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Nanoscale metallic foams display mechanical properties which make them attractive for a variety of tech-
nological applications. We report simulated nanoindentation tests for a model polycrystalline nanopor-
ous gold structure with 11 nm mean filament diameter and 35 nm average grain size, comparable to
foams produced by dealloying. Hardness, plasticity mechanisms, the extension of the plastic zone and
the applicability of several scaling laws are discussed. Plasticity occurs at the nodes mainly and is dom-
inated by nucleation of dislocations at the atomic steps of the ligament surfaces, in a dislocation accumu-
lation scenario. Shockley partials, perfect dislocations, Hirth partials, Lomer-Cottrel locks and twins were
identified. Grain boundary sliding appears to play a minor role in deformation at the indentation rates
used. Several scaling laws are tested and their results and applicability are discussed based on the struc-
tural parameters of the foam and the deformation mechanisms identified.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction hardness with ligament diameter and vacancy defect concentra-
Nanoporous structures span over a wide variety of materials,
ranging from biological materials such as feathers, bird beaks, cor-
tical and cancellous bones [1,2], to tailored metallic nanofoams.
The high surface-to-volume ratio of metallic foams place them as
a first choice for catalysis applications [3–5], and have enabled
cutting-edge technology such as surface-chemistry-powered actu-
ators and sensors [6–12]. Due to their structure, potential uses
extend to lightweight structural panels and energy absorption
devices, among others [13].

Nanoporous gold (np-Au) is probably the most studied nano-
porous metal and that is due to its easy fabrication and virtues
inherited from its base material (Au), which are stability against
oxidation and corrosion [14]. The properties of nanoporous Au
have been explored by a variety of experimental [14–17] and mod-
eling techniques [18–23]. Biener et al. [14] used nanoindentation
tests to derive its elastic modulus and yield strength, Mathur and
Erlebacher [24] relied on microtension tests for similar purposes
while Bürckert et al. [25] opted for uniaxial compression testing.
There is a general agreement that the mechanical properties of
np-Au depend on microstructural parameters such as the ligament
size, network connectivity, etc. Two recent contributions serve as
examples; Viswanath et al. [26] studied the scaling behavior of
tion in nanoporous gold using hardness measurements, scanning
electron microscopy, and positron lifetime measurements. They
found differences in the scaling of hardness with ligament diame-
ter, pointing to constrained motion of dislocations as the root of
this behavior. Liu and co-workers [27,28] and Mangipudi et al.
[29] focused their efforts on the assessment of the role of network
connectivity on mechanical properties, highlighting its importance.

Historically, the plastic collapse model by Gibson and Ashby
[30] has been the first choice to estimate the elastic modulus, yield
strength and ultimate tensile strength of foams, not only because it
is based on the relative mass density and a few constants but also
because its application to micron-scale and macroscopic porous
materials was successful in matching the performance found dur-
ing experimental tests. The validity of the G-A model for nano-
foams is still under debate [18,25,27,31–33], the main reason
being that it does not take into account many microstructural
parameters of importance. For instance, evidence suggests that
the ligament diameter plays a significant role in the mechanical
response [31,33]. Hodge and co-workers [31] proposed a modified
scaling law for the yield stress as a function of the average liga-
ment diameter and the relative mass density. Viswanath et al.
[26] proposed a scaling of the hardness with ligament diameter
with an exponent of �0:3 instead of the conventional Hall–Petch
exponent of �0:5 for bulk systems. Liu et al. [27,28] proposed to
use the G-A model considering an effective relative density that
takes into account the network connectivity.
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(a) Initial polycrystal
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Molecular dynamics (MD) studies had already provided valu-
able insights into the mechanical properties of np metals
[18,19,34–37]. However, many MD studies are either based on
highly simplified geometrical models [38] or microstructures that
try to mimic those in real nanofoams but considering a single crys-
tal with extremely thin ligaments (e.g. 2 nm to 4 nm)
[18,19,21,37,36]. Single crystalline MD studies (e.g. [37]) are justi-
fied on the fact that, in general, the ligament structure has a length
scale in the nanometer to micron range, whereas the base material
has a grain size of tens of microns and above. Yet, electron micro-
scopy images have revealed polycrystalline np-Au thin films where
the ligament size is commensurate to the grain size and in the
order of 50 nm [39,40]. The lack of computational studies in such
cases is notorious and is one of the main motivations for this
research.

In this paper, we present an upscaling in MD nanoindentation
studies by probing a polycrystalline gold nanofoam with a mean
ligament size of 11 nm. The purpose of this paper is to explore
the mechanical properties, scaling laws and deformation mecha-
nisms of nanofoams under nanoindentation conditions. Section 2
presents a detailed description of the sample, simulation setup
and tools. Section 3 presents the results of the simulation and its
post-processing, including load-penetration curves and hardness
estimations (Section 3.1), the identification of deformation mecha-
nisms (Section 3.2), extension of the plastic zone (Section 3.3) and
a thorough comparison with available scaling laws (Section 3.4).
The main conclusions are outlined in Section 4.
2. Methods

This section describes the methodology employed. A novel
aspect of this work is the development of a computational domain
that mimics the complex structure of nanocrystalline Au foams, its
details are described in Section 2.1, while the details of the simu-
lated nanoindentation experiment are presented in Section 2.2.
(b) Resulting foam

Fig. 1. (a) Perspective view of the initial polycrystal used for (b) the final foam
generated. Red atoms indicate atoms in surfaces, blue correspond to atoms in
perfect fcc positions and light-green indicate atoms in grain boundaries. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
2.1. Sample generation

Nanoporous gold produced by dealloying [3] exhibits
microstructures that appear as random-sized open cells [41,42],
resembling those structures associated with spinodal decomposi-
tion [43]. Phase field methods had proven to adequately describe
such a process [8,34,35]. The phase field methodology can help
to generate atomistic models of nanoporous metals with adequate
control over the relative mass density and average ligament diam-
eter, see Sun et al. [19] for a detailed application to the generation
of an atomistic np-Au sample. When inspected under a transmis-
sion electron microscope, nanoporous gold foams exhibit two dis-
tinctive features, namely nanoscale grains [39,40] and filaments in
the range of 10–100 nm [42,44]. Our first objective was to produce
a computational sample with the same features.

In this paper, a nanoporous gold sample was generated from a
bulk Au polycrystal. Fig. 1a shows a snapshot of the 3D polycrys-
talline Au bulk sample used for the generation of the foam. It
was generated using Voronoi construction with random orienta-
tion angles to obtain random grain boundary orientations. Dimen-
sions were 120 � 120 � 40 nm3. Aiming for an average grain size of
35 nm, the sample generation algorithm produced 16 grain centers
as starting points for a regular fcc lattice with a parameter of 4.08
Angstrom and random orientations. Details of the algorithm can be
found in [45]. The whole procedure resulted in a 16-grain periodic
polycrystalline sample containing about 36 million Au atoms.

Separately we employed the phase field method to produce a
structure template of two phases, A and B, using a simple fourth
order polynomial double well free energy and an initial condition
of a randomly perturbed concentration within the spinodal region
of the phase diagram. The system was evolved in time applying the
Cahn–Hilliard equation using the MOOSE [46] finite element sim-
ulation framework until spinodal decomposition had proceeded
to the desired length scale. The finite element solution was sam-
pled at the atomic locations of the prepared polycrystalline sample
and all atoms located in phase A – as determined by a threshold
parameter – were removed to create pores, with the nanoscale por-
ous structure resulting from the remaining phase B atoms.

Superposition of the Au atomistic sample and the phase-field
template resulted in the polycrystalline Au nanofoam of Fig. 1b.
The sample closely matches the nanoscale structure of nanoporous
Au available in the experimental literature, see for example [47].
The resulting nanofoam had an Au polycrystalline structure of
120 � 120 � 40 nm3 with an average grain size of 35 nm, a relative
density of 35 percent, with 12.7 million atoms. Employing an in-
house code [48] following the suggestions of Sun et al. [19], we
measured the ligaments and pores and statistically determined a
mean pore diameter of 19.5 nm (with a standard deviation of 9.7
nm) and a mean ligament diameter of 11 nm (with a standard
deviation of 7.5 nm).
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Fig. 2. (a) Load penetration curves. (b) Contact pressure evolution considering
general bulk treatment and (c) atomistic treatment.
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Relaxation of the initially rigid and defect-free porous polycrys-
tal in the absence of mechanical loading led to a sample with a
number of dislocations, stacking faults and twin boundaries, in
agreement with transmission electron micrographs of nanoporous
Au produced by dealloying [47].

As a result of the whole procedure, we were able to generate, for
the first time, an atomistic sample with pre-existing defects, that
closely resembles np-Au foams produced by dealloying, combining
nanoscale grains, ligaments and pores, with a high degree of real-
ism. Our simulation box could be considered to be the representa-
tive volume element (RVE), containing 16 grains, and a volume
whose dimensions are, on average, 10 � 10 � 4 ligament
diameters.

2.2. Simulation details

Our simulations were performed using LAMMPS [49]. The Au
atomic interactions were modeled by means of an embedded atom
model potential (EAM) [50]. Prior to indentation, the nanofoam
was first minimized by the conjugate gradient method specifying
a force tolerance of 10�8 eV/Angstrom and an energy tolerance of
10�6 eV as parameters for the satisfactory convergence of the min-
imization. Then the structure was thermally relaxed at 300 K for 6
ps using a NVE ensemble. Periodic boundary conditions were
imposed in the x and y directions, perpendicular to the indentation
axis. Three atomic layers at the bottom of the sample were
imposed to be fixed, three additional layers were thermally con-
trolled by means of a Langevin thermostat. Finally, the timestep
was set to 3 fs.

We used a rigid hemispherical indenter interacting with the

atoms in the target by a harmonic potential [51], Vi ¼ KðR� riÞ2;R
being the indenter radius, here taken to be 50 nm, and ri the posi-
tion of atom i, and with K ¼ 1000 eV=nm2 being the specified force
constant. The indenter is frictionless, akin to a Hertzian indenter.

Indentation simulations were conducted in a displacement-
controlled fashion by applying a constant penetration rate to the
indenter [51,52]. A set of three penetration rates was inspected,
namely 1, 10 and 100 m/s. These indentation speeds correspond
to �3/10000 C0;� 3=1000 C0;� and 3/100 C0 respectively, where
C0 is the directionally averaged sound velocity for Au. In this
way, the effect of the penetration rate on the mechanical proper-
ties and plasticity mechanisms can be assessed. Indentation was
carried on until a maximum penetration of 11 nm was reached.

The identification and tracking of defects was performed using
the Crystal Analysis Tool [53]. Its output was visualized using
OVITO [54].

3. Results and discussion

This section presents the results of the simulation and its post-
processing, including load-penetration curves and hardness esti-
mations (Section 3.1), the identification of deformation mecha-
nisms (Section 3.2), extension of the plastic zone (Section 3.3)
and a comparison with available scaling laws (Section 3.4).

3.1. Load – penetration behavior

Fig. 2a presents the load–displacement curves for our simula-
tions. The curves for indentation speeds of 1 m/s and 10 m/s almost
coincide. They begin with an elastic response up to a penetration of
2 nm after which a slight change in the load–displacement slope is
perceived, corresponding to the development of plasticity in the
region under the indenter. For a penetration rate of 100 m/s the
elastic response appears stiffer up to a penetration of 1 nm, as
expected due to the higher penetration rate. Again a change in
the curve slope is a clear indication of the development of plasticity
due to indentation.

Sun and co-workers [55,56] studied the nanoporous gold thin
films by in situ nanoindentation, coupling nanoindentation and
transmission electron microscopy using penetration rates in the
order of 1.5 to 30 nm/s. Their indentation curves present load
drops that were correlated to compaction bursts of the foam. Our
curves do not present marked load drops due to the considerably
high penetration rates employed, note that our lowest penetration
rate (1 m/s) is 108 times higher than the average penetration rate
employed in Ref. [56].



(a) 1 m/s

(b) 10 m/s

(c) 100 m/s

Fig. 3. Defective structures nucleated under the indenter for a penetration of 5.5
nm at different indentation speeds. Planar defects were intentionally removed for a
clearer presentation of the dislocations. Foam surfaces are depicted in yellow. Lines
indicate dislocations where blue: 1/2h110i perfect dislocations, green: 1/6 h112i
Shockley partials, pink: 1/6 h110i stair rod dislocations, yellow: 1/3 h001i Hirth
partials, and red: double stair rod dislocations. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

C.J. Ruestes et al. / Computational Materials Science 147 (2018) 154–167 157
Hodge, Biener and co-workers [14–16,31,41], performed exten-
sive nanoindentation studies of nanoporous gold. Hodge et al. [31]
employed a constant loading rate of 500 lN/s that based on their
curves implies a penetration rate of 500–1200 nm/s. Their load dis-
placement curves show a monotical increase in load with penetra-
tion, that is no load drops are seen, in contrast to Ref. [56].
Although our lowest penetration rate is about 106 times the ones
used in [31], our loading curves share some features with those
in Fig. 3 of Ref. [31] and Fig. 2 of Ref. [14] for 10 nm ligament size
Au foams, i.e. the absence of marked load drops and load–displace-
ment slopes in the range of 1–4 lN/nm.

The critical load to trigger plasticity increases as the penetration
rate increases, as expected. A strain rate sensitivity exponent can
be estimated using the stress at which plastic deformation is first
noticeable (pop-in stress) divided by the ratio of strain rates, which
we assume to be equal to the ratio of velocities:

m ¼ logr1=r2

log _�1= _�2
ð1Þ

By comparing the 100 m/s to 1 m/s cases, the estimation yields
m ¼ 0:15. This value, though high, is within the range and close to
the upper bound of the values reported by Leitner et al. [57].

The hardness of the material is defined as the contact pressure
that, once critical indentation depth has been exceed and a possi-
ble load drop has occured, stays rather constant with increasing
indentation. In order to determine the attained contact pressures,
the evolution of load has to be related to the contact area. For that
purpose we will consider the projection of the convex contact sur-
face onto the initial surface plane by using two very distinctive
approaches, a traditional macroscopic one and an atomistic
approach.

In a macroscopic level, the projected area can be computed
based on the evolution of the diameter of the imprint. The contact
pressure calculated with this conception is presented in Fig. 2b.
The hardness considering the macroscopic approach is in the range
of 300–400 MPa for the 1 m/s indentation rate, 350–380 MPa for
the 10 m/s case and 450–550 MPa for the 100 m/s case. As a refer-
ence, the hardness values reported by Leitner et al. [57] for np-Au
with relative density of 50 % and an average filament size of 100
nm are in the order of 400–700 MPa. Other studies report hard-
nesses in the range of 200–300 MPa for np-Au [16,14,31,58,33].

It must be pointed out that a direct comparison between the
calculated macroscopic contact pressure and the hardness reported
in experiments can only be made directly provided some condi-
tions are met (i.e. similar indenter tip geometry, same ratio
between contact area from the ligaments and overall contact area,
similar contact area between the indenter and the nanoporous
metal). As such a comparison is not possible due to lack of such
information in the experimental references, the values cited above
are provided only as a reference of the order of the magnitudes.

In an atomistic level, the contact area Aatom is the sum of the
projected areas of all atoms i that become in contact with the
indenter [59].

Aatom ¼ pb2
X

i � contact

cosai; ð2Þ

where b is an atom radius and ai is the angle formed by the inden-
tation direction and the vector joining the center of the indenter
with atom i. For Au we choose b ¼ 1:44 Å. Fig. 2b presents the con-
tact pressure–displacement curves considering the contact area
through Eq. (2). The hardness considering the atomistic approach
for contact area is in the range of 5–6 GPa for the 1 m/s indentation
rate, 5–5.5 GPa for the 10 m/s case and 4.5–5 GPa for the 100 m/s
case. These values, which are roughly an order of magnitude higher
than those obtained by the macroscopic treatment, are of the order
of magnitude of the yield strength of Au nanowires under tension
[60,61].

Nanoindentation is a technique often used to infer mechanical
properties of a material, yield strength being the most common.
Since the technique does not test the mechanical properties of
individual ligaments but senses the mechanical response of an
ensemble of ligaments and pores, discrepancies often arise
between yield strength measurements through tensile testing
and those inferred from nanoindentation testing, as pointed out
by Leitner et al. [57]. This is something expected considering
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nanoindentation does not directly measure this property but relies
on proportionality laws to derive the yield strength (r) from the
hardness measurements (H) based on a constant (C).

H � Cr ð3Þ
The determination of a proper hardness-to-yield-strength ratio

(C), also known as the constraint factor, is not a trivial task since it
varies with indenter type and mechanical properties of the mate-
rial (i.e. Yield strength, Young’s modulus, hardening index, Pois-
son’s ratio) [62–65].

For sharp indenters probing fully dense solids, in which volume
is conserved during plastic deformation, the constraint factor is in
the range of 2.5–3.0 depending on friction and apex angle of the
indenter tip [66], but also depends on properties of the material
such as the Poisson ratio [65] and the yield-strength-to-elastic-
modulus ratio [67]. For metallic foams, non-volume-conserving
plasticity, the constraint factor is approximately in the range of

1.0 to 1þ 2 qf

qs

� �
according to Ashby et al. [68], that is between 1.0

and 1.7 for our np sample with 0.35 relative density. For spherical
indentation, C is a function of the indenter radius and the penetra-
tion achieved, but typically in the range of 1.0–1.5 approx. [69].
Regarding the relation between Poisson ratio and the constraint
factor C, it is worth mentioning that a typical relation of hardness
equal to three times the yield strength has the underlying assump-
tion that the material has a Poisson’s ratio of 0.5, while a one to one
relation implies a Poisson’s ratio of 0, a value assumed in some
studies [16,31]. A value of 0.2–0.25 has been used for the treatment
of nanoporous foams after the work of Balk and co-workers [32]
and Volkert et al. [70]. Very recently, a work focused solely on the
determination of the elastic and plastic Poisson’s ratio of nanopor-
ous gold [71], reporting that the elastic Poisson’s ratio fluctuates in
the range of 0.2–0.3 depending on densification but not on the liga-
ment size. Based on the average ligament diameter of our simula-
tions (11 nm) and the studies of Briot et al. [32] and Shaw and
Sata [62], we will consider a Poisson ratio of the order of 0.2 which
translates into a hardness-to-yield-strength ratio of 2.5.Wewill use
this upper bound value of C so that each calculation of the yield
strength derived from Eq. (3) results in a lower bound.

As a consequence of the application of Eq. (3) to the hardness
computations performed above, the yield strength obtained from
the atomistic treatment is in the range of 1.8–2.4 GPa, remarkably
close to the yield strength of Au nanowires under tension [60,61].
Applying Eq. (3) to the hardness computations considering the
macroscopic treatment renders a foam yield strength of 120–200
MPa. While the simulations presented here were performed at
the same indentation point, we expect no differences in the prop-
erties should the indentation be performed in a different place
given that they are extracted after achieving a significant penetra-
tion that guarantees contact with several ligaments, as shown in
Section 3.3.

Recently, Kim et al. [72] studied the indentation size effect (ISE)
in nanoporous gold on samples with ligament size 26 nm and
above, finding that the ISE for np-Au depends on ligament size.
No ISE was verified in the present work, whether this can be attrib-
uted to the smaller ligament size used in this work or other simula-
tion conditions is yet to be determined and is left for a future work.

3.2. Deformation mechanisms

Shockley partials and Lomer-Cottrel locks [73] appear to be the
main defects involved in the plastic deformation of the nanoporous
gold under tension [19] and compression [21,37].

In our nanoindentation simulations, three different deformation
mechanisms were identified, namely dislocation activity, twinning
and grain boundary sliding.
Dislocation activity is the main deformation mechanism. We
were able to identify Shockley partials originating at the ligament
surfaces and also at grain boundaries. Fig. 3 presents details of the
defective structures for a single ligament under the indenter for a
penetration of 5.5 nm. Fig. 3a corresponds to a penetration rate

of 1 m/s and shows a few Shockley partials (b
!
¼ 1=6a½�1 �21�),

depicted in green. Shown in pink, a couple of Lomer-Cottrel dislo-
cation locks can be spotted. This is a sessile dislocation that can
appear after the reaction of two Shockley partials and, by impeding
slip in ð111Þ planes, it behaves as a barrier for the movement of
additional dislocations, contributing to strain hardening. Plasticity
is concentrated at the nodes of the foam.

For a penetration of 10 m/s, Fig. 3b not only shows a larger
number of Shockley partials and some Lomer-Cottrel locks but also

a few perfect dislocations (b
!
¼ 1=2a½110�), depicted in blue.

For the highest penetration rate, Fig. 3c shows a vast amount of
Shockley partials, together with long segments of Lomer-Cottrel
locks and some perfect dislocations. A few Hirth sessile disloca-

tions (b
!
¼ 1=3a½001�), depicted in yellow, were also found in a

small amount. The presence of long Lomer-Cottrel locks and Hirth
dislocations can also play their part in the higher contact pressures
obtained for the 100 m/s case due to their contribution to strain
hardening.

Red segments can be seen in each panel of Fig. 3, they corre-
spond to dislocations not identified by the algorithm employed
for classification. Detailed analysis revealed that they are double

stair-rod dislocations with b
!
¼ 1=6a½022� [21,74].

Fig. 4 presents the evolution of defects for two sections of the
sample indented at 1 m/s. Fig. 4c shows the first defects nucleated
for a depth of 4.7 nm. The interaction of two partials can be appre-
ciated. As penetration reaches 7.2 nm, triple, and quad stacking
faults are found. For a penetration of 9.5 nm the density of planar
defects is considerably high. The filaments are now vastly popu-
lated by intrinsic, triple and quad stacking faults. Detailed inspec-
tion shows the nucleation of dislocations on free surfaces and on
grain boundaries, the former being predominant over the latter.
In relation to source limited plasticity, Fujita et al. [75] transmis-
sion electron microscopy studies had shown that the curved sur-
faces of nanoporous gold have a high density of atomic steps and
kinks and then Farkas et al. [18] small scale simulations suggested
that these steps have an important role in plastic deformation pro-
viding sites for dislocation emission. This is verified in our results.
Dislocations move through the filament until they reach a free sur-
face, where they annihilate leaving stacking faults behind. The con-
strained motion of dislocations along the ligaments reported by
Viswanath et al. [26] and attributed to a concentration of vacancies
was not confirmed in our study, possibly due to the lack of a signif-
icant amount of vacancies. No significant trapping of dislocations
at the grain boundaries was verified.

It is worth noting that the deformation behavior of nanoscale
objects [e.g. nanoscale pillars] is often discussed in terms of dislo-
cation starvation models [76], where mobile dislocations propa-
gate through the material and annihilate when they reach a free
surface. In contrast to this scenario, our simulations show the pres-
ence of several dislocations within ligaments (Fig. 3) together with
a large increase in dislocation count (see Section 3.3) clearly point-
ing out to a dislocation accumulation scenario. Our analysis also
reveals several sessile dislocations which are a the result of dislo-
cation interaction (Fig. 3). These observations imply that a
dislocation-starvation scenario does not apply for nanoporous
gold, a similar conclusion drawn in previous MD studies [37]. A
dislocation accumulation scenario has already been observed by
transmission electron microscopy in the contributions by Dou
and Derby [77,47].



(a) No penetration (b) No penetration

(c) 4.7 nm penetration (d) 4.7 nm penetration

(e) 7.2 nm penetration (f) 7.2 nm penetration

(g) 9.5 nm penetration (h) 9.5 nm penetration

Fig. 4. Evolution of the atomic structure under the indenter for a penetration rate of 1 m/s. Right hand side and left hand side columns correspond to two perpendicular cuts
of the sample. Foam surfaces are depicted in red. Blue atoms correspond to perfect fcc atoms, light-green atoms (in single layer arrangements) correspond to coherent twin
boundaries, light-orange atoms (in dual layer arrangements) correspond to intrinsic stacking-faults, dark-orange atoms (in triple layer arrangements) pertain to triple
stacking faults while red ones (in four layer arrangements) belong to quad stacking faults. (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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Twinning was also identified. Twin boundaries are shown in
Fig. 4 with light-green. The quantification of atoms in twin bound-
aries reveals that twinning starts and increases with indenter pen-
etration. The fraction of atoms in twin boundaries is lower than
that of intrinsic stacking faults and it gets lower as the indenter
speed rises, as shown by Fig. 5a–c.
Displacement vector analysis performed with OVITO reveals the
occurrence of grain boundary sliding. Fig. 6 shows an inset of two
grains separated by a grain boundary where fcc atoms are depicted
in dark blue while grain boundary atoms are shown in light blue.
The orientation of the grain boundary is almost parallel to the load-
ing axis. Calculated displacement vectors are shown by yellow
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arrows. Differences in length of the arrows on each side of the GB
distinctively show sliding, the difference accounts for 2–4 Å.
3.3. Extension of the plastic zone

Proper identification and tracking of the evolution of defects
and displacements allows for the determination of the extension
of the plastic zone.

Fig. 7 presents results of the computation of atomic displace-
ments for a penetration of 8.4 nm achieved at 1 m/s (Fig. 7a, c)
and 100 m/s (Fig. 7b, d) indentation rates. Blue color corresponds
to atoms who had experienced a displacement P 2a0 ¼ 8:16 Å,
while red color corresponds to atoms directly in contact with the
indenter. It can be seen that the several ligaments are probed by
the indenter. This image is a qualitative indication of the volume
of the material that is influenced by the indenter and the relation
between the contact area from the ligaments, the total contact area
and the material volume probed. It shows that, for a given penetra-
tion, the contact is greater for the higher indentation rate, due to a
larger deformation of the ligaments in contact with the indenter
for the 100 m/s case, and that the propagation of the imposed dis-
placement diminishes as the indentation rate increases. In other
words, deformation appears to be more localized as the penetra-
tion rate increases.

The extension of the plastic zone can be quantitatively deter-
mined. Fig. 8 presents the outcome of a Common-Neighbor-
Analysis [78] performed in OVITO for the undeformed sample
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Fig. 5. Evolution of the atom count for planar defects.
(Fig. 8a, b), and for a penetration of 8.4 nm achieved at 1 m/s
(Fig. 8c, d) and 100 m/s (Fig. 8e, f) indentation rates. Atoms in per-
fect fcc position are not shown. Red color corresponds to atoms in
hcp position, that belong mainly to fcc stacking faults but also to
some grain boundaries. Blue color corresponds to atoms in bcc
position. Fig. 8a and b reveal a low amount of defects in the unde-
formed sample. For the 8.4 nm penetration and regardless of the
indentation rate (Fig. 8c–f), it can be seen qualitatively that the
extension of the planar defects is similar to the extension of the
blue zone depicted in Fig. 7 for each indentation rate, confirming
the conclusion about the localization of deformation and plasticity.

Beginning from the moment that the indenter makes contact
with the surface and until the largest penetration is achieved, the
atomic configurations are also analyzed by means of the disloca-
tion extraction algorithm (DXA) [53,79]. From these analyses the
conguration of the dislocation lines are obtained. The criteria used
in this research was to compute and track the total length of
Shockley partials by means of an in-house code which defines
hemispherical shells and computes the total dislocation length in
each shell, see the work of Hua and Hartmaier [80] for conceptual
details and that of Gao et al. [81] for an application example; the
shell thickness was chosen as 2 nm. The result is a radial profile
of the Shockley partials distribution during nanoindentation. The
plots in Fig. 9 present the results of the calculations; as the inden-
ter touches the foam and plasticity develops, the count of Shockley
partials length significantly increases from the initial distribution
to a non uniform distribution with a few peaks as the indenter fur-
ther penetrates into the target, each peak corresponding to the
concentration of partials within each ligament. Based on Figs. 8
and 9, the plastic zone extends for about 20–25 nm around the
indent. For an 8.4 nm penetration, radius of the imprint is 28 nm,
hence the plastic zone extends for about 1.7–1.9 times the radius
of the imprint. This is significantly lower than the values for bulk
fcc metals reported by Gao et al. [81], suggesting that np foams
are effective materials for the confinement of plasticity in cases
of dynamic indentation. The case of extreme indentation velocities
of km/s could be considered from cluster impact simulations by
Anders et al. [82], who found extensive plastic zones, as large as
for compact targets, in their simulations.

Inspired by the work of Sun et al. [19], an automated pore and
filament measurement algorithm was implemented, its details to
be presented elsewhere [48], and the results are shown in
Fig. 10. The calculations indicate that for a given penetration, no
significant differences are found in the pore size distribution for
two different indentation rates, and that as penetration increases,
the distribution of measurements shows a reduction of the pore
diameter, without noticeable reduction of the ligament size.

3.4. Scaling laws

Applications of nanofoams, such as those mentioned in the
Introduction, impose a manufacturing challenge since the tailoring
of ligament and pore sizes have an impact on the mechanical prop-
erties of the foam and an adequate correlation of dimensions,
mechanical properties and deformation mechanisms at the nanos-
cale is still lacking. The purpose of this section is to revisit several
well-established scaling laws and compare their predictions with
the yield strength estimations derived in Section 3.1. We discuss
on some of the assumptions of each model and possible reasons
where discrepancies are found.

At the macroscale, the main deformation mechanisms of open
cell foams under compression are elastic buckling and plastic col-
lapse. An example of the former can be found in the contributions
of Feng and co-workers [83], who studied the effects of surface
energy and residual surface stress on the effective elastic proper-
ties of nanoporous materials and, as a result, they presented mod-



Fig. 6. Detailed view of two grains separated by a grain boundary (GB atoms depicted in light-blue). Loading axis is almost parallel to the orientation of the grain boundary.
Displacement vectors are shown in yellow. Differences in length of the arrows on each side of the GB distinctively show GB sliding. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

(a) 1 m/s - top view (b) 100 m/s - top view

(c) 1 m/s - side view (d) 100 m/s - side view

Fig. 7. Atomic displacements for a penetration of 8.4 nm. Red atoms are those directly in contact with the indenter. Blue atoms correspond to particles displaced at least 2 a0.
Deformation gets more localized as the penetration rate increases. (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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(a) Undeformed sample - top view (b) Undeformed sample - side view

(c) 1 m/s - top view (d) 1 m/s - side view

(e) 100 m/s - top view (f) 100 m/s - side view

Fig. 8. Non-fcc atoms for the undeformed sample and for a penetration of 8.4 nm at two different indentation rates. Red atoms correspond to hcp structures and blue ones to
bcc structures. The extension of the stacking faults is a unique indication of the extension of the plastic zone. (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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ified Euler–Bernoulli and Timoshenko beam models [84]. A
paradigmatic example of plastic collapse models is that of Gibson
and Ashby [30], which considers that deformation is controlled
by plastic hinges at the rigid nodes and was originally derived as
a model for porous materials with macroscopic porosity, in which
the yield strength of the porous material can be estimated based on
that of the corresponding fully dense material through

r� ¼ C� � rs � q�

qs

� �n

ð4Þ
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Fig. 9. Evolution of the plasticity profile represented by the total length of Shockley
partials.
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(a) Pore size histogram.
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Fig. 10. Histograms of cord length measurements for a penetration of 10 nm show
the closure of pores without noticeable change in the ligament diameter.
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with n ¼ 3
2 ;C

� ¼ 0:3 and r� and rs the yield strengths of the porous
material and the corresponding ligament material in bulk form,
respectively, q� the foam density and qs the bulk material density.

Application of Eq. (4) to the bulk values by Sakai et al. [85] for a
36 nm grain size Au sample renders a yield strength of 18:6 MPa,
an order of magnitude smaller than the estimations of Eq. (3)
(120–200 MPa) but similar to the values by Balk et al. [86] for their
tensile and compressive tests of micron sized samples of bulk
nanoporous gold. Chung Cheng and Hodge [87] suggested using
the yield strength of the ligament as rs in Eq. (4), and based on
our estimations in Section 3.1 (1.8–2.4 GPa) renders 110 MPa
6 r� 6 150 MPa, a yield strength that is significantly higher than
the ones obtained by Balk et al. for their tensile tests [86]. This
can obey to the well known strain rate effect in MD simulations
or might be an indication that Eq. (4) is not applicable to a np-Au
foam as the one studied here. Other experimental and computa-
tional studies pose concerns on the use of the standard G-A equa-
tion on nanoporous foams [33,31,18,19,88]. For instance, Biener
et al. [14] used the standard G-A equation on their np-Au nanoin-
dentation study (0.25 relative density, 10 nm ligament dia.) and
obtained a predicted ligament yield strength of 4.5 GPa, which is
far greater than the 1.1 GPa value obtained by Lu et al. [89] when
testing 10 nm diameter wires under tension. Nanoporous foams
are a distinctive type of material where not only grain size is at
the limit of a Hall–Petch/Inverse Hall–Petch behavior but also liga-
ments are so thin that surface effects can play an important role,
producing a significant deviation from the expected behavior of
the typical beam-under-bending model used for the derivation of
scaling laws. As a consequence, the validity of Eq. (4) is still under
debate.

Let us compare yield strength obtained in Section 3.1 with val-
ues predicted using scaling laws available in the literature.

Inspired by the Hall–Petch relation, Hodge et al. [31] modified
the G-A scaling law by adding a term accounting for the effect of
the ligament size. As a result they presented the following scaling
equation:

r� ¼ Cs rs þ k � L�1=2
h i

� q�

qs

� �3=2

ð5Þ

where Cs is a fitting coefficient typically taken as 0:3 [30], rs is the
bulk material yield strength, k is a Hall–Petch-type coefficient for
the theoretical yield strength of Au in the corresponding size
regime, L is the ligament size. rs þ k � L�1=2 is termed the ligament
yield strength, and by considering rs ¼ 200 MPa, k ¼ 9200 MPa �
nm1=2 after [85] and L ¼ 11 nm, its calculation renders 2.9 GPa, 20
% above the upper bound of the range of the ligament yield strength
values estimated in Section 3.1 (1.8–2.4 GPa). Using Eq. (5) for the
simulated foam renders a calculated yield strength of 180 MPa.

To account for the effect of plastic strain gradients that exist in
the deformation hinges of the typical foam model with beams and



Table 1
Summary of ligament and foam yield strengths computed from relationships in the
literature.

rY ðGPaÞ r�ðMPaÞ
Eq. (3) N/A 120–200
Eq. (5) 2.9 180
Eq. (6) 3.2 198
Eq. (7) N/A 70–118
Eq. (11) 0.79 99
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nodes, Dou and Derby [77] presented a modified plastic collapse
model for nanoporous foams where the yield strength of the liga-
ment is:

rY ¼ r1 þ k3l
ffiffiffi
b
t

r
ð6Þ

where r1 is the yield stress of the ligament in the absence of strain
gradients, k3 incorporates Taylor’s constant and all geometrical or
shape terms related to the ligaments in the structure, l is the shear
modulus, b is the Burgers vector and t is the ligament width. Follow-
ing the suggestion of Chung Cheng and Hodge [87], one could use
the derived yield strength rY and introduce it into rs of the stan-
dard Gibson and Ashby equation, obtaining the yield strength of
the foam. So the use of Eq. (6) renders a ligament yield strength
of 2.7 GPa, where the parameters of the equation were taken as
r1 ¼ 1 GPa, b ¼ 0:288 nm, t ¼ 11 nm, l ¼ 30 GPa, and k3 ¼ 0:47
after Dou and Derby [77]. Then introducing rs ¼ 3:2 GPa on Eq.
(4) renders a foam yield strength of 198 MPa.

To account for the effect of capillary forces on the mechanical
properties of np-Au, Farkas and co-workers [18] presented a ten-
sion/compression asymmetry model of the form

r�ðdÞ ¼ rHPðdÞ þ rsðdÞ ð7Þ
where the first term aims to capture a Hall–Petch type behavior
without the effect of the surface stress

rHPðdÞ ¼
a

d1=2
d > 20 nm

a
201=2

d < 20 nm

(
ð8Þ

while the second term is added to account for the contribution of
surface stress

rsðdÞ ¼
� bc

d compression

þ bc
d tension

(
ð9Þ

with c being the surface tension and a and b constant fitting param-
eters. For their tension/compression study, Farkas et al. determined
c ¼ 1:9 GPa;a ¼ 420 MPa nm1=2, and b ¼ 135. Considering our aver-
age ligament diameter, the use of Eqs. (7)–(9) render rHP ¼ 94 MPa
and values of r� in the range of 118 MPa (tension) to 70 MPa
(compression).

Recently, Briot and Balk [33] proposed a scaling relation for the
yield strength of nanoporous metals as:

r� ¼ Ckl�m q�

qs

� �n

ð10Þ

where r� is the foam yield strength, C is a fitting coefficient, k is a
size effect coefficient, l is the ligament size,m is the size effect expo-
nent, n is the scaling effect exponent due to the porous structure, q�

the foam density and qs the bulk material density. Based on their
nanoindentation study, the authors updated the expresion to
describe the yield strength of np-Au as a function of relative density
and ligament diameter:

r� ¼ 1:939rs
q�

qs

� �2:618

with rs ¼ 0:0328 MPa � l�0:551 ð11Þ

where rs is the yield strength of the ligament in bulk form. The use
of Eq. (11) predicts a foam yield strength of 99 MPa by considering
rs ¼ 796 MPa as a result of the 11 nm ligament size.

The foam yield stress results of Eqs. (3), (5)–(7) and (11) are
condensed in Table 1 for comparison purposes. The results of
Eqs. (5) and (6) fall within the range estimated through Eq. (3)
(120–200 MPa).

The standard Gibson and Ashby equation (Eq. (4)) tends to be
left aside when studying the mechanical properties of np metals
due to the fact that the expression lacks of any size effect terms
(both for ligament size and grain size), it does not take into account
strain gradient plasticity, etc. Nevertheless, there is a general
agreement that except for high density nanoporous metals, nano-
foams tend to deform in a way typically dominated by beam bend-
ing with plastic collapse at the nodes or close to them, consistent
with the concept that Gibson and Ashby developed and, as a result,
many scaling laws for np metals are derived from or inspired by
the G-A model. Eqs. (5) and (6) are two such cases, where the for-
mer considers both ligament size effects and grain size effects
through the term k � L�1=2. In the latter, Dou and Derby [47] consid-
ered strain gradient plasticity by means of the concept of geomet-
rically necessary dislocations and a Taylor hardening expression,
and also considered dimensional aspects of the foam, namely the
filament size. In an attempt to consider size effect strengthening
and axial contributions to the deformation modes, Briot et al.
[33] presented Eq. (11), which seems akin to the previous ones
but differs in the election of the coefficients. The equation was fit-
ted to the outcome of tensile tests. From such tests [32], the yield
strength proved relative low, most probably testing the foam flaws
rather than the ligament strength and as a result, our calculations
using Eq. (11) rendered a lower value for our foam, which we attri-
bute to a possible underestimation of the ligament yield strength,
since nanoscale tests of Au wires had shown a yield strength of 1
GPa and above. It must be pointed out that the np-Au samples
tested in [32,33] have a grain size much larger than the filament
size, about three orders of magnitude, this condition being a major
difference with the np-Au sample used in this work.

The nanoporous foam probed in this paper exhibits a grain size
that is close to the limit of a Hall–Petch/Inverse Hall–Petch behav-
ior, with ligaments within the same order of magnitude. Plasticity
tends to concentrate at the nodes, supporting the hypothesis made
in models derived from the Gibson Ashby scaling law regarding the
location of plasticity. In particular, plasticity occurs in the form of
dislocations, verifying the assumption made by Dou and Derby in
their model [77]. Of all the scaling laws tested, the one by Hodge
and co-workers [31] seems to be the most suitable since it was
obtained after nanoindentation testing and takes into considera-
tion nanoscale effects both, for the ligament size and for the grain
size of the foam. The yield stress derived from Eqs. (5) and (6) is in
remarkable agreement with the foam yield stress estimation of Eq.
(3), further supporting the election of the hardness-to-yield-
strength ratio made in Section 3.1. Of the models akin to G-A,
the model by Briot and Balk [33] renders the lowest values, prob-
ably due to a low value of ligament yield strength. Our results sug-
gest that the latter should be updated to that of Au nanowires.
Although no single model takes into account all the physical
aspects revealed in our study, it is fair to conclude that the liga-
ment size and the ligament yield stress seem to be the dominating
factors on the mechanical properties obtained here.

As a consequence of the high surface-to-volume ratio of nano-
porous materials, capillary forces can also affect the strength,
which led Farkas and co-workers [18] to propose a model with a
Hall–Petch type term and a term due to surface stresses. Its appli-
cation to the sample of this research renders a lower bound for the
foam yield stress, see Table 1. However, the model has three con-
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stants that might need to be adjusted for its use, namely a; b and c.
Constants b and c are related to the surface stress and modulate
the tension/compression asymmetry. In our case, we followed
the atomic stress calculation done in Ref. [18], obtaining surface
stresses of the order of 2 GPa, in agreement with the last reference.
Therefore, we consider b ¼ 135 and c ¼ 1:9 GPa as adequate con-
stants for our sample. In turn, a has a direct role on the adjustment
of the average of r� and might be the main reason for the low
stress derived from the model by using a ¼ 420 MPa nm1=2. For
instance, should we choose a ¼ 800 MPa nm1=2, we would obtain
r� in the range of 202 MPa (tension) to 154 MPa (compression),
in better agreement with the results of Eqs. (5) and (6). Its quotient
is also in agreement with the tension/compression ratio presented
by Farkas et al. in their Fig. 7 [18]. Further tension and compression
studies are required to properly determine the adequate value of
the constants involved in the model for a given np-Au sample.

In a very recent contribution, Mangipudi Epler and Volkert [29]
studied the effects of structural topology on the mechanical prop-
erties of nanoporous gold and presented modified scaling laws to
account for these effects. They show a linear dependence of the
geometric pre-factors of Gibson and Ashby scaling laws with the
scaled genus density. There are signs that topological and morpho-
logical concepts, such as network connectivity [27], scaled genus
density [29], and mean principal curvature [90,91] can help to
adjust scaling laws for their use at the nanoscale [92]. A thorough
topological characterization of the nanoporous sample used in the
current study is out of the scope of this work and therefore a com-
parison with topologically-based models (e.g. network connectiv-
ity models) is left for a future work.

All in all, the debate on the validity of Gibson-Ashby equations
will continue, where it can be foreseen that a systematic experi-
mental and computational joint study is mandatory, involving a
great number of experiments and MD simulations of Au single
crystalline foam, and similar foams as in the present investigation
with a variety of grain size and ligament size.
4. Conclusions

We study the mechanical response of nanoporous Au under
nanoindentation by means of atomistic simulations of a computa-
tional domain that mimics the complex structure of Au foams pro-
duced by dealloying. We compute the contact pressures, we
analyze the deformation mechanisms and we test a variety of scal-
ing laws. Our findings are in agreement with experimental nanoin-
dentation studies of np gold [14,16,31,55–57]. The main
conclusions are:

	 Load penetration curves share features with their experimental
counterparts available in the literature.

	 Deformation occurs by dislocation accumulation. Plasticity is
dominated by dislocation nucleation on free surfaces and their
propagation across the ligament. As a number of dislocations
reach another surface they annihilate, leaving behind a signifi-
cant number of intrinsic stacking faults. Dislocations are mainly
of the Shockley partials type, but perfect dislocations, Hirth par-
tials and Lomer-Cottrel locks were also identified. The occur-
rence of mechanical twinning and grain boundary sliding was
verified.

	 Plasticity develops mainly at the nodes of the foam and it is con-
fined to a region in the vicinity of the indenter, whose thickness
is 1.7–1.9 times the radius of the imprint, as verified by hemi-
spherical quantification of Shockley partials, extension of stack-
ing faults and displacement calculations. The extension of the
plastic zone is smaller than in the case of bulk fcc metals under
nanoindentation. The histograms of cord length measurements
indicate that the closure of pores occurs without noticeable
change in the ligament diameter.

	 The foam yield strength derived from the hardness computation
shows good agreement with estimations obtained using a vari-
ety of scaling laws. This is an indication that the constraint fac-
tor chosen in this study is a good measure of the hardness-to-
yield-strength ratio for np-Au.

Finally, while the details we have discussed specifically apply to
spherical nanoindentation of Au nanofoams, the general features
can probably be generalized to other fcc nanofoams of technolog-
ical interest (Ag, Pd and Cu) where plastic collapse appears to be
the dominant mechanism [87]. Future work in the field should
include similar studies of other nanofoams of technological inter-
est in bcc metals. This work provides links to close gaps between
continuum-scale models, atomistic models and experiments. Np
Au with ligament sizes under 20 nm suffer from high surface-
induced stresses [18], and in such cases, it has been shown that lin-
ear elastic FEM models yield higher stiffnesses than MD simula-
tions thanks to the nonlinear elastic behavior of the EAM
potential used in the latter [36]. In a similar way, this work can
be a useful benchmark for FEM models of np-Au subjected to
spherical indentation. Also, analysis of the extension and shape
of the plastic zone from MD simulations could be coupled with
experiments such as focused ion beam aided characterization of
nanoindents in np Au [93], aiming for further insights into the
deformation behavior of np structures.
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