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Abstract

This study is motivated by discrepancies between recent experimental compression test data of nanoporus gold and the scaling laws
for strength and elasticity by Gibson and Ashby. We present a systematic theoretical investigation of the relationship between micro-
structure and macroscopic behaviour of nanoporous metals. The microstructure is modelled by four-coordinated spherical nodes inter-
connected by cylindrical struts. The node positions are randomly displaced from the lattice points of a diamond lattice. We report scaling
laws for Young’s modulus and yield strength, which depend on the extension of nodal connections between the ligaments and the solid
fraction. A comparison with the scaling laws of Gibson and Ashby revealed a significant deviation for the yield stress. The model was
applied for identifying a continuum constitutive law for the solid fraction. Matching the model’s predicted macroscopic stress—strain
behaviour to experimental data for the flow stress at large compression strain requires the incorporation of work hardening in the con-
stitutive law. Furthermore, the amount of disorder of the node positions is decisive in matching the model results to the experimental
observations of an anomalously low stiffness and an almost complete lack of transverse plastic strain.
© 2014 The Authors. Published by Elsevier Ltd. All rights reserved.

Keywords: Nanoporous; Structure—property relationship; Plastic deformation; Compression test; Finite-element simulation

1. Introduction

Nanoporous metal made by dealloying takes the form of
macroscopic (millimetre- or centimetre-sized) porous
bodies with a solid fraction around 30% [1-3]. The material
exhibits a network structure of ‘ligaments’ with a uniform
characteristic ligament diameter that can be adjusted
between 5 and 500 nm. Current research explores the use
of nanoporous metal, and specifically nanoporous gold,
made by dealloying as functional material with regard to
catalysis [4-7], actuation [8-10] and sensing [11]. Mechani-
cal performance is of relevance for each of these fields. It is

* This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License,
which permits non-commercial use, distribution, and reproduction in any
medium, provided the original author and source are credited.

* Corresponding author.

E-mail address: norbert.huber@hzg.de (N. Huber).

therefore noteworthy that the strength of nanoscale objects
— such as the ligaments in nanoporous gold — increases
systematically with decreasing size. Nanoporous network
structures made by dealloying offer themselves as suitable
model systems for (i) exploring this phenomenon in exper-
iment and (ii) implementing the high strength of individual
nano-objects into a materials design strategy that yields
macroscopic functional and/or structural materials which
exploit the strength of nanoscale objects.

The first experimental studies of the mechanical behav-
iour of nanoporous gold used nanoindentation or micropil-
lar compression. Their results, as summarized in Refs.
[3,12,13], were found to agree with the Gibson—Ashby
foam scaling equations [14] for the variation of strength
with solid fraction and with the power-law relation
between strength and structure size [15-17]. More recently,
two studies using atomistic simulation have confirmed the
general trends of the early experiments while suggesting
corrections to the scaling law [18] and pointing towards
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deviations [19] between the plastic behaviour in compres-
sion and in tension. Yet, while experiments with macro-
scopic samples of nanoporous gold that can be deformed
to large strain in compression [20,21] document the consti-
tutive behaviour in the form of stress—strain curves that can
be compared to theory and simulation, the opportunity for
comparison remains yet to be exploited. This would be all
the more interesting as the compression experiments expose
a number of nontrivial features, most importantly a signif-
icant work hardening and, hence, uniform deformation in
compression, the absence of transverse plastic strain, an
apparent yield stress that is considerably below that
inferred from the nano- or microscale experiments, and
the accumulation of lattice defects in the form of a disloca-
tion cell structure at large strain [20]. The most recent
experiments have also shown that the flow stress of macro-
scopic nanoporous gold samples can be reversibly varied
by up to a factor of two by simply transferring electric
charge to the surfaces through electrochemical double-
layer charging or reversible electrosorption, highlighting
the role of the surface for the deformation behaviour
[21]. Furthermore, the compression—tension anisotropy of
the work hardening — which leads to instable plastic flow
and brittleness in tension — can be suppressed by impreg-
nating the pore space with a polymer [22]. This opens the
way to ductilizing nanoporous gold in tension. Here, we
investigate the elastic and plastic deformation behaviour
of nanoporous gold in a micromechanical approach,
emphasizing the comparison between the modelling and
the recent experimental data for the transverse plastic
behaviour, as well as the work hardening during large-
strain plastic deformation under compression.
Nanoporous metals are characterized by their solid frac-
tion ¢ = p/p,, where p and p, denote the mass densities of
the porous material and of the solid skeleton phase, respec-
tively. Although nanoporous metals typically have a solid
fraction of ¢ >0.25, the Gibson—-Ashby model [14] for
low-density cellular open foams is commonly applied to
these materials [3]. In this case the scaling of the macro-
scopically effective values of Young’s modulus, E, and yield
stress, 7,, is given in dependence of the solid fraction by
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respectively. In these equations E; and o, denote the mod-
ulus and the yield stress of the solid phase.

As summarized in Ref. [23], for bending-dominated
behaviour we have ny=2 and n, = 3/2, while for ten-
sion-dominated behaviour nz = n, = 1. As a generalization
of the Gibson—-Ashby model, the effect of the variation in
the geometry of the skeleton on the reduced modulus was
studied for different unit cell geometries [24]. Values of
1.3 <ng <3 were found for the random microstructures,

indicating a more complex dependence than typically
obtained for periodic cell theories.

Further work that combined the analysis based on the
Gibson—Ashby model with experimental investigations on
nanoporous metals suggested incorporating a Hall-Petch-
type relation between the average yield strength and the
average ligament diameter [13]. The impact of the surface
excess elastic parameters on the effective elastic response
has also been considered [25]. Motivated by the experimen-
tal findings for nanoporous metals having higher solid frac-
tions (¢ > 0.4), Liu and Antoniou [26] proposed a
modified rectangular unit cell that accounts for the geomet-
rical dimension of the additional mass at the junctions of
ligaments. The scaling law for the elastic modulus required
an extension by an additional geometric parameter charac-
terizing the extension of this mass.

It was suggested very recently that the Gibson-Ashby
model [14] should be modified for nanoporous metals
according to their deformation mechanisms at the nano-
scale [18]. The tensile behaviour and size effects of open-cell
nanoporous gold were investigated using molecular
dynamics (MD) simulations. Consistent with experimental
results, it was found that the ultimate tensile strength of
nanoporous Au depends on the average ligament diameter.
In relation to Young’s modulus, the scaling law was deter-
mined by calibration with the MD results. The result took
the form

EE = Cpp¢” + Cr0 (3)
where the two terms on the right side of Eq. (3) correspond
to bending and tensile deformation of the ligaments,
respectively, with Cgj, =0.14 and Cg,=0.136. Further-
more, it was found that the yield strength in tension is
dominated by axial yielding of the ligaments, for which
ny = 1. The corresponding scaling law reduced to
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The results of these studies suggest that the mechanics of
nanoporous metals follow the relationships by Gibson—
Ashby, where the scaling of the reduced modulus includes
both bending and tension contributions, while the macro-
scopically effective yield stress is mainly controlled by
tension.

From the literature discussed above, we can conclude
that the scaling of nanoporous metals depends on the com-
plexity of the unit cell, which also includes the degree of
randomization. The loading direction (macroscopic tension
or compression loading) determines if the dominating
deformation in the ligaments is bending and/or tension.
Most theoretical works concentrate on the elastic proper-
ties, while the literature on the scaling laws for yield stress,
particularly for nanoporous metals under compression
loading, is scarce.

Because large plastic deformation of nanoporous metals
can only be obtained in compression tests, the experiment
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