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A B S T R A C T

Pure metal nanofoams in the form of interconnected ligament networks have shown strong potential over the last
few years in areas such as catalysts, batteries, and optics. However, they are often fragile and therefore difficult
to integrate into engineering applications. For these reasons, a new class of materials, composite metallic na-
nofoams made of ligaments coated with thin metallic layers, have been proposed to solve these issue. The
mechanical properties of these nanofoams depend on their relative density and their internal geometrical
structure. In this work, we combine molecular dynamics (MD) and finite element method (FEM) to investigate
the compressive behavior of nanofoams made of copper ligaments coated with nickel. We also investigate how
this behavior relates to their microstructures. For that purpose, we built different types of representative cell
structures, and atomistic simulations of multiaxial compression tests were performed to produce yield surfaces.
Then the generated yield surfaces were curve fitted into a normalized model to obtain the shape parameters.
Last, a plasticity model was introduced to study and compare their mechanical behavior under compression. The
results suggest that the coating of the ligaments can improve the mechanical behavior of the nanofoams. They
also reveal the importance and the limitations of the microstructural geometry on the strengthening of these
structures. These findings can be used for the design of metallic nanofoams with tailored mechanical properties.

1. Introduction

Metallic nanofoams are made of materials such as copper (Cu),
nickel (Ni), gold (Au) and platinum (Pt) in the form of interconnected
networks of ligaments. They possess both the properties of metals, such
as good electrical conductivity and ductility, and the properties of
nano-architectures, such as high surface area, high surface to volume
ratio and low relative density. These important properties make them a
excellent alternative for a wide range of applications, such as catalysts
[1,2], hydrogen storage foams [3,4], fuel cells [5,6], plasmonics [7]
and dye-sensitized solar cells [8].

However, metallic nanofoams exhibit brittle behavior macro-
scopically due to plastic deformation in individual ligaments [9]. This
lack of macroscopic strength is one of the limiting factors preventing
their broad application. During the last few years, a considerable
amount of effort has been devoted to study the mechanical properties of
metallic nanofoams. Most of this work is either experimental [10] or
computational [11,12] focusing on the nanoscale mechanisms without
association to the macroscale. At the continuum level, the Gibson and
Ashby model [13] was first used to estimate the yield strength and

ultimate tensile strength by using the relationship between the relative
density and the bulk material mechanical properties. However, this
model is tuned to microscopic foams, and it does not apply to nano-
foams, as it fails to consider the nanostructural parameters of ligaments
constituting the nanofoam basis. As Hodge et al. reported [14], the
yield strength of metallic nanofoams varies with the ligament diameter,
and a modified scaling equation was proposed, which incorporates the
ligament low densities and size effects. Moreover, Fan et al. [15] ex-
tended the model of Hodge for gold nanofoams at higher relative
density, and Xia et al. [16] studied the surface effects on the effective
mechanical behavior of nanoporous materials by a size-dependent Ti-
moshenko nanobeam model. Finally, Feng et al. [17] examined the
surface effect on the effective Young’s modulus of open-cell nanoporous
materials by adding a surface layer into the unit-cell micromechanics
model.

Overall, the mechanical behavior of metallic nanofoams is de-
termined by the relationship between the behavior of the individual
ligaments of which this material is formed and their geometry. For this
reason, in order to fabricate stronger nanofoams, the strength of their
ligaments must be increased. However, although in pure metallic
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nanofoams the ligament strength approaches the theoretical strength,
their most significant impediment is their lack of ability to strain
harden. This behavior is due to dealloying, the traditional manu-
facturing process of nanofoams, that makes strengthening mechanisms
such as precipitation hardening, solid solution, and grain size
strengthening impossible. An alternative technique has also been pro-
posed that builds metal nanofoams using electrospinning [10]. It can
form random nanofoams with porosities as high as 93%. However, the
produced foams are still weak, although more ductile. Therefore, it is
crucial to find an alternative solution to strengthen random nanofoams.

One method proposed to achieve the goal is by coating the in-
dividual ligaments with another metal, thus developing composite na-
nofoams [18]. The idea originated from the nanoscale metallic multi-
layers (NMM) materials, which have already shown significant
improvement of high flow strength, good ductility and plastic flow
stability due to the existence of interfaces within the structures
[19–25]. The interfaces play various roles in determining the me-
chanical behavior of NMMs. Misra et al. [19] suggested that the me-
chanism responsible for their strengthening is the presence of coher-
ency stresses produced by the small lattice mismatch between the two
metals of the interface. The interfaces are barriers for impeding the
propagation of dislocations inside the nanostructure because, in order
to achieve slip transmission, they must overcome the coherency
stresses. Abdolrahim et al. [12] reported that the strengthening effect of
the Au-Ni nanofoams increases with the activity of the twins in Au-Ni
ligaments, which gives rise to increased ductile behavior. Furthermore,
Mastorakos et al. [26] concluded that composite Cu/Ni nanowires ex-
hibit pseudoelastic behavior during loading due to the formation and
subsequent propagation of twins, which could generate more plastic
deformation and improve the ductility of the structures.

Most reported computational work on foams is focused either on the
mechanical behavior of the nano-ligaments or on simplified geometrical
models which neglect the atomistic configurations [13]. In this paper,
we incorporate both these techniques to present a multiscale model for
copper nanofoams that cover two length scales: atomistic and macro-
scopic. The purpose of the current study is to investigate how the re-
lative density and internal geometrical structure influence the macro-
scopic mechanical behavior of copper nanofoam under compression.
For this purpose, molecular dynamics simulations were performed in
four different types of representative cell structures to obtain yield
points for various load combinations under compression. The yield
points were then curve fitted to the Deshpande theoretical model [27]
to obtain yield surfaces. Finally, these yield surfaces were used in a
plasticity model to simulate the macroscopic compressive behavior of
metallic nanofoams. Although this work is mainly focused on high
porosity metal nanofoams, like the ones produced by the electrospin-
ning technique discussed above, it can also be applied to more tradi-
tional foams manufactured by the dealloying method.

2. Methodology

2.1. Nanofoam cell structures generation

First, several types of cell structures have been created to mimic the
porous characteristic of metallic nanofoams. Previous studies have used
various techniques to generate the metallic nanofoam structure. For
example, Gunkelmann et al. [28,29] and Ke et al. [30] created the
nanofoam from a perfect fcc crystal with periodic boundary conditions
that it was then heated above the melting temperature. The nanofoams
have been obtained by removing the atoms with temperatures above a
determined value explicitly chosen to get the desired porosity. Crowson
et al. [31,32] introduced a phase-field model to create gold nanofoams
through the spinodal decomposition of a binary alloy. Their nanofoam
samples have shown similar atomistic configurations with real experi-
mental findings in terms of ligament size distribution and surface cur-
vature. An alternative method uses atomistic Monte Carlo (MC)

simulations of binary mixtures to generate nanofoams by spinodal de-
composition [33,11]. All the above techniques produced random na-
nofoam structures with relative densities in the range of 40%–60%. The
ratio of the number of atoms of the foam over the number of particles of
the bulk material occupying the same volume defines the relative
density. Due to their randomness, these structures cannot provide in-
formation about the effect of nanoligament connectivity and nanofoam
local geometry on the strengthening of the nanofoams. As the nano-
foams are made of nanoligaments connected randomly with each other
forming numerous types of joints. The contribution of each joint to the
macroscopic strength of the structure cannot be identified.

To resolve this issue, in this work, we propose a different approach.
Instead of creating random structures, we generated geometric struc-
tures representing ordered periodic foam cells like these suggested in
[13], with small modifications and differentiations to obtain the desired
total number of ligaments linked to joints. Based on the specific geo-
metric characteristics, each foam cell possesses certain mechanical

Fig. 1. The cross-section views of (a) pure copper ligaments and (b, c) com-
posite Cu/Ni ligaments. The red and green atoms are corresponding to copper
and nickel atoms, respectively.

Fig. 2. Atomistic configurations of four different types of cell structures are
shown from (a) to (d). The number 1 shows the pure copper structure, and the
number 2 and 3 show the two composite core/shell structures with different
thicknesses of 0.7 nm and 1.4 nm.
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properties. A random nanofoam can then be modeled as a random
distribution of geometric cells like the ones we consider in this paper. A
specific mechanical property, such as the strength of the nanofoam,
should fall within the range defined by the minimum – maximum
strengths of the ordered nanofoams made with geometric re-
presentative cell structures.

First, a simulation box consisting of × ×150 150 150 Cu lattice
spacing with (001) direction was formed. For the pure copper nano-
foams, the radius of the individual ligament was kept at 3 nm for all the
cases. For the composite Cu/Ni nanofoams, two thin nickel layers of
0.7 nm and 1.4 nm were added to the previous pure copper ligaments to
form the core/shell structure. These dimensions were chosen as a re-
presentative case to examine how the addition of the nickel layer can
improve the mechanical behavior of the nanofoams. In this view, the

effect of the ligament thickness, although important, has not been
considered here. The cross-section views of the pure copper and the
composite core/shell nanowires are shown in Fig. 1 using OVITO vi-
sualization software [34]. The atomistic configurations of the re-
presentative geometric cell structures are shown in Fig. 2. The detailed
parameters of each cell structure are listed in Table 1. Overall, the total
number of atoms in the simulations ranged from 0.8 million to 3.2
million with a relative density from around 0.07 to 0.20, depending on
the structure.

2.2. Compression simulation using molecular dynamics

Molecular dynamics simulations were performed using LAMMPS
[35] with the embedded atom method (EAM) [36,37]. The Voter and
Chen [38] interatomic potential was used to describe the atomic in-
teractions between Cu and Ni. Periodic boundary conditions were ap-
plied along all three directions to model infinitely large nanofoams. In
all simulations, the temperature was kept constant to 300 K during both
the relaxation and loading steps. The isothermal-isobaric (npt) en-
semble was used to update the atomic velocities and positions at each
step. The cell structures were subjected to three different types of
compressive loading conditions, uniaxial, hydrostatic and mixed with a
strain rate of ×5 10 s9 1. For the mixed compression loading, the hy-
drostatic stress was first decreased to a fraction (3/4, 2/4 and 1/4) of
the hydrostatic yield strengths, and a uniaxial compression was applied
along z-direction until yield was achieved with the hydrostatic stress in
the other two directions being kept constant. Using the yield points
produced by the atomistic simulations yield surfaces were generated
and curve fitted into the isotropic constitutive model suggested by
Deshpande [27] to describe the multiaxial compressive behavior of the
nanofoams. The yield function is defined by:

Y 0 (1)

where the equivalent stress is:

Table 1
Detailed information on different types of cell structures. Please note that the
percentage of Cu and Ni atoms are both volume percentage.

Structure
Name

Cu atoms
(%)

Ni atoms
(%)

Relative
density (%)

Number of ligaments
linked to joints

a1 100 0 6.97 4
a2 72.74 27.26 9.68
a3 54.14 45.86 12.84

b1 100 0 12.25 5
b2 78.17 21.83 15.68
b3 61.23 38.77 20.01

c1 100 0 10.06 6
c2 73.70 26.30 15.46
c3 57.33 42.67 19.76

d1 100 0 10.87 8
d2 74.16 25.84 14.66
d3 58.32 41.68 18.65

Fig. 3. The stress-strain curves of the four different
types of cell structures during uniaxial compressive
loading. The top left corner of each plot shows the
shape of the cell structure. The black lines represent
the pure copper behavior and the red and blue lines
the core/shell composite behavior with nickel thick-
nesses of 0.7 nm and 1.4 nm, respectively.
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In Eq. (2), m is the mean stress /3m kk and e is the von Mises
effective stress e ij ij

3
2

2 2 . The mean stress and the von Mises effec-
tive stress were calculated at the yield point of all simulation tests.
Then, both the mean stress and the effective stress are normalized with
the uniaxial compressive yield strength to get the value of the para-
meter , which defines the elliptical shape of the yield surface. The
normalization of the yield stress used in this model makes it very sui-
table for its application with the molecular dynamics results that in-
corporate much higher strain rates than real experiments. The high
strain rates result in higher yield stresses, but the normalization allows
the implementation of this yield function even for this case.

2.3. Plasticity model

The hardening Y in Eq. (1) was suggested by Hanssen et al. [39].

This model has the advantage that it also includes the foam density,
which is an important characteristic of the nanofoams.

= + +Y Y ln 1
1 ( / )o

D D
2

(3)

In Eq. (3), Yo is the yield strength, ,2 and are material para-
meters, and D is the compaction strain 1D

f

o
. Here, the first term

Yo represents the yield point, which is called plateau stress and is in-
dependent of the strain . The second term is the linear strain-hard-
ening part. The strain hardening coefficient of defines the slope of the
linear curve. The last term is the non-linear strain-hardening section
where the stress-strain curve is determined by the scale factor 2 and
shape factor . In this equation, the most important characteristic is
that the strain hardening is a function of strain relative to compaction
strain D, which indicates that the real-time nanofoam density plays a
significant role in the strain hardening model.

3. Results

3.1. Molecular dynamics simulations

3.1.1. Stress-strain curves
Fig. 3 shows the stress-strain curves under uniaxial compression for

the pure copper structures and composite Cu/Ni structures. In all cases,
after the initial elastic deformation, the yield stress was reached. The
yield stress depends on the geometry of the cell and, for the sample of
pure copper, varies from about 0.25 to 0.5 GPa. The addition of the
nickel layer increases the yield stress, which again depends on the
geometry of the structure. More specifically, the yield strength of
composite Cu/Ni cell has increased 36%, 107%, 198%, and 23% for
types “a”, “b”, “c” and “d” respectively, compared to pure Cu cell
structure. The increase is more evident in the case of the “c” arrange-
ments with six ligaments per join and less apparent in the cases of “a”
(four ligaments per join) and “d” (eight ligaments per join) structures.
The “b” structures (five ligaments per join) stand in between the other
two cases. This behavior can be attributed to the orientation of the li-
gaments to the loading direction. In the case of “c” (six ligaments per
join), the straight perpendicular ligaments are parallel to the loading
direction and can withstand more loading before deforming plastically
without buckling. The “a” and “d” cells have ligaments angled to the
loading direction, and they will exhibit some buckling before they de-
form plastically. Finally, structure “b” has ligaments parallel to the
loading direction, that tend to resist the plastic deformation, and also
exhibits some buckling due to its geometry that includes a join in the
middle of the horizontal ligaments, thus combining the results of the
other two cases.

All structures exhibit almost elastic-perfectly plastic behavior,
which is consistent with the observed metallic foam performance at low
strains [13]. The addition of the nickel shell layer, that coats the copper
ligaments increases the overall strength of the structures since it acts as
a barrier for the dislocation propagation. Fig. 4 shows the difference in
dislocation behavior between a pure copper and a composite Cu/Ni
ligament at the yield point. In the case of the pure copper ligaments, the
dislocations are free to reach the free surface, while in the case of
composite ligaments, the interface prevents the dislocations from
moving (see the inset of Fig. 4).

In the case of composite ligaments, the dislocations first nucleate on
the interface and move inside the copper layer. At low stresses, the
interface acts as a barrier to dislocation transmission from the copper
into the nickel layer, trapping them in the interface. As the stress in-
creases, the dislocations begin to propagate also inside the nickel layer.
This behavior has also been observed in the case of gold-nickel nano-
wires [18]. The interface barrier strength is determined by the stress
field of the misfit dislocations at the interface and the Koehler image
forces on the dislocations, as discussed in [40]. In our case, the

Fig. 4. Snapshots of the atomistic configuration of the pure copper (left
column) and composite Cu/Ni ligament (right column) at the yield point during
uniaxial compression. The nickel thicknesses are 1.4 nm for all four cell struc-
tures. The colors of the atoms represent their structure type calculated from the
common neighbor analysis: green for FCC, red for HCP and grey for other
structure types. (1) In the pure Cu case the dislocations propagate inside the
whole ligament, (2) in the composite Cu/Ni case the dislocations stop at the
interface as the magnification of the ligament in the inset at the center de-
monstrates.
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dislocations in the Cu layer must overcome the repulsive image stresses
from the Ni layer before slip can be transmitted across layers. This
behavior results in stronger coated structures when compared to the
single metal ones.

3.1.2. Yield surfaces
To obtain the yield surfaces for the four structures, the yield stress

was calculated. We conducted five compression tests for each structure,
including a pure uniaxial compression, a pure hydrostatic compression,
and three combinations of hydrostatic and uniaxial compressions per
the methodology discussed in the previous section. Fig. 5 shows the
produced yield points for all the cell structures we considered in this
work. The yield stresses in all cases increase with the addition of the
nickel layers. The improvement depends on the thickness of the layer.

For structures “a” and “d” is roughly doubled when the nickel layer
thickness doubles. Again, structures “b” and “c” exhibit slightly larger
increase in the yield strength with the increase of layer thickness, which
is consistent to the previous discussion about the effect of their geo-
metry to their strength. In all cases, the increase of yield stress results in
a shift and expansion of the yield surfaces as Fig. 5 displays.

To curve fit the produced yield points to the theoretical model in Eq.
(2), the mean and effective stresses must be normalized with the uni-
axial compressive yield strength for each case as listed in Table 2. Fig. 6
shows the normalized yield points, and the resulted normalized yield
surfaces. We must also note that for the uniaxial compression yield
point in all structures, the normalized mean stresses are 1/3, and the
normalized effective stresses are 1.0. Table 2 lists the values of obtained
parameters for each structure.

3.2. Continuum plasticity model

3.2.1. Validation of the constitutive model
The produced normalized yield surfaces from the previous section

were then used to study the macroscopic behavior of pure copper and
composite Cu/Ni nanofoams. Besides the yield function, a plasticity
model also requires a hardening function to describe the plastic beha-
vior of the materials after the first yield. In our case, Eq. (3) provided
the required hardening behavior. This model has been already de-
monstrated its success in correctly predicting the macroscopic me-
chanical behavior of metallic nanofoams [39]. In Eq. (3) the phenom-
enological parameters ,2 , and 1 must be found. These three material
parameters depend on the relative density of the foam as defined by:

= +C C, , 1
o

f

o

n

2 1
(4)

Fig. 5. Yield points of the four different types of cell structures. For all cases, the points with the highest effective stress represent the uniaxial compression test, and
the points with no effective stress, the hydrostatic compression test. The other three points in-between represent the mixed compression tests.

Table 2
Uniaxial compressive yield strengths and the parameter of different types of
cell structures.

Structure type Uniaxial yield strength (GPa)

a1 0.418 0.535
a2 0.489 0.363
a3 0.568 0.355
b1 0.251 1.104
b2 0.345 0.954
b3 0.521 0.893
c1 0.426 1.272
c2 0.852 1.176
c3 1.268 0.854
d1 0.763 0.645
d2 0.853 0.644
d3 0.938 0.641
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where C C,o 1, and n are constants. In this case, the three constants were
determined by fitting experimental data on copper nanofoams during
compression [41].

Finally, the complete plasticity model has been tested to find the
stress-strain curve of a copper nanofoam of the same dimensions as the
experimental samples and the corresponding density using the finite
element method. The simulations were performed using MOOSE fra-
mework [42]. Fig. 7 shows the experimental data and numerical results.
It is clear that the obtained finite element results match very well the

experimental data; hence, this technique is able to get the macroscopic
behavior of the metal nanofoam accurately.

3.2.2. Plateau stress and elastic modulus
To fully apply the above plasticity model, the plateau stress and the

elastic modulus must be known, since they determine the overall me-
chanical behavior of the foam. The plateau stress corresponds to the
initial yield stress Yo. For the nanofoams a scaling equation has been
proposed [14]:

= Cp s
f

o
2

3
2

(5)

where s is the yield strength for the bulk material, C2 is a material

Fig. 6. Normalised yield surfaces of four different types of cell structures. Both the mean stresses and effective stresses are normalised by the uniaxial compressive
yield strength.

Fig. 7. Validation of the constitutive model. The experimental data are shown
in black dots and the results from finite element method are shown in blue line.

Table 3
Parameters used for the different types of cell structures in the finite element
analyses are listed to simulate the macroscopic compressive behavior of Cu
nanofoams.

Structure Name 2 (MPa) (MPa) E (MPa) Yo (MPa) D

a1 12.70 3.07 12.69 602 10.0 0.9303
a2 12.74 2.54 12.73 1374 11.7 0.9032
a3 12.78 2.04 12.77 2672 13.6 0.8716
b1 12.78 2.12 12.76 1861 23.0 0.8775
b2 12.81 1.70 12.80 3494 31.6 0.8432
b3 12.85 1.31 12.83 6253 47.7 0.7999
c1 12.75 2.47 12.74 1255 17.5 0.8994
c2 12.81 1.72 12.79 3485 35.0 0.8454
c3 12.85 1.33 12.83 6225 52.1 0.802
d1 12.76 2.33 12.75 1465 19.6 0.8913
d2 12.80 1.81 12.79 3126 21.9 0.8534
d3 12.84 1.41 12.82 5516 23.3 0.8135
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constant and ( / )f o is the relative density of the nanofoam. Also, the
yield strength depends on the grain size [39], which in our case cor-
responds to the ligament size:

= + k Ds o 1
1/2 (6)

where o and k1 are Hall-Petch parameters taken from literature.
Using Eqs. (5) and (6) above, we can calculate the plateau strength

of pure copper nanofoams for different relative densities. Due to lack of
both experimental results and theoretical findings on composite Cu/Ni
nanofoams, the necessary plateau stresses were calculated using the
ratio of the copper yield stress over the Cu/Ni yield stress taken from
the atomistic simulations for the uniaxial compression and each case,
see Fig. 5.

The elastic modulus of the pure copper nanofoam was determined
using the scaling equation [13]:

=E Eo
f

o

2

(7)

where Eo is the elastic modulus of bulk Cu. For the elastic modulus of
the composite Cu/Ni nanofoams, we are using the general rule of
mixtures like in [10] for the relative densities listed in Table 1.

3.2.3. Macroscopic stress-strain curves for Cu nanofoams
Table 3 lists the parameters required for the finite element analyses

of each structure as obtained by the methodology described in the
previous paragraphs for all cell arrangements. The produced stress-
strain curves of the single copper and composite Cu/Ni nanofoams, with
the representative volume element being the structures “a”–“d”, are
shown in Fig. 8. The results suggest that the addition of the nickel
coating improves the mechanical behavior of the metallic nanofoam.

Fig. 8. Macroscopic stress/strain curve of four different types of Cu nanofoams.

Fig. 9. Ranges of stress/strain curves of specific pure Cu nanofoams and composite Cu/Ni nanofoams are shown in (a) and (b), respectively. The relative density for
the pure Cu nanfoams is from 6.97% to 12.25%, and the relative density for the composite Cu/Ni nanofoams is from 12.84% to 20.01%.
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The improvement depends on the geometry of the unit cell structure we
consider. The results represent the mechanical behavior of ordered
metal nanofoams since the same unit structure is repeatedly used in
every integration point. In the case of random nanofoams, this will not
occur, as the geometry and the relative density could vary at every
integration point. Therefore, the results in Fig. 8 will provide ranges of
stress-strain curves since a random metal nanofoam can be approxi-
mated as a collection of all the unit cell geometries randomly dis-
tributed inside the macroscopic structure. By changing the percentage
amount of each unit cell, we can get the potential ranges of the stress-
strain curve of a specific nanofoam as demonstrated in Fig. 9.

4. Conclusion

In this work, we presented a multiscale approach to predict the
mechanical properties of Cu nanofoams. Four specific types of nano-
foam cell structures have been constructed and distinguished by the
number of ligaments connected to one joint. Then, the yield surface of
these structures was generated using molecular dynamics, and the re-
sults were curve fitted into a yield equation that incorporated both the
mean and effective stresses. Finally, the finite element method has been
implemented to simulate the macroscopic mechanical behavior of Cu
nanofoams under uniaxial compression test. Overall, the nickel-coated
copper nanofoams are much stronger than their pure copper counter-
parts under compression. The architecture of the morphology could
have significant impacts on the mechanical properties of the Cu nano-
foams. The application of this method can be used to provide further
insights in predicting and optimizing the mechanical behavior of
macroscopic nanofoam specimens under complex loading conditions.
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