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Nanoporous metals are characterized by a complex bicontinuous structure, which is similar to open pore foams but
typically has a higher relative density. Micromechanical modeling of nanoporous metals consists of the modeling of
the complex microstructure and, based on this structural input, the simulation of the mechanical behavior by
numerical methods using Molecular Dynamics, Finite Element Methods, or Finite Cell Methods. The microstructure
is usually obtained from 3D high-resolution imaging techniques and subsequent image processing. Alternatively,
artificial microstructures with sufficient similarity to nanoporous metals can be generated by computational
methods. The investigated volume is limited to a Representative Volume Element (RVE), which is small enough for
achieving an elastic or elastic-plastic simulation on a computer, but large enough to deliver a reliable result, which
is not any more affected by the randomness of individual features within the modeled volume of material and the
boundary conditions applied to the RVE. The mechanical simulation predicts the macroscopic deformation
behavior that is required to determine the Young's modulus, stress-strain curve as well as further detailed
information on defect generation, deformation mechanisms, local stress and strain fields, etc. On the macroscopic
level, structural descriptors are combined with predicted mechanical properties to establish structure-properties

relationships.

Nanotomography 3D image processing representative volume elements
geometrical characterization descriptors MD simulations finite element simulations
deformation mechanisms macroscopic mechanical properties structure-properties relationships

| 1. Introduction

Nanoporous metals made by de-alloying are receiving increasing attention due to their fascinating functional and
mechanical properties, which can be controlled via electro-chemo-mechanical coupling through the huge surface
inherent in this class of material. A series of reviews document the potential offered by the interface controlled
functionality, particularly sensing and actuation [, electrochemical conversion and storage [, and bioanalytical
and biomedical applications El. While originally, the research in this field concentrated on noble elements, such as
gold, platinum, or palladium, the range of elements from which nanoporous materials can be produced by
electrochemical dealloying has been substantially extended during the last few years with the help of liquid metal

dealloying @, The different processes allow a design for solid fractions and ligament size as well as certain
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morphologies that can be modeled by kinetic Monte Carlo simulations or phase field modeling. A review of the

characterization of the morphologies and mechanical properties can be found in =],

| 2. Micromechanical Modeling

In many aspects, the micromechanical modeling of nanoporous metals is very similar to the modeling of open pore
foams where the methodology is mainly based on FE solid models and FE beam models [EIEILOL  Elasto-
plasticity and deformation localization is investigated using various unit cells, including Gibson—Ashby, simple
cubic, reinforced body-centered cubic, body-centered cubic, Kelvin, diamond, and Weaire Phelan 1213l Excess
volume from the overlap of beam elements connecting in nodes was removed in FE beam models by a
modification of the ligament shape &, This is sufficient for the correction of the nodal mass for solid fractions of up
to 10%. The effect of structural irregularities is studied with random Voronoi foam models, periodic cells with
randomly deleted features, or perturbation of the structure 1214115 A advantage of foams is that they show
structural feature sizes in the order of 100 um, thereby providing better access to all the relevant geometric details
via SEM and micro-CT for which ligaments and nodes could be modeled in all geometric details BIl29, Therefore,
compared to nanoporous metals, the characteristics of the ligaments and nodes were incorporated in foam
modeling much earlier and there still exists significant knowledge in the foam community that would be worth
investigating also for nanoporous metals. For instance, Harb et al. have investigated the energy distributions in
aluminum and polymeric foams modeled with different cell structures; they have nicely shown that, in addition to
axial bending as the dominant deformation mechanism, other modes play a role, such as shear-torsion or axial
torsion (281, They have found that the contribution of torsion increases with increasing perturbation of the structure.
About four years later, the usually unnoticed role of torsion as a relevant deformation mechanism in nanoporous
metals was reported in 2718l |n this sense, the micromechanical modeling of nanoporous gold evolved along two

initially disconnected paths, which tend to grow closely together today.

Over more than a decade, the interpretation of experiments in the nanoporous metals community was based
exclusively on the Gibson—Ashby scaling laws, which are based on ligament bending as the main deformation
mechanism of open pore materials 22l Until today, important insights are gained with the help of this model, which
is robust and simple to use 2921 Micromechanical models originating from Gibson—Ashby and other periodic
structures are arranged along the left column of figure 1 from bottom to top. Computational groups in the
nanoporous metals community used also other methods for RVE generation—phase field methods 22, kinetic
Monte Carlo simulations 23, or structures generated by Gaussian random fields 241251 Each delivers structures
with striking similarities to nanoporous metals. Developments based on such microstructures are included together
with micromechanical models based on tomography data. For the simulation of the elastic—plastic deformation
behavior of a nanoporous metal, molecular dynamics (MD) happen to be the natural choice. Here the open-source
code LAMMPS [28lwith the EAM potential 24 is widely used. This technique offers numerous advantages over finite
element methods (FEM). It incorporates surface effects and finite size effects in a natural way via the chosen
potential. However, MD is computationally demanding. For achieving solutions in a reasonable time, the size of the

simulation box and the ligament size are typically limited to 100 lattice spacing in edge length. The challenge arises
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how to bridge the gap from MD simulation of structures with few nm ligament size and limited cell size to ligaments
of about 100 nm that can be found in coarsened specimens 28129 Here the obvious questions are: How far can we
go up with MD and how far can we go down in the scale with continuum FE? What can we learn with each method
and how can the results be validated and compared with the experimental findings? How can we overcome
limitations that are naturally inherent in experiments and simulations to gain more detailed insights and, at the

same time, a better overview of the effects within a big parameter space?

In the following sections, we organize the relevant literature in three sections, where we address the prediction of
the macroscopic elastic—plastic deformation behavior, the integration of the effects of surfaces stress and surface
energy, and the discussion of the effects of topology on the macroscopic response of the material. The works cover
RVEs based on periodic cells as well as works that are mainly based on random microstructures. Both paths

contribute pieces of a deeper understanding of the structure—properties relationships.

| 3. Summary and Future Prospects

From the given overview we can conclude that a micromechanical approach purely based on modeling does not
exist. Impressive progress has been made by a close interaction of cutting-edge experimental works, inspiring
modeling groups to look into the questions raised with the help of computational tools. In many works with highly
original and important contributions to the field, both disciplines are strongly interwoven [BCl[31128][32](33][34](35][36](37]

Together with these works, where this interaction results from a continuous long-term progression spanning over
several groups in the field, an area is formed which deserves to be named experimentally informed
micromechanics. Theoretical works inspire experimentalists, as it was the case for the tension—compression
asymmetry predicted in B4, This effect was experimentally confirmed many years later by Liihrs et al. 37,
Furthermore, iterative loops form, as the case for the investigation on topological effects in several papers, such as
(201(38](391[40] ' where we look forward to the future development that may hopefully solve this fascinating puzzle

about the exponents.

Our view of the development till date and the arising future perspectives is presented in Figure 1, where the first
area is highlighted in blue and the latter red. As a common theme, the set of descriptors for geometrical and
mechanical properties is continuously extended and improved in its accuracy through the progress made in the
various characterization techniques, image processing software, and modeling methods. Owing to the rapidly
increasing resolution, the progress in software development pushed by open source projects and the increase in
computational power combined with efficient modeling approaches, we are moving from sparse data to rich data.
This allows for the application of novel approaches, such as data reduction, data mining, and machine learning,

that support us in our efforts of decoding and generalization of the underlying structure—properties relationship.
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Figure 1. Workflow of the microstructure characterization and micromechanical modeling chain for data generation

and identification of the structure—properties relationship of nanoporous metals.

Depending on the specific goal, there exist elegant ways of taking a short cut from the experiment to the material
properties, as indicated in the lower left part of Figure 1. One example to be mentioned in this context is the work of
Zabihzadeh et al. [41l. Samples of nanoporous polycrystalline silver with a porosity of 25-30% and pore sizes in the
200-400 nm range were loaded in tension in situ while observing the sample with a high-energy X-ray beam. After
tomographic reconstruction of the microstructure, the deformation behavior of the sample was predicted in an FE
simulation and the material law was fitted to the experimentally measured macroscopic stress—strain curve. With
this approach, the material behavior of the solid fraction can be obtained in a very robust way. A comparison of the
evolution of porosity and local strains measured in situ and from the FE simulation showed a very good agreement
for all samples. In addition, having simultaneously global and local information from the experiment, see for
example 2 can be very helpful, while the common uncertainties due to error propagation along complex
characterization and modeling paths are eliminated. It can be expected that such approaches will serve in the
future also for complementing the strategies that will be discussed in the following paragraphs. To transfer this
technique to nanoporous metals, the resolution in X-ray imaging needs to be improved to reach a few nm. So far,
Larsson et al. have achieved a resolution of 62 nm 431, For samples with smaller ligament sizes, the existing
alternatives FIB-SEM tomography 31128144 and TEM tomography 22148 are much more labor-intensive.

At the same time, the algorithms for image processing need to be further improved, as shown in 47148l Currently,
valuable information on the morphology is lost or biased due to the nature of the algorithms, causing significant
over- or underpredictions by the micromechanical models based on such data. A propagation of such effects can
be avoided by using full 3D models in the form of FE solid or FE voxel models, which are, however,
computationally very demanding. Independent of the modeling approach, the derived geometric descriptors,

serving as independent parameters for the structure—properties relationships, contain still a considerable degree of
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uncertainty. Further, the flexibility in setting up microstructures with variable morphology and topology using
spinodal decomposition B2 or Gaussian random fields [28]] is limited. For a deeper investigation of general
parameter spaces, modeling technigues require one to choose both types of descriptors independently. This can,
for example, be achieved by combining the approaches of B2 and 8! for defining the connectivity and the shape of
individual ligaments, respectively. Furthermore, the generation of the structure needs to be expanded by the
incorporation of further descriptors. RVEs based on periodic cells, such as Gibson-Ashby, gyroid, or diamond,

allow only for limited integration of randomness by perturbation or random deletion.

In this direction, the first maps of ligament shape distributions already exist 4749l Probability densities of the
ligament aspect ratio, shape, coordination, and more characteristics could be used for producing a large number of
artificial structures that are as close to real samples as far as the descriptors are established and analyzed. This
will move artificially generated microstructures closer to the real probability distributions as a requirement for the
future work that is highlighted with the reddish color in the upper right corner of Figure 1. Having such a tool in our
hands, we will be able to efficiently scan large multidimensional parameter spaces of descriptors and reliably
predict the macroscopic mechanical properties for any assumed constitutive law on the level of the single ligament,
including effects such as surface energy or actuation by charge injection. We will, then, probably move further from
rich data to even big data, allowing for mining and decoding of the fundamental structure—properties relationships

of nanoporous metals.

It has been demonstrated in 2 that once we are able to analyze a bigger dataset, we are better able to generalize
the gained understanding that can be casted into a simple model. Combining this approach with pioneering
simulations on multiaxial loading conditions 28 offers exciting perspectives toward multi-scale simulation schemes
that would allow a prediction of the anisotropic deformation behavior with distortion of the yield surface for radial

and non-radial loading scenarios.

In view of the new possibilities of machine learning that are, nowadays, readily available and rapidly entering the
field of materials science, we shift from computational modeling based on physical equations toward computer
approximation of large datasets that ideally integrate experimental as well as machined data BYB. This should,
however, not be the end. The goal for which we should strive is to utilize the derived approximations to support our
understanding of the physics. Once we reach this level, such novel techniques turn into standard computer
methods complementing MD and FE simulations. To this end, by combining high complexity with fascinating
properties, nanoporous metals represent a perfect candidate providing a vast amount of challenges which need to
be addressed by developments in methods, hardware, and software. In return, experimentally informed
micromechanics helps to solve the fundamental questions and deepen the knowledge with the help of

micromechanically informed experiments.
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