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Atomistic simulation of the mechanical response of a nanoporous
body-centered cubic metal
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Uniaxial strain compression of a Ta monocrystal containing randomly placed nanovoids was studied using molecular dynamics
simulations. Interacting voids decrease the stress required for the onset of plasticity, in comparison with earlier studies for isolated
voids. Dislocations resulting from loading are emitted from void surfaces as shear loops, with their interactions leading to harden-
ing. Plastic activity leads to a decrease in porosity, with voids disappearing at 14% strain. The resulting dislocation densities agree
well with experimental results.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Materials with nanoporosity have unique char-
acteristics that render them potentially attractive for ad-
vanced applications, for instance requiring exceptional
mechanical properties [1] or radiation resistance [2].
Nanoporosity can arise from mechanical failure, as in
incipient spall [3], from radiation damage [4] or as a re-
sult of their fabrication process itself, as in powder sin-
tering or dealloying [1].

Understanding the mechanical deformation of such
nanofoams should help in the design of materials with
improved mechanical properties. Mechanical deforma-
tion of such nanofoams under extreme conditions is
not well understood because experiments that probe
pressure-induced nanovoid collapse at the relevant
nanoscopic length and ultrashort time scales are extre-
mely difficult with current set-ups, while continuum
models might not work at the nanoscale. In recent years,
laser-driven shock waves with strain rates of 107–109 s�1

have been used to investigate the dynamic behavior of a
number of bulk materials [5–10], including body-
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centered cubic (bcc) metals like tantalum [5], vanadium
[7] and iron [10]. The use of atomistic molecular dynam-
ics (MD) simulations in conjunction with these experi-
ments has led to the elucidation of important
mechanisms of plastic deformation operating in these re-
gimes [9], and to the creation of new constitutive models
[11,12].

Here we extend our previous MD simulations of the
collapse of a single nanovoid in both face-centered cubic
[13,14] and bcc [15,16] metals to the collapse of a collec-
tion of nanovoids in a bulk bcc Ta sample. There are
several atomistic studies of single void collapse at high
strain rates [17–19], including a quasi-continuum study
[20], but relatively few studies for a collection of voids
[21–23]. This work focuses on dislocation activity and
the resulting stress relaxation, which has not been dis-
cussed in depth in the studies mentioned above.

The molecular dynamics code LAMMPS [24] was
used in this study to perform deformation simulations
with the extended Finnis–Sinclair potential for Ta by
Dai et al. [25]. This potential gives the correct volume–
pressure relation up to pressures of few hundred giga-
pascals [25] according to static equilibrium simulations.
sevier Ltd. All rights reserved.
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However, non-equilibrium shock simulations, where
defects or new phases can nucleate, impose additional
demands on empirical potentials [26–29]. We tested the
potential by Dai et al. [25] up to 60 GPa, since our sim-
ulations did not go beyond 50 GPa. We did not find any
signature of artificial behavior, like soft-phonon modes
[27] or solid–solid phase transitions [29].

The cubic simulation domain contained a tantalum
single crystal of 100 � 100 � 100 unit cells, with 10
randomly distributed spherical voids of �3.3 nm radius,
having an average distance between centers of �17 nm.
This corresponds to a void volume fraction of 4.1%.
Periodic boundary conditions were applied in all direc-
tions. The domain was subjected to uniaxial compressive
strain along the [001] direction, with zero lateral strain
to mimic shock experiments [5–10]. The simulation
was conducted at a strain rate of 109 s�1 (200 ps, 20%
volumetric strain) and at an initial temperature of
300 K. The sample was equilibrated to reach zero pres-
sure and the prescribed initial temperature prior to the
application of the uniaxial strain. In order to capture
temperature effects related to plasticity, no temperature
control was used during loading. Identification of de-
fects was done using the common neighbor analysis
method [30,31] and the dislocation extraction algorithm
(DXA) [32]. The latter enables one to identify line and
surface defects and to measure dislocation densities.
Visualization of the defects was performed using Para-
View [33].

The von Mises stress is shown in Figure 1a, with the
temperature evolution shown in Figure 1b. The stress in
the loading direction, rZZ, can be compared to values by
Tang et al. [15] for a cube of the same dimensions with a
single void of 3.3 nm radius in the center of the simula-
tion cell. This stress is lower in the sample with 10 voids
than in the single void sample ðr1m=r10m � 1:2Þ. This de-
crease in the stress for the onset of plasticity is due to the
interaction between voids: at the same remote applied
Figure 1. (a) von Mises stress–strain curve. The strain at which defects
start nucleating is indicated by an arrow. Strain hardening is noticeable
at strains larger than 0.14, consistent with the complete collapse of the
voids. (b) Temperature evolution shows the effect of plasticity on the
global heating of the sample. The slope changes significantly when
plasticity begins. (c) Dislocation density measured using the DXA.
stress, the local stresses are different due to the overlap
and additive nature of the strain fields.

The evolution of the von Mises stress–strain response
begins with an elastic stage, up to a strain of 0.055. As
the stress resulting from the applied strain increases, dis-
locations begin to nucleate on the atomic steps found on
the void surfaces, often referred as ledges [13], and start
moving. This marks the onset of plasticity, as shown
with an arrow in Figure 1a. There is an associated tem-
perature increase due to the dissipative nature of dislo-
cation motion, shown in Figure 1b.

Once the maximum flow stress is reached, a plateau is
seen in the stress–strain curve prior to an incipient relax-
ation up to a strain of 0.14. Upon subsequent straining,
the flow stress begins to increase again. The onset of
strain hardening coincides with the collapse of voids,
as shown below. Dislocations evolve rapidly following
nucleation, as shown in Figure 2. Plastic deformation
proceeds through the emission of perfect dislocation
shear loops from void surfaces, with loop extremities
terminating at void surfaces in a mechanism which has
been already discussed by Bringa et al. [14] and Tang
et al. [15]. The dislocation loops are the same as the ones
identified by Rudd [17] and Tang et al. [15]. The loop
planes are f0�11g and the Burgers vectors of the disloca-
tions are 1/2 <1 11>.

The edge components of the dislocations have a high-
er mobility and advance rapidly, leaving behind straight
screw dislocation segments. At a strain of 0.07, loops
form junctions with dislocations emitted from adjacent
voids, generating a complex dislocation forest. The col-
lapse of the voids progresses with the continued emis-
sion, propagation and interaction of dislocations
(strains of 0.075–0.10).

Several experimental studies show the presence of
twins in Ta samples deformed at high strain rates
Figure 2. Development of the dislocation forest. A 2% strain incre-
ment corresponds to 20 ps of time evolution. Note the long screw
segments, also seen in experimentally recovered samples. No porosity
is seen at 14% strain, as discussed in the text.
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[3,34]. However, we cannot find evidence of twinning in
the current simulations. This is probably due to the high
density of dislocation sources provided by void surfaces,
which relax the deviatoric stresses and inhibit plastic
deformation by twins.

We measured dislocation densities using the DXA
[32]. The densities obtained with the DXA are not af-
fected by the presence of non-dislocation defects, which
are effectively eliminated by means of a Burgers circuit
test. Figure 1c shows the measured dislocation density.
Once plasticity starts, the total dislocation density rap-
idly reaches values consistent with those of highly
work-hardened metals (1015–1017 m�2).

Nemat-Nasser et al. [35] obtained dislocation densi-
ties up to 1017 m�2 for polycrystalline Ta experimental
tests at a strain rate above 5 � 104 s�1. Hsiung [34] re-
cently achieved dislocation densities above 1016 m�2

for pure Ta explosively shocked at peak pressures of
30 GPa.

The strain hardening of tantalum has been studied
with quasi-static experiments [36] and simulations of
nanocrystals (nc) [37]. Both works report the achieved
hardening effect in terms of the shear modulus, G. The
shear modulus taken for our characterization is
87.4 GPa, corresponding to the C44 value reported in
Ref. [25] for the extended Finnis–Sinclair potential.
For our simulations, two regions were identified; the
first was for strain values from 0.14 to 0.155, with a
hardening slope of 0.18G. The second region of strain
hardening corresponds to strain values from 0.16 to
0.185, with a lower hardening, 0.06G. The factor 40 dif-
ference between our high-strain-rate simulations and the
quasi-static experiments [36] can be explained by the
strain rate effects. The factor of 4 between our single
crystal and the nc simulations [37] is likely due to addi-
tional grain boundary relaxation processes in the nc
sample.

In an attempt to characterize the strain hardening
behavior of the sample, the von Mises stress is related
to the calculated dislocation density in Figure 3, where
we also include the dependence predicted by a simple
Taylor hardening model [38]:

r ¼ r0 þ K � G � b � q1=2
d ð1Þ

with K a constant typically taken as 0.25 for dislocation
densities around 1016 m�2 [39]. A term accounting for
Figure 3. von Mises stress as function of the total dislocation density,
compared with a Taylor hardening model with K = 0.25 [39] and an
initial stress equal to the Peierls–Nabarro stress [40].
frictional stress acting on an isolated dislocation, r0, is
routinely added to the original Taylor equation. This
term is taken, as a first approximation, as the Peierls–
Nabarro stress for Ta, with a calculated value of
3.76 GPa [40]. It can be seen that the Taylor stress is
somewhat lower in our simulations. The degree of work
hardening is higher for the Taylor prediction. In the
Taylor approach, the geometrically necessary disloca-
tion emission is not incorporated and the dislocation
density is an arbitrary function of strain. Taylor harden-
ing comes from interaction among dislocations, but in
the current simulations the stress level is also determined
by emission of dislocation loops from voids. We have a
softening mechanism: new dislocation generation from
void surfaces and their motion, which relaxes the shear
stress stress.The initial porosity of the sample was
4.1% and its evolution is plotted in Figure 4, together
with a purely elastic approximation. Up to 6% strain
(60 ps), the porosity decreases with a slope slightly larger
than the one corresponding to the elastic approxima-
tion. In the range from 6 to 10% strain, the porosity suf-
fers a steep decrease in a short time frame (40 ps),
consistent with dislocation-mediated void collapse [41].
In agreement with Tang et al. [15] and Marian et al.
[20], loops remain attached to void surfaces during uni-
axial compression [14]. Voids collapse completely at a
strain of 14% (140 ps); at this point, the strain hardening
effect becomes noticeable in the stress–strain plot
(Fig. 1a).

In summary, this study has demonstrated that nano-
void configurations lead to an elastoplastic response that
is significantly different from that of a monocrystal by vir-
tue of the generation of shear dislocation loops, which
propagate and interact. The methodology of this study
could lead to an understanding of the mechanical re-
sponse of nanofoams, which have a significant potential
for use by virtue of the nanoscale effects [1,2]. MD simu-
lations show that plastic deformation proceeds by the
emission of dislocation loops from ledges present on
the void surfaces, and by their propagation and interac-
tion as they encounter loops from adjacent voids. The
dislocation density rises rapidly as voids start to shrink.
The strain level at which defects start to nucleate is about
80% of the value reported by Tang et al. [15] for a single
void in Ta subject to uniaxial compression, due to
void–void interactions. Total dislocation densities are
Figure 4. Porosity evolution during compression as a function of time
and strain.
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1016–1017 m�2, in agreement with experimental results
for deformation of Ta at high strain rate [36,37]. No twin-
ning was observed, in agreement with simulations of uni-
axial compression of single voids in Ta [15]. The behavior
of the von Mises stress related to the total dislocation
density observed above 0.14 strain is lower than predicted
by a simple Taylor hardening model or in conventional
tensile or compressive tests. This is a consequence of
the multiple dislocation sources provided by the voids,
which decrease the necessity for multiplication and rapid
density increase in plastic deformation of bulk (void-free)
monocrystals, and of the shrinking of voids with a reduc-
tion of the overall volume.
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[40] R. Gröger, V. Vitek, Philos. Mag. 89 (2009) 3163.
[41] S. Traiviratana, E.M. Bringa, D.H. Benson, M.A. Meyers,

Acta Mater. 56 (2008) 3874.


	Atomistic simulation of the mechanical response of a nanoporous body-centered cubic metal
	ack2
	References


