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Nanoporous gold (NPG) made by dealloying takes the form of a network of nanoscale struts or “liga-
ments”. It is well established that the material’s mechanical behavior is strongly affected by its ligament
size, L and by its solid volume fraction, ¢. We explore the mechanical behavior of NPG, with an empha-
sis on establishing a consistent data set with comparable L but covering a significant range of initial ¢.
Specimens are prepared from Ag-Au master alloys with their Au atom fraction, xgu in the range 0.20-

Keywords: 0.35. Since dealloying replaces Ag with voids, ¢ may be expected to agree with xgu. Yet, spontaneous
Nanoporous gold plastic deformation events during dealloying can result in macroscopic shrinkage, decoupling ¢ from x9, .
Dealloying This raises the question, how do ¢ and x3, separately affect the mechanical behavior? We confirm two
Methanical properties recent suggestions, namely i) a modified Roberts-Garboczi-type scaling law for Young’s modulus versus ¢
Scalmg laws of the material in its as-prepared state and ii) the relevance of an apparent “load-bearing solid fraction”
\S(?rlérrlétshmodulus for Young's modulus as well as strength. Yet, remarkably, we find that stiffness and strength of the as-

prepared material show a much better correlation to xgu as compared to ¢. This can be understood as a
consequence of the microstructural changes induced by shrinkage. Studying the microstructure evolution
during annealing, we also confirm the suggestion that coarsening entails an enhanced loss in stiffness
for samples with lesser solid fraction. This finding confirms concerns about the notion of self-similar

coarsening as a general behavior of dealloying-made network materials.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Nanoporous metals made by dealloying are macroscopic mono-
lithic bodies that consist, at the nanoscale, of a homogeneous
network of struts or “ligaments”. The materials, and specifically
nanoporous gold (NPG), are under study as model systems for
small-scale mechanical behavior [1]. As-prepared NPG takes liga-
ment sizes, L, of a few tens of nanometers [2-5]. Annealing induces
coarsening that lets L increase up to values of several 100 nm [6-
9l.

Much of the interest in using the material as a model sys-
tem stems from the notion of self-similar coarsening. Size-effects
on the mechanical behavior could then be studied in isolation,
while the architecture of the nanoscale network remains invari-
ant. The finding of power-law relations between the yield strength,
oy, and L and its discussion in terms of size-induced strengthening
exemplifies this approach [10-12]. Experimental tomographic re-
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construction [7,13-15] and several numerical studies [16-19] sup-
port the notion of self-similar coarsening. Yet, evidence against
that notion has recently been accumulating. Studies of the evo-
lution of the stiffness of NPG can only be understood if the net-
work is allowed to progressively disconnect during coarsening [20].
Furthermore, large-scale atomistic simulations of coarsening ex-
ploring an interval of parameter space relevant to experiment di-
rectly evidence the disconnection [21]. The disagreement about
self-similarity appears to originate in a pronounced dependency
of the topology evolution during coarsening on the solid (volume)
fraction, @. While networks with ¢ > 0.3 tend to maintain their
connectivity during coarsening, in keeping with the notion of self-
similarity, networks with ¢ < 0.3 tend to disconnect [21]. As stud-
ies of NPG have been considering networks with ¢ on each side of
the threshold value 0.3, the different findings may simply originate
in slightly different solid fractions in the individual experiments.
This advertises an interest in experiments probing the evolution of
connectivity during coarsening as the function of ¢.

Liu et al. [22] varied ¢ by interrupting the dealloying process of
AgAuPt at various states of Ag dissolution. They found the decrease
of the stiffness upon coarsening substantially more pronounced at
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lesser ¢, and they attribute the loss in stiffness to variations in the
network connectivity. This is well compatible with the above no-
tion, yet the systematic variation of the composition with ¢ in the
experiment of Ref [22] complicates the discussion of their observa-
tions in terms of a correlation between the loss of connectivity and
@ alone. A systematic study of the link between ¢ and the stiffness
variation during coarsening in elemental nanoporous gold has not
been reported.

Irrespective of the issue of self-similar or non-self-similar evo-
lution during coarsening, network solids made by nanoscale self-
organization - as, for instance, by dealloying - exhibit a systematic
correlation between their ¢ and the connectivity already in the as-
prepared state. This is reflected by compilations, in Refs [22] and
[23], of literature data [5,12,20,22,24-36] for the stiffness of NPG.
Specifically, the compilations suggest that the variation of effective
Young’s modulus, Yeff, with ¢ in as-prepared samples is not com-
patible with the expectation for structures with constant connec-
tivity, as embodied in the Gibson-Ashby scaling law for the stiff-
ness. A study systematically varying ¢ in dealloyed Fe-Cr [37] con-
firms this observation.

Soyarslan et al. [23] propose a physically motivated model for
the microstructure of NPG, which links the relation between Yeff
and ¢ to quantifiable microstructure characteristics and specifically
to a scaled topological genus. That study proposes a scaling rela-
tion that accounts for a loss of percolation - and, hence, for me-
chanical disintegration - at a finite solid fraction. While the link
between the connectivity of as-dealloyed NPG and its solid fraction
is well consistent with the existing body of research [1], a system-
atic study, based on a set of elemental nanoporous gold samples
and with consistent preparation and characterization conditions, of
this link and of the scaling relation by Soyarslan et al. has not been
reported.

Here, we study the mechanical behavior of as-dealloyed and
coarsened NPG specimens prepared from Ag-Au master alloys with
their gold atom fraction, xgu, in the range 0.20-0.35. Since an ide-
alized dealloying process replaces all less-noble atoms (here Ag)
with voids, values of ¢ may be expected in that same range.
Our study does, however, account for shrinkage during dealloying,
which can modify ¢, independently of xgu. Careful control of the
preparation conditions in our study affords a consistent ligament
size, L, independent of ¢ or xgu. We confirm the findings by Liu
et al. and by Soyarslan et al. and specifically the notion of varia-
tions in connectivity between samples with same . Remarkably,
our results point towards a systematic influence of the composi-
tion of the master alloy on the mechanical behavior of the porous
material. Thus, studies of the mechanical behavior of NPG need to
account for the impact of x3 , on top of that of ¢.

2. Scaling laws
2.1. Constant connectivity

As a basis for discussing the relation between stiffness and
strength of nanoporous solids and their solid fraction, it is con-
venient to compile the most important scaling laws. A frequently
used benchmark for Y¢ff(¢) in structures with fixed connectivity is
the Gibson-Ashby scaling law [38],

Yeff — C] YOQDZ (1)

with Y? Young’s modulus of the massive material, and C; a con-
stant that takes the value 1 for open-cell foams in general [38] and
specifically for NPG [39]. Similarly, the Gibson-Ashby scaling law
for the macroscopic yield strength, oy, links ¢ for NPG to the local
ligament strength, o)), as

oy =G 0)¢p*? (2)
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with G, = 0.3 for NPG [39].

2.2. Accounting for connectivity variation in dealloyed nanoporous
metals

The scaling between mechanical characteristics such as stiffness
or strength and the solid fraction of porous materials is strongly af-
fected if the connectivity varies systematically with ¢ and specifi-
cally if a percolation threshold is met at finite ¢ [23,40-43]. For as-
prepared NPG with ¢ < 0.5, it has been demonstrated that a mod-
ified version [23] of the Roberts-Garboczi scaling law for random
porous microstructures [42] is in excellent agreement with litera-
ture data for the Young's modulus. The modified Roberts-Garboczi
law takes the form [23]

m
yer — G y0<w) (¢ <0.5) (3)
1- §0p

with @p the solid fraction at the percolation threshold. The under-
lying model is a leveled Gaussian random field, originally proposed
for early-stage spinodally decomposed structures [44]. Here, ¢p =
1 —erf(2-1/2) ~ 0.159 [23]. Fitting the parameters to as-prepared
NPG results in (3 =2.03 £0.16 and m = 2.56 £ 0.04 [23].

Noting that NPG’s experimental values of Y¢ff are regularly sub-
stantially lower than the predictions of the Gibson-Ashby law, Refs
[20,22] propose the introduction of an apparent load-bearing solid
fraction, @', which is always less than the actual solid fraction, ¢.
In that approach, ¢'® is determined from the experimental stiffness
on the assumption that Eq. (1) holds for the load-bearing structure.
In other words,

oy =G 0l (Byp)*"? (4)

where 8 denotes an apparent load-bearing fraction factor, which is
defined so that

_e°
p="4 (5)

and where the apparent load-bearing solid fraction is determined
from the experimental Y¢ff via

Yeff 172
()" ®

Experimental values of oy agree well with Eq. (4).

It may be emphasized that the approaches underlying Egs.
(3) and (6) are not mutually exclusive, they just obtain informa-
tion on the network connectivity from different sources. The latter
equation is based on an empirical characterization of the network
based on its elastic behavior, whereas the former assumes a physi-
cally motivated systematic correlation between the network’s con-
nectivity and its solid fraction.

2.3. Accounting for shrinkage during dealloying

Motivated by the experimental results of the present study (see
below), we consider yet another modification of the scaling behav-
ior. This modification is designed to account for the shrinkage that
is observed to accompany dealloying under a wide range of exper-
imental conditions [45-49]. While our argument may apply more
generally, we designate the less noble and more noble elements as
Ag and Au, respectively for simplicity.

As the first step of dealloying, we consider the formation of an
initial structure that is free of shrinkage. For this initial structure,
we propose that 1.) all Ag is removed so that the initial solid frac-
tion, ¢;,;, agrees with the Au atom fraction in the master alloy, xgu;
2.) the model of Ref [23] applies, including specifically Eq. (3). As
the next step, we allow for shrinkage. Thereby, the solid fraction
increases from ¢j,; to the final solid fraction of the as-prepared
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sample, ¢. Here, we propose that 3.) the connectivity remains in-
variant during the shrinkage.

The above propositions lead to the following suggestions:
Firstly, Yeff of the initial structure (no shrinkage) obeys Eq. (3), yet
with xgu substituted for ¢. In other words,

0 m
Yeff:C YO XAU_¢P ) 7
; (1_% )

Secondly, since the shrinkage is at fixed connectivity, Eq. (1) ap-
plies to materials that have undergone shrinkage in the sense that
Yeff scales with the shrinkage-induced increase in ¢2. Shrinkage
will then introduce a correction to Eq. (7) in the form

X —pp\"
Yeff — U2C yO Au ) 8
o (T ®)

The parameters C3 and m in Eqgs. (7) and (8) agree with those in
Eq. (3). The densification parameter v is given by

v= X% ; (9)
Au
it represents a volume shrinkage ratio, in other words, the ratio of
as-prepared NPG volume over master alloy volume.
Equation (8) is equivalent to using the Gibson-Ashby scaling law
Eq. (1) with ¢ corrected by the apparent load-bearing fraction fac-
tor

\/» 1 XR — o m/2
B=vVG (“) . (10)
XAu 1- ©p

Note, that § is independent of whether or not there has been
shrinkage. Note also, that the relations discussed in the present
subsection break with the notion that Y¢f is uniquely determined
by ¢. Instead, they allow for xgu as an additional parameter.

3. Procedures
3.1. Sample preparation

Master alloys Ag-Au with x/‘)\U = 0.20, 0.25, 0.30, and 0.35 were
prepared as in Ref [35]. In brief, arc melting was followed by ho-
mogenization via annealing for five days at 850 °C in an evacu-
ated and then sealed glass tube. Wires 0.95 mm in diameter were
drawn and cut into cylinders 1.9 mm in length. Vacuum annealing
for 3h at 600 °C followed for recovery. To dealloy the precursors
produced in this way, we used the two most common methods:
electochemical corrosion and free corrosion.

Electrochemical dealloying used a three-electrode setup in 1 M
HCIO4 with a Ag wire counter electrode and a Ag/AgCl pseudo-
reference electrode. We found that producing crack-free, mono-
lithic samples required an initial current density of 5 mA/cm? (re-
ferred to the area of the macroscopic sample surface). In each case,
the dealloying potential, Ep was adjusted to meet that condition.
Ep was determined from a linear potential sweep at a scan rate of
5 mV/s on a separate precursor sample with known surface area.
After dealloying, residual silver was removed by maintaining a po-
tential 0.1 V above Ep until the current fell below 15 pA. After-
wards, 40 potential cycles from 0.1 to 1.6 V vs. SHE at 5 mV/s were
applied, ending at 0.8 V so as to ensure an adsorbate-free surface.
The samples were then rinsed in water and dried in air. The resid-
ual silver content of all electrochemically annealed sample types
was ~ 1 at%.

We found the required Ep to increase from 1.13 to 1.28 V vs.
SHE for master alloys as xf?\u increased from 0.20 to 0.30. While
samples with XRu = 0.20 and 0.25 could be dealloyed at ambi-
ent temperature, avoiding crack formation in precursors with xgu =
0.30 required the dealloying temperature to be raised to 50 °C. For
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xgu = 0.35 we were unable to establish an electrochemical dealloy-
ing protocol that would yield fully dealloyed and crack-free NPG
samples.

For free corrosion, the master alloys were dealloyed in 65 wt.%
HNOj3 at ambient temperature and the resulting NPG then rinsed
in water and dried in air. For this process, after 25 days the XRu =
0.35 master alloys evolved to NPG with a residual silver content of
~ 3 at.%. Prolonged exposure in acid of up to six weeks gave no
further reduction in residual Ag. Master alloys with xgu =0.30 and
0.25 yield NPG with ~ 1 at% silver after 4 and 2 days of free corro-
sion, respectively. For master alloys with xf,’m = 0.20, free corrosion
was not applicable, since the specimens disintegrated into powder
upon dealloying.

To evaluate the possible effect of adsorbates on free corroded
NPG, we subjected some of the free-corrosion samples to 20 po-
tential cycles between 0.1 V and 1.6 V vs. SHE at scan rate 5 mV/s,
stopping at 0.8 V. This mimics the protocol at the end of elec-
trochemical dealloying, and leaves the sample surface clean, free
of adsorbate. We confirmed that this conditioning treatment had
no impact on the mechanical response. The mechanical characteri-
zation shown in the figures of this work were obtained with the
straightforward free corrosion protocol without the conditioning
treatment.

3.2. Structural characterization

On average, the nanoporous samples had a length of 1.77 +
0.12 mm and a diameter of 0.94 4+ 0.06 mm. By measuring geo-
metrical dimensions and mass, ¢ was determined. For the deter-
mination of ¢ during deformation, see Section 3.3 below.

The ligament size, L was determined as the diameter of the
struts in the nanoporous samples, as obtained by analysis of
scanning-electron-microscope (SEM) images. For every sample, di-
ameters of more than 50 ligaments were measured from each of
at least two images of fracture surfaces. L is specified as the mean,
and the standard deviation is specified as the uncertainty (error
bar). The residual silver content was determined by energy disper-
sive X-Ray analysis, based on averages from at least two samples of
every individual dealloying technique and elemental composition.

3.3. Mechanical testing

Single loading and load/unload compression tests with engi-
neering strain rates of ¢ = 10~4s~! where evaluated from a to-
tal of 60 samples, using the uniaxial compression test setup in-
troduced in Ref. [50]. Digital Image Correlation with the software
DaVis 8.2.0 by LaVision was used to determine the strain by vir-
tual strain gages on the sample surface, as described in Ref. [50,51].
Since the deformation in and transverse to the load direction was
known, the macroscopic dimensions of the samples could be deter-
mined during the entire measurement. With this information, the
evolution of ¢ during compression was evaluated.

We determined Y®ff in various states of deformation as the
slope of straight lines of best linear fit to the entire unload regime
of the respective load/unload segment. In other words, Yff is spec-
ified as the secant modulus.

When subjected to compression, as-prepared NPG exhibits
an early yield onset and a continuous elastic-plastic transition
[1,33,34]. In the interest of a meaningful separation of elastic and
plastic deformation, the yield strength, oy was measured as the
stress at ~ 1% plastic strain. This is consistent with earlier studies
[5,52]. The initial value of Yff was determined from a subsequent
unload segment, at ~ 1.5% plastic strain. We found (see Section
4) that the variation of flow stress as well as Y®ff is small in that
strain range.
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Table 1
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Properties of as-dealloyed nanoporous gold samples that were used for load/unload compression tests. Au atom
fraction, X3, densification parameter, v, solid fraction of the uncompressed samples, ¢, ligament size, L, Young's
modulus at a plastic strain around &, = 0.015, Yeff, and apparent load-bearing fraction factor, 8. At least five
samples of each type were investigated as the basis for the data of this table.

xRy v -] e[ L[nm] YT [GPa] Bl
electrochemical corrosion  0.20 143 £ 0.04 0.29+0.01 33+6 0.35+0.07 0.23 + 0.03

0.25 1.06 + 0.06 0.26 +0.02 32+8 0.38+0.07 0.26 + 0.02

0.30 1.02 + 0.01 0.31+0.01 29+8 2.25+0.42 0.55 + 0.05
free corrosion 0.25 1.22 + 0.07 0.31+0.02 49+13 0.50+0.11 0.26 + 0.04

0.30 1.02 + 0.02 0.31+0.01 31+7 1.73+0.33 0.48 + 0.06

0.35 1.02 + 0.01 0.36 +£0.01 46+9 6.53 +£0.42 0.80 + 0.03

3.4. Atomistic simulation of relaxation Table 2

The atomistic simulation of relaxation used procedures of our
previous work for generating realistic nanoporous initial structures
[21,53], for implementing the relaxation by molecular dynamics
(MD) [34] and for analyzing the connectivity [21]. We here provide
a brief summary; details are provided in the Supporting Informa-
tion.

The initial structures-with solid fractions 0.20, 0.25, 0.30 and
0.35 and with identical ligament size, 3.3 nm-were generated by
a variant of John Cahn’s leveled wave model [44], modified to af-
ford periodic boundary conditions in 3D [23]. A face-centered cu-
bic (fcc) crystal lattice was inscribed into the solid phase, using
the stress-free bulk lattice parameter (a = 408 nm) of the MD in-
teratomic potential. The simulation boxes had an edge length of
200a and contained between 6.4 and 11.2 x 108 atoms, depending
on ¢.

The relaxation by MD used the open-source software LAMMPS
[54] with an embedded-atom method (EAM) potential for Au
[55] and periodic boundary conditions in 3D. Using a Nosé-Hoover
thermostat and barostat [56,57], the structures were relaxed first
athermally and then thermally at 300 K for 2 ns. The open-source
software Ovito [58] was applied for visualization.

The net topological genus, G, of structures with volume V
was determined by the open-source code CHomP [59]. G repre-
sents the number of connections in the sample. The topology of
a microstructure may be described by a scaled value, g, of the
genus, a material-specific and size-independent quantity that spec-
ifies the number of connections in a representative structural unit
[13,14,23,60-62]. The scaled genus of as-prepared NPG has been
experimentally quantified [13,14,61] and its variation with ¢ as
well as its impact for Y¢f(¢) emphasized [1,5,20,22,23,61,63,64].
Furthermore, experimental and modeling data for the variation
of g during annealing are available [13-17,19,21,65]. We identified
the size of the representative structural units with the mean dis-
tance, I, between the centers of neighboring ligaments [23], hence
g=GI3/V. The value of L is implied by the wavelength used in
constructing the leveled-wave structure and by the overall volume
change during the relaxation.

4. Results
4.1. Microstructure

Figure 1 shows representative scanning electron micrographs
(SEM) for all sample types. The resulting ligament sizes are listed
in Table 1. Electrochemical corrosion provides for particularly con-
sistent L. Yet, in spite of the larger scatter in the free corrosion
samples, all data is consistent with our dealloying protocols result-
ing in sensibly similar L for each sample type, around 30-40 nm.

Figure 2 plots the solid fraction ¢ versus xgu. The figure is based
on sets of 9 samples of xguz 0.20, 22 electrochemical corroded

Properties of annealed nanoporous gold samples. Listed are the Au atom fraction,
xgu, the densification parameter, v, the solid fraction of the uncompressed samples,
¢, the ligament size, L, Young’s modulus at a plastic strain around &, = 0.015, yeff,
the apparent load-bearing fraction factor, 8, and the number of tested samples. At
least four samples of each type were investigated as the basis for the data of this
table.

Xu VI @[] L [nm] Y [GPa] B 1-]

025 1.15£0.10 029+003 116+28 0.19+005 0.17 %+ 0.02
030 1.03£002 031001 115+37 136+029 043+ 0.04
035 1.03+001 036+001 106+£28 575+0.19 075+ 0.01

and 14 free corroded samples of X/O\u: 0.25, 28 electrochemical and
10 free corroded samples of xgu = 0.30 and 29 samples of xOAu =
0.35, showing mean value and standard deviation in each set. The
two parameters agree for the higher solid fractions, indicating lit-
tle shrinkage. Yet, there is a trend for ¢ of samples with lesser xgu
to be increased. In other words, samples with lesser xgu are more
prone to shrinkage. At xf}\u = 0.25, the shrinkage is more severe for
the free corrosion samples. Master alloys with xgu = 0.20 exhibited
particularly severe densification (¢ substantially larger than xgu)
when dealloyed electrochemically, while they disintegrated upon
free corrosion. The behavior is consistent with the notion that the
percolation limit of the network solid is reached at ¢ ~ 0.16 [23],
which is only slightly below the value of 0.20.

Annealing in air at 300 °C supplied samples with coarser mi-
crostructures. Annealing times where 15 min for samples with
X3, =0.25 and 30 min for those with x = 0.30 and 0.35. The re-
sulting ligament sizes are listed in Table 2. The sizes here scatter
around 110 nm.

4.2. Stiffness of as-dealloyed nanoporous gold

Figure 3 plots the stress-strain graph of an exemplary
load/unload compression test on an as-dealloyed xgu = 0.25 sam-
ple. The figure illustrates that values of Y®ff in various stages
of deformation were determined as secant moduli by analysis of
unload/reload segments. Figure 4(a) illustrates how these values
evolve during the compression of representative samples. As de-
scribed in Section 3.3, we take the value of Y¢ff at a plastic strain of
around 0.015 as representative of the stiffness in the as-prepared
state.

Figure 5 presents an exemplary map of the displacement field
on the sample surface, here for a sample with xgu =0.20 at com-
pressive engineering strain of 0.30. It is seen that the displacement
gradient is uniform over the entire sample. The observation sup-
ports the homogeneity of the samples and the uniformity of the
deformation.

Figure 4 (b) plots Yff for as-prepared samples, as obtained by
averaging the experimental results for several specimens of each
sample type. These values are also listed in Table 1, where the
properties of all samples used for load/unload compression tests
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Fig. 1. Scanning-electron-microscope images of fracture surfaces with identical scale. Upper row: nanoporous gold made by electrochemical corrosion of Ag,_yAuyx with (a)
x=0.25, (b) x=0.30, (c) x = 0.20. Lower row, samples made by free corrosion of Ag;_xAuy with (d) x = 0.25, (e) x = 0.30, (f) x = 0.35.

0.35 »
7 @%
LS
<2
0.30 R
i é Lo &
S- ’
0.25+ §’
7 ’ W free corrosion
, 7 O electrochemical
0.20 4 corrosion
020 025 030 035
xAu [']

Fig. 2. Solid fraction, ¢, of as-prepared nanoporous gold versus Au fraction, xgu, in
master alloy. Mean value and standard deviation for sets of at least 9 samples of
each type. Dealloying method is indicated in legend. Dashed line: identity, applica-
ble when there is no densification during dealloying.

are summarized. Within the range of solid fractions covered by
our sample types, Y¢ff can be seen to vary by more than one or-
der of magnitude. Yet, the graph of Y*ff versus ¢ does not reveal a
strong correlation, nor does it suggest agreement with any one of
the scaling laws Eq. (1) or (3), which are represented by solid lines
in the figure.

Remarkably, the experimental Y¢f exhibit a much better cor-
relation with the Au fraction, xgu in the master alloy. This is ap-
parent in Figure 4(c), which reveals a consistent trend for Yeff to
increase with xgu. The solid line in that figure is the scaling law
of Eq. (7), in other words, Eq. (3) with xgu substituted for ¢. This
graph agrees with the trend in the data, suggesting that the mas-
ter alloy composition is relevant for the mechanical behavior, even
when the solid fraction deviates from xgu as a result of shrinkage
during the dealloying.

As an unbiased measure for correlation, we have computed
Spearman’s rank correlation coefficient for the experimental data
in Fig. 4(b) and (c). We compared the correlation of log(Yeff) with

40

eng

0+ . :
0.0 0.1 0.2 0.3

Eeng [-]

Fig. 3. Engineering stress, o, vs. engineering strain, €eng, of an load/ unload com-
pression test of dealloyed Ag;sAu,s. Inset: details of a load/unload segment; red
line indicates linear fit. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

@ to that with xgu. The correlation coefficient evaluates to 0.88 for
¢ and to 0.97 for xgu. This confirms the significantly better corre-
lation between the mechanical behavior and the master alloy com-
position, as opposed to the solid fraction.

A notable exception from the agreement between Eq. (3) and
experiment is the material with xgu = 0.20, which is substantially
stiffer than predicted. This deviation coincides with the very sub-
stantial shrinkage of that sample. This might be a consequence
of the gold content in the precursor being close to the percola-
tion limit, which might lead to extended restructuring processes
already during dealloying.

4.3. Strength of as-dealloyed nanoporous gold

As a background for our discussion of the plastic deformation
behavior, Fig. 6(a) shows the stress-strain response of representa-
tive specimens in single-loading compression tests. We observe a
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(C) 10 4|m free corrosion
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Fig. 4. Effective Young’s modulus, Y¢, determined by unload regimes of load/ un-
load compression tests of nanoporous gold made by dealloying Ag-Au master alloys
with a molar Au fraction of x3, = 0.20, 0.25, 0.30 and 0.35. Color code and legend
in (b) and (c) identify X, and dealloying method, respectively. (a) Yeff ys. engineer-
ing stain, geng Of representative samples. (b) Y¢ at a plastic strain around 0.015 vs.
solid fraction, ¢; averages over several samples of same type with error bars indi-
cating the standard deviation. Solid lines: gray, Gibson-Ashby scaling law, Eq. (1),
and red, modified Roberts-Garboczi scaling law, proposed by Soyarslan et al., Eq.
(3). (c) plots the data of (b) vs. xgu. Red line: Eq. (3) with xgu substituted for ¢. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

trend for the strength and flow stress to increase with xf?\u. This
agrees with earlier results from nanoindentation tests [11,67].
Figure 6 (b) explores the variation of oy with ¢. The data rep-
resents averages and standard deviations of several specimens for
each sample type; xgu is indicated by labels. As for Young's mod-
ulus, oy increases with ¢, yet the correlation is again poor. In par-
ticular, samples with lower XIO\U are seen to exhibit low strength in
view of their comparatively high ¢. The gray line shows the mod-
ified Gibson-Asby law proposed by Ref. [37]. This model is based
on Eq. (2) for which the solid fraction is replaced by the apparent
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Fig. 5. Homogeneity of deformation. Photograph of NPG, electrochemically deal-
loyed from AgsoAuy, in situ at 30% engineering strain. Axial (projected on the load
axis) displacement component from digital image correlation is indicated by color
code. Load surfaces can be seen at top and bottom of image. Bright spots: speckle
pattern, applied for enhanced contrast, as in [66].
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Fig. 6. Strength and flow behavior. Color code designates Au atom fraction in mas-
ter alloy, see labels in (b). Legend in (c) specifies corrosion method. (a): Engineering
stress, o, vs. engineering strain, €eng, for representative samples. (b): Strength, oy,
obtained as o at 1% plastic strain, vs. solid fraction, ¢. Average values are given for
sets of several samples of the same type, with standard deviations indicated by er-
ror bars. Gray line: scaling model proposed by Ref. [37]. (c): oy as in (b), plotted
versus Au atom fraction in master alloy, x3,. Gray line: Eq. (4) combined with Eq.
(10).
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Fig. 7. (a) Yield stress at ligament level, or)?, vs. plastic strain, &y, of nanoporous

gold made by dealloying Ag;_xAux with x = 0.25, 0.30 and 0.35 (see color code and
legend in (b)). af was obtained by combining the Gibson-Ashby scaling law, Eq.
(2), with the reloading yield stress, o, of load/unload compression tests,. Triangular
symbols: Eq. (2) with the true solid fraction, ¢; pentagonal symbols: Eq. (2) with
the apparent load-bearing solid fraction, ¢™ of Eq. (6). Note the much better agree-
ment in the latter case. (b) Symbols: experimental o vs. ¢'. Line: Gibson-Ashby
law Eq. (2), using o = 1.7 GPa from (a).

load bearing solid fraction ¢'® (Eq. (6)). For the required Yeff we
used the modified Roberts-Garboczi law, Eq. (3).

Here, as for the stiffness, it is again instructive to plot the me-
chanical characteristics against xgu as opposed to ¢. That plot,
Fig. 6(c), shows a substantially improved correlation. Spearman’s
rank correlation coefficient is here 0.97 for log(oy) with xgu. a con-
siderably stronger correlation than what is suggested by the value,
0.70, for the correlation of log(oy) with ¢.

Section 2.3 introduces a hypothesis about the impact of shrink-
age during dealloying on the connectivity, leading into Eq. (10) as
a prediction for the apparent load-bearing fraction factor, 8. The
solid line in Fig. 6(c) shows the prediction of Eq. (4), using Eq.
(10) for B. This representation is seen to match the experimen-
tal trend well. The observation confirms that xgu, rather than g,
is the more appropriate materials characteristics determining the
mechanical properties of as-prepared NPG.

4.4. Apparent load-bearing solid fraction

Experimental data for the yield strength of NPG may be com-
bined with scaling equations, such as Eq. (2), to evaluate the
strength, 039, or flow stress at the scale of the ligaments of NPG.
That strategy is of interest to our work because the ligament sizes
are sensibly identical for all samples, so we expect the 039 to agree
for all samples, independent of their solid fraction, connectivity or
deformation state. Whether or not this expectation is born out pro-
vides a consistency check for the scaling law in question.

Figure 7 (a) shows the evolution of 03? with plastic strain, &,
for selected samples covering the full range of X?\u of our study. The
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Fig. 8. Apparent load-bearing fraction factor, 8, vs. Au atom fraction in master alloy,
xgu. Data points represent averages over several samples of the same type, with
error bars indicating standard deviation. Note overlap of two data points at x3, =
0.25. Red line: B calculated by Eq. (10).

open symbols are based on experimental data for o and on Eq. (2),
with ¢ determined from the as prepared solid fraction along with
the longitudinal and transverse plastic strains during compression.
Here, the prediction for o0 varies strongly with each of these two
parameters, xgu and ¢p. In view of the expectation that 039 should
take on a universal value, the data confirms that Eq. (2) in its orig-
inal form does not appropriately describe the strength of NPG. The
situation is quite different when the apparent load-bearing solid
fraction ¢! is substituted for ¢ in Eq. (2). The closed symbols in
Fig. 7(a) represent the o9 obtained in that way. Here, ¢!® is de-
termined from the experimental data for Y*ff along with Eq. (6). It
is seen that the data is now in much better agreement with the
expectation of constant 039. This confirms ¢!® as a parameter gov-
erning the strength of NPG, in agreement with the suggestions in
Refs [20,22].

Averaging - at 1% plastic strain - over the ligament strength
represented by the closed symbols in Fig. 7(a) suggests 03? =
1.7 GPa for our material, which is in accordance with Ref. [20].
This value underlies the solid line which represents the modified
Gibson-Ashby behavior in Fig. 6.

The significance of ¢!® is also apparent in the graph of the ef-
fective, macroscopic flow stress versus ¢'®, Fig. 7 (b). Representa-
tive specimens of each sample type are included in this plot. A de-
tailed view of the individual samples with xgu = 0.30 and 0.35 re-
veals a deviation from the quadratic, Gibson-Ashby-type variation
that emerges when Eq. (2) is evaluated with ¢ replaced by ¢'®. Yet,
samples with X/O\u = 0.25 and smaller, especially the electrochemi-
cally corroded ones, do follow that variation individually. More sig-
nificantly, the overall trend for data spanning more than one order
in o is consistent with the Gibson-Ashby-type law. Thereby, our
observation confirms the suggested scaling of o with ¢'°. We em-
phasize, however, that any apparent agreement between data and
scaling law may deceive: substantial differences in the microstruc-
ture and in the mechanical behavior are simply parameterized by
@'®. At the present point in our discussion of the strength, that pa-
rameter is empirical, governed by the ratio of Y¢ff and Y, to be de-
termined in a separate experiment. In other words, the good agree-
ment does not imply an a priori predictive power of the approach.

An approach towards predicting ¢'® has been discussed in Sec-
tion 2.3, where it is embodied in Eq. (10) for the apparent load-
bearing fraction factor, §. Fig. 8 verifies that equation, by compar-
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Fig. 9. Molecular dynamics simulation of relaxation. Scaled topological genus, g,
versus solid fraction, ¢. Solid line: theory [23] for the leveled-wave initial struc-
tures. Symbols: evolution of g and ¢ during relaxation of structures with differ-
ent initial solid fractions, as indicated in legend. Each structure starts sensibly on
the theory line and then evolves towards increasing ¢ as the relaxation time pro-
gresses. All structures were relaxed under identical conditions and for identical time
periods, see Supporting Information for details. Some data points overlap. Dashed
horizontal lines represent guides to the eye for constant values of inital g. Insert:
exemplary rendering of simulation volume, here for initial ¢ of 0.35, after relax-
ation.

ing its predictions to 8 values determined from the experimental
Yeff. The underlying experimental database is shown in Fig. 4 and
listed in Table 1. Figure 8 confirms the prediction that 8 increases
systematically with increasing xgu, and the experimental values are
indeed seen to scatter around the theory line.

It is of interest to focus on the samples with xRu = 0.25, which
exhibit substantial differences in their initial ¢, as apparent in
Fig. 4(b). In spite of those differences, the f values are nearly iden-
tical. In other words, we observe practically no impact of shrinkage
on B. That is consistent with the notion that the connectivity is
established early-on during the dealloying, and remains invariant
during later shrinkage events.

4.5. Relaxation, shrinkage, and connectivity evolution

Molecular dynamics simulations of the relaxation of NPG ex-
plored the interrelation between volume shrinkage and the con-
nectivity, as parameterized by the scaled genus g. The simulation
studied the same four ¢ as the experiment, namely 0.20, 0.25,
0.30, and 0.35. The initial structures were constructed by means
of the leveled-wave model. That model, which also underlies our
analysis of the stiffness and specifically Eq. (3), has been found to
quantitatively agree with experiment on as-prepared NPG in re-
spect to connectivity, Young's modulus, and strength [23,68]. In
agreement with the experiment, the results (Fig. S2a in Support-
ing Information) show progressively larger volume contraction as
¢ is reduced. We found that the relaxation brings practically no
relative increase in the net genus G for larger ¢. Yet, G increases
substantially at lesser ¢ (Fig. S2b).

Figure 9 summarizes the findings for the relaxation in a plot
of g versus ¢, following the evolution of each of the four model
structures during the relaxation. The first data point (at lowest ¢)
for each structure is seen to be right on the theory line for the lev-
eled wave model, validating our implementation of that model. At
the largest ¢ value, 0.35, the traces of g(¢) are sensibly horizon-
tal, confirming that the densification here leaves the connectivity
unchanged. As the initial value of ¢ is reduced, the increase in ¢
is enhanced and at the same time the traces of g(¢) slope up-
wards, indicating that the relaxation will enhance the connectivity

Acta Materialia 215 (2021) 116979

Initial'structure

Relaxed structure

Fig. 10. Exemplary depiction of a reconnection event in nanoporous gold with an
Au content of 0.20 as a result of relaxation. Images show molecular dynamic simu-
lations of a nanoporous structure before (upper image) and after relaxation (lower).
Numbers refer to initially individual ligaments that connect during the relaxation
event.

of structures with lesser initial solid fraction. We found that this
trend is particularly strong for the structure with ¢ = 0.20.

The observations from MD also point towards an explanation:
many “dangling” ends of disconnected ligaments were observed
in the low-density structure. The shrinkage can bring the dan-
gling ends in contact with neighboring regions of the solid struc-
ture, thereby establishing new connections. Several examples of
this process are marked in Fig. 10. That process is less likely in
the denser structures, because they start out well connected, with
much fewer dangling ends.

4.6. As-dealloyed vs. coarsened nanoporous gold

We now discuss the evolution of the mechanical behavior in
response to coarsening, focusing on sample types that have un-
dergone negligible shrinkage during preparation, so that their as-
prepared state has ¢ ~ xgu. Figure 11(a) plots the mean value and
standard deviation of Y*ff of the sample types from this set versus
@. As introduced in Tables 1 and 2, the initial and final ligament
sizes are consistently L ~ 40 and 110 nm, respectively, for all sam-
ple types. The data conveys that annealing can introduce a densi-
fication, particularly for samples with small X/O\u' In respect to Yeff,
the figure illustrates again the enhanced compliance at reduced ¢
in the initial state. Moreover, the arrows illustrate that annealing
reduces Y, The remarkable observation is that this reduction is
small for samples with X?\u = 0.35, whereas there is a pronounced
decrease in Y®ff for samples with lower x9 . The reduction in Y®f is
relatively larger for samples with smaller ¢. That is obvious from
the larger downward shift of the data points for smaller ¢, along
with the logarithmic ordinate scaling.

The last-mentioned observation is further illustrated by the
graph in Fig. 11 (b), which shows the apparent load-bearing frac-
tion factor B, Eq. (5), in a display analogous to Fig. 11(a). The data
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Fig. 11. Comparison of as-dealloyed and annealed nanoporous gold with varying
Au amount in Ag-Au master alloy, x3,. (a) Effective Young's modulus, Yeff, at low
strains, normalized with Young’s modulus of massive gold, Y® = 79 GPa [69], vs.
solid fraction, ¢. The stated percentage quote the drop in stiffness due to coars-
ening. (b) figures B = (Y*f/Y%)1/2/¢p vs. x{,. The data points are averages over all
samples of the same type, with error bars indicating the standard deviation.

is here plotted versus xf?\u in order to emphasize its assignment
to the sample identity. This figure underlines that the findings for
the variation of Y*ff in response to annealing imply a variation of
the apparent load-bearing fraction, in other words, a change in the
network connectivity. That variation is relatively larger for smaller

solid fractions.

5. Discussion

The present study investigates the mechanical behavior of
nanoporous gold (NPG) made by dealloying Ag-Au, with an em-
phasis on covering a wide range of initial Au atom fractions, xgu in
the master alloy and, thereby, a wide range of solid fractions, ¢ in
the porous material. We exploit the established notion that varia-
tions in the effective Young’s modulus, Yeff, provide a signature of
variations in the microstructure of the material’s network of liga-
ments, and specifically for variations in the connectivity. Thereby,
our experiments on the mechanical behavior afford conclusions on
how the microstructure depends on xgu and ¢ in the as-prepared
state, and on how the microstructure evolves when the ligament
size, L is tuned by annealing-induced coarsening.

In the context of our work, variations of the mechanical prop-
erties are only indirectly related to variations in the scaled genus
g, namely through the apparent load-bearing fraction factor, 8 of
the network. That parameter is empirically accessible from the ex-
perimental Y*f along with Eq. (6). Qualitatively, any decrease in j
can only be understood with a concomitant decrease in g. This link
underlies our discussion.
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5.1. As-dealloyed state: variation of connectivity with solid fraction

The data in our work confirms the established notion
[1,5,20,22,61,63,64,68] that scaling laws for network structures of
constant connectivity, such as the Gibson-Ashby laws, do not pro-
vide an adequate description of the variation of strength and stiff-
ness of NPG with its solid fraction. Our results also support the
approach of Refs [20,22], in which the Gibson-Ashby law for the
strength, Eq. (1), is applied to an equivalent network that accounts
only for the load-bearing struts. To this end, the true solid frac-
tion is replaced with an apparent, load-bearing one, which can be
empirically determined based on experimental data for Y¢ff and on
Eq. (6). The agreement with the experimental strength data sup-
ports the notion of an effective, load-bearing network.

The high significance of the parameter ¢® suggests an inspec-
tion of its relation to the network microstructure. One obvious con-
cept relates differences between ¢!° and the true solid fraction ¢
to disconnected network struts, which carry no load. That notion is
consistent with the expectation that coarsening - which is always
a part of the microstructural evolution during dealloying - re-
quires ligaments to pinch off. Pinch-off events create disconnected
struts, which will persist until their material is redistributed into
the load-bearing parts of the network by diffusion. Yet, the intro-
duction of disconnected structures is not the only way in which
the stiffness of a network can be reduced. Relevant changes in the
topology can include differences in the mean number of struts per
node [63], or in the geometry of load-bearing rings [70]. The sig-
nificance of those microstructural descriptors for the mechanical
behavior of the random network of NPG remains to be examined
in detail.

As another word of caution, we have pointed out that stud-
ies predicting oy based on ¢ so far required empirical data for
Yeff, That approach leaves the issue of a systematic dependence
of the scaled genus - and, hence, of the load-bearing solid frac-
tion - on the true solid fraction and/or the master alloy composi-
tion as an open issue. A strong hypothesis on a systematic depen-
dence between g and ¢ underlies the modified Roberts-Garboczi
scaling law of Ref [23], Eq. (3). The law accounts for a system-
atic loss in connectivity with decreasing solid fraction in NPG. Our
considerations on the implication of this last-mentioned approach
for the apparent load-bearing fraction factor, § are well consis-
tent with the data. This suggests that the leveled wave model
of Ref. [23] catches essential aspects of the physics that leads to
the systematic decrease in stiffness with solid fraction in deal-
loyed NPG. That agreement between scaling law and experiment
has already been pointed out, with previously published experi-
mental data from various teams as the basis [23]. The present work
strengthens the agreement by adding, for the first time, a data set
with a consistent synthesis and characterization protocol.

5.2. As-dealloyed state: impact of shrinkage on connectivity

Shrinkage during dealloying lets the solid fraction, ¢, end up
larger than the non-dissolved atom fraction, which is ideally X?\u'
As exemplified in our study, the presence or not of shrinkage, and
its numerical amount, depend on the dealloying conditions. Specif-
ically our experiments point towards more shrinkage at lesser xgu,
and this is confirmed by our MD study of relaxation.

Remarkably, we find samples that have undergone shrinkage
consistently more compliant than samples of same density that did
not experience shrinkage. Furthermore, we find that stiffness val-
ues do follow systematic trends when plotted not versus the true
solid fraction, ¢, but versus xf)\u. We hypothesize that the charac-
teristic network connectivity - as it underlies specifically the mod-
ified Roberts-Garboczi scaling law Eq. (3) - is established in the
early stages of dealloying, before the onset of shrinkage. Further-
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Fig. 12. Effective Young’s modulus, Y¢f-model versus experiment. Comparison of
the predictions of the several models considered in this work, as embodied in Eqs.
(3), (7) and (8) (see legend), with the experimental results. Error bars: standard
deviation of results in sets of several samples.

more we adopt the above notion that the connections in the net-
work are retained during shrinkage. In other words, shrinkage is
tentatively considered as a process in which the network retains
the topology of its skeleton, but the struts (ligaments) become
shorter and thicker. The relative variation in Yeff during this pro-
cess may then obey the Gibson-Ashby scaling law.

The microscopic origin of shrinkage during dealloying has not
been conclusively established [2]. Plastic axial contraction of indi-
vidual ligaments-conceivably driven by capillary forces-appears a
necessary part of the process [2,45]. This suggests that shrinkage
will enhance ¢ of NPG by increasing the aspect ratio of its lig-
aments. It also suggests that no new connections are formed, in
other words the network connectivity is left unchanged. This sce-
nario is consistent with our hypothesis. Also in line with that argu-
ment, Ref [2] reports that shrinkage sets in only after the material
has already formed its nanoporous structure.

The results of our MD simulation of relaxation confirm that
shrinkage has only negligible effect on the scaled genus, specifi-
cally for NPG with higher solid fraction. However, at solid fractions
as low as 0.20 (and, to a lesser extent, at 0.25) the connectivity
does increase during shrinkage. This observation from the atom-
istic simulation is again consistent with the experiment. In others
words, shrinkage is essentially a result of morphological changes
while the topology and with that the mechanical properties - re-
mains essentially invariant. Samples with solid fractions near the
percolation threshold form an exception, as changes in the topol-
ogy upon shrinkage are here no longer negligible for the mechani-
cal behavior.

As the basis for assessing the various predicted scaling laws, in-
cluding Eqgs. (7) and (8) which are based on the above expectation,
Fig. 12 compares the predictions for Y¢ff to the experiment.

» The blue squares represent the modified Roberts-Garboczi law
for Yef (@), Eq. (3). This law, which is based on the loss of con-
nectivity with decreasing ¢ in random porous media, can be
seen to overestimate the experimental Yef for samples exhibit-
ing significant shrinkage.

The orange lozenges represent Eq. (7) for YEff(xf\u). This law
assumes that the network properties are determined during
early stage dealloying, ignoring shrinkage. It is seen to achieve
a very close fit to the experiment, except for the sample with
X?\u = 0.20, which exhibited very large shrinkage.
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« The green circles represent Eq. (8) for Y¢(¢p,xQ ), accounting
for the stiffening of the network structure when ligaments con-
tract and, thereby, thicken during shrinkage. This law indeed
achieves a better fit for the sample with very large shrinkage.
Yet, for samples with moderate shrinkage the agreement with
the experiment is slightly weakened.

In conclusion, the scaling laws that link the mechanical behav-
ior to the atom fraction in the master alloy achieve a substan-
tially better agreement with experiments on NPG than the scaling
laws which are based on the solid fraction. We note that this may
have contributed to the good agreement that has been reported
between experiments in the literature and the modified Roberts-
Garboczi law Eq. (3): a part of the underlying experimental data
set inferred the solid fraction from the master alloy composition,
without an independent measurement. Our observations appear to
validate that procedure are posteriori.

5.3. Coarsened state: variation of connectivity during annealing

Our data shows that coarsening decreases the stiffness for all
tested samples, independent of their initial molar Au fraction. As
we have pointed out, the relative variation is small for samples
with xf\ =0.35, and it increases in magnitude for samples with
lesser x§u and, hence, lesser ¢. Thereby, our observations qual-
itatively support the conclusions of the numerical study of the
connectivity evolution during coarsening in Ref [21]. According to
that reference, coarsening tends to be self-similar in NPG with ¢ >
0.30, whereas it reduces the connectivity in NPG with ¢ < 0.30.

6. Summary

The present study investigates the mechanical behavior of deal-
loyed nanoporous gold. Its distinguishing aspect is the emphasis
on providing a consistent data set covering a large range of master
alloy composition, x3 , and of initial solid fraction, ¢, while main-
taining the ligament size, L, sensibly constant. Volume changes -
that is, shrinkage - during dealloying decouple the values of ¢ and
xf}\u. This raises the question, how are the two parameters indepen-
dently relevant for the mechanical behavior? Furthermore, we ac-
count for the notion that the mechanics may be decisively affected
by the connectivity of the network. The connectivity must be es-
tablished during dealloying and it may or may not change during
shrinkage and during coarsening.

In relation to the above-mentioned issues, the present results
imply the following:

» Generally, two recent suggestions in the literature are con-
firmed, namely i) a modified Roberts-Garboczi-type scaling law
for Young’s modulus versus ¢ of the material in its as-prepared
state and ii) the relevance of an apparent “load-bearing solid
fraction” for Young’s modulus as well as strength.

In detail, stiffness and strength of the as-prepared material
show a much better correlation to xgu as compared to ¢. This
can be understood based on the notion that the connectivity of
the network of ligaments is determined early on during deal-
loying, before the onset of shrinkage, and remains invariant
during the shrinkage.

Coarsening, even when it induces little shrinkage, can lead to
significant loss in stiffness. This observation can only be un-
derstood as the signature of a loss in connectivity. Our study
finds that loss more pronounced for the set of samples which
have lesser ¢ and X?\u- The observation confirms the recent sug-
gestion that self-similar coarsening-suggested in part of the
nanoporous gold literature-cannot generally be expected for
the material.
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As a general implication, the present findings highlight that the
solid fraction alone is not sufficient as a microstructural parame-
ter for dealloying-made network structures. A characterization of
the network topology is generally desirable yet may not be gener-
ally practicable in view of the substantial experimental effort in-
volved. The master alloy solid fraction may then provide an impor-
tant extra parameter that needs to be considered when discussing
the mechanical behavior.
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