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In the present work, the mechanical properties of bulk nanocrystalline (NC) bec Fe under tensile deformation have been stud-
ied by molecular dynamics (MD) simulations. Average flow stress was found to decrease with grain refinement below 13.54
nm, indicating a breakdown in the Hall-Petch relation. A change from grain boundary (GB) mediated dislocation activities to
GB activities may be a possible explanation of the breakdown in the Hall-Petch relation. The results also indicate that the av-
erage flow stress increases with increasing strain rates and decreasing temperatures. Stress induced phase transformations were
observed during the tensile deformation of NC Fe, and such phase transformations were found to be reversible with respect to
the applied stress. The maximum fraction of the cp atoms was also found to increase with increasing applied stress. Significant
phase transformation occurred in the stacking fault zone due to dislocation activities for large grain size (13.54 nm), while sig-
nificant phase transformation occurred in the GBs due to GB activities for small grain size (3.39 nm). At deformation temper-
ature of 900 K and above, no apparent phase transformation occurred because all atoms at GBs and grain interior could easily
rearrange their position by thermal activation to form local vacancies/disordered structures rather than ordered close packed

(cp) structures.
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1 Introduction

Nanocrystalline (NC) metals (grain size<100 nm) have been
the subject of considerable interest due to many unique
mechanical properties, such as increased strength/hardness,
improved toughness and enhanced diffusivity compared to
coarse grained counterparts [1,2]. The strength/hardness has
been found to increase with decreasing grain size down to a
critical value (10-20 nm), following the well-known Hall-
Petch relation [3,4]. The increased strength/hardness has
been attributed to the increased area fraction of grain
boundaries (GB), which act as strong barriers to dislocation
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motions. However, atomistic simulations, theoretical and
experimental work show that the strength was found to de-
crease with further grain refinement below the critical value
(10-20 nm) for fcc metals [5-9], suggesting a shift in the
deformation mechanisms from dislocation activities to GB
activities.

Atomistic simulations have been shown to be a powerful
tool of studying mechanical behavior and deformation
mechanisms for NC materials [10,11]. These simulations
have provided intensive valuable insights into the defor-
mation mechanisms of NC materials, but most of research
has been focused on the fcc metals [5,6,12—17]. Therefore,
it is necessary to conduct further investigations [18-21] on
the mechanical properties and plastic deformation mecha-
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nisms for bulk NC bcc metals, because of their engineering
and technological importance.

As for bce metals such as Fe, phase transformation due to
stress or temperature from the ferromagnetic body-centered
cubic (bcc) into nonferromagnetic close-packed (cp) struc-
tures (fcc + hep), and vice-versa, are of great interest since
they are the origin for many important properties of Fe [22].
The solid to solid phase transformation of o — ¢ in Fe
under shocking loading above 13 GPa was firstly reported
by Bancroft et al. [23]. Following this observation, research
by theoretical and experimental techniques has been focu-
sed on the possibility of the same transformation (o — &)
under static pressure and dynamic shock loading [24-27].
Both molecular dynamics (MD) simulation and in-situ x-ray
diffraction have confirmed this transformation (a — &)
with shock wave traveling along [001] direction in Fe single
crystals [28-30]. However, for shock waves along other
single crystal directions and for polycrystalline Fe, both
(a— ¢) and (a — y) transformations were observed, and

the fraction of the fcc phase depended on the shock strength
and grain orientation [22,31]. Using MD simulations, [001]
oriented nanowires were found to exhibit preferably an
a — y transformation following Nishiyama-Wassermann

path, while [011] and [111] oriented nanowires exhibited a
preferred a — ¢ transformation [32]. The reversibility of
the transformation in the elastic regimes and pseudoelastic-
ity were also found by MD simulations for Fe nanowires
[33]. Although the solid-solid phase transformations in-
duced by tensile deformation were observed in Fe nan-
owires, further studies are still needed to investigate the
mechanical properties and phase transformations for bulk
NC Fe under tensile deformation at high strain rates.

In the present study, MD simulations were used to inves-
tigate the mechanical behaviors and deformation mecha-
nisms of bulk NC bcc Fe under tensile deformation. One of
the goals of this work was to obtain a more comprehensive
understanding of grain size effect on the deformation be-
haviors and stress-induced microstructural evolutions of
bulk NC Fe, thus a wide range of grain size (d from 3.39 to
27.08 nm) was used. Special focus was on the strain rate
and temperature effects on the mechanical behaviors and
phase transformations for bulk NC Fe.

The paper is organized as follows: the simulation meth-
odology is introduced, including construction of the assem-
bly of bulk NC Fe, boundary conditions, and the interatomic
potentials of Fe. The simulations results and discussions are
presented, including comparisons with experimental work
and other MD simulation results. Finally, we summarize our
critical findings on the simulation results.

2 Simulation methods

In the present work, atomistic simulations of uniaxial tensile
deformation of NC bcc Fe were performed. Similar to the
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configuration used by Yamakov [16], all samples contained
6 hexagonally shaped columnar grains with identical size.
The columnar axis was [001], and periodic boundary condi-
tions were used in all three directions. In this configuration,
only high-energy, asymmetric tilt GBs, each with a misori-
entation angle of 30°, were produced. MD simulations re-
ported in this work were performed using large-scale atom-
ic/molecular massively parallel simulator (LAMMPS) de-
veloped by Plimpton [34]. The time step was 2 fs during the
simulations. Before tensile loading, the samples were first
subjected to energy minimization by the conjugate gradient
method, then gradually heated up to the desired temperature
in a step-wise fashion, and finally relaxed in the Nose/
Hoover isobaric-isothermal ensemble (NPT) under both the
pressure O bar and the desired temperature for 100 ps. A
snapshot of the columnar microstructure with 13.54 nm
grain diameter (defined as the circle encompassing the hex-
agon) after relaxation at O bar and 1 K is given in Figure 1,
including the global orientations of each grain and the di-
rection of the loading. After equilibration processes, the
samples were gradually deformed to a maximum elongation
of 18% in the x-direction. Pressures in the directions or-
thogonal to the tensile axis were set to 0 by NPT ensemble
during the deformation, leading to a uniaxial loading condi-
tion. The local atomic arrangement of the deformed config-
uration was then visualized using a common neighbor anal-
ysis algorithm [35].

The Fe-Fe interatomic forces were calculated based on
an embedded atomic method (EAM) potential [36]. This
potential was developed by fitting to the first principle
forces obtained in a model liquid configuration and also to
the other experimentally obtained material properties (lat-
tice parameter, elastic constant, and phase transformation
energy). This potential was also verified by Chaussidon et al.
[37] as successfully describing the non-degenerate core
structure of a screw dislocation, in good agreement with the
dislocation structure calculated based on density functional

(001) plane

Figure 1 (Color online) Snapshot of the six-grain, columnar microstruc-
ture with a grain diameter of 13.54 nm after relaxation at O bar and 1 K.
The viewing direction is along the [001] columnar axis, and the orientation
of each grain with respect to the axis loading is labeled. The simulation cell
is periodic in all three directions and contains 20 (001) atomic planes in the
out-of-plane columnar direction.
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theory (DFT) [38]. In order to study the grain size, strain
rate and temperature effects on the deformation behavior
and phase transformation of NC bcc Fe, several physical
parameters were systematically varied, including grain size
(d=3.39,4.42, 10.16, 13.54, 16.93, 20.31, 27.08 nm, and the
corresponding samples contain 13120, 23460, 118720,
211870, 330480, 476420, 847680 atoms, respectively),
strain rate (& =3.125x107, 1.25x108, 5x10%, 2x10” s™"), and
temperature (7=1,300, 600, 900, 1200 K).

3 Result and discussion

In this section, the simulated results for grain size, strain
rate and temperature effects on the deformation behavior of
bulk NC bcc Fe are addressed respectively.

3.1 Grain size effect on the deformation behavior of
NC bcce Fe

Figure 2(a) shows the stress strain curves of bulk NC Fe
with various grain sizes. The simulations were performed at
temperature of 1 K and strain rate of 5x10° s'. As shown in
Figure 2(a), the elastic modulus of NC Fe decreased with
decreasing grain size. This is due to the smaller relative
density with smaller grain size [18]. For example, the initial
density values of the samples relative to that of single crys-
tal Fe were approximately 99.6% and 97.8% for NC Fe with
grain sizes of 27.08 and 3.39 nm, respectively. Tensile
stress was observed to increase with strain up to a certain
peak stress, before gradually decreasing to a relatively
steady-state value regardless of grain size. These peak
stresses are known to be amplified (stress overshoot) due to
the high strain rates generally employed in MD simulations
[5,16,17]. In order to clarify the effect of grain size on the
deformation of NC metals using MD simulations, it is a
more precise physical meaning to compare the average flow
stress over a certain inelastic strain interval. In view of this,
average stress for 0-12% inelastic strain vs. inverse square
root of grain size (d ) were plotted in Figure 2(b). These
average flow stresses were found to increase to a maximum
value of 7.8 GPa with decreasing grain size down to 16.93
nm, but then to decrease with further grain refinement. The
usual Hall-Petch relation can be observed for grain size
larger than 16.93 nm. Although the trend is not strictly fol-
lowing an inverse Hall-Petch relation, NC Fe becomes soft-
er when the grain size is smaller than 13.54 nm, which is
close to the transition point of 14.7 nm as observed for NC
Fe by Jeon et al. [19]. In previous research work, the con-
ventional Hall-Petch relation was also reported to break
down below grain sizes of 10-15 nm for NC Cu [5,8], 10
nm for NC Al [6], and 14-20 nm for NC Ni [7,9]. The sof-
tening effects below the critical grain size were explained
by a shift in the deformation mechanism from dislocation
activities to GB activities, such as GB diffusion and sliding
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Figure 2 (Color online) (a) True stress-true strain curves of NC Fe with
various grain sizes; (b) average flow stress vs. inverse square root of grain
size (d"?). The solid line represents linear regression fit for simulation
data.

[5-9,39].

We present observations regarding phase transformations
induced by the tensile strain in bulk NC Fe in Figures 3-5.
Figure 3 shows fraction of cp atoms (fcc+hcp) as a function
of tensile strain for various grain sizes of NC Fe. The cp
clusters consist of mostly fcc structure and only a small por-
tion of hcp structure, which will be clearly shown in the
deformed configuration in Figures 4 and 5. The appearance
and evolution of the cp clusters as a function of the tensile
strain are clearly uncovered by Figure 3. The appearance of
the cp clusters begins at a strain of 6% for each grain size,
which corresponds to the onset of plasticity. After onset of
plasticity, the fraction of cp atoms increases with increased
strain. However, a peak fraction exists for each grain size,



1660 Yuan F P

20

—a— 3.39 nm

——p—10.16 M
—4—— 13.54 nm
————16.93 nm
——a— 27.08 nm

18

16

14

12

10

Fraction of CP atoms (%)

+ LI I I LI L L

Strain (%)

Figure 3 (Color online) Fraction of close packed atoms (fcc+hcp) as a
function of tensile strain for various grain sizes of NC Fe. The defor-
mations is performed at 1 K and 5x10° ",

and the fraction of cp atoms starts to decrease after attaining
the peak value. The mechanism of this trend is closely re-
lated to the unloading of the specimen, implying that stress-
induced phase transformations in NC bcc metals are re-
versible according to the applied stress [18]. Since the fcc
and hcp structures are thermodynamically unstable com-
pared with the bec structure, the reversibility of the trans-
formation are supposed to be occurring when the flow stress
starts to decrease after attaining the peak value.

In order to clearly show the deformation mechanisms for
onset of plasticity and evolution of the cp clusters, the de-
formed configurations as a sequence of tensile strain are
shown in Figures 4 and 5 for grain sizes of 13.54 nm and
3.39 nm respectively. The color coding of the figure based
common neighbor analysis is given in the caption.

Figure 4(a) shows the deformed configuration of 13.54
nm grain size strained to 6% elongation, which represents
onset of plasticity. Figure 4(b) shows amplified configura-
tion for the rectangular area marked in Figure 4(a). From
the Figures 4(a) and 4(b), it is found that partial dislocation
emission from GBs and formation of stacking faults on
{110} plane are responsible for onset of plasticity. In pre-
vious work [40,41], it is believed that the atomic mecha-
nism for partial dislocation emission from GBs is due to
local atomic shuffling and stress-assisted free volume mi-
gration at GBs. It is also interesting to note that slip systems
are only activated in the grains with orientation of 0”at this
stage. The reason is that the direction of the maximum shear
stress is 45° to the loading direction, which is consistent
with the close packed plane ({110} planes) of 0° grains.
Figure 4(c) shows the deformed configuration of 13.54 nm
grain size strained to 7.5% elongation. Figure 4(d) shows
the amplified configuration for the rectangular area marked
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Figure 4 (Color online) Deformed configuration of NC Fe at tensile
strain of (a) 6% (onset of plasticity); (¢) 7.5%; (e) 11.5%; (g) 11.625%.
The corresponding amplified configurations for the marked rectangular
area are shown in (b) 6%; (d) 7.5%; (f) 11.5%; (h) 11.625%. Golden yel-
low represents bce atoms, green is for fcc atoms, blue is for hep atoms, and
red is for all the other atoms, including those of GBS, dislocations and
vacancies. The same color coding will be used in the rest of figures. The
grain size is 13.54 nm, the deformation temperature is 1 K and the imposed
strain rate is 5x10° s,

in Figure 4(c). Significant phase transformation occurs in
the stacking fault zone with increased plastic deformation
due to dislocation activities. The phase transformation is
accommodated by successive emissions of partial disloca-
tion from adjacent planes at GB. The deformed configura-
tions also show that the fraction of cp atoms first increases
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Figure 5 (Color online) Deformed configuration of NC Fe at tensile
strain of (a) 0% (undeformed); (b) 6.0% (onset of plasticity); (c) 12%; (d)
18%. The grain size is 3.39 nm, the deformation temperature is 1 K and the
imposed strain rate is 5x10%s™".

with increased strain, and then reaches the peak value at
strain of 11.5% (Figures 4(e) and 4(f)). The fraction of cp
atoms is found to decrease with further plastic deformation
after 11.5%, and the reversed phase transformation zone is
formed (Figure 4(g) and Figure 4(h)). In the reversed phase
transformation zone, some dislocation debris and bcc struc-
tures with orientation different from origin grain are both
observed. This finding shows that although the phase trans-
formation is reversible, the reversed bcc structure is not
necessarily recovered to the origin orientation, indicating
local grain rotation induced by the combination process of
phase transformation and reversed phase transformation.
Figure 5(a) shows the undeformed configuration of 3.39
nm grain size (strain 0%), while Figure 5(b) shows the de-
formed configuration of 3.39 nm grain size strained to 6%
(onset of plasticity). Deformation mechanisms for onset of
plasticity are totally different for this grain size. When the
grain sizes become extremely small, the deformation
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mechanisms clearly shift from GB mediated dislocation
activities to GB activities. The fraction of GB atoms signif-
icantly increases with increased plastic deformation. Figure
5(c) shows the deformed configuration of 3.39 nm grain
size strained to 12%. The results clearly indicate different
mechanisms for phase transformation in two samples with
grain sizes of 13.54 and 3.39 nm. Significant phase trans-
formation occurs in the stacking fault zone due to disloca-
tion activities for grain size of 13.54 nm, while significant
phase transformation occurs in the GB area due to GB dif-
fusion and sliding for grain size of 3.39 nm. Figure 5(d)
shows the deformed configuration of 3.39 nm grain size
strained to 18%. The results also indicate that stress-induced
phase transformations for grain size of 3.39 nm are reversi-
ble according to the applied stress.

3.2 Strain rate and temperature effects on the defor-
mation behavior of NC bcc Fe

Figure 6(a) displays the stress-strain curves for NC Fe
(grain size 13.54 nm) tested at different imposed strain rates
at fixed temperature of 1 K, while Figure 6(b) displays the
stress-strain curves for NC Fe (grain size 13.54 nm) tested
at various temperatures with a imposed strain rate of 5x10°
s”'. The results indicate that both the maximum tensile
stress and the average flow stress for 0—-12% inelastic strain
increase sharply with increased strain rate and decreased
temperature. Considering a power-law constitutive rela-
tionship, the strain rate sensitivity (SRS) can be written as:

(alna

Olnég

(grain size 13.54 nm) can be calculated as 0.032. This value
is larger than that of ultra-fine-grained Fe [42] due to the
increased GB mediated plasticity at such small grain size
[18, 43]. The strong temperature dependence of flow stress
can be linked to thermal activation processes responsible for
the plastic deformation. For example, the activation volume
associated with the plastic deformation is proportional to the
deformation temperature [18].

j . From Figure 6(a), the SRS for NC Fe
T,e
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(Color online) (a) True stress-true strain curves of NC Fe tested at various imposed strain rates (the deformation temperature is 1 K); (b) true

stress-true strain curves of NC Fe tested at various temperatures (the imposed strain rate is 5x10° s™).
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(Color online) (a) Fraction of FCC atoms as a function of tensile strain for various imposed strain rates (the deformation temperature is 1 K); (b)

fraction of FCC atoms as a function of tensile strain for various temperatures (the imposed strain rate is 5x10* s™).

Figure 7(a) shows the evolution of the cp clusters (fcc+
hcp) with strain at various strain rates. The grain size of the
NC Fe sample is 13.54 nm and the deformation temperature
is 1 K. Figure 7(b) shows the evolution of the cp clusters
(fcc+hep) with strain at various temperatures. The grain size
of the NC Fe sample is 13.54 nm and the imposed strain
rate is 5x10° s™'. Again, the fraction of cp atoms increases
with increased strain after onset of plasticity, and decreases
after the peak value is attained. The results also indicate that
the maximum fraction of the cp atoms increases with in-
creasing strain rate and decreasing temperature. It is inter-
esting to note that there is no apparent phase transformation
when the deformation temperature is above 900 K. At high
temperature, dislocation activities disappear due to the
higher mobility and diffusivity of atoms. At deformation
temperature of 900 K and above, no apparent phase trans-
formation occurs because all atoms at GBs and in the grain
interior can easily rearrange their position by thermal acti-
vation to form local vacancies or disordered structures ra-
ther than ordered fcc/hep structures.

From previous results, the fractions of the cp (fcc+hcp)
atoms are closely related to grain size, the imposed strain
rate and the deformation temperature in a similar way to
that of flow stress. Therefore, certain relationship must exist
between the fraction of the cp atoms and the stress condition.
This relationship can be clearly observed in Figure 8, which
plots the maximum fraction of the cp atoms against the
maximum flow stress. The maximum fraction of the cp at-
oms is found to increase with increasing applied stress.

4 Summary and conclusion

In the present study, mechanical behaviors and deformation
mechanisms of bulk NC bcc Fe under tensile deformation
have been studied by MD simulations. Based on the simula-
tion results, the following concluding remarks are summa-
rized.

The usual Hall-Petch relation can be observed for grain
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Figure 8 (Color online) Maximum fraction of FCC atoms vs. maximum
stress.

size larger than 16.93 nm, while inverse Hall-Petch relation
is found for grain size smaller than 13.54 nm. It is found
that partial dislocation emission from GBs and formation of
stacking faults on {110} plane are responsible for onset of
plasticity with large grain sizes. However, when the grain
sizes become extremely small, the deformation mechanisms
clearly shift from GB mediated dislocation activities to GB
activities. The results also show that both the maximum
tensile stress and the average flow stress for 0-12% inelastic
strain increase with increasing strain rate and decreasing
temperature.

Stress induced phase transformations are observed during
the tensile deformation of NC Fe. The fraction of cp atoms
starts to increase with increased strain after onset of plastic-
ity, and then decrease after the peak value. The mechanism
of this trend is closely related to the unloading of the spec-
imen, implying that stress-induced phase transformations in
NC bce metals are reversible according to the applied stress.
Different mechanisms of phase transformation for different
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grain sizes are also presented. Significant phase transfor-
mation occurs in the stacking fault zone due to dislocation
activities for grain size of 13.54 nm, while significant phase
transformation occurs in the GBs due to GB diffusion and
sliding for grain size of 3.39 nm. At deformation tempera-
ture of 900 K and above, no apparent phase transformation
occurs because all atoms at GBs and grain interior can easi-
ly rearrange their position by thermal activation to form
local vacancies or disordered structures rather than ordered
fce/hep structures. The maximum fraction of the cp atoms is
found to increase with increasing applied stress.

This work was supported by the National Basic Research Program of Chi-
na (Grant Nos. 2012CB932203 and 2012CB937500) and the National
Natural Science Foundation of China (Grants No. 11002151, 10721202
and 11072243).
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