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Abstract. Nanoporous silver fabricated by dealloying can be a promising material in many potential applications due to
its distinctive physical and chemical characteristics. For making it widely used in actual production, mechanical properties
of nanoporous silver with an open sponge-like morphology of interconnecting ligaments on the nanometre length scale
have been investigated by nanoindentation, combined with scanning electron microscopy characterization. Both the
hardness and elastic modulus present a decreasing tendency along with increase in ligament size. The individual ligaments
near the cracks underwent intense plastic deformation before rupture. As the scaling laws cannot be used to estimate the
variation of mechanical properties with the ligaments coarsening, a scaling relation for the yield strength of nanoporous
silver by incorporating the ligament size is proposed, which can be used to estimate the yield strength of nanoporous silver
with different ligament sizes. Finally, the influence of ligament size on mechanical properties is discussed.
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Introduction

Nanoporous metals fabricated by dealloying are promising
materials for widespread applications such as sensors [1],
micro actuators [2], fuel cells [3] and catalysis [4]. The
dealloying method has been demonstrated to be very
effective in fabricating three-dimensional nanoporous metals. It is generally based on chemical or electrochemical
principles through selective dissolving active components
out of the precursors such as bimetallic, ternary or multicomponent alloys [5–7]. Recently, investigations on
mechanical properties of nanoporous metals have drawn an
increasing attention in that applications of nanoporous
materials should satisfy the high-quality fabrication and the
retention of structural integrity. Mechanical behaviours of
nanoporous gold have been widely investigated due to the
easy fabrication and chemical stability as well as its opencell nanoporous structure with high surface to volume ratio,
which may provide some new ideas to resolve the brittleness problem [8–24]. Using three-point bending tests, Li
and Sieradzki [10] first reported a microstructure length
scale-controlled ductile–brittle transition phenomenon in
nanoporous gold that was fabricated by electrochemical
corrosion. Through investigating micron-sized nanoporous
gold column compression fabricated by focused ion beam,
Volkert et al [11] found that the ligament strength can reach
the theoretical strength of dense gold when ligaments

reduced to 15 nm. The study by Biener et al [8] pointed out
that the traditional Gibson–Ashby scale laws cannot
describe the mechanical properties of nanoporous gold,
since it just considers the relative density. Lee et al [12]
fabricated free-standing dog-bone shaped nanoporous gold
samples by e-beam lithography, and tested the mechanical
properties of nanoporous gold film by the method of bridge
deflection and nanoindentation, the yield stress within an
individual ligament may reach the theoretical shear
strength. By a comprehensive study on the relationship
between yield strength, relative density and ligament sizes,
Hodge et al [9] put forward an amended scaling equation
incorporating the relative density and ligament size on the
basis of the equation of Gibson–Ashby and Hall–Petch-type
relation. Their results indicated that the presence of grain
boundaries and surfaces give rise to very similar strengthening behaviour. Farkas et al [14] observed a tension/
compression asymmetry phenomenon through atomistic
simulation on the mechanical behaviour of nanoporous
gold. They also provide a model for their results based on a
ligament strength value close to the theoretical strength of
gold. In addition, mechanical properties of other nanoporous metals have also been studied [25–28].
Nanoporous silver can be applied to catalyst [29], actuator [2], sensors [30] as well as used in surface-enhanced
Raman scattering [31]. Moreover, morphology features of
controllable can offer an ideal system for the fundamental
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research of mechanical properties. Nevertheless, relatively
few studies have been performed to characterize the
mechanical properties of nanoporous silver fabricated by
dealloying. The objective of this study is to illuminate the
mechanical properties of nanoporous silver by nanoindentation method at a depth of 2000 nm. We analysed the
relationships between hardness and elastic modulus of
nanoporous silver with various ligament sizes and discussed
the factors that affect the mechanical properties. In addition,
we used scaling laws proposed by Gibson and Ashby to
estimate the yield strength and elastic modulus of nanoporous silver. The suitability of Gibson–Ashby scaling laws
to nanoporous silver was discussed, and a scaling relation
for the yield strength of nanoporous silver by incorporating
the ligament size was proposed, which can be used to
estimate the yield strength of nanoporous silver with different ligament sizes. The influence of ligament size on
mechanical properties is analysed and discussed.

2.

Materials and methods

The precursor of Ag25Zn75 alloy was prepared by melting
Ag and Zn ([99.99 wt%) in a vacuum furnace with argon
gas, and annealed at 813 K for a week to homogenize and
eliminate any residual stress. The cylindrical ingot was cut
into slices with a thickness of 1 mm by utilizing a low-speed
circular saw with coolant, and polished with Al2O3 polishing paste. The electrochemical dealloying was carried
out in a three-electrode electrochemical cell controlled by
an electrochemical workstation (LK98B-II, China), with an
applied potential of 0.45 V. H2SO4 solution was used as the
electrolyte with a concentration of 0.1 M. The Pt electrode,
saturated calomel electrode and the sample were used as the
counter electrode, reference electrode and the working
electrode, respectively. The dealloying time was 5, 10, 30
min and 2 h, respectively.
The morphology of nanoporous silver was characterized by field emission scanning electron microscope
(Supra 55, Germany). A Nano-Indenter XP system
(100BA-1C, America) with a diamond Berkovich (tip
radius of 200 nm) was utilized to test the hardness and
elastic modulus values. Specimens were smooth and flat
to minimize the effect of surface roughness. In the previous report [32], densification effects on hardness and
elastic modulus values have not been detected. In our
experiments, the resulting nanoporous structure was relatively coarse with a minimum thickness of 3.6 lm.
Therefore, the pressed depth was set as 2000 nm. The
distance between indentations was 30 times larger than
the depth to ensure the accuracy and validity of the data.
The loading rate in the nanoindentation experiments was
set as 10 nm s–1. The load was maintained for 10 s when
the indentation reached the preset depth, and then
unloaded to 10% of the maximum load. Several sets of
data were measured to make sure of the accuracy.
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Results and discussions

Surface morphologies of nanoporous silver obtained
through dealloying Ag25Zn75 for various intervals are
shown in figure 1a–d, which resulted from the selective
dissolution of zinc atoms and diffusion of silver atoms at
alloy/electrolyte interfaces. They exhibit open sponge-like
morphology of interconnecting ligaments with different
pore/ligament size distribution on the nanometre length
scale. Here, the pore size defined by the equivalent diameter
of pore in nanoporous silver was determined manually by
identifying a minimum of 50 pores, making measurements
across the shortest distance of each pore and then averaging.
The average ligament size, defined as the nearest distance of
the ligament between two neighbouring pores, was determined in the same way. The coarsening of surface becomes
obvious along with prolonging the dealloying time due to
the competition of dissolution and diffusion process. The
average pore size and ligament size increased from 79.3 and
76.0 nm for 5 min dealloying to 137.2 and 150.1 nm for 2 h
dealloying, respectively. The corresponding thickness, in
figure 1e–h, increases from 3.6 to 50.1 lm.
The micrographs in figure 2a–d reveal that the deformation is confined in the contact area and dominated by a
local ductile densification underneath the indenter tip.
Neither pileup nor deformation adjacent to the residual
impression was observed. Additionally, no crack was
observed inside the indentation of the specimen for 5 min
dealloying. However, some minor cracks appeared in the
specimens after 10, 30 min and 2 h dealloying, suggesting
that the coarsening of the ligaments will give rise to the
decrease in toughness.
Deformation around the crack tips is further investigated,
as shown in figure 2d. Despite the fact that the crack corresponds to brittle failure, some individual ligaments still
bridge the crack, which can be observed in figure 2e. It
should be noted that deformation of ligament during the
process of cracking would not significantly affect the
adjacent structure. Microcracks will form where the stress is
concentrated and then propagate along the edge of the
indenter. High magnification morphology of the crack, as
shown in figure 2f, reveals that the individual ligaments
underwent intense plastic deformation before rupture,
which is consistent with the atomistic simulations [33]. It
indicates that the dominant deformation mechanism is
ductile, plastic densification during the nanoindentation.
The observed high strain is consistent with the fact that
silver is an excellent malleable metal, and even higher strain
values might have been expected.
Figure 3 shows the load-displacement curves obtained by
nanoindentation tests on nanoporous silver. The data deviations can be found clearly, and the scatter degree of curves
become larger along with dealloying time extending, which
results from the structure roughness. Some discontinuities
and the highest dispersion of the data can be found in
figure 3d. These may be caused by internal defects present
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Figure 1. (a–d) Surface and (e–h) cross-section morphologies of nanoporous silver fabricated by dealloying Ag25Zn75 alloy in 0.1 M
H2SO4 solution for various intervals.

Figure 2. (a–d) Residual Berkovich indentation micrographs of nanoporous silver fabricated by dealloying Ag25Zn75 alloy in 0.1 M
H2SO4 solution for various intervals. Arrows in the figure 2(b–d) indicate that with the dealloying time increasing, some cracks
produced inside the indentations. (e) Microscopic morphology of a crack in the indentation region. (f) Amplification of the crack tip
revealing pronounced necking prior to failure, as the arrows indicate.

in the precursor. The contact surface under the indenter will
yield brittle fracture and cause displacement discontinuity.
Furthermore, it is difficult to determine the exact position of
the indenter contact with the surface owing to the pore/
skeleton two-phase structure. Therefore, several locations
should be measured in nanoindentation experiments, then
take the average value to minimize the deviation.
The averaged load-displacement curves in figure 4a show
that both the loading and unloading slopes exhibit a significant downward trend with increase in the ligament size.
The corresponding maximum load decreases from 6.3 to

1.0 mN, indicating that the nanoporous silver with smaller
ligaments exhibits higher strength, which is consistent with
the results reported by Biener et al [8]. The sample with the
smallest ligament size presents minimal elastic recovery
during the unloading phase, reflecting the strongest ability
of resisting deformation in the compression process.
The pressure-depth curves were obtained through
replotting the data of load-displacement curves. The contact
pressure pc can be calculated directly from the equation pc
= P/A(hc), where P is the applied load, A is the projected
area of indentation, hc is the contact depth, which can be
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Figure 3. (a–d) Load-displacement curves of nanoporous silver fabricated by dealloying Ag25Zn75 alloy in 0.1 M
H2SO4 solution for various intervals (5, 10, 30 min and 2 h). The loading rate is 10 nm s–1. The illustration indicated
by the arrows in panel d is the enlarged image of the discontinuities in original data.

calculated from the calibrated tip area function. Contact
pressure obtained from pressure-depth curves in figure 4b
presents a decreasing tendency along with increase in
ligament size. Owing to an indentation size effect, the
contact pressure decreases sharply with indentation depth
increasing in the initial phase, and then keeps a stable state
until the end. Additionally, these curves exhibit a more
fluctuation state in the initial phase of the nanoindentation
experiments, as can be seen in figure 4c, which is an
enlargement of part of figure 4b. This may be caused by
surface roughness effect, curvature of the indenter tip radius
and other factors.
Yield strength rp of nanoporous silver can be assessed
from hardness that obtained from the load-displacement
curves. In porous materials, yield strength can be considered to be equivalent to the hardness, i.e., rp = H [34].
Furthermore, rp can be converted to that of ligament using
scaling laws proposed by Gibson and Ashby [34]:
rp ¼ Crs ðqp =qs Þn

ð1Þ

Ep ¼ Es ðqp =qs Þ2

ð2Þ

where rp and rs are yield strength of nanoporous silver and
solid silver, Ep and Es are elastic modulus of nanoporous

silver and solid silver, qp/qs is the relative density, C and n
are constants with assumed values of 0.3 and 1.5, respectively [34]. The measured value of the relative density is
0.35 for the four samples. The use of scaling laws predicts
a foam yield strength of 31.1 MPa and elastic modulus
of 9.31 GPa by considering rs = 500 MPa [35] and Es =
76.0 GPa [28] as a result of the ligament size. The measured
values of the four samples are located in the range 8.0–57.0
MPa and 0.6–7.29 GPa, respectively. The calculated hardness and elastic modulus values are close to one of the
experimental values, but the scaling laws just consider the
relative density and ideal network structure, which cannot
be used to estimate the change of mechanical properties
with the ligaments coarsening and ensure accuracy. Hodge
et al [9] suggested an amended scaling equation incorporating the effects of relative density and ligament size.
However, it is not suitable for nanoporous silver due to the
difference of material composition and connection degree
of ligaments. Here, we propose a scaling relation for the
yield strength of nanoporous silver by incorporating the
ligament size based on the equation of Gibson–Ashby and
Hall–Petch-type relation:
rp ¼ Crs kðqp =qs Þn

ð3Þ
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Figure 4. (a) The averaged load-displacement curves obtained on nanoporous silver using the Berkovic tip with a
loading rate of 10 nm s–1 and (b, c) corresponding contact pressure-depth curves present a decreasing tendency of
contact pressure along with increase in ligament size.

where rp is the foam yield strength, C and n are constants
with assumed value of 0.56 and 1.5, L the ligament size, k
= 25.4L–0.5 – 1.9. k is a fitting relation, and it links the
yield strength to the ligament size and varies with the
ligament size. The values calculated by the formula (3)
agree well with the experimental value. In addition, it also
shows that the yield strength has a linear relationship with
L0:5 , and can be used to estimate the yield strength of
nanoporous silver with different ligament size. The yield
strength of nanoporous silver will reach the strength of
dense silver when the ligament size reduced to 5.8 nm
according to the proposed scaling relation. It is worth
noting that this formula is only applicable to the ligament
size less than 180 nm, otherwise the calculated yield
strength will be 0 MPa, which is inconsistent with the
experiment result.
Relationships of elastic modulus and hardness vs. ligament size, in figure 5, both present a decline tendency with
ligament size increasing from 76.0 to 150.1 nm. The value of
the hardness and elastic modulus has become a seventh and a
twelfth of the initial value compared with a doubling of the
ligament size. Nanoporous silver structures are inherently
unstable against coarsening owing to the large total surface
energy. The diffusion and aggregation of silver atoms in the

dealloying process will cause feature sizes of ligaments
coarsening along with extending corrosion time. Larger size
ligaments of nanoporous silver may accommodate larger
dislocation sources, such as stacking faults, lattice distortions and twins [36], and the observed size dependence
seemed to be linked to the presence of defects [37]. This will
lower the stress that required to initiate yield deformation,
and has been confirmed by MD simulation [8]. Furthermore,
nanoporous silver can be deemed to a structure composed of
identical ligaments. It is conceivable that the number and the
degree of connection play a crucial role in mechanical
properties. As the ligaments coarsen, the number of ligaments will decrease, and some of them will disconnect from
each other, which will directly lead to a decrease in hardness
and elastic modulus, the schematic illustration of the abovementioned is shown figure 6. A combination of surface stress
and a lower bending stiffness owing to microstructural
aspects may also have an effect on the mechanical properties
[38,39]. Therefore, decreasing ligament size and reducing
internal defects is the most efficient way to improve the
mechanical properties of the nanoporous materials.
The measures such as adding surfactants to electrolyte
[40], dealloying at low temperature [41], incorporating
stable element into precursor [42] will be effective.
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Plots of (a) hardness and (b) elastic modulus of nanoporous silver as a function of ligament size.

Figure 6. (a) A schematic illustration denoting that nanoporous structure with small ligament/pore size possesses more ligaments and better connection degree. (b) As the ligaments
coarsening, the number of ligaments decrease, and some of them will disconnect from each other,
which will directly lead to a decrease in hardness and elastic modulus.

4.

Conclusions

Mechanical properties of nanoporous silver with different
ligament/pore sizes are investigated through nanoindentation approach. Under the same loading rate and indentation
depth, the maximum load decreases from 6.3 to 1.0 mN
with ligament size increasing from 76.0 to 150.1 nm. The
corresponding hardness decreases from 57.0 to 8.0 MPa and
elastic modulus reduces from 7.29 to 0.60 GPa. The
mechanical behaviour is similar to that of nanoporous gold.
Contact pressure decreases sharply with increase in indentation depth in the initial phase, and then keeps a stable state
until the end. It shows that dealloying time can give rise to a
direct effect on the mechanical properties of nonporous
silver. Due to the effect of the ligament size, the scaling
laws proposed by Gibson and Ashby cannot satisfy the
estimation of the mechanical properties of nanoporous silver. Hence a scaling relation for the yield strength of
nanoporous silver by incorporating the ligament size is
proposed, which can be used to estimate the yield strength
of nanoporous silver with different ligament sizes. Our
results provide a useful reference for the improvement of
mechanical properties of nanoporous silver and its practical
application.
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