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 A B S T R A C T

Hierarchical nanoporous metals infiltrated with polymers offer enhanced tensile stability while retaining 
functional porosity, yet their micromechanical deformation mechanisms remain insufficiently understood. Here, 
a micromechanics-based finite element framework is developed for epoxy-filled hierarchical nanoporous copper 
(HNPCu) based on experimentally derived structural parameters. The hierarchical ligament architecture across 
two structural levels as well as selective epoxy infiltration are explicitly resolved, enabling phase-specific 
analysis of local stress and strain evolution. The predicted tensile response is validated against experiments for 
different Cu solid fractions (0.1 ≤ 𝜑 ≤ 0.2), and the experimentally observed trends are well reproduced using 
idealized microstructures. Epoxy infiltration markedly reduces plastic strain localization within the Cu network, 
leading to a more homogeneous deformation state compared to epoxy-free HNPCu. At the macroscopic 
level, the tensile response remains largely unaffected by epoxy infiltration at small strains, with differences 
emerging only at larger deformation. Strain localization is predicted both within Cu ligaments and near Cu–
epoxy interfaces, consistent with experimentally observed microcrack formation along phase boundaries and 
inside the Cu network. These findings provide micromechanical insight into hierarchy-assisted deformation in 
polymer-infiltrated nanoporous metals and establish a basis for microstructure-guided design of mechanically 
robust hierarchical materials.
1. Introduction

Nanoporous metals prepared by dealloying have attracted consider-
able attention due to their large specific surface area, open porosity, 
and tunable ligament morphology [1–3]. These structural character-
istics enable a broad range of applications exploiting the large inter-
nal surface area and open porosity of nanoporous metals. In cataly-
sis, nanoporous gold has been used for selective gas-phase oxidative 
coupling of methanol [4], while nanoporous copper offers tunable 
porosity for surface-enhanced Raman spectroscopy [5]. The same sur-
face sensitivity enables actuation: charge-induced reversible strain [6], 
surface-chemistry-driven actuation in nanoporous gold [7], electrically 
tunable strength and flow stress [8], and bulk actuation behavior [9] 
have all been demonstrated, with hierarchical bulk nanoporous Cu 
specifically showing enhanced electrochemical actuation response [10]. 
For energy storage and conversion, nanoporous metal/oxide hybrids 
serve as supercapacitor electrodes [11], dealloyed 3D copper structures 
act as dendrite-free lithium anode current collectors [12], lamellar 
nanoporous metal/intermetallic heterostructures regulate dendrite-free 
zinc electrodeposition [13], and dealloying more broadly enables elec-
trochemical energy conversion and storage applications [14]. Beyond 
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these functional roles, nanoporous metals also offer tunable electronic 
structure–property relationships [15], and recent work has extended 
hierarchical architectures to bulk nanoporous Cu with improved me-
chanical processing routes [16,17], including skeletal design strategies 
inspired by traditional architectural principles [18], motivating the 
general formation and property review of nanoporous metals by alloy 
corrosion [2]. Beyond their functional properties, the mechanical stabil-
ity of nanoporous metals is essential for maintaining structural integrity 
during fabrication, assembly, and service.

Despite their high strength, nanoporous metals are notoriously brit-
tle under bending and tensile loading. This strength originates from a 
pronounced ‘‘smaller is stronger’’ size effect at the nanoscale: twinned 
nanoporous gold exhibits enhanced tensile strength via twin-boundary 
strengthening [19], flaw-free nanoporous Ni ligaments approach theo-
retical tensile strength [20], and systematic scaling laws relate stiffness 
and strength to ligament size across hierarchical network nanomate-
rials [21]. Similar size-dependence has been reported for nanoporous 
Au [22], for the role of monolayer surface oxides in raising flow 
stress at small ligament sizes [23], and for compression-induced de-
formation of nanoporous gold nanoparticles [24], with related scaling 
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behavior established for the Poisson’s ratio of hierarchical nanoscale 
networks [25]. This brittle behavior is characteristic of both non-
hierarchical and hierarchical nanoporous metals, as deformation is 
governed by stress concentration and failure within the interconnected 
ligament network, manifesting macroscopically as brittle fracture in 
nanoporous-gold-polymer composites [26,27], epoxy-infiltrated hier-
archical nanoporous Cu [28], and tension–compression asymmetric 
plasticity in nanoporous gold [29].

Local ligament fracture can trigger stress redistribution and cas-
cading failure once the load exceeds the strength of adjacent liga-
ments, leading to abrupt macroscopic fracture. This ductile-to-brittle 
transition was first characterized for random porous Au [30] and 
later linked to microscopic failure mechanisms [31] and lattice co-
herency during deformation [32]. Micro- and millimeter-scale test-
ing has further quantified tensile and compressive failure of bulk 
nanoporous gold [33–36], while atomistic simulations have examined 
plastic deformation in nanoscale gold single crystals and open-celled 
nanoporous gold [37]. More recently, native-oxide-shelled nanoporous 
aluminum was shown to combine light weight, strength, and sta-
bility [38], and capillary-shrinkage-induced crack healing via cold 
welding was identified as a mechanism for controlling the ductile-
to-brittle transition in nanoporous gold [39]. Several strategies have 
been proposed to improve ductility, including structural coarsening 
and twin engineering [19], exploiting tension–compression asymme-
try [29], controlling the ductile–brittle transition through relative 
density [30,35], and introducing weak grain boundaries in dealloyed 
porous Fe alloys [40]. Polymer infiltration represents a further route 
to enhanced mechanical stability, either by converting open pores 
into closed voids (as in nanoporous-gold-polymer composites [26,
27] and monolithic nanoporous Cu composites [41]) or through dis-
persed nanovoid strengthening [42], with the mechanical contribu-
tion of the polymer phase itself isolated via dedicated testing proto-
cols [43]. However, these strategies typically compromise the intrinsic 
high surface area or open architecture required for functional appli-
cations, limiting their practical implementation. In contrast, partially 
polymer-infiltrated hierarchical nanoporous metals offer a promising 
route to enhance mechanical stability while maintaining a substan-
tial portion of the functional porosity, as demonstrated for hierar-
chical network nanomaterials [21] and epoxy-infiltrated hierarchi-
cal nanoporous Cu specifically [28]. Polymer or ceramic infiltration 
to stabilize metallic or cellular networks is an established strategy 
more broadly across lightweight metallic cellular materials [44], as 
illustrated by resin-infiltrated interpenetrating-phase composites [45,
46], elastomer-infiltrated auxetic lattices [47], and functionally graded 
spinodal nanoarchitected ceramics [48].

To better understand and predict the mechanical behavior of
nanoporous metal–polymer composites, computational approaches
have been widely employed at different length scales. Atomistic simula-
tions such as molecular dynamics have provided valuable insight into 
deformation mechanisms at the ligament scale, revealing anomalous 
compliance and early yielding behavior in nanoporous gold [49] and 
scaling laws governing stiffness and strength across hierarchical net-
work architectures [21]. However, their limited accessible length scales 
make explicit modeling of metal–polymer composites challenging.

Consequently, continuum approaches such as finite element (FE) 
and micromechanical models have been widely used to study
nanoporous metal–polymer systems. Griffiths et al. developed compos-
ite models capturing how polymer infiltration strengthens nanoporous 
gold while enabling actuation-driven polymer motion [50] and identi-
fied fracture mechanisms in polymer-impregnated nanoporous
gold [51]; Bargmann et al. presented a computational framework for 
the mechanical behavior of gold-polymer nanocomposites [52]; Li et al. 
analyzed the compressive deformation behavior of nanoporous-gold-
based composites via FE analysis [53]; and Gnegel et al. numerically 
investigated polymer-coated nanoporous gold [54]. These studies have 
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primarily focused on non-hierarchical microstructures with homoge-
neous polymer infiltration, providing insight into load transfer, stress 
redistribution, and fracture mechanisms, but do not resolve hierarchical 
ligament architecture. Recent data-driven models represent among the 
first attempts to describe the elasto-plastic behavior of hierarchical 
nanoporous metals, including multiaxial yield-behavior prediction [55] 
and physics-informed recurrent neural networks for hierarchical FE 
modeling [56], although explicit representation of hierarchical ge-
ometry and polymer infiltration effects remains absent from these 
approaches. Recent large-scale structural–mechanical property datasets 
for nanoporous networks derived from FE simulations [57] and correl-
ative multiscale microscopy-modeling approaches revealing nanoscale 
plasticity in metallic nanosponges [58] further support data-driven and 
scale-bridging strategies for nanoporous metal deformation. Beyond 
nanoporous metals specifically, hierarchical lattice architectures are 
increasingly explored for tailoring mechanical performance through 
hierarchical pentamode-like unit cells [59], gradient bionic lattice 
designs [60], and plate-TPMS hierarchical lattices [61], underscoring 
the broader relevance of explicitly resolved hierarchical geometry 
for mechanical design. Accordingly, the coupling between explicitly 
resolved hierarchical architecture and selective polymer infiltration 
across multiple structural levels remains unexplored.

In this work, a micromechanics-based FE framework is developed 
for epoxy-filled hierarchical nanoporous copper (HNPCu) that explic-
itly resolves the lower- and upper-level ligament networks as well 
as selective polymer infiltration at the upper hierarchy. The model 
is constructed from experimentally derived structural parameters, en-
abling phase-resolved analysis of the mechanical response under ten-
sile loading. By comparing epoxy-free and epoxy-infiltrated config-
urations across different solid fractions, the framework provides a 
quantitative basis for assessing the mechanical role of hierarchy and 
polymer infiltration, with model predictions evaluated against exper-
imentally observed mechanical behavior and damage features. The 
remainder of this paper is organized as follows. Section 2 summa-
rizes the experimental background and structural parameters under-
lying the model. Section 3 describes the construction of the hier-
archical FE model, the constitutive assumptions, and the boundary 
conditions. Section 4 presents the macroscopic and phase-resolved mi-
cromechanical results, including validation against experimental data 
and analysis of stress and strain partitioning between the Cu and 
epoxy phases. Section 5 concludes the paper and outlines implications 
for microstructure-guided design of hierarchical nanoporous metal–
polymer composites.

2. Materials and experimental background

To establish a physically grounded micromechanical model and 
ensure meaningful comparison with experiments, the present simu-
lations are based on the experimentally characterized epoxy–HNPCu 
system reported recently in [28]. The key structural parameters and 
mechanical observations relevant for model construction and validation 
are summarized below.

HNPCu was fabricated via a three-step process involving selective 
phase etching of a dual-phase Mn–Cu precursor, epoxy infiltration 
of the resulting microporous 𝛾-Mn(Cu) framework, and subsequent 
electrochemical dealloying to generate a nanoporous Cu network [28]. 
During this process, epoxy selectively infiltrates the larger pore chan-
nels formed at the upper structural level, while the nanoscale poros-
ity generated during dealloying remains open. The resulting material 
therefore exhibits a bicontinuous hierarchical architecture composed 
of a microscale ligament network containing an embedded nanoscale 
ligament network [18,21,25,62,63]. The hierarchical structure is char-
acterized by two distinct length scales, as illustrated schematically in 
Fig.  1. The upper level is defined by a mean ligament diameter 𝑙2 in 
the range of approximately 1.5 to 2.1 μm and a corresponding solid 
fraction 𝜑 , determined by the volume fraction of the 𝛾-Mn(Cu) phase 
2
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Fig. 1. Hierarchical nanoporous copper (HNPCu) architecture and selective epoxy infiltration. (a) Upper hierarchical level without epoxy, defined by ligament 
size 𝑙2 and solid fraction 𝜑2. (b) Epoxy occupying the upper-level pore network with solid fraction 1 − 𝜑2, and (c) resulting composite structure after selective 
infiltration. (d) Lower hierarchical level without epoxy, defined by ligament size 𝑙1 and solid fraction 𝜑1; epoxy percolates at the upper hierarchy, while the 
lower-level nanoscale porosity remains open. (e) Corresponding upper-level ligament junction in the FE model geometry, and (f) SEM image of hierarchical 
nanoporous gold adapted from [62], under CC BY license, exhibiting an upper-level solid fraction of 𝜑2 = 0.52, lower-level solid fraction of 𝜑1 = 0.38, and 
ligament sizes 𝑙2 = 320 nm, 𝑙1 = 48 nm.
in the precursor. Epoxy occupies the interconnected pore network at 
this scale (Fig.  1b–c). The lower level, generated by electrochemical 
dealloying, consists of Cu nanoligaments with a mean diameter 𝑙1 ≈
42 nm and a relative density 𝜑1 between 0.45 and 0.49 (Fig.  1d). 
Importantly, the lower-level nanoscale porosity remains open, while 
epoxy percolates only at the upper hierarchy. The overall solid fraction 
of the hierarchical Cu structure is given by 𝜑 = 𝜑1𝜑2, and was varied 
in the range 0.1 ≤ 𝜑 ≤ 0.2 by adjusting the precursor composition [28]. 
These experimentally determined parameters form the geometric basis 
of the FE model.

Quasi-static tensile tests were performed on dog-bone-shaped spec-
imens at a nominal strain rate of 10−4 1/s [28]. In-situ tensile exper-
iments were conducted inside a scanning electron microscope (SEM), 
enabling direct observation of deformation and damage evolution. 
Strain fields were quantified using digital image correlation (DIC). 
Microcrack formation was observed both along Cu–epoxy interfaces 
and within the Cu ligament network, providing direct experimental 
benchmarks for validating the predicted stress–strain response and 
strain localization patterns.

3. Simulation methods

This section describes the construction of the hierarchical microme-
chanical FE model. Section 3.1 introduces the geometric representation 
of the hierarchical ligament network and the associated structural 
parameters, while Section 3.2 details the constitutive material mod-
els, interface assumptions, and boundary conditions applied in the 
simulations. The term ‘‘micromechanical’’ is used here in the estab-
lished sense of continuum micromechanics of heterogeneous materials 
(i.e., explicit resolution of distinct constituent phases and structural 
levels within a continuum FE framework to predict phase-resolved local 
fields and their relation to the macroscopic response [50,52,54]) rather 
than atomistic-scale mechanisms. This distinction is made explicit to 
avoid overstating the resolution at which deformation mechanisms are 
captured.
3 
3.1. Hierarchical model and structural parameters

The hierarchical epoxy–HNPCu FE models are constructed to explic-
itly resolve the upper- and lower-level ligament networks while pre-
serving experimentally derived structural parameters. The geometry is 
idealized using a periodic diamond lattice-type unit cell with smoothly 
curved ligament junctions, reproducing the bicontinuous morphology 
and nodal connectivity characteristic of nanoporous metals [64–67]. 
A qualitative comparison between an upper-level ligament junction in 
the hierarchical FE model and an experimentally observed hierarchical 
nanoporous structure is shown in Fig.  1e–f. The FE geometry (Fig.  1e) 
captures the essential morphological features of ligament junctions, 
including curvature and connectivity, while remaining computationally 
tractable, closely resembling the experimental microstructure (Fig.  1f). 
The use of an idealized, periodic diamond-lattice geometry rather 
than an experimentally reconstructed 3D microstructure is a deliberate 
methodological choice, consistent with established practice in contin-
uum micromechanical modeling of nanoporous metals [50,52,64,67]. 
Prior work comparing randomized and periodic ligament geometries 
showed that randomization softens the response and suppresses trans-
verse contraction, while periodic diamond-lattice unit cells already 
capture the fundamental deformation mechanisms [64], supporting 
their use as an efficient basis for more complex, hierarchical mi-
crostructures. Periodicity enables systematic, controlled variation of 
hierarchy level and infiltration fraction without confounding these 
effects with sample-specific structural disorder. This trades quantitative 
representation of any single real microstructure for general, compar-
ative conclusions across configurations, at the cost of not capturing 
local stress and strain amplification associated with structural disorder, 
which is expected to further increase the intensity of strain localiza-
tion relative to the present predictions (Section 4.2). Extending the 
framework to experimentally reconstructed, statistically representative 
volumes is a natural direction for future work.

The hierarchical architecture is generated in three steps (Fig.  2). 
First, a single-scale diamond lattice unit cell is created to represent the 
upper hierarchy, with an upper-level solid fraction 𝜑  (Fig.  2a, e, m). 
2
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Fig. 2. Construction of the hierarchical epoxy–HNPCu FE models. (a, e, i, m) Diamond lattice-type unit cell with curved ligament junctions forming a uniform 
single-scale structure, (b, f, j, n) corresponding hierarchical structure, and (c, g, k, o) selective epoxy infiltration at the upper hierarchy. (d, h, l, p) Final 
epoxy–HNPCu composite models used for simulations. The Epoxy78–HNPCu22 (a–d), Epoxy67–HNPCu33 and pore-free Full-Epoxy67–HNPCu33 (e–l), and 
Epoxy59–HNPCu41 (m–p) models are defined by total solid fractions of 0.10 (𝜑2 = 0.22, 𝜑1 = 0.45), 0.15 (𝜑2 = 0.33, 𝜑1 = 0.46), and 0.20 (𝜑2 = 0.41, 𝜑1 = 0.49), 
respectively.
Second, the unit cell is scaled to the lower ligament level and its solid 
fraction independently adjusted to 𝜑1, then periodically replicated to 
form a self-similar two-level structure. This geometric scaling defines 
the hierarchy ratio 𝑙2∕𝑙1 between the characteristic ligament lengths 
of the two structural levels. Each upper-level ligament is replaced by a 
nanoscale porous substructure, resulting in a fully resolved hierarchical 
network (Fig.  2b, f, n). Third, selective epoxy infiltration is applied at 
the upper hierarchy by filling the corresponding pore network while 
preserving the nanoscale porosity within the lower-level ligaments (Fig. 
2c, g, o). The resulting composite configurations used for simulation 
are shown in Fig.  2d, h, p. Three primary composite configurations 
are considered, corresponding to total Cu solid fractions 𝜑 of 0.10, 
0.15, and 0.20. These are denoted as Epoxy78–HNPCu22 (Fig.  2a–d), 
Epoxy67–HNPCu33 (Fig.  2e–h), and Epoxy59–HNPCu41 (Fig.  2m–p), 
reflecting the respective epoxy and upper-level Cu volume fractions. 
The associated upper- and lower-level solid fractions are (𝜑2, 𝜑1) =
(0.22, 0.45), (0.33, 0.46), and (0.41, 0.49), respectively. For each configu-
ration, a corresponding epoxy-free hierarchical Cu model is constructed 
to isolate the effect of selective infiltration. In addition, pore-free fully 
infiltrated reference models (Full-Epoxy67–HNPCu33, Fig.  2i–l) are 
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generated by completely filling the hierarchical pore network with 
epoxy. These models serve to distinguish the influence of retained 
nanoscale porosity from that of full polymer embedding. Collectively, 
they enable a systematic comparison between (i) hierarchical Cu with-
out epoxy, (ii) selectively infiltrated hierarchical composites, and (iii) 
fully infiltrated pore-free reference structures at identical overall Cu 
contents.

The experimentally derived structural parameters of the three main 
composite configurations are summarized in Table  1. Again, the lower 
hierarchy is defined by the ligament size 𝑙1 and solid fraction 𝜑1, 
whereas the upper hierarchy is characterized by 𝑙2, 𝜑2, and the epoxy 
volume fraction 𝜑epoxy = 1 − 𝜑2. The overall Cu solid fraction follows 
as 𝜑 = 𝜑1𝜑2. The experimentally measured hierarchy ratios 𝑙2∕𝑙1
(>35) exceed those accessible in fully resolved FE simulations. To 
ensure numerical feasibility while retaining the governing deformation 
mechanisms, the hierarchy ratios are geometrically downscaled to 4.0, 
4.9, and 5.4 for the three configurations, preserving the experimentally 
observed increasing trend between the structures. This downscaling 
reduces the number of hierarchical junction generations relative to 
experiment and is expected to underestimate the intensity of strain 
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Table 1
Structural parameters of the hierarchical epoxy–HNPCu models. The lower hierarchy is characterized by 
𝜑1 and 𝑙1, the upper hierarchy by 𝜑2, 𝜑epoxy, and 𝑙2. The overall solid fraction 𝜑 and the experimental 
hierarchy ratio 𝑙2∕𝑙1 are reported. For numerical feasibility, the experimental hierarchy ratios are 
geometrically downscaled to 4.0, 4.9, and 5.4 for the three configurations. Structural parameters are 
provided by the experimental reference work [28] and adapted for the computational model.
 Composite model 𝜑1 𝑙1, nm 𝜑2 𝜑epoxy 𝑙2, μm 𝜑 𝑙2∕𝑙1 
 Epoxy78–HNPCu22 0.45 42 0.22 0.78 1.5 0.10 35.7 
 Epoxy67–HNPCu33 0.46 43 0.33 0.67 1.6 0.15 37.2 
 Epoxy59–HNPCu41 0.49 42 0.41 0.59 2.1 0.20 50.0 
Table 2
Calibrated and literature-based material 
constants used in the FE simulations. 
𝜎0, 𝜎∞, and 𝑏 are the Voce harden-
ing parameters for Cu, calibrated against 
the Epoxy67–HNPCu33 configuration. 
Epoxy is modeled as linear elastic with-
out plasticity.
 Parameter Cu Epoxy 
 𝐸, MPa 130000 1  
 𝜈 0.34 0.49  
 𝜎0, MPa 20 –  
 𝜎∞, MPa 80 –  
 𝑏 50 –  

localization, since a larger hierarchy ratio increases the number of 
weak-link-type junction sites available for strain concentration (Sec-
tion 4.2). The absolute magnitude of predicted local stresses and strains 
should therefore be interpreted as a lower-bound estimate of the true 
multiscale localization behavior, while the relative trends between 
configurations (which govern the comparative conclusions drawn in 
this study) are expected to be more robust to this approximation, 
since the downscaling is applied consistently across all configurations. 
All other structural parameters are adapted from the experimental 
reference work and provide the quantitative basis for the computational 
models. The discretization consists of up to two million linear tetrahe-
dral elements with full integration, depending on the solid fraction and 
resulting geometric complexity of the hierarchical network.

3.2. Material model and boundary conditions

Cu ligaments are modeled as an isotropic elastoplastic material with 
nonlinear isotropic hardening. The elastic response of Cu is character-
ized by Young’s modulus 𝐸Cu = 130 GPa and Poisson’s ratio 𝜈Cu = 0.34, 
agreeing with standard literature values for polycrystalline Cu. Plastic 
flow follows a von Mises yield criterion with a Voce-type isotropic 
hardening law. The flow stress 𝜎 evolves with accumulated equivalent 
plastic strain 𝜀peq according to 𝜎 = 𝜎0 + (𝜎∞ − 𝜎0)[1 − exp(−𝑏𝜀peq)], 
where 𝜎0 = 20 MPa is the initial yield stress, 𝜎∞ = 80 MPa is the 
saturation stress, and 𝑏 = 50 controls the hardening rate. The hardening 
parameters were identified by fitting the model predictions to the 
experimental tensile response of the intermediate epoxy–HNPCu config-
uration (Epoxy67–HNPCu33) reported in [28] and were subsequently 
used consistently across all simulations. Predictive capability of the 
calibrated model is assessed independently against the two remaining, 
non-calibrated configurations (Section 4.1). The epoxy phase is mod-
eled as nearly incompressible linear elastic material without plasticity 
(𝐸epoxy = 1 MPa, 𝜈epoxy = 0.49). These properties are taken directly 
from tensile tests on epoxy monoliths reported in the experimental 
reference study and reflect the highly compliant, rubber-like behavior 
of the EF80 flexible resin system (Easy Composites), which cures into 
a soft thermoset [28]. The assumption of linear elastic epoxy behavior 
is consistent with the strain range experienced by the polymer phase: 
bulk epoxy monoliths of the same resin system deform elastically up 
to strains exceeding 50% [28], while the predicted local maximum 
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principal strain in the epoxy remains below approximately 38% at 
2% macroscopic strain (Section 4.2). A hyperelastic description would 
mainly affect the absolute magnitude of local epoxy stress, not phase 
partitioning: given the already large Cu–epoxy stress contrast (>600), 
even a several-fold change would not alter the conclusion that epoxy 
carries a negligible fraction of the macroscopic load. The more relevant 
sensitivity lies in the epoxy’s confinement effect on Cu deformation 
stability, consistent with the modulus sensitivity analysis (Section 4.2). 
Perfect bonding is assumed at all Cu–epoxy interfaces, and no interfa-
cial decohesion is included in the present simulations. This assumption 
enables isolation of the intrinsic micromechanical deformation mech-
anisms arising from hierarchical architecture and selective infiltration. 
While this assumption precludes explicit prediction of interfacial deco-
hesion and crack propagation, it allows direct assessment of whether 
stress and strain concentrations naturally develop at the Cu–epoxy 
interface from elastic mismatch and hierarchical geometry alone. Pre-
dicted sites of maximum principal strain in the epoxy phase coincide 
with the Cu–epoxy interface and agree with experimentally observed 
interfacial microcracks (Section 4.2), indicating that the model already 
captures the mechanical origin of interfacial damage initiation, even 
without predicting subsequent crack growth. The epoxy-modulus sensi-
tivity analysis (Section 4.2) shows that locally reducing epoxy stiffness 
measurably reduces macroscopic stress, consistent with reduced con-
finement. By analogy, progressive interfacial decohesion is expected to 
accelerate rather than delay strain localization, suggesting the perfect-
bonding assumption likely overestimates macroscopic ductility. The 
extensive Cu–epoxy interface network makes cohesive-zone modeling 
itself numerically challenging, requiring dedicated future simulations. 
All simulations were performed using the implicit solver of Abaqus 
(Dassault Systèmes) within a geometrically nonlinear large-deformation 
framework. The calibrated material constants used in all simulations 
are summarized in Table  2.

Uniaxial tensile loading is applied using grip-type boundary con-
ditions, consistent with the loading conditions used in the reference 
experiments. The reference face is fully constrained by prescribing zero 
displacement in all spatial directions. On the loading face, a prescribed 
displacement is imposed in the tensile direction, while transverse dis-
placements are constrained to zero. The global stress–strain response 
is obtained from the reaction forces at the loading face normalized by 
the initial cross-sectional area, and the macroscopic strain is computed 
from the applied displacement relative to the initial unit cell length.

Continuum micromechanical modeling is widely used across metal-
lic and composite cellular materials, including creep of porous sintered 
silver via Fourier-transform-based homogenization [68], elastic stabil-
ity of orthotropic titanium foams [69], compression of aluminum foam 
composites [70,71], and interfacial bonding in aluminum foam [72]. 
Related composite-level approaches include low-rank strain approxima-
tion in two-phase composites [73], nano-interfacial and agglomeration 
effects in hybrid composites [74], dissolvable micromechanics model-
ing [75], and micromechanical characterization of additively manufac-
tured architected structures [76]. Similar strategies have also been ap-
plied to functionally graded Al–SiC composites [77], machine-learning-
guided metal matrix composite design [78], graphene foam model-
ing [79], high-strain-rate nanotwinned alloys [80], and hierarchical 
plate-lattice metamaterials [81].
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Fig. 3. Tensile stress–strain behavior of hierarchical epoxy–HNPCu composites, including FE predictions and experimental results [28]. (a) Comparison of 
predictions and experimental measurements for Epoxy78–HNPCu22, Epoxy67–HNPCu33, and Epoxy59–HNPCu41. The experimental bulk epoxy response is also 
depicted (Epoxy100). (b–d) Predictions for each hierarchical epoxy–HNPCu configuration compared with epoxy-free HNPCu, experimental results, pore-free 
full-epoxy models (epoxy on both hierarchy levels), and single-scale epoxy–NPCu models without hierarchy.
4. Results and discussion

This section presents the predicted mechanical response of the hi-
erarchical epoxy–HNPCu composites. Section 4.1 compares the macro-
scopic tensile stress–strain behavior of the different composite configu-
rations with experimental measurements, while Section 4.2 provides a 
phase-resolved micromechanical analysis of local stress and strain fields 
to elucidate the deformation mechanisms underlying the macroscopic 
response.

4.1. Macroscopic response of hierarchical epoxy–HNPCu composites

The macroscopic tensile stress–strain responses of the hierarchi-
cal epoxy–HNPCu composites are shown in Fig.  3, together with the 
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corresponding micromechanical FE predictions. Fig.  3a compares the 
simulated and experimentally measured responses for the three se-
lectively infiltrated configurations: Epoxy78–HNPCu22 (𝜑 = 0.10), 
Epoxy67–HNPCu33 (𝜑 = 0.15), and Epoxy59–HNPCu41 (𝜑 = 0.20). 
The measured tensile response of monolithic epoxy (Epoxy100) is also 
included for reference.

All selectively infiltrated hierarchical composites exhibit
pronounced plastic deformation and strain hardening, and the simu-
lations reproduce the experimentally observed trends across the in-
vestigated solid fractions. Quantitatively, the elastic modulus 𝐸 and 
0.2%-offset yield stress 𝜎𝑦 predicted by the model agree closely with ex-
periment for the calibration configuration (Epoxy67–HNPCu33), while 
differing more markedly for the two non-calibrated configurations 
(Table  3): 𝐸 and 𝜎  are overpredicted at low 𝜑 and underpredicted 
𝑦
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Table 3
Comparison of experimentally measured and FE-predicted elastic modulus 𝐸
and 0.2%-offset yield stress 𝜎𝑦. Epoxy67–HNPCu33 was used for calibration. 
The other configurations are independent predictions.
 Composite model 𝐸EXP, MPa 𝐸FEM, MPa 𝜎𝑦,EXP, MPa 𝜎𝑦,FEM, MPa 
 Epoxy78–HNPCu22 49.6 134.9 0.191 0.472  
 Epoxy67–HNPCu33 263.1 250.0 0.869 0.913  
 Epoxy59–HNPCu41 502.6 378.0 2.157 1.430  

at high 𝜑. This trend is consistent with the power-law dependence of 
stiffness and strength on solid fraction typical of nanoporous metals, 
whereby small geometric deviations between model and experiment, 
amplified by the hierarchy-ratio downscaling (Table  1), translate into 
larger relative errors away from the calibration point. The model 
thus captures the correct qualitative trends, with quantitative accuracy 
strongest near the calibration point and decreasing toward the extremes 
of the investigated solid-fraction range.

The model captures the increase in stiffness and yield strength with 
increasing Cu content (higher 𝜑2). Experimentally, the fracture strain 
increases significantly with increasing epoxy fraction, whereas epoxy-
free HNPCu fractures early within the elastic regime (HNPCu41, Fig. 
3b). The abrupt transition toward nearly ideal plastic behavior for the 
intermediate experimental Epoxy67–HNPCu33 configuration indicates 
suppression of crack propagation after microcrack initiation. Although 
the present model does not explicitly predict fracture, it is expected 
to reproduce the transition from brittle elastic instability in epoxy-
free configurations to stable plastic deformation in epoxy-infiltrated 
composites by resolving stress redistribution and strain localization 
within the hierarchical network.

Fig.  3b–d further compare selectively infiltrated composites with 
epoxy-free hierarchical Cu (e.g., HNPCu41), pore-free fully infiltrated 
reference models (e.g., Full-Epoxy–HNPCu41), and single-scale epoxy–
NPCu structures (e.g., Epoxy59–NPCu41). Because the epoxy phase 
exhibits a very low elastic modulus (𝐸epoxy = 1 MPa), its contribution 
to the overall elastic stiffness and to the plastic response up to a 
macroscopic strain of approximately 2% is negligible compared to 
the Cu network. Consequently, the stress–strain response of epoxy–
HNPCu closely matches that of epoxy-free hierarchical nanoporous 
Cu as well as the pore-free fully infiltrated reference models in the 
small-strain regime. At larger deformations (>2%), epoxy infiltration 
leads to slightly higher stresses, as shown in the zoomed-in view in 
Fig.  3d, attributable to enhanced constraint of plastic deformation and 
modified stress redistribution within the hierarchical ligament network. 
The analyzed single-scale epoxy–NPCu structures exhibit significantly 
higher stiffness and strength compared to their hierarchical counter-
parts, mainly because the elimination of the lower-level hierarchy 
effectively increases the effective Cu solid fraction and removes geo-
metrical stress concentration effects. The stiffening mechanisms across 
configurations are distinct in origin. Between epoxy-free and selectively 
infiltrated HNPCu, the stress increase beyond 2% strain arises from 
constraint of ligament rotation, since the epoxy carries negligible stress 
(Section 4.2). In contrast, the higher stiffness of the non-hierarchical 
Epoxy59–NPCu41 configuration is purely geometric, resulting from 
the increased effective load-bearing cross-section when the lower-level 
ligament network is removed at fixed overall solid fraction 𝜑. This 
distinction between confinement-driven and geometry-driven stiffening 
indicates that hierarchy level and infiltration fraction can be tuned 
independently to target stiffness and ductility separately.

In addition to the axial response, the transverse deformation behav-
ior was evaluated for all three configurations via the apparent Poisson’s 
ratio 𝜈app = −𝜀𝑡∕𝜀𝑎, computed from the average transverse displacement 
of the free lateral unit-cell faces at 2% macroscopic axial strain. Both 
transverse directions yield closely matching values, confirming the 
absence of spurious transverse anisotropy. The apparent Poisson’s ratio 
increases monotonically with Cu solid fraction, from 𝜈 ≈ 0.42 at 
app

7 
𝜑 = 0.10 and 0.15 to 0.44 at 𝜑 = 0.20, consistently exceeding the elastic 
Poisson’s ratio of bulk Cu (𝜈Cu = 0.34) due to increasing plastic flow at 
higher solid fraction. This complements prior scaling analyses of the 
Poisson’s ratio in hierarchical nanoscale networks [25].

Overall, the good agreement between simulations and experiments 
demonstrates that the hierarchical geometry and calibrated constitutive 
model capture the essential deformation behavior without explicitly 
modeling failure.

4.2. Phase-resolved field distributions and deformation localization

To elucidate the micromechanical origin of the macroscopic ten-
sile response, Fig.  4 presents the predicted local equivalent stress 
distributions at a macroscopic tensile strain of 2%. The macroscopic 
strain level of 2% is selected as the point at which plastic strain 
localization becomes statistically resolvable. The elastic-to-yield strain 
of Cu is very small (𝜎0∕𝐸Cu ≈ 0.015%), so plasticity initiates al-
most immediately at isolated junctions while the network remains 
largely elastic. By 2% strain, enough ligaments have undergone dif-
ferential plastic flow that the local stress distribution becomes clearly 
bimodal (Fig.  4a), reflecting a statistically meaningful localization pat-
tern rather than isolated yielding. This level also remains within the 
stable hardening region of Epoxy67–HNPCu33 and Epoxy59–HNPCu41 
(fracture strains of 17% and 46%), and a single common strain en-
ables controlled comparison across configurations. For the lowest solid 
fraction (Epoxy78–HNPCu22), 2% exceeds the experimental fracture 
strain (1.5%), so the corresponding predictions reflect the model’s 
idealized, fracture-free state. The analysis is performed in a phase-
resolved manner, separately evaluating the hierarchical Cu phase, the 
epoxy phase, epoxy-free HNPCu, and pore-free fully infiltrated refer-
ence structures. This approach enables direct assessment of possible 
load transfer and stress redistribution across the different hierarchical 
configurations. To better resolve the critical high-stress tail of the 
distributions, a semi-logarithmic representation is employed. Fig.  4a 
shows the local stress distributions within the Cu phase of the three se-
lectively infiltrated composites. All configurations exhibit a pronounced 
bimodal distribution with maximum equivalent stresses reaching ap-
proximately 80 MPa. The local equivalent stress distributions exhibit a 
bimodal character, with a pronounced peak at the initial yield stress 
of 20 MPa separating elastically loaded regions from plastically de-
forming ligaments undergoing strain hardening. With increasing Cu 
solid fraction, the probability of high local stresses increases slightly, 
resulting in a more heterogeneous stress field. Stress concentrations 
are predominantly localized within the Cu ligament network, whereas 
the epoxy phase carries significantly lower stresses due to its low 
stiffness, with maximum values below <0.5 MPa (Fig.  4b). For the 
Epoxy59–HNPCu41 configuration, the average local equivalent stress in 
the Cu phase is approximately 27 ± 15 MPa, whereas the epoxy phase 
carries only about 0.04 ± 0.02 MPa, corresponding to a stress contrast 
ratio of roughly 675. A similarly pronounced partitioning is observed 
for Epoxy78–HNPCu22, with average local stresses of 23 ± 14 MPa 
in Cu and 0.03 ± 0.02 MPa in epoxy, indicating that the metallic 
network remains the dominant load-bearing phase irrespective of epoxy 
fraction.

The stress contrast exceeding 600 across all solid fractions reflects 
the large elastic mismatch between the phases (𝐸Cu∕𝐸epoxy ≈ 1.3 ×
105), well beyond typical fiber- or particle-reinforced composites. In 
this regime, the epoxy acts as a kinematic constraint rather than a 
co-loaded reinforcing phase. The sensitivity of this conclusion to the 
assumed epoxy modulus was verified by an additional simulation for 
Epoxy78–HNPCu22 using a strongly reduced, near-void modulus of 
𝐸epoxy = 0.01 MPa. This reduction measurably lowers the macroscopic 
stress (by approximately 6.6% at 5% strain), indicating that the epoxy’s 
finite stiffness, despite carrying negligible stress itself, measurably sta-
bilizes the deformation process rather than merely bearing load. The 
mechanically decisive property may be less 𝐸  itself than the epoxy’s 
epoxy
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Fig. 4. FE prediction of local equivalent stress distributions at 2% macroscopic tensile strain. (a) Hierarchical Cu phase only in the epoxy–HNPCu composite 
for Epoxy78–HNPCu22, Epoxy67–HNPCu33, and Epoxy59–HNPCu41. (b) Corresponding epoxy phase only for the three composite models, and (c) epoxy-free 
HNPCu configurations. (d) Hierarchical Cu phase only in pore-free full-epoxy structures.
near-incompressibility (𝜈epoxy = 0.49): filled pores cannot be volumet-
rically compacted force-free, constraining the Cu network independent 
of exact stiffness, also explaining why rate-dependence would not alter 
this conclusion, since the relevant state is the equilibrium (relaxed) 
configuration rather than the transient response. Rate-dependence is 
not specific to the epoxy phase: nanoporous metals themselves exhibit 
rate-dependent (creep) behavior, as reported experimentally by several 
groups [82], making this a broader open question for the field. It 
remains unresolved even for single-hierarchy-level nanoporous metals 
with current methods, given the geometric complexity involved, not a 
limitation specific to the present system. The consistently high stress 
contrast (>600) across all configurations confirms that the primary 
mechanical role of the flexible epoxy is structural stabilization rather 
than load transfer. Similar local equivalent stress distributions in the 
8 
Cu phase are predicted for the epoxy-free hierarchical configurations 
(Fig.  4c) and the pore-free fully infiltrated structures (Fig.  4d).

To further elucidate the deformation mechanisms governing the 
macroscopic tensile response, Fig.  5 presents the predicted local equiv-
alent plastic strain in the Cu phase and maximum principal strain 
distributions at a macroscopic tensile strain of 2%. The phase-resolved 
analysis enables direct comparison of strain localization in selectively 
infiltrated composites, epoxy-free hierarchical HNPCu, and pore-free 
fully infiltrated reference structures. Fig.  5a shows the equivalent plas-
tic strain distribution within the hierarchical Cu phase of the selectively 
infiltrated composites. A clear reduction in plastic strain localization is 
observed with increasing Cu solid fraction. For the Epoxy59–HNPCu41 
configuration, the maximum plastic strain reaches values slightly below 
20%, as indicated by the arrow. In contrast, lower solid fraction con-
figurations exhibit more pronounced strain concentrations, with peak 
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Fig. 5. FE prediction of local equivalent plastic strain (a, c, d) and maximum principal strain (d) distributions at 2% macroscopic tensile strain. (a) Hierarchical 
Cu phase only in the epoxy–HNPCu composite for Epoxy78–HNPCu22, Epoxy67–HNPCu33, and Epoxy59–HNPCu41. (b) Corresponding epoxy phase only for the 
three composite models, and (c) epoxy-free HNPCu configurations. (d) Hierarchical Cu phase only in pore-free full-epoxy structures. Arrows indicate the maximum 
plastic strain found in the different HNPCu41 configurations. Representative SEM images of Epoxy67–HNPCu33 included in (a) and (b) reveal microcracks within 
the Cu ligament network and at the Cu–epoxy interface, respectively, adapted from [28] with permission from Elsevier.
values approaching 40%. The denser upper-level ligament network pro-
vides enhanced load redistribution pathways, thereby reducing strain 
amplification at individual junctions. Since the epoxy phase is modeled 
as purely elastic, equivalent plastic strain is not defined in Fig.  5b. 
Instead, the maximum principal strain is evaluated to characterize 
tensile deformation within the polymer phase. This measure is par-
ticularly relevant because tensile principal strains are associated with 
potential crack initiation in brittle or weakly ductile polymers [83]. 
The maximum principal strain distributions in the epoxy phase appear 
qualitatively similar across all configurations. For Epoxy59–HNPCu41, 
the average principal strain within the epoxy phase is approximately 
3.6 ± 2.4%, whereas the corresponding average strain within the 
Cu phase is about 0.46 ± 0.72%. For Epoxy78–HNPCu22, the av-
erage values are 2.6 ± 1.6% in epoxy and 0.32 ± 0.56% in Cu, 
9 
respectively. This pronounced strain contrast highlights the strong de-
formation partitioning between the compliant polymer and the metallic 
ligament network. The strain contrast between epoxy and Cu remains 
on the order of 8 across configurations, indicating robust phase-wise 
deformation partitioning.

Together, the strain contrast of approximately 8 and the stress 
contrast exceeding 600 quantify the double-network character of the 
composite: the Cu network carries the load at comparatively small 
strains, while the epoxy accommodates large local strains at negligible 
stress. This partitioning underlies the progressive reduction in peak 
plastic strain with increasing confinement (from ∼40% in epoxy-free 
HNPCu to below 20% in selectively infiltrated composites and below 
15% in fully infiltrated structures) providing a quantitative, hierarchy-
resolved analogue to toughening in natural hard–soft composites such 
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Fig. 6. Predicted contour plots at 2% macroscopic tensile strain for local equivalent stress 𝜎eq (a, d, g, j), equivalent plastic strain 𝜀peq (b, e, h, k), and maximum 
principal strain 𝜀max (c, f, i, l). (a–c) Epoxy59–HNPCu41, including a zoomed-in view highlighting pronounced plastic strain localization within the hierarchical 
Cu phase. (d–f) Epoxy-free HNPCu41, (g–i) pore-free full-epoxy HNPCu41, and (j–l) non-hierarchical single-scale Epoxy59–NPCu41.
as bone and nacre. Most notably, in the absence of epoxy (Fig.  5c), plas-
tic strain localization becomes significantly more pronounced for all 
configurations. For the HNPCu41 structure, the maximum plastic strain 
approaches 40%, nearly twice the value observed in the selectively 
infiltrated counterpart (Fig.  5a). The absence of polymer constraint 
promotes intense strain amplification at ligament junctions, indicating 
reduced deformation stability. Complete polymer embedding (Fig.  5d) 
even further suppresses plastic strain localization for all configurations. 
For Epoxy59–HNPCu41, the maximum plastic strain decreases to values 
around 15%, indicating that the surrounding polymer laterally con-
strains ligament deformation, suppressing the necking-type localization 
that drives strain amplification at junctions in the unconstrained case.
10 
The results demonstrate that the primary mechanical function of 
the flexible epoxy is not load bearing, but deformation stabilization. 
Although the epoxy phase carries negligible stress, it suppresses lat-
eral expansion at ligament junctions, redistributing tensile strains and 
thereby preventing extreme plastic strain localization. At identical 
macroscopic strain, the maximum local plastic strain decreases from 
approximately 40% in epoxy-free HNPCu to below 20% in selectively 
infiltrated composites and further to below 15% in fully infiltrated 
structures, clearly demonstrating the progressive attenuation of strain 
amplification due to polymer confinement. This marked reduction in 
localization intensity provides a micromechanical explanation for the 
experimentally observed transition from brittle elastic fracture to more 
stable plastic deformation.
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To further clarify the spatial characteristics of deformation localiza-
tion, Fig.  6 presents corresponding contour plots of equivalent stress 
𝜎eq, equivalent plastic strain 𝜀peq, and maximum principal strain 𝜀max
at a macroscopic tensile strain of 2%. The comparison focuses on 
the Epoxy59–HNPCu41 configuration and its corresponding epoxy-
free, fully infiltrated, and non-hierarchical single-scale counterparts, 
enabling again direct assessment of the role of polymer confinement 
and hierarchical architecture.

For the selectively infiltrated Epoxy59–HNPCu41 composite
(Fig.  6a–c), stress and plastic strain concentrations are primarily located 
at ligament junctions and highly curved segments of the hierarchi-
cal Cu network. The zoomed-in view highlights pronounced plastic 
strain accumulation on the outer faces of the Cu ligaments, particu-
larly at junction regions. The maximum principal strain field reveals 
pronounced strain localization at the Cu–epoxy interfaces, where sig-
nificantly higher tensile strain values develop in the epoxy phase 
compared to the surrounding Cu ligaments. These interface regions 
therefore represent another preferred sites for microcrack initiation, 
consistent with the experimentally observed crack formation along 
phase boundaries [28,51] (Fig.  5b).

In the epoxy-free HNPCu41 structure (Fig.  6d–f), the spatial lo-
cations of strain hot spots remain largely unchanged. However, the 
intensity of plastic strain localization is slightly amplified. Ligament 
junctions experience higher strain accumulation, consistent with the 
previously observed increase in maximum plastic strain to nearly 40%. 
In the absence of polymer constraint, ligaments are free to bend and 
rotate more, resulting in amplified local strains. The pore-free fully 
infiltrated structure (Fig.  6g–i) exhibits similar stress and strain fields as 
in Fig.  6a–c. Complete polymer embedding restricts ligament bending 
and reduces rotational degrees of freedom at junctions, thereby atten-
uating strain concentrations and stabilizing the deformation pattern. 
The non-hierarchical single-scale Epoxy59–NPCu41 configuration (Fig. 
6j–l) displays a distinctly different deformation pattern. In the absence 
of the lower hierarchical level, strain localization is less influenced 
by multiscale junction interactions, and the deformation appears more 
uniformly distributed along the ligaments. In analogy to weak-link 
theory, subdividing coarse ligaments into finer hierarchical networks 
multiplies the number of junction sites available for strain localization, 
governing the overall deformation pathway and localization intensity.

Overall, the contour analysis confirms that epoxy infiltration does 
not fundamentally alter the spatial deformation mode of the hierarchi-
cal Cu network, but rather suppresses the intensity of strain amplifica-
tion at critical ligament junctions. The preservation of localization sites 
combined with reduced peak strain levels supports the interpretation 
that polymer confinement stabilizes the network against catastrophic 
local failure without significantly modifying the global load-bearing 
mechanism.

The predicted localization patterns agree well with the in-situ SEM 
observations of epoxy–HNPCu composites [28]. Experimentally, micro-
cracks form predominantly at Cu–epoxy interfaces and occasionally 
within the nanoporous Cu phase [28,51] (Fig.  5a, b). The simula-
tions reproduce this behavior. In epoxy-free configurations, plastic 
strain amplification is most pronounced, promoting rapid instability, 
whereas epoxy confinement reduces peak strain levels while preserving 
the overall deformation mode. This suppression of strain localiza-
tion stabilizes the hierarchical Cu network and delays crack initiation 
and coalescence. These findings support the experimentally proposed 
double-network toughening mechanism, where the stiff Cu network 
bears the load and the compliant epoxy phase constrains deforma-
tion and mitigates damage evolution. This toughening strategy shares 
its underlying principle (a stiff, load-bearing phase combined with a 
compliant phase that constrains deformation) with natural hierarchical 
hard–soft composites such as nacre and bone. In nacre, staggered 
mineral platelets separated by thin organic layers promote crack de-
flection and cooperative plastic deformation of platelet stacks [84]. 
In bone, a mineralized collagen matrix similarly dissipates energy 
11 
through hierarchy-spanning mechanisms [85]. The present system dif-
fers mechanistically, as the epoxy remains perfectly bonded and sup-
presses ligament rotation through continuum confinement rather than 
interfacial sliding, yet the macroscopic outcome (a passive soft phase 
delaying catastrophic failure) is analogous. Similar confinement-driven 
toughening has recently been demonstrated in bio-inspired cementi-
tious composites [86] and in auxetic cementitious composites where 
stiffness contrast between phases governs confinement [87], supporting 
the generality of the mechanism identified here.

The identified toughening mechanism does not map onto classical 
homogenization schemes such as Mori–Tanaka or self-consistent meth-
ods, which target effective moduli under smoothly distributed rein-
forcement rather than localized strain concentration at discrete network 
junctions. It is instead consistent with a weak-link, junction-controlled 
picture, where polymer confinement suppresses the intensity, rather 
than the spatial distribution, of strain concentration (Section 4.2). As a 
first-order description, a confinement factor 𝑔(𝑐) = 𝜀pmax∕𝜀

p
max,0 at fixed 

solid fraction (𝜑 = 0.20, 𝜀pmax,0 ≈ 40%) yields 𝑔 ≈ 1, 0.5, and 0.375 
for epoxy-free, selectively infiltrated, and fully infiltrated structures. A 
comparable reduction occurs with increasing solid fraction at fixed con-
finement, indicating that hierarchy and infiltration both independently 
promote stabilization. However, the dataset does not sample enough 
combinations to establish how these effects combine, leaving a fully 
decoupled scaling relation for future, systematic parametric work.

5. Conclusions

This study provides micromechanical insight into the tensile defor-
mation of epoxy-filled hierarchical nanoporous Cu, using an experimen-
tally informed FE framework with explicitly resolved hierarchical ar-
chitecture. Despite the geometric idealization of the ligament network, 
the calibrated model reproduces the experimentally observed tensile 
trends across the investigated solid-fraction range, capturing the tran-
sition from brittle, elastic-dominated behavior in epoxy-free HNPCu to 
stable plastic deformation in epoxy-infiltrated composites. Agreement 
with experiment is close for the calibrated configuration and differs 
more markedly for the non-calibrated ones, indicating that hierarchy-
governed mechanisms are captured qualitatively, with quantitative 
accuracy strongest near the calibration point.

Phase-resolved analysis shows that epoxy infiltration leaves the 
macroscopic tensile response largely unaffected at small strains, since 
the compliant polymer carries negligible stress relative to the Cu net-
work (stress contrast >600). At larger strains, however, infiltration 
markedly reduces plastic strain localization within the Cu network 
(lowering the peak local plastic strain from approximately 40% in 
epoxy-free HNPCu to below 15% in fully infiltrated structures) by con-
straining ligament rotation at junctions rather than by direct load bear-
ing. This confinement-driven stabilization, rather than reinforcement, 
is the primary mechanical function of the polymer phase, analogous to 
double-network toughening in biological hard–soft composites.

Strain localization develops both at Cu–epoxy interfaces and within 
the Cu ligament network itself. While interfacial regions are established 
microcrack-initiation sites, localization inside the Cu network (consis-
tent with experimentally observed microcracks within the ligaments) 
identifies the hierarchical architecture itself as an additional, previ-
ously underappreciated source of failure susceptibility. Together, these 
findings establish a micromechanical basis for microstructure-guided 
design of hierarchical nanoporous metal–polymer composites, where 
hierarchy level and infiltration fraction can be tuned independently to 
target stiffness, ductility, and damage tolerance.

While applied here to epoxy-infiltrated hierarchical nanoporous Cu, 
the modeling approach (explicit resolution of hierarchical ligament 
networks with selective infiltration) is not specific to this system. It is 
directly transferable to other dealloyed hierarchical nanoporous metals 
(e.g., Au, Ag, Ni) and alternative polymers, given the correspond-
ing structural and constitutive parameters, and the confinement-based 
toughening mechanism is expected to generalize whenever a compliant 
phase constrains a stiffer hierarchical network.
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