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Abstract

Nanoporous gold has many potential applications in various fields, including energy storage, catalysis, sensing and actuating. Deal-
loying of Ag–Au alloys under free corrosion conditions is a simple method to fabricate nanoporous gold. Here, we systematically inves-
tigate the dealloying rate of Ag–xAu alloy for a range of alloy compositions (x = 20–40 at.%) and nitric acid concentration (7.3–14.9 M)
using in situ transmission X-ray microscopy. High-resolution in situ X-ray projections and ex situ tomographic reconstructions allow
imaging of the dealloying front position during dealloying. The dealloying front velocity is constant with time, and depends exponentially
on the alloy Ag/Au atomic ratio and the acid molar concentration. Only the leanest alloy, Ag–20 Au, shows a large macroscopic shrink-
age in sample diameter (�38%) after dealloying, which leads to crack nucleation and growth observed in real time during dealloying.
Finite element modeling is used to estimate dealloying-induced stresses and strains, and sheds light on the cracks created by the diameter
shrinkage.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Dealloying is a simple process used to fabricate various
nanoporous metals (Au, Ag, Fe, Co, Ni, Pd, Pt and Ti) [1–
8], which have numerous potential applications as func-
tional materials [9,10]. Among all the nanoporous metals,
nanoporous gold (np-Au) has the most potential applica-
tions including sensors [11], actuators [12], super-capacitors
[13], catalytic substrates [14,15], enhanced Raman scatter-
ing [16] and anode substrate for Li-ion batteries [17]. The
dealloying process for most nanoporous metals involves
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the use of acid to selectively dissolve the less noble element
from a binary alloy, ideally a solid solution, under free cor-
rosion or applied voltage [9]. For np-Au, one of the sim-
plest and most used fabrication method is by free-
corrosion dealloying of Ag–Au alloys in concentrated
nitric acid, removing the silver atoms while gold atoms
self-rearrange into the porous structure, with a typical pore
size of 5–20 nm [18].

Dealloying of Ag–Au which results in np-Au can be
viewed as a competition between two processes: (i) the dis-
solution of Ag which results in surface roughening and
pore formation and (ii) surface diffusion of Au which
results in surface smoothening and passivation [19]. It has
been found that the initial length scale of porosity evolu-
tion scales inversely with the dealloying front velocity (cur-
rent density or atomic flux) [20]. This implies that faster
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dealloying rates will result in smaller pore sizes and thus
larger specific areas, which are beneficial for some
applications.

Alloy composition and nitric acid concentration,
because they alter the chemical potential difference across
the nanoporous/alloy interface, are two important param-
eters that affect the dealloying of Ag–Au alloy in terms of
dealloying front velocity and therefore pore size and spe-
cific area.

So far, studies of dealloying behavior among various
Ag–xAu compositions (x = x at%) mainly emphasize the
critical potential (Ec) [19], above which the dealloying pro-
cess can be sustained and forms a continuous, growing por-
ous layer, and below which the surface becomes passivated
and no nanoporosity develops. Dursan et al. have used the
“steady-state current” method to determine Ec in Ag–Au
with different gold content (20, 25, 30 at.% Au) and showed
that once the potential is higher than Ec, the dealloying
process proceeds with a potential-dependent steady-state
current [24]. In this case, the current density does not vary
with alloying time, which is related to the phenomena we
report in this paper.

It has been shown in other studies that dealloying of
binary alloys only happens when the composition of the
more noble metal is below a threshold, or the less noble,
more reactive metal is above a threshold, the so-called part-
ing limit [21]. In Ag–Au alloys, the highest Au concentra-
tion for which dealloying can take place was reported
experimentally to be �40–45 at.% [22,23]. Conversely, the
lower bound composition limit of the more noble metal
was also mentioned in the literature. When the atomic per-
centage of the more noble metal is below the site percola-
tion, termed “dealloying threshold” in the literature, the
porous structure does not form [23]. Dursun et al. reported
that in the dealloying of Ag–20 Au, the current density
could not reach a steady-state because the Au composition
is at the site percolation threshold for the face-centered
cubic structure [24]. The range 20–40 at.% of Au can there-
fore be considered to be the window where continuous
nanopore formation is possible.

To our knowledge, there has not been a systematic study
of the effect of acid concentration on the dealloying kinetics
of Ag–Au alloys under a free-corrosion environment. Qian
and Chen have studied the temperature effects on pore size
evolution during free corrosion of Ag–35 Au for a given
acid concentration [25]. They concluded that the pore size
evolution, mainly via coarsening in the dealloyed region,
was controlled by gold surface diffusion. Other quantitative
studies of dealloying consider the effects of applied voltage.
For instance, Sieradzki et al. presented a systematic study
and modeling on the impact of alloy composition and elec-
trolyte composition upon Ec [19]. They derived a detailed
analytical solution on the time evolution of the morphol-
ogy as a function of Ec, which depends on alloy and elec-
trolyte (acid) composition. Erlebacher et al. simulated the
dealloying of Ag–Au using dynamic Monte Carlo simula-
tion with 2–40 at.% of Au under a range of applied voltage
[20,26]. In particular, they observed a potential-dependent
steady-state current density, which is equivalent to a con-
stant dealloying front velocity. Recently, using in situ trans-
mission X-ray microscopy, we found that the dealloying
front velocity is constant as a function of the depth of
the nano-porous layer (up to 4 lm) for Ag–30 Au alloy
dealloyed with 75% (10.9 M) nitric acid [27]. Here, we use
this imaging method to systematically investigate the deal-
loying front velocity for a wide range of alloy compositions
and nitric acid concentrations. Also, we investigate dealloy-
ing-induced strain and observe crack formation in the alloy
with low Au content (20 at.%), whose stress state during
the dealloying is modeled numerically.

2. Experimental procedures

2.1. Alloy and acid preparation

Ag–x Au alloys with five different compositions (x = 20,
25, 30, 35 and 40 at.%) were prepared by arc melting of the
pure elements (99.99% pure, from Kurt J. Lesker) in Ar
and labeled Ag–20 Au, Ag–25 Au, Ag–30 Au, Ag–35 Au
and Ag–40 Au. Ag–Au alloy wires with various composi-
tions listed above, and diameters of 20–50 lm, were fabri-
cated by remelting the ingot in a Pyrex glass tube under
vacuum, which was then drawn into a thin wire (according
to the Taylor-wire method [28]), leading to rapid, direc-
tional solidification of the alloy. Fracturing the Pyrex
exposed the alloy wire, which was shaped into a cylinder
(50 lm tall and 16 ± 1 lm in diameter) using focused ion
beam milling.

Nitric acid solutions with five different concentrations
were prepared by mixing fresh commercial nitric acid with
an assay of 68–70 wt.% and deionized water, using 50, 62.5,
75, 87.5 and 100 vol.% of the acid. This resulted in nitric
acid concentrations of 7.3, 9.1, 10.9, 12.7 and 14.6 M,
respectively.

2.2. X-ray imaging

The transmission X-ray microscope (TXM) [29], located
at the beamline 32-ID-C of the Advanced Photon Source
(Argonne National Laboratory, IL), was used to measure
dealloying distance as a function of time by imaging the
dealloying front in Ag–Au wires. TXM is a full-field lens-
based imaging technique [29]. A Fresnel zone plate with a
40 nm outmost zone was used as the objective lens, provid-
ing 30–40 nm resolution for a two-dimensional (2-D) pro-
jection [30]. All images were taken at an X-ray energy of
10.4 keV for an exposure time of 2 s, with a 0.5–3 s delay
due to the CCD readout time between exposures. A lens-
coupled scintillator and CCD detector were used to record
32.8 � 32.8 lm images (2048 � 2048 pixels).

Two sets of experiments were conducted at ambient
temperature (�20 �C). First, a fixed nitric acid concentra-
tion was used (75 vol.%, as used in our previous study
[27]) to dealloy four different Ag–x Au cylinders with four



Fig. 1. Schematic of the in situ dealloying experimental setup in the
transmission X-ray Microscope.

Fig. 2. (a) A 3-D representation of a partially dealloyed cylinder. The blue
plane indicates half the of cross-section along the vertical direction, which
was used for finite element modeling (FEM). (b) The 2-D model with
axissymmetric condition used for FEM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)
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different alloy compositions (x = 20, 25, 35 and 40 at.%).
Second, four Ag–Au cylinders with a constant Ag–30 Au
composition were dealloyed using four nitric acid concen-
trations: 50, 62.5, 87.5 and 100 vol.% (7.3–14.6 M). Deal-
loying of Ag–Au with 75 vol.% nitric acid (10.9 M) was
reported in our previous work and is included here for
comparison [27].

In situ imaging of the dealloying front was carried out
by using a custom-design dealloying cell. This allows X-
ray imaging under conditions of flowing nitric acid through
a Kapton capillary which contains the Ag–Au alloy sam-
ple. Two syringes were located on top of the capillary;
one contained nitric acid to sustain the dealloying process
and the other contained deionized water to terminate the
dealloying reaction, so the sample could be imaged in three
dimensions by tomographic methods, if necessary. A sche-
matic of the design is shown in Fig. 1. In situ imaging was
carried out by taking images with 2 s exposure time contin-
uously. The center of the field of view is located at the mid-
dle of the cylindrical samples, �35 lm away from the tip of
the cylinder. If some features appeared within the samples
(e.g. cracks) which were to be studied in three dimensions,
the dealloying process was stopped by injecting deionized
water to enable the longer tomographic imaging. Tomogra-
phy data of the Ag–20 Au sample were collected before
dealloying and after full dealloying with 75% nitric acid.
The angular step size was 0.5� for a full 180� range with
2 s exposure time. The projections were reconstructed into
three-dimensional structure using a standard Filtered
Back-projections algorithm [31].

2.3. Finite element modeling

Finite element modeling (FEM) was used to simulate
the dealloying-induced stresses and strains due to the
diameter shrinkage during dissolution of the silver. The
commercial ABAQUS software was used to generate the
mesh and calculate the stress and strain distribution.

The Ag–25 Au system was chosen because it developed a
volume reduction which could be measured macroscopi-
cally using the TXM images. But unlike in the Ag–20 Au
system, no cracks were observed during the dealloying of
Ag–25 Au so that a simple elasto-plastic behavior could
be assumed. For the Ag–20 Au system, FEM would be
complicated by the issue of crack nucleation and propaga-
tion, while for Ag–30-40 Au, no shrinkage was measured,
making FEM superfluous. Fig. 2a shows the shape of the
Ag–Au/np-Au cylinder in three dimensions, which was rep-
resented by a 2-D model in FEM, using axisymmetric con-
ditions, as shown in Fig. 2b. Half of the cross-section along
the vertical direction was divided into Ag–Au and np-Au
regions and used for FEM. Due to the cylindrical symme-
try of the cylindrical sample, this 2-D model with axissym-
metric condition gives an excellent representation of the
stresses and strains in a three-dimensional (3-D) cylinder.
The axis of symmetry is labeled in Fig. 2a and b as a dashed
line [32]. The bottom of the model is fully pinned to simu-
late that the sample is mechanically clamped by the sample
holder.

The type of element chosen was CAX4R – a four-node
bilinear axisymmetric quadrilateral, reduced integration,
hourglass control. The element size is �200 nm given the
radius (R) and length (L) detailed in the following. As
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shown in Fig. 2b, d is the distance between the dealloying
front and the surface of the sample, if no volume shrinkage
appears, which increases with the dealloying time and can
be measured from TXM images. Although the dealloying
front propagates faster near the cylinder top as shown in
our previous work [27], a constant d at a given dealloying
time was used in the model for simplicity. R is the distance
between the surface of the sample and its center, 8.17 lm. L

is chosen as 10R (81.7 lm) such that the end effects do not
affect the stress and strain states in the center of the sample
(marked as a red dashed line in Fig. 2). The top-right cor-
ner of the interface between np-Au and Ag–Au was
rounded with a tangent circle (radius = 1 lm) to simulate
the morphology observed in TXM images.

The diameter shrinkage associated with dealloying was
modeled as a uniform volumetric thermal shrinkage,
assuming a fictitious temperature change and coefficient
of thermal expansion [33]. The linear shrinkage (d) of the
np-Au region was acquired for various times from the
TXM images, as described in the results section. These
radius shrinkages were used as the input for the fictitious
thermal expansion coefficient (a) in the FEM, by setting
a = d. The corresponding stress caused by this linear
shrinkage can therefore be obtained. The fictitious thermal
expansion coefficient of the Ag–Au alloy remained zero,
meaning no volume expansion/shrinkage happened. A fic-
titious temperature increase of 1 K was then applied to the
model to induce the diameter expansion. The output fields
were the von Mises stress and the in-plane strain, e11 and
e22, as a function of radial position within the wire.

Materials properties, including Young’s modulus, Pois-
son ratio and yield stress are listed in Table 1. The elasto-
plastic stress–strain curve of the Ag–25 Au alloy was con-
structed from the stress–strain curve of pure Ag [38],
shifted to a higher yield stress to take into account the solid
solution strengthening effect of Au. The relationship
between the yield stress of pure Ag (rAg) and the yield
stress of a Ag–Au solid solution (rAg–Au) was calculated
using the following equation:

rAg–Au ¼ rAg þ kC1=2 ð1Þ
where C = 0.25 is the Au atom fraction in the Ag–Au alloy
and k = 6.36 MPa at.%�1/2 is a parameter which depends
on C. The present value of k was determined from the rela-
tionship between the critical resolved shear stress of the
Ag–Au alloy and C [37]. The resulting stress vs. plastic
strain for Ag–25 Au is shown in Supplemental Fig. S.1.
The values were used as an input for the FEM. The plastic-
ity of np-Au is considered in the FEM, by inputting a rela-
Table 1
Materials properties used in the FEM.

Property Ag–25 Au Ref. np-Au Ref.

Young’s modulus (GPa) 82.2 [34] 7 [35]
Poisson ratio 0.39 [36] 0.20 [36]
Yield stress (MPa) 89.1 [37,38] 171 [39]
tionship between the stress and the plastic strain, shown in
Supplemental Fig. S.2. These values were calculated from
the stress–strain curve of np-Au taken from the literature
[39].

3. Results

3.1. Effect of alloy composition on dealloying behavior

3.1.1. In situ imaging of dealloying front

TXM images for five different alloys are shown in Fig. 3
for two typical dealloying times. Ag–40 Au achieved only a
very shallow dealloying depth (�100 nm) before the deal-
loying front stopped. By contrast, Ag–35, 30, 25 and 20
Au showed a continuous dealloying with time, with no or
very little diameter reduction and cracking except for
Ag–20 Au, which showed a large reduction in diameter
(up to 38%) and many cracks. Ag–25 Au also showed a
much smaller diameter shrinkage, with the diameter chang-
ing from 16.3 lm to 16.1 lm in �48 s, after the dealloying
front had propagated 3.6 lm.

3.1.2. Dealloying kinetics

As described previously [40], the X-ray intensity profile
along the radial direction of each individual image which
corresponds to a specific dealloying time was averaged over
a 2 lm width in the center of the TXM images (marked as a
red rectangle in Fig. 3a). The derivative of the intensity was
then calculated to determine the positions of the Ag–Au/np
Au interface (dealloying front) and the acid/np-Au inter-
face (sample surface) in the images. In Fig. 3e and f, the
right side of the sample was outside the field of view and
therefore the dealloying front could not be observed.

Fig. 4 shows the dealloying distance vs. time of four dif-
ferent Ag–Au alloy compositions, ranging from Ag-20, 25,
30 to 35 Au (the Ag–30 Au curve is taken from our previ-
ous work [27]). The velocities of the dealloying fronts prop-
agating from both left and right sides of the samples were
quantified. The average of these two values was plotted
with an estimated error of 200 nm. This error was esti-
mated based on both the limit of the instrument resolution
and the finite exposure time, which result in slightly blurred
dealloying fronts in the X-ray images. At very early deal-
loying stages, the exact position of the dealloying front can-
not be accurately determined due to the phase effects from
the sample surface.

Fig. 4 shows that, for all alloy compositions, the radial
velocity of the dealloying front is constant with time, and
that an increase in the Ag/Au ratio in the alloy leads to
an increase in this dealloying front velocity. These constant
rates were then extrapolated to dealloying time 0 s by linear
fitting. The results of the linear fitting exhibit only a small
deviation from the origin (<200 nm), which indicates that
the dealloying front propagates with a constant velocity
from the beginning of the dealloying process. For Ag–20
Au, the dealloying rate accelerated between 10 and 12 s,
the last two points measured during dealloying: the front



Fig. 5. Dealloying front velocity vs. Ag–Au atomic ratio with 10.9 M
nitric acid.

Fig. 3. TXM images of various Ag–Au alloys during dealloying with 10.9 M nitric acid: (a and b) Ag–20 Au, 8 and 10 s; (b and d) Ag–25 Au, 39 and 48 s;
(e and f) Ag–30 Au, 120 and 180 s; (g and h) Ag–35 Au, 351 and 487 s; (i and j) Ag–40 Au, 20 and 40 min. Dotted lines indicate the position of the
dealloying front as determined by the maximum in the differential of the intensity. The red rectangle indicates the central area where the dealloying front
position was determined, as described in the later section. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. The dealloying distance vs. dealloying time for different Ag–Au
compositions with 10.9 M nitric acid (Ag–30 Au curve is from our
previous work [27]).
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velocity was 0.6 lm s�1 between 0 and 10 s but increased
suddenly to 1.5 lm s�1, between 10 and 12 s, which is the
time interval where crack development is also observed.
This acceleration is thus probably due to the short cuts
provided to the acid by the cracks to the dealloying front,
and the last data point (12 s) was not used in the linear fit-
ting of Ag–20 Au. The relationship between the dealloying
front velocity (vd) and the Ag/Au atomic ratio (RAg–Au) is
non-linear, as shown in Fig. 5, where the best fit
(R2 = 0.99) exponential equation is:

vd ¼ 0:3 expð1:7RAg–AuÞ ð2Þ
The silver atomic concentration (CAg) is also shown in

the figure for clarity. The physical meaning of using an
exponential function and of the fitting parameters is dis-
cussed later.
Fig. 6 shows a series of in situ TXM images during the
dealloying of Ag–20 Au. In addition to the dealloying front
propagation, cracking and shrinkage were observed for this
composition. A longitudinal crack at the center of the sam-
ple (marked with “A” on Fig. 6) initiated at 8 s. At 10 s,
this crack propagated through the sample vertically by
more than 32.5 lm, extending over the entire field of view.
It then further widened at 12 s.



Fig. 6. TXM images of an in situ dealloying Ag–20 Au sample with 10.9 M nitric acid showing one longitudinal crack (A) and numerous radial cracks (a
few are marked with B). Arrows (red) at the top and bottom of the images indicate the position of the dealloying front (for in situ dealloying videos, see
Supplementary video S.1 online). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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The projected crack width was measured to be 0.26, 0.53
and 1.24 lm after 8, 10 and 12 s, respectively. Numerous
radial cracks (marked with “B” on Fig. 6) also formed.
These radial cracks always extended to the depth of the
dealloying front.

Fig. 7 is the top view and the side view of the crack in 3-
D reconstruction of sample Ag–20 Au. The tomography
data were taken after the sample had been dealloyed for
�30 s – well after the dealloying front had reached the sam-
ple center – and had been fully rinsed with deionized water.
As shown in Fig. 7, a longitudinal crack (A) is nearly split-
ting the sample vertically. Also, numerous radial cracks (B)
were observed.

The Ag–20 Au sample initial diameter of 17.8 ± 0.3 lm
shrank to 14.0 ± 0.3 lm after full dealloying (12 s). Since
the np-Au is the part of the sample that shrank during deal-
loying, the linear shrinkage of np-Au at a given time t can
be calculated by as the ratio (d) of change in sample diam-
eter and the instantaneous width of the np-Au shell (taking
the shrinkage which happened up to time t into account),
as expressed in the following equation:

dðtÞ ¼ DD=dðtÞ þ DD ð3Þ
Fig. 7. 3-D tomographic reconstruction of the Ag-20 Au sample after
being fully dealloyed with 10.9 M nitric acid (after 12 s dealloying) with
top view (left) and side view (right) with one longitudinal crack (A) and
numerous radial cracks (a few are marked with B) (for 3-D tomography
reconstruction videos see Supplementary videos S.2–S.3 online).
where D is the sample diameter, DD is the change in
diameter and d(t) is the width of the np-Au shell at a given
time t.

Fig. 8 shows D and d as functions of dealloying time for
Ag–20 Au. Here the material diameter D is calculated from
the sample diameter D0 minus the central crack (crack A)
width. D is equivalent to the diameter of the Ag–Au alloy
plus the np-Au. The difference between the sample diame-
ter and the materials diameter is therefore the width of the
Fig. 8. Sample diameter (D), sample diameter shrinkage (DD/D) and np-
Au linear shrinkage (d) vs. dealloying time, during dealloying of Ag–20 Au
with 10.9 M nitric acid.

Fig. 9. Sample diameter (D), sample diameter shrinkage (DD/D) and np-
Au linear shrinkage (d) vs. dealloying time, during dealloying of Ag–25 Au
with 10.9 M nitric acid.
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crack. It is apparent that the crack nucleated between 6 and
8 s and grew quickly between 10 and 12 s.

Fig. 9 shows D and d as a function dealloying time in
Ag–25 Au. The volume shrinkage is much less than in
the Ag–20 Au system. The shrinkage of np-Au in length
at 48 s was applied to the FEM to study the dealloying-
induced stress and strain due to this volume shrinkage.

3.2. Effect of acid concentration on dealloying

The same imaging analysis method as described in the
previous section was used to quantify the dealloying dis-
tance vs. dealloying time for different acid concentrations
for Ag–30 Au samples, as shown in Fig. 10.

As for Fig. 10 where the acid concentration is constant
but the Au alloy concentration varied, the dealloying front
velocity is near constant up to the highest depth measured
(3–5 lm); there is a clear increase in dealloying front
velocity with increasing acid concentration, as summarized
in Fig. 11. The error bars in concentration were calculated
Fig. 10. Dealloying distance vs. dealloying time for Ag–30 Au dealloyed
with different acid concentrations.

Fig. 11. Dealloying front velocity vs. nitric acid concentration for Ag–30
Au.
by assuming a 2% offset in volume when diluting the acid
(2 ml error when preparing 100 ml solution), which results
in a 0.3 M change.

For the Ag–30 Au alloy, the dealloying front velocity
(vd, expressed in nm s�1) depends exponentially on acid
concentration (CHNO3, expressed in M) according to:

vd ¼ 0:2 expð0:40CHNO3Þ ð4Þ
with R2 = 0.9759. The physical meaning of using the expo-
nential function and of the resulting fitting parameters is
discussed later.

4. Discussion

4.1. Dealloying front velocity

The dealloying front velocity has been shown to be pro-
portional to the current density or dissolution flux [27]. The
dealloying front velocity measured here is a constant,
which implies that the current density is also a constant,
independent of the dealloying time. This indicates that
the system has reached a steady-state current density. This
further indicates that the free corrosion of Ag–Au with 20–
35 Au and nitric acid of 7.3–14.6 M is well-above the Ec, as
discussed in the literature [24,41], and thus a nanoporous
structure forms.

Erlebacher proposed a model where the steady-state dis-
solution flux (Jss) can be described as [20]:

J ss ¼ vEs exp½ðe/� 9Eb=kBT � ð5Þ
where vE is the dissolution attempt frequency, s is a con-
stant � 1, Eb is the bond energy between the silver and gold
in our case, e is the electron unit charge multiplied by the
valence of a silver ion, which is unity, and / is the over-po-
tential. / and Eb depend on the alloy composition and acid
concentration and therefore rAg–Au and CHNO3 determine
the exponential terms as shown before, while vE stays con-
stant for a given temperature.

Another way that the alloy composition could affect the
pore size and its evolution is due to a composition-depen-
dent “pre-existing length scale” depending on the alloy
composition [42]. Higher Ag composition, for instance, will
reduce the mean diameter (n) of the Au percolation net-
work but increase that of the Ag one, therefore providing
a continuous path for dissolution of Ag without relying
on the surface diffusion of Au.

Adapting one-dimensional percolation arguments, the
relationship between n and the alloy composition can be
written as [42]:

n ¼ ð1þ CAgÞa=ð1� CAgÞ ð6Þ
where CAg again is the Ag atomic concentration in the al-
loy and a is the nearest-neighbor spacing in the lattice. For
the Ag–Au alloy, a is the lattice spacing of the (111) plane,
d1 1 1. The relationship between n and the dealloying front
velocity can also be fitted with an exponential function
(R2 = 0.9881) giving:



Fig. 13. The area-averaged radial strain of np-Au vs. dealloying time

during dealloying Ag–25 Au with 10.9 M nitric acid. The strains were
calculated from TXM images (d), FEM using d as a and FEM using d/1.7
as the a values.
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vd ¼ 0:1477 expð0:86nÞ ð7Þ
Therefore, provided the alloy composition is known, the

dealloying velocity can be predicted.

4.2. FEM of the dealloying induced stresses and strains

The strain and stress states modeled for a partially deal-
loyed Ag–25 Au, computed at 9 s intervals between 12 and
48 s dealloying time, are presented in the following.

First, the strains measured from TXM images (d) were
used as the linear shrinkage of np-Au regions in the
FEM as shown in Fig. 12 as the fictitious thermal expan-
sion coefficients (a). Fig. 12 shows the radial strains e11 in
the central plane (marked in Fig. 2) as a function of the
radial distance for various dealloying times. The origin of
the radial position is defined as the axis of symmetry of
the cylinder as shown in Fig. 2. The np-Au shell exhibits
a compressive radial strain (e11), whose intensity increases
from surface to the dealloying front. The maximum value
at the front increases as the dealloying proceeds, from –
4.3% (21 s) to –6.4% (48 s) while the minimum value at
the surface decreases slightly from 0.0% (21 s) to 1.2%
(48 s). The shrinkage of the np-Au shell results in a small
amount of tensile strain in the Ag–25 Au. This strain
remains almost constant in the Ag–Au core along the
radial direction and increases as a function of dealloying
time from �0.002% (21 s) to 0.71% (48 s).

However, the magnitude of the radial strain presented in
Fig. 12 is greater than the strains measured from the TXM
images, d. Because these simulated results do not reflect the
experimental situation, modified a values, a = d/1.7 were
used to refine the FEM results. This factor 1.7 was deter-
mined from the ratio between the experimental averaged
e11 and the averaged e11 from FEM using a = d, both in
the np-Au region. Fig. 13 shows the area-averaged radial
strain of the np-Au shell vs. dealloying time with three dif-
ferent methods: (i) experimentally with strains calculated
from TXM images (d); (ii) numerically, with FEM using
a = d and (iii) numerically, with a = d/1.7. The latter case
shows a much better match with the experimental results.
Fig. 12. Plot of dealloying induced radial strain (e11) vs. radial distance
after 21, 30, 39 and 48 s dealloying of Ag–25 Au with 10.9 M nitric acid as
calculated by FEM using strains measured from TXM images (d) as the a
values.
Therefore, the following FEM results are all produced with
a = d/1.7. This discrepancy between a and d needs to be
further investigated.

Fig. 14 shows the radial strains e11 at the central loca-
tion as a function of the radial distance at various times,
using a = d/1.7 in the FEM calculations. The trends remain
similar to those shown in Fig. 14 but with the strain values
matching the experimental result better. The maximum
strain is at the dealloying front, which increases from –
2.5% (21 s) to –3.2% (48 s) as the dealloying front proceeds,
while the minimum value remains �–2.0% (21–48 s).

Although only radial strain (shrinkage in diameter)
could be observed experimentally in TXM images during
dealloying of the cylindrical samples, it was assumed that
unconstrained dealloying shrinkage was isotropic by
replacing it with an isotropic thermal contraction in the
FEM model. The model predicts a compressive longitudi-
nal strain (e22) that is independent of radial position in
both the Ag–Au and np-Au regions, as shown in Fig. 15
at various dealloying times. The magnitude of e22 increases
from –0.02% to –1.55% as dealloying proceeds from 21 to
48 s. The strain magnitude e22 in np-Au remains smaller
than that of e11. This can be explained by the fact that
Fig. 14. Plot of dealloying induced radial strain (e11) vs. radial distance at
21–48 s dealloying of Ag–25 Au with 10.9 M nitric acid as calculated by
FEM using d/1.7 as the a values.



Fig. 15. Plot of dealloying induced longitudinal strain (e22) vs. radial
distance at 21–48 s dealloying of Ag–25 Au with 10.9 M nitric acid as
calculated by FEM using d/1.7 as the a values.
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the Ag–Au core is preventing the np-Au shell from shrink-
ing longitudinally as much as it would if the two phases
were not connected. While the dealloying front proceeds,
more Ag–Au becomes np-Au and therefore the sample
can increasingly shrink longitudinally.
Fig. 16. Plot of the dealloying induced von Mises stress vs. radial distance
to the axis of symmetry (center of the cylinder) at 21–48 s dealloying of
Ag–25 Au with 10.9 M nitric acid as calculated by FEM (a = d/1.7).

Fig. 17. The map of the von Mises stress as a function of dealloying time for A
Fig. 16 shows the von Mises stress vs. radial distance at
various dealloying times. The Ag–Au core is under a con-
stant von Mises stress, which increases as a function of
dealloying time. This stress eventually (48 s) exceeds the
yield stress of Ag–25 Au (89.1 MPa, marked as dashed line
in Fig. 16) and the Ag–Au core starts deforming plastically.
In the np-Au shell, the stress never exceeds the yield stress
(171 MPa). Near the dealloying front, the von Mises stress
is as high as 170 MPa in the np-Au at 48 s dealloying.
Along the radial direction, the stress decreases gradually.
The np-Au is thus predicted to deform elastically up to this
depth (4.2 lm) in Ag–25 Au. If the dealloying front pro-
ceeds deeper, plastic deformation is predicted to happen
in the np-Au shell, especially near the dealloying front
region where the stresses are highest.

To illustrate the edge effects, full maps of the von Mises
stress, the radial strain e11 and the longitudinal strain e22,
as calculated by FEM, are shown in Fig. 17, Supplemental
Figs. S.3 and S.4, respectively. At stress concentration
regions, near the tip and the base, higher stresses and
strains exist as compared to the rest of the sample but
the difference is relatively minor.

In the future, the anisotropy of mechanical properties
along different crystallographic orientations may be taken
into account in the FEM. A close-form solution for the
strain and stress components also needs to be discussed
and compared to the FE calculations.

5. Conclusions

A high resolution transmission X-ray microscope was
used to image the dealloying process of cylindrical Ag–
Au alloys (16 lm in diameter) with various compositions
(Ag-20 Au to Ag–40 Au, at.%) for various acid concentra-
tions. A sharp front between the growing dealloyed np-Au
shell and the shrinking Ag–Au alloy core propagates at a
g-25Au dealloyed with 10.9 M nitric acid, calculated by FEM (a = d/1.7).
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constant dealloying front velocity, vd, except for the alloy
with the highest Au concentration (40 at.% Au), for which
dealloying stops after �100 nm due to passivation. Only
the alloy with the lowest Au concentration (20 at.% Au)
developed cracks and sizeable diameter shrinkage (up to
�38%) during dealloying. The dealloying-induced stresses
and strains were simulated with FEM for the Ag–25 Au
system for 21–48 s of dealloying, which developed a small
amount of shrinkage (compressive strain <3% for partial
dealloying of 70% of sample volume). The FEM results
show that compressive radial strains in the dealloyed shell
of np-Au results in a tensile radial strain in the dense Ag–
25 Au core. At 48 s of dealloying, the Ag–Au shell is under
a von Mises stress which exceeds its yield stress and
deforms plastically. For the np-Au shell, only the region
near the dealloying front may exhibit a von Mises stress
which exceeds its yield stress and therefore deforms plasti-
cally. For the region further away from the dealloying
front, the np-Au deforms elastically.

For a constant 10.9 M acid concentration, the dealloy-
ing front velocity increases exponentially with the Ag/Au
atomic ratio for alloys with 20–35 at.% Au. For a constant
Ag–30 Au alloy composition, the dealloying front velocity
scales exponentially with the acid concentration in the
range 7.3–14.6 M. These exponential front velocity depen-
dencies in both alloy composition and acid concentration
can be explained by an existing model of steady-state disso-
lution flux. This flux exponentially relates to bond energy
and over-potential, which both depend on alloy composi-
tion and acid concentration.
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