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A series of large-scale molecular dynamics (MD) simulations have been performed to investigate hydro-
static pressure effects, and the interplay between pressure and grain size, on the flow stress and the
related atomic-level deformation mechanisms in nanocrystalline (NC) Cu. The strength of NC Cu
increases with increasing hydrostatic pressures for all grain sizes studies in the present paper
(3-15 nm). The critical grain size for maximum strength first shifts towards lower values with increasing
hydrostatic pressure (0-5 GPa), and then shifts towards higher values as the hydrostatic pressure
becomes even higher (5-80 GPa). Below the critical hydrostatic pressure, the dislocation behaviors
increase with increasing hydrostatic pressure for all grain sizes and the dependency of effective modulus
as a function of hydrostatic pressure is almost the same for all grain sizes, which should lead to the posi-
tion shifting of maximum strength towards lower grain sizes. Above the critical hydrostatic pressure, the
dislocation behaviors start to decrease with increasing hydrostatic pressure for small grain sizes, and
continue to increase with increasing hydrostatic pressure for large grain sizes. The slopes of effective
modulus as a function of hydrostatic pressure increase slightly with increasing grain size above the crit-
ical hydrostatic pressure. The position shifting of maximum strength towards larger grain sizes at large
hydrostatic pressure should be attributed to these two observations. Moreover, GB thickening is observed
to increase monotonically with increasing pressure for all grain sizes, and the NC Cu with 3 nm grain size
has the trend to become amorphous state under hydrostatic pressure of 80 GPa, which gives a new way to
produce crystalline-to-amorphous transition. The findings in the present study should provide insights to
the potential applications of NC metals under extreme environments.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Nanocrystalline (NC) metals (grain size less than 100 nm) have
attracted considerable interests due to many unique mechanical
properties, such as increased strength/hardness, improved tough-
ness and enhanced diffusivity compared to coarse grained counter-
parts [1,2]. The strength/hardness has been found to increase with
decreasing grain size down to a critical value (10-20 nm), follow-
ing the well known Hall-Petch (H-P) relation. The increased
strength/hardness has been attributed to the increased area frac-
tion of grain boundaries (GBs), which act as strong barriers to
dislocation gliding. However, both experiments and simulations
[3-14] have also shown that the strength/hardness decreases with
further grain refinement below the critical value (10-20 nm),
suggesting that dislocation activities give way to GB-associated
plasticity such as GB sliding, GB diffusion and grain rotation. More-
over, twin boundary spacing (TBS) has been found to affect the
strength of nanotwinned (NT) Cu in a similar way [15-22]. The
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strength of NT Cu has been found to first increase with decreasing
TBS, reaching a maximal strength at a critical TBS, then decrease
with further reduced TBS. However, the softening trend below
the critical TBS for NT Cu has been attributed to a dislocation-
nucleation-controlled softening mechanism with twin-boundary
migration [18], not necessarily related to GB-mediated process.

It is now commonly accepted that interplay between disloca-
tion activities and GB process controls the intrinsic deformation
behavior and strength of NC metals. Harder materials could be cre-
ated if softening effects, such as GB process, could be suppressed
under extreme environment. However, the precise trade-offs be-
tween these two deformation mechanisms are still unclear, espe-
cially the effects of pressure on these two mechanisms are still
vague [21,23-27]. Bringa et al. [23] have studied pressure effect
on the shock compression of NC Cu. An ultra-high strength behind
the shock front was observed due to the high pressure and the sup-
pression of GB sliding under shock loading. As pressure increased, a
shift in the maximum strength to lower grain sizes was observed
due to the suppression of GB associated plasticity. However,
beyond a critical pressure, higher temperatures due to adiabatic
heating resulted in a drop in strength. In our previous study [21],
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an ultra-high strength behind the shock front has also been found
in NT Cu due to increased dislocation behaviors. Under shock
loading conditions, the uniaxial loading is carried by a shock wave
traveling faster than the sound velocity, pressure builds up along
with inhomogeneous deformation and temperature rise by adia-
batic heating. In order to investigate the pressure effect solely,
excluding the temperature and shock effects, uniaxial compression
experiments under high hydrostatic pressure by the panoramic-
type diamond anvil cell have been adopted [24,25,28]. Such defor-
mation experiments at high pressure on polycrystalline nickel
suggest that dislocation activity is still operative in 3 nm crystals
[24]. The observations of pressure-promoted texturing indicate
dislocation activity can be extended down to a few-nm-length
scale under high external hydrostatic pressures [24]. In situ obser-
vation of plastic accommodation by dislocations and/or GB pro-
cesses in NC metals is difficult due to technical limitations, and
the extremely high hydrostatic pressures are also difficult to
achieve by the set-up of diamond anvil cell. However, molecular
dynamics (MD) simulations have proven to be particularly useful
for investigating the plastic deformation mechanism of NC metals
with carefully designed model system, in which the extremely high
hydrostatic pressures can be easily build up by a Nose-Hoover bar-
ostat and the transient responses of the system can be examined
[6,7,29,30]. The MD simulations should enable uncovering various
deformation and microstructural processes in well-designed
model systems, something that has proven difficult to achieve in
experiments. In this regard, the focus of this paper is to understand
the hydrostatic pressure effects and the interplay between pres-
sure and grain size on determining the strength and the related
atomic-level deformation mechanisms in NC Cu using MD
simulations.

2. Simulation techniques

The MD simulations were carried out using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code
and a Cu EAM potential developed by Mishin et al. [31]. This poten-
tial has been extensively calibrated by calculating FCC lattice
properties, point and extended defects, various structural energies,
and transformation paths according to the corresponding experi-
mental or ab initio values. These parameters for pure Cu metal
are compared and shown in Table 1, where qy is lattice constant,
B is bulk modulus, cq1, 12 and c44 are the corresponding elastic
constants, ysr is intrinsic stacking fault (ISF) energy, s is the sur-
face energy for the corresponding planes, and 7y is TB energy.

The initial three-dimensional polycrystalline Cu samples
containing 27 grains with random orientations were created using
the Voronoi polyhedral construction, in which most GBs are high-
angle GBs. Seven grain sizes (d = 3.0, 5.0, 6.5, 8.0,9.5, 11.0, 15.0 nm,
determined from the mean length of the cube for the grain) were
considered in order to investigate the grain size effect on the defor-
mation behaviors of polycrystalline Cu. The sample with grain size
of 15nm has dimensions of 45 x 45 x 45 nm>, and contains
approximately 7,800,000 atoms. The same Voronoi grain structure
and the same crystallographic orientations of all grains were re-
tained for all grain sizes. The typical relaxed NC Cu with grain size

Table 1
Comparison of parameters from experimental results and Mishin’s potential for Cu.
Exp. EAM Exp. EAM
ao (A) 3.615 3.615 ysr (mJ/m?) 45 44.4
B (10'! Pa) 1.383 1.383 s (111) (mJ/m?) 1790 1239

c11 (10" Pa) 1.700 1.699 s (110) (mJ/m?) 1790 1475
12 (10" Pa) 1.225 1.226 s (100) (mJ/m?) 1790 1345
Ca4 (10" Pa) 0.758 0.762 yr (mJ/m?) 24 222

of 9.5 nm is shown in Fig. 1(a). Periodic boundary conditions were
imposed along all three directions. Before loading, the as-created
samples were first subjected to energy minimization by the
conjugate gradient method, then gradually heated up to the de-
sired 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 (1 K) for 100 ps.
The relaxed NC samples, initially at P= 0 GPa, were compressed
up to the desired hydrostatic pressure P and relaxed at that
pressure in the Nose/Hoover NPT ensemble until the volumes
reached the equilibrium (Fig. 1(a)), and then were compressed to
15% at strain rate of 5 x 10%/s along the x direction while keeping
Oyy = 6, = P (Fig. 1(b)). Seven hydrostatic pressures (P=0, 2, 5, 10,
20, 40, 80 GPa) were considered in order to investigate the pres-
sure effect on the deformation behaviors of NC Cu.

The structural analysis was carried out at different times during
the deformation. For this purpose, the pair correlation function and
the common neighbor analysis (CNA) [32] were employed. The
CNA is a tool used in atomistic simulations which allows us to
determine the local ordering in a given structure. In CNA, nearest
neighbors can be determined if the distance between them is less
or equal to the cutoff distance, which is in general defined as the
first minimum in the pair distribution function and is also lattice
constant dependent (density dependent). The CNA not only consid-
ers the number of neighbors at a given distance but also their
location with respect to other common neighboring atoms. With
CNA one can distinguish atoms in FCC, HCP and BCC regions by
calculating the statistics of diagrams formed from the nearest
neighbors of each atom and comparing it with those previously
known from standard crystals.

3. Results and discussions

As indicated earlier, the NC samples were first compressed at
desired hydrostatic pressure P and relaxed at that pressure until
the volumes reached the equilibrium. Under hydrostatic compres-
sion, the materials generally shrink in volume and the density of
materials increases with increasing hydrostatic pressure. The rela-
tion between the hydrostatic pressure and the volume/density of a
solid at a given temperature is generally called equation of state.
Fig. 2(a) shows the relationship between the normalized density
and the hydrostatic pressure at a given temperature of 1 K for NC
Cu with various grain sizes. The densities for NC Cu at various
hydrostatic pressures were normalized by the density of single
crystal at O pressure and 1K. It is interesting to note that the
compressibility with increasing pressures is similar for all grain
sizes. The fitting curve for the normalized density as a function
of hydrostatic pressure can be obtained by least squares method
and expressed as: Pporm = 0.99477 + 0.00626P - 2.65361 x 10—°P2.
Fig. 2(b) and (c) shows the simulated microstructural configura-
tions for NC Cu with a grain size of 3 nm under zero hydrostatic
compression and under hydrostatic compression at 80 GPa, respec-
tively. Fig. 2(d) and (e) shows the simulated microstructural con-
figurations for NC Cu with a grain size of 15 nm under zero
hydrostatic compression and under hydrostatic compression at
80 GPa, respectively. GB thickening is observed for NC Cu with all
grain sizes under hydrostatic compression and the thickness of
GBs increase with increasing hydrostatic pressure. Moreover, no
dislocation behaviors are observed under hydrostatic compression
for NC Cu with all grain sizes, which is consistent with the classical
plastic theory.

After hydrostatic compression, the NC samples were com-
pressed to 15% at strain rate of 5 x 108/s along the x direction
while keeping o, = 6., = P. According to either Von Mises criteria
or Tresca criteria, the equivalent stress under this stress state can
be calculated by: Gequivatent = 0xx — P. The simulated stress-strain
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Fig. 1. The relaxed NC Cu with grain size of 9.5 nm: (a) was compressed up to the desired hydrostatic pressure P and relaxed at that pressure; (b) and then was compressed
along the x direction while keeping gy, = 6., = P. Gray color stands for perfect FCC atoms, red color stands for HCP atoms and green color stands for grain boundaries (GBs),
dislocation core, free surface and other atoms. The same CNA color coding is used in the all figures in the present study. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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curves for NC Cu with various grain sizes under different hydro-
static pressures are shown in Fig. 3. In Fig. 3, The vertical ordinate
represents the equivalent stress Gequivaienr, While the horizontal
ordinate is the strain along the x direction. The equivalent stresses
are observed to increase linearly first with strain at the elastic
stage, and continue to increase nonlinearly to a certain peak stress
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Fig. 2. (a) The normalized density vs. the hydrostatic pressure. The simulated microstructural configurations for: (b) NC Cu with a grain size of 3 nm without hydrostatic
compression; (c) NC Cu with a grain size of 3 nm after hydrostatic compression at P = 80 GPa; (d) NC Cu with a grain size of 15 nm without hydrostatic compression; and (e)
NC Cu with a grain size of 15 nm after hydrostatic compression at P = 80 GPa.

at the initial plastic stage, and then gradually decrease to a steady-
state value regardless of grain sizes and hydrostatic pressures.

In order to study the interplay between pressure and grain size
on the flow stress, it is physically more meaningful to compare the
average flow stress over a certain plastic strain interval due to the
peak stress overshoot induced by the high strain rate employed in
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Fig. 3. The simulated stress—strain curves at 5 x 10%/s under different hydrostatic pressures: (a) P=0 GPa; (b) P=2 GPa; (c) P=5 GPa; (d) P=10 GPa; (e) P=20 GPa; (f)

P =40 GPa; and (g) P= 80 GPa.

MD simulations [6,14,18,33]. In view of this, the average flow
stress from a strain of 10-15% is plotted against grain size for
different hydrostatic pressures in Fig. 4(a). At zero hydrostatic
pressure, it can be seen that the average flow stress first increases
as grain size d decreases, reaching a maximum at a critical d, and
then decreases as d becomes even smaller. This phenomenon can
be explained by a shift in the dominated deformation mechanisms
from dislocation-mediated plasticity to GB-associated plasticity
such as GB sliding, GB diffusion and grain rotation when the grain
size is refined to sub-10 nm regime. The critical grain size for max-
imum strength is at 9.5 nm under uniaxial compression loading,
which is slightly smaller to the critical grain size under uniaxial
tensile loading [6]. Moreover, the strengths of NC Cu increase with
increasing hydrostatic pressure, and the critical grain size for max-
imum strength changes with increasing hydrostatic pressure, as
shown in Fig. 4(b). It is observed that the critical grain size for max-
imum strength first shifts towards lower values with increasing
pressure (0-5 GPa), and then shifts towards higher values as the
hydrostatic pressure becomes even higher (5-80 GPa).

As mentioned earlier, the flow stress of NC metals is controlled
by the interplay between dislocation activities and GB processes.
Moreover, hydrostatic pressure has strong influence on both GB
accommodation and dislocation activity. For pressure dependency,
GB accommodation in NC metals has similarities to the plasticity of
granular media [23,34,35], in which the onset of plasticity is gen-
erally predicted by the Mohr-Coulomb law of sliding friction. Asso-
ciating the normal stress on the GB sliding with hydrostatic
pressure, the flow stress for GB accommodation (GB sliding, etc.)
can tentatively be written as: ggg= (oo + aP)(1 + d/dy), where gy,
o and dg are material constants. Considering both hydrostatic pres-
sure effects on effective modulus and the Hall-Petch relation, the
flow stress for dislocation plasticity can be written as:
Opist = CG(d, P)(d/d;)™°, where G(d,P) is the effective modulus
for equivalent stress, C, d; are material constants [23]. The effective
flow stress for a nanocrystal can be taken as ooy = min (opisi, 6cg),
however a more realistic model would include a mixture of both
when opig ~ 0gg [23]. Both GB accommodation and dislocation
plasticity mechanisms predict an increase in flow stress with
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Fig. 5. (a) Fractions of HCP atoms at a strain of 10% as a function of hydrostatic pressure for various grain sizes; (b) fractions of disorder atoms at a strain of 10% as a function
of hydrostatic pressure for various grain sizes; (c) effective modulus as a function of hydrostatic pressure for various grain sizes; and (d) comparison of simulation and
analytical results for the average flow stress.

increasing hydrostatic pressure, which is consistent with the re-

sults shown in Fig. 4(a).

In order to understand the trend observed in Fig. 4(b), the
hydrostatic pressure effects on the dislocation activity, GB

accommodation plasticity and effective modulus are shown in
Fig. 5(a)-(c). Fig. 5(a) shows fractions of HCP atoms at a strain
of 10% as a function of hydrostatic pressure for various grain
sizes, in which fractions of HCP atoms are generally indictors of
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partial dislocation activities. Fig. 5(b) shows fractions of disorder
atoms at a strain of 10% as a function of hydrostatic pressure for
various grain sizes, in which fractions of disorder atoms are
generally indictors of GB accommodation such as GB diffusion
and GB thickening. For all grain sizes, the disorder atoms for GB
increase monotonically and similarly with increasing hydrostatic
pressure. Fig. 5(c) shows effective modulus as a function of
hydrostatic pressure for various grain sizes. Below the critical
hydrostatic pressure, the dislocation behaviors increase with
increasing hydrostatic pressure for all grain sizes and the depen-
dency of effective modulus as a function of hydrostatic pressure
is almost the same for all grain sizes, which should give rise to
the position shifting of maximum strength towards lower grain
sizes as suggested in the previous research [23]. However, above
the critical hydrostatic pressure, the dislocation behaviors start to
decrease with increasing hydrostatic pressure for small grain
sizes, and continue to increase with increasing hydrostatic
pressure for large grain sizes. The slopes of effective modulus as
a function of hydrostatic pressure slightly increase with increas-
ing grain size above the critical hydrostatic pressure. These two
observations should turn around the position shifting direction
of the maximum strength from towards lower grain sizes to
towards larger grain sizes above the critical hydrostatic pressure
as suggested in the previous paragraph, as observed in Fig. 4(b).
In the present study, the flow stress based on the analytical
model for the grain size with the maximum strength under vari-
ous pressures will be taken as: ¢pow = 0.50pi5 + 0.5065, and the
flow stress for other grain sizes under various pressures will be
taken as: ojow = min (opis;, 0cp). The model parameters o, do, dq
will be taken as 0.04, 30 nm, 30 nm, respectively, based on previ-
ous research [23]. Then ¢y can be estimated to be 1.8545 GPa
when considering the simulated flow stress under 0 GPa for
3 nm grain size. Since the maximum strength happens at
9.5 nm grain size under 0 GPa, C can be determined by setting

opisi= 0gg under 0 GPa for 9.5 nm grain size. C is estimated to
be 0.01584. The effective modulus G(d,P) will be fitted from
Fig. 5(c). Then the analytical data for the average flow stress can
be calculated and the results are shown in Fig. 5(d) and compared
with simulation results. A good agreement can be found between
the predictions of the analytical model and our simulation data.

Fig. 6(a) and (b) shows the simulated deformation patterns at a
strain of 10% under various hydrostatic pressures in the NC Cu with
grain sizes of 3 nm and 9.5 nm, respectively. Fig. 7 shows the
simulated deformation patterns at a strain of 10% under various
hydrostatic pressures in the NC Cu with grain sizes of 15 nm, only
a thin slab along the x direction is shown for clarity. When the
grain size is small (3 nm), the dislocation behaviors increase first
with increasing hydrostatic pressure, and then become less
dominated when the hydrostatic pressure increases further.
However, the dislocation behaviors are observed to increase mono-
tonically with increasing hydrostatic pressure when the grain size
is large (9.5 nm and above). Even at the largest grain size investi-
gated in the present study (15 nm), it is clearly observed that the
plastic deformation behaviors are accommodated by partial
dislocation behaviors and formation of intrinsic and extrinsic
stacking faults (ISFs and ESFs), with a few of deformation twins
(DT) inside the grains. In contrast to coarse-grained metals, in
which plastic behaviors are accommodated by full dislocations
nucleated from Frank-Read sources, partial dislocations nucleated
from GBs of nanocrystalline metals travel across the grains on one
of the available {111} slip planes, until annihilated at another GB
and leaving SFs behind. Due to the interactions between partial
dislocation and SFs, some dislocation networks are also formed
inside the nanocrystal grain to accommodate plastic deformation.
As indicated in Fig. 7, partial dislocation behaviors, formation of
SFs and formation of dislocation networks are all enhanced with
increasing hydrostatic pressure when the grain size is large
(15 nm), which is consistent with results shown in Fig. 5.

P =0GPa

(b)

Fig. 6. The simulated deformation patterns at a strain of 10% in the NC Cu (a) with grain size of 3 nm under various hydrostatic pressures (P = 0, 5, 80 GPa); and (b) with grain

size of 9.5 nm under various hydrostatic pressures (P =0, 20, 80 GPa).



14 F. Yuan, X. Wu/Computational Materials Science 85 (2014) 8-15

(b)

(d)

Fig. 7. The simulated deformation patterns at a strain of 10% in the NC Cu with grain sizes of 15 nm: (a) under hydrostatic pressure of 0 GPa; (b) under hydrostatic pressure of
2 GPa; (c) under hydrostatic pressure of 20 GPa; and (d) under hydrostatic pressure of 80 GPa. Only a thin slab along the x direction is shown for clarity. One typical intrinsic
stacking fault (ISF), one typical extrinsic stacking fault (ESF) and one typical deformation twins (DT) are marked in Fig. 7(a).

GB thickening is observed to increase monotonically with
increasing hydrostatic pressure for both grain sizes, and the NC
Cu with grain size of 3 nm has the trend to become amorphous
state after 10% strain compression when the hydrostatic pressure
is as high as 80 GPa. The crystalline-to-amorphous transition has
generally been observed during the high-strain-rate deformation
processes [36-38]. Meyers et al. [36] reported the first observation
on crystalline-to-amorphous transition in stainless steel inside a
shear band formed under dynamics loading, which was attributed
to a non-equilibrium solid-state amorphization process rather than
melting. Amorphous structures were also observed by Zhang and
Shim [37] in polycrystalline oxygen-free high conductivity copper
severely deformed at high strain rate and liquid nitrogen temper-
ature, in which they proposed that the amorphized regions were
associated with the relative displacement between adjacent grains
at their boundaries and the rotation of individual grains. More re-
cently, a large region of amorphous phase was also identified in
TWIP steel inside the shear band formed under high-strain-rate
ballistic impact [38], and was attributed to melting inside the shear
band. Although different mechanisms proposed [36-38], the high
temperature rise due to adiabatic heating and extremely rapid
cooling by heat dissipation should play an important role in the
formation of amorphous region during the high-strain-rate defor-
mation. However, the deformation temperature in the present
simulations was controlled at 1K, the small grain size and the
ultra-high hydrostatic pressure should be the main factors for
forming the amorphous state, which gives a new way to produce
crystalline-to-amorphous transition.

4. Concluding remarks

MD simulations have been carried out to understand the inter-
play between hydrostatic pressure and grain size on the strength
and the corresponding atomic-level deformation mechanisms in

NC Cu. The flow stress of NC Cu was found to increase with
increasing hydrostatic pressures for all grain sizes (3-15nm).
The position for maximum strength first shifts towards lower
grain sizes with increasing hydrostatic pressure (0-5 GPa), and
then shifts towards larger grain sizes as the hydrostatic pressure
becomes even higher (5-80 GPa). Below the critical hydrostatic
pressure, the dislocation behaviors increase with increasing
hydrostatic pressure and the influence of hydrostatic pressure
on effective modulus is almost the same for all grain sizes, which
should give rise to the position shifting of maximum strength to-
wards lower grain sizes. Above the critical hydrostatic pressure,
the dislocation behaviors change to decrease with increasing
hydrostatic pressure for small grain sizes, and continue to in-
crease with increasing hydrostatic pressure for large grain sizes.
Moreover, the hydrostatic pressure has slightly higher influence
on the slopes of effective modulus for larger grain size above
the critical hydrostatic pressure. These two observations should
turn around the shifting direction of the maximum strength from
towards lower grain sizes to towards larger grain sizes above the
critical hydrostatic pressure. GB thickening is observed to in-
crease monotonically with increasing pressure for all grain sizes,
and the NC Cu with 3 nm grain size has the trend to become
amorphous state under hydrostatic pressure of 80 GPa. The find-
ings should provide insights for understanding the deformation
physics of NC fcc metals under high hydrostatic pressures.
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