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INTRODUCTION

Grain refinement by severe plastic deformation
(SPD) is one of the methods for improving the
mechanical properties of structural materials [1]. It is
known, however, that metals in a nanostructured state
have a high yield strength and hardness and a low plas�
ticity [2, 3]. Therefore, when developing high�effi�
ciency nanostructured materials, researchers should
ensure an optimum relationship between the yield
strength, which can be characterized by the hardness
or nanohardness, and the plasticity. This means that
the efforts made to increase the hardness are justified
if the plasticity of the material remains satisfactory.

The study into the deformation behavior of nano�
materials is important due to the high structural sensi�
tivity of the mechanical properties of a material. For
example, the authors of [2–5] found that Young’s
modulus decreases with decreasing the grain size to
submicro� and nanolevels as compared to conven�
tional polycrystalline materials and that experimental
curves deviate from the Hall–Petch relation, which
implies a barrier action of grain boundaries (GBs) on
dislocation motion. The Hall–Petch relation is usu�
ally valid for most nanomaterials to a certain critical
grain size dc, and the inverse effect (softening) is
detected at a smaller grain size (d < dc).

The deviation from the Hall–Petch relation was
thought to be related to a change in the plastic defor�
mation mechanism in nanomaterials as compared to
materials with a coarser grain structure [4, 6–9].

The properties of nanomaterials depend substan�
tially on the structural�element size and the state of

GBs. Depending on the process of production, a grain
structure with different degrees of structural inhomo�
geneity, misorientation, and imperfection and differ�
ent chemical compositions of GBs can form. The
authors of [3–5, 10–12] note that the anomalous
mechanical behavior of nano� and submicrocrystal�
line materials depends mainly on GBs, near�boundary
volumes, and triple junctions. This is especially true of
the deformation structures produced by SPD meth�
ods: they have an imperfect structure of GBs caused by
a high level of internal elastic stresses, a high grain�
boundary dislocation density, and significant micro�
distortions in a crystal lattice in near�boundary regions
[1, 13–15].

The authors of [16] believe that, in contrast to
coarse�grained materials where GBs serve as barriers
to lattice dislocations, the GBs in nanocrystals can be
considered as plastic�flow channels. Using molecular
dynamics simulation, the authors of [4] showed that
both grain�boundary sliding and another deformation
mechanism, namely, intragrain sliding in which GBs
serve as dislocation sources and sinks, are possible in
nanocrystals. However, the latter mechanism has not
been supported experimentally. We think that grain�
boundary sliding with an activated rotational defor�
mation mode is the most probable plastic�deforma�
tion mechanism in nanomaterials at d < dc.

Although the effect of the grain size on the
mechanical properties of nanostructured fcc metals
has been much studied [1–5], the data on the
mechanical properties of nanostructured bcc metals,
especially their plastic properties, are very scarce. The
plasticity of bcc metals (Cr, Mo, W) in the nanostruc�
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tured state during tension is such low that its values are
usually not given [2]. However, the plasticity charac�
teristic determined by nanoindentation makes it pos�
sible to estimate the plasticity of the materials that
behave in a brittle manner during standard tensile
tests.

The purpose of this work is to study the effect of the
nanostructured state of iron produced by SPD by attri�
tion (SPDA) in a neutral atmosphere (argon) on its
mechanical properties (hardness, plasticity, Young’s
modulus). 

EXPERIMENTAL

We studied armco iron (99.97 wt %) samples with a
gradient surface layer produced by SPDA in argon
[17]; its grain structure changed from a micro� to sub�
micro� and nanolevels [18].

The mechanical behavior of iron was analyzed by
depth�sensing indentation using a Berkovich diamond
pyramid and a Nano Indenter II device. Young’s mod�
ulus E and hardness Hh were calculated using loading
curves in the indenter load F–indenter displacement h
coordinates in terms of the Oliver–Pharr theory [19].
We determined Meyer hardness, which is the average
contact pressure at the indenter–sample contact sur�
face and correlates well with the flow stress [20]. Dur�
ing tests, we recorded the indenter displacement dur�
ing both loading and unloading (Fig. 1).

The plasticity characteristic was determined using
the procedure in [21–23] and calculated from the ratio
of the areas in the indentation diagram,

δA = Ap/At = 1 – Ae/At, (1)

where Ae and At are the areas under the unloading and
loading curves, respectively, and Ap = At – Ae.

Plasticity characteristic δA determined by depth�
sensing indentation is an analog of dimensionless plas�
ticity parameter δH, which is the fraction of plastic
deformation in the total elastoplastic deformation
under an indenter. This parameter characterizes the
formability of a material during deformation and is
determined as

δH = εp/ε = 1 – εe/ε, (2)

where εp, εe, and ε are the plastic, elastic, and total
strains along the loading direction averaged over the
indenter–sample contact area, respectively.

It follows from Eq. (2) that plasticity parameter δH
changes from 0 for absolutely elastic indentation to 1
for fully plastic deformation. In real practice, we have
0 < δH < 1, and the limiting cases are not detected in
practice. The plasticity characteristic for metals and
alloys that are plastic to failure under the conditions of
standard tensile tests is δH ≥ 0.9 [22].

Although parameter δH can be determined by any
mechanical test methods, it is better to determine it by
nanoindentation. Plasticity characteristic δH depends

on total strain ε. However, during indentation by a
pyramidal indenter, ε is controlled by the indenter
apex angle and, hence, is almost constant.

The plasticity characteristic can be calculated by
the formula [23]

(3)

where HM = F/S is the Meyer hardness, ν is the Pois�
son ratio of the material, and γ is the angle between the
pyramid axis and a pyramid face.

For a Berkovich indenter, plasticity characteristic
δH is determined as

(3a)

For iron, δH was calculated from experimental data
on HM and E at ν = 0.27 borrowed from [25].

The theoretical and experimental studies in
[24, 26, 27] showed that δA ≈ δH with a sufficient accu�
racy. As compared to δH, plasticity characteristic δA is
preferred, since the procedure of δA calculation, in
contrast to the δH calculation, does not need the deter�
mination of Young’s modulus, the hardness, and the
Poisson ratio, which introduce certain errors.

RESULTS OF NANOINDENTATION TESTS

Figure 2 shows the indentation diagrams obtained
for the undeformed coarse�grained base and the gradi�
ent surface layer of armco iron subjected to SPDA.
The slopes of the unloading curves for the microcrys�
talline (curve 4), submicrocrystalline (curve 3), and
nanostructured (curve 2, grain size is 50 nm) states in
the treated layer of iron are the same and identical to
that of the coarse�grained base, and their E moduli
approximately correspond to the elastic modulus of
the initial coarse�grained material. The slope of the

δH 1 HM
E

�������� 1 ν– 2ν2–( )

γsinln–
�������������������������,–=

δH 1 10.2HM
E

�������� 1 ν– 2ν2–( ).–=

L
oa

d 
F

, 
m

N

Fmax

hp he
hmax

1

2

3

Ap
Ae

Fig. 1. Diagram of Berkovich indenter loading in the load
F–displacement h coordinates [20]: (1) loading of the
indenter, (2) holding of the indenter at the maximum load,
and (3) unloading of the indenter.
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unloading curve for the nanostructured region next to
the surface (curve 1), where the grain size is about
20 nm, is slightly lower than that of the coarse�grained
undeformed base (curve 5). This indicates a decrease
in Young’s modulus of nanocrystalline α as compared
to the coarse�grained state. According to the data in
Fig. 3, this decrease is about 10% (176 ± 9 GPa against
210 ± 10 GPa). It should be noted that Young’s modulus
of coarse�grained iron obtained by nanoindentation at
room temperature falls in the E range given in handbook
[25] for coarse�grained α Fe (196.2–227.5 GPa).

Thus, SPDA in an argon atmosphere leads to a
decrease in Young’s modulus of iron only at a grain
size smaller than 30 nm; for larger grains (from nano�
to submicro� and micrograins), the values of Young’s
modulus correspond to Young’s modulus of coarse�
grained iron with allowance for the experimental error
(see Fig. 3).

The results of measuring iron hardness Hh after
SPDA demonstrate that it increases from 3 to 5.8 GPa
as the grain size decreases from coarse grains to submi�
cron grains (to 200 nm, Fig. 3). This effect is satisfac�
torily described by the Hall–Petch relation, H = H0 +
kyd–0.5, where ky = 0.43 MPa m1/2, which almost coin�
cides with this coefficient for ordinary polycrystalline
iron (ky = 0.39–0.73 [28, 29]). A further decrease in
the grain size from 200 to 50 nm is accompanied by a
deviation from the Hall–Petch relation: the hardness
remains high and almost the same. A further decrease
in the grain size from 50 nm causes a decrease in the
hardness: in the region with a grain size of about
20 nm, it is 3.7 GPa.

Plasticity characteristic δA in the attrition�refined
layer as a function of the grain size reflects the hard�

ness distribution (see Fig. 3). For example, the plastic�
ity decreases with increasing hardness as the grain size
decreases from coarse grains to submicro� and nan�
ograins. When the grain size decreases to below 50 nm,
the hardness decreases and parameter δA increases
from 0.82 to 0.87.

DISCUSSION OF RESULTS

In [1, 2, 4, 15, 16], several factors that affect the
elastic properties of ultrafine�grained materials pro�
duced by SPD are discussed. GBs and triple junctions
are assumed to play a key role in the decrease in the
elastic properties of nanomaterials, since a significant
fraction of atoms in a nanostructured material are
located at sites that differ from the standard positions
in a crystal lattice and the volume fraction of GBs,
near�boundary volumes, and triple junctions increases
as the grain size decreases [3, 10, 12]. According to the
Mughrabi model for a composite [30, 31], Young’s
modulus E can decrease as a result of an increase in the
volume fraction of intergranular space, namely, GBs
and triple junctions, whose mechanical properties dif�
fer from the properties of the grain body. Moreover, a
decrease in the grain size leads to an increase in the
fraction of free volume in GBs, near�boundary areas,
and triple junctions. As a result, the interatomic bonds
in a nanostructured material weaken.

According to the data in [2, 4], a deviation from the
Hall–Petch relation for ultrafine�grained and nanoc�
rystalline fcc metals is detected at a grain size d ≤ 20 nm:
the hardness decreases slightly in this case (Fig. 4).
However, for the bcc iron refined by SPDA (Fig. 3), a
deviation from the Hall–Petch relation is detected for
larger grains (d ≤ 200 nm).

According to modern concepts, a deviation from
the Hall–Petch relation is related to a change in the
deformation mechanism, when an addition of grain�
boundary sliding (GBS) to the relay�race dislocation
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Fig. 2. Indentation diagram for a pyramid indenter pene�
trating into various regions of the surface layer of armco iron
subjected to SPDA: (1) nanocrystalline region, d = 20 nm
(E = 176 GPa, Hh = 3.7 GPa); (2) nanocrystalline region,
d = 50 nm (E = 200 GPa, Hh = 5.9 GPa); (3) submicroc�
rystalline region, d = 200 nm (E = 209 GPa, Hh =
5.8 GPa); (4) microcrystalline region, d = 3 μm (E =
212 GPa, Hh = 3.7 GPa); and (5) coarse�grained unde�
formed base, d = 80 μm (E = 210 GPa, Hh = 2.9 GPa).
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transfer mechanism through GBs becomes energeti�
cally favorable. The values of coefficient ky in the
Hall–Petch relation for bcc metals are significantly
higher than those for fcc metals, ~0.7 and less than
0.16, respectively [2]. According to [28, 29], ky =
0.39–0.73 for iron, and ky = 0.1 for copper [4]. There�
fore, as the strength increases sharply, the transfer of
sliding from grain to grain requires very high stresses as
the grain size decreases. As a result, a change in the
deformation mechanism in bcc iron begins at a larger
grain size. At a grain size of about 200 nm (against
20 nm in fcc metals), an addition of a GBS mecha�
nism to the dislocation deformation mechanism in
which sliding is transferred through GBs becomes
energetically favorable. The former mechanism begins
to play a key role at d = 50 nm.

We used the differences between the hardnesses
corresponding to the Hall–Petch relation and the
experimental values for the nano� and submicrocrys�
talline layers (20 ≤ d ≤ 200 nm) and calculated the gain
in the flow stress ΔσS (for H ≈ 3σS, according to Tabor
[20]) upon a change in the deformation mechanism.
With this quantity, one can estimate how GBS�assisted
deformation is facilitated in comparison with the
transfer of sliding from grain to grain through a grain
boundary according to the Hall–Petch dislocation
mechanism. For example, as the grain size decreases
from 200 to 50 nm, the gain in the flow stress ΔσS is
850 MPa, and we have ΔσS = 2580 MPa for a decrease
to d = 20 nm. These data demonstrate that, in the layer
region with a grain size 50 < d < 200 nm, deformation
occurs via a mixed mechanism: the GBS mechanism
is added to the conventional dislocation mechanism.
At d < 50 nm (where the yield strength decreases), the
GBS mechanism is dominant: rotational deformation
modes are suppressed and rotational modes are acti�
vated [7]. In this case, deformation mainly proceeds

via nanograin rotation, which is caused by a high level
of stresses in triple junctions.

Plasticity characteristics δA and δH calculated by
Eqs. (1) and (3a), respectively, agree well with each other
and exhibit a linear dependence on HM/E(1 – ν – 2ν2),
including the dependence for a nanostructured state
(Fig. 5). The values of plasticity parameter δA fall on a
straight line whose slope is tanα = 10.3, which is close
to the coefficient in Eq. (3a) for parameter δH. This
results supports the data in [24, 26, 27] indicating good
agreement between parameters δA and δH. Moreover,
we experimentally confirmed the validity of the con�
cepts following from the theory [22] that plasticity
characteristic δH is mainly determined by the HM/E
ratio (see Eqs. (3), (3a)). Therefore, as the hardness
increases, the plasticity characteristics decrease at a
constant Young’s modulus. In this case, the effect of a
decrease in the plasticity with increasing hardness
should be enhanced and E should decrease.

It is interesting that plasticity characteristic δA,
which was calculated without using Young’s modulus
E, hardness HM, and Poisson ratio ν, depends on the
relationship between them and is described by
Eq. (3a).

Despite a certain decrease in Young’s modulus, the
decrease in the hardness results in an increase in the
plasticity characteristic (to 0.87) of nanostructured
iron (see Fig. 3). The plasticity increases in the layer
region with a grain size smaller than 50 nm, since the
hardness decreases faster than Young’s modulus and
the plasticity characteristic is mainly determined by
the HM/E ratio.

It is important that the grain refinement in bcc iron
to a nanostructured state with a grain size smaller than
50 nm leads to an increase in plasticity characteristic
δA, whereas the grain refinement in fcc metals to a
grain size of 20 nm leads only to a decrease in the plas�
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metals [2, 4] and bcc iron after SPDA.
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ticity caused by an increase in the hardness. As follows
from the data in Fig. 6, the plasticity characteristic of
iron refined by SPDA to a grain size of 20 nm
approaches the plasticity of copper with a grain size of
20 nm or smaller. It should be noted that it is very dif�
ficult to form a structure with a grain size d < 20 nm,
especially in engineering practice, and that the forma�
tion of nanograins with d < 50 nm in iron and the
related increase in the plasticity can readily be
achieved.

CONCLUSIONS

(1) As the grain size in armco iron decreases to
below 30 nm, Young’s modulus decreases by 10%
compared to the coarse�grained state (176 ± 9 GPa
against 210 ± 10 GPa).

(2) As the grain size decreases from coarse grains to
micron and submicron grains (to 200 nm), the hard�
ness increases from 3 to 5.8 GPa, which is satisfacto�
rily described by the Hall–Petch relation. The value of
coefficient ky in the Hall–Petch relation coincides
with its value for coarse�grained iron. As the grain size
decreases from 200 to 50 nm, a deviation from the
Hall–Petch relation is observed: the hardness is stabi�
lized. A further decrease in the grain size from 50 to
20 nm results in a decrease in the hardness to 3.7 GPa
and an increase in plasticity characteristic δA from 0.82
to 0.87. In fcc metals, a decrease in the grain size to
20 nm causes an increase in the hardness and a
decrease in the plasticity, and the hardness decreases
only at d < 20 nm. These differences in the deforma�
tion behavior are related to a significantly higher coef�
ficient ky in the Hall–Petch relation for bcc metals as
compared to fcc metals.

(3) The plasticity characteristic of iron refined by
SPDA to a grain size of 20 nm approaches the plastic�
ity of copper with a grain size of 20 nm or smaller.
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