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We report a transition from homogeneous deformation to localized densification for nanoporous gold
(NPG) under compression, with its solid fraction (¢) increasing to above ~1/3. Results obtained herein
suggest that this transition is inverted compared to that of conventional porous materials. Consequently,
under compression, the low-density NPGs with ¢ < 1/3 showed evident strain hardening, whereas a stress
plateau was observed for high-density NPGs with ¢ > 1/3, which is contrary to the established notions for
conventional porous materials. The ligament pinch-offs and bending-dominated structures are responsible
for the homogeneous deformation of low-density NPGs. For high-density NPGs, the compression- or
tension-dominated structure enables the collective strain bursts in nanoligaments, resulting in localized
densification and stress plateau in their compression curves. In addition to the nanosize effect, the surface-
diffusion-mediated topology evolution and the large-scale crystal-lattice coherency arising from the large
grain size are also decisive to the mechanical response of dealloyed NPGs, which might be universal for

self-organized nanonetwork materials.
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For conventional porous materials under compression,
yielding is usually followed by a plateau region of constant
stress in their stress-strain curves [1,2]. This stress plateau
is associated with an inhomogeneous deformation, which
proceeds by the formation and propagation of localized
densification bands [3—5] and occurs typically in porous
materials with a relative density (or solid fraction, ¢) below
0.30 [6,7]. As an emerging nanomaterial, nanoporous (NP)
metals [8—15] prepared by dealloying [16—18] are much
stronger than conventional porous materials because of the
“smaller is stronger” effect [19,20]. However, previous
studies have revealed that NP metals, particularly nano-
porous gold (NPG), deformed homogeneously under com-
pression [21]. Their flow stress also increased steadily with
increasing strain [10,13,14,22-25], showing no stress
plateau. In one case [26], a plateaulike feature was observed
in the compression of micron pillars machined from
NPG with ¢ = 0.30, which was not confirmed in macro-
scopic NPGs with similar ¢ [27-29]. The relative density of
previous NPGs is typically above 0.25 [12,14,30],
and it even exceeds 0.30. According to the notions
established in conventional porous materials, the homo-
geneous deformation and the lack of stress plateau in
compression may be attributed to the high relative density
of NPGs.

In this study, we report that a stress plateau was achieved
in the compression of NPGs by further increasing but not
decreasing the relative density. This phenomenon is asso-
ciated with a transition from homogeneous to localized
deformation in NPGs as ¢ increases to above ~1/3, which
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is inverted compared with that of conventional porous
materials.

Figures 1(a)—1(c) show typical scanning electron micros-
copy (SEM) images of NPG-25, NPG-30, and NPG-35,
which were prepared by dealloying Au,sAg;s, AuzgAgy,
and AussAges, respectively. These NPGs, which were
treated by a same postdealloying potential sweeping
procedure (see Supplemental Material [31]), exhibit

FIG. 1. Microstructure of NPG samples. Typical SEM images
of (a) NPG-25, (b) NPG-30, and (c) NPG-35. (d) Electron
backscatter diffraction (EBSD) orientation map of NPG-35
showing large grain sizes inherited from the precursor alloy.
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TABLE L. Relative density (¢), ligament size (L), yield strength
(oy), and plastic Poisson’s ratio (vp) of NPG samples.

Sample 17 L (nm) oy (MPa) Up
NPG-25 0.27 +£0.01 3247 7.4 0.084 + 0.024
NPG-30 0.31 £0.01 37+8 234 0.075 £ 0.021
NPG-35 0.36+0.01 37+10 79.6 0.120 4+ 0.042

uniform structures of similar ligament size (32—-37 nm) but
different relative densities, as summarized in Table 1. The
relative density of NPG is determined from the Au content
in precursor alloy, the residual Ag content in obtained
NPGs (<2 at.%), and the overall volume shrinkage during
dealloying and processing (see Supplemental Material
[31]). The standard deviation of the obtained ¢ data was
within 0.01.

These NPGs exhibit large grain sizes inherited from their
precursor alloys [21,32]. Figure 1(d) shows a grain size of
~30 ym (for NPG-35), which is 3 orders of magnitude
larger than the ligament size. In other words, each grain is a
single-crystal NPG containing ~10° Au ligaments. In each
grain, although the network structure is random and the
morphology of each ligament is different, the crystal
structure and crystal orientation are identical for all the
ligaments. Such a large-scale crystal-lattice coherency of
NPG is not present in conventional porous materials, whose
grain size is usually no larger than the ligament (strut) size.

Compression tests showed that the yield strength
increased with increasing ¢, from ~7 MPa of NPG-25
with ¢ = 0.27 to ~80 MPa of NPG-35 with ¢ = 0.36, as
shown in Fig. 2(a). For both NPG-25 and NPG-30, the flow
stress increases with increasing compression strain, which
is consistent with the previous reports [21,29]. However,
the flow stress of NPG-35 remained constant up to a strain
of ~0.20, showing a well-defined plateau region that has
not been observed in dealloyed NP metals [33,34]. This is
the opposite of that observed in conventional porous
materials, wherein the stress plateau is present and more
evident at lower relative densities [6] [see the inset in
Fig. 2(a)].

The strain-hardening rate (0) was quantified as
0= daf/ de, where 6, and e are the flow stress and
engineering strain, respectively. The strain-hardening rate
normalized by the flow stress, /0, is plotted in Fig. 2(b)
as a function of the strain, showing the different strain-
hardening behaviors of different samples. As summarized
in Fig. 2(c), the mean values of 6/c, measured at the early
stage of compression (¢ = 0.05-0.20) decreased system-
atically with increasing ¢ and approached zero at approx-
imately ¢ = 0.36.

Thermal annealing can increase the ligament size of
high-density NPG such as NPG-35, while its relative
density remains almost unchanged [35]. Figure 2(d) shows
that the stress plateau in the compression curves and, thus,
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FIG. 2. Uniaxial compression behavior of NPG samples.
(a) Engineering stress-strain (o — ¢€) curves of NPGs at a strain
rate of 107* s~!. The inset shows the typical data of conventional
porous aluminum (adapted from Ref. [2] with permission). The
horizontal dotted lines indicate the level of yield stress for each
sample. (b) Variation in normalized strain-hardening rate (6/c)
with strain for different NPGs. (c¢) Variation in 6/ oy at small
strains (¢ = 0.07,0.09, 0.11, 0.13, and 0.15) with relative density.
The ligament sizes of NPGs tested in (a)-(c) are between 30—
40 nm (see Table I). (d) Variation in 6/6 (at small strains) with
ligament size for NPG-35.

the near-zero 6/c; value of NPG-35 can be maintained
after annealing, as long as the ligament size L is below
200 nm. Further coarsening resulted in a substantial
increase in 6/c, with increasing L, showing the evolution
of NPGs toward conventional porous materials (with
positive 6/c; values at this relative density) during
coarsening.

The decrease in 6/c, with increasing relative density of
NPGs (L <200 nm) is correlated with a transition
from homogeneous to localized deformation in compres-
sion, as shown in Fig. 3. Consecutive optical images of
compressed NPG samples clearly show that the deforma-
tion was uniform in low-density NPGs, such as NPG-25
[Fig. 3(a)], which agrees with the previous reports
[14,21,23,24]. However, the deformation of NPG-35
was nonuniform, which was due to the propagation of
the localized deformation, as shown in Fig. 3(b).
Measurements of the local strain along the compression
axis confirmed that the deformation was homogeneous in
NPG-25 [Fig. 3(c)] and localized in NPG-35 [Fig. 3(d)]
during the early stages of compression. The direction of this
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FIG. 3. Deformation of NPG under compression. Consecutive

optical images of (a) NPG-25 and (b) NPG-35 samples com-
pressed to different strains. The scale bar is 0.5 mm. The dashed
lines in (b) indicate the boundaries between the deformed and
undeformed regions. Local plastic strain was measured along the
compression axis for (c) NPG-25 and (d) NPG-35 at different
strains. Solid lines indicate the overall plastic strain for each set of
data. The distance to one end of the sample was normalized by the
length of the sample.

transition was inverted compared with that observed in
conventional porous materials.

For low-density NPGs such as NPG-25, SEM images
before and after compression confirm that the deformation
is uniform down to the scale of ligament size, as shown in
Fig. 4. The plastic strain in this region (enclosed by a solid
white box) agrees well with the macroscopic strain of this
sample. The bending of ligaments, which was frequently
observed after compression, might be the dominant defor-
mation mechanism of this sample. Figure 4 also shows the
torsion or rotation of ligaments about the out-of-plane axis,
which likely resulted from the fact that ligaments on the
surface were less constrained compared with those in the
interior of the sample.

For NPG-35 under compression, the plastic deformation
was inhomogeneous at both macroscopic [see Fig. 3(b)]
and microscopic scales (Fig. 5). In the NPG-35 compressed
to 0.10 (in the plateau region), we observed large-
population bandlike deformation structures in the deformed
region, particularly in the transition zone between
deformed and undeformed regions. As shown in
Fig. 5(a), these deformation bands (DBs) are 1-3 ym
thick, and, sometimes, two sets of parallel DBs cross each
other in one grain. While most DBs terminate at grain

FIG. 4. SEM observation of the same area on the surface of
NPG-25 (a) before and (b) after compression (¢ = 0.20). The
rectangles of the solid line indicate the same area before and after
compression. The bending and touching of ligaments are also
indicated for the compressed sample. Color was added to enhance
the contrast of the labels.

boundaries, some can extend deep into adjacent grains.
EBSD analysis shows that these DBs do not lie on the
{111} planes [Fig. 5(b)], which are favorable slip planes of
Au. Figures 5(c) and 5(d) confirm that, at microscopic
scale, severe deformation can be easily identified within
each DB [Fig. 5(c)], while the matrix (or the region
between two DBs) remains intact and undeformed
[Fig. 5(d)].

The detailed structure of DB in NPG-35 is presented in
Fig. 5(e), showing high-population narrow slip traces
aligned along specific directions. In this DB, two sets of
slip traces or lines can be easily identified, which are
parallel to the intersection lines of the {111} planes with
the sample surface, according to the crystallographic
analysis in this region (see the inset; it is a single crystal
in the imaged region). This confirms that these slip traces
were formed by the glide of dislocations on the {111}
planes. Interestingly, slip traces were observed not only in
thin ligaments but also in thick ligaments and nodes.

In short, the deformation of low-density NPGs with ¢
below ~1/3 is homogeneous and dominated by ligament
bending, and the deformation of high-density NPGs with ¢
exceeding ~1/3 proceeds by the propagation of localized
DBs, wherein the ligaments deform by shear or slip.
Different deformation behaviors have resulted in distinct
plastic responses, i.e., evident strain hardening for low-
density NPGs and a stress plateau for high-density NPGs in
their compression stress-strain curves, although the overall
elastic modulus increases with increasing compression for
both types of NPG (see Fig. S2 in Supplemental Material
[31]), in accordance with earlier work on porous sol-
ids [36,37].
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FIG. 5. Microstructure of NPG-35 compressed to ¢ = 0.10, in an area between deformed and undeformed regions. (a) Backscatter
electron SEM image and (b) EBSD map of the same location of deformed NPG-35. The dashed lines in (b) represent the intersection
lines of the {111} planes with the sample surface in this grain. SEM images taken in a region (c) within or (d) out of a DB, as indicated in
the inset. (e) High-magnification SEM image of a DB, where the slip traces are indicated by dotted ellipses. Inset: intersection lines of

{111} planes with the sample surface in this area.

The slip of ligaments observed in compressed NPG-35
suggests that the ligaments therein might undergo a
compression or tension load, unlike the bending of
ligaments observed in NPG-25. Indeed, molecular dynam-
ics simulations have revealed an elastic bending-to-
compression or -tension transition in the structure of
NPGs (gyroid structure) as ¢ increases to above 0.35
[38]. Atomistic simulation [39] also revealed an evidently
decreased density of (geometrically necessary) disloca-
tions in NPGs with ¢ > 0.35 after deformation, indicating
a plastic bending-to-compression or -tension transition at
a similar ¢.

Furthermore, driven by the Plateau-Rayleigh instability,
gold ligaments pinch-off via surface diffusion as ¢
decreases to below ~1/3, giving rise to large-population
dangling ligaments in low-density NPGs [14,23,40-42].
This phenomenon has resulted in anomalous sintering [35]
and a severe deviation in strength [23,24,43,44] and elastic
modulus [14,23,40,42,44,45] from theoretical predictions
[1], in NPGs with ¢ < 1/3. The Plateau-Rayleigh insta-
bility could even lead to a percolation-to-cluster transition
at around ¢ = 0.159, which sets a lower limit for ¢ of
monolithic NPG self-organized in dealloying [42,46]. The
capillarity-driven topology evolution might (at least parti-
ally) account for the bending-to-compression or -tension
transition and, eventually, the changes in the mechanical
response of NPGs, as ¢ crosses ~1/3.

In low-density NPGs with ¢ < 1/3, the presence of
large-population dangling ligaments and the bending-
dominated structure might account for their homogeneous

deformation and the absence of a stress plateau under
compression. For conventional foams, the stress plateau
under compression is usually associated with a mechanism
of plastic or elastic instability (such as buckling or crushing
of ligaments [6,7]), which is lacking in low-density NPGs.
When a low-density NPG is under compression, the
reconnection or coalescence of dangling ligaments results
in local hardening or stiffening. Furthermore, the plastic
bending of ligaments introduces a large strain gradient and,
thus, large-population geometrically necessary disloca-
tions, which further strengthen the ligaments [39,47].
These local strain-hardening mechanisms might suppress
strain localization and trigger the homogeneous deforma-
tion of low-density NPGs (such as NPG-25) under
compression.

For high-density NPGs with ¢ > 1/3, the slip traces
observed in compressed samples indicate that the strain
burst of ligaments might act as a mechanism of plastic
instability, which is responsible for the inhomogeneous
deformation and stress plateau of high-density NPGs.
Discrete strain bursts, which have been widely observed
in the compression of nano- or submicron-scale single-
crystal pillars [48-52], are associated with dislocation
avalanches (i.e., the sudden emission or gliding of a large
number of dislocations in a narrow region). Such a strain
burst is prevalent in the source-controlled plasticity, which
typically occurs in pillars with diameters below 150 nm
[53]. This scenario is consistent with the observations
shown in Fig. 2(d); 8/c of coarsened NPG-35 increases
gradually as the ligament size increases to above ~200 nm.
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We emphasize that, in addition to the small ligament
size and compression- or tension-dominated NP structure,
the large-scale crystal-lattice coherency is also essential to
the stress plateau in NPGs. Dislocation slip avalanches in
one ligament would impose a shear stress in the network
and facilitate strain bursts of adjacent ligaments if they
have identical crystal orientations. The collective strain
bursts result in the formation and propagation of DBs and,
eventually, in the inhomogeneous deformation of
NPG-35 and the stress plateau in its compression
stress-strain curves. This scenario is supported by the
absence of a stress plateau in the compression of nano-
crystalline NPGs [54] (see Fig. S3 in Supplemental
Material [31]), wherein the grain size is no larger than
the ligament size (and nanocrystalline NP Al with native
oxide shell [55]), although their solid fractions are well
beyond 1/3.

Previous simulations also showed a stress plateau in the
compression of NPGs [56-59]. However, this phenomenon
was observed in both high-density and low-density NPGs
without DBs or localized densification, which is incon-
sistent with our experimental observations. The discrep-
ancy between the experiment and simulation may result
from the fact that the simulated samples were much smaller
than those used in this study, and they were even smaller
than the characteristic size (thickness) of the DBs observed
in deformed NPGs. This also raises the question of whether
the mechanical response and deformation behavior of
NPGs will be maintained as the sample size decreases to
below DB thickness, particularly for coarse-grained high-
density NPGs. This issue may be clarified in the future by
conducting submicron pillar compression tests on high-
density NPGs.

In summary, we report an unexpected transition from
homogeneous to localized deformation for NPGs under
compression, as ¢ increases to above ~1/3, owing to the
combined effects of small ligaments, topology structure,
and large-scale crystal-lattice coherency. The observations
in this study for dealloyed NPGs, which are distinct to that
of conventional porous materials, might be universal for
self-organized nanonetwork materials whose topology
structures are shaped by capillarity-driven surface diffu-
sion. Other methods may produce NP materials with
conventional-porous-material-like deformation behavior;
however, such structure will be unstable and evolve toward
a NPG-like structure or fall apart into nanoparticles (if not
densify spontaneously [60,61]) when ¢ < 0.16 [42], if
surface diffusion is not too slow.
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