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Quasi-plastic deformation mechanisms and inverse Hall–Petch
relationship in nanocrystalline boron carbide under compression
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Grain boundaries (GBs) play a significant role in the deformation behaviors of nanocrystalline ceramics. Here, we
investigate the compression behaviors of nanocrystalline boron carbide (nB4C) with varying grain sizes using molecular
dynamics simulations with a machine-learning force field. The results reveal quasi-plastic deformation mechanisms in
nB4C: GB sliding, intergranular amorphization and intragranular amorphization. GB sliding arises from the presence of
soft GBs, leading to intergranular amorphization. Intragranular amorphization arises from the interaction between grains
with unfavorable orientations and the softened amorphous GBs, and finally causes structural failure. Furthermore, nB4C
models with varying grain sizes from 4.07 nm to 10.86 nm display an inverse Hall–Petch relationship due to the GB sliding
mechanism. A higher strain rate in nB4C often leads to a higher yield strength, following a 2/3 power relationship. These
deformation mechanisms are critical for the design of ceramics with superior mechanical properties.

Keywords: nanocrystalline boron carbide, compression, grain boundary sliding, amorphization, inverse Hall–
Petch behavior

PACS: 61.72.Mm, 62.20.F–, 02.70.Ns DOI: 10.1088/1674-1056/ad4989

1. Introduction
Nanocrystalline ceramics with nanosized grains often ex-

hibit superior mechanical properties, such as high fracture
toughness, high strength and super-plasticity in typically brit-
tle behavior.[1–3] Extensive studies have explored the me-
chanical properties of nanocrystalline materials.[4–9] Gener-
ally, the mechanical behavior of nanocrystalline materials is
strongly associated with grain boundary (GB) properties, such
as grain size.[6,7,10–14] In nanocrystalline metals, the pres-
ence of GBs typically improves strength and ductility by
blocking the movement of dislocations. This is described by
the well-established Hall–Petch relationship, i.e., a reduction
in grain size leads to an increase in yield strength.[10,15,16]

However, when the mean grain size decreases below a crit-
ical threshold, the Hall–Petch relationship becomes ineffec-
tive due to diffusion-based mechanisms, such as GB slid-
ing, GB diffusion and grain rotation.[17–19] It is believed that
these diffusion-based mechanisms are easily activated com-
pared with dislocation, contributing to the breakdown of Hall–
Petch behavior.[20,21] In nanocrystalline ceramics, both Hall–
Petch behavior and the inverse Hall–Petch effect have been
observed,[11–13,22] but the underlying mechanisms remain un-
clear due to the limited dislocation activities in most ceramics
under ambient conditions.

In most ceramics, amorphization is the main defor-
mation mechanism for dissipating accumulated energy due
to strong covalent bonding.[23–25] Generally, amorphiza-
tion mechanisms are associated with crystal defects (dis-
location, twinning and stacking faults),[23,26–28] structural

transformation[29,30] and bond breakage.[27,31] In nanocrys-
talline ceramics, GBs play an important role in the de-
formation mechanisms due to the presence of disordered
GB phases.[4–6,14,32] For example, amorphization in single-
crystal 6H-SiC results from a structural transformation,[29]

while nanocrystalline SiC under nanoindentation exhibits
a crossover from continuous intergranular deformation
to discrete intragranular deformation due to the inter-
play between cooperative grain motions and intergranu-
lar dislocation formation.[6] In single-crystal boron car-
bide (B4C), amorphization mechanisms are mainly related
to crystal defects,[23,26,27] destruction of the three-atom
chain,[33–36] fracture of icosahedra[27,31] or transformation
from B11Cp(CBC) into B12(CCC).[30] While in nanocrys-
talline B4C (nB4C), the results of shock simulation reveal
three quasi-plastic deformation mechanisms: GB sliding, in-
tergranular amorphization and intragranular amorphization.[5]

Molecular dynamics (MD) simulations combined with exper-
imental transmission electron microscopy suggest that GB
sliding is the main deformation mechanism, leading to an
inverse Hall–Petch relationship with mean grain sizes rang-
ing from 4.84 nm to 14.64 nm, as well as intergranular
amorphization.[14] Dislocation nucleation and glide in Al-
doped B4C lead to amorphization due to the breakage of weak-
ened chain bonds.[37] However, nanocrystalline Al-doped B4C
displays a transition from the Hall–Petch to the inverse Hall–
Petch relationship as the grain size decreases to its critical
value of ∼ 6 nm, determined by a competing mechanism be-
tween strengthening from shear homogenization and softening
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due to an increasing GB volume fraction.[11]

Furthermore, strain rate also plays an important role in
the deformation behavior of materials.[38–45] For instance,
MD simulations on hexagonal SiC under ramp dynamic load-
ing with strain rates ranging from 108 s−1 to 1011 s−1 sug-
gest that higher strain rates often lead to an increase in the
strength, temperature and critical strain.[46] This effect is also
observed in B4C, where the uniaxial compressive strength in-
creases with increasing strain rate,[42,44] following Kimber-
ley’s model.[47,48]

In particular, B4C, as an advanced ceramic, draws par-
ticular attention for its potential technological applications
in shielding and nuclear technology[49,50] due to its unique
properties such as a high Hugoniot elastic limit (HEL) and
low density.[49,51] However, under high-pressure conditions,
B4C often displays limited plasticity due to the formation
of amorphous shear bands.[52,53] Although recent experi-
ments and theoretical studies have been conducted to inves-
tigate the deformation mechanisms[4,5] and the Hall–Petch
behaviors[4,11,14] in nB4C, these behaviors under complex
stress conditions remain unexplored due to the complicated
crystal structure and bonding characteristics of B4C.

Hence, we investigate the deformation mechanisms, the
Hall–Petch behaviors with varying grain sizes from 4.04 nm
to 10.86 nm and the strain-rate dependence of nB4C under
compression, using MD simulations with a machine-learning
force field (ML-FF). The results reveal that the nB4C model
exhibits large quasi-plastic deformation, including GB sliding,
intergranular amorphization and intragranular amorphization.
The GB sliding arises from the pre-distorted icosahedra, facil-
itating intergranular amorphous band formation. Interaction
between softened amorphous GBs and unfavorably oriented
grains triggers destruction of the icosahedra within grains near
GBs, resulting in the formation of intragranular amorphization
and structural failure. Furthermore, the relationship between
yield strength and grain size in nB4C displays an inverse Hall–
Petch effect due to the GB sliding mechanism. For strain-rate
dependence, a higher strain rate leads to higher yield strength,
following a 2/3 power relationship.

2. Methods
We perform MD simulations to investigate the mechan-

ical behavior of nB4C under compression at room tempera-
ture. To carry out these simulations, we utilize the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software[54] and visualize the simulation results using the
OVITO package.[55] The recently developed ML-FF[56] is em-
ployed to model the interatomic interaction of nB4C, and
demonstrates outstanding accuracy in describing the mechan-
ical behaviors and amorphization of B4C.[5,27,37,56] The ML-
FF has been developed by training deep neural networks with

data derived from density functional theory simulations. More
details on the development and validation of the ML-FF can
be found in our previous work.[5] In Ref. [5], the ML-FF ex-
hibited good performance in describing the lattice constants,
elastic properties, equation of state (EOS) and shock Hugo-
niot of B4C, as well as the properties related to the GBs in MD
simulations. This suggests that it is feasible for the ML-FF to
be employed to investigate the behavior of nB4C under high
pressure in the present study.

Here, we focus on the most energetically favored con-
figuration of B11Cp(CBC),[30] which comprises 12-atom
B11Cp icosahedral clusters connected by C–B–C three-atom
chains.[49,51] The icosahedral clusters are located at the ver-
tices of a rhombohedral lattice, while the three-atom chains
align along [111] rhombohedral axis. Notably, in the present
study, the three-index hexagonal notation is employed to de-
note the planes and directions.

To elucidate the mechanical behaviors and deformation
mechanisms in nB4C, we construct an nB4C model using the
Voronoi tessellation method,[57] denoted as GB1 and shown
in Fig. 1. The GB1 model consists of 16 randomly oriented
grains with dimensions of 16 nm×16 nm×80 nm, contain-
ing 2814985 atoms with a mean grain size of 10.86 nm. This
model includes a total of 28 GBs. Generally, a small-angle
GB is characterized by an orientation disparity between ad-
jacent grains below 15◦, while a large-angle GB surpasses
this threshold.[58] Among these 28 GBs, 25 are classified as
large-angle GBs. These large-angle GBs make up 89.3%
of the total, consistent with the typical composition of the
actual material in which the large-angle GBs usually repre-
sent the majority. Moreover, we also construct two other
nB4C models with grain sizes of 6.79 nm (GB2 model) and
4.07 nm (GB3 model) to investigate the Hall–Petch behav-
iors of nB4C. To eliminate the influence of grain orientation,
the grain orientations of GB1, GB2 and GB3 models are the
same. The GB2 model contains 687269 atoms with dimen-
sions of 10 nm×10 nm×50 nm, while the GB3 model com-
prises 148479 atoms with dimensions of 6 nm×6 nm×30 nm.

x

y

16 nm  

 

z

80
 n

m

Crystalline GI phase

Disordered GB phase

1
6
 n

m

Fig. 1. The GB1 model with a mean grain size of 10.86 nm contains
16 randomly oriented grains with 2814985 atoms. The atoms are color-
coded by the grain ID. GI stands for grain interior.
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Before compression, thermal annealing is performed to
relax the local internal stresses induced by the GBs. Each
model is first annealed at 1000 K for 80 ps, then cooled
down to 300 K for 20 ps using the NPT ensemble. Sub-
sequently, the model is equilibrated at 300 K for 30 ps
with the NVT ensemble. Finally, these equilibrium models
are used to conduct compression simulations along the pos-
itive z-axis, using the NVE ensemble. This quasi-isentropic
compression with increasing temperature is an adiabatic pro-
cess under high pressure, demonstrating the dynamic behav-
iors of materials.[59,60] The value of strain rate for these
simulations is set to 5×109 s−1, which is comparable to
shock compression.[46] Furthermore, we employ the GB3
model to investigate the effects of strain rates, using a wide
range of compressive strain rates ranging from 2×109 s−1 to
1×1011 s−1. Periodic boundary conditions are applied to elim-

inate the possible surface effects and the integration timestep
is set to 1.0 fs.

To examine the mechanical behavior of nB4C under com-
pression, the physical properties of interest, such as stress (σ )
and temperature (T ), are analyzed. We quantify the stress
components σi j (where i, j = x, y, z) by averaging over all the
atoms, and per-atom stress is obtained by dividing its virial
stress by the volume of the Voronoi cell around the atom.
Thermodynamic variables and properties are calculated as fol-
lows:

P =
1
3
(σxx +σyy +σzz) , (1)

τ =
1
2

[
σzz−

1
2
(σxx +σyy)

]
, (2)

T =
2

3N
Ekin

kB
, (3)

σvm =

√
1
2

[
(σxx−σyy)

2 +(σyy−σzz)
2 +(σzz−σxx)

2 +6(σ2
xy +σ2

yz +σ2
zx)
]
, (4)

where P, τ and σvm are pressure, shear stress and von Mises
stress, respectively. Ekin indicates the total kinetic energy, N
stands for the total number of atoms and kB is the Boltzmann
constant.

The grain size has a great influence on the mechanical
properties of nanocrystalline materials.[7,10,11,61–64] Generally,
grain refinement enhances the strength of materials, as de-
scribed by the well-established Hall–Petch relation, expressed
as follows:

σs = σ0 +
k√
d
, (5)

where σs is the yield strength and d is the grain size. σ0 and k
are material-dependent parameters.

Furthermore, to explore the effects of strain rates, the
Kimberley model[47] is employed to describe the relationship
between compressive strength σc and strain rate ε̇ under dy-
namic compression. This Kimberley model is derived from
fundamental physics governing crack initiation, growth and
interaction, influenced by microstructural factors such as the
defect size, as well as material parameters including Young’s
modulus (E) and fracture toughness (KIC).[47,48] The Kimber-
ley model is defined as follows:

σc/σ0 = (ε̇/ε̇0)
2/3 +1, (6)

σ0 = α
KIC

s̄η1/4 , (7)

ε̇0 = α
vcKICη1/4

s̄E
, (8)

where the parameters σ0 and ε̇0 are the quasistatic compressive
strength and the characteristic compressive strain rate, respec-
tively. s̄ is the average defect size, η represents the areal flaw

density and vc denotes the limiting crack growth speed. The
term α is a dimensionless proportionality constant, ensuring
the value of σ0 is equal to the quasistatic compressive strength
of a material described by parameters s̄, η , E and KIC.

3. Results and discussion
3.1. Deformation mechanism of nB4C

Generally, amorphization is the predominant deforma-
tion mechanism for the abnormal brittle failure of ceramics
under pressure.[35,52] However, the GB1 model shows a rel-
atively large quasi-plastic deformation (∼ 0.1 strain) before
mechanical failure. To understand this deformation mecha-
nism in nB4C, we plot the stress–strain curves and the strain-
dependent average bond angle of chains and icosahedra for
the GB1 model, as shown in Fig. 2. In addition, snapshots
at critical strains identified by the von Mises shear strain are
selected to illustrate the key events leading to the failure. For
better clarity, we also analyze the temperature rise, as shown in
Fig. 3(b). The stress–strain curve exhibits three distinct defor-
mation regions: elastic deformation, quasi-plastic deformation
and amorphization-induced failure. These regions are labeled
as I, II and III, respectively, in Fig. 2(a).

Firstly, the uniformly elastic deformation from 0 to 0.075
strain occurs with a continuous increase in stress (Fig. 2(a)),
displaying an almost constant temperature (Fig. 3(b)). No-
tably, the average angle of chains exhibits a sudden reduc-
tion (Fig. 2(b)) at ∼ 0.05 strain due to the interaction of
chains and icosahedra. Moreover, no significant structural
changes are observed, as shown in Fig. 2(c). Subsequently,
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the quasi-plastic deformation from 0.076 to 0.164 is charac-
terized by a significant increase in temperature (Fig. 3(b)).
Indeed, the model experiences GB sliding (Fig. 2(d)), subse-
quent intergranular amorphization (Fig. 2(e)) and final intra-
granular amorphization (Fig. 2(e)). In addition, the angle of
the chains displays a significant reduction during quasi-plastic
deformation (Fig. 2(b)), suggesting that more chains continue
to bend. Finally, mechanical failure beyond 0.164 strain arises
from intragranular amorphous band formation, leading to a
decrease in the stress (Fig. 2(f)) and complete structural fail-
ure (Fig. 2(g)). The maximum values of von Mises stress
and shear stress are 31.7 GPa and 15.8 GPa at 0.164 strain.
Unlike single-crystal B4C, where the stress decreases sud-
denly upon reaching its peak value,[27,65] the nB4C model de-
creases gradually with a slight slope over a narrow strain range

(Fig. 2(a)). Notably, various grains within the GB1 model ex-
perience different deformations due to the highly anisotropic
nature of B4C.[52,66,67] To eliminate the special features in-
duced by an individual case, we construct four nB4C mod-
els with different grain orientations, as shown in Fig. S1(a)
in the supplementary material. For computational efficiency,
each model has dimensions of 6 nm×6 nm×30 nm. Quasi-
isentropic compressions are performed on these four models
at a strain rate of 5×109 s−1. The structures at strain 0.320
are shown in Fig. S1(b), and exhibit similar behavior in which
grains with unfavorable orientations may undergo intragran-
ular amorphization while other grains may experience inter-
granular amorphization. These results reveal that the deforma-
tion mechanisms of nB4C are independent of the distribution
of grain orientations.

(d) ε=0.076   

A
B

A
B

A B

(c) ε=0.030  

A
B

A
B

(e) ε=0.164  (f) ε=0.200  (g) ε=0.320 
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Fig. 2. The compression behavior and failure process of the GB1 model. (a) The stress–strain relationship. I, II and III represent elastic
deformation, quasi-plastic deformation and failure, respectively. (b) The average angle of three-atom chains and intra-icosahedra change with
strain. (c) The structure at the compression strain ε = 0.030, which remains relatively unchanged. (d) The structure at ε = 0.076, where
quasi-plastic deformation initiates. (e) The structure at ε = 0.164, where the von Mises stress reaches its maximum value. (f) The structure at
ε = 0.200. (g) The structure at ε = 0.320 is completely damaged. A and B denote the two grains presented in Figs. 4 and 5.

To investigate the phase transformations, we also examine

the EOS for the GB1 model, including pressure–volume (P–V )

and temperature–pressure (T –P) relationships under pressure,

as shown in Fig. 3. The regions of elastic deformation (re-

gion I), quasi-plastic deformation (region II) and failure (re-

gion III) are identified in Fig. 3. The EOS of materials at

extreme pressures can be described by the Murnaghan EOS

function,[68] expressed as follows:

P(V ) =
K
K′

[(
V
V0

)−K′

−1

]
, (9)

where P represents the pressure and V0 and V are the initial
volume and deformed volume, respectively. K and K′, as fit-
ting parameters, denote the bulk modulus and the first deriva-
tive of the bulk modulus with respect to pressure, respectively.
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The P–V relationship, as shown in Fig. 3(a), follows the Mur-
naghan EOS function, in good agreement with the results of
first-principles simulations[35] and shock data.[5,69] Neverthe-
less, the regions associated with phase transformations show a
deviation from the Murnaghan EOS fitting. This deviation for
the GB1 model occurs at a pressure of 16.9 GPa, as indicated
in Fig. 3, agreeing well with the HEL (15–20 GPa). Structural
failure appears at a pressure of 42.4 GPa (Fig. 3). In addi-
tion, the parameter K calculated from the model is 246 GPa,
consistent with the value of QM simulations under hydrostatic
compression (240 GPa),[5] as well as the experimental value
(237 GPa).[70] However, the value obtained for the parameter
K′ is 1.13, which is much lower than the value of 3.2 under
hydrostatic compression.[5] This discrepancy may be mainly
associated with the absence of phase transformation during
hydrostatic compression, which significantly affects the prop-
erties of materials. Furthermore, as shown in Fig. 3(b), the
temperature rises in the T –P curve for the GB1 model is
much lower than the shock compression data.[71,72] This be-
havior is similar to the temperature–volumetric–strain rela-
tionship observed in the SiC ceramic under quasi-isentropic
compression.[46,59]
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Fig. 3. Equation of state (EOS) for the GB1 model. (a) Pressure–
volume data from our simulations and the Murnaghan EOS function.
(b) Temperature–pressure relationship compared with the results of pre-
vious studies. I, II and III represent the elastic deformation, quasi-
plastic deformation and failure, respectively.

To elucidate the underlying mechanism of quasi-plastic
deformation in the GB1 model, we examine the local structural
evolution at critical strains, as shown in Fig. 4. Furthermore,
we investigate the stress state of the local structures to reveal
the stress distribution of nB4C, as illustrated in Fig. 5. This lo-
cal structure involves two grains: grain A and grain B, marked

in Fig. 2. The orientations of grain A and grain B are listed in
Table 1. The orientation difference between the two grains is
72.3◦. Initially, the dominant quasi-plastic deformation mech-
anism is GB sliding, characterized by the most slipped icosa-
hedra being along GBs (Fig. 4(b)) due to the presence of pre-
distorted icosahedra within the GBs (Fig. 4(a)). Meanwhile,
the chains within both grain A and grain B are almost straight
and suffer higher axial stress (Fig. 5(a)). Subsequently, GB
sliding facilitates intergranular amorphous band formation as
the stress increases (Fig. 4(c)). Notably, the chains in grain A
experience bending due to interactions with adjacent icosahe-
dra. The bending chains may further result in the formation of
new covalent bonds between chains and neighboring icosahe-
dra, increasing stress within the icosahedra (Fig. 5(b)). Hence,
the interplay between the softening amorphous GBs and these
icosahedra with increased stress in grain A triggers the de-
construction of icosahedra within the grain, leading to intra-
granular amorphization (Fig. 4(d)). For instance, when the
strain reaches 0.124, intergranular amorphization is observed
to propagate towards internal grain A, indicating the initiation
of intragranular amorphization. At 0.150 strain, intragranular
amorphous bands are formed (Fig. 5(c)). Despite the forma-
tion of intragranular amorphization in grain A, the structure
in grain B remains almost unchanged (Fig. 5(c)), indicating
its ability to resist compressive loading. This behavior sug-
gests that intragranular amorphization preferentially occurs in
grains with unfavorable orientations, while other grains with
more favorable orientations undergo distortion without icosa-
hedral deconstruction.

(a) Pre deformed  (b) ε=0.076  

(d) ε=0.164  (c) ε=0.115  

B1 

B2 B3 

B4 

B1 

B2 B3 

B4 

B1 

B2 

B3 

B4 

B1 

B2 

B3 

B4 

Grain A Grain B Grain BGrain A

Grain BGrain AGrain BGrain A

Shear strain
0 0.5

Fig. 4. The local structural evolution with structures including grain A and
grain B, colored by the von Mises shear strain map at various strains. (a) The
structure before the structural change. (b) The structure at 0.076 strain where
GB sliding occurs. (c) The structure at 0.115 strain where intergranular
amorphization occurs. (d) The structure at 0.164 where intragranular amor-
phization forms in grain A. The magenta balls represent the atoms B1–B4
in different icosahedra near the GB.
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Table 1. The orientations of grain A and grain B.

Grain Grain ID x-axis y-axis z-axis
A 10 [1031] [8 177] [351]
B 14 [1251̄] [0111̄] [10 13 18]

Finally, at 0.164 strain, intragranular amorphous bands
form and develop (Fig. 4(d)), resulting in mechanical failure.
The intragranular amorphous band in grain A aligns with a slip
system of (12̄1)/[012]. Meanwhile, grain A experiences sig-
nificant sliding and rotation, as illustrated by the black dashed
lines connecting atoms B1–B4 in an initial structure com-
pared with the purple dashed lines in a deformed structure
(Fig. 4(d)). Notably, the stress may reach the maximum value,
following increased stress within icosahedra in all grains due
to the formation of new B–B bonds between chains and neigh-
boring icosahedra (Fig. 5(d)). Overall, GB sliding is the main
quasi-plastic deformation mechanism in nB4C due to the pres-
ence of the pre-distorted icosahedra within GBs. Intergranu-
lar amorphization mainly arises from GB sliding, while intra-
granular amorphization results from the interplay between the
softening amorphous GBs and grains with unfavorable orien-
tations.

(a) ε=0.076  (b) ε=0.115  

(d) ε=0.164  
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B4 
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B3 

B4 

C1 

B5 

C2 

C3

B6 

C4 

(c) ε=0.150

C1

B5
C2 

B1 

B2 

B3 

B4 

C3 

B6 
C4 

Grain A Grain B Grain A Grain B

Grain A Grain B Grain A Grain B

Axial stress (GPa)

-50 120

Fig. 5. The local structural evolution within the GB involving grain A and
grain B, with structures colored by the axial stress map in white and black.
(a) The structure at 0.076 strain, where the chains suffer greater stress in both
grain A and grain B. (b) The structure at 0.115 strain, where the chains in
grain A form new B–B bonds with neighboring icosahedra. (c) The structure
at 0.150, where intragranular amorphization has formed in grain A. (d) The
structure at 0.164, where the chains in grain B form new B–B bonds with
neighboring icosahedra. The magenta balls represent the atoms B1–B4 in
different icosahedra near the GB, and the green balls mark the C1–B5–C2,
C3–B6–C4 chains.

Structural analyses along the MD trajectory indicate that
the formation of amorphization is related to the rearrangement
of chemical bonds around the icosahedra. The radial distri-
bution function (RDF) of the initial and deformed structure is
used to quantify the extent of local amorphization in nB4C, as
shown in Fig. 6. The bonds in B4C can be categorized into

four types: intra-chain, chain–icosahedra, inter-icosahedra
and intra-icosahedra. The bond lengths for these bond types in
the initial B4C structure are∼ 1.433 Å,∼ 1.608 Å,∼ 1.716 Å
and ∼ 1.759–1.805 Å, respectively.[73,74] The RDF peaks of
the initial B4C structure can be identified based on these bond
lengths, as shown in (Fig. 6(a)). The RDF peaks at relatively
large distances (≥ 3.5 Å) are used to identify the long-range
crystalline order.[72] First, the RDF of the initial nB4C struc-
ture is compared with that of single-crystal B4C (Fig. 6(a)).
This suggests that the RDF peaks for the intra-chain, chain–
icosahedral, inter- and intra-icosahedra bonds in the nB4C and
single-crystal B4C structures nearly overlap, while those for
the long-range crystalline order in nB4C decrease due to the
presence of disordered GB phases.
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Long range crystalline order

Pair separation distance (A)

Fig. 6. The radial distribution function of the initial and deformed nB4C
at various strains.

To exhibit the GB contributions, we examined the RDF of
the GB between grain A and grain B in Fig. 6. At a low strain
of 0.05, the RDF peaks for intra-chain and chain–icosahedral
bonds in the nB4C model remain almost unchanged, while the
RDF peak for chain–icosahedral bonds in the GB model de-
creases (Fig. 6(b)). In addition, the RDF peak for inter- and
intra-icosahedral bonds in the GB model exhibits a more sig-
nificant reduction compared with the nB4C model, indicat-
ing more pronounced deformation within the GB. This sug-
gests that the elastic deformation primarily involves icosahe-
dral compression, highlighting the higher intrinsic strengths of
intra-chain and chain–icosahedral bonds compared with inter-
and intra-icosahedral bonds in B4C. As strain increases, the
RDF peaks for intra-chain, chain–icosahedral and inter- and
intra-icosahedral bonds further decrease, while the RDF peaks
for long-range order are gradually lost (Figs. 6(c)–6(e)). This
mainly arises from the formation of localized amorphization.
In particular, the GBs of nB4C become more disordered.
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3.2. The effect of grain size in nB4C

To investigate the effect of grain size on nB4C, we ex-
amine the deformation behaviors of three nB4C models with
mean grain sizes of 10.86 nm, 6.79 nm and 4.07 nm for mod-
els GB1, GB2 and GB3, respectively. The compression be-
havior of nB4C for the three models is shown in Fig. 7. The
maximum von Mises stresses are 31.7 GPa at 0.164 strain
for GB1, 29.7 GPa at 0.120 strain for GB2 and 27.0 GPa
at 0.135 strain for GB3, as illustrated in Fig. 7(a). The

yield strength increases with increasing grain size, follow-
ing the inverse Hall–Petch relationship (Fig. 7(b)), expressed
as σs = 39.1− 24.4/

√
d. This inverse Hall–Petch behavior

mainly arises from GB sliding. As the grain size decreases,
the volume fraction of soft GBs increases, leading to easier
activation of GB sliding. This is consistent with the GB slid-
ing inducing the inverse Hall–Petch behavior of nB4C under
shear deformation.[14] These yield strengths in nB4C are much
lower than for single-crystal B4C (58.6 GPa), indicating that
the presence of GBs reduces the strength of B4C.
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Fig. 7. The compression behavior for three nB4C models. (a) Stress–strain relationships. (b) The Hall–Petch behavior. (c) P–V relationship
for nB4C and single-crystal B4C. (d) T –P relationship for nB4C and single-crystal B4C.

In addition, in Fig. 7(c) for the P–V relationship and
Fig. 7(d) for the T –P relationship, the three nB4C models
display a continuous increase in pressure and temperature
while the single-crystal B4C model exhibits a sudden change.
This may be attributed to the influence of GBs on the prop-
erties of ceramics. The quasi-plastic deformation is char-
acterized by temperature rise at a pressure of 16.9 GPa for
GB1, 15.4 GPa for GB2 and 15.0 GPa for GB3, as shown in
Fig. 7(d). These values are lower than the value in single-

crystal B4C (18.7 GPa), consistent with the HEL (15–20 GPa).

3.3. The effect of strain rate in nB4C

Experiments have revealed that the strain rate has a great
influence on the yield strength of materials.[39,48] Here, we
employ the GB3 model to explore the effect of strain rate on
nB4C, with a wide range of compressive strain rates rang-
ing from 2× 109 s−1 to 1×1011 s−1, as shown in Fig. 8.
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Fig. 8. Strain rate dependence of nB4C. (a) Von Mises stress versus strain. (b) Compressive strength versus strain rate.
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The strengths are 25.8 GPa at 0.120 strain, 27.0 GPa at 0.135
strain, 28.1 GPa at 0.132 strain, 31.4 GPa at 0.153 strain and
33.7 at 0.153 strain for strain rates of 2×109 s−1, 5×109 s−1,
1×1010 s−1, 5× 1010 s−1 and 1×1011 s−1, respectively. A
higher strain rate leads to higher strength (Fig. 8(a)), consistent
with experimental observations.[39,48] Furthermore, as shown
in Fig. 8(b), the relationship between the strength and strain
rate of nB4C follows a 2/3 power law, in good agreement with
the Kimberley model.[48]

4. Conclusion
In summary, we construct three nB4C models with dif-

ferent grain sizes (ranging from 4.07 nm to 10.86 nm) to
investigate the compression behavior, quasi-plastic deforma-
tion mechanism, Hall–Petch behavior and strain rate effect of
nB4C, using MD simulations with ML-FF. Our major findings
are as follows.

The presence of the GB reduces the yield strength com-
pared with single-crystal B4C, leading to a relatively large
quasi-plastic deformation in nB4C. The quasi-plastic deforma-
tion involves GB sliding, intergranular amorphization and in-
tragranular amorphization.

GB sliding results from the soft GBs, contributing to in-
tergranular amorphization. Intragranular amorphization arises
from the interplay between the softening amorphous GBs and
grains with unfavorable orientations, resulting in structural
failure.

The relationship between yield strength and grain size for
nB4C displays an inverse Hall–Petch behavior due to the GB
sliding mechanism.

A higher strain rate corresponds to a higher yield strength,
following a 2/3 power relationship.

This study elucidates the deformation behaviors in nB4C,
providing a new way to design ceramics with excellent perfor-
mance.
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[63] Meyers M A, Vöhringer O and Lubarda V A 2001 Acta Mater. 49 4025

[64] Yu H, Xin Y, Wang M and Liu Q 2018 J. Mater. Sci. Technol. 34 248
[65] Li X, Liu L, Mei H, Xu S, Li J and Zhang J 2021 Comput. Mater. Sci.

199 110708
[66] Chauhan A, Schaefer M C, Haber R A and Hemker K J 2019 Acta

Mater. 181 207
[67] Li J, Xu S, Zhang J Y, Liu L S, Liu Q W, She W C and Fu Z Y 2017

Chin. Phys. B 26 047101
[68] Murnaghan F D 1944 Proc. Natl. Acad. Sci. USA 30 244
[69] Zhang Y, Mashimo T, Uemura Y, Uchino M, Kodama M, Shibata K,

Fukuoka K, Kikuchi M, Kobayashi T and Sekine T 2006 J. Appl. Phys.
100 113536

[70] Mcclellan K J, Chu F, Roper J M and Shindo I 2001 J. Mater. Sci. 36
3403

[71] Molodets A M, Golyshev A A and Shakhrai D V. 2017 J. Exp. Theor.
Phys. 124 469

[72] Cheenady A A, Awasthi A, Devries M, Haines C and Subhash G 2021
Phys. Rev. B 104 184110

[73] Cheng C, Reddy K M, Hirata A, Fujita T and Chen M 2017 J. Eur.
Ceram. Soc. 37 4514

[74] Aselage T L, Van Deusen S B and Morosin B 1990 J. Less-Common
Met. 166 29

086105-9

https://doi.org/10.1111/jace.2011.94.issue-11
https://doi.org/10.1111/jace.2011.94.issue-11
https://doi.org/10.1016/j.pmatsci.2020.100664
https://doi.org/10.1016/0955-2219(90)90048-K
https://doi.org/10.1126/science.1080819
https://doi.org/10.1038/ncomms3483
https://doi.org/10.1038/ncomms3483
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1016/j.actamat.2005.06.032
https://doi.org/10.1016/j.actamat.2005.06.032
https://doi.org/10.1016/j.actamat.2005.03.005
https://doi.org/10.1016/j.ijplas.2020.102923
https://doi.org/10.1016/j.jnucmat.2022.154200
https://doi.org/10.1103/PhysRevMaterials.5.073606
https://doi.org/10.1103/PhysRevMaterials.5.073606
https://doi.org/10.1016/j.jmrt.2021.06.016
https://doi.org/10.1016/S1359-6454(01)00300-7
https://doi.org/10.1016/j.jmst.2017.07.022
https://doi.org/10.1016/j.commatsci.2021.110708
https://doi.org/10.1016/j.commatsci.2021.110708
https://doi.org/10.1016/j.actamat.2019.09.052
https://doi.org/10.1016/j.actamat.2019.09.052
https://doi.org/10.1088/1674-1056/26/4/047101
https://doi.org/10.1088/1674-1056/26/4/047101
https://doi.org/10.1073/pnas.30.9.244
https://doi.org/10.1063/1.2399334
https://doi.org/10.1063/1.2399334
https://doi.org/10.1023/A:1017947625784
https://doi.org/10.1023/A:1017947625784
https://doi.org/10.1134/S1063776117030049
https://doi.org/10.1134/S1063776117030049
https://doi.org/10.1103/PhysRevB.104.184110
https://doi.org/10.1103/PhysRevB.104.184110
https://doi.org/10.1016/j.jeurceramsoc.2017.06.017
https://doi.org/10.1016/j.jeurceramsoc.2017.06.017
https://doi.org/10.1016/0022-5088(90)90363-O
https://doi.org/10.1016/0022-5088(90)90363-O

	1. Introduction
	2. Methods
	3. Results and discussion
	3.1. Deformation mechanism of nB4C
	3.2. The effect of grain size in nB4C
	3.3. The effect of strain rate in nB4C

	4. Conclusion
	References

