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A B S T R A C T

Intragranular failure plays an important role in the failure process of superhard nanocrystalline
ceramics. But the atomistic deformation mechanisms leading to intragranular failure have not
been well established. Here we performed large-scale reactive force field (ReaxFF) reactive
molecular dynamics (RMD) simulations on the finite shear deformation of nanocrystalline boron
carbide (n-B4C) with a grain size of 9.74 nm. We find that intragranular amorphization initiates
from grain boundaries (GBs) and propagates along the rhombohedral < >(011) 21̄1̄ slip system.
To illustrate the atomic mechanism of amorphous shear band formation along this slip system,
we combined density functional theory (DFT) and RMD simulations on the shear deformation of
single crystal B4C. These simulations displayed that the dislocation nucleation occurs along this
slip system, accompanied with bond breaking of intraicosahedral bonds within B11C cage. This
leads to the amorphous shear band formation under the applied shear deformation. Our simu-
lations suggest that the coupling of dislocation nucleation and GB sliding leads to the in-
tragranular amorphous shear band formation and may leads to the intragranular failure in n-B4C.

1. Introduction

The Hall-Petch relationship describes the grain boundary (GB) strengthening phenomena that the GBs act as barriers to block the
mobile dislocation, leading to an increased yield strength as the grain size decreases (Schiøtz et al., 1998). However, a reverse Hall-
Petch relationship would be expected when grain size is reduced below a critical value in which dislocations can break through the
GBs and move freely (Schiøtz and Jacobsen, 2003). For nanocrystalline metals, the intragranular deformation primarily occurs in the
Hall-Petch relationship region while the intergranular deformation mainly initiates in the reverse Hall-Petch relationship region
(Shimokawa et al., 2005). This is because stress concentrates near the GBs in larger grain size due to the pile-up of dislocations,
facilitating the activation of intragranular deformation within grains. However, in smaller grain size, GB sliding which involves small
atomic scale GB migration could easily occur to accommodate the geometrical misfits, accelerating the intergranular deformation.
The resistances of intergranular and intragranular deformation are influenced by external conditions. Particularly, Coble creep
dominates in the intergranular deformation under high temperature and low applied stress, but superplasticity by grain boundary
sliding is prevalent under a high strain rate and moderate temperature. For nanocrystalline ceramics, although both conventional and
breakdown of Hall-Petch relationships have been observed recently (Ryou et al., 2018), it has not been well established how the
intragranular or intergranular deformation depends on grain-size and external conditions (e.g., temperature, pressure and strain
rate).

In recent years, the atomistic processes of deformation mechanism in nanocrystalline metals are extensively investigated (Latapie
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and Farkas, 2004; Inoue et al., 1995; Shimokawa et al., 2005; Xu et al., 2016; Tong et al., 2016; Cao et al., 2018; Lu et al., 2019;
Prakash et al., 2017; Bieler et al., 2009). Molecular dynamics (MD) simulations (Shimokawa et al., 2005; Latapie and Farkas, 2004;
Inoue et al., 1995) have been employed to investigate the intergranular deformation caused by GB sliding and grain rotation ac-
commodation, as well as the intragranular deformation induced by crystal slips and pile-up dislocations. The underlying atomic
mechanisms of these studies are of great helpful to achieve high strength, yet ductile metals and ceramics through GB engineering.
Although the intergranular deformation mechanism was observed to be dominated in nanocrystalline boron carbide (Guo et al.,
2018), it is essential to investigate the intragranular deformation behaviors in ceramics since it is the dominate deformation modes in
many ceramics (Luo et al., 2018; Alan et al., 2010; Niihara et al., 1994; Wang et al., 2003). In addition, for superhard ceramics, the
local amorphization provides a specialty of structure destruction under deformation (Chen et al., 2003), which is different from metal
alloys where the mobile dislocations are dominated in deformation and failure processes.

To illustrate the atomistic mechanism controlling the deformation and fracture of polycrystalline superhard ceramics, we used
boron carbide (B4C) as a prototype material because of such excellent mechanical properties as high hardness, high Hugoniot elastic
limit (HEL) and low density. These excellent properties arise from the unique structural characteristics of B4C, which consists of 12-
atom icosahedra couple with three-atom C–B–C chains to form a rhombohedral unit cell in which the icosahedra are roughly cubic
closest packed (Bourne, 2002; Sezer and Brand, 2001; Thévenot, 1990; Domnich et al., 2011; Mauri et al., 2001; Xie et al., 2016).
Despite its hardness, B4C displays abnormal shear strength reduction under high pressures, limiting its widespread engineering
applications (Grady, 1998; Ghosh et al., 2012; Holmquist and Johnson, 2006). Previous hypervelocity impact, scratch, and in-
dentation experiments revealed that amorphous shear band formation is the dominant deformation and failure mode of B4C resulting
in shear softening and brittle failure (Chen et al., 2003; Fujita et al., 2014; Reddy et al., 2013). We have recently explained the origin
of the amorphous shear band formation and its role in the brittle failure by combining:

• density function theory (DFT) simulations on B4C single crystal show that amorphous shear bands initiate because shear de-
formation causes the C–B–C chain react with the broken C–B bond between icosahedra to disintegrate the icosahedra (An et al.,
2014).
• reactive molecular dynamics (RMD) simulations on periodic cells with length scales of 25 nm (∼200,000 atoms) show that the
abnormal brittle failure arises because disintegrated icosahedra in amorphous shear bands increase the density, leading to local
tensile stresses that induce cavitation that results in crack opening (An and Goddard, 2015).

Recently, we further examined how GBs affect the mechanical response of nanocrystalline boron carbide (n-B4C) (Guo et al.,
2018). We found that GB sliding is the dominate deformation mechanism in n-B4C in which the shear prefers to align the GBs,
deconstructing icosahedra. We did not consider the void effects in n-B4C, which may play an important role in the intragranular
fracture in micro size B4C. In this Article, to illustrate the intragranular amorphization mechanism in n-B4C, we applied the com-
bination of ReaxFF reactive molecular dynamics (RMD) and density functional theory (DFT) simulations to investigate the finite shear
deformation of n-B4C and single crystal B4C. We found that the intraicosahedral bond breaking leads to the initiation of intragranular
amorphous shear band formation, which propagates along the rhombohedral < >(011) 21̄1̄ slip system. The deformation mechanism
along this particular slip system indicates a dislocation nucleation induced amorphous shear band formation. Our results suggest that
the intragranular failure in B4C may arise from the intragranular amorphous shear bands formation due to the dislocation nucleation.

2. Simulation methods

2.1. Grain boundary model in MD simulations

The system examined herein is the GB model of n-B4C with the grain size of 9.74 nm containing 1,092,685 atoms. The structure is
constructed by the Voronoi construction approach: first, the seeds associated with various rotation matrixes are inserted in the
supercell; then, each grain around the seed is cut out by the Voronoi polygon; finally, 16 randomly oriented grains are pasted together
into a BCC lattice to form the polycrystalline model shown in Fig. 1. To equilibrate the GB model, we first minimize the structure at
0 K, followed by an annealing process from 1000 K to room temperature within 500 ps using the NPT ensemble (constant pressure,
constant temperature, and constant number of atoms). Then we carried out NPT RMD simulations at room temperature until the
internal stresses of system were relaxed to zero. The equilibrium density at ambient condition from ReaxFF is ρ0= 2.58 g cm−3, in
good agreement with the experimental value of 2.52 g cm−3 at 300 K.

To quantify the local plastic deformation during the shear process, we computed the Von-Mises shear strain niMises for each atom
(Shimizu et al., 2007). This measure was incorporated into visualization program AtomEye (Li, 2003). The calculation of niMises

requires two atomic configurations: the sheared configuration, and the initial referent configuration. A local transformation matrix Ji
are sought which best maps

d d j N{ } { },ji ji i
0 0 (1)

where d's are vector separations between atom j and i (superscript 0 means the referent configuration). j is one of atom i's nearest
neighbors, and Ni

0 is the total number of nearest neighbors of atom i, at the reference configuration. Ji is determined by minimizing

D. Guo and Q. An International Journal of Plasticity xxx (xxxx) xxx–xxx

2



d J d J d d d d| |
j N

ji i ji i
j N

ji
T

ji
j N

ji
T

ji
0 2 0 0

1

0 0

i i i
0 0 0 (2)

For each Ji, the local Lagrangian strain matrix is computed as
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Then atom i's local shear invariant can be computed as
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2.2. RMD simulations

To perform RMD simulations, we used the ReaxFF reactive force field incorporated into the large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS) software (Plimpton, 1995). In structure minimization, the potential energy and geometries are
optimized by adjusting the atomic positions and cell parameters. Then we carried out isothermal–isobaric (NPT) RMD simulations to
achieve an equilibrated state at ambient condition with the Nose–Hoover thermostat and barostat. The 100 fs damping constant and
1000 fs damping constant were applied for controlling the temperature and pressure, respectively in NPT dynamics. The periodic
boundary conditions were applied along all three directions and the integration time step was set to 0.25 fs

After the equilibrium structure was obtained, we applied shear deformation to examine the mechanical responses since shear is
the dominated deformation modes leading to amorphous shear band formation in B4C (An et al., 2014). We sheared the system along
x−z plane until failure at a constant shear rate of 0.1 ps−1 with the NVT ensemble (constant volume, constant temperature, and
constant number of atoms). The damping constant for Nose–Hoover thermostat is 100 fs in NVT RMD simulations.

2.3. DFT simulations

DFT simulations were performed by the Vienna Ab-initio Simulation Package (VASP) periodic code with plane wave basis sets
(Kresse and Hafner, 1993, 1996). We used an energy cutoff of 500 eV for the plane wave expansions. The Perdew-Burke-Ernzerh
(PBE) functional and the projector augmented-wave (PAW) method are applied for the exchange-correlation interaction and the core-
valence interaction, respectively (Paier et al., 2005; Kresse and Joubert, 1999). The pseudopotentials in PAW method consider the
2s22p2 electrons and 2s22p1 electrons as valence states for C and B elements, respectively. The energy error for terminating electronic
self-consistent field and the force criterion for the geometry optimization were set equal to 1×10−5 eV and 1× 10−2 eV·Å−1,
respectively. The Brillouin zone integration was performed on Γ-centered symmetry reduced Monkhorst−Pack meshes with a fine
resolution of 2π×1/40 Å−1.

Fig. 1. The simulation model of nanocrystalline B4C with 9.74 nm grain size (1,092,685 atoms). It consists of 16 randomly oriented grains arranged
on the BCC lattice. The dotted blue lines represent the grain boundaries. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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In order to obtain the failure mechanism of B4C especially under complex stress conditions, we examined the deformation be-
haviors as a function of the pure shear strain and biaxial shear strain that mimics a complex indenter loading environment. For pure
shear deformation, we applied shear strain along a particular slip system while relaxing the structure to minimize the other five stress
components (Roundy et al., 1999). The biaxial shear deformation is used to imitate the compressed condition with a biaxial stress
distribution with a shear stress σxz and a normal compressive stress component σzz, following the equation of σzz= σxztanφ, where
φ=68° (Li et al., 2014). The biaxial shear deformation is to mimic the complex stress conditions of indentation experiments.

3. Results and discussion

3.1. Deformation mechanism of GB model

Fig. 2a exhibits the shear-stress−shear-strain relationships of the GB model during shear deformation at a strain rate of 0.1/ps. In
order to illustrate the detailed deformation mechanism during shear process, we selected several critical snapshots to display the
critical events leading to failure. At first, the continuously linear increase in shear stress τ from 0 to 0.275 shear strain illustrates a
unitary elastic deformation without any significant local plastic deformation, as shown in Fig. 2b. Then, a short plastic deformation
process occurs, suggested by a decreased slope in the shear-stress−shear-strain curve from 0.275 to 0.325 shear strain, gradually
reaching to the maximum yield stress of 28.01 GPa. Here, since most of relative movements of atoms accumulate within GB regions,
we expect that GBs sliding is the prevalent deformation mechanism during shear process, leading to the amorphization at these easily
fracture crossover regions where pre-distorted icosahedra exist. However, instead of intergranular GBs sliding, an obvious atomic
sliding region initiates from one GB and orients towards internal grain at 0.3 shear strain, as shown in the oval in Fig. 2c. The GB
facilitates the activation of intragranular sliding propagation which leads to an amorphous band formation and further developing
into shear band with ∼2 nm in width (Fig. 2d).

Fig. 2. (a) The shear-stress−shear-strain relationship of GB model during the finite shear deformation with a 0.1/ps strain rate. (b–d) Atomic
configurations for GB models at various shear strains: (b) Elastic deformation at 0.23 shear strain, the majority of deformation occurs at GB regions;
(c) Initiation of intragranular atomic sliding at 0.3 shear strain; (d) Intragranular and intergranular amorphization at 0.375 shear strain. The color
coding is based on the atomic shear strain. The dotted lines represent the original GB position. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3.2. Local deformation mechanism of intragranular deformation

The local stress state and the specific slip system could be two possible reasons to cause intragranular deformation mode alter-
native to GB sliding. In order to analyze the essential local state evolution of the amorphous shear band formation within the grain,
we drew the shear stress as a function of shear strain (Fig. 3b) by selecting a 1 nm×1 nm×1 nm cube at the initiated grain sliding
spot (Fig. 3a). Also, we extracted snapshots of critical states to analyze the local deformation process.

• The continuous increase in shear stress τ from initial structure to 0.3 shear strain illustrates a uniformly elastic deformation.
During this process, the GB sliding is the dominant deformation mechanism. For example, no visually relative atomic movements
can be found in the selected area at 0.25 strain, but a handful of GB sliding do exist in the GB regions, as shown in Fig. 3c.
• The GB sliding transforms to intragranular sliding at 0.3 shear strain. As the shear strain increases to 0.325, the local shear stress
reaches the maximum value of 41.5 GPa, which is higher than the maximum shear strength of the whole system (Fig. 3a). This is
due to the stress localization in the granular region, leading to local bond breaking.
• The sharp drop of the shear stress arises from the deconstruction of icosahedral clusters which cause amorphous shear band
formations within the grain, releasing regional stresses (Fig. 3e).
• As shear strain continuously increases, the further amorphization significantly relieve the shear stress to 14.74 GPa at 0.5 shear
strain (Fig. 3f). The cavitation occurs in the highly amorphization GB region, leading to the failure of the whole structure.

3.3. Deformation mechanism along < >(011) 21̄1̄ slip system

Here, our RMD simulation results indicate that the intragranular fracture occurs along the < >(011) 21̄1̄ slip system. Therefore, it
is essential to understand the deformation and failure mechanism along this particular slip system.

In order to understand the how the detailed deformation mechanism at this specific gliding system of < >(011) 21̄1̄ , we carried out

Fig. 3. (a) Snapshots of atomic configuration at 0.3 shear strain. An 1 nm×1 nm×1 nm cube in the initiated intragranular deformation region (as
shown in red square) near GB was selected. (b) Shear-stress−shear-strain relations of the selected region. (c–f) Snapshots of GB sliding at 0.25 shear
strain, initiated intragranular atom sliding at 0.3 shear strain, bond breakings at 0.35 shear strain and amorphization at 0.5 shear strain. Only the
first layer of icosahedra is displayed for better illustration. The color coding is based on the atomic shear strain. The dotted lines represent the
original GB position. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the finite shear RMD simulation on the shear deformation along < >(011) 21̄1̄ slip system. Here, for computational convenience, the
structure is rotated to the direction that x−z plane is the (011) slip plane and x-axis is along the < >21̄1̄ slip direction in a Cartesian
coordinate system, as shown in Fig. 4a. To have a clearly insight of the amorphous band formation process, we construct a supercell
containing 21,600 atoms with the cell dimensions of a=5.82 nm, b=10.33 nm, and c=2.80 nm through expanding the unit cell by
6× 12×5 times for each dimension. The equilibrium density from ReaxFF is ρ0= 2.56 g cm−3, in good agreement with the ex-
perimental value of 2.52 g cm−3 at 300 K. It is interesting to notice that our ReaxFF predicted a lower density in perfect crystal than
that of above GB model. This is because that the amorphous phase along GBs is slightly higher in density than crystal phase (An and
Goddard, 2015). The supercell is sheared along x−z plane until failure to examine the mechanical response.

The following steps are observed during the deformation process:

• First, the continuous increase of the shear stress τ and total pressure P until reaching the maximum value of τ=36.8 GPa and
P=26.0 GPa at 0.31 shear strain indicates an elastic deformation, as displayed in Fig. 4d and e. There are no visible changes of
atomic positions in addition to the lattice distortion.
• Next, the plastic deformation initiates, resulting in a quick drop in τ and P. When the shear strain increases to 0.39, a dislocation

Fig. 4. The initial unit cell, shear-stress−shear-strain relations and some critical snapshots for shear along slip system < >(011) 21̄1̄ , showing the
successive process of amorphous band formation. (a) The unit structural model of B4C showing the slip system. (b) The shear stress and pressure are
plotted to show the shear strain dependence. (c) The potential energy is plotted to show the shear strain dependence. (d–i) Snapshots of shearing
showing the successive processes of dislocation and amorphous band formation: (d) intact structure. (e) structure at 0.31 shear strain corresponding
to the maximum shear stress; (f) structure at 0.39 shear strain corresponding to the maximum potential energy and a dislocation nucleation; (g)
magnified structure showing the dislocation region; (h) structure at 0.425 shear strain corresponding to the dislocation expansion with stress
relaxation; and (i) structure at 0.5 shear strain amorphous band (∼1.5 nm in width) formation.
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initiates with the Burgers vector of [21̄1̄]1
4 (Fig. 4f) leading to a slightly reduced slope of the shear-stress−shear-strain relationship.

Meanwhile, the potential energy reaches to its maximum value.
• Then, a ∼2 nm wide dislocation zone is formed at 0.425 shear strain (Fig. 4g) accompanying with intraicosahedral bonds
breaking within icosahedra.
• Finally, an amorphous shear band forms and develops into ∼2 nm zone at 0.5 strain, as shown in Fig. 4i. This amorphous bond
initiates around the dislocation core, where the B4C icosahedra intensively deformed due to the severe straining caused by
dislocation motion. Amorphous band formation dramatically relieves the total pressure from 14.2 to 11.6 GPa and the shear stress
from 26.7 to 22 GPa.

3.4. Bond breaking process for dislocation initiation from DFT simulations

Our above RMD simulation shows that the bond breaking plays a significant role in dislocation and amorphous shear band
nucleation. However, in our GB model, the stress conditions of intragranular dislocation formation are complex due to the local stress
concentration in nearby GB regions. Thus, in order to understand the detailed atomistic bond breaking processes resulting in the
initial destructions of icosahedral cluster during shear process, we applied both pure shear QM simulations and biaxial shear de-
formation to investigate failure mechanisms along < >(011) 21̄1̄ slip system. The shear stress-strain relationship is displayed in
Fig. 5(a1 and a2) and several critical snapshots of bond breaking processes are displayed in Fig. 5(b1-d1 and b2-d2).

For the pure shear simulation, the system deforms elastically to 0.254 strain, then turns into plastic deformation as the slope of
stress-strain curve gradually reduces. the shear stress reaches the maximum value of 44.67 GPa at 0.345 strain before failure starts.
Due to the larger ideal shear strength, The < >(011) 21̄1̄ slip system is harder to active compared to < >(001) 100 slip system and

< >(111) 21̄1̄ slip system, which are two most plausible activated slip systems for B4C (Yang et al., 2018). However, this slip system
may be activated in n-B4C because of local stress concentration, as we observed in above RMD simulations.

A similar stress-strain evolution applies to the biaxial shear deformation. An elastic deformation from 0 to 0.187 strain follows
with a plastic deformation process until 0.209 strain until at which the maximum shear stress of 31.52 GPa is achieved. For both
cases, the icosahedra are not deconstructed as the shear stress reaches its maximum.

As the shear strain increases, bonds stretch continuously and bonds breakings between three boron atoms from two icosahedra are
observed both in pure shear and biaxial shear systems. For pure shear situation, the bond between B1 and B2 boron atoms were
stretched to 2.03 Å at 0.368 strain, leading to a 1.22 GPa drop of shear stress; when the shear strain comes to 0.392, the distance of
B1–B2 boron atomsis stretched to 2.60 Å, indicating the ruptures of this bond, which is responsible for the destruction of the ico-
sahedron and failure of the whole system with the shear stress sharply decreases to 27.40 GPa. For biaxial shear case, the initial B1–B2
bond stretching following by its breaking at 0.254 strain are the reasons of the whole system failure.

4. Conclusions

In summary, Our RMD simulations indicate that the deformation mechanism of the superhard n-B4C is not only the GB sliding, but
also intragranular amorphous band formation. Our RMD and DFT simulations provide a detailed atomic mechanism revealing the
formation of intragranular dislocation and amorphization in n-B4C. This mechanism will be useful for design polycrystal superhard
ceramics. Our major findings are:

(1) GB sliding is the prevalent deformation mechanism of n-B4C, but intragranular failure might initiate from GBs and propagate at
specific slip system, such as < >(011) 21̄1̄ slip system.

(2) The intragranular failure nucleates from GBs at plastic deformation period before reaching to the yield strength.
(3) In the specific < >(011) 21̄1̄ slip system for perfect crystal, amorphous band formation initiates around dislocation core where the

icosahedra intensively deformed and develops into amorphous zones.
(4) Intraicosahedral bonds breaking within icosahedra plays a significant role in dislocation formation, amorphous band formation

and structure failure.

Our results may provide useful information for GB engineering to tune the fracture modes in superhard ceramics. Although GB
sliding is the dominant deformation mechanism for nanocrystalline ceramics, intragranular sliding, dislocation and amorphous shear
band formation could be expected when easily activated slip systems were activated along GB. These findings also stress the sig-
nificance of nanostructure in the materials’ properties and may illustrate a new way to design ductile ceramics with improved
mechanical properties.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijplas.2019.06.004.
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