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a b s t r a c t

Millimeter-sized, free-standing gold structures were created with three levels of multiscale porosity. First,
macro- and microporosity, which are useful for mass and heat transport within the structure, are formed
within an Ag–19 at.% Au alloy by salt powder replication during powder densification and by entrapped
gas expansion during sintering, respectively. Nanoporosity, which provides high surface area, is then
produced by silver dealloying of these Ag–19 at.% Au foams. The resulting hierarchical gold structures are
annealed at 100–800 ◦C, thus coarsening the ligaments, increasing relative density, and healing cracks
eywords:
old
orous materials
echanical characterization
anoporous

produced during dealloying. The first effect weakens the structure, while the other two make it stronger.
A bulk Au sample with hierarchical porosity annealed at 600 ◦C shows good compressive ductility and a
strength in agreement with models.

© 2010 Elsevier B.V. All rights reserved.
ierarchical foam
owder metallurgy

. Introduction

Nanoporous gold (np-Au) has recently attracted interest due to
ts novel mechanical, optical, catalytic and sensing properties [1–4].
reation of hierarchically sized porosity is of interest for appli-
ations in catalysis, biosensing [5] and surface-enhanced Raman
cattering [6]. For example, micropores facilitate mass transport
hile nanopores increase surface area. A number of methods

o produce hierarchical np-Au thin films have been published
7–12], but there has been limited work on bulk (millimeter-
ized) self-supporting hierarchical nanoporous metals. Nyce et al.
13] described a method to create gold structures with hierarchi-
al porosity by templating 9.6 mm diameter polystyrene spheres
ith Ag–Au powders, slip casting and annealing (thus densifying

he powders and removing the polystyrene spheres), and finally
ealloying the less noble Ag from the hollow Ag–Au spheres.
he resulting structure had two levels of porosity: an assem-
ly of partially sintered 5 �m hollow spheres with Au walls
xhibiting 10–100 nm nanopores [13]. Another method used depo-
ition of Au nanoparticles onto porous silicon diatom frustules
eplicas followed by selective dissolution of the silicon tem-

late to create individual, micron-sized structures with complex
icro- and nanopores (0.5–10 �m and 10–300 nm in size, respec-

ively) [14]. Finally, Au nanoparticle have been found to self
ssemble into a network of tubes (with 1.3 �m diameter and

∗ Corresponding author. Tel.: +1 847 491 5370; fax: +1 847 467 6573.
E-mail address: dunand@northwestern.edu (D.C. Dunand).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2010.11.072
0.2 �m thick walls) consisting of partially bonded Au nanoparticles
[15].

None of the three studies reviewed above have reported on
the mechanical properties of their hierarchical gold structures.
The mechanical properties of dealloyed np-Au have been a topic
of interest for the near-theoretical yield strengths (1.5–4.3 GPa)
exhibited by individual Au ligaments (10–15 nm diameter), as
determined from compression of micropillars or nanoindentation
of np-Au [16,17] Most mechanical testing of np-Au has been lim-
ited to the microscale [16,17] because of the difficulties associated
with producing bulk samples of np-Au free of cracks resulting from
the shrinkage occurring during conventional dealloying processes
[18]. Only a few studies have reported mechanical properties of
bulk (millimeter-size) np-Au samples. Li and Sieradzki [19] created
2 mm × 2 mm × 30 mm np-Au beams for 3-point bend testing by
dealloying of cast Ag–24 at.% Au samples, and coarsened their nano-
ligaments by annealing for 10 min at various temperatures. For 100
and 300 ◦C annealing temperatures, the samples were brittle, but
as the annealing temperature increased from 400 to 800 ◦C, plas-
tic bending deflection and fracture stresses increased, indicating a
size-defined ductile-to-brittle transition. However, the authors did
not report the sample density, which probably increased as well
with annealing temperature. Recently, Jin et al. [20] successfully
prepared crack-free, millimeter-sized (1 mm × 1 mm × 2 mm) np-

Au samples with a polycrystalline microstructure by slowing the
dealloying process on an Ag–25 at.% Au alloy, using a lower poten-
tial and a higher temperature than conventional methods. Also,
Balk et al. [21] dealloyed Ag–30 at.% Au dog-bone specimens from
cold-rolled and annealed plates, with a gauge length of ∼430 �m

dx.doi.org/10.1016/j.msea.2010.11.072
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:dunand@northwestern.edu
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Fig. 1. Polished cross sections of Ag–19 at.% Au structure after sintering and NaCl
removal, but before dealloying. (a) Low magnification optical micrograph showing
macropores (300–350 �m, darker blocky features) produced by salt replication; (b)
402 M.E. Cox, D.C. Dunand / Materials Scien

nd thicknesses of 30–400 �m for compression and tension testing.
n both studies, np-Au in bulk form was much weaker than np-Au in

icropillar forms, which was thought to be caused by accumulation
f ‘pore channel dislocations’ causing stress concentrations [20].

Here, we present a novel processing technique that produces
bulk (i.e., self-supported, millimeter-sized) gold structure with

hree hierarchical levels of porosity: macro-, micro- and nano-
orosity, produced respectively by salt replication, gas expansion
nd dealloying of Ag. Ligament size effects on compressive strength
nd ductility of these gold structures with hierarchical porosities
re studied by coarsening the microstructure at various tempera-
ures.

. Experimental procedures

Spherical elemental Ag and Au powders (1.3–3.2 �m, Alfa Aesar)
ere blended with a 2.3:1 mass ratio, corresponding to an aver-

ge Ag–30 wt.% Au (Ag–19 at.% Au) composition. The powder blend
as then mixed with 50 vol.% NaCl (300–355 �m, Alfa Aesar) in

ir, and uniaxially cold-pressed into a 3.2 mm diameter die at a
ressure of 450 MPa for 10 min. The resulting Ag–Au–NaCl cylin-
ers (with 7–7.5 mm height) were heated at a rate of 5 ◦C/min
o 770 ◦C (below the 801 ◦C melting point of NaCl) and main-
ained at this temperature for a time t = 50 h under vacuum (with
0 mTorr residual pressure). The corresponding diffusion distance

s ∼(Dt)1/2 = 55–58 �m (where D = 1.7–1.9 × 10−14 m2/s at 770 ◦C is
he interdiffusion coefficient in the Ag–Au system [22]), which is

uch larger than the powder size, insuring full chemical homoge-
ization between the Au and Ag powders. NaCl was then removed
y dissolution from the homogenized Ag–Au samples by suspend-

ng the whole sample in agitated deionized water at 100 ◦C for
0–60 h. NaCl removal was confirmed by mass loss measurements.
ig. 1 shows a representative cross-section of the samples at this
oint in the processing. The Ag–19 at.% Au matrix exhibits both
acroscopic porosity (from NaCl) and microscopic porosity (from

xpansion of entrapped water vapor, as discussed in more details
ater). The cylinders (which had expanded to a 3.3 mm diame-
er) were polished to a ∼2.2:1 height-to-diameter ratio, and their
orosity was measured using He pycnometry and the Archimedes
ethod.
To create nanoporosity, silver was selectively dealloyed from

he porous Ag–Au cylinders by immersion in HNO3 aqueous solu-
ions of increasing concentrations (25% for 24 h, 50% for 40 h and
5% for 12 h). Samples were rinsed with deionized water 7–8 times
fter dealloying was completed, air-dried for 24 h and weighted to
uantify the Ag removal. Finally, four dealloyed Au samples were
nnealed for 30 min at 100, 300, 600 or 800 ◦C to coarsen the np-
u ligaments. These coarsened porous Au cylinders were uniaxially
ompressed under displacement control at a nominal strain rate of
× 10−4 s−1. Strain was measured by cross-head displacement, tak-

ng into account load train compliance determined on aluminum
alibration samples before and after each test. Fracture surfaces
ere imaged using a Hitachi S-4800 FE-SEM.

. Results and discussion

.1. Macro- and microporosity

Optical micrographs taken after sintering and removal of NaCl
pace holders from the Ag–19 at.% Au matrix show blocky macro-

ores (300–350 �m) replicating the shape and size of the NaCl
articles (Fig. 1a) The microporosity ranges from small, 0.5 �m
pheroidal pores to irregularly shaped pores, up to 60 �m in their
ong dimension (Fig. 1b). These micropores could be generated
eproducibly in control experiments, albeit with variable size and
higher magnification optical micrograph showing 1–60 �m micropores (A), pro-
duced by vapor expansion within the ligaments surrounding the macropores (B);
also visible is a region (C) free of microporosity. (c) SEM micrograph showing a larger
micropore (D) created by merging of multiple smaller micropores.

number density. They are created by expansion of entrapped gas,
most probably water, which is consistent with the swelling of
the samples to a 3.3 mm diameter, rather than the shrinkage

expected from powder sintering. While water was not added to the
Ag–Au–NaCl powder mixture, it was present in the highly hygro-
scopic NaCl handled in laboratory air. Most likely, during initial
heating of the green samples to the sintering treatment, water
vapor was released from the NaCl powders starting at ∼100 ◦C and
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Fig. 2. SEM images of fracture surface of compression sample of hierarchical Au
structure annealed at 600 ◦C. Spherical structures (C) are present on each side of the
cell walls separating the macropores (A) and micropores (B).

T
S
m

M.E. Cox, D.C. Dunand / Materials Scien

ermeated the surrounding packed preform of Ag and Au powders.
ome of the vapor was trapped as the Ag–Au preform sintered upon
low heating (5 ◦C/min) to the sintering temperature of 770 ◦C. At
hat temperature, the entrapped water vapor expanded by creep
f the surrounding matrix during the 50 h heat-treatment used to
nsure homogenization of the alloy. Fig. 1c shows features that were
reated by the merging of individual micropores during the homog-
nization process. A similar process has been used to create up to
4% porosity in Ti [23,24] and up to 20% in NiTi [25,26] by trap-
ing and expansion of Ar, and these study also report the same
ype of elongated pores as seen in Fig. 1c, resulting of merging
f neighboring equiaxed pores which connected with each other
nd the specimen surface to result in open porosity. While Kirk-
ndall porosity is created during the interdiffusion process between
old and silver [27], the size of the Kirkendall pores is expected
o be smaller than the Ag and Au powder size (1–3 �m) and thus

uch smaller than the micropores present in our structures. Kirk-
ndall pores, if they formed during our annealing process, probably
isappeared through the Gibbs–Thomson effect [27] as vacancies
iffused from the Kirkendall pores to the nearby micro- and macro-
ores.

As illustrated in Fig. 1b, limited microporosity is visible in matrix
egions far from the NaCl powders, confirming that these were
he sources of water vapor. After removal of NaCl, the samples
xhibit 59–65% open porosities and a low value (<1%) of closed
orosities (Table 1), indicating that the micropores are connected
o the macropores. Given the initial 50 vol.% NaCl used in the pow-
er blends, it can be concluded that the macroporosity (from NaCl)
epresents 50% and the microporosity (from gas) 9–15% of the total
g–Au volume.

In addition to the micro- and macroporosity created by salt
eplication and vapor expansion, micron-sized spherical features
re observed using SEM on the interior surfaces of the macropores
nd larger micropores. These 1–5 �m spherical features have the
ame size range as the elemental powder size (1.3–3.2 �m) used to
reate Ag–19 at.% Au matrix and may thus represent prior powders.
hese features were also observed after the selective dealloying of
g, before and after coarsening (Fig. 2).

.2. Nanoporous structures

The gold ligaments resulting from dealloying of the Ag–19 at.%
u structures had apparent diameters of 25–100 nm (Fig. 3). After

he dealloying process, the samples were very brittle and they
xhibited small cracks on their surfaces. Macro-defects in dealloyed
p-Au foils are a common occurrence attributed to the large vol-
me shrinkage (up to 30%) during dealloying [28]. Initial attempts
o dealloy the present Ag–Au samples in a single step with 75%

NO3 [29] resulted in catastrophic cracking of the samples. The
ulti-step dealloying procedure described above resulted in the

ewest surface cracks. There was also a reduction in the number of
urface cracks after annealing at 100 ◦C, and this healing continued
ith increasing annealing temperature from 300 to 600 and 800 ◦C.

able 1
ample porosities before and after dealloying final ligament diameters after annealing, yi
ents from Eq. (2) (a = 45 GPa nm0.86) and of hierarchical structure from Eq. (6) (C2 = 0.3).

Annealing temperature (◦C) Before dealloying After dealloying an

Open
porosity (%)

Closed porosity
foam (%)

Shrinkage
(%)

Tota
por

100 65 ± 0.2 0.7 ± 1.2 4 89 ±
300 64 ± 0.2 1.7 ± 0.5 8.9 84 ±
600 59 ± 0.4 2.1 ± 0.8 17.8 74 ±
800 63 ± 0.1 2.3 ± 1.3 23.8 69 ±
Fig. 3. SEM image of fracture surface of dealloyed hierarchical Au structure (no
annealing) showing nanopores and nano-ligaments.

Due to the fragile nature of the samples, their densities were
calculated from mass and dimensions determined with a calibrated
optical microscopy. Shrinkage due to annealing was found as the
difference between the measured relative density of the sample
and the expected relative density assuming no change in sample
dimension from dealloying or annealing. This expected relative
density was calculated by multiplying the relative density found
before dealloying with the relative density of 0.19 (19%) expected
for np-Au created without shrinkage from an Ag–19 at.% Au alloy.
As shown in Table 1, the samples annealed at 100 and 300 ◦C show
a relatively small volumetric shrinkage of 4–9% corresponding to a

linear shrinkage of ∼1–3%. Annealing at 600 and 800 ◦C leads to
volumetric shrinkages of 18 and 24% (linear shrinkage of 6 and
8%), as expected given that these are high homologous temper-
atures (65 and 80% of the absolute melting point of gold). SEM
observation of fracture surfaces, after mechanical testing, showed a

eld strengths measured by compression and predicted yield strengths of nanoliga-

d annealing Yield strength (MPa)

l
osity (%)

Ligament
diameter
(nm)

Foam (exper-
imental)

Ligament: �YS
L

(Eq. (2))
Foam: �h (Eq. (6))

0.3 44 ± 14 0.31 ± 0.08 1757 5.8
1.4 124 ± 58 0.97 ± 0.12 733 4.2
0.4 138 ± 36 5.64 ± 0.64 670 8
0.01 2226 ± 681 6.30 ± 0.31 79 1.2



2 ce and Engineering A 528 (2011) 2401–2406

r
D

w
p
c
t
m
s
d
w

3

f
p
s
b
∼
s
A
b
a
w
∼
s
b
w
a

i
a
t
f
l
a
f
s

m
d
y
f
p
2
t
i
v
d
d
t
h
s
a

3

s
i
t
G
s

�

Fig. 4. SEM image of fracture surface of compression samples of hierarchical Au
structures annealed before deformation at (a) 100 ◦C, (b) 300 ◦C, (c) 600 ◦C, (d) 800 ◦C,
404 M.E. Cox, D.C. Dunand / Materials Scien

eduction in microporosity with increasing annealing temperature.
ensification may also have occurred at the level of the nanopores.

SEM images also illustrate the coarsening of the Au ligaments
ith increasing annealing temperature (Fig. 4a–d). For the sam-
les annealed at 100, 300 and 600 ◦C (Fig. 4a–c), the ligaments are
learly distinguishable and their diameters are within, or close to,
he nanoscale (Table 1). Annealing at 800 ◦C (Fig. 4d) results in

icron-size ligaments (2.2 ± 0.7 �m in size) which are no longer
mooth and easily distinguishable. This drastic increase of ligament
iameter results in a reduction in surface area and surface curvature
hich are expected to affect adversely catalytic behavior [2].

.3. Stress–strain curves of Au with hierarchical porosity

Fig. 5 shows the engineering compressive stress–strain curves
or all of the annealed samples. The sample annealed at 100 ◦C (89%
orous, with 44 ± 14 nm Au ligaments) was very weak with a yield
trength below 0.5 MPa (Fig. 5). The small surface cracks observed
efore testing, developed into a large crack that was oriented at
45◦ to the direction of loading (along plane of maximum shear

tress) and that propagated across the full width of the sample.
fter 5% strain, the upper portion of the sample started to be visi-
ly offset from the lower portion, and the sample failed completely
t a strain of 16%. The sample annealed at 300 ◦C (84% porous,
ith 124 ± 58 nm ligaments) had an improved yield strength of
1 MPa and large surface cracks were not visible during compres-

ion. The plateau region of the stress–strain curve shows serrations
ecause large fragments split from the bottom of the sample and
ere pushed aside during compression until the test was ended at
strain of 73%.

Annealing at 600 ◦C lead to significant shrinkage and increase
n relative density. The sample (74% porous, with 138 ± 36 nm lig-
ments) is, with a yield strength of 5.6 MPa, significantly stronger
han the previously discussed samples. The stress–strain curve has
eatures characteristic of ductile foams in compression, including a
ong plateau region (∼4 MPa) followed by densification beginning
t 60% strain. Similar to the sample annealed at 300 ◦C, the sample
ractured from the bottom and large fragments spall off from the
ample.

The 800 ◦C annealed sample (69% porous, 2.2 ± 0.7 �m liga-
ents) shows a stress–strain curve characteristic of a ductile foam

uring compression (Fig. 5). Initial elastic deformation (with a true
ield point at 5.3 MPa and a 0.2% offset yield stress at 6.3 MPa) is
ollowed by a gradual transition to plastic deformation at which
oint the stress was 17 MPa. The sample has a plateau strength of
1 MPa and begins to densify at ∼50% strain. During compression,
he sample barreled and no spalling or cracking was observed. The
mprovement in ductility with increasing annealing temperatures
isible in Fig. 5 may be due to the healing of cracks formed during
ealloying, and/or an increase in the relative density of the sample
ue to sintering. The increase of ductility is not believed to be linked
o the increase in ligament diameter in the np-Au, as Jin et al. [20]
ave shown that bulk, crack-free samples of np-Au show compres-
ive ductility with strains up to 80% even with ligament diameters
s small as 15 nm.

.4. Modeling structure strength

Fig. 6 shows the measured yield strengths of the annealed
amples as a function of their relative density. With the increase
n annealing temperature, the ligament diameter increases and

he total porosity decreases due to shrinkage of the sample. The
ibson–Ashby model for metallic foams [30] predicts a foam yield
trength �* of:

∗ = C2(1 − P)3/2�YS
s (1)

showing the evoluation of ligament and pore size.



M.E. Cox, D.C. Dunand / Materials Science and

F
w

w
p
c
g
h
i
t
t
m
i
l

d
f
s
t

�

w
f
t
t
b
a

F
s
p
f
a

ig. 5. Compressive stress–strain curves for all hierarchical Au structures, labeled
ith their annealing temperatures.

here �YS
s denotes the yield strength of the bulk material, P is the

orosity of the foams (with 1 − P as the relative density) and the
oefficient C2 is 0.3 ± 0.15. Using the yield stress of bulk, annealed
old �YS

s = 85 MPa (calculated by dividing with a factor 3 the
ardness of annealed gold wires [31]), Fig. 6 shows that the exper-

mental results are close to the predictions from Eq. (1) and within
he uncertainty associated with C2. This agreement is probably for-
uitous, since Eq. (1) does not take into account the hierarchical

icrostructure of the porosity in these structures, nor the change
n yield stress of gold associated with the nanometric size of the
igaments.

In np-Au without micro- or macro-pores, the yield strength is
ependent on the ligament diameter [32]. Using experimental data
rom a number of sources, Fan and Fang [33] developed an expres-
ion linking the ligament yield strength (�YS

L expressed in GPa) and
he ligament diameter (L expressed in nm):

YS
L = 0.020 + aL−0.86 (2)

here a = 45 GPa nm0.86 is a best-fit constant determined from data

or ligaments with diameters between 10 nm and 10 �m. Within
he narrower range of diameters relevant to the present struc-
ures (L = 40–3000 nm), all data are contained within a band found
y replacing a in the above equation with a lower bound value
/2 = 22.5 GPa nm0.86 and a higher bound 2a = 90 GPa nm0.86.

ig. 6. Plot of compressive yield strength vs. relative density for hierarchical Au
tructures annealed at various temperatures. Experimental data are shown as circles,
redictions from the Gibson–Ashby scaling law (Eq. (1)) as lines, and predictions
rom the hierarchical strength model (Eq. (6)) as squares, with error bars taking into
ccount the uncertainty in the parameter a in Eq. (2).
Engineering A 528 (2011) 2401–2406 2405

The yield strength �np of the np-Au material, which makes up
the walls between the micro-/macropores, is then found by intro-
ducing Eq. (2) into Eq. (1):

�np = C2(1 − Pnp)3/2(0.020 + aL−0.86) (3)

where Pnp is the porosity within the np-Au ligaments.
The hierarchical structure is now modeled as a porous material

(with a yield strength given by Eq. (1)) consisting of np-Au (with
strength given by Eq. (3)) containing macro-/microporosity. Intro-
ducing Eq. (3) into Eq. (1) then provides the yield stress �h for the
hierarchical porous structure:

�h = C2
2 (1 − Pmm)3/2(1 − Pnp)3/2(0.020 + aL−0.86) (4)

where Pmm is the porosity associated with only the macro/micro-
porosity in the sample.

Eq. (4) can be further simplified when the nanoporosity within
the ligaments, Pnp, is written in terms of the total porosity Ptotal and
the macro/micro-porosity Pmn as:

Pnp = Ptotal − Pmm

1 − Pmm
(5)

Substituting Eq. (5) into Eq. (4) and simplifying terms then gives
the yield stress of the hierarchical structure as:

�h = C2
2 (1 − Ptotal)

3/2(0.020 + aL−0.86) (6)

Thus, according to this simplified model, the yield stress of the hier-
archical porosity structure is dependent only on the total porosity,
not on its break-down into nano- and micro/macroporosity. An
alternate equation derived by Lakes [34] for hierarchical structures,
also based on the Gibson–Ashby models for metallic foams [30],
was not used here; this is because that model, which iterates the
stiffness of the material to account for structural hierarchy, assumes
that yield strain for every level of porosity is equal to the yield strain
for the solid material, an assumption which is difficult to justify
here since the yield stress (and thus the yield strain) is dependent
on feature size.

Fig. 6 shows the yield strengths for the structures with hier-
archical porosity calculated using Eq. (6) using a = 45 GPa nm0.86.
As described above, this parameter has a large error, estimated
as a factor 2 based on the fit of Eq. (2) to the data points in Ref.
[33]. Fig. 6 reflects the fitting error with error bars on the calcu-
lated yield stress determined from Eq. (6) with 2a = 90 GPa nm0.86

(upper bound) and a/2 = 22.5 GPa nm0.86 (lower bound). Predictions
for the sample annealed at 800 ◦C are not plotted in Fig. 6 because
the nanopores coarsened to the micrometer range (Table 1, Fig. 4d).
For this sample, the measured yield stress can be compared to Eq.
(1), and there is indeed agreement within the error associated with
the parameter C2 (C2 = 0.3 ± 0.15).

For the samples annealed at 100 and 300 ◦C, Eq. (6) predicts
yield strengths significantly larger than those found experimentally
(Fig. 6). A likely explanation for this discrepancy is the presence
of cracks developed in the sample during dealloying, which lead
to early failure and thus abnormally low yield stresses. Another
possible cause is the large errors associated with the parameter
C2 (C2 = 0.3 ± 0.15) and the ligament diameters (L = 44 ± 14 nm and
124 ± 58, Table 1). Taking lower bounds on these parameters brings
calculated values within experimental error of the measured yield
stresses.

The sample annealed at 600 ◦C has a yield strength
(5.6 ± 0.6 MPa) that falls between the average and the lower

bound (8.0 and 4.1 MPa) predicted by Eq. (6), using a = 45 and
22.5 GPa nm0.86, C2 = 0.3 and L = 138 nm (average value, Table 1).
Annealing at 600 ◦C healed most of the fine cracks formed during
dealloying, as determined from optical microscopy observations
of the sample surface after heat treatment. Thus, the measured
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ield strength is likely to represent an intrinsic yield value, rather
han a lower fracture stress as is probably the case for samples
nnealed at 100 and 300 ◦C. For the sample annealed at 600 ◦C
ith average ligament size of 138 nm, the ligament yield stress

alculated from Eq. (2) is �YS
L = 0.67 GPa (Table 1). This high value

s based on the interpolation of data from micropillar compression
nd nanoindentation experiments [33]. However, Jin et al. [20]
nd Balk et al. [21] dispute whether such high ligament yield
trengths are possible in millimeter-sized, crack free np-Au.
heir compression tests performed on millimeter-sized np-Au
esult in yield strengths almost an order of magnitude lower than
hose measured on np-Au by nanoindentation or compression of

icropillars. Jin et al. [20] assert that, in millimeter-sized np-Au,
he existence of a coherent crystal lattice among nanoligaments
esults in a common crystallographic slip planes much larger than
he ligament diameters. This causes most ligaments to shear along
hese common slip planes rather than collapse individually and
ndependently of each other, as in conventional polycrystalline
oams [20]. The present gold structures with hierarchical porosity
xhibit macro-and micropores, unlike the np-Au structures mea-
ured by the above authors. These macro-and micropores may act
o arrest cracks and coordinated shear on a common slip plane
ormed during dealloying or testing, so that the true yield stress
iven by the intrinsic ligament strength is achieved, at least in
he sample annealed at 600 ◦C. This result opens the door to the
reation of strong, millimeter-sized np-Au.

. Conclusions

We present a method to produce bulk (millimeter-sized in
hree dimensions) gold structures with three hierarchical levels
f porosity (macro-, micro- and nano-porosity) produced respec-
ively by salt replication, gas expansion and Ag dealloying. First, an
g–19 at.% Au/NaCl composite is produced by Ag/Au/NaCl powder
ensification and interdiffusion at high-temperature, during which
ater vapor (entrapped during the densification step) is expanded

o generate micropores. Then, the NaCl particles are dissolved to
roduce macropores. Finally, nanopores are created by dealloy-

ng the silver from the struts of the above porous Ag–19 at.% Au
tructures.

Annealing these gold structures with hierarchical porosity at
ncreasing temperatures results in (i) an increase in ligament diam-
ter from coarsening, (ii) an increase in relative density from
intering, (iii) a reduction in crack numbers (produced during deal-
oying) by sinter-healing. The first effect reduces the strength of

he nano-ligaments and thus weakens the porous structure, while
he other two effects increase its strength and ductility. A sample
nnealed at 600 ◦C, with 138 nm average ligament diameter and
4% total porosity, exhibits ductile-like behavior in compression
ith a yield strength in broad agreement with a model using the

[

[
[
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high strength of gold nano-ligaments as determined from literature
data on nanoindentation and micropillar compression of np-Au.
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