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Imaging the deformation-induced accumulation of defects in nanoporous gold

Maowen Liu and Jörg Weissmüller

Institute of Materials Physics and Technology, Hamburg University of Technology, Hamburg, Germany

ABSTRACT
Nanoporous gold (NPG) provides a model material for studying small-scale deformation and the
mechanical behavior of network solids. We report a transmission electron microscopy study of the
defect structure in electron-transparentNPG leaf deformedby rolling. The results confirm that plastic
deformation significantly enhances the defect density. Specifically, twins are formed on several sets
of crystallographic planes, and their interaction forms Lomer-Cottrell locks. This inhibits dislocation
escaping from NPG, thus avoiding the dislocation starvation scenario that is often considered in the
‘smaller is stronger’ context of small-scale plasticity. Instead, strain hardening is apparently linked to
accumulation and interaction of twins.

IMPACT STATEMENT
This paper provides a direct observation of the lattice defects in plastically deformed nanoporous
gold, confirming the contribution of accumulation and interaction of defects to the strain hardening
rate.
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1. Introduction

Nanoporous gold (NPG) prepared via dealloying con-
sists of interconnected nanoscale struts or ‘ligaments’
with narrow size distribution [1]. The size- and interface
effects arising from its nanoscale structure endow it with
the mechanical properties of nano-objects [2,3]. These
properties are maintained even when NPG samples are
scaled to millimeter size, enabling studies of materi-
als mechanical behavior by robust macroscopic testing
schemes [4]. NPG is therefore studied as a model system
for small-scale plasticity [5,6]. As compared to idealized
scenarios with uniform and uniaxial stress states, the
complex microstructural morphology of porous solids
such as NPG results in multiaxial stress states [7–10].
Such states are relevant, since they are representative for
the mechanics of real materials or of engineering parts at
any scale.
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Compression tests on NPG invariably show a high
strain hardening rate [11–13]. Strain hardening is
essential for maintaining stable plastic deformation
of NPG, and can provide a signature of fundamen-
tal deformation mechanisms in the material. Previ-
ously, dislocation starvation has been confirmed in gold
nanopillars under compression [14]. If that notion were
transferred to NPG, one would expect the material’s
strain hardening mainly arise from densification during
plastic compression. It is well established that the flow
stress of porous materials increases with density [15].
However, finite element modeling suggests that densifi-
cation of NPG alone cannot account for the experimental
observation [7]. This implies dislocation accumulation
and, indeed, atomistic simulations confirm that scenario
[16,17]. Those studies suggest that accumulation and
reaction of planar defects persist and contribute to the
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Figure 1. Atomic force microscopy (AFM) results of (a) as-dealloyed, (b) 27% plastically deformed and (c) 50% plastically deformed NPG
leaves. Display regions include bare substrate and NPG leaf, imaged near edges of the leaves. Top row shows AFM images, bottom row
shows representative height profiles across the edge.

Figure 2. Micrographs of the annealed master alloy. (a) Bright-field image. Grain boundaries (GBs) are indicated by arrows. (b) Dark-
field image corresponding to the square region in (a) using (200) twin reflection in (c). (c) Selected area electron diffraction pattern
corresponding to the grain in the square region of (a). Beam direction (BD) is parallel to [011] zone axis.

strain hardening rate, even when the ligament sizes are
only 2∼3 nm. Nevertheless, the results from the atom-
istic studies must be taken with a grain of salt, because
they are inevitably based on unrealistically high deforma-
tion rates. Therefore, atomic-scale experimental studies
are required for clarifying the deformationmechanism in
NPG.

Transmission electron microscopy (TEM) may be
considered the method of choice for direct observa-
tion of lattice defects. However, defects can be inherited
from the master alloy [18] or originate from dealloying
[19] or from TEM lamella preparation [20]. It is typi-
cally challenging to distinguish these defects from those
induced by deformation. Artefacts from TEM prepara-
tion can be avoided byworkingwith electron-transparent

samples, such as nanoporous nanowires [21]. Such stud-
ies reveal planar defects after deformation. Yet, planar
defects have also been reported in undeformed NPG
[19,22]. A dedicated comparison between undeformed
and deformed NPG under identical imaging condi-
tions, including appropriate zone axis andmagnification,
remains to be presented. Thus the observations so far
provide no conclusive evidence for deformation-induced
defects or defect accumulation during deformation.

Dealloyed white gold leaf provides another approach
to study NPG by TEM without thinning [19,23]. How-
ever, the homogeneous plastic deformation of NPG leaf
is challenging and has not been demonstrated. The plas-
tic instability and strain localization of NPG in ten-
sion [24,25] impair homogeneous tensile deformation.
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Furthermore, in-plane compression of thin-films induces
buckling, again preventing homogeneous deformation.

A high-resolution (HR) TEM study [22] observes the
tensile deformation of individual ligaments of NPG leaf
in situ. Dislocation nucleation and egression at surfaces
are apparent, as is the generation and annihilation of pla-
nar faults by partial dislocations. The study provides no
evidence for systematic defect accumulation or interac-
tion that could be associated with strain hardening.

There remains a need for TEM studies to verify defect
accumulation and interaction during the homogeneous
deformation of NPG.Here, we demonstrate the deforma-
tion of NPG leaf in compression, and we report ex-situ
TEM study of the density and distribution of defects
within a large field of view in dark-field mode as well
as the defect structure at atomic-scale in high-resolution
mode, before and after each processing stage to trace the
changes of defects in NPG.

2. Experiments

Au25Ag75 (at.%) leaves (6 carat, Eytzinger GmbH, Ger-
many), ∼160 nm in thickness, were annealed in Ar at
600°C for 1 h followed by furnace cooling. The leaves
were cut into 10×10 mm2 patches and dealloyed (for 20
s at room temperature) by free corrosion in a 65 vol.%
HNO3 solution, then repeatedly cleaned by deionized
water and immersed in ethanol for 2 h. Subsequently,
each patch was deposited on the surface of a polished,
1.5mm thick aluminum plate and dried in air. A sand-
wich structure was generated by applying a second alu-
minum plate, and the sandwich was then rolled in mul-
tiple passes at room temperature. The thickness was
reduced ∼0.1mmper pass and the strain ratewas ∼0.08
s−1 (see Supporting Information). Note that the defor-
mation behavior of rolled NPG can represent the general
deformation scenarios, since the local stress state of the
ligaments is multiaxial even under macroscopically uni-
axial deformation conditions [7]. The sandwich was then
etched in a 16 vol.% HCl solution, dissolving the alu-
minum plates and resulting in large pieces of rolled NPG
leaf floating on the solution surface. These were again
carefully cleaned.

To measure the thickness variation, NPG leaves with
and without rolling were applied on Si wafers and exam-
ined with atomic force microscopy (JPK Nano Wizard),
see Figure 1. The thickness reduction was found as 27%
and 50% after 2 and 4 rolling passes, respectively.

To prepare TEM specimens, the leaves in various con-
ditions were lifted from ethanol by Cu grids and dried at
room temperature. All specimenswere investigated using
a FEI Talos F200X TEM at 200 kV.

3. Results and discussion

3.1. Master alloy

The microstructure of annealed master alloy is displayed
in Figure 2. The overview micrograph (Figure 2(a))
shows several grains with grain sizes over 1 µm. Twins
are observed in some grains, as indicated by arrows, but
other grains appear free of twins. The selected area elec-
tron diffraction (SAED) pattern taken along [011] zone
axis of the grain from the square region in Figure 2(a)
is shown in Figure 2(c). Diffraction spots of twins are
marked by dashed lines. The dark-field image of the same
region (Figure 2(b)), achieved using (200) twin reflection,
illustrates the existence of many twin lamellae.

Figure 2 illustrates pre-existing twins, several hundred
nanometers to several micrometers in length, in some
grains of the annealed master alloy but not in others.
In view of this heterogeneous microstructure, our pre-
sentation of the experimental results and discussion will
distinguish between findings for grains with and without
pre-existing twins.

3.2. As-dealloyed NPG

In as-dealloyed specimen, grain boundaries can be dis-
tinguished at lowmagnification, as indicated by arrows in
the overviewmicrograph (Figure 3(a)). Further evidence
of grain boundaries is shown in Figure S1 of the Sup-
porting Information. The image at higher magnification
(Figure 3(b)) shows that the as-dealloyed leaf consists
of several layers of interconnected ligaments. A clearer
view of nanoporous structure containing only one layer
of ligaments near a hole of the leaf is shown in Figure S2,
suggesting 8 nm as the average ligament diameter.

The bright-field image and SAED pattern of an area
without pre-existing twins are shown in Figures 3(c,d).
The SAED pattern reveals a single crystal structure over
a large area (800 nm in diameter), indicating the grain
structure of the master alloy remains, in accordance
with previously reported ion channeling [3], electron
backscatter diffraction (EBSD) [4] and X-ray diffraction
results [20]. Besides the large grain size, noteworthy is
that the SAEDof Figure 3(d) shows no signature of twins.

The TEM images for a region containing pre-existing
twins are displayed in Figures 3(e–h). The twin reflec-
tions are marked by dashed lines in Figure 3(h). Fig-
ures 3(e,f) show sets of many twins aggregated along
111 planes; these aggregates form straight lines whose
lengths range from several hundred nanometers to sev-
eral micrometers. It appears obvious to associate these
features with the pre-existing twin lamellae of the master
alloy, see Figure 2. In other words, the aggregates reflect
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Figure 3. TEM images of as-dealloyedNPG. (a) Bright-field image at lowmagnification, showing evident grain boundaries (GBs). (b) High
magnified image, revealing nanoporous structure. (c) Bright-field image and (d) selected area electron diffraction (SAED) pattern from
a grain without pre-existing twins. (e) Bright-field image, (f-g) dark-field images and (h) SAED pattern of a grain containing pre-existing
twins. The dark-field images are obtained using (200) twin reflection in (h), (g) is the magnification of the square region in (f ). Higher
magnified image of some tiny twins in (g) is inserted at the lower left. The beam direction (BD) for (c-h) is parallel to [011] zone axis and
the diameter of the selected area for (d) and (h) is 800 nm.

microstructural features of the master alloy and not new
twins generated during dealloying.

Besides the twin aggregates, there are also tiny iso-
lated twins. Upon close inspection, examples of isolated
twins can be seen (near the arrows) in Figure 3(g), which
is a magnification of the square region delineated in
Figure 3(f). These twins only appear in part of thematrix.
Further magnification of some tiny twins is inserted in
Figure 3(g). We speculate that the tiny twins may be
generated by spontaneous plastic shear in response to
large surface-induced shear stresses during dealloying
[19,26]. Irrespective of their origin, there are only very
few isolated twins in as-dealloyed specimen. This is most
notably supported by the absence of twin reflections in
the SAED pattern (Figure 3(d)) and by the extended, fea-
tureless regions in the dark-field images (Figures 3(f,g)).

The observations in Figure 3 suggest the twins in
as-dealloyed specimen mainly reflect pre-existing twins
in the master alloy. Since most grains exhibit few pre-
existing twins, we conclude that the density of twins in
as-dealloyed NPG prepared from annealed master alloy
is low. This notion is supported by the X-ray diffraction
results [27].

3.3. Deformed NPG

After 27% rolling, grain boundaries are still observed
in NPG at low magnification, as marked by arrows in

Figure 4(a). The inserted image at high magnification
shows that the nanoporous structure is retained.
Figures 4(b–d) refer to a region without the twin aggre-
gates that we identified as pre-existing twins. Note that
the image magnification and aperture size for SAED pat-
tern are identical to Figures 3(c,d). The primary diffrac-
tion spots from the matrix in the SAED pattern of
Figure 4(b) are segments of arcs, indicating a mosaic
spread of the local orientations in the deformed speci-
men, yet with a memory of the original crystallograph-
ically coherent structure. This is in good agreement with
EBSD maps of deformed NPG [4]. These authors associ-
ated the misorientation with the accumulation of ‘pore-
channel’ dislocations in pore space [4].

Besides the arc primary diffraction spots, weak streaks
from twins along [111̄] and [1̄11̄] directions are observed
in Figure 4(b). The twin streaks parallel to [111̄] direction
are marked by dashed lines and the twin streaks along
[1̄11̄] direction are indicated by arrows. The appearance
of streaks implies that most of the twins are only few
atomic layers thin. The dark-field image (Figure 4(d))
obtained using (1̄11̄) twin reflection reveals many ran-
domly distributed twins. Importantly, the morphology,
density and distribution of these twins have no analogy
with those in as-dealloyed specimen. This implies that
these twins must originate from plastic deformation.

The above-mentioned deformation twins are short
and thin, hence their volume fraction is low even though
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Figure 4. TEM images of the 27% cold-rolled NPG. (a) Bright-field image at low magnification. Inserted image reveals the nanoporous
structure. (b) Selected area electron diffraction (SAED) pattern, (c) bright-field image and (d) dark-field image from a grain without pre-
existing twins. (e) Bright-field and (f ) dark-field images of a grain containing pre-existing twins. (g) Bright-field and (h) dark-field images
of an areawithout pre-existing twins at highmagnification. Beamdirections (BDs) for (b-h) are parallel to [011] zone axis and all dark-field
images are achieved using the reflections highlighted by the circles marked in corresponding SAED patterns. The selected areas for all
SAED patterns are 800 nm in diameter.

their number density is high. This notion is consistent
with the weak streaks in the SAED pattern.

The emergence of twin steaks along both [111̄] and
[1̄11̄] directions in Figure 4(b) suggests that different
slip systems have been activated during deformation. As
there are four 111 twin planes in face-centered cubic
structured gold, the net density of all deformation twins
must be even higher than that observed in our dark-field
image.

An area with pre-existing twins is displayed in Fig-
ures 4(e,f). The twin aggregates of as-dealloyed mate-
rial are no longer recognizable in the bright-field image
(Figure 4(e)) of the deformedmaterial. Yet, these features
remain in the dark-field image (Figure 4(f)), where they
can be identified by their alignment with the (11̄1) twin
plane. Many deformation twins are also seen, featuring a
random arrangement in the matrix.

The magnified images of an area without pre-existing
twins are shown in Figures 4(g,h), demonstrating the
homogenous distribution of deformation twins in liga-
ments.

Further reduction of thickness (50%) for NPG leaf
results in cold-welding of ligaments and the formation of
diffraction rings (Figure S3).

Figure 4 verifies the accumulation ofmassive deforma-
tion twins on different crystallographic planes in NPG.
It is then natural to suspect that twins can interact. That
notion is indeed supported by HRTEM images, as will
now be discussed.

3.4. High-resolution imaging

In the present work, the interaction of planar defects
is frequently observed in the deformed specimen.
Figure 5(a) shows the typical microstructure of 27%
rolled NPG leaf near a crack at high magnification. The
micrograph reveals an abundance of planar defects paral-
lel to (111̄) and (1̄11̄) planes, as indicated by arrows. The
HRTEM image of region B is shown in Figure 5(b), where
a stacking fault (labeled SF) on (111̄) plane interacts with
a twin on (1̄11̄) plane. Instead of traversing the ligament,
the Shockley partial dislocation associatedwith the stack-
ing fault was arrested inside the ligament, since the twin
boundary (labeled TB) acts as a barrier.

Besides the deformation-induced planar faults,
Figure 5(c) reveals the formation of a Lomer-Cottrell
(labeled L-C) lock, where twin lamellae on (1̄11̄) plane
and a twin on (111̄) plane are observed. The reaction of
leading partial dislocations slipping on different planes
results in a Lomer-Cottrell dislocation at the intersection,
as marked with yellow ‘T’ and magnified in the inserted
image of Figure 5(c). Indeed, Lomer-Cottrell locks are
observed in many places of the deformed NPG.

Step edges and corner lines at the free surface of nano-
objects are decorated by local strains and stress concen-
trations that make these surface features preferred sites
for dislocation nucleation [28,29]. Shockley partial dislo-
cations are common in gold due to the metal’s low stack-
ing fault energy, and the nucleation at the surface may
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Figure 5. (a) TEM image of 27% cold-rolled NPG at high magnification, showing planar defects on different planes. (b) High-resolution
TEM image corresponding to region B in (a), revealing the pile up of Shockley partial dislocation associated with a stacking fault (SF)
on the twin boundary (TB). (c) High-resolution TEM image corresponding to region C in (a), showing a Lomer-Cottrell (L-C) lock. The
magnified Lomer-Cottrell dislocation core is inserted in (c). (d) Schematic illustration of deformation mechanism in NPG.

therefore produce these defects preferentially [30]. Partial
dislocations are also favored over full ones in small struc-
tures [31]. After traveling small distances, the partial dis-
locations without interaction may escape from nanopil-
lars, leaving behind stacking faults or deformation twins.
As one scenario under consideration, the subsequent
deformation leads to the emission and propagation of
trailing partial dislocation on the same slip plane, result-
ing in annihilation of dislocations and planar defects at
free surface of gold nanopillars [14,32]. When the dislo-
cation generation rate balances the dislocation annihila-
tion rate, the condition of dislocation starvation applies.

InNPG, the deformation induced defects are schemat-
ically illustrated in Figure 5(d). In contrast to the disloca-
tion starvation scenario in nanopillars, the result reveals
the accumulation and interaction of planar defects on dif-
ferent crystallographic planes in NPG. Many step edges
at the surface of NPG – partly geometrically necessary
because of thematerial’s high surface curvature – provide
massive nucleation sites for dislocations [16,33]. Further-
more, the local stress state of NPG is generally multiaxial
due to the local bending deformation of the ligaments
[7–10]. The multiaxial stress field promotes the nucle-
ation of (partial-) dislocations on more than one slip sys-
tem [16,17]. One thus expects stacking faults or twins on
different slip planes and, consequently, the interference or
reaction between planar defects. Figures 5(b,c) confirm
this expectation and support the experimental finding

of the gradual emergence of a strain rate dependence as
NPG is deformed [4].

The interaction of planar defects, especially the
formation of Lomer-Cottrell locks, can efficiently stabi-
lize lattice defects [32], prohibiting the possible escape
of dislocations during subsequent plastic deformation.
That scenario further enhances the accumulation of lat-
tice defects and also promotes strain hardening. In this
respect, our observations provide strong experimental
support for themodeling studies that suggest strain hard-
ening as part of the constitutive plastic deformation
behavior of NPG. Furthermore, our observations sup-
port the defect accumulation that is seen in atomistic
deformation studies of NPG. We also note that the sta-
ble Lomer-Cottrell locks would act as internal sources
for dislocations, further enhancing the strain hardening
ability.

4. Summary

NPG with complex stress states and geometric bound-
ary conditions acts as a model system for small-scale
plasticity in real nanomaterials. In this work, a uni-
form deformation was applied to electron-transparent
NPG leaf, in which NPG leaf was sandwiched by alu-
minum plates and then subjected to properly controlled
rolling. The results confirm the accumulation of lattice
defects that has been predicted based on experimental
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strain hardening data and atomistic simulation. Contrary
to the dislocation starvation model of small-scale plas-
ticity, the density of twins on different crystallographic
planes is significantly enhanced by plastic deformation.
The reaction between twins leads to the formation of
Lomer-Cottrell locks and thus inhibits the egression of
dislocations at surfaces. Defect accumulation and strain
hardening effectively enhance the mechanical stability
and reliability of NPG.
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