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Abstract

Models that can be used to describe nanoporous gold are often generated either by phase-field or Monte-
Carlo methods. It is not ascertained that these models are closely matching experimental systems, and
there is a need for other variants. Here is proposed an original approach to generate alternative models,
which is solely based on molecular dynamics simulations. Structures obtained with this method are struc-
turally characterized by determining the ligaments diameter distributions, the scaled genus densities and
the interfacial shape distributions. Selected mechanical characterizations are also done by deforming the
structures in tension and in compression. Structural and mechanical properties are in good agreement with

experimental and theoretical published results.
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1. Introduction

Sponge-like nanoporous gold (NPG) is a nano-
architectured free-standing material resulting from
the self-organization of gold after the selective dis-
solution of silver in a AuAg alloy. NPG can be
potentially useful in various fields such as cataly-
sis [1] (due to its high specific surface area and to
its atomic sized defects created by the curvature
of ligaments), detection of biomolecules [2, 3] (due
to its high conductivity and good biocompatibil-
ity) and of neural activity in noisy environments
[4], or as photosystems [5, 6]. In addition to be-
ing potentially functionalized, NPG has the inter-
esting property of being both light and resistant.
However, some of its characteristics remain poorly
understood [7]. For example, the strength and stiff-
ness tend to deviate from the Gibson-Ashby scaling
laws [8, 9, 10]. Also, gold is known to be a highly
ductile material but NPG yields by brittle fracture
during tensile tests [11, 12]. Hence, it is of great
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interest to understand the fundamental elementary
mechanisms leading to this behavior.

Molecular dynamics (MD) simulations are well-
suited for investigating mechanisms at the atomic
scale. However, a prerequisite for such simulations
is to have realistic models of NPG. These are usu-
ally generated using phase-field [8, 9, 13, 14, 15],
Monte-Carlo [16, 17, 18, 19] methods. Phase-
field methods are based on numerically solving the
Cahn-Hilliard equation to reproduce spinodal de-
composition. The dealloying process is then mod-
eled as a diffusion phenomenon at the interface be-
tween two phases. Monte-Carlo methods explore
multiple configurations of the system and keep the
best ones based on thermodynamic considerations.
The geometry of NPG models can next be com-
pared to tomographic reconstructions of NPG sam-
ples. The latter can be obtained using focused ion
beam [20], transmission electron microscope [21] or
by transmission x-ray microscope [22, 23]. Note
that these reconstructed samples can also be used
as realistic models of NPG for MD simulations.

To compare NPG models, different structural
properties can be used, such as the ligaments di-
ameter distribution (D), the scaled genus density
(g») which quantifies the connectivity, and the in-
terfacial shape distribution (ISD) which is the dis-
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tribution of the local curvature of the ligaments and
characterizes the morphology. The structural prop-
erties of NPG are highly correlated to mechanical
or catalytic properties [1, 15, 24]. Models can also
be compared on the basis of mechanical consider-
ations. The elastic moduli, the strength, the local
and global mechanisms of plastic deformation, as
well as the mechanisms of rupture are appropriate
indicators.

Hereinafter, we present a new method to generate
NPG models which is entirely based on molecular
dynamics. The purpose of this paper is twofold:
first, to describe the method, and second to pro-
pose few structural and mechanical characteriza-
tions demonstrating the soundness of the gener-
ated systems. The method is fully described in sec-
tion 2. The following section presents the results
of the structural and mechanical characterizations.
Finally, the main conclusions are outlined in sec-
tion 4.

2. Methods

The MD simulations were run with the open-
source code LAMMPS [25]. Periodic boundary con-
ditions have been applied along the three directions
of space, and a timestep of 1 fs has been used to as-
sure integration stability of Newton equations. The
different characterizations have been made with the
open source software Ovito [26] and the commercial
package Avizo.

2.1. General concepts of the method

To illustrate the different steps of the method,
one can refer to the figure 1. Two different species
with defined concentrations are first introduced in
the simulation box. Gold and silver are chosen
because their melting temperatures are relatively
close. Then, a first MD run is performed at a tem-
perature Ty, here equal to 1800 K, higher than the
melting point of both elements. By making the
Ag and Au phases artificially immiscible (see sec-
tion 2.2), the system evolves to form distinct Au
and Ag phases, as shown in the figure 3. These
phases are continuous and their morphologies es-
sentially depend on simulation time, initial concen-
trations and temperature. Finally, the silver phase
is deleted and the liquid gold one is replaced by a
crystalline phase using a homemade script detailed
in section 2.5, leading to a monocrystalline NPG.

2.2. Interatomic potentials

In the MD simulations, the Au-Au and Ag-Ag
interactions are described by the EAM potentials
developed by Foiles et al. [27]. The lattice parame-
ter of Au given by this potential is 4.08 A. For the
Au-Ag interactions, a fully repulsive Lennard-Jones
potential is used. Although such a potential is not
able to provide a realistic description of the Au-Ag
alloy, it is convenient to accelerate the demixing
since it makes Au and Ag strictly immiscible. The
energy versus the distance between two atoms is
given by :

E(r) = 4e {(”)12 - (Z)G] r<re (1)

r

where r is the interatomic distance, o is the distance
at which the energy equals zero, € is a scaling energy
parameter and r. is the cutoff distance (i.e. the
distance beyond which two atoms do not interact).
In order to have a fully repulsive potential, o must
be equal or higher than r.. The continuity of the
energy as a function of the interatomic distance is
ensured by making ¢ and r. equal. ¢ is the most
influential parameter. A too low value leads to the
formation of atom clusters embedded in the other
phase. A too high value prevents cluster formation
but creates a significant void region between the two
phases. This void may lead to an error in the setting
of foam density (detailed in section 2.3). Besides,
the higher is o, the smoother is the interface. These
cases described above are shown in Fig. 2. In the
following we chose 0 = r. = 7 A (Fig. 2 (b)) and
€ = 0.001 eV as appropriate values.

2.3. Initial setup

With our method, the relative density p can be
precisely set. It is defined as the density of the foam
over the density of the bulk, and is also equal to the
volume of the gold phase V4, over the total volume
of the foam V. In addition, we have :

Nay = Vau X dau, (2)

where N4, is the number of gold atoms and 4,
is the volumetric atomic density of the gold phase
at Ty. &4, depends on the temperature and is
computed by first filling a cubic simulation box of
~ 22 nm? with fcc gold atoms and next letting the
system evolves at the temperature T, in the NPT
ensemble for 100 ps with the EAM Au-Au poten-
tial. d4, is then obtained by dividing the number
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Figure 1: Graphical summary of the main steps of the procedure.

. Silver atoms

. Gold atoms

Figure 2: Influence of the Au-Ag potential parameter o on
the demixing process. A part of silver atoms are removed
for clarity. Figures a, b and c are snapshots obtained with
o =2,7 and 15 A and simulation times of 150, 60 and
30 ps, respectively. One can see isolated clusters in (a) and
the interfacial void in (¢). The temperature of demixing is
1800 K, as detailed in section 3.

of Au atoms by the volume of the box. Hence, the
number of Au atoms to put in the simulation box
for the desired p at Ty is:

Nayw=p XV X044 (3)

By the same line of reasoning, the number of sil-
ver atoms to put in the simulation box to fill the
remaining volume is:

Nag = (1= p) x V x 84 (4)

Note that this does not take into account the re-
duction of gold phase volume due to the relaxation
of surface stresses during the stabilization of the
upcoming crystalline structure.

t=0ps t=25ps

t=50 ps

t =100 ps

Figure 3: Demixing of gold (in orange) and silver (in grey)
phases at different times during a MD simulation.
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Figure 4: Evolution of the mean diameter Dy, of the liga-
ments foam as a function of time. The inset shows the linear
dependence between D, and 1/S,, S, being the specific
surface.

2.4. Demizing process

The estimated numbers of gold and silver atoms
are next randomly placed in the simulation box,
1000 steps are first performed using the conju-
gate gradient algorithm to move apart overlapping
atoms. Then a MD run is done in the NVT ensem-
ble at T; and with a temperature damping param-
eter of 0.05 ps. The gold phase morphology, and in
particular the mean diameter D,,, of foam ligaments
can be monitored during the demixing by comput-
ing the specific surface S, = San/Va, of the gold
phase with a software like Ovito [26] (where S,
and Vy, are the surface area and the volume of
the gold phase, respectively). S, is shown to be in-
versely proportional to the D,,, (Fig. 4), which is de-
termined using the skeletonization method detailed
in the section 3.1). The proportionality coefficient
has a weak dependence on p and on the parameters
used to determine S,. In Ovito, S, is obtained by
meshing the surface using a virtual probing sphere
method [28]. The sphere radius is here set to 5 A so
that the ratio V4, /V is equal to p. The duration
of the MD run then depends on the desired mor-
phology (controlled by a visual inspection and S,
monitoring). Typically, a mean diameter of ~ 4 nm
is attained after 100 ps with the potentials used in
this work (Fig. 4). Once the mean diameter has
attained the desired value, the MD simulation is
stopped.

The use of the repulsive potential makes gold
and silver immiscible, allowing for phase separation
thanks to volume diffusion. Then the process re-

sembles spinodal decomposition. However, it is not
obvious that the resulting phase separation mech-
anism is exactly the same to the one modeled by
phase field approaches. For instance, it is inter-
esting to note that, being atomistic, our method
allows for atomic diffusion at the Ag-Au interface
during model generation, leading to gold surface
smoothening as in dealloying.

Figure 5: Example of a NPG model generated using our
method, characterized by a relative density p = 0.43, a to-
tal volume V ~ 453 nm?® and a mean ligament diameter
Dy, = 3.7 nm.

2.5. From liguid gold to the final NPG model

The liquid silver phase is next entirely deleted.
In order to replace the liquid gold phase by a crys-
talline phase, one can create a surface mesh of
the liquid phase and fill this closed surface by a
crystalline phase. Some open source codes exist
for this purpose (see for example Nanosculpt [29]).
We developed a homemade procedure for additional
flexibility and potentialities (like creating a poly-
crystalline foam). In this one, the simulation box
that already contains the gold liquid phase is en-
tirely filled with a monocrystalline gold fcc struc-
ture. The chosen crystallographic orientations are
<100> in the three principal directions Z, ¢ and 2
of the simulation box. We focus here on monocrys-
talline structures, given the dimensions of MD mod-
els [30, 31, 32], even if it is possible to generate
polycrystalline NPG with this method. Next, logi-
cal operations are performed to keep only atoms of
the crystalline phase that overlap or are very close
to atoms of the liquid phase (with a maximum sep-
aration of 3 A). Finally, the entire liquid phase is
deleted.



Afterwards, stresses in the newly created crys-
talline foam are relaxed according to the following
procedure. First, a MD run is performed at 900 K
in the NVT ensemble during 0.2 ns. This run allows
for a rough relaxation of surface stresses. A second
MD run is next performed in the NPT ensemble
at 900 K during 1 ns to make pressure vanish on
the simulation box. A resulting structure is shown
in figure 5. Because of the known limitations of
MD calculations (number of atoms, time scale) and
to preserve a minimum number of ligaments in the
simulation box, D,, is kept lower than 7 nm in this
work. Diameters for some of the experimental NPG
are in this range [33, 34, 35, 36].

At this point, we have generated a single crys-
talline nanoporous gold structure, which is visually
similar (see Fig. 5) to other models reported in the
literature [15], or to real samples reconstructed by
tomography [23, 37].

2.6. MD Mechanical tests

A first MD run is performed at 100 K in the NPT
ensemble during 0.5 ns for thermalization. For all
the compressive and tensile uniaxial deformation
tests a constant engineering strain rate of 10% s—!
is used, as well as damping parameters of 0.1 ps
and 1 ps for temperature and pressure control. The
tests are performed by varying the box dimension
along Z and allowing only dimensions along # and
§ to relax. The structures are deformed along [100]
from 0 % to 30 % engineering strain, both in ten-
sion and in compression. The elastic moduli are
calculated by a linear fit of the stress-strain curves
for strains ranging from 0% to 2%.

3. Results

The aim of this part is to validate our approach
by comparing structural and mechanical characteri-
zations of our models to the state of the art. Results
shown in figures 6, 8, 10, 12 and 13 are obtained us-
ing the same foam model. All other results (that
show a dependance on p) are obtained with multiple
models of different D,,.

3.1. Structural analysis

In this section the relevant structural properties
of our NPG models are compared to the literature.
The skeletonization method is suitable to compute
the mean diameter D,, of the foam ligaments. In

this approach [38, 39], the volume is thinned un-
til only a one-voxel thick skeleton remains. After
thinning, each ligament can be distinguished. At
each point of the skeleton, the number of removed
voxels allows to determine the local thickness. With
this information, the diameter of each ligament and
therefore the mean diameter of the foam can be ob-
tained. Figure 6 shows the probability density func-
tion of the ligaments diameter of one of our systems
(p = 0.43, V =~ 45% nm?® and D,,, = 3.7 nm). This
quantity can be described by a normal distribution
for all our models.
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Figure 6: Ligament diameter distribution for one of our mod-
els (black curve) and a fitted normal distribution (red dashed
curve). The relative density and mean diameter are 0.43 and
3.7 nm, respectively.

A second important property is the scaled genus
density:

7o = xS (5)

where g is the genus of the closed surface, V the
total volume of the foam and S, the specific surface.
The genus is calculated as follows: first, the surface
mesh is built with millions of triangular faces using
the method implemented in Ovito [28], based on
the alpha-shape method. Then, one can compute:

x=V-E+F, (6)

where x is the Euler characteristic, V the number
of vertices, E the number of edges and F the number
of faces forming the closed surface. Then, the genus
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9=1-(x/2), (7)
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Figure 7: Scaled genus density versus relative density. The
black circles and red squares refer to values obtained with
NPG samples [15, 20, 23] and phase field models [15], re-
spectively. The green triangles correspond to our models.

A simpler definition of the genus is the number
of holes, or handles, made by the closed surface.
For example, a sphere, a torus and a double torus
have a genus ¢ =0, g = 1 and g = 2, respectively.
Hence, the genus is representative of the connectiv-
ity (the topology) of the foam. But this quantity
is not convenient for comparing systems whose vol-
ume or mean diameter are different. This is why
the genus is usually normalized by the total volume
of the foam and made dimensionless by the cubed
characteristic thickness of the foam given by S;3
(which is proportional to D3).

All the values of g, available in the literature to
our knowledge as well as ours are plotted as a func-
tion of p in Fig. 7. g, for our structures appears to
be nearly proportional with p . Such a dependence
could be related to the range of studied ligament di-
ameter. For instance Kwon et al. [40] show that g,
for NPG models can depend on the ligament diam-
eter under certain conditions. However, it is also
reported that experimental structures with differ-
ent diameters are self-similar and that g, does not
depend on the ligament diameter [41]. Note that,
the g, values of the latter study are not included
in Fig. 7 because their data are normalized by D3,
and not by S, 3.

There is a relatively fair agreement with other

results except for p = 0.5. However the available
data are rather scarce. The general trend is an
increase of g, as a function of p. This could be
explained by considering that for two systems of
equal D,, and V but with two different p values, the
one with the lowest p will also have less ligaments,
and hence a smaller genus. From a different but
related point of view, decreasing the relative density
should increase the aspect ratio of the ligaments to
ensure percolation during the demixing. The aspect
ratio being greater, the number of connections in
the foam decreases.

The third quantity used to characterize the mor-
phology is the interfacial shape distribution (ISD).
The ISD is a representation of the two principal
curvatures (k1 and ky) of a surface.

Table 1: Relations between principal curvatures and simple
geometries. The ”xor” logical operation is an exclusive ”or”.

k1 =0and ko =0 Plane
k1 =0 x0r ko =0 Cylinder
K1 = Ko Sphere
K1 X kg >0 Ellipsoid
K1 X kg <0 Hyperboloid

k1 and ko are defined as the minimum and maxi-
mum normal curvatures of each discrete element of
the surface. This concept can be illustrated by the
special cases reported in Table 1. The ISD for one
of our models is represented in figure 8. The com-
parison of this figure with those reported in the lit-
erature suggests that our models are in good agree-
ment with experimental NPG [20, 22, 23].

Note that the atomistic model structures are gen-
erated using periodic boundary conditions but that
the structural characterization is made within a fi-
nite volume. In order to evaluate the influence of
non-periodic conditions, we increased the number
of replicated volumes in all three directions and re-
peated the structural analysis. For instance, the
Figure 9 represents g, for four different models as a
function of the number of replicated volumes. Mod-
els with a small number of ligaments were deliber-
ately chosen to enhance the finite size effect. One
can see that the variations of g, as a function of
the number of replicated periodic volumes are much
lower than those due to p. Nevertheless, this in-
dicates that the influence of periodicity should be
taken into account for structural analysis.
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3.2. Mechanical properties

An example of tensile stress-strain curve is plot-
ted in Fig. 10. Its shape closely resembles to other
simulations results [9]. The difference with experi-
mental curves [42] is discussed later in this section.

Using a linear regression between 0 and 2 %,
an elastic modulus E = 6.3 GPa is determined.
A similar procedure is repeated for other systems,
and values are reported in figure 11, with others
from the literature. Our values are almost identical
in tension or in compression and are in the range
of published data obtained by tensile deformation.
However, they tend to be slightly lower than those
obtained during compression. Dislocation analysis
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Figure 10: Engineering stress versus engineering strain for
the same system described in Figs. 6, 8 (p = 0.43 and
D, = 3.7 nm).

indicates that dislocations and stacking faults are
present before any applied deformation. Those are
nucleated during the relaxation of surface stresses.
Hence, dislocations move at the very beginning of
the test. This could explain the low moduli, al-
though tests performed for quasi pristine structures
do not lead to significantly higher values. These
structures were obtained by relaxing the stresses at
a lower temperature.

The Fig. 11 also shows the Young modulus values
predicted by the Gibson-Ashby model [43]. Most of
the experimentally and theoretically reported data,
including ours, appear to be lower. It was proposed
that this difference may be due to a ligament size
effect, with a bending mode contribution [9].

The analysis of the tensile test corresponding to
the figure 10 shows that before 10 % strain, the
ligaments are necking and after 10 %, they are pro-
gressively breaking, leading to softening. Between
22 % and 25 % two unbroken ligaments remain
(over ~ 25 involved in the fracture), and only one
between 25 % and 30 %. The system is fully frac-
tured for higher strain values.

NPG is brittle at the macroscopic scale although
it has been shown that microscopically, ligaments
are characterized by a significant elongation, neck-
ing and plasticity prior to failure [11, 24, 30, 50].
It is commonly agreed that this behavior could be
described by a random fuse model, where the rup-
ture of weak ligaments will overload the surround-
ing ones, resulting in fast propagation of the crack
through the nanoporous structure [11]. According
to this model, a sufficiently narrow distribution is
needed, otherwise the brittle character should be



03 035 04 045
Relative density

j= =]

2 025

o
o

. . —
T T T T T T O
— Balk 2009
n“_’ 40- |G Bk d 1S
& Hodge 2011 S
g A Lee 2007
<] Mathur 2007 <
2] 301 | ¢ Volkert 2006 7
= B> zhu 2008 ‘
> Q Farkas 2013
ke [1 Ruestes 2016
O 20 |+ Author values
e — Gibson-Ashby
°Q > o
® 10+ 1 @
ﬁ v n + =
. 1 . +¢+ . +| . | L g
8 2 025 03 035 04 045 05
Relative density <
o
—_ | +
& 6f .
O] 5' E _
S— = 0 —
g s ° £
=R o B O Balk 2009 ] QCJ
T | 8 + O Briot 2014 ]
O 3L o < & Mangipudi 2016| - E
£l _% o) Faas2013 || T
L O Mangipudi H
'g 2 <& Sun 2013 g
0 or + -+ Author values 1 =
@< 4 — Gibson-Ashoy | 70
1N O ‘

Figure 11: Compilation of elastic moduli measured exper-
imentally [12, 15, 42, 44, 45, 46, 47, 48, 49], computed for
phase-field models [8, 9, 14, 15] and for our systems (in black,
red and green, respectively). Top graph: compression tests.
Bottom graph: tensile tests. Purple curves show predictions
from the Gibson-Ashby model [43] for a gold elastic modulus
of 80 GPa.

less pronounced [24].

Our simulations reproduce the ductile deforma-
tion of gold ligaments, as shown in figure 12. We
observed that in the fracture plane most of the lig-
aments are stretched until a one or two-atoms thick
wire remains. However, the stress (figure 10) does
not fall abruptly as in experiments [12], rather sug-
gesting an overall ductile failure of our NPG mod-
els. This issue is typical of molecular dynamics sim-
ulations of nanoporous systems [14].

The first explanation coming to mind is related to
the size difference between the numerical and exper-
imental samples. The former includes a small num-
ber of ligaments, that could impedes stress concen-
tration, thus limiting fast crack propagation. This
inherent limitation of molecular dynamics simula-
tions seems difficult to overcome. Another source
of discrepancy is the simulation time scale, dictat-

e =18.75% € =19.75%

(d)

e =21.25% e =21.75%

Figure 12: Ligament necking (a-c) and breaking (c-d) during
tensile test. The ligament shown here is extracted from the
same foam than in figures 6, 8, 10, and 13.

Figure 13: Fractured system at 30 % of strain. The fracture
is localized in a plane, highlighting the correlation between
the ligaments during the crack propagation.

ing a very high strain rate in the mechanical tests.
This also imposes a strong limitation on the amount



of thermally activated plasticity mechanisms that
could occur during the timespan of the simulations.
Finally, there is a potential influence of the liga-
ment diameter, which is lower in our systems than
in experiments. For instance, in a recent work, it is
suggested that very thin ligaments would promote
ductility [24]. However, it is also mentioned that
in these circumstances the sample fracture would
result from uncorrelated ligament failure, leaving a
rough fracture surface. It is then interesting and
surprising to note that in our simulations, the frac-
ture occurs in a well defined planar region, per-
pendicular to the deformation axis (Fig. 13), due
to correlated ligament ruptures. This specific issue
remains unanswered at the moment, stressing the
need for further investigations.

4. Conclusions

In this paper, we describe an original method to
generate NPG models by using only molecular dy-
namics, and perform a structural and mechanical
characterization. Comparing our results with the
literature shows that realistic foam structures can
be generated with this approach. The method con-
sists of demixing two liquid gold and silver phases
during the MD simulations by using a repulsive Au-
Ag interatomic potential, generating a bicontinuous
structure. The gold liquid phase is replaced by a
crystalline one, and the silver part is removed. This
approach allows to generate models whose mean
ligament diameter and relative density can be pre-
cisely selected. Experimentally accessible ligament
diameter can be obtained by running simulations of
only a few 100 ps.

The structure of the models is analyzed by first
determining the ligament diameter distributions.
The scaled genus density is in agreement with pre-
vious results, and is found to increase, seemingly
linearly, as a function of the relative density. Com-
puted Interfacial shape distributions are also in
good agreement with experiments. In order to char-
acterize the mechanical behavior of our models, uni-
axial tests in tension and in compression were per-
formed. In tension, we found that the NPG fails
by the successive rupture of several ligaments, lo-
calized in a planar region perpendicular to the de-
formation axis. Unlike in experiments, this process
extends over a significant strain range, and is in-
dicative of a ductile failure of the NPG. Finally, we
calculated elastic moduli in both tension and com-

pression, which are found to be in the range of data
reported in the literature.
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