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We investigate the multiaxial behavior of nanoporous gold (np-Au) using finite element simulations on tomo-
graphic reconstructions, and its inferences of the hardness-to-yield strength ratio from nanoindentation and
microcompression experiments on np-Au. Plane stress and axisymmetric loading simulations were carried out
on real np-Au structures and simulated spinodal structures. The predicted initial yield response of spinodal

and np-Au is nearly identical, while disagreeing with the Deshpande-Fleck foam yield criterion. A qualitative
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comparison of np-Au simulations with Deshpande-Fleck criterion suggests a plastic Poisson ratio of 0.23, corre-
sponding to a hardness-to-yield stress ratio of 2.7 which is in remarkable agreement with experiments.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Nanoporous gold (np-Au) is a new class of cellular material with rel-
ative density in the range of 0.25 to 0.5, which places np-Au between
low density engineering foams and dense solids. Uniaxial behavior of
nanoporous foams has been extensively studied in the recent years,
and is found to be in contrast with the macroporous foams. Macroscopic
elastic modulus and flow stress of np-Au from nanoindentation and
microcompression tests were found to depend on the ligament length
scale [1-5], leading to modified size-dependent Gibson and Ashby scal-
ing laws [2,6-8]. Additionally, some experimental and computational
studies have suggested a change in the relative density scaling of the
elastoplastic properties [9-13] or inclusion of the network topology
into scaling relations [14,15]. However, so far there have been no direct
multiaxial yielding studies either in experiments or through simula-
tions. While investigating the Poisson effects under uniaxial compres-
sion tests on mm-sized samples, Liihrs et al. [16] have applied digital
image correlation (DIC) and to separate out the effect of barreling they
assumed that np-Au obeys Deshpande-Fleck (DF) isotropic foam yield
criterion [17]. Perturbed/randomized gyroidal structures, which are
sometimes taken as approximations to np-Au, have been shown to de-
part from the DF yield criterion [18]. Thus, the validity of DF yield crite-
rion to np-Au remains to be verified, which forms one of the goals of this
paper.

Another notable difference with the very low density macroporous
foams is the ability of np-Au to develop plastic constraints under the
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indenter. It is understood that cell walls of a low density macroporous
foam develop localized plastic hinges near cell wall junctions, and plas-
tically collapse under compression resulting in near-zero plastic Poisson
ratio (vp). Consequently, the foam below the indenter is under uniaxial
compression (except near the indenter edges), and hence, is unable to
develop significant plastic constraints [19-21]. This results in the com-
pressive yield strength (0y) being roughly equal to the indentation
hardness (H) [20,21]. In contrast, in situ indentation of np-Au in trans-
mission electron microscope showed extended deformation region
under the indenter [22]. Hence, a non-zero v, may be expected for
np-Au under compression, which leads to H/oy>1 [23]. In fact, Jin et
al. [24] have compared microindentation hardness with compressive
yield strength of mm-sized samples and found that H/oy = 3. This corre-
sponds to incompressible plasticity (v, = 0.5), although their measure-
ments yielded v,=0.08 from specimen dimensional changes. In
contrast, Volkert et al. [3] reported v,~ 0.2 also from the dimensional
changes of a np-Au micropillar in microcompression tests. Recently,
Liihret al. [16] have also used DIC on mm-scale samples under compres-
sion and report values between ~0.07 to 0.25 for ligament diameters of
50 to 180 nm and over a range of strains. This would correspond to a H/
Oy ratio roughly in the range of 1.7-2.8 [23].

A clear convincing relationship between oy and H can be obtained if
these are measured from the same sample along with v;,. Only one such
consistent work [24] can be found so far, which however finds an incon-
sistency between v, and H/oy. Interestingly, on mm-scale np-Au, but
under tension, Briot and Balk [25] reported that v,~0.22 using DIC,
and employed H=2.650y to convert nanoindentation hardness [7]
which they found to be in good agreement with tensile yield strength.
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However, the tensile v, may not necessarily be equal to compressive v,
to which H/oy is correlated. For example, molecular dynamics (MD)
simulations on spinodal structures have predicted a strain-dependent
v, that can be as high as 0.6 in tension while becoming near-zero
under compression [26]. A ductile and very low density foam with
near-zero v, will have a relatively larger v, in tension, since the plastic
hinges near the cell wall junctions reorient the cell walls towards the
loading axis similar to a pin-jointed structure. Moreover, it is unclear if
the v, measured in mm-scale samples with multiple np-Au grains and
low network connectivity at the grain boundaries is also the v, of indi-
vidual grains where nanoindentation is performed. Measuring v, from
deformed geometries of micropillars involves difficulties arising from
buckling or barreling [3].

In this paper, we also aim to gain more insight into the hardness-to-
yield stress ratio of np-Au (i) from nanoindentation and micropillar
compression tests on the same sample, and (ii) from v, by comparing
the multiaxial behavior from finite element (FE) simulations with the
DF criterion [17]. If the multiaxial yield response of np-Au obeys DF cri-
terion, this can indirectly estimate v, with better accuracy. FE simula-
tions are conducted on reconstructed np-Au from the same sample
using focused ion beam (FIB) nanotomography [14,15,27], and also on
spinodal structures [14] to obtain the multiaxial yield response, and
compare it with the DF yield criterion [17].

Np-Au is produced by the dealloying method outlined in [28]. The
average relative density of the sample from densitometry measure-
ments is 0.31 £ 0.005. The np-Au samples produced are free of large
voids and cracks. Berkovich nanoindentation and micropillar compres-
sion tests are conducted using a MTS 200 Nanoindentor. Berkovich in-
dentation has been performed at a constant indentation strain rate
(1%/s) with a superimposed oscillatory signal (45 Hz, 2 nm). Elastic
modulus and hardness are calculated using the continuous stiffness
method. Microcompression tests are performed using a flat punch in-
dentor on pillars of 10 um in height and 5 pm in diameter fabricated
by FIB. The loading rate is 100 pN/s, and the total applied macroscopic
strain is about 20%. The measured force-displacement response is con-
verted to nominal stress-nominal strain curves assuming homogeneous
deformation of the pillars.

Fig. 1 shows the elastic modulus and hardness measured from nano-
indentation. The rate of decrease in both elastic modulus and hardness
beyond an indentation depth of 500 nm is rather small. We report the
elastic modulus and hardness values corresponding to an indentation
depth of 700 nm. Beyond an indentation depth of 700 nm, the change
in modulus or hardness is only a few percent whereas more pronounced
sink-in and circumferential cracks tend to form. The average values of
the elastic modulus and hardness from 50 or more indents are 1.8 +
0.1 GPaand 63 + 4 MPa, respectively. The nominal stress-stain response
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from micropillar compression tests is shown in Fig. 1(c). The elastic
modulus is taken from the initial segment of the unloading curve, and
the yield stress is taken as the 0.2% off-set stress given by the average
slope of the loading segment as shown in the figure. The unloading
modulus is 1.2 4 0.2 GPa which is lower than the modulus from nano-
indentation. The off-set yield stress is 23 4 1 MPa, which differs from
the indentation hardness by a factor of 2.7 to 2.8.

For FE simulations, the three-dimensional structure of (1250 nm)>,
shown in the inset of Fig. 2, is obtained using FIB nanotomography de-
scribed in [27]. We repeat these simulations also on spinodal structures
generated through a phase-field model [14], which are morphologically
similar but differ in topology [ 14]. The relative density of both the struc-
tures is ~0.3.

FE simulations were performed using ABAQUS [29] and CalculiX
[30]. For both reconstructed and spinodal structures, the ligament mate-
rial is assumed to be elastically and plastically isotropic, a perfectly plas-
tic material and obeys J>-flow theory. For simplicity, we neglect the
crystallographic nature of plastic yielding in the ligaments. We also as-
sume that the flow stress of the solid is independent of the local diam-
eter of the ligaments. We take 79 GPa for the elastic modulus, and
0.42 for the Poisson ratio, which are literature values for isotropic bulk
gold. We use 750 MPa for the flow stress of the ligament material.
These assumptions are reasonable since we limit our focus only up to
macroscopic early yielding of np-Au and due to the fact that the orien-
tation of ligaments results in isotropic mechanical response indepen-
dent of the shared crystallographic orientation [12,28,31]. The gold
volume is meshed using quadratic tetrahedral elements. Within the sta-
tistical scatter expected for random cellular materials, the uniaxial
elastoplastic response of the structure in the inset of Fig. 2 is found to
be free from sample size effects from stress-free lateral boundaries [32].

Uniaxial tensile simulations are performed by prescribing normal
displacements together with roller boundary conditions on one set of
opposite faces. The macroscopic stress components on the sample are
obtained by dividing the sum of the appropriate nodal reaction force
components on each boundary by the corresponding boundary area
(area of solid and pores). The uniaxial elastic moduli, E, along the
three directions have been found to be 1.86 GPa, 1.88 GPa, and
1.68 GPa, displaying slight anisotropy of 0.9 along the Z-direction
which is the slicing direction during nanotomography. It is known
that the nanotomography method produced an artifact of slight struc-
tural anisotropy of 0.9 along the slicing direction due to relatively
large slice thickness [27], which explains the slight Z-anisotropy in E
since the modulus varies roughly linearly for small structural anisot-
ropies [32,33]. The same is also suggested by the evolution of stress
components (Fig. 2) during hydrostatic loading by equal straining
along the three coordinate directions. Hence, it may be reasonable to
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Fig. 1. (a) and (b) Variation in the elastic modulus E and hardness H with indentation depth during nanoindentation. The mean values of the modulus and hardness at an indentation depth
of 700 nm are also indicated. (c) Nominal stress-nominal strain curve from microcompression test. The elastic modulus is taken from the slope of the unloading segment, while the yield
stress is taken as the 0.2% off-set stress obtained using average slope of the initial loading segment.
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