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ABSTRACT

Polycrystalline metals become stronger with a decrease in the constitute grain size, yet strength softening takes over at the nanometer
regime. Here, we find that this softening rate can be tailored and mitigated by tuning structural heterogeneity and grain size uniformity.
With reducing the small grain size in bimodal structures, the strength reduction is markedly alleviated due to the enhanced strengthening of
large grains. This mitigation of strength softening is mediated by promoted intragranular slip, extra dislocation storage, and reduced grain
boundary sliding in bimodal structures. Our findings signifying the role of grain size non-uniformity on crystal plasticity shed light on a
broad class of heterogeneous structured materials with improved strength and ductility.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0075475

I. INTRODUCTION

Most structural and functional materials are polycrystals made
of a large number of single crystalline grains aggregated together.
The strength of polycrystalline metals becomes stronger with reduc-
ing the size of constituent grains, known as the Hall-Petch
effect.'™ This strengthening effect breaks down when the grain size
falls into the nanometer regime and reaches a critical point, at
which the strength softening takes over the strengthening and
becomes the predominant mechanism. In this inverse Hall-Petch
regime,”® the material strength drastically decreases with a
decrease in the grain size, caused by grain boundary-mediated
activities such as intergranular sliding.”*

Recently, an arising class of heterogeneous structured materi-
als,” including bimodal,'” multimodal,'’ and gradient'” structures,
exhibited unprecedented mechanical behaviors, such as ultrahigh
strength and better tensile ductility, when compared with their
homogeneous counterparts. This suggests that manipulating the
structural parameters provides an approach to tailoring mechanical
behaviors toward desired properties. One of such successful exam-
ples is from a thermo-mechanically treated copper, consisting of a
microstructure with bimodal grain size distribution (coarse grains
embedded inside a matrix of nanocrystalline grains).'” This inho-
mogeneous microstructure induces strain hardening mechanisms,
leading to a high tensile ductility of 65% elongation to failure.

Interestingly, the bimodal structure enhanced mechanical behaviors
have been found applicable to other metals, such as nickel,"
aluminum,"” and titanium,'* which possess superior mechanical
properties than that of homogeneous metals. It is reasonable to
hypothesize that the structural heterogeneities intentionally engi-
neered into the bimodal structured materials considerably impact
deformation mechanisms. One interesting question arises as to the
role of bimodal structuring in strength softening, with the influence
of a bimodal structure on mechanical properties being suggested
experimentally.'*'>'°

Here, we perform parallel atomistic deformation simulations
of bimodal nanograined (BNG) copper with various grain size
ratios. By comparing with homogeneous nanograined (HNG)
copper, we find that the strength softening rate in the inverse Hall-
Petch regime is markedly alleviated in bimodal structures. The mit-
igation of strength softening is mediated by enhanced intragranular
slip, extra dislocation storage, and reduced grain boundary sliding
in the bimodal structure.

Il. SIMULATION MODELS

We create a series of bimodal nanograined structures with
dimensions of 40 X 40 x 40 nm® (containing 5.5 x 10° atoms), in
which the large grains and small grains equally occupy half of the
system volume. In these bimodal structures, the small grain size
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varies from 20 to 2nm while fixing the large grain size to be
20 nm, which enables studying the effects of structural heterogene-
ity (i.e., grain size ratio) on mechanical strength. Figures 1(a) and
1(b) show two slices of BNG structures with large to small grain size
ratios of 20:3 and 20:9, respectively. We use the embedded-atom
method (EAM) potential'” to describe the interatomic interaction

—

Large grain

Normalized flow stress

o

Small grains

D,;/D,=20/3

Small grains

Large grain

Platic flow stress o (GPa)

D;/D=20/9

o
(=3
(=]

e
o
G

= g e
% o o

—
o)}

1.4

ARTICLE scitation.org/journalljap

of Cu atoms, and all the simulations were conducted at constant
temperature 300 K using the Nosé-Hoover thermostat.'™'” With
periodic boundary conditions applied to all three directions, we
first relax the structures at 300 K for 50 ps, followed by uniaxial
tensile deformation. During mechanical deformation, we set the
atoms in small and large grains to two different groups. By
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FIG. 1. Bimodal nanograined structures with grain size ratios of (a) 20:3 and (b) 20:9. The grain color is randomly assigned to show the structural morphology. (c) The
averaged plastic flow stress of BNG structures compared with that of HNG structures. The flow stress is normalized by the maximum strength for comparing the softening
rates between BNG and HNG. The inset shows the average plastic flow stress (raw data, unnormalized) for each BNG structure. (d) The plastic flow stresses of large and
small grains in BNG structures show the stress of large grain increases with a decrease in the small grain size.
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considering the atomic stresses in the two groups, the mechanical
stresses associated with large and small grains can be evaluated and
differentiated. The samples are stretched at a constant engineering
strain rate of 5 x 108 s7!, and the stresses in the other two direc-
tions perpendicular to tensile are controlled at zero using isother-
mal-isobaric (NPT) ensemble. A series of HNG structures
consisting of various grain sizes are studied for comparison, and
different strain rates ranging from 5 x 107 to 1 x 10 s~1 are also
considered to reveal the strain rate effect.

I1l. RESULTS AND DISCUSSION

We first discuss how the plastic flow stress (strength) depends
on the grain size with a focus on the strength softening regime
(inverse Hall-Petch effect). The inset of Fig. 1(c) presents the flow
stress variation over grain size in the BNG structures. It can be seen
that the stress increases with a decrease in the grain size, but start-
ing from 14 nm, the stress shows a plateau, followed by a gradual
declining trend. To understand the influence of bimodal structure
in the strength softening, we compare the flow stresses and grain
size curve of BNG with that of HNG, as shown in Fig. 1(c). It is of
interest to note that the softening rate of BNG is considerably
lower as compared with HNG structures, which suggests a strength
softening alleviation enabled by grain size heterogeneity (ie.,
bimodal grain size distribution).

To reveal the source of strength behind the mitigation of soft-
ening in BNG structures, we compute the flow stresses of small and
large grains, and their variations with small grain size are plotted in
Fig. 1(d). With a decrease in the small grain size, the small grains
exhibit a loss of strength. Intriguingly, the large grains show a clear
increase in strength. This strength increase in large grains balances
the strength reduction of small grains, which is the root cause of
softening alleviation of BNG systems.

Before discussing the fundamental mechanisms that are
responsible for the strength increase of large grains, we begin with
the introduction of the stress—strain responses and the underlying
deformation processes in BNG structures. Figures 2(a)-2(c) show
the stress—strain curves for small and large grains in BNG struc-
tures with different small grain sizes of 14, 9, and 2 nm, respec-
tively. It is evident that the curves are separating from one another
with a decrease in the small grain size from 12 to 2 nm, exhibiting
an increasing strength of large grains and a decrease in small ones.
This strength increases in large grains, benefiting from reducing the
small grain size, suggests a strengthening mechanism originated
from the bimodal structure. For small grains, the stress overshoot
(yielding drop) keeps reducing, and for the small grain size of
2 nm, the stress drop vanished. This is because with a decrease in
the grain size, the predominant plastic deformation mechanism
responsible for yielding is changing from dislocation nucleation to
grain boundary-mediated sliding.20 In Figs. 2(d)-2(e), we show the
deformed structures for BNG with small grain sizes, 14 and 9 nm,
respectively. At 3% applied strain, the 9 nm small grains show dis-
location emission from grain boundary, while the 14nm grains
remain elastic. At the beginning of the plastic flow stage (5%
strain), more dislocations are activated in the small grains, and the
large grains start to deform plastically. Large grains undergo
increased dislocation slip during plastic flow (at 15% strain), and

ARTICLE scitation.org/journalljap

we find that more dislocations are stored in large grains with reduc-
ing the small grain size (see discussion of Fig. 4).

Next, we analyze and compare the strained structures, local
plastic strain, and boundary sliding of BNG and HNG, aiming to
understand the effect of bimodal structure on deformation mecha-
nisms, intragranular slip, and grain boundary activities. In the left
panels of Fig. 3, we present the deformed configurations at 15%
strain for BNG with the small grain size of 6 nm, HNG 20 nm, and
HNG 6 nm. As indicated by the red-colored atoms, deformation
mechanisms like partial slip, twinning, and stacking fault are trig-
gered. Unlike dislocation slip and twinning that can be described
by affine deformation field, grain boundary activities such as
sliding and migration are more of a nonaffine atomic rearrange-
ment.”””'"  Therefore, we use nonaffine displacement,
D} =37" |dj — ],-dg|2, to quantify grain boundary deformation,
where dj; is the distant vector from atom i to its neighbor atom j in
the current state and dg- is for the initial state, and J; is affine defor-
mation tensor that transforms a nearest neighbor separation, dg-, to
what would be expected under an affine deformation. By minimiz-
ing D?, one can obtain the best J; and thus local shear strain n.>
Here, local atomic strain 7, acting as the invariant of the local
strain tensor, can better describe intragranular plastic deformation
due to dislocation slip. The middle and right panels of Fig. 3 show
the spatial distributions of local strain 7 and non-affine displace-
ment D?, respectively. It is noteworthy that, in the shear strain
maps, there are more plastic slips (denoted in the figure) in the
grain interior of bimodal structure than that of homogeneous struc-
ture. This means dislocations have passed over that large grain
region multiple times, indicating enhanced transgranular plasticity
in BNG structures. From a grain boundary viewpoint, one can see
that the non-affine displacement (grain boundary sliding) associ-
ated with grain boundaries in bimodal structures is smaller than
their homogeneous counterparts. This reduction in grain boundary
sliding suggests that the large grains are stabilized by the surround-
ing small grains, which is considered to be the cause for enhanced
dislocation slip.

To further reveal the deformation behaviors of BNG, we
extend the deformation simulations at a wide range of strain rates
from 1 x 10!° to 5 x 107/s. Figure 4(a) shows the plastic flow stress
changes with respect to the variation of strain rate for HNG 20 nm
and BNG 14 nm. By comparing the values (slope) of strain rate
sensitivity m, it is evident that BNG is less sensitive to strain rate
variation and its flow stress drop is less than that of homogeneous
one within the same variation of strain rate. However, previous
studies claimed that with a decrease in the mean grain size, there
will be an increase in the strain rate sensitivity due to improved
grain boundary sliding.”>** To elucidate the surprisingly reduced
strain rate sensitivity of BNG, we extract and compare the total
lengths of different dislocation types in the BNG 14 nm and HNG
20 nm, as shown in Fig. 4(b). Their spatial distributions of disloca-
tion are illustrated in Figs. 4(d) and 4(e), respectively. The BNG
system, even if has half the volume of small grains, exhibits a high
density of dislocations than the homogeneous structure with all
large grains of 20 nm. Specifically, as the primary dislocation types
that govern plastic slip in low stacking fault energy metals, the total
length of Shockley partial dislocation” and the total length of
sessile stair-rod dislocation,” which is formed by the reaction of
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FIG. 2. Strain-stress curves of BNG structures with small grain sizes of (a) 14 nm (b) 9nm, and (c) 2 nm. Solid circles and hollow circles denote large grains and small
grains, respectively. By reducing the size of small grain, the stress of large grain is increasing. (d)—(e) Deformed BNG structures at 3% (upon yielding), 5% (at the initial
stage of plastic flow), and 15% (during plastic flow) applied strain with small grain size of (d) 14 nm and (e) 9 nm. The dark blue and red colors represent grain boundary

atoms and HCP atoms, respectively.

systems. By analyzing the structural types, atoms constituting
defects, such as dislocation, twin boundary, and stacking fault, are
categorized as defective or displaced atoms. Unlike the HNG struc-
ture, the fact that the percentage of the slipped atoms is higher in

two Shockley partials, are both higher in the BNG 14 nm, which
may be responsible for the excessive strength of the BNG. In Fig. 4(c),
we demonstrate the fractions of different atom types and the
calculated mean nonaffine squared displacement (D?. ) in the two

min
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FIG. 3. Plastic deformation mechanisms illustrated by deformed structure (dislocation, twinning, and stacking fault are denoted by D, T, and SF), local atomic shear strain
(grain interior slip history), and the nonaffine squared displacement (grain boundary sliding). (a) BNG structure with a small grain size of 6 nm. (b)—(c) Homogeneous struc-
tures with a grain size of (b) 20 nm and (c) 6 nm.

the BNG structure indicates the promoted plasticity. It is notewor-
thy that, even if the percentage of grain boundary atoms is higher
in the BNG system (i.e., grain boundaries take a larger portion of
the volume in the BNG), these grain boundaries experience less
sliding compared to HNG system, as indicated by the reduced
value of (D2, ). As a result of diminished grain boundary activities
and possible structure stabilization, the dislocation slip and the
transgranular plastic deformation, especially in the large grains, are
promoted.”” One noteworthy point is that the strain rate in our
MD simulations is several orders of magnitude higher than that in
normal experiments. With sufficiently decreasing strain rate, ther-
mally activated diffusional processes,”® such as vacancy-mediated

dislocation climb, can take place and overcome the dislocation
obstacles, decreasing the plastic flow stresses. Because the HNG
structures have lower dislocation storage (fewer pinning points), it
is reasonable to speculate that the HNG will experience fast
strength drop with a decrease in the strain rate compared with
BNG systems.

IV. CONCLUSION

This study manifests a nontrivial effect of grain size non-
uniformity on the mechanical behavior of nanograined structures.
It is found that the softening rate in the inverse Hall-Petch regime

J. Appl. Phys. 131, 045102 (2022); doi: 10.1063/5.0075475
Published under an exclusive license by AIP Publishing

131, 045102-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

a 3

A2'65_' B BNG & HNG

5 o

©) ’

Nt -

#2029 ,/’/é

2 | R

= 2.03 | B EaRs

.2 I - - /

7 = A -

< _ - -

~ 182 - ,,é

16

| IR | PR SRT S TNT WS U NN SN S S AN ST SN TN S T S S NS SR |
5E7 1E8 2.5E8 5E8 1E9 2.5E9 5E9 1E10

Strain rate (s)

ARTICLE scitation.org/journalljap

w
(&)

Shockley

w
o
T

I BNG
B NG

= N N
a o o
T T T

-
o

Stair-rod Hirth Frank

Dislocation length (x10%)

5 | Other Perfect
0
Dislocation type
C B 413
A 1
84l T E ' -E
A b -A-sip \\\\/" 11 8
.283 - A- Grain bounary L7 A ] <
NQ [ _’_ Dzmin /// 17° g
Vv 82 - < E 2
F P Z 7 9 <)
81F A‘,‘" = s ©
[ - TT-- 18
: pe A
80 L : '
BNG HNG
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The dislocations are colored by type: Perfect (royal blue), Shockley (green), Stair-rod (pink), Hirth (yellow), Frank (light blue), and Other (red). The gray line indicates grain

boundary.

can be tailored and alleviated by tuning structural heterogeneity
(grain size uniformity). Specifically in the bimodal nanostructured
metals, the mitigation of strength softening is enabled by the
enhanced plasticity of large grains and diminished grain boundary
sliding process. Extra dislocation nucleation and storage are
believed to contribute to the ultrahigh strengthening in a broad
class of heterogeneous structured materials.”*” During mechanical
deformation, dislocation gliding and pileup can be formed at the
vicinity of grain boundaries, resulting in stress concentration. In

consequence, a back-stress pointing to the dislocation source could

act as a strengthening mechanism. When the stress concentration
at a grain boundary reaches a threshold value, dislocation slip in
the neighboring grains can be activated, enhancing the dislocation
slip. With a decrease in the grain size, it becomes more difficult to
trigger the slip systems in the confined grain region,” and it
increases the threshold value of stress concentration at the grain
boundary in large grains, thus, allowing more dislocation pileups,
which is a strengthening mechanism in metals.””" In the heteroge-
neously structured materials, the unusual structure packing
with many small grains encompassing large grains may promote
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dislocation slip in both grains. An extensive dislocation slip in the
large grains could produce geometrically necessary dislocations to
accommodate the deformation incongruity between large and small
s 27,29,31 . . e .
grains. Our results of revealing softening rate alleviation in
the inverse Hall-Petch regime enabled by tailoring grain size non-
uniformity shed light on the fundamental deformation mechanisms
in emergent heterogeneous structures.
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