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Abstract

Dislocation glide, deformation twinning, and phase transition are critical mechanisms
resulting in irreversible plastic deformations of materials. Due to the lack of dislocation movement,
superhard ceramics generally exhibit brittle failure at room temperature. Here, by employing
molecular dynamics simulations using a machine-learning force field, we reveal several plastic
deformation mechanisms in superhard boron carbide as a small amount of aluminum (Al) is doped.
Under shear deformation, dislocation nucleation and glide occur in Al-doped boron carbide (Bi2-
CAIC) due to the breakage of weakened chain bonds rather than the disintegration of icosahedral
clusters. The dislocation activities then cause twin boundaries to migrate, thereby mitigating
amorphization and enhancing ductility. Furthermore, the mobile dislocation with the Burgers
vector of b=<110>{111} is observed in the tensile nanopillar, which is well consistent with the
experiment. This work demonstrates that mobile dislocation could be activated in superstrong

covalent materials through a simple doping strategy.



The deformation mechanism of materials pertains strongly to the crystal structure, chemical
composition, and bonding characteristics. Generally, metal alloys exhibit ductile deformation
behaviors due to plastic deformation mechanisms including dislocation movement, deformation
twinning, shear banding, and phase transformation [1,2]. In contrast, covalent or ionic solids often
possess high strength yet exhibit brittle fractures with limited plasticity under ambient conditions,
due to the strong chemical bonding [3,4]. Indeed, materials with dual properties of high strength
and high ductility are very attractive for both scientific research and engineering applications.
Eutectic high-entropy alloys with high strength and high ductility, for example, are excellent as-
cast alloys for industrial equipment as propellers and adapters [5]. Therefore, it is desirable to
improve the strength of metallic alloys and the ductility of covalent solids. Traditional methods for
strengthening metallic materials involve the creation of internal precipitates and boundaries to
obstruct dislocation movement [6,7], e.g. Hall-Petch relationship [8]. Whereas improving the
ductility of covalent materials primarily relies on strategies like microalloying, grain boundary
engineering, second-phase addition, etc. [9,10], which control the generation of internal defects
and interactions between them (e.g. dislocation, stacking fault, and twinning), leading to plastic
deformations [11].

Boron carbide is a prototype material for icosahedral solids, which exhibit very limited plastic
deformation and abnormal brittle failure due to amorphous shear band formation [3,12,13]. These

materials possess high hardness and low density, and they have been used in wide engineering
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applications such as refractories, abrasives, and semiconductors [ 14-16]. Mitigating amorphization
is pivotal to the design of boron carbide with improved ductility and mechanical performance for
broader engineering applications. Many strategies have been proposed to suppress the
amorphization of boron carbide, including doping [17], stoichiometry control [18], second-phase
addition [19], and grain boundary engineering [20]. Quantum mechanics (QM) simulations
suggested that the disintegration of icosahedra in boron carbide is triggered by strong interactions
between chains and neighboring icosahedra, thereby causing amorphization [21,22]. Tailoring the
chemistry of chains and icosahedra to reduce icosahedron-chain interactions has been suggested
to mitigate amorphization and subsequently suppress the anomalous brittle failure in boron carbide.
One effective approach to altering the chemistry of chains and icosahedra is doping foreign atoms.
Recently, doping metallic atoms, such as Mg [23,24], Li [25,26], and Al [27], into boron carbide
has become an attractive strategy to mitigate amorphization due to increased strength [26] or
enhanced icosahedral rotation [23,27]. Interestingly, a recent experimental study displayed the
presence of parallel dislocations in Al-doped boron carbide under indentation [27], suggesting
these parallel dislocations may be formed from the same source. But there is no direct evidence
showing that dislocations are mobile in these systems.

In the present study, several plastic deformation mechanisms are revealed in Al-doped boron
carbide from machine-learning force field (ML-FF)-based molecular dynamics (MD) simulations.

We find that Al doping activates mobile dislocations in boron carbide due to the breakage of
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weakened chain bonds or icosahedral rotation. The mobile dislocations then cause stacking fault
formation and twin boundary migration, thereby mitigating amorphization.

Boron carbide has a unique crystal structure composing of 12-atom (B12 or B11CF) icosahedra
located at the vertices of a rhombohedral unit cell and a 3-atom C-B-C linear chain connecting
icosahedra along the longest body diagonal (Fig. 1(a) and Fig. S1(a) [28]) [15]. Based on previous
experiments and QM predictions [27,37], Al doping primarily modifies the C-B-C chain to the C-
Al-C chain, leading to the most stable structure, B1>-CAIC (Fig. 1(b)). Similar to boron carbide,
B12-CAIC has complicated chemical bonding containing delocalized skeletal bonding within
icosahedra and three-center-two-electron bonds among chains and icosahedra (Fig. 1(b) and Fig.
S1(b) [28]), thus making it challenging to develop a classical force field for atomic interactions.
Here, an ML-FF is developed by training deep neural networks based on atomic forces, system
energies, and virial stresses derived from QM simulations [36]. The details of ML-FF development
and validation are provided in Supplementary Material [28] and Fig. S2 [28].

With the developed ML-FF, we apply finite shear deformations on B12-CAIC along several
plausible slip systems: (001)/[100], (011)/[211], (111)/[211], (111)/[112], (111)/[011], and
(111)/[110], respectively, and compare its deformation behaviors with those of boron carbide
(B4C). Large supercells with the size of ~11.5 x 3.0 x 11.5 nm (43,200~51,840 atoms) are
constructed by replicating the rotated unit cell along the slip system, in which the x direction is

rotated to align with the slip direction, and the slip plane is in the xy plane of the Cartesian
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coordinate system (Figs. 1(c)-(d) and Fig. S3 [28]). The details of MD simulations are discussed

in Supplementary Material [28].
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FIG. 1. The crystal structure and electron localization function of (a) B4C and (b) Bi2-CAIC,
and the computational models of B12-CAIC shearing along (c) (011)/[211] and (d) (111)/[211]

slip systems. The blue, orange, and yellow balls represent B, C, and Al atoms, respectively.

The shear deformation behaviors of B1o-CAIC and B4C are illustrated by the shear-stress-
shear-strain relationships. As shown in Fig. S4 [28], B4C exhibits brittle failure for all slip systems.
Whereas Al doping significantly enhances ductility, and the critical failure strain of B1>-CAIC
along the most plausible slip system reaches ~0.77, which is almost three times compared to that
of B4C. The shear strengths of B1,-CAIC along (001)/[100], (011)/[211], (111)/[211], (111)/[112],

(111)/[011], and (111)/[110] slip systems are 20.0, 16.9, 16.9, 17.1, 20.6, and 20.7 GPa,



respectively, suggesting that (011)/[211], (111)/[211], (111)/[112] are three favorable slip systems
for B12-CAIC. In contrast to B4C, B12-CAIC exhibits various deformation behaviors after reaching
the maximum shear stress, where an abrupt drop of stress occurs along (111)/[112], (111)/[011],
and (111)/[110] slip systems, while stress fluctuation/flow is observed along other slip systems.
To explain the deformation behaviors, the snapshots and associated deformation mechanisms of
B12-CAIC along various slip systems are analyzed below.

The deformation processes of B12-CAIC along the most plausible (011)/[211] slip system at
300 K are shown in Fig. 2 and Figs. S5-S7 [28]. Fig. 2 illustrates the nucleation and movement of
dislocation, and the subsequent stacking fault formation. As the shear strain increases, C-Al chain
bonds are first broken after elastic deformations, which causes Al atoms to be completely free from
chains, providing favorable sites for dislocation nucleation (Fig. 2(a)). Then the dislocation glide
is driven by shear strains due to the breakage of chain bonds, even at 300 K (Figs. 2(b)-(c)). The
Burgers vector is identified as b=<001>{100} or b=<010>{100} for this partial mixed-type
dislocation (Fig. 2(c)). Subsequently, the dislocation dipole with opposite Burgers vectors forms,
moves towards each other, and eventually annihilates, leaving behind an imperfect crystal
containing a stacking fault with one-icosahedral-layer twin boundaries (TBs) without fracturing
icosahedra (Figs. 2(d)-(e)). Noteworthy, the twinned configuration of B1>-CAIC does not strictly
obey the characteristic symmetry of twinned crystals, where only the icosahedra on the two sides

of TBs form mutual mirror images. Then these TBs act as sources to initiate other dislocations of
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the same type. The repetition of the dislocation initiation, glide, and following reaction near the
TBs causes the TBs to migrate continuously during shear deformations and the shear stress to
fluctuate (Fig. 2(a)), thereby mitigating amorphization. The details of TB migration caused by
these dislocation activities are provided in Fig. S7 [28]. Particularly, the dislocation-TB interaction
may cause strain hardening during shear deformations, thus strengthening B12-CAIC (Fig. 2(a)).
With further shear to the shear strain of €=0.76686, a local amorphization region is formed in
the twinned area due to the destruction of icosahedra, which then propagates and further develops
into an amorphous band, indicating structural failure (Figs. S6(p)-(r) [28]). Similarly, TB
migration is also observed in B12-CAIC before amorphization for shear along the (001)/[100] slip
system, leading the shear stress to fluctuate. However, this TB migration is caused by chain-bond-
breakage-mediated icosahedral-layer slip rather than dislocation nucleation, glide, and annihilation.
The detailed deformation processes along this slip system are provided in Figs. S8-S9 [28]. Overall,
the ductility of boron carbide is significantly enhanced via Al doping due to TB migration, which
is driven by the nucleation, glide, and reaction of partial dislocations parallel to the twin planes or
by slippage of icosahedral layers.

The activated plastic deformation mechanisms involving mobile dislocation and TB
migration in B1>-CAIC are attributed to the modification of crystal chemistry and bonding
characteristics via Al doping. Since Al doping mainly alters the structure and bonding

characteristics of chains, the length of chain bonds increases from 1.4 A to 1.9 A, and more
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importantly, the bonds among chains and icosahedra change from two-center-two-electron bonds
to weaker three-center-two-electron bonds (Figs. 1(a)-(b)). Thus, the weakened chain bonds act as
sources to initiate the plastic deformation of Bi2-CAIC, which is in stark contrast with that in
undoped boron carbide, where the intra-icosahedra bonds break first due to interactions between
chains and icosahedra (Fig. S10) [21,22]. Therefore, the dislocation nucleation and motion in Bj»-

CAIC are mainly attributed to the breakage of chain bonds resulting from the weakening effect via

Al doping.
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FIG. 2. (a) The shear-stress-shear-strain relationship, (b) dislocation nucleation due to the
breakage of chain bonds, (c) and (d) partial dislocations movement with b=<001>{100} or
b=<010>{100}, (e) dislocations reaction (annihilation), leaving behind a stacking fault, of B1o-

CAIC along the (011)/[211] slip system at 300 K.
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No TB migration is observed in Bi12-CAIC shearing along other slip systems, although
dislocation glide is indeed the main plastic deformation mechanism for the (111)/[211] and
(111)/[112] slip systems. Fig. 3 and Figs. S11-S12 [28] illustrate the deformation processes of Bi,-
CAIC along the (111)/[211] slip system at 300 K. First, C-Al chain bonds are broken gradually
after elastic deformations until most Al atoms are completely free from chains (Figs. 3(b)-(c)),
causing the shear stress to just slightly decrease within a 0.09756 shear strain (Fig. 3(a)). The
breakage of chain bonds causes icosahedral rotation (Fig. 3(d)). The rotation of icosahedral clusters
is the source of the nucleation of dislocations. The generated partial dislocations with
b=<001>{010} or b=<100>{010} form a dislocation dipole, which moves towards each other and
eventually reacts and annihilates in amorphization or void regions, leaving behind stacking faults
(Figs. 3(e)-(g)). Finally, the amorphization arising from disintegrated icosahedra propagates and
merges to form an amorphous band, indicating structural failure (Figs. S12(h)-(1) [28]). When
shearing along the (111)/[112] slip system, a similar mechanism is identified in B12-CAIC by
which dislocations nucleate by chain-bond-breakage resulting in icosahedral rotation, glide with
b=<100>{001} or b=<010>{001} and finally annihilate in amorphization regions (Figs. S13-S14
[28]). Noteworthy, although the icosahedral rotation regions arising from the breakage of
weakened chain bonds provide favorable sites for dislocation nucleation, these regions block

dislocation movements, and thus TB migration and stress fluctuation are not observed in
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(111)/[211] and (111)/[112] slip systems. There are no mobile dislocations in B12-CAIC for
(111)/[011] and (111)/[110] slip systems. Instead, the breakage of weakened C-Al chain bonds
mediates icosahedral-layer slip, which distorts and collapses some icosahedra, thereby causing

amorphization in B12-CAIC. The detailed deformation processes for these two slip systems are

discussed in Figs. S15-S18 [28].

Y
[}
—
i)
~—
(2]

-
N
-

Shear stress (GPa)

o L 1 L L
0.0 0.1 0.2 0.3 04
Shear strain

FIG. 3. (a) The shear-stress-shear-strain relationship, (b) and (c) the gradual breakage of chain
bonds, (d) dislocation nucleation due to icosahedral rotation, (e) and (f) partial dislocations

movement with b=<001>{010} or b=<100>{010}, (g) dislocations annihilation, of B1>-CAIC

along the (111)/[211] slip system at 300 K.

Yang et al recently conducted indentation experiments on Al-doped boron carbide and
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observed parallel dislocations with b=<110>{111} near the crack tip using transmission electron
microscopy, indicating the importance of the free surface in dislocation nucleation [27]. Therefore,
we construct a B12-CAIC nanopillar model, displayed in Fig. 4(a) and Fig. S19 [28], with a length-
to-diameter ratio of ~1.5:1 (61,888 atoms), and conduct compression and tension along the [577]
direction that formsa~45° angle with {111} plane in which dislocation slip may occur [27]. Fig.
4 and Figs. S20-S21 [28] display the tension process of the nanopillar, including the dislocation
nucleation and its movement. As the tensile strain increases, B1>-CAIC deforms elastically, but the
C-Al-C angles change suddenly, causing a small kink in the stress-strain relationship (Fig. 4(a)).
The free surface acts as a source for dislocation nucleation, emitting a dislocation at the surface of
the nanopillar due to the breakage of C-Al chain bonds and inter-icosahedral B-B bonds without
fracturing icosahedra (Fig. 4(b)). The dislocation glides along the slip plane (Figs. 4(c)-(d)) and
eventually annihilates at the surface. The Burgers vector for this perfect dislocation is
b=<110>{111}, which matches experimental observations [27] and validates the present
predictions. Finally, a cavity is formed near the surface and propagates along the slip plane, which
further develops into a crack (Figs. S21(g)-(h) [28]). In contrast, when the B12-CAIC nanopillar is
under compression, the icosahedra are disintegrated along with icosahedral-layer slip and

icosahedral rotation, thereby forming an amorphous shear band in the {111} plane (Figs. S22-S23

[28]).
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FIG. 4. (a) The tensile-stress-tensile-strain relationship, (b) dislocation nucleation due to the
breakage of chain bonds and inter-icosahedral bonds near the surface, (c) and (d) perfect
dislocation movement with b=<110>{111}, along the [577] direction of the Bi,-CAIC

nanopillar at 300 K.

In summary, the ML-FF MD simulations indicate that tailoring the chain structure of boron
carbide via Al doping can effectively activate mobile dislocations at room temperature. Al doping
bends the linear chain of boron carbide and weakens its strong covalent bonding, making chain
bonds relatively prone to breaking compared to the icosahedral bonds. For the most plausible
(011)/[211] slip system, the breakage of weakened chain bonds facilitates the nucleation and
motion of partial dislocations, leading TBs to migrate, thereby mitigating amorphization and
enhancing ductility. TB migration is also observed in the (001)/[100] slip system, which instead
results from chain-bond-breakage-mediated icosahedral-layer slip. While for (111)/[211] and

(111)/[112] slip systems, the breakage of weakened chain bonds induces icosahedral rotation,
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which facilitates dislocation nucleation but blocks dislocation movement and further TB migration.
A perfect dislocation is nucleated at the free surface of the Bi2-CAIC nanopillar under tension,
which glides with the Burgers vector of b=<110>{111} and eventually annihilates at the surface.
These findings signify that doping is an effective strategy to tailor deformation mechanisms in
boron carbide, which provides a significant approach for mitigating amorphization and enhancing
ductility and damage resistance in brittle ceramics.
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