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Nanoporous gold with a hierarchical structure has prospects as an advanced functional material with enhanced
mechanical properties, but how the hierarchical structure affects its mechanical properties compared to a
unimodal structure has not been revealed. Here, we investigate the mechanical behavior of hierarchically-
structured nanoporous gold and unimodally-structured nanoporous gold with the same relative density by
micropillar compressive tests in dry and electrolyte environment. The ligament size at the upper-level structure
in hierarchically-structured nanoporous gold and the ligament size in unimodally-structured nanoporous gold are
kept similar, while having hierarchically-structured samples with ligament sizes of 10 to 50 nm at lower-level
structure. We find that hierarchically-structured nanoporous gold shows greater compressive strength and pro-
nounced stress-variation by oxidization of the surface compared to unimodally-structured nanoporous gold. A
ligament-size dependency on the lower-level structure in hierarchical samples is observed, with compressive
strength and stress variation by surface oxidation increasing as the lower-level ligament size decreases. Three-
dimensionally reconstructed structure analysis suggests that the enhanced mechanical properties of
hierarchically-structured nanoporous gold are attributed to the better-connected network of ligaments origi-
nating from two separated dealloying-coarsening procedures. The influence of dislocation activities depending
on characteristic sizes is also discussed to elucidate the distinguished mechanical behavior.

1. Introduction features multiple levels of open-cell structure with nanoscale ligaments

and pores in a material. By transforming the existing solid ligament

Nanoporous gold (NPG), a bi-continuous structure composed of
nanoscale ligaments and pores, has both merits of physical and chemical
properties coming from a nanostructure of the noble metal Au [1-3].
NPG has served as a model material for studying the small-scale me-
chanics of nanoporous metals or random nanoscale metal networks in
general. Their mechanical properties are important for their application
as lightweight high-strength structural materials or functional materials
such as actuation materials, strain-sensing materials, and responsive
materials with switchable mechanical behavior [4-5]. Thus, studies to
improve its mechanical properties have been conducted in various
approaches—controlling the ligament size, relative density, and micro-
structure as key parameters affecting the mechanical behavior [6-14].
Meanwhile, hierarchical nanoporous gold (HNPG)—as a novel strategy
to enhance its properties—has been recently established [15], which
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structure into an additional open-cell structure, HNPG can be lighter due
to lower relative density and more sensitive to electrochemical reactions
due to higher surface area as compared to NPG [15,16].

For the fabrication of a hierarchical structure, so far the atomic
fraction of Au has to be kept below 15% in order to enforce a two-step
dealloying processes [15-20], which inevitably results in a very low
relative density, when compared to typical NPG with an Au atomic
fraction ranging from 15% to 42% [3,9,10,12,21]. This inherent gap in
the relative density between HNPG and NPG makes a comparison of
their mechanical properties challenging. The fabrication of NPG and
HNPG from Au of 15 at.% have been separately reported [20,21], and
Shi et al. [15] anticipated that HNPG would exhibit the better me-
chanical properties compared to NPG based on the proposed scaling law.
However, a direct comparison between the mechanical behavior of
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HNPG and NPG with the same relative density for both in order to
investigate how the hierarchical structure influences the mechanical
behavior of nanoporous gold is still missing.

The size of the ligaments has been an effective factor in tuning the
mechanical properties of nanoporous gold, with the ligament-size
dependent mechanical behavior, in line with a trend of size-effect at
the nanoscale [22-25]. Its widely tunable size, ranging from nanometer
to micrometer scale, provides opportunities to explore fundamental
research based on its mechanical behavior related to dislocation activ-
ities [7-10,26-28]. In HNPG, the size-effect on its mechanical behavior
has not yet been revealed, but it will be more tangled owing to the
multiple structural levels of different sizes within a single open-cell
structure. This indicates that there is a need to understand whether
and how the ligament size in HNPG affects the mechanical properties.
Moreover, since it is a rather recent material, the investigation of me-
chanical properties has not been systematically carried out so far.

The mechanical tests in electrochemical environment allow the
surface state of nanoporous gold to be controlled in-situ during me-
chanical testing [4,5,27,29-33]. By imposing a corresponding electrode
potential up to the OH adsorption regime, a monolayer oxide is covered
on the ligament surface; reversely, the covered monolayer oxide can be
reduced by switching the potential to the desorption regime. This sur-
face state change can affect the dislocation activities especially at or
close to the surface, leading to a tunable mechanical behavior. It has
been revealed that the yield strength and flow stress can enhance when
the surface of ligaments was covered with a monolayer oxide, and the
enhancement was found to be highly related to the microstructure such
as ligament size [30,31]. Moreover, by in-situ compressive tests of
coarse-grained and nanocrystalline NPG in an electrochemical envi-
ronment, Zheng et al. [27] decoupled the effect of surface triple junc-
tions from grain boundary and surface effect on the strength of
nanoporous gold. Hence, the mechanical tests in electrochemical envi-
ronment can provide a better understanding of the mechanical behav-
ior—particularly the governing mechanism for plasticity—in
nanoporous gold. In addition, the mechanical tests of HNPG in electro-
chemical environment have not been studied yet, so, it would be fasci-
nating to investigate the effect of oxidized state induced by applied
potential for HNPG, especially in comparison to the response of NPG.

Here, we report the mechanical behavior of HNPG and NPG with the
same relative density by performing micropillar compression in an
electrochemical environment. Three HNPG and one NPG sample were
prepared from the same AggsAuys precursor alloy, with similar ligament
sizes in the upper-level structure of HNPG and in NPG, and with
different ligament sizes ranging from 10 nm to 50 nm in the lower-level
structure in HNPG. Our findings reveal a higher compressive strength
and greater flow stress variation by the reversible surface oxidation/
reduction of HNPG than that of NPG. In addition, we find that both the
strength and stress variation of HNPG exhibit a strong ligament-size
dependence at the lower-level structure.

2. Experimental methods
2.1. Sample preparation

Three HNPG and one NPG samples were prepared from the same
AggsAuys precursor alloy. It is noteworthy that the precursor alloy of
AggsAugs was adopted in this study, unlike Shi et al. [15] and Riedel et
al. [17], who used AggsAu; and AggoAujo as the precursor alloy,
respectively. These low gold contents would not allow for the fabrication
of unimodal NPG of comparable density to the corresponding HNPG
what is one of the key strategies in this study. HNPG samples with
different lower-level ligament size L; but similar upper-level ligament
size Ly were fabricated via a dealloying-coarsening-dealloying strategy
by refining the protocol by Shi et al. [15]. The NPG sample was prepared
by coarsening the as-prepared HNPG sample, having a ligament size L
similar to the upper-level ligament size Ly of HNPG. It is important to
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note that this approach is to derive a low volume shrinkage during
dealloying and post-annealing process from the precursor alloy of
AggsAuys, and prepare NPG with a relative density similar to HNPG
samples (further discussed in Section 3.1.).

The precursor alloy of AggsAu;s was fabricated by melting pure Ag
(99.99%, WIELAND Edelmetalle) and Au (99.99%, Sindlhauser Mate-
rials) wires in an arc melter (MAM-1, Edmund Biihler) under an argon
atmosphere, followed by a homogenization at 850°C for 5 days in a
vacuum. The precursor alloy was cold-rolled to a plate shape and cut
into cuboid-shape pieces with the dimension of 0.8 x 0.8 x 0.2 mm>by a
diamond wire saw (model 3032-4, Well Diamond Wire Saws). These
pieces were polished up to 0.25 um diamond suspension. Thermal
annealing was conducted at 600°C for 4 h in a vacuum furnace (MILA-
5000, ULVAQ) in order to relieve stress induced by cutting and polishing
processes.

A two-step dealloying-process was carried out to fabricate HNPG
samples as shown in Fig. 1. During the first dealloying step, a nano-
porous AgyoAusg alloy was prepared by partially dissolving the Ag
component of the precursor alloy through electrochemical dealloying in
0.01 M H,SO4 aqueous solution prepared out of 96% (Supelco, Merck)
and ultrapure water (Arium Comfort I TOC, Sartorius) with an AgCl
coated Ag wire and a pure Ag wire as a reference electrode (RE) and
counter electrode (CE), respectively. The pseudo Ag/AgCl reference
electrodes were calibrated versus a standard hydrogen electrode (SHE,
HydroFlex, Gaskatel) in the same electrolyte that was used for the
dealloying, which showed +0.622 (+0.003) V in 0.01 M HSO4 and
+0.515 (£0.003) V in 1.0 M HClO4 aqueous solution. Hereafter, all
electrode potentials used in this paper are presented relative to SHE. A
constant electrode potential of 1.073 V was imposed for the first deal-
loying step until the charge density reached 400 C/g. Afterwards, the
dealloyed nanoporous alloy with a residual Ag content (AgzoAusg) was
coarsened at 550°C for 1 hour in vacuum (MILA-5000, ULVAC), which
established the size of the upper-level structure. At the second deal-
loying, the hierarchical nanoporous structure was formed by dissolving
the remaining Ag component in the coarsened nanoporous AgzoAusg
alloy, simultaneously inserting the additional nanoporous structure
(lower-level structure) into the existing alloy ligaments. The second
dealloying was conducted in 1.0 M HCIO4 aqueous solution, diluted
from 60% HClO4 (Supelco, Merck) and ultrapure water, with a constant
electrode potential of 1.340 V and 1.515 V for 2 h each, followed by five
potential cycles from 0.855 V to 1.515 V at a scan rate of 5 mV/s with
replacing the Ag wire by porous carbon cloth as CE. All dealloying
processes were conducted in three-electrode electrochemical cells with
the potential control through a potentiostat (Autolab PGSTAT302N,
Metrohm). The lower-level ligament size L; was adjusted by a post
thermal treatment on the as-prepared HNPG at 200°C and 250°C,
respectively, for 30 min in vacuum (MILA-5000, ULVAC). NPG was
fabricated by annealing the as-prepared HNPG at 600°C for 1 hour in
argon environment (infrared furnace behr IRF 10, behr Labor-Technik)
through rearranging and agglomerating the hierarchical structure to a
unimodal structure.

2.2. Structural characterization

Chemical composition of the nanoporous alloy after first dealloying
and residual Ag in the as-prepared HNPG were measured by an energy-
dispersive X-ray spectroscopy unit (EDS) installed in a dual-beam FIB
(focused ion beam) and SEM (scanning electron microscope) system
(Helios G4 PFIB UXe, ThermoFisher) at several locations from edge to
center. Relative density of HNPG and NPG samples was determined by
measurement of the weight and volume relative to the density of Au,
19.3 g/crns. Three ligament sizes, L; and Ly for HNPG, and L for NPG,
were determined by measuring the diameter of ligament’s neck in
connected ligaments, possibly the thinnest parts, from SEM pictures. At
least 50 ligaments were measured at different positions in the SEM for
each sample.
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Fig. 1. Schematic of the fabrication procedure for HNPG by a two-step dealloying process: first dealloying of precursor AggsAu;s alloy, followed by coarsening of
nanoporous Ag;oAus alloy to establish the upper-level structure, and second dealloying on coarsened nanoporous Ag;oAus alloy to insert additional ligament-pore
structure (lower-level structure) into existing alloy ligament structure by dissolving remaining Ag component.

2.3. Mechanical testing

Micropillars of HNPG and NPG with a diameter of 8 ym and a height-
diameter aspect ratio of 2 were prepared by Ga* FIB milling in a dual-
beam FIB/SEM (Nova 200 nanolab, ThermoFisher). Compressive tests
on micropillars were performed in a nanoindenter (Hysitron TI980 tri-
boindenter, Bruker) with an electrically insulated flat-punch sapphire
tip.

The in-situ setup for the compressive tests is shown in Fig. 2(a), where
HNPG or NPG samples served as the working electrode (WE). A platinum
wire and a commercial Ag/AgCl/3 M KCI electrode (Driref-2, World
Precision Instruments) were used as the CE and RE, respectively, and 0.5
M NaF was used as the electrolyte. This is because the comprised F~ ions
are non-specifically adsorbed on the gold surface [29] and 0.5 M NaF is a
weak base which minimizes the damage to the nanoindenter when
considering that the distance between the equipment and electrolyte are
very close during the running of compressive tests [33]. The potential of
the commercial Ag/AgCl electrode was checked to be 0.210 V vs. SHE in
the same electrolyte. As presented in Fig. 2(b), the electrochemical
behavior was measured by cyclic voltammetry at a constant scan rate of
5 mV/s in the electrolyte before the compressive tests. The curve of the
cyclic voltammogram shows an adsorption peak at positive potential
and desorption peak at negative potential, indicating the reversible
adsorption and desorption of an OH monolayer on the ligament Au
surface depending on the applied potential. Two potential values were
used for compressive tests: —0.2 V corresponding the clean surface (CS)
and 1.4 V corresponding to the OH covered surface, i.e., monolayer
oxidized surface (OS). The compressive tests were performed under
three constant environmental conditions: dry (without electrolyte),
—0.2V (CS), and 1.4 V (0OS). The experiments with potential jumps, i.e.,
switching the potential between —0.2 V (CS) and 1.4 V (0S), during the
compression were also carried out in the electrolyte environment. All
tests were performed at a constant strain rate of 0.001 s~

(a)
potentiostat

2.4. 3D reconstruction

3D reconstructions for HNPG and NPG samples were conducted in a
dual-beam FIB/SEM system (Helios G4 PFIB UXe, ThermoFisher). All
porous structures were infiltrated with epoxy (EpoThin 2, Buehler) to
obtain clear 2D slice images. Trenches were milled out on the left, right,
and bottom of the area of interest (AOI), and platinum was deposited on
the top of the AOI as a protective layer. Serial cross-sectioning and
taking SEM images were automatically carried out by an auto slice and
view program with the conditions of 30 kV accelerating voltage with 0.1
nA Xe't plasma beam current for cross-sectioning and 5 kV voltage and
0.2 nA beam current using a through-the-lens detector (TLD) for
obtaining images. 15 or 20 nm of slice thickness was used for sequential
sectioning. 2D slice images were reconstructed to 3D structure by Avizo
software (Avizo 3D, ThermoFisher) after alignment correction, de-
nosing filtering, and segmentation. Solid fraction, specific surface
area, and connectivity of the skeletonized structure were calculated by
the BoneJ plug-in of the ImageJ software [34,35]. At least five 3D re-
constructions were performed for each sample at arbitrary positions.

3. Results
3.1. Characterization of HNPG and NPG samples

After the first dealloying, the nanoporous Ag-Au alloy has a chemical
composition of around AgyoAuso. Slightly different residual Ag contents
were found at the edge and the center of the cross-section of the nano-
porous Ag-Au alloy after the first dealloying: the average residual Ag
was 67.4 (+£2.6) at.% near the edge to a depth of around 50 pm (outer
region), while it was 73.2 (+2.5) at.% at the inner regions. After the
second dealloying, the residual Ag in the as-prepared HNPG was 3.5
(£0.9) at.%. The composition during post thermal annealing processes
was not changed. Therefore, all HNPG and NPG samples in this study
have a low residual Ag content of 3.5 (£0.9) at.%.

(b)
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02 02 06 10 14
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Fig. 2. (a) Schematic diagram of the in-situ setup for micropillar compressive tests in electrolyte under electrode potential control. (b) Cyclic voltammogram of HNPG

with L;=10 nm in 0.5 M NaF aqueous electrolyte at a scan rate of 5 mV/s.
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The relative density was measured to be as around 20% for all HNPG
and NPG samples by measuring the weight and dimension after fabri-
cation of samples. This implies that the volume shrinkage occurred
during the dealloying processes, while the post-coarsening on HNPG in
order to control the lower ligament size or to turn it into a unimodal
structure did not induce any obvious shrinkage. The micropillars were
milled out a height of around 16 pm from the surface. The HNPG sam-
ples are estimated to have around 52% solid fraction at the upper-level
structure and 38% at the lower-level structure, assuming identical
shrinkage in both the upper-level and lower-level structures.

Fig. 3(a)-(h) show the SEM images of HNPG and NPG. For as-
prepared HNPG, the upper-level ligament size is Ly = 320 (£40) nm
with the lower-level ligament size of L; = 10 (+2) nm (Fig. 3(a) and (e)).
After post heat-treatment on the as-prepared HNPG at 200°C and 250°C
for 30 min in vacuum, the upper-level ligament sizes L, became 320
(£37) nm and 320 (+40) nm, respectively, while the lower-level liga-
ment sizes L; were coarsened to 28 (+4) nm and 48 (+8) nm, respec-
tively (Fig. 3(b), (c), (f), (g)). These ligament sizes indicate that the
upper-level ligament sizes of HNPG remain similar at around 320 nm but
only the lower-level ligament sizes were coarsened from 10 nm to 50
nm. This is quite reasonable since the thermal coarsening of nanoporous
gold is driven by surface diffusion with coarsening exponent n ~ 4 from
a power law of d ~ /", where d is the ligament size, t is the coarsening
time, and n is the coarsening exponent [36-39]. Therefore, the anneal-
ing conditions of 200°C and 250°C for 30 min in vacuum are insufficient
for significantly coarsen the upper-level ligament structure of HNPG,
since the upper-level structure is already established or, in other words,
has already significantly coarsened after annealing the first step deal-
loyed nanoporous AgzoAusg alloys at 550°C for 1 hour in vacuum. After
a post heat-treatment at 600°C for 1 hour under an argon environment,
instead of a coarsened HNPG, a unimodal NPG was formed by collapsing
and rearranging the hierarchical structure. As shown in Fig. 3(d) and
(h), the ligament size of the NPG was L = 330 (+48) nm, which is quite

) 3

Acta Materialia 273 (2024) 119954

comparable to L of the as-prepared and coarsened HNPG. Hereafter, the
samples are referred to as HNPG with 10 nm, HNPG with 30 nm, HNPG
with 50 nm, and NPG.

It should be emphasized that unimodal NPG with a ligament size of
330 nm and low relative density of 20% was successfully synthesized
here despite the starting master alloy having a low initial Au content of
Xau= 15 at.%. By contrast, coarsened NPG made by annealing dealloyed
unimodal NPG from a low xa, master alloy usually involves a large
volume shrinkage during both the dealloying and coarsening processes,
leading to a relative density close to 30% [12,40,41]. As shown in
Table 1, coarsening of NPG samples made from a master alloy with xa,=
25 at.% results in a volume shrinkage of 16-36%. The relative density
was as high as 29% even without post-annealing when xa,= 20%. This
indicates that our approach of making NPG by coarsening HNPG is a
promising route for fabricating coarsened NPG samples with a relative
density below 30%. Thereby, it could help to research the mechanical
behavior and scaling equation for nanoporous gold extended to low
relative density regions, which are still unexplored as shown in Fig. 9
(please also refer to Section 4.1.1.).

3.2. Mechanical behavior

All compressive tests were conducted at least five times for each
sample and environmental condition. All the pillars for compression
have a height of around 16 pm and a diameter of around 8 pm, as shown
in Fig. 3(i)—(1). Fig. 4(a)-(d) present representative engineering stress-
strain curves for HNPG with 10, 30, 50 nm and NPG under each envi-
ronmental condition of dry, —0.2 V (CS), and 1.4 V (OS). The average
flow stress at 10% strain was measured for each sample. In the dry
condition, flow stress values at 10% strain for HNPG with 10 nm, 30 nm,
50 nm, and NPG are 37.9 (+£1.0) MPa, 32.2 (+0.2) MPa, 25.3 (+0.9)
MPa, and 5.7 (+0.2) MPa, respectively. At —0.2 V condition, they are
37.6 (£0.9) MPa, 32.9 (£+0.7) MPa, 25.2 (+0.8) MPa, and 5.6 (+0.1)

NPG with L,=30 nm HNPG with L;= 50 nm

Fig. 3. SEM images for three HNPG and NPG. (a-d) Low magnification images showing similar upper-level structures for all HNPG and NPG, (e-h) high magni-
fication images identifying different lower-level structures of HNPG and unimodal structure of NPG, and (i-1) micropillars of HNPG and NPG samples. (a,e,i): As-
prepared HNPG, denoted as HNPG with 10 nm; (b,f,j): coarsened HNPG at 200°C for 30 min in vacuum, denoted as HNPG with 30 nm; (b,f,j): coarsened HNPG
at 250°C for 30 min in vacuum, denoted as HNPG with 50 nm; (d,j,]): NPG obtained by annealing as-prepared HNPG at 550°C for 1 hour in Ar.
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Table 1

Properties of magnitude of volume shrinkage for as-dealloyed and coarsened nanoporous gold with low relative density (< 25 %) and negligible residual Ag (< 5 at.%).
Au atomic fraction Relative density Volume shrinkage [%)] Residual Ag [at.%] Ligament size [nm] Reference

As-dealloyed Coarsened

0.15 0.20 33 35 330 this work
0.20 0.29 45 <1 33 Zandersons et al. (2021) [12]
0.25 0.26 4 <1 32
0.25 0.29 16 <1 116
0.25 0.26 4 <2 43 Liu et al. (2016) [40]
0.25 0.3 20 ~300
0.25 0.266 6 3.6 19 Xie et al. (2021) [41]
0.25 0.34 36 3.6 ~100

HNPG with 10 nm HNPG with 30 nm HNPG with 50 nm NPG
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Fig. 4. Representative compressive stress-strain curves. (a—d) Compressive stress-strain curves at each constant condition of dry, —0.2 V (clean surface, CS), and 1.4
V (oxidized surface, OS). (e-h) Potential jump tests during compression, switching potential from —0.2 V (CS) to 1.4 V (OS) near strain of 15% and 25%.

MPa, while at 1.4 V, the values are 46.2 (+0.3) MPa, 37.2 (+0.2) MPa,
28.2 (+1.0) MPa, and 6.0 (+0.2) MPa, as shown in Fig. 5(a) and Table 2.
This indicates that HNPG is approximately 4 to 7 times stronger than
NPG, and that the strength depends on the lower-level ligament size for
all three environmental conditions. The stress-strain curves in the dry
state and at —0.2 V (CS) were similar, indicating negligible effects of the
aqueous solution itself on the mechanical tests. In contrast, the flow
stress was enhanced at 1.4 V (OS) for HNPG samples, while it seemed to
be only negligibly increased for NPG.

Fig. 4(e)—(h) show representative stress-strain curves in response to
potential jumps between —0.2 V and 1.4 V during the compression. The
flow stress increased when the potential was switched to 1.4 V, and it

(a)
©
a 50
S A W dy
= 2 -0.2V (CS)
c 1.4V (0S
= o] A (0S)
—
e 30T N
S 7 <]
= NPG
20l 4
o 10F
0}
=] 5 *
7} ) L L 1
2 HNPG HNPG HNPG NPG
o with 10 nm with 30 nm  with 50 nm
w Sample

returned to its initial behavior when the potential is switched back to
—0.2 V, showing a reversible tunability of the flow stress by changing
the surface state.

The relative variation of flow stress, Ac/co= (6os - Ocs)/0cs, at two
distinguishable surface states (CS and OS) of HNPG and NPG is plotted as
a function of strain in Fig. 5(b). It shows Ac/0g is 21%+3%, 15%+2%,
11%+1%, 3% =+ 1% for HNPG with 10 nm, 30 nm, 50 nm and NPG,
respectively, in both 14%-15% and 23%-25% strain regimes as pre-
sented in Table 2. The stress variation by switching potential jumps on a
single pillar agrees well with the enhancement of flow stress measured
by applying different constant potentials on different pillars in Fig. 4(a)-
(d). Both approaches confirm that surface oxidation results in the

(b)

[ ] HNPGwithﬂ)nm
30 2 inrevinsom
NPG
Sa0f ok +
S
1S 9 o
< 10} A e
O , M M 1 .". M
0.1 0.2 0.3
Strain

Fig. 5. (a) Flow stress at 10% strain in dry, at —0.2 V, and 1.4 V condition and (b) relative stress variation (Ac/6y) at difference strains of 15% and 25% for HNPG
with 10 nm, 30 nm, 50 nm, and NPG. Average values are taken from at least 5 tests of each sample, with standard deviations represented by error bars.
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Summary of comprehensive results; relative density, ligament size, flow stress at 10% strain, and stress variation for HNPG and NPG. Average values are taken from at

least 5 tests of each sample, with standard deviations represented by error bars.

Sample Relative density Ligament size [nm] Flow stress at 10% strain [MPa] Stress variation (Ac/60) [%]
Upper-level Lower-level Dry condition —0.2 V condition 1.4 V condition
HNPG 0.20 320 (£37) 10 (£2) 37.9 (£1.0) 37.6 (£0.9) 46.2 (£0.3) 21 (£3)
with 10 nm
HNPG 0.20 320 (£37) 28 (+4) 32.2(+0.2) 32.9 (£0.7) 37.2(£0.2) 15 (£2)
with 30 nm
HNPG 0.20 320 (+40) 48 (+8) 25.3 (£0.9) 25.2 (+0.8) 28.2 (£1.0) 11 (£1)
with 50 nm
NPG 0.20 330 (£48) 5.7 (£0.2) 5.6 (£0.1) 6.0 (+0.2) 3 (1

enhancement of flow stress, but HNPG shows a much larger enhance-
ment than NPG. It implies that the highly coarsened nanoporous gold
could not exhibit the same amount of electrochemical functionality as
the fine structured HNPG, which is consistent with other compression
results on coarsened nanoporous gold samples [31].

Fig. 6(a)—(f) present SEM images for HNPG with 50 nm and NPG after
compressive tests. For HNPG, it seems that while the upper-level
structure was dominantly densified during compression, the lower-
level structure almost maintained its original structure. This implies
that the upper-level structure would preferentially support an external
force, indicating that the plastic deformation could be mainly carried by
the upper-level structure. For NPG, the structure was uniformly
deformed and the typical dislocation slip bands and/or lines were
observed by bending and/or shearing of the ligaments indicated by
yellow arrows in Fig. 6(f).

These findings indicate the signature of the hierarchical-structure
effect on the mechanical behavior because they have comparable rela-
tive density and ligament size (L for HNPG and L for NPG). The findings
are as follows: (1) the mechanical strength is higher in HNPG as
compared to NPG, (2) the stress variation (Ac/c() is more distinct in
HNPG, (3) the size-effect by lower-level ligament size for HNPG, i.e.,
lower-level ligament-size effect, exists in terms of flow stress and stress
variation as shown in Fig. 7.

3.3. 3D reconstructed HNPG and NPG

Fig. 8(a) presents the 3D reconstructed volume for HNPG with 30
nm, 50 nm, and NPG. The reconstructed structure of HNPG with 50 nm
is enlarged to show the ligaments and pores at the lower-level structure,
showing that both the upper- and lower-level structures were clearly
distinguished. The edge length of the reconstructed volume was set to 4
um, corresponding to approximately 12 times of the average upper-level
ligament size in HNPG (or ligament size in NPG). It is important to note
that 3D reconstruction for HNPG with 10 nm was not technically feasible
with keeping the representative volume due to the significant difference
in size between the upper-level (L= ~320 nm) and lower-level struc-
ture (L;= ~10 nm). In other words, at such low magnifications needed
to maintain the representative volume for the upper-level structure, the
ligaments in the lower-level structure could not be visualized. On the
other hand, at higher magnifications needed to identify the lower-level
ligaments, the reconstruction cannot have the representative volume.
Moreover, a slicing lower than 10 nm to reconstruct ligaments in the
lower-level structure has tremendous uncertainties and represents the
current limit of this reconstruction method.

As presented in Fig. 8(b), the upper-level structure in the 3D recon-
structed HNPG was re-embodied by filling the pores at the lower-level
structure using the image filtering of the Avizo software. This step al-
lows us to analyze the connectivity values of the upper-level and lower-
level structures separately (discussed in Section 4.4.1.).

Fig. 6. SEM images after compressive tests for (a—c) HNPG with 50 nm and (d—f) NPG with slip lines marked by yellow arrows.
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Fig. 7. Lower-level ligament-size dependent mechanical behavior. (a) Flow stress at 10% and (b) stress variation (Ac/0p) as a function of ligament size at lower-level
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Fig. 8. (a) 3D reconstructions for HNPG with 30 nm, 50 nm, and NPG with enlarged snapshot for identifying reconstruction of lower-level structure in HNPG. (b) Re-
embodied upper-level structure of HNPG by filling the pores at lower-level structure from the whole hierarchical structure.
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4. Discussion
4.1. Compressive strength

The smaller the ligament size, the fewer initial dislocation sources
can be accommodated and the smaller in size they are. Small dislocation
sources are leading to a higher stress required to activate them sto-
chastically [42-46]. It results in the common phenomenon of ‘smaller is
stronger’. HNPG has a lower-level ligament size L; ranging from 10 to 50
nm, so the characteristic size in HNPG is much smaller than that in NPG
with L of 330 nm. Hence, the fewer dislocation sources and the limited
space for them in HNPG induce a lower probability of activating dislo-
cations and a higher stress is required to yield ligaments, which causes
the higher strength in HNPG compared to NPG.

4.1.1. Scaling behavior

Fig. 9 presents normalized strength as a function of solid fraction
with the scaling equation from Shi et al. [15], in addition to the
experimental results of HNPG and NPG samples in this work and in
literature. When only comparing the experimental results from micro-
pillar compression (half-filled symbols) on as-prepared NPG, it seems
that the normalized strengths roughly follow the equation. In the region
below 25% solid fraction, there is only one set of data, namely the one
studied in this work. This means that it is yet premature to describe a
clear trend for predicting the strength of NPG over a wide range of
relative densities. It is important to note that other references for the
scaling equation could be adopted [9,10], but it is difficult to incorpo-
rate the published values into one graph, as the values of normalized
strength differ due to the different approaches used to estimate the
ligament strength oy;¢ in each equation. Furthermore, when comparing
the strength of NPG in this work with the coarsened NPG sample having
a comparable ligament size but higher density that was obtained by
annealing as-prepared NPG (named as annealed NPG, marked in red
half-filled symbol in Fig. 9), it clearly shows that even though using the
same micropillar compression testing method, the NPG in this work
show a higher normalized strength and specific strength than the
annealed NPG. This indicates that the new strategy “making coarsened
NPG by annealing HNPG” in this work provides a novel route to make
coarsened NPG with low density and high specific strength that typically
cannot be achieved by the widely used strategy “making coarsened NPG
by annealing NPG.

For HNPG, the analyzed structural data can be used to derive an
expectation for the strength of the investigated samples at the different
lower ligament sizes. Based on the parameters used in [15] (see Table S1
in its supporting online material), we estimate our ligament strength as
2640 MPa, 1820 MPa, and 1530 MPa for ligament size L; of 10 nm, 30
nm and 50 nm, respectively. Using the modified Roberts-Garboczi law
for estimation of strength (C = 0.5, m = 15/8 also according to [15]) of
the lower-level structure assuming a solid fraction ¢ = 0.38 and a
percolation threshold ¢per = 0.16 results in 106 MPa, 73 MPa and 61
MPa as effective strength for NPG with the corresponding ligament sizes.
The same calculation for the unimodal sample with a solid fraction of
approximately 0.2 and a ligament strength of 804 MPa, corresponding to
a ligament size of 330 nm, results in a strength of 1.5 MPa. Applying the
scaling law for the hierarchical samples a second time for the upper
hierarchy level with ¢ = 0.52 results in 10.6 MPa, 7.3 MPa, and 6.1 MPa
as strength estimations for our HNPG with lower ligament size of 10 nm,
30 nm, and 50 nm respectively. These estimated values differ consid-
erably from our experimental results as presented in Table 2 by a factor
of approximately 4. This is not too surprising, since the relative densities
are estimated under assuming equal shrinking during dealloying and no
shrinking during post-annealing, resulting in a considerable uncertainty.
And in our micro-compression experiments, the strength is determined
as flow stress at 10% strain. But these hypothetical strength values
reproduce very nicely the measured ligament size effect. Nevertheless,
to understand this material more structural parameters must be taken
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into account and discussed.

The above discussions bring attention to the need for further sys-
tematic investigation on the relationship of microstructure and me-
chanical properties in the low relative density region. Given the
challenge of making low-density NPG by typically dealloying, we would
like to advertise here again that our strategy for fabricating nanoporous
gold with low relative density might open the door to studying me-
chanical behavior and scaling equation for nanoporous gold extended to
low relative density regions, which are still unclear and unexplored.

4.1.2. Connectivity

The connectivity can be one of the major parameters to determine
the mechanical properties of nanoporous materials since only the con-
nected ligaments (load-bearing ligaments) can support the applied load
but the others (dangling ligaments) cannot contribute [12,40,47]. So,
the higher connectivity can lead to higher mechanical properties in
nanoporous materials. In order to compare the connectivity for coars-
ened nanoporous gold samples, the scaled connectivity density has been
used, C,(1/S,)%, where C,is a connectivity density that is the number of
closed loops per unit reconstructed volume, S, is the specific surface area
indicating the surface area per unit volume of ligaments, and the inverse
of Sy, 1/S,, is used as the characteristic length scale. A good description
and application of this concept on nanoporous gold can be found in
[47-50]. Fig. 10 shows the scaled connectivity density Cv(l/SV)?’ for
HNPG with 30 nm, 50 nm, and NPG as determined by the FIB re-
constructions. The scaled C, are 0.00380 (40.00020), 0.00351
(4£0.00032), and 0.00036 (+£0.00018) for HNPG with 30 nm, 50 nm, and
NPG, respectively, as also listed in Table 3. This indicates that HNPG
samples have around 10 times higher connectivity than that of NPG in
terms of scaled C, even though they maintain a similar relative density.
Hence, the significant difference in connectivity can be considered as
one of the major factors causing the remarkably enhanced mechanical
properties in HNPG samples as compared to NPG.

The primary reason for such a huge difference of the connectivity in
HNPG and NPG would be attributed to the amount of solid fraction at
the structure during ligament coarsening. The studies on the topological
evolution in nanoporous gold have suggested that the connectivity has
evolved depending on its initial relative density [41,51]: above 30%
relative density, the structure tends to maintain its connectivity during
coarsening, whereas below 30%, the connectivity decreases. For HNPG,
it would be reasonable to expect that the topological evolution
throughout each of the two steps of thermal coarsening preserves a
similar state as the initial state before coarsening, with only a minor
decrease in connectivity if any. Solid fractions at both the upper- and
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Fig. 10. Scaled connectivity density for HNPG with 30 nm, 50 nm, and NPG.
Brown short-dash line is for the scaled connectivity density of upper-level
structure in HNPG with the deviation marked by brown solid area, calculated
from re-embodied upper-level structure. Average values are taken from at least
5 tests of each sample, with standard deviations represented by error bars.
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Table 3

Structural values of HNPG with 30 nm, 50 nm, NPG, and re-embodied upper-
level structure of HNPG: specific surface area, connectivity density, and scaled
connectivity density, calculated from 3D reconstruction data.

HNPG HNPG NPG Re-embodied
with 30 nm with 50 nm upper-level
structure

Specific surface 0.0524 0.0515 0.0101 0.0111
area, Sy (+0.0011) (+0.0022) (+0.0007) (+0.0003)
[nm™']

Connectivity 546.6 478.7 0.4 3.6
density, C, (£51.1) (£50.2) (£0.1) (£0.5)
[um ]

Scaled 0.00380 0.00351 0.00036 0.00259
connectivity (£0.00020) (+0.00032) (£0.00018) (4+0.00029)
density, C,(1/

5%

lower-level structure stayed above 30% throughout both coarsening
processes: (1) during the first coarsening step to coarsen the structure of
nanoporous AgyoAusg alloy for defining the upper-level ligament size, it
maintained around 52% solid fraction, and (2) during the second
coarsening for lower-level ligaments, the solid fraction of lower-level
structure retained around 38%. This step-by-step coarsening process
for forming HNPG would help to prevent the loss of connectivity.
Meanwhile, for NPG, during thermal coarsening to transition to the
unimodal structure from the hierarchical structure, the collapse and
rearrangement of ligaments would simultaneously occur throughout the
entire hierarchical structures, both in the upper- and lower- levels. This
indicates that the solid fraction of the structure that underwent thermal
coarsening was around 20%, which corresponds to the overall relative
density of the sample. This results in a significant loss of connectivity
during the change from HNPG to NPG, in agreement with the low total
relative density of the network structures. But still this loss seems less
tremendous than the one happening in a typical one-step annealing
procedure, as done in [11], see comparison in Fig. 9.

4.2. Plastic behavior

The strain hardening rate 6, from the do/de, where ¢ and ¢ are en-
gineering stress and strain respectively, was determined as around
0.20-0.25 for HNPG with 10 nm, 30 nm, and 50 nm, and around 0.58 for
NPG, irrespective of the environmental conditions. It is important to
note that the value of § from true stresses and strains would be lower
than 6 calculated from engineering stresses and strains. However,
determining 0 from the true stresses and strains would be challenging
due to the non-existent volume conservation caused by the pore collapse
and densification during plastic deformation.

The calculated 6 indicates that NPG exhibits a typical strain hard-
ening behavior during plastic deformation, similar to previous results of
mechanical behavior in compressive tests for coarsened nanoporous
gold [11,52-55]. HNPG, on the other hand, shows a diminished strain
hardening in the plastic regime. Commonly, the strain-hardening phe-
nomenon in nanoporous gold has been discussed in terms of the early
contact of ligaments before reaching the densification regime due to the
irregular structure and high relative density (20-42%) [11,52-55], un-
like the sequential plastic collapse of structures and pores in cellular
materials with a regular structure and low relative density (<10%) [56].
However, the concept of the early contact of structures cannot be a
primary reason for the difference of strain hardening behavior between
HNPG and NPG in this study. As presented in Fig. 6, in HNPG, the
collapse of the structure favorably occurred at the upper-level structure,
whereas the entire structure deformed in NPG. This implies that HNPG
would have the higher probability for early contact as compared to NPG
since it has the higher solid fraction that dominantly contributes to the
plastic deformation: 52% solid fraction at upper-level structure in
HNPG, but 20% solid fraction for entire structure in NPG.
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4.2.1. Ligament-size distribution

The ligament-size distribution by the irregular nanoporous structure
could cause a stochastically-sequential plastic deformation of ligaments:
the first yielding initiates at the weakest ligament, e.g. geometrically the
smallest-sized ligament, followed by subsequent yielding at the second,
third, fourth weakest ligaments and so on. Thus, it implies that the
required stress for further deformation will continue to increase in order
to deform stochastically stronger (geometrically-larger) ligaments as
long as they have a distribution of ligament sizes.

Fig. 11 presents the representative distribution of local thickness D
scaled by the mean thickness <D> and integrated area to 1 for HNPG
with 30 nm, 50 nm, and NPG, along with the size-distributed 2D images
for representative HNPG and NPG samples obtained from the recon-
structed data. HNPG exhibited a markedly narrower distribution than
NPG. This indicates that HNPG could statistically retain a more uniform
distribution of ligament sizes with values closely clustered around the
mean ligament size, whereas NPG has a broader distribution of ligament
sizes. The narrow ligament-size distribution in HNPG would diminish
this kind of apparent strain hardening since the required stress to deform
further ligaments would be geometrically not much different from that
for already deformed ones. For NPG, in contrast, the required stress for
the consecutive collapse of ligaments would gradually increase as the
plastic deformation proceeds, owing to stochastically wide-gaps of
required stress for deforming two geometrically adjacent ligaments.

It is noteworthy that when considering the self-similar size distri-
butions in coarsened nanoporous gold [47-49], the underlying mecha-
nism for the narrower ligament-size distribution in HNPG is still unclear.
This result may draw attention to further detailed studies analyzing the
morphological evolution in HNPG, such as interfacial shape distribution
(ISD) and interfacial normal distributions (IND).

4.2.2. Influence of ligament size on dislocation activities

As plastic deformation continues, dislocations can be governed
either by initial dislocation sources or by nucleated new dislocations.
The latter could occur when certain conditions are reached: all dislo-
cations have escaped through the surface, or the initial dislocation
sources themselves are rare. NPG with 330 nm ligament size could be
large enough to exhibit a bulk-like behavior, which implies that the
initial dislocation sources could serve as the dominant dislocation
mechanism. This would induce a strain hardening by classical disloca-
tion pileups rather than a dislocation starvation scenario during the
plastic deformation, in line with the observation of the more pronounced
strain-hardening behavior with increasing ligament size [11]. For
HNPG, rather than the biased behavior, there could be a competition
between initial dislocation sources and dislocation nucleation at slip
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Fig. 11. Distribution of ligament size represented by scaled local thickness D/
<D>, where D is local thickness and (D) is the mean thickness, for HNPG with
30 nm, 50 nm, and NPG, and the 2D images of thickness distribution for HNPG
with 50 nm and NPG.
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and/or surface steps for plasticity, contributing to the diminished strain
hardening behavior. It is important to note that, although it is stochas-
tically reasonable that ligaments of 10 nm to 50 nm are small enough to
reach a dislocation-free condition that leads to dislocation nucleation
governed plasticity, the characteristics of nanoporous gold could prompt
a bulk-like behavior and suppress the dislocation escape in that (1)
initial dislocations could inevitably exist in nanoporous gold induced by
a volume contraction and/or surface-induced stresses [53,57], and (2)
the dislocation movement could be impeded by the stress distribution by
bending and/or shear of ligaments that is a dominant deformation mode
in compression of nanoporous gold [11,58-61]. In addition, the absence
of distinct strain-burst phenomena in the stress-strain curves implies
that a full dislocation starvation did not occur in our results.

4.3. Electrochemically tunable flow stress

As presented in Figs. 4(e)—(h) and 5(b), the increase of flow stress
induced by OH" adsorption was distinctive in HNPG but negligible in
NPG irrespective of compressive testing under the constant potential or
potential jumps.

The suppressed role of capillary parameters, surface stress f and/or
surface tension y that tend to assist and ease the plastic deformation in
the compressive loading, caused by the increased applied-potential and/
or oxidized surface could contribute to the tunable flow stress [29,32].
However, both parameters did not seem to significantly contribute here
since the compressive strength is clearly greater in HNPG samples even
though f and y should have higher impact on the stress due to the much
smaller ligament size and higher surface-to-volume ratio as presented in
Table 3 [29,62-64]. Obviously, the main causes for the difference in
mechanical properties between HNPG and NPG are the connectivity and
size effects on dislocation activities, and it would be difficult to uncouple
the effect of them and the capillary parameters on the mechanical
properties. Nevertheless, previous studies support that the capillary
parameters might not be the primary contributors to the compressive
flow stress in nanoporous gold, making only minor contribution if any:
the stress variation by imposing the potential has not linearly scaled
with the ligament size [31], and the compressive strengths have
increased with decreasing ligament size [8,9,11,26].

Fig. 12 shows the stress variation (Ac/6¢) as a function of L; for
HNPG and of L for NPG in addition to literature work on NPG reported so
far [30-33]. It clearly indicates that the flow stress variations increase
with decreasing ligament size, which is in accordance with the notion
that the stress variation depends on the dominant dislocation mecha-
nism [31]. It could be considered as a bulk-like behavior in NPG, and
interaction of stochastic dislocations and surface nucleation of
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Fig. 12. Stress variation (Ac/6¢) versus ligament size of NPG or lower-level
ligament size of HNPG.
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dislocations in HNPG, as the dominant dislocation mechanisms. Hence,
HNPG, which could exhibit a more surface-sensitive behavior to the
surface state, shows the more pronounced variation of flow stress by the
monolayer oxide surface.

Furthermore, as described above, the unnoticeable change of the
strain hardening at the condition of 1.4 V compared to that of dry and
—0.2 V may imply that the stresses in the ligaments during deformation
are already so high that the monolayer oxide surface might not induce
further strengthening by dislocation pinning at the surface regardless of
whether it is HNPG or NPG.

4.4. Characteristic of hierarchical nanoporous gold

4.4.1. Governing structure-level contributing plastic deformation

By using the re-embodied upper-level structure as shown in Fig. 8(b),
the scaled connectivity density for the upper-level structure was calcu-
lated as presented in Fig. 10 and Table 3, indicating that the scaled C, for
the upper-level structure is around 1.2 to 2.2 times smaller than that for
total HNPG samples, but much higher than that for NPG. That is, even
without consideration of size-effects, the upper-level structure in HNPG
will primarily contribute to carrying the plastic deformation, aligning
with the predominant structure-collapse at upper-level structure as
manifested in Fig. 6 despite the fact that the relative density of the
upper-level structure even is slightly higher than that of the lower-level
structure. This may provide a further investigation into how the me-
chanical behavior of hierarchical nanoporous gold varies depending on
the connectivity at upper-level structure and depending on the ratio of
relative density at the upper- and lower-level structure while keeping
the same overall relative density.

4.4.2. Lower-level ligament-size effect

In addition to the size effect on the dislocation sources mentioned in
Section 4.1, the connectivity loss indiced by the insufficient ratio of the
sizes between the upper- and lower-level ligaments (Ly/L;) could be
another reason for the decreasing flow stress with increasing L;.
Recently, Wu et al. [65] suggested a critical value of 20 for the ratio of
pillar diameter (D) to ligament size (L) to exhibit comparable mechan-
ical properties regardless of the ratio. Otherwise, the strength of the
ligament network would decrease due to a non-negligeable influence of
network parts which cannot contribute to mechanical stability due to
the geometrical cuts by the surface. When considering L, of 320 nm and
L; of 10 nm, 30 nm, and 50 nm for HNPG samples, a= Ly/L; can be
considered as 32, 11, and 6 for HNPG with 10 nm, 30 nm, and 50 nm,
respectively. So, the trend of decreasing the ratio Ly/L; below a= 20
with increasing L; could lead to a loss of connectivity, contributing to
the ligament-size dependent flow stress at the lower-level structure.

The ligament-size effect on the dislocation behavior also increases
the flow stress and stress variation (Ac/og). As described above, as the
ligament size decreases, there will be fewer initial dislocations and the
dislocation movement is strongly influenced by the surface state,
causing a more surface-sensitive behavior. These trends lead to a
strongly L; dependent flow stress and stress variation. Interestingly, it
also causes a pronounced slope for the ligament-size dependent flow
stress at 1.4 V (OS) condition compared to that in the condition of dry or
—0.2 V (CS) due to the higher stress variation in the smaller L;, as shown
in Fig. 7(a). The size effect itself seems to have a dependence on the
surface state.

In addition, as presented in Fig. 7(b), Ac/6¢ was similar for the strain
near 15% and 25%, indicating that the stress variation is independent of
the applied strain in this study. This could be attributed to the insig-
nificant difference in strain-hardening behavior between the condition
of 1.4 V and that of dry or —0.2 V. If the plastic behavior at 1.4 V
exhibited a more pronounced strain-hardening rate, conjecturably due
to the dislocation pileups caused by the surface pinning, the difference in
the flow stress between at 1.4 V and —0.2 V (or dry) would also become
larger as the strain increases, which consequently would lead to a larger
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stress variation with increasing strain. The lack of these effects also
implies that the changes in network structure during the deformation do
not seem to have a significant influence on the dislocation size effect.

5. Conclusion

We investigated the mechanical behavior of hierarchical nanoporous
gold by directly comparing it with unimodal nanoporous gold in an
electrochemical environment. Despite both HNPG and NPG had a
comparable relative density of 20%, the compressive strength in HNPG
was much greater than that of NPG in all environmental conditions, and
HNPG exhibited a distinct enhancement of the flow stress induced by the
monolayer surface oxide at the applied potential of 1.4 V, while NPG
showed an insensitive behavior to the change of surface state. In terms of
the effect of lower-level ligament-size L; in HNPG, the flow stress
increased with decreasing L, ranging from 10 nm to 50 nm, indicating a
clear ligament-size effect, and the relative stress variation (Ac/ocp) also
exhibited L;-dependent behavior, a higher As/6( with smaller Ly, with
comparable magnitude of Ac/o( regardless of applied strain.

One cause for the greater compressive strength in HNPG could be
attributed to its higher connectivity, driving from the lower probability
of losing the connectivity during the formation of structure through two
separated coarsening steps while NPG revealed a significant loss of
connectivity owing to its low relative density that underwent thermal
coarsening. In addition, the different sizes that act as characteristic size
in HNPG and NPG have a strong influence on the dislocation activities.
HNPG exhibited a lower probability of dislocation accommodation, and
the competitive nature between surface nucleation of dislocations
(which dominates in the case of HNPG) and multiplication and gliding of
initial dislocations (which dominates in the case of NPG) during defor-
mation, resulting in a totally different mechanical behavior of these
materials. For HNPG, this leads to a L;-dependent flow stress and stress
variation (Ac/o() as well as the pronounced stress variation by surface
oxidation. On the other hand, the bulk-like behavior in NPG results in a
low flow stress with strain hardening and negligible stress variation.

This study may raise further studies to understand underlying
mechanisms of hierarchical nanoporous gold including morphological
evolution, hierarchical-structural effects with uncoupled connectivity’s
effect, and the effect of the ratio of relative density between the upper-
and lower-level structure, as well as exploring the connectivity of as-
dealloyed HNPG with 3D reconstruction by reducing the difference in
size between upper- and lower-level structures.
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