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Abstract. We briefly review the experimental data, the results of computer simulations and analytical models
that describe the mechanisms of room-temperature plastic deformation of nanocrystalline ceramics (NCCs)
and the effects of these mechanisms on hardness of NCCs. We demonstrate the importance of grain boundary
(GB) mediated processes, such as GB sliding, grain rotation and GB amorphization in NCCs. We show that
these processes can be responsible for contradictive data on hardness of nanocrystalline MgAl

2
O

4
 spinel with

small grain sizes, which demonstrate either direct or inverse Hall-Petch dependence for hardness.

High strength and hardness of nanocrystalline ceram-
ics (NCCs) make them good candidates for the use in
various industries, including electronics, optics, and
power engineering [1-6]. Commonly, the hardness of
ceramics obeys the Hall-Petch law, which predicts the
linear relation between the microhardness and the in-
verse square root of grain size [7-9]. At the same time,
several research groups [10-16] demonstrated the break-
down of the Hall-Petch dependence in nanocrystalline
ZrN, TiN, TiO

2
, MgO, and MgAl

2
O

4
 below some critical

grain size. Like many nanocrystalline metals (see the
pioneering work [17] and reviews in [18-31]), below this
critical grain size, nanocrystalline ceramics demonstrated
an inverse Hall-Petch dependence, with a reduction in
hardness with a decrease in grain size. In contrast to
this, Muche et al. [32] and Yang et al. [33] recently suc-
ceeded in the synthesis of superhard nanocrystalline
MgAl

2
O

4
 and ZnAl

2
O

4
 samples which showed a direct

Hall-Petch dependence down to the grain size of 7 and
10 nm, respectively. The reason for these contradictory
results is not clear yet, and its explanation requires the
understanding of the plastic deformation processes in
nanoceramics.

In several research works plastic deformation of
nanoceramics has been studied using large-scale mo-
lecular dynamics (MD) simulations. For example,
Szlufarska et al. [34] carried out computer simulations of
plastic deformation of nanocrystalline silicon carbide
with a grain size of 8 nm under indentation. The simula-
tion demonstrates that plastic deformation starts in SiC
at amorphous GB regions through GB sliding and grain
rotation (Fig. 1), as well as, to a small extent, through
dislocation glide across grains.

An important role of GBs in the deformation of NCCs
has also been confirmed by Feng et al. [35], who per-
formed MD simulations of plastic deformation of
nanocrystalline tungsten carbide (WC) under a uniaxial
compressive load. The simulations demonstrated the
transition from the direct to the inverse Hall-Petch rela-
tion for the yield strength at a critical grain size of 24 nm.
At grain sizes below the critical one, Feng et al. [35]
observed no intragrain dislocation activity, and plastic
deformation was  realized through GB sliding and grain
rotation (Fig. 2a). At a critical grain size, small intragrain
dislocation activity was also observed (Fig. 2b). At grain
sizes exceeding the critical one, plastic deformation of
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tungsten carbide was realized via lattice dislocation
motion across grains (Fig. 2c).

More recently, Guo et al. [16] carried out MD
simulations and nanoindentation tests combined with

Fig. 1. Rotation of grains in nanocrystalline SiC under
indentation revealed in MD simulations. (A and B) Si
(green) and C (red) atoms are shown for the cases of (A)
purely elastic deformation and (B) just after the onset of
yielding (white dashed lines depict the position of the
indenter, h is the indentation depth). Grain 52 experi-
ences enormous shear and undergoes large rotation and
deformation. (C) Rotation angle (n) and its standard
deviation (n) of selected grains with number n = 52, 71,
and 36. Grain 52 undergoes large rotation and deforma-
tion (black curve). Localization of deformation is reflected
in the lack of rotation of grain 71 (blue curve). Repro-
duced from Szlufarska et al. [34], with permission. Copy-
right (2005), American Association for the Advancement
of Science.

Fig. 2. The deformation microstructures at three repre-
sentative grain sizes of polycrystalline WC: (a) 5.0 nm,
(b) 24.0 nm and (c) 31.4 nm. The atoms (both at the grain
boundaries and in the grain interiors) with higher po-
tential are colored red, and the rest are in the HCP struc-
ture. The arrows in (b) show the sites of dislocation
intersections. Reproduced from Feng et al. [35]. Copy-
right (2017), Institute of Physics Publishing.

transmission electron microscopy (TEM) of
nanocrystalline boron carbide ceramics. In contrast to
the simulations of nanocrystalline SiC [34], in the
simulations [16] for B

4
C specimens, GBs of B

4
C initially

(a)

(b)

(c)
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had crystalline structures. The simulations for the B
4
C

specimens with the grain size of approximately 5, 10,
and 15 nm demonstrated that plastic deformation in these
specimens occurs via GB sliding, which starts at the
values of the local shear strain of 0.25, 0.275, and 0.3 for
the specimens with grain size of 5, 10 and 15 nm, respec-
tively (Figs. 3a and 3c). This means that at a smaller
grain size, plastic deformation starts at a smaller applied
stress, implying an inverse Hall-Petch behavior. In the
simulations, after some plastic deformation, the local
shear stress in GBs reaches a maximum absolute value
and then drops. The maximum in the shear stress – shear
strain curve corresponds to the initiation of
amorphization at GBs (Figs. 3a and 3c). The ultimate
shear strength decreases with a decrease in the grain
size (Fig. 3b). With further deformation, cavitation starts
in the amorphous region (Fig. 3c), which eventually re-

Fig. 3. (a) Stress-strain relationships of three GB models at finite shear deformation with shear rate of 0.1 ps-1. (b) The
shear strength of three GB models. (c1)–(e1) Snapshots of the beginning of plastic deformation for three GB models.
(c2)–(e2) Snapshots of the end of plastic deformation, reaching the maximum shear strength. (c3)–(e3) Snapshots of
the cavitation formation. Atoms are colored based on their atomic shear strain. The sizes of GB3 and GB2 are 3 and
2 times larger than the size of GB1. Reproduced from Guo et al. [16], with permission. Copyright (2018), American
Physical Society, https://doi.org/10.1103/PhysRevLett.121.145504.

sults in the failure of the specimen. The formation of GB
amorphous bands in nanocrystalline or ultrafine-grained
B

4
C (with the grain size from 40 to 150 nm) beneath the

indenter surface has been directly observed using trans-
mission electron microscopy (TEM) [16]. These obser-
vations also demonstrated the absence of any
intragranular plastic deformation as well as the absence
of cracks under the indenter. The authors of [16] sug-
gested that the experimentally observed amorphous
bands originated due to preceding GB sliding, in accord
with the results of the atomistic simulations. At the same
time, amorphization can also promote GB sliding, en-
hancing ductility of B

4
C [16]. The possible reason is

that amorphization should lead to the delocalization of
dislocations accumulated in triple junctions due to GB
sliding, eliminating their back stresses and thereby fa-
cilitating plastic deformation in GBs.

https://doi.org/10.1103/PhysRevLett.121.145504
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The plastic deformation processes in two MgAl
2
O

4

specimens (with grain sizes of 22 and 43 nm) under in-
dentation have been experimentally studied in detail by
Ratzker et al. [36]. They observed a high density of dis-
locations within grains and grain rotation in the severely
strained region closest to the indenter tip. In the less
strained region (located further from the indenter tip)
they observed the presence of cavities, which was at-
tributed to unaccommodated GB sliding. The presence
of shear bands and microcracks (formed near shear
bands) was observed both in the severely strained and
less strained regions. The localized deformation real-
ized via shear banding and GB sliding as well as the
formation of cracks were more pronounced in the speci-
men with a smaller grain size (22 nm). The hardness of
the specimen with a smaller grain size of 22 nm (18.79
GPa) was also slightly lower than that of the specimen
with a larger grain size of 43 nm (19.04 GPa), implying an
inverse Hall-Petch relation for hardness of
nanocrystalline MgAl

2
O

4
 spinels.

In addition to the above experimental studies and
atomistic simulations, various mechanical models have
been proposed to predict or explain the inverse Hall-
Petch behavior of NCCs. For example, Jiang and Weng
[37] considered NCCs as multiphase composites that
are comprised of the intragrain regions, GB phase and
pores. In their model, the Young modulus and yield
strength of the GB phase are supposed to be much
smaller than in the intragrain regions. Within such a
model, using a complicated averaging procedure, they
calculated the effective compressive yield strength. In a
similar manner, Ehre and Chaim [12] assumed that the
GB phase has smaller hardness than the internal regions
of grains and used the mixture rule to calculate the hard-
ness of the composite. As a result, Jiang and Weng [37]
and Ehre and Chaim [12] obtained an inverse Hall-Petch
dependence for compressive yield strength [37] or
microhardness [12] below some critical grain size, for
the case where the yield strength of the GB phase is
chosen to be sufficiently small. (Much earlier mixture-
rule-based models were suggested for nanocrystalline
metals (NCMs), see Refs. [19,21] for details. For the rea-
sons of the assumed diminishing strength of the GB
phase, those earlier models indicated high local poros-
ity [38] and amorphous structure [39,40] of GBs, possi-
ble quasi-periodicity of GBs [41], the presence of triple
junction disclinations [42], and the high diffusional mass
transfer along GBs [43].) However, the phenomenological
composite models are not physically validated, and,
besides, do not explain the contradictions in the experi-
mental data on the hardness of nanocrystalline MgAl

2
O

4
.

While the models describing the inverse Hall-Petch
dependence in NCCs are limited to composite ones, many
other models have been suggested to explain the break-

down of the Hall-Petch relation in NCMs [17-31, 38-52].
Several models are based on the interaction of lattice
dislocations with GBs [44-46] and assume softening of
NCMs due to the existence of dislocation networks at
GBs [46] or change in the excess volume of the GB phase
[45]. Other models are based on various deformation
mechanisms that are assumed to prevail in NCMs with
ultrafine grains, which include rotational deformation
carried out by the motion of triple junction disclinations
[47], diffusion Coble creep over GBs [17,43,48,49], GB
sliding via thermally activated local shear events [50] or
glide of GB dislocations [51] and dislocation emission
from triple junctions [52].

Due to a large number of models describing the break-
down of the Hall-Petch dependence in NCMs, it is tempt-
ing to extend some of these models to explain the sof-
tening of NCCs. In choosing the appropriate model, one
should note that triple junction disclinations have not
been documented in NCCs. Therefore, the applicability
of the model considering the motion of triple junction
disclinations [47] to NCCs is questionable. The models
[17,43,48,49] assuming the Coble creep are also hardly
applicable to room temperature deformation of NCCs,
since GB diffusion should be absent in ceramics at room
temperature. At the same time, computer simulations
[16,34,35] and experimental observations [16] of plastic
deformation of NCCs revealed an important role of GBs
in this process. Based on the above, the concept of
thermally activated GB sliding [50] have been recently
used in [53] to explain both strengthening and soften-
ing of NCCs.

To do so, following [50], the authors of [53] assumed
that GB sliding is initiated through the thermally acti-
vated shear events, which can be considered as the
homogeneous nucleation of glide dislocation loops with
the size equal to the interatomic distance. The coales-
cence of such small dislocation loops can result in the
formation and expansion of large dislocation loops (il-
lustrated as dislocation dipoles in the two-dimensional

Fig. 4. A fragment of a nanocrystalline ceramic solid
(under a uniform compressive stress ) where plastic
deformation is realized through thermally activated grain
boundary sliding. Reproduced from Sheinerman et al.
[53], with permission. Copyright (2020), Elsevier.
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scheme in Fig. 4) that carry GB sliding. In this situation,
for a preset GB, the resolved shear stress  can be re-
lated to the shear strain rate   as [50]

36
sinh exp ,D

B

b b F

d k T RT

  
   

 
 

  (1)

where b is the interatomic distance, 
D
=1013 s-1 is the

Debye frequency, d is the grain size, k
B
  is the Boltzmann

constant, R is the universal gas constant, T is the abso-
lute temperature, and F is the activation energy for
thermally activated GB sliding. Since for NCCs
deformed at room temperature, b3/(k

B
T) >> 1, we have:

sinh[b3/(k
B
T)] (1/2)exp[b3/(k

B
T)]. Using the latter re-

lation, the equality R =k
B 

N
A
, where N

A
= 6.02  1023

mol-1 is the Avogadro constant, and the relation 
GBS

=
M between the yield strength 

GBS
 associated with GB

sliding and the shear stress , from formula (1) one ob-
tains [53]:

3
ln .

3
GBS B

A D

M F d
k T

b N b

 
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

 
 
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Within the model [53], in large enough grains, plas-
tic deformation is realized through lattice dislocation
slip, which was observed experimentally at room tem-
perature in ceramics [54]. The critical stress 

HP
 for the

onset of such slip is described by the Hall-Petch rela-
tion:

1/ 2

0
,

HP HP
k d      (3)

where 
0
 and k

HP
 are constants. Following the approach

of Masumura et al. [48], the authors of [53] assumed
that each grain deforms by GB sliding if 

GBS
 < 

HP
 and

via intragrain dislocation motion otherwise. Then the
critical (minimum) stress 

ys
 for the onset of plastic de-

formation in a given grain can be defined as 
ys

=
min{

HP
, 

GBS
}.

To take the effect of a grain size distribution into
account, following [48], the authors of [53] assumed
that the grain size d obeys the lognormal distribution
with the mean grain size d , described by the probability
density:

2 2

22

1 (ln( / ) / 2)
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where s denotes the dispersion of lnd. The macroscopic
yield stress 

ys
  can be calculated as a weighted average

of the yield stresses of various grains [48], that is,

3

3
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In formula (5), the denotation dd means the differential
of grain size d.

Using formula (5), one can calculate the macroscopic
yield strength 

ys
  of the ceramic solid and its

microhardness H = 3
ys

 . To do so, for the case of
MgAl

2
O

4
  the following parameter values have been

used [53]: s = 0.2, b = 0.286 nm, 
0 
= 4.2 GPa, T = 300 K,

k
HP

= 0.48 MPa  m1/2, a = 0.808 nm, and M = 3.06. The
dependences of H on d  are presented in Fig. 5, for vari-
ous values of the parameter F. As is seen in Fig. 5, the
calculated values of the hardness of the nanocrystalline
MgAl

2
O

4
 spinels are in satisfactory agreement with ex-

perimental data [8,14,15,32] and demonstrate the transi-
tion from the direct to the inverse Hall-Petch
dependences near a critical grain size. This critical grain
size depends on the activation energy F of GB sliding
and corresponds to the transition in the dominant de-
formation mechanism from dislocation motion across
grains to GB sliding.

Thus, within the model [53], there always exists a
transition from the direct to the inverse Hall-Petch rela-
tion at small grain sizes. The critical grain size for this
transition decreases with a decrease in the activation
energy F of GB sliding, which can depend on whether
the GB is crystalline or amorphous, as well as on the
structure of GBs and their chemical composition.

At the same time, although the model [53] explains
the contradictive data for hardness of MgAl

2
O

4
, it fails

to explain very small values of strain rate sensitivity of
hardness recently documented by Ryou et al. [15]. In-
deed, according to Ryou et al. [15], the strain rate sensi-
tivity of nanocrystalline MgAl

2
O

4
 is at most several

hundredths, while the model [53] predicts the strain rate
sensitivity of several tenths typical of GB sliding in
metals. Therefore, one can assume that in addition to
GB sliding itself, the process of amorphization of dislo-
cation delocalization in amorphous GBs can also be re-

Fig. 5. Microhardness H as a function of the inverse
square root of the grain size, d-1/2, for various values of
the activation energy F. Reproduced from Sheinerman
et al. [53], with permission. Copyright (2020), Elsevier.
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sponsible for the contradictive data on microhardness
of NCCs. However, further research is required to reveal
the influence of these processes on plastic deformation
and hardness of nanoceramics.

Thus, from the above brief review it follows that the
GB mediated processes, such as GB sliding, grain rota-
tion and GB amorphization in NCCs can be responsible
for their softening observed in experiments. Apparently,
the structure and composition of GBs can dramatically
influence the strength and hardness of NCCs. However,
further research is required to connect the atomic-level
deformation mechanisms and mechanical properties of
nanoceramics.
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