear strain; (C) the deformation of icosahedra
in Grain B at 0.503 shear strain; (D) the formation of amorphous band in Grain B at 0.723 shear strain.
The blue and yellow balls represent the boron and carbon atoms, respectively. The black dashed line
represents GBs.

FIGURE 10. Deformation and failure mechanism of B13C2-GBII model with doped Si shear parallel

to GB. (A) The intact structure; (B) structural failure in GB region at 0.349 shear strain; (C) the
deconstruction of icosahedra in bottom layers of Grain B at 0.614 shear strain; (D) the formation of
amorphous band in Grain B at 0.818 shear strain. The blue, yellow, and red balls represent the boron,
carbon, and silicon atoms, respectively.
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