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Atomistic tensile deformation mechanisms of Fe
with gradient nano-grained structure
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Large-scale molecular dynamics (MD) simulations have been performed to inves-
tigate the tensile properties and the related atomistic deformation mechanisms of
the gradient nano-grained (GNG) structure of bcc Fe (gradient grains with d from
25 nm to 105 nm), and comparisons were made with the uniform nano-grained
(NG) structure of bee Fe (grains with d = 25 nm). The grain size gradient in the
nano-scale converts the applied uniaxial stress to multi-axial stresses and promotes
the dislocation behaviors in the GNG structure, which results in extra hardening and
flow strength. Thus, the GNG structure shows slightly higher flow stress at the early
plastic deformation stage when compared to the uniform NG structure (even with
smaller grain size). In the GNG structure, the dominant deformation mechanisms are
closely related to the grain sizes. For grains with d = 25 nm, the deformation mecha-
nisms are dominated by GB migration, grain rotation and grain coalescence although
a few dislocations are observed. For grains with d = 54 nm, dislocation nucleation,
propagation and formation of dislocation wall near GBs are observed. Moreover,
formation of dislocation wall and dislocation pile-up near GBs are observed for
grains with d = 105 nm, which is the first observation by MD simulations to our
best knowledge. The strain compatibility among different layers with various grain
sizes in the GNG structure should promote the dislocation behaviors and the flow
stress of the whole structure, and the present results should provide insights to design
the microstructures for developing strong-and-ductile metals. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4928448]

. INTRODUCTION

Nano-grained (NG) metals usually have ultra-high strength, but show reduced strain hardening
rate and limited ductility compared to their coarse grained (CG) counterparts, due to the incapability
of effectively accumulating dislocations inside the nano-grains.'~> The structural applications in
modern industry always demand stronger and tougher metals and alloys. Such expectations have
been realized by several strategies developed recently through tailoring nano-scale microstructures,
such as, pre-existing growth nano-twins, nano-precipitates, bimodal grain size distribution, and
gradient nano-grained (GNG) structure.*'¢

The GNG/CG architecture, consisting of the GNG surface layers and the CG core, can pro-
duce high strength and ductility.''~'® Based on surface nanocrystallization and warm co-rolling
technologies, high strength and exceptional ductility could be obtained in the periodically layered
GNG/CG structures by introducing non-localized fracture behaviors.'?> High tensile plasticity can
also be achieved in the NG Cu film when confined by a CG substrate with a gradient grain size
transition, which attributes largely to a mechanically-driven grain boundary migration process and a
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strain-induced growth of nano-grains'® where strain localization is suppressed.'”'® Evidences have
been indicated that large plastic strains could be obtained in NG metals without apparent grain
growth by other deformation modes, such as compression and rolling,'*! in which complex stress
states exist in the specimens instead of uniaxial stress state. These experimental observations hint
that a stable GNG layer may also intrinsically improve ductility without grain growth, and the
strain compatibility between different layers may suppress the strain localization of the NG surface
layers for improved ductility, as indicated in our previous work.'* The strain compatibility between
different layers usually induces stress partitioning, stress state change and back stress in the GNG
structure, and the back stress usually refers to the stress associated with a strain process provid-
ing long-range interactions with mobile dislocations (such as geometrically necessary dislocations,
GNDs) for back stress hardening.”” The generation of GNDs increases the dislocation density in
the materials and makes it more likely for dislocations to interact and entangle with each other,
which increases the flow stress.!*23-2* Moreover, the strain gradient should be introduced when
the constraint exists, which produces the extra hardening and the higher strength compared to the
rule-of-mixture due to the grain size gradient.'*?*23

Nanocrystalline (NC) bee metals have been found to behave very differently from NC metals
with other crystal structures.’®~>® With decreasing grain size, the density of mixed and edge dislo-
cations increases while the screw dislocations become less dominated for bee metals.2” Moreover,
the overall dislocation density decreases with decreasing grain size when the grain sizes are very
small.”’ The strain rate sensitivity was found to decrease with decreasing grain size for bcc metals
due to these observations.?~>> MD simulations have been shown to be particularly helpful for inves-
tigating the atomistic deformation mechanisms of nanostructured metals, in which the real-time
microstructural responses of the system, the atomistic and macroscopic stress and strain, and the
stress state can be examined in detail.”***! For example, previous investigations®>-3*3¢-3 have
elucidated a transition in the dominant deformation mechanisms with decreasing grain size from
dislocation-mediated plasticity to GB-associated plasticity in NC metals. Previous MD simulations
on bee Fe have also indicated that the type of dislocations is full lattice dislocation even when the
grain size is below 20 nm.****! The fracture resistance of bcc NC Fe has been shown to increase
with decreasing grain size below a critical grain size, and the “most brittle grain size” appears to be
in accordance with the “strongest grain size”.*> MD simulations have also been used to characterize
the dislocation-core structure in the framework of the Peierls-Nabarro model and study the mecha-
nism of the dislocation motion at different temperatures in bec Fe.*? The dislocations were found to
move by nucleation and propagation of kink-pairs along its line at low temperature.

MD simulations may be helpful and provide hints for the atomistic tensile deformation mecha-
nisms in the GNG structure. In this regard, large-scale MD simulations were utilized in this work to
investigate and compare the tensile properties and the related atomistic deformation mechanisms of
two microstructures, i.e., the GNG structure of bee Fe and the uniform NG structure of bee Fe.

Il. SIMULATION TECHNIQUES

The MD simulations were carried out using the Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS) code and the force interactions between atoms were described by an Fe
EAM potential developed by Mendelev et al.*> This potential was calibrated according to the ab initio
values or the experimental data of lattice constant, elastic constants, point-defect energies, bee-fec
transformation energy, and relaxed core structure of the dislocations. In order to explore deformation
mechanisms of GNG structure, similar to the configuration used by Yamakov et al.,”® a columnar
grain structure was considered in which grains larger than those possible in fully 3-dimensional simu-
lations could be simulated. The <111> direction was chosen for the column axis (z direction) in the
present study, which ensures that dislocations can glide on either of three {110} slip systems in each
grain following their nucleation. In this study, two configurations were considered, i.e., the GNG
structure of bce Fe and the uniform NG structure of bee Fe. The relaxed structures for these two
configurations are shown in Fig. 1, and the color coding is based on the common neighbor analysis
(CNA) values. Green color stands for perfect bce atoms, red color stands for grain boundaries (GBs),
dislocation core, and free surface atoms, blue color stands for fcc atoms, pink color stands for hcp
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(a)

FIG. 1. The relaxed tensile configurations for (a) GNG structure of bce Fe; (b) uniform NG structure of bee Fe. Perfect bee
atoms are not shown in this figure.

(®)

atoms. The same CNA color coding is used in all figures of present study. In Fig. 1(a), a GNG structure
of 140 grains with various orientations was constructed by the Voronoi method, and the grain size
increases gradually from 25 nm at the surface to 105 nm at the center. In Fig. 1(b), a uniform NG
structure of 464 grains with various orientations was also constructed by the Voronoi method. In Fig. 1,
the x direction is along [112] and the y direction is along [110] for the grain with 0 angle, and the
grains with other angles were rotated about the z axis from this reference grain. Both configurations
are symmetric about the center line along y direction. The surface layers have the same grain sizes,
structures and orientations for both configurations, as shown in Fig. 1. Both samples have dimensions
of 400 x 650 x 0.99 nm?, and contain approximately 24,000,000 atoms. The thickness (0.99 nm) of
the columnar grains was chosen to be larger than the cutoff distance (0.53 nm) of the EAM interatomic
potential in order to ensure the periodicity along the z direction. Unlike the bowed-out dislocations
with curvature from GBs of real nanocrystals, vertical GBs of an ideal columnar structure normally
produce infinite straight dislocations, however previous research’?° have indicated that such simu-
lation structure can also provide insights for atomistic deformation mechanisms of nanostructured
metals with proper orientation selection. Periodic boundary conditions were imposed along x and z
directions, while free boundary conditions were imposed along y directions. Both as-created sam-
ples were first subjected to energy minimization using the conjugate gradient method before tensile
loading, then gradually heated up to the desired temperature and finally relaxed in the Nose/Hoover
isobaric-isothermal ensemble (NPT) under both the pressure 0 bar and the desired temperature (1K)
for enough time (100 ps). After relaxation, an 8% strain was applied to both samples with a constant
engineering strain rate of 2 X 10%s~! along x direction. During the tensile loading, the overall pressures
in the y and z directions were kept to zero.

lll. RESULTS AND DISCUSSIONS

In the GNG/CG sandwich samples produced by the surface mechanical attrition treatment
(SMAT) or the surface mechanical grinding treatment (SMGT),''~'* the gradient layer generally has
gradient grain sizes along the depth from several tens of nm to several tens of wm. Under uniaxial
tension, the outer NG layers will first become plastically unstable at lower tensile strains, resulting
in fast lateral shrinking of unstable layers. However, the lateral shrinking is constrained and stopped
by the neighboring stable large-grained layer since the strain compatibility is required to maintain
material continuity. Moreover, the constraint induces the lateral tensile stress in the NG layers and
the lateral compressive stress in the inner layers.'4
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FIG. 2. (a) Simulated stress (0 x) as a function of tensile strain for both configurations; (b) Simulated lateral stress o, as a
function of tensile strain for the surface layers in both configurations; (c) Simulated lateral stress o, as a function of tensile
strain for the surface layers in both configurations.

In our simulation model of the GNG structure, the gradient grain size transition is only from
25 nm at the surface to 105 nm at the center due to the computation limitations of MD simulations.
However, the stress states for both the surface layers and the center layer in the GNG sample are still
observed to change from uniaxial tension to multi-axial states during the deformation, as indicated in
Fig. 2. Fig. 2(a) shows simulated stress (o) as a function of tensile strain for both the GNG structure
and the uniform NG structure. Figs. 2(b) and 2(c) show simulated lateral stresses (o, and o) as
a function of tensile strain for the surface layers in both configurations. In Figs. 2(b) and 2(c), the
lateral stresses represent the average lateral stresses based on all atoms from the surface layers in both
configuration. As indicated, the constraint between the surface layers and the center layer induces
lateral tensile stresses in the surface layers for the GNG structure, which is contrast to the uniform NG
structure where nearly zero lateral stresses are observed in both the surface layers and the center layer.
The overall lateral stresses are still zero in the GNG structure during the tensile loading (the overall
lateral stresses are monitored during loading, and the overall sample is still under uniaxial loading).
Correspondingly, lateral compressive stresses should be induced in the center layer since the overall
pressures in the y and z directions were kept to zero for the whole GNG structure during the loading.
It should be noted that free boundary condition is intended to impose on y direction like the real GNG
sample, and the strain compatibility between the surface layers and the center layer may suppress the
strain localization of the surface layers, which results in the stress-state change.

Fig. 3(a) shows the number of dislocations as a function of tensile strain for the surface layers
in both configurations. Figs. 3(b) and 3(c) show the simulated deformation patterns of selected
grains in the surface layers for the uniform NG structure and the GNG structure, respectively. The
strongest grain size in bec Fe was found to be approximately 15 nm by previous MD simulations.*
This indicates that the 25 nm grains should be stronger than the 105 nm grains in our simulation
model. However, as indicated in Fig. 2(a), the flow stress of the GNG structure (with a high volume
fraction for grains with d = 105 nm) at early plastic deformation stage is comparable to and even
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FIG. 3. (a) Number of dislocations as a function of tensile strain for the surface layers in both configurations. Simulated
deformation patterns at 5% and 8% tensile strains of selected grains in the surface layers (d = 25 nm) for (b) the uniform NG
structure of bee Fe; (¢) the GNG structure of bece Fe.

slightly higher than that of the uniform NG structure (d = 25 nm). The underlying mechanisms
should be twofold. First, the stress state change is expected to increase the dislocation density in
the materials and make it more likely for dislocations to interact and entangle with each other,
which increases the flow stress.”® As indicated in Fig. 3a, higher dislocation density is observed
in the GNG structure for the same surface layer due to the stress state change and the constraint,
when compared to the uniform NG structure. Second, the strain gradient occurs when the constraint
exists, which produces the GNDs and the extra hardening due to the grain size gradient.'*?* Several
dislocations can be observed as red dots marked by arrows within grain interiors of the surface
layers for the uniform NG structure (Fig. 3b). However, as indicated in Fig. 3c, more dislocations
can be found in the same grains for the GNG structures, and these dislocations seem to nucleate at
GBs since there are no initial dislocation sources inside the grains.

Fig. 4 shows the overall simulated deformation patterns for the GNG structure of bec Fe at
tensile strains of 4% and 6%. A small crack is observed to nucleate at the GB of two large grains at a
tensile strain of 6%, which produces a abrupt drop in the flow stress for the GNG structure as shown
in the Fig. 2(a). A few dislocations are observed in the small grains (d = 25 nm). Larger number of
dislocations are observed in the interiors of large grains (d = 105 nm). Moreover, as indicated later,
the dominant deformation mechanisms are closely related to the grain sizes in the GNG structure.

Figs. 5(a) and 5(b) show nucleation of a dislocation from GBs and propagation of the disloca-
tion in the interior of grains, respectively. This confirms that GBs are the sources of dislocations,
and the dislocation type is full lattice dislocation. Figs. 5(c) and 5(d) show a typical edge dislocation
with edge component of 1/3[112] projected onto [111] plane and a typical screw dislocation in the
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FIG. 4. The overall simulated deformation patterns for GNG structure of bce Fe at a tensile strain of (a) 4%; (b) 6%. A small
crack is observed to nucleate at GB of large grains, indicated by a dash ellipse. The Schmid Factors for three {110} slip
systems in each large grain (d = 105 nm) are also indicated in Fig. 4(a).

interior of grains, respectively. Crystallographic analysis and image simulations reveal that the best
way to study dislocations with edge components in bce systems is to take images along <110> zone
axis, from which it is possible to identify 1/2<111> pure edge dislocations, and edge components
of 1/2<111> and <001> mixed dislocations.?”-? However, in order to activate more slip systems in
the 2D columnar structure, the zone axis was chosen as [111] in the present study. Both dislocations
with Burges vectors of 1/2[111] and [100] have the same edge components of 1/3[112] when pro-
jected onto [111] plane. So, it is hard to differentiate a 1/2[111] dislocation from a [100] dislocation
from the projection along [111] zone axis, and it is needed to examine 3D structure of dislocations

R
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0000000
00000000

sesesseses
(©)
FIG. 5. (a) Nucleation of a dislocation from GBs; (b) Propagation of a dislocation in the interior of grains; (c) A typical

edge dislocation (5 1=1/2[111]) with edge component of 1/3[112] projected onto [111] plane in the interior of grains; (d) A
typical screw dislocation (b =1/2[111]) in the interior of grains.
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FIG. 6. (a) The grain orientations as a function of tensile strain for selected grains with various grain sizes in the GNG
structure; (b) Simulated deformation patterns at 5% and 7% tensile strains in selected 25 nm grains showing GB migration;
(c) Simulated deformation patterns at 4%, 5% and 7% tensile strains in selected 25 nm grains showing grain rotation and
grain coalescence.

and indentify the dislocation type. The dislocation types were then investigated and can be identi-
fied by Burgers circuits and DDA (dislocation detection algorithm) tools in the present study.*’ As
shown in Figs 5(c)-5(d), the Burges vector of a screw dislocation is parallel to the dislocation line,
while the Burges vector of an edge dislocation is perpendicular to the dislocation line.

Fig. 6(a) shows the grain orientations as a function of tensile strain for selected grains with
various grain sizes in the GNG structure. Fig. 6(b) shows simulated deformation patterns at 5%
and 7% tensile strains in selected 25 nm grains showing GB migration. Fig. 6(c) shows simulated
deformation patterns at 4%, 5% and 7% tensile strains in selected 25 nm grains showing grain
rotation and grain coalescence. Based on observations from Fig. 6(a), three conclusions could be
drawn as follows: (a) The smaller the grain, the easier for grain rotation when the initial orientation
is 60% (b) The grain rotations are similar for various grain sizes when the initial orientation is
30°, which indicates the grain rotations are not only related to grain sizes but also the initial grain
orientations; (c) The grain rotations could be clockwise or counter-clockwise. Previous investiga-
tions?** also suggest that the GB activities increase with decreasing grain sizes for tens of nm
grain size range. A unified approach to four fundamental phenomena associated with GBs and grain
growth has recently been formulated: (a) Normal GB motion; (b) Relative translation of the grains
parallel to the GB plane coupled to normal GB motion; (c) GB sliding; (d) Grain rotation.*> This
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®

FIG. 7. Simulated deformation patterns at 3%, 5% and 8% tensile strains in selected 54 nm grains showing dislocation
nucleation, propagation and formation of dislocation wall near GBs.

indicates that GB motions are generally coupled and curvature driven, which is similar to our
observations as indicated in Fig. 6(b). The grain growth mechanisms include GB migration and
grain-rotation-induced grain coalescence,**® which are also observed in our simulation for a GB
with initial misorientation of 15° (Fig. 6(c)). For grains with d = 25 nm in the GNG structure,
the deformation mechanisms are dominated by GB migration, grain rotation and grain coalescence
although a few dislocations are observed.

Fig. 7 shows simulated deformation patterns at 3%, 5% and 8% tensile strains in selected
54 nm grains showing dislocation nucleation, propagation and formation of dislocation wall near
GBs. Based on MD simulations, a transition have been elucidated in deformation mechanisms with
decreasing grain size from dislocation-mediated plasticity to GB-associated plasticity in nanocrys-
talline metals.?-3036-3947 Above “the strongest grain size”, the prevailing mechanisms for nanocrys-
talline metals depend on the stacking-fault energy (SFE), the elastic properties of metals, and the
magnitude of the applied stress.*” The metals with high SFE exhibit a series of loops of perfect
dislocations propagating through the grain interiors. By contrast, in the metals with low SFE, com-
plete dislocations could not be nucleated and only partial dislocations could be nucleated from GBs
and absorbed by opposite GBs, leaving stacking-fault (SF) behind in the grain interior. In the grains
with d = 50 nm in the GNG structure of bee Fe, perfect dislocations are observed to be nucleated
from GBs and propagate to the grain interior, and finally a dislocation wall is formed near GBs
(Fig. 7). This dislocation wall can impede further dislocation nucleation and propagation, resulting
in strain hardening for the whole structure.

Fig. 8 shows simulated deformation patterns at 3% and 5% tensile strains in selected 105 nm
grains showing formation of dislocation wall and dislocation pile-up near GBs. Besides the forma-
tion of dislocation wall near GBs, dislocation pile-up is also observed between the initial GB and
the newly formed dislocation wall (Fig. 8), which is the first observation by MD simulations to our
best knowledge. This dislocation pile-up should contribute significantly to the strain hardening of
the whole structure.

FIG. 8. Simulated deformation patterns at 3% and 5% tensile strains in selected 105 nm grains showing formation of
dislocation wall and dislocation pile-up near GBs.
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IV. CONCLUDING REMARKS

Large-scale MD simulations have been used to elucidate the atomistic deformation mecha-
nisms of the GNG structure of bce Fe and the uniform NG structure of bee Fe in the present study.
The grain size gradient in the GNG structure converts the applied uniaxial stress to multi-axial
stresses and promotes the dislocation behaviors, thus resulting in extra hardening and slightly higher
flow strength when compared to the uniform NG structure even with the stronger grain size. The
dominant deformation mechanisms are found to be closely related to the grain sizes in the GNG
structure. The deformation mechanisms are dominated by GB activities although few dislocations
are observed in the grain interior with d = 25 nm. However, dislocation nucleation from GBs,
propagation in the grain interior and formation of dislocation wall near GBs are observed for larger
grains (d = 54, 105 nm). Moreover, dislocation pile-up between the newly formed dislocation wall
and the initial GBs is observed for grains with d = 105 nm, which is the first observation by MD
simulations to our best knowledge. The formation of dislocation wall and dislocation pile-up should
contribute significantly to the strain hardening during the plastic deformation. The present findings
should provide insights for developing the metals and alloys with superior mechanical properties.
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