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Abstract: The strength of nanocrystalline (NC) metal has been found to be sensitive to strain rate.
Here, by molecular dynamics simulation, we explore the strain rate effects on apparent Young’s
modulus, flow stress and grain growth of NC gold with small size. The simulation results indicate
that the apparent Young’s modulus of NC gold decreases with the decrease of strain rate, especially
for strain rates above 1 ns−1. The rearrangement of atoms near grain boundaries is a response to the
decrease of apparent Young’s modulus. Indeed, the flow stress is also sensitive to the strain rate
and decreases following the strain rate’s decrease. This can be found from the change of strain rate
sensitivity and activation volume with the strain rate. Temperature has little effect on the activation
volume of NC gold with small grain size, but has an obvious effect on that of relatively large grain
size (such as 18 nm) under low strain rate (0.01 ns−1). Finally, grain growth in the deformation process
is found to be sensitive to strain rate and the critical size for grain growth increases following the
decrease of strain rate.

Keywords: strain rate; molecular dynamics simulation; strain rate sensitivity; activation volume;
grain growth

1. Introduction

Nanocrystalline (NC) materials, especially NC metals and alloys, have attracted much attention due
to their novel properties, such as improved wear resistance, high yield and high fracture strength [1–3].
It is well known that with the Hall–Petch rule the yield stress is increased following the grain size
decrease from millimeter to submicron in coarse grained metals [4,5]. Interestingly, the range of
application of the Hall–Petch rule about the yield stress and grain size can be expanded to nanoscale in
NC metals such that the hardness and yield stress can increase 5–10 times, compared with their partners
of coarse grain [6]. However, the micromechanism of the deformation processes in both regimes is
considered to be different. In coarse grained metals, dislocations are generated from intragranular
sources and they are stored and rearranged by the interaction between dislocation–dislocation. In NC
metals, grain boundary mediated deformation is considered to control the strengthening [6–11].

The plastic deformation of NC metals may be related to many factors. Using grain size as the sole
parameter to characterize its mechanical properties may be overly simplified, and thus sometimes
give rise to uncertainties [12]. It has been revealed that the Hall–Petch rule breaks down when
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grain size decreases down to some critical size. To understand these novel results in experiments,
even controversial findings [13,14], computer simulations at atomic level, especially molecular dynamics
(MD), are expected to offer key insights. Indeed, MD is very helpful in understanding the deformation
processes including plastic and elastic deformation, since it can provide real-time behavior and uncover
the transient responses which are difficult to detect in experiments [15]. A lot of work has been taken
to explore the critical size quantitatively and it is considered that the strength decreases generally as
grain size decreases down to 20–10 nm. For example, the MD simulation showed that the critical size
of NC Cu was about 10–15 nm [9].

It is well known that the mechanical response is always rate-sensitive [16–18]. For example,
in the stainless steel, it was found that high strain rates (such as 104–105 s−1) could produce twin
bundles with high density and nanoscale thickness [19]. Under high strain rates, such as pulsed
shocking wave loading, it was found the shear and tensile strengths in metals could have very high
values [18]. It is also noticed that the process of plastic deformation in NC metals is very sensitive to the
loading rate [20,21]. In NC metals, the strain rate sensitivity (m) is an order higher than that of coarse
grain [16,22,23]. It is considered that the large value of m is related to the interaction between grain
boundaries (GBs) and dislocations in the plastic process. Another parameter, activation volume (V*)
which is related to the m, is considered to affect the rate-controlling mechanism. The V* of NC metal is
about two orders smaller than that of coarse grain [24,25]. Recently, many studies have found the m
and V* are very helpful to quantify the deformation mechanism in NC metals further [10,11,17,26,27].
Experimental measuring [27] indicated the m of NC gold with a grain size of 30 nm was 0.01 under the
strain rate above 10−4 s−1. Asaro et al. [17] showed theoretically that the value of m increased with the
decrease of average grain size in NC metals, while the V* was increased with the increase of average
grain size. Wang et al. found that the V* decreased with the increase of temperature in the NC Ni
experiment with a grain size of 15 nm [10].

MD with its inherent constraints makes the time scale of simulation limited. The dynamics of the
system is probed over just a few nanoseconds. Even with the quick development of computational
techniques, the time period for the dynamics of a system with intermediate size (about 106 atoms) can
be probed to be about 103 ns and thus the deformation of the system is simulated under very high
strain rates, such as the typically used 1 ns−1 for deformation processes, corresponding to the strain
of 0.1 in 0.1 ns. Through this limit of simulation time, we can modulate the strain rate to explore the
deformation processes to provide some insights into the atomic mechanism. Some simulation works
about strain rate on NC metals with small grain size have been performed [11,15,28–30]. For example,
in simulations of NC copper with grain sizes of 2.1–11.5 nm, it was found that grain coarsening was
closely related to strain rate [31]. The grain size of grain coarsening increased with the decrease of
strain rate. The simulation on 2D NC copper with a grain size of 9 nm [26] showed Young’s modulus
was kept almost constant at strain rates below 5 × 105 s−1. When the strain rate was more than
5 × 105 s−1, Young’s modulus increased with the increase of strain rate. However, there is still a lot of
work needing to be undertaken. For instance, the mechanism of the change of elastic modulus with
the strain rate isn’t fully understood. The temperature effect combined with the strain rate on the
deformation processes needs to be explored further. The effect of strain rate on grain growth also needs
to be studied in depth.

In this work, we use MD simulations to study the effect of strain rate on the mechanical behaviors
and deformation mechanisms in NC gold with small grain size. Two models of NC gold are constructed.
One is with an average grain size of 6 nm, and the other is with 18 nm. For the deformation under
applied tensile strain, the strain rate is modulated from 0.01 per ns to 10 per ns. Two temperatures
including 300 K and 800 K are adopted to combine the change of strain rate to explore the deformation
mechanism. The simulation results clearly show strain rate effects on Young’s modulus, flow stress
and grain growth of NC gold in tensile deformation and also reveal the atomic mechanism to some
extent by combing the results from known experiments.
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2. Computational Approach and Models

All the simulations were performed with standard molecular dynamics simulation (MD) methods
which were implemented in large-scale atomic/molecular massively parallel simulator (LAMMPS) [32].
The atomic interaction (Vp) between gold atoms was constructed under the frame of embedded-atom
method (EAM) potential and composed by a pairwise potential and a many-body embedding energy,
as indicated by the formula,

Vp = 1/2
∑

i,j (i,j)Ui,j

(
ri,j

)
+

∑
i,j (i,j)Eiρ j

(
ri,j

)
, (1)

where Ui,j (ri,j) was the pairwise potential for the atom at ri and that at rj, Ei was the embedding energy
of atom at ri from the contributions of nearby atoms whose density was described by the item of∑

j (i,j) ρj

(
ri,j

)
. Here we used the parameters from Foiles et al. [33] to parameterize the EAM of gold.

This potential can predict the mechanical properties of gold well. The simulated lattice constant of
gold is 0.4078 nm and the stable lattice is fcc. The calculated Young’s modulus of polycrystalline gold
with this potential is about 78 GPa and is consistent to the value from experiments.

The NC gold models were constructed with the Voronoi method which was popularly used
for the building of atomic models for polycrystalline systems. Here the Voronoi method used was
implemented in the program Atomsk [34]. We constructed the models of NC gold with average grain
sizes of 6 nm and 18 nm, respectively. The periodic boundary conditions were applied for the three
directions. To account for statistical effects, there are more than 15 Voronoi grains in each model.
Grain orientations are random and the expected mean values (6 nm and 18 nm in two models) around
distribution of grain size are used, as shown in Figure 1a,b.
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Figure 1. Atomic configurations of nanocrystalline gold samples with mean grain sizes of (a) 6 nm
and (b) 18 nm. Blue and green represent grain interiors with fcc lattice and atoms at grain
boundaries, respectively.

It is known that the Voronoi approach is just the method of geometric construction with atoms
in discrete lattice site. In atomic model of NC, it is popular that the atoms of GBs are unstable.
In order to obtain the reasonable atomic configurations at GBs, we needed to relax the unfavorable
atomic configurations at GBs. Thus, before the simulations of mechanical properties were performed,
the atomic models of NC were annealed at room temperature for 100 ps. All the annealing processes
were carried out with an isothermal–isobaric (NPT) ensemble. Then, the NC gold samples were
subjected to uniaxial tension tests along the x-direction with NPT ensemble. To check the effect of
strain rate, the strain rate was modulated from 100 ns−1 to 0.01 ns−1. The pressure in y- and z-direction
was kept at zero in the process of uniaxial tension. The time interval for the step of Newton equation
of motion was 1 fs. Besides the method of strain–stress, we considered the second method (method 2)
to measure the Young’s modulus. In this method, the model of NC is firstly stretched quickly with the
strain of 1% along x direction under a strain rate of more than 10 ns−1. Then the strain in x direction is
kept to be 1% and the length of the sample in y and z directions can be changed under zero pressure,
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while the internal coordinates of atoms can relax and we measure the change of stress in x direction by
following the increase of time (which implies the decrease of strain rate).

In order to visualize and analyze the simulated atomic structures, we used the visualization
tool OVITO [35]. Here, the dislocation types and dislocation densities were identified with the
method of dislocation extraction algorithm (DXA) [36]. The conventional common neighbor analysis
(CNA) [37] was designed to characterize the local structural environment by the atomic pattern
matching algorithm, which could detect and classify grain interiors (fcc), stacking faults, GBs and
surfaces atoms. The atomic-level strains were analyzed on the basis of the displacement of atoms
between the two nearby configurations in the process of tensile strain.

To analyze the grain growth in the process of strain, the change of grain size of each grain in the
atomic structure of NC was calculated with the rule as described below. The core of each grain was
firstly detected by checking the atoms with their nearest neighbors who had the fcc lattice. The cluster
analysis on these cores was applied to distinguish each grain. Then the grain size was calculated from
the number of atoms in each cluster with a grain skin of 0.816 nm thickness. The calculated grain
size with this method is consistent with that from the Voronoi method in the initial configuration of
the sample.

3. Results and Discussion

3.1. The Effect of Strain Rate on the Young’s Modulus

The behavior of grain size dependence of mechanical properties in the elastic region is very
different from that in the plastic region. In the plastic region, the flow stress and/or yield stress
increase and then decrease by following the grain size decrease from hundreds of nanometers to
several nanometers, as indicated by the Hall–Petch rule and inverse Hall–Petch relation. For an
example, as the observation in the simulation of Cu and Au NC systems, the max value of flow stress
appeared at the grain sizes of 10–15 nm under a strain rate of 0.1 ns−1 and 10–18 nm under 1 ns−1 [9,38],
respectively. However, the max value of elasticity modulus, such as Young’s modulus, appears in
polycrystalline systems. For instance, the Young’s modulus of Au polycrystalline is about 78 GPa
from the simulation [39]. From our simulation, the Young’s moduli of grain sizes of 6 nm and 18 nm
were about 39.54 and 51.67 GPa at a strain rate of one per ns, respectively. The early experimental
measurements in different materials, such as Fe and Pd, also indicated that the Young’s modulus of
NC was smaller than that of corresponding polycrystalline [40,41]. The low value of Young’s modulus
in NC is considered to be due to GBs. It is also possible that it is related to the pores and cracks
which are unavoidable in experimental samples [40,41]. Based on the model of crystalline grains with
grain-boundary fixed phase, the effective Young’s modulus can be analyzed to decrease following the
decrease of grain size by fixing the boundary thickness [42].

How do the GBs affect the Young’s modulus? Here we expect to modulate the strain rate to check
the response of Young’s modulus. The stress–strain curves of grain size of 6 nm in the elastic region for
five different strain rates are shown in Figure 2a (stress–strain curves under larger strain in Figure S2).
We uniformly take the slope of the strain from 0.1% to 1% on the stress–strain curve as the Young’s
modulus. The Young’s modulus of grain sizes of 6 nm increases following the increase of strain rate.
The value changes from 30.90 to 58.20 GPa as the strain rate is from 107 s−1 to 1010 s−1. The change of
modulus for grain size of 18 nm has a similar rule, though the value is larger than that of a grain size
of 6 nm at fixed strain rate in Figure 2b. We checked the Young modulus of single crystalline gold
under the different strain rate, such as tensile strain along [100] and [111] directions. It is clear that the
Young’s modulus doesn’t change following the strain rate in single crystalline. This can be understood
from the elastic theory based on change of potential. The modulus is the mechanical response to the
small deviation of atoms in lattice sites from equilibrium positions under applied strain, and thus has
nothing to do with strain rate. Therefore, the reason is GBs which are a response to the change of
Young’s modulus with strain rate and grain size.



Crystals 2020, 10, 858 5 of 15
Crystals 2020, 10, x FOR PEER REVIEW 5 of 15 

 

 

Figure 2. (a) Stress-strain curves for nanocrystalline gold simulations with grain size of 6 nm under 
different strain rates from 0.01 ns−1 to 10 ns−1; and (b) Young’s modulus as the function of strain rate 
for amorphous gold with two models (Amorphous, NC-1 nm), nanocrystalline gold with a grain size 
of 6 nm (NC-6 nm-m1 from strain–stress method, NC-6 nm-m2 from method 2 mentioned in the 
text), and grain size of 18 nm (NC-18 nm-m1, NC-18 nm-m2) and single crystal under strain long 
[100] direction (SC-[100]-m1, SC-[100]-m2) and [111] directions (SC-[111]-m1, SC-[111]-m2). 

In the beginning of the deformation process under small strain less than 1%, NC’s response to 
applied strain being rate sensitive implies that the system is non-elastic in the strict traditional view 
of elastic deformation of single crystalline. However, in this region of deformation with strain less 
than 1%, there is no generation of dislocations and stacking faults. The “plastic stage” is considered 
to begin by following the increase of dislocation density and/or stacking faults from zero. In Figure 
3, the strain is typically more than 3% for the case of NC gold. Here we can call this region with 
strain less than 1% as the quasi-elastic region. The obtained Young’s modulus is called as apparent 
Young’s modulus (AYM) to distinguish the traditional view about elastic deformation and Young’s 
modulus. In Figure S3, the loading and unloading processes are performed under strain rates of 10 
ns−1 and 1 ns−1 for the sample with grain size of 6 nm. We have considered two cases, including one 
loading with a max strain of 0.4% and the other with a max strain of 4%. Under the smaller loading 
strain (0.4%), the structure can be very close to the initial state after the unloading process. For the 
larger loading strain (such as 4%), it is clear that the structure cannot restitute to the initial state 
after the unloading. This is because of the generation of dislocations under larger strain. From this 
view, the quasi-elastic region under the small strain is reasonable. 

We have found that the value at higher strain rate is larger. Is it possible that under higher 
strain rate, the stretching process is too fast and thus the response of atoms at GBs is dull? Thus the 
GBs become stiff and the effective Young’s modulus from the contribution of GBs is larger. In order 
to consider the response of GBs to small strain applied, we have considered the second method to 

Figure 2. (a) Stress-strain curves for nanocrystalline gold simulations with grain size of 6 nm under
different strain rates from 0.01 ns−1 to 10 ns−1; and (b) Young’s modulus as the function of strain rate
for amorphous gold with two models (Amorphous, NC-1 nm), nanocrystalline gold with a grain size
of 6 nm (NC-6 nm-m1 from strain–stress method, NC-6 nm-m2 from method 2 mentioned in the text),
and grain size of 18 nm (NC-18 nm-m1, NC-18 nm-m2) and single crystal under strain long [100]
direction (SC-[100]-m1, SC-[100]-m2) and [111] directions (SC-[111]-m1, SC-[111]-m2).

In the beginning of the deformation process under small strain less than 1%, NC’s response to
applied strain being rate sensitive implies that the system is non-elastic in the strict traditional view of
elastic deformation of single crystalline. However, in this region of deformation with strain less than
1%, there is no generation of dislocations and stacking faults. The “plastic stage” is considered to begin
by following the increase of dislocation density and/or stacking faults from zero. In Figure 3, the strain
is typically more than 3% for the case of NC gold. Here we can call this region with strain less than
1% as the quasi-elastic region. The obtained Young’s modulus is called as apparent Young’s modulus
(AYM) to distinguish the traditional view about elastic deformation and Young’s modulus. In Figure S3,
the loading and unloading processes are performed under strain rates of 10 ns−1 and 1 ns−1 for the
sample with grain size of 6 nm. We have considered two cases, including one loading with a max strain
of 0.4% and the other with a max strain of 4%. Under the smaller loading strain (0.4%), the structure
can be very close to the initial state after the unloading process. For the larger loading strain (such as
4%), it is clear that the structure cannot restitute to the initial state after the unloading. This is because
of the generation of dislocations under larger strain. From this view, the quasi-elastic region under the
small strain is reasonable.
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Figure 3. (a) Atomic configuration of grain size of 6 nm after a strain of 1% in 0.1 ps (blue and green
represent grain interiors with fcc and atoms at grain boundaries, respectively); (b) atomic configuration
after the structural relaxation of 850 ps under a strain of 1% whose initial structure is the structure
in (a); and (c) distribution of atomic weight as a function of atomic displacement for grain size of
6 nm under stain of 1% (the structure in (a) is the initial structure) at different relaxation times. In (a),
the red arrows in each atom represent the displacement size of atoms from the initial structure to the
configuration after the relaxation of 850 ps under a strain of 1%. In (b), the black represents the atoms of
grain interiors with fcc whose initial positions are disordered and belong to grain boundaries, and the
red represents the atoms of grain boundaries whose initial positions are ordered with fcc and belong to
grain interiors in (a).

We have found that the value at higher strain rate is larger. Is it possible that under higher
strain rate, the stretching process is too fast and thus the response of atoms at GBs is dull? Thus the
GBs become stiff and the effective Young’s modulus from the contribution of GBs is larger. In order
to consider the response of GBs to small strain applied, we have considered the second method to
measure the AYM. We tested this method in single crystal Au and the results were consistent to that
from the strain–stress test under fixed strain rate, as shown in Figure 2b.

We check the evolution of stress on NC models over time. The results have a similar rule to that
from strain–stress curves for the different strain rate, though the measured stress is a little lower than
that from strain–stress. For example, for the model of grain size of 6 nm, the AYM decreases quickly
with the decrease of strain rate down to 2.5 ns−1, and then does not obviously change under the strain
rate of 2.5 ns−1–0.5 ns−1. For the strain rate less than 0.5 ns−1, the AYM has a weak decrease trend and
is difficult to converge. Similarly, for a grain size of 18 nm, the AYM remains constant under the strain
rate of 1 ns−1–0.4 ns−1. Then, it also has a trend of decrease with the decrease of strain rate further,
but it seems that the value of AYM in larger grain size (18 nm) is easier to converge than that in smaller
size (6 nm). It may be understood that the contribution of GBs becomes weaker following the increase
of grain size. We have proposed two amorphous models of gold (Supplementary Materials Figure S1),
including the structure with a grain size of 1 nm (NC-1 nm in Figure 2b, atomic fraction of GBs is
88.3%) and one typical amorphous structure (Amorphous in Figure 2b). Under a strain of 1%, the AYM
decreased by following the strain rate decreasing down to 0.5 per ns for both models. Then it began to
oscillate around a small value (3.19 GPa). From these results, we can confirm that the decrease of AYM
in nanoscale is basically due to GBs and not from others, such as pores. Grain boundaries become
soft with low effective Young’s modulus under the low strain rate. Thus, it is the time-dependent
deformation mechanism related to GBs affecting the AYM under different strain rates.

We analyzed the evolution of atomic structures after the applied strain. As shown in Figure 3a,b,
after the deformation of 1%, the atomic structures are relaxed for 0.1 ps and 850 ps (corresponded
with a strain rate of 0.012 ns−1) for the model of grain size of 6 nm. The red arrow in each atom
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in Figure 3a represents the displacement of atoms from the configuration at 0.1 ps to that at 850 ps.
We noticed that the atomic displacements at GBs are much larger than that in the grain. In Figure 3c,
we show the distribution of atomic weight as the function of atomic displacement at different times.
Before the time of 1 ps (strain rate of 10 ns−1), the change of distribution is very large and indicates
the system is unstable and tries to response to the applied strain. After 100 ps (strain rate of 0.1 ns−1),
the change of distribution is almost indistinguishable. This indicates that the strain rate being set
to 1 ns−1–0.1 ns−1 in the usual simulation of deformation process is reasonable. It is known that the
distance between the nearest neighbor atoms in Au lattice is 0.286 nm. We can see in Figure 3c that the
atomic displacements are larger than the 1% of this value. This is due to the thermal movement of
atoms and local larger displacement at GBs (Figure 3a). Due to the larger displacement, we found
that the configuration of GBs had been changed (Figure 3b) even at the small strain of 1% with small
strain rate. The arrangement of some atoms at GBs became ordered with fcc lattice and some near GBs
became disordered. The time-dependent mechanism includes the rearrangements of GBs (in Figure 3)
probably even in the elastic regime. Thus, at the very low strain rate in experiments, the AYM of NC is
smaller than that of polycrystalline due to the special response of GBs.

3.2. The Effect of Strain Rate on Flow Stress

At the usual strain state of 1 ns−1, for the strain–stress test of the model with the grain size of
18 nm, the deformation enters the plastic region after the elastic region, as shown in Figure 4a. The max
stress is reached at a strain of about 4% and then the stress enters the plateau region in which the stress
is called as flow stress, by following the increase of strain. From the beginning of plastic deformation
(at a strain of about 3%), the dislocation density increases and becomes to be constant after entering the
stable region of flow stress at a strain of about 14%.

In Figure S2, we show the strain–stress curves of grain sizes of 6 nm and 18 nm. We can find that
the flow stress decreases with the decrease of strain rate, whatever the size of grains. In Figure 4b,
we plot the flow stress as the function of strain rate. It is noticed that the flow stress increases rapidly
with the increase of strain rate when the strain rate is more than 1 ns−1, while the flow stress decreases
slowly with the strain rate decrease down to 1 ns−1. It seems there is a critical strain rate above which
the mechanical properties will be affected obviously by strain rate. This may be found from the change
of dislocation density with strain and strain rate. As shown in Figure 4d, the dislocation density of
grain size of 6 nm changes following the strain for different strain rates. For the strain rates of 1 ns−1

and 0.1 ns−1, the dislocation densities don’t have an obvious difference.
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There is an important parameter called as strain rate sensitivity (m) which can very helpful to
quantify the deformation mechanism. It is defined as [14,17],

m =

√
3kT

V∗σ
, (2)

where k, T and σ are Boltzmann constant, absolute temperature and flow stress, respectively. In the
formula, the parameter activation volume (V*) can be expressed as,

V∗ =
√

3kT
(
∂ ln

.
ε

∂σ

)
, (3)

where
.
ε is the strain rate. Thus, from the relation of flow stress and strain rate, we can obtain the

average value of m in a range of strain rate, such as 1 ns−1–0.1 ns−1.
The calculated strain rate sensitivities are shown in Figure 3c. The value of m decreases with the

decrease of strain rate. The m value of 18 nm NC gold is less than that of 6 nm at the same range of
strain rate. When the strain rate is below 0.1 per ns, the strain rate sensitivities of 6 nm and 18 nm NC
gold are 0.063 and 0.016, respectively. This implies that the strain rate sensitivity decreases with the
increase of grain size. This result is consistent with many experiments [12,14,16,22,43], the m of NC
gold with a grain size of 30 nm is 0.01 [27]. It is reasonable to compare the strain rate sensitivity for the
simulation under the strain rate lower than 0.1 per ns with the experimental value. The simulation of
NC copper [28] also indicates a critical strain rate and the strain rate sensitivity decreases with the
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increase of grain size below the critical strain rate of 0.1 ns−1. This is consistent with the observation
about strain rate sensitivity in our NC gold.

In Figure 4d, we can find that at high strain rates, the activation of dislocation occurs under
relatively large strain. In Figure 5, we show the atomic structures of 6 nm NC gold under a strain
of 4% with the strain rate of 0.1 ns−1and 10 ns−1. It is clear that the stacking faults are easy to form
with dislocation nucleated near GBs under lower strain rates (such as 0.1 ns−1). This also results in
the larger localized shear strain appearing at GBs. Thus, the deformation is easy to appear at GBs
under low strain rate, and this is consistent to the observation at elastic region under small strain.
At the stable flow stress region, the dislocation density is relatively high under larger strain rate
(Figure 4d). This indicates that the NC gold is more prone to dislocation movement under higher
strain rate (Figure 5c,g, atomic structures at the strain of 10% with strain rate of 0.1 ns−1 and 10 ns−1).
While at the lower strain rate, GBs are more prone to responding to the applied large strain, as the
distributions of atomic shear strain in Figure 5d,h. The high dislocation density under larger strain
rates is consistent to the higher stress observed in strain–stress curve.
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As shown in Figure 6a, from the strain–stress curves, the formation of structures at high 
temperatures (800 K) is easier in the plastic region under low strain and thus with lower flow stress, 
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Figure 5. Atomic configurations and distribution of local shear strain of grain size of 6 nm at tensile
strain of 4% under the strain rate of (a,b) 0.1 ns−1 and (e,f) 10 ns−1, and that at tensile strain 10%
under the strain rate of (c,d) 0.1 ns−1 and (g,h) 10 ns−1. In (a,c,e,g), blue, red and green represent grain
interiors with fcc, stacking faults with hcp, and atoms at grain boundaries, respectively. In (b,d,f,h),
the change of color from blue to red indicates the increase of atomic local shear strain.

As we know, under the assistance of GBs, the dislocations under local shear stress become easy to
nucleate in NC metals. From the view of plastic flow activated thermally, the shear deformation rate
for overcoming the barrier to dislocation motion is related to the activation volume by the relation [6],

.
γ ∝ exp[(−∆F + τ∗eV

∗)/kT], (4)

where ∆F is the change of Helmholtz free energy and τ∗e is the thermal component of total stress.
The item of τ∗eV∗ is the contribution of thermally activated stress to reduce the energy barrier. Thus the
V* is related to the deformation mechanism [44–46]. Here we check the change of V* by modulating
the temperature and strain rate.

As shown in Figure 6a, from the strain–stress curves, the formation of structures at high
temperatures (800 K) is easier in the plastic region under low strain and thus with lower flow stress,
compared to the case of low temperature (300 K). In Figure 6b, the flow stress at 800 K is shown as
the function of strain rate for grain sizes of 6 nm and 18 nm. It is clear that the flow stress decreases
continuously following the strain rate decrease in the range of our test. It is considered that the GBs
slipping are activated at 800 K for both cases of 6 nm NC and 18 nm NC.
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Figure 6. (a) Stress–strain curves for nanocrystalline gold with grain sizes of 6 nm and 18 nm with a
strain rate of 1 ns−1 with 300 K and 800 K, (b) flow stress and (c) activation volume as functions of
strain rate for grain sizes of 6 nm and 18 nm with 300 K and 800 K, and (d) the distribution of atomic
weight as a function of atomic shear strain for 18 nm grain size with 300 K and 6 nm grain size with
600 K and 600 K at tensile strain 7.5% under the strain rates of 0.01 ns−1.

As mentioned above, the m below the strain rate of 1 ns−1 is closely dependent on the grain
size. From the relation between m and V*, the activation volume should also be closely dependent on
the grain size at the low strain rate of less than 1 ns−1. In Figure 6c, we plot the activation volume
as the function of strain rate for different cases. It is noticed that in the range of 0.01 ns−1–0.1 ns−1,
the activation volumes of 18 nm NC and 6 nm NC at 800 K are similar to that of 6 nm NC at 300 K and
about 6.06 b3. However, the activation volume of 18 nm NC at 300 K is about 18.69 b3. The activation
volumes of NC Ni and Cu from experimental strain rate tests [10,14,47] are about 10–20 b3. This is
consistent to the case of 18 nm NC Au at 300 K. Thus the dislocation pile-up against GBs is the main
formation mechanism for grain size 18 nm at 300 K. From the distribution of atomic weight as the
function of local shear strain at the applied strain of 7.5% and strain rate of 0.01 per ns in Figure 6d,
there is a second peak with large local shear strain. This is an indicator which implies GBs are important
sources to nucleate the dislocations and emit the stacking faults into the grain interior. We can see in
Figure 6c that temperature has little effect on the activation volume of grain size 6 nm, which implies
the main deformation mechanism does not change for both temperatures (300 and 800 K). In Figure 6d,
there is just one broadened peak and no second peak appears in the distribution of atomic weight
for grain size of 6 nm at 800 K. Thus, it implies that the response of GBs slipping may be the main
mechanism of deformation. At 300 K, though there is a second peak at large shear strain, its width
is very large and implies that GBs is not only for dislocations pile-up but also the relative slipping
between grains. Therefore, at high temperatures and in the case of small grain sizes, the GBs slipping
are the main deformation mechanism and thus this system is with low flow stress.
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3.3. The Effect of Strain Rate on Grain Growth

In NC metals, the large amounts of GBs due to the small grain size make them unstable. The grain
growth (GG) in NC with small grain size is popular at annealing processes, even in rapid annealing [48],
such as laser annealing. Besides the GG in high temperatures, it is also possible for GG to appear at
low temperatures [49], especially at the deformation processes [50]. Thus, it has an influence on the
mechanical properties of NC. In the processes of deformation, the local shear strain induced by applied
tensile strain will facilitate the grain coalescence [38]. In Figure S4, the initial atomic structure and that
under the strain of 4.5% with strain rate of 5 ns−1 for NC gold with grain size of 3.8 nm are shown.
As per the circles in Figure S4a,b, the configurations of GBs are modulated due to the realignment of
atoms at GBs under the local stress and thus the size of the grain changes, accompanied by the stacking
faults emission through grain interior.

We have noticed that the atomic realignment at GBs leads to the change of grain size in the
processes of tensile strain. We have analyzed statistically the distribution of grain size at different
strains by the methods mentioned above. We used the NC gold with average grain sizes of 3.8 nm and
4.5 nm under applied strain with a strain rate of 5 ns−1 as examples. We checked the change of the ten
largest grains in the simulated cell. It was found that for the sample of average grain of 3.8 nm under
the strain of 4.5%, the sizes of the three largest grains increase from 5.67, 5.07 and 4.79 nm in initial
the structure to 5.83, 5.58 and 5.34 nm, respectively. Clearly, the three largest grains have been grown
significantly relative to the initial structure, accompanied by decrease of other smaller grains, like the
Ostwald ripening. Interestingly, in the NC gold of 4.5 nm with strain rate of 5 ns−1, it isn’t found that
the grains grow up.

In Figure 7a–c, we show the atomic configurations of 6 nm NC gold under the tensile strain of 7%
with the strain rate of 0.1 ns−1 and 1 ns−1. It can find that the grain grows up under a strain rate of
0.1 ns−1 and doesn’t grow under a strain rate of 1 ns−1, as indicated by the circles in Figure 7b,c. Thus,
it is proposed that there is a critical grain size for each strain rate. Under a fixed strain rate, it is possible
to make the GG appear when grain size is less than the corresponding critical grain size. We analyzed
the critical grain size by the statistical method of grain size mentioned above for the cases of different
initial grain sizes under different strain rates. The details are listed in Figures S5–S8. In Figure 7d, we
show the relation of critical grain size and strain rate. We found that the critical grain size became large,
by following the decrease of strain rate. By the extrapolation, we can propose the critical grain size is
about 25 nm under the strain rate of 10−4 s−1 (which is the regular strain rate used in experiments) if the
main mechanism of GG isn’t changed. This is consistent with the previous observations in experiments
about other NC metals [51–55]. For example, in NC Pt thin film, the GG appears with grain sizes for a
dozen, even tens of, nanometers during the tensile deformation test under a strain rate of 3 × 10−5 s−1.
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Figure 7. (a) The initial structures of grain size of 6 nm, atomic configurations of it at tensile strain of
7% under the stain rate of (b) 0.1 ns−1 and (c) 1 ns−1, and (d) critical grain size for grain growth as a
function of strain rate. In (a–c), blue, red and green represent grain interiors with fcc, stacking faults
with hcp, and atoms at grain boundaries, respectively. In (d) experimental results from [46–50] are
provided for comparison.

For the GG during the tensile strain, the change of GBs’ configuration is an important way as
mentioned above. One of the important mechanisms is grain rotation, in which the dependence
of GB’s energy on misorientation between two nearby grains is the driving force. The local shear
stress will rotate the grain to form low energetic GBs, as indicated by the previous simulations [38,56].
Generally, the GB migration and grain rotation derived by the local large stress near GBs with the
assistance of dislocation take the main rule. Thus, the growth up of single grain or/and the coalescence
between grains to form a larger grain appear in the tensile deformation processes. As an example,
the coalescence between grains in 7 nm NC gold under tensile strain is shown in Figure S9.

4. Conclusions

We have explored the effect of strain rate on the elasticity, plastic deformation and grain growth of
NC gold with small grain size by using molecular dynamics simulations. By considering the models of
NC gold with grain sizes of 6 nm and 18 nm, we found that that the apparent Young’s modulus of NC
gold decreases by following the strain rate decreases. By comparing with that of single crystalline
and amorphous gold, it was found that this couldbe attributed to the decrease of effective Young’s
modulus from GBs with the decrease of strain rate. It was noticed that under a low strain rate of less
than 0.5 per ns, the value of apparent Young’s modulus of amorphous gold oscillates around 3.19 GPa.
The GBs had similar atomic arrangements to amorphous structure and thus small effective Young’s
modulus under low strain rate. Thus, by following the decrease of grain size the apparent Young’s
modulus of NC decreased due to the contribution of larger atomic fraction of GBs. The low apparent
Young’s modulus at low strain was due to the atomic rearrangement around GBs even under small
applied tensile strain.
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For the response of NC gold to strain rate, flow stress has similar laws to apparent Young’s
modulus. Following the decrease of strain rates of less than 1 per ns, the decrease of flow stress became
slow, especially for larger grain size (such as 18 nm). From the relation between flow stress and strain
rate, we found that strain rate sensitivity decreased and activation volume increased with the increase
of strain rate. The larger the grain size, the quicker the decrease of strain rate sensitivity. Thus, under
lower strain rate, the strain rate sensitivity of larger grain size was smaller. When the strain rate was
below 0.1 per ns, the strain rate sensitivities of 18 nm NC gold was just 0.016. Temperature had little
effect on the strain rate sensitivity and thus activation volume of 6 nm NC gold. However, there was
an obvious effect on NC gold with a grain size of 18 nm. We found that the activation volume of 18 nm
NC at 300 K was about 18.69 b3 under a strain rate of 0.01 ns−1. This indicates that the larger flow
stress of 18 nm NC is due to the dislocation pile-up against GBs as the main deformation mechanism
under applied strain. For the smaller grain size (such as 6 nm) and high temperature, the smaller
activation volume is due to GB slipping and/or change of atomic configuration near GBs. We found
that grain growth in NC was related to strain rate in the process of tensile strain. There is a critical
grain size about grain growth for each strain rate and the critical grain size increases by following the
decrease of strain rate. We propose the critical size for grain growth is about 25 nm under the strain
state used in the usual experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/10/858/s1,
Figure S1: both modes of amorphous gold, Figure S2: Strain-stress curves of 6 nm and 18 nm grain sizes under
different strain rates, Figure S3: The loading and unloading processes for the case of grain size of 6 nm, Figure S4:
Atomic configurations of 3.8 nm grain size under strains, Figures S5–S8: analysis of critical size for grain growth,
Figure S9: atomic configuration of 7 nm grain size.
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