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 A B S T R A C T

Understanding the plastic deformation of nanoporous metals requires a detailed examination of their small-
scale microstructural features. In this work, we present a computational study of micropillar compression in 
single crystal nanoporous gold (NPG) using crystal plasticity. This approach enables a systematic investigation 
of three key microstructural effects, including ligament size (50 ≤ 𝑙 ≤ 400 nm), solid fraction (0.2 ≤ 𝜑 ≤ 0.3), 
and initial crystal orientation ([001] and [1̄11]), on the plastic response far beyond yielding. After validation 
against experimental data, the study reveals that, in line with the ’smaller is stronger’ trend, besides the yield 
strength, the strain hardening rate also increases as ligament size decreases. Moreover, the strain hardening 
rate follows a power-law scaling with solid fraction, similar to the yield strength. The analysis of two distinct 
crystal orientations presents findings contrasting with previous assumptions. While the yielding onset remains 
orientation-independent, as expected, an increase in the strain hardening rate emerges for the harder [1̄11] 
orientation with continued compression. An effect that becomes more pronounced with increasing solid 
fraction and decreasing ligament size. Under these conditions, harder orientations also amplify local stress 
heterogeneity. Notably, the stress distribution in NPG is nearly twice as wide as that observed in the single 
crystal bulk material (𝜑 = 1.0). Compared to the crystal plasticity approach, traditional isotropic plasticity 
predicts more uniform local stress fields.
1. Introduction

Nanoporous metals, particularly nanoporous gold (NPG), feature 
a highly interconnected network of nanoscale ligaments, exhibiting 
mechanical properties that differ significantly from their bulk coun-
terparts. These materials are especially attractive due to their high 
ductility, tunable mechanical properties, and functional versatility [1–
6]. The mechanical response is governed by a complex interplay of 
nanoscale plasticity, surface effects, and deformation mechanisms at 
the ligament scale. Gaining a comprehensive understanding of these 
interactions is crucial for optimizing NPG in applications such as en-
ergy storage, catalysis, and biomedical devices, where both structural 
integrity and functional performance are essential.

The mechanical behavior of NPG is predominately controlled by 
microstructural factors such as ligament size, solid fraction, shape, and 
distribution, which dictate its yielding and failure mechanisms [7–
12]. Unlike conventional metals, where strength arises from numerous 
bulk dislocation interactions, NPG exhibits size-dependent strengthen-
ing due to few dislocations confined within its nanoscale ligaments, 
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often following a Hall–Petch-like scaling [13–16]. The nanoscale lig-
ament network imposes severe geometric constraints on dislocation 
motion, introducing strain gradients that likely activate geometrically 
necessary dislocations (GNDs), thereby enhancing strength [17–19]. 
In addition, high ligament curvature can generate stress gradients 
affecting dislocation nucleation and glide, while the large surface-to-
volume ratio limits dislocation storage but promotes surface diffusion 
and capillary effects, leading to time-dependent deformation phenom-
ena [20–25]. Also, ligament junctions typically serve as pinning points, 
restricting dislocation motion and inducing localized hardening, though 
they can also trigger strain localization and failure [20]. Pre-existing 
defects, such as vacancies and twin boundaries, further impede dislo-
cation mobility [26]. Beyond these intrinsic effects, crystallographic 
orientation may also influences the material’s mechanical properties 
due to the anisotropic nature of the crystal lattice. While strength 
and deformation behavior generally vary with stress direction in single 
crystal bulk, recent studies suggest that the onset of plastic flow in 
NPG remains largely insensitive to orientation, yet its role at larger 
deformations remains an open question [21,27–29].
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Fig. 1. Schematic of the nanoscale ligament network. The NPG microstructure 
is characterized by ligament size 𝑙 and solid fraction 𝜑. Plastic deformation is 
modeled using a crystal plasticity formulation, accounting for single crystal 
behavior and crystallographic orientation.

To characterize the mechanical behavior of NPG and its fully dense 
gold counterparts at the microscale, advanced micromechanical test-
ing methods such as micropillar compression and microtensile testing 
are commonly employed [26,29–40]. These techniques enable precise 
measurements of key mechanical properties, including yield strength, 
strain hardening, and failure mechanisms, while providing valuable 
insights into the impact of ligament architecture and size effects on 
local deformation mechanisms. To facilitate result interpretation and 
mechanistic insights, these intricate and time-consuming tests are often 
supplemented with finite element method (FEM) simulations [17,41–
52]. However, computational plasticity studies have so far been limited 
to fully dense bulk variants. Apart from macroscale FEM studies relying 
on representative volume elements (RVEs) [53–56,56–61], FEM-based 
simulations explicitly accounting for nanoporous metals remain unex-
plored. This work aims to bridge this gap by presenting single crystal 
microcompression simulations of NPG, incorporating crystal plasticity. 
The computational study systematically explores the effects of three 
key intrinsic microstructural factors on plastic deformation within the 
following bounds up to large strains:

1. Ligament size (50 ≤ 𝑙 ≤ 400 nm)
2. Solid fraction (0.2 ≤ 𝜑 ≤ 0.3)
3. Initial crystal orientation ([001] and [1̄11])

In this work, Section 2 presents an overview of the material and experi-
mental background that motivate our modeling efforts. Section 3 details 
the simulation methodology, which models the ligament network as 
a single crystal nanostructure (Fig.  1). After model validation against 
most recent experimental data, Section 4 examines the impact of the 
three microstructural features on the plastic response, with concluding 
remarks provided in Section 5.

2. Materials and experimental methods

To establish a meaningful micromechanical model, key parameters 
defining experimental samples from literature are summarized below. 
NPG as modeled here is typically fabricated via dealloying, where a 
less noble element is selectively removed from an alloy, leaving a 
bicontinuous gold network [5,62]. The most common precursor alloy is 
Ag-Au, where silver is selectively dissolved in an acid or electrochem-
ical bath. The resulting structure consists of a network of nanoscale 
ligaments and pores, see Fig.  2(a), whose morphology can be tailored 
through processing conditions. The solid fraction, representing the 
volume fraction of gold remaining after dealloying, typically ranges 
between 0.2 and 0.4. Lower solid fractions (𝜑 ≈ 0.2) result from more 
extensive dealloying, producing a more open structure, whereas higher 
solid fractions (𝜑 ≈ 0.4) occur with shorter dealloying times or milder 
conditions, preserving more gold content. In its as-dealloyed state, the 
ligament size typically falls between 10 and 50 nm. However, post-
processing treatments such as thermal annealing can induce coarsening, 
2 
Fig. 2. Scanning electron microscope (SEM) images of NPG showing the inter-
connected network of nanoscale ligaments (a) and corresponding micropillar 
(b). The ligament size is 𝑙 = 330 nm, and the solid fraction is 𝜑 = 0.2.
Source: Adapted from [20], under CC BY license.

increasing ligament sizes to 50–500 nm through surface diffusion. 
Additionally, electrochemical treatments allow for precise control over 
ligament size by adjusting applied potential or electrolyte composition.

The single crystal microcompression method involves fabricating 
micropillars with well-defined dimensions and crystal orientations, 
see Fig.  2(b), followed by uniaxial compression using a nanoindenter 
equipped with a flat punch. To shape individual micropillars with 
controlled aspect ratios, typically ranging from 2:1 to 4:1 (height-
to-diameter), focused ion beam (FIB) milling is employed [26,29–
32,36,40]. While FIB milling allows for precise control over pillar 
dimensions, it often introduces a slight taper, making the pillars not 
perfectly straight [50–52]. Additionally, a small curvature at the pillar 
base is common due to the ion milling process, potentially influ-
encing stress distributions and deformation behavior [41,50–52,63]. 
Crystal orientations are often unspecified in NPG microcompression 
studies, as the material is generally assumed to exhibit orientation-
independent behavior [27,29]. During testing, the micropillars are 
compressed at controlled displacement rates, typically ranging from 
10−4 to 10−2 1/s, ensuring quasi-static loading conditions. Stress–strain 
curves are constructed by measuring the applied load or displacement 
during compression. The engineering stress 𝜎 is determined by dividing 
the applied force by the initial cross-sectional area of the micropil-
lar, while the engineering strain 𝜀 is obtained from the displacement 
normalized by the initial pillar height.

3. Simulation methods

3.1. Constitutive model

The crystal plasticity finite element method (CPFEM), in its phe-
nomenological formulation proposed by Huang [64], is employed to 
systematically investigate the intrinsic effects on the microcompres-
sion response. This approach accounts for finite strain and rotation 
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effects. To distinguish between elastic 𝐅e and plastic 𝐅p deformation 
components, the deformation gradient is multiplicatively decomposed 
as 𝐅 = 𝐅e𝐅p. The material’s actual stress state is then determined 
using the generalized Hooke’s law, expressed as 𝐒 = C ∶ 𝐄. This 
formulation relates the elastic Green–Lagrange strain 𝐄 to the second 
Piola–Kirchhoff stress 𝐒 through the elastic stiffness tensor C. Given 
the identity tensor 𝐈, the Green–Lagrange strain is computed as 𝐄 =
1∕2

(

𝐅T
e 𝐅e − 𝐈

)

. The elastic stiffness tensor C reflects the symmetry of 
the underlying crystal lattice, reducing the number of independent 
elastic constants to three: 𝐶11, 𝐶12, and 𝐶44. The plastic contribution 
to deformation, driven by dislocation slip, is characterized by the 
plastic velocity gradient 𝐋p. Here, crystal plasticity manifests through 
the accumulation of slip on multiple slip systems. The plastic velocity 
gradient is expressed as the sum of the slip rates 𝛾̇ ,𝛼 over all 𝑁s slip 
systems 

𝐋p = 𝐅̇p𝐅−1
p =

𝑁s
∑

𝛼=1
𝛾̇ 𝛼 𝐦𝛼 ⊗ 𝐧𝛼 , (1)

where 𝐦𝛼 represents the slip direction and 𝐧𝛼 denotes the slip plane 
normal for a given slip system 𝛼 [65]. To qualify the material harden-
ing, a phenomenological description is deployed. On each slip system, 
the shear rate progresses according to the power law proposed by [66–
68] 

𝛾̇ 𝛼 = 𝛾̇0
|

|

|

|

|

𝜏𝛼

𝑔𝛼
|

|

|

|

|

1
𝑚
sgn (𝜏𝛼) , (2)

where 𝛾̇0 is the reference shear rate and 𝜏𝛼 the resolved shear stress 
opposed to the current strength or critical resolved shear stress 𝑔𝛼
(CRSS). Strain rate sensitivity is reflected by the material parameter 𝑚. 
How the slip system 𝛽 affects the hardening behavior of system 𝛼 is 
mirrored in the CRSS evolution by 

𝑔̇𝛼 =
𝑁s
∑

𝛽=1
ℎ𝛼𝛽 𝛾̇

𝛽 , (3)

where ℎ𝛼𝛽 = 𝑞 ℎ (𝛾) is the interaction hardening matrix with the 
functional form of 

ℎ (𝛾) = ℎ0 sech
2 |
|

|

|

ℎ0𝛾
𝜏s − 𝜏0

|

|

|

|

, (4)

determining the micromechanical interaction between the different 
systems through the constant 𝑞. This constant sets the level of latent 
hardening as compared to self hardening. For all slip systems, the initial 
hardening modulus ℎ0, saturation strength 𝜏s, and initial strength 𝜏0
are identical. The initial strength or CRSS (in MPa) is scaled as a 
function of the NPG ligament size 𝑙 (in nm) following a Hall–Petch type 
relationship [69,70] 
𝜏0 = 5939 ⋅ 𝑙−1.22 , (5)

where the pre-factor represents the efficiency of dislocation motion im-
pediment. This relationship, illustrated in Fig.  3, is obtained by fitting 
experimental yield strength data from single crystal microcompression 
tests across various ligament sizes at 𝜑 = 0.3 [29]. Notably, it aligns 
well with other microcompression data for varying solid fractions 𝜑
and pillar height-to-diameter ratios ℎ∕𝑑 [20,27,32]. The equivalence 
between measured yield strength 𝜎y and initial CRSS in the model 
(𝜎y ≈ 𝜏0) suggests that plasticity in NPG initiates at the ligament 
scale rather than being governed by bulk constraints. Given that the 
theoretical shear strength of ligaments exceeds 1 GPa [30,40], 𝜏0 should 
therefore be interpreted as an effective value. To further clarify, the 
size effect is introduced through the ligament size-dependent 𝜏0, which 
represents the collective response of interacting ligaments rather than 
the intrinsic strength of individual ones [71]. Similar CPFEM studies on 
NPG [27] have used plastic parameters derived from the flow behavior 
of polycrystalline gold [72], yielding comparable CRSS magnitudes. 
Alternatively, 𝜏  could be calibrated using microcompression data from 
0

3 
Fig. 3. Yield strength measured from single crystal microcompression experi-
ments on NPG as a function of ligament size. In addition to ligament size, the 
solid fraction 𝜑 and the pillar height-to-diameter ratio ℎ∕𝑑 vary. The solid line 
represents a Hall–Petch type curve fit to the experimental data from [29].

Table 1
Elastic constants and crystal plasticity parame-
ters of NPG [33,64]. Plastic deformation occurs 
on the 12 octahedral fcc slip systems {111} ⟨110⟩.
 Property Value Unit 
 𝐶11 186 GPa  
 𝐶12 157 GPa  
 𝐶44 42 GPa  
 𝛾̇0 0.001 1/s  
 𝑚 0.1 –  
 ℎ0 2000 MPa 
 𝜏0 Eq. (5) MPa 
 𝜏𝑠 4.0 ⋅ 𝜏0 MPa 
 𝑞 1.0 –  

single crystal gold nanopillars with ligament-scale diameters [73], 
however, such data are limited to pillar diameters of a few hundred 
nanometers and are not available for the wide range of ligament sizes 
analyzed here. Moreover, assigning locally varying material properties 
poses additional challenges, especially for stochastic microstructures. 
The constitutive model is implemented in the commercial FEM soft-
ware Abaqus using a material subroutine [64]. The elastic and crystal 
plasticity parameters for face-centered cubic (fcc) NPG are summarized 
in Table  1. The elastic constants 𝐶11, 𝐶12, and 𝐶44, along with the 
reference shear rate 𝛾̇0 and initial hardening modulus ℎ0, are adopted 
from [33]. For the strain rate sensitivity parameter 𝑚 a typical value if 
0.1 is used [64]. The ratio of latent to self-hardening moduli 𝑞 is set to 
unity, implying no latent hardening [64]. Additionally, to account for 
size-dependent hardening effects, the ratio 𝜏𝑠∕𝜏0 is fixed to a value of 
4.0.

3.2. Microstructure model and boundary conditions

Fig.  4(c–f) presents the microstructure models for NPG microcom-
pression at solid fractions 𝜑 of 0.2, 0.25, 0.3, and 1.0, along with their 
corresponding half-sections in (g–j). The latter solid fraction (𝜑 = 1.0) 
represents the single crystal bulk material, resembling testing a single 
ligament. The porous microstructures are constructed based on an fcc-
type diamond lattice arrangement [54], see Fig.  4(a), which provides a 
three-dimensional (3D), open-cell framework with fourfold coordinated 
nodes. To capture the characteristic morphology of NPG, the ligament 
junctions are modified to exhibit a smooth curvature approximately 
equal to the ligament diameter, resulting in a continuous transition 
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Fig. 4. Porous microstructure unit cell of NPG based on a diamond lattice with curvated ligament junctions (a), and its periodic extension (b). Micropillar 
compression models generated from the periodic structure for solid fractions 𝜑 of 0.2 (c), 0.25 (d), 0.3 (e), and 1.0 (f), with the latter constituting the single 
crystal bulk material. All pillars rest with a slight curvature on a substrate, and the pillar height-to-diameter ratio is 2.0. Additionally, the corresponding half-
sections are shown (g–j). The initial crystal orientations [001] and [1̄11] are visualized in (k, l), with the (111)[011̄] slip system explicitly illustrated.
between ligaments and nodes. The geometry of a single unit cell serves 
as the fundamental building block and is periodically duplicated along 
all spatial directions, see Fig.  4(b), to form the micropillar models. 
This periodic approach ensures topological uniformity and facilitates 
systematic variation of the solid fraction 𝜑 by scaling the ligament 
diameter while maintaining the overall pillar dimensions. The resulting 
structures provide a physically representative and numerically stable 
basis for FEM simulations of the deformation behavior. The pillars 
are assumed to be cylindrical with a slight taper angle of less than 
1◦ and rest on a larger substrate with a diameter twice that of the 
pillar. A curvature at the pillar base, approximately 10 % of the pillar 
4 
diameter, is also incorporated. The pillars presented in Fig.  4(c–f) have 
a height-to-diameter ratio of approximately 2:1, while the substrate’s 
ratio is around 1:4. Both the pillars and the substrate share the same 
crystallographic orientation and constitutive material parameters. Com-
pression is applied via a rigid surface positioned above the pillar, with 
a Coulomb friction coefficient of 0.1 between the two surfaces [41]. 
The mesh consists of up to two million tetrahedral elements (C3D4) 
with linear shape functions and full integration, depending on the 
solid fraction. Boundary conditions are defined by fully constraining 
the substrate’s bottom nodes, while the rigid surface moves downward 
in a displacement-controlled mode, replicating typical experimental 
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Fig. 5. Comparison of predicted and experimental stress–strain curves for different ligament sizes 𝑙, as well as solid fractions 𝜑 and height-to-diameter ratios ℎ∕𝑑
(a–e). Additionally, the single crystal bulk responses (𝜑 = 1.0) for the individual ligament sizes are depicted (f). All predictions are performed on the initial [001]
crystal orientation, with the yield point at 2 % strain offset marked.
conditions. The applied strain rate is 10−3 1/s, and the NPG pillars are 
compressed up to a total strain 𝜀 of 30 %. The present study considers 
two initial crystal orientations: the kinematically softer [001] ([010] ∥ 𝑦) 
and the kinematically harder [1̄11] ([110] ∥ 𝑦) orientation, both aligned 
with the compression 𝑧-direction, see Fig.  4 (k, l). The [001] orientation 
is highly stable under compression, whereas the [1̄11] orientation is 
more prone to crystallographic reorientation under the given boundary 
conditions [27,41].
5 
4. Results and discussion

4.1. Microstructure effect on stress–strain and scaling behavior

Fig.  5 compares the predicted and experimental stress–strain curves 
for different ligament sizes 𝑙, as well as solid fractions 𝜑 and height-
to-diameter ratios ℎ∕𝑑 (a–e) [20,29]. Additionally, the predicted single 
crystal bulk responses (𝜑 = 1.0) for the individual ligament sizes are 
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depicted in Fig.  5(f). All calculations are performed on the initial [001]
crystal orientation, with the yield point at 2 % strain offset marked. 
Flow stresses are compared at 2% strain to ensure analysis well within 
the plastic regime and consistency with experimental data, where the 
true elastic limit is often obscured and an apparent strength value 
at finite strain is typically reported [24,74]. Fig.  5(a–d) examine the 
effect of ligament size on the mechanical response while maintain-
ing a solid fraction of 𝜑 = 0.3 and a height-to-diameter ratio of 
ℎ∕𝑑 = 1.8. As ligament size increases from 56 to 868 nm, the yield 
strength decreases significantly, perfectly aligning with the ‘smaller is 
stronger’ phenomenon [75,76], where the higher number of dislocation 
sources in larger ligaments raises the probability of early yielding [29]. 
This trend is reasonably well captured by the micromechanical model, 
closely matching the experimental data, with exception of 𝑙 = 402 nm. 
In addition to the predicted reduction in yield strength, larger ligaments 
appear to trigger a more abrupt elastic–plastic transition. Early plas-
ticity observed in the initial loading phase of all experimental curves 
is likely attributed to sample surface roughness or slight misalignment 
between the punch and the pillar [30]. Moreover, the inherent mi-
crostructural randomness, giving rise to a statistical distribution of 
local stress concentrations, can also contribute to this initial response. 
Consequently, minor deviations between simulations and experiments 
may arise from the simplified microstructural representation or limi-
tations in capturing all underlying deformation mechanisms. Fig.  5(e) 
extends the analysis for model validation by considering a different 
solid fraction (𝜑 = 0.2) with an aspect ratio of ℎ∕𝑑 = 2.0. Once 
again, showing reasonable agreement with the experimental data. The 
predicted yield strength here is slightly lower compared to predictions 
with 𝜑 = 0.3 at a similar ligament size of 𝑙 = 402 nm, see Fig.  5(c). 
This is consistent with expectations, as a higher porosity leads to a 
reduction in load-bearing capacity and, consequently, lower strength. 
To further contextualize the mechanical response of NPG, Fig.  5(f) 
compares the predicted stress–strain behavior of bulk single crystal gold 
(𝜑 = 1.0) with mechanical properties as determined for the different 
ligament sizes. As expected, the bulk material exhibits significantly 
higher yield strength, reaching up to ∼ 500 MPa, and serves as a pore-
free reference for the ligament size range explored in Fig.  5 (a–e). 
Generally, the simulations reproduce the well-known size-dependent 
strengthening trend, with smaller ligament sizes exhibiting higher yield 
strength and more pronounced hardening. While the model is based 
on a rather simplified geometric representation of the microstructure, 
it nonetheless captures the main experimental trends, supporting its 
utility as a framework for exploring the mechanical response of NPG.

To more clearly assess the size-dependent strengthening, Fig.  6(a) 
shows the strain hardening rate 𝜃 = d𝜎∕d𝜀 as a function of ligament 
size at a fixed solid fraction of 𝜑 = 0.3, based on both experimental 
data [29] and corresponding simulations. For comprehensive valida-
tion, the predictions are compared in Fig.  6(b) with additional available 
microcompression data [20,27,32] obtained at varying solid fractions. 
Again, the predicted and experimental results reveal a pronounced 
size effect, with smaller ligament sizes exhibiting higher initial strain 
hardening rates. For example, in Fig.  6(a), the smallest ligament size 
(𝑙 = 56 nm) presents an initial hardening rate exceeding 400 MPa, 
while larger ligaments (𝑙 = 402 and 868 nm) display substantially 
lower rates. Although some studies report decreased strain hardening 
at smaller ligament sizes due to limited dislocation storage [29], our 
findings suggest enhanced hardening likely driven by dislocation ac-
cumulation and increased dislocation interactions [13,24]. While the 
CPFEM model does not explicitly resolve discrete dislocation processes, 
these interpretations are made in a qualitative sense, supported by 
atomistic and experimental observations in literature [13,24,29]. The 
simulated hardening trends are therefore viewed as phenomenological 
reflections of the collective ligament-scale plastic response, consistent 
with the mechanisms reported for NPG. Furthermore, as illustrated in 
Fig.  6(b), hardening also increases with higher solid fractions, as a 
denser ligament network enhances mechanical constraint and promotes 
6 
Fig. 6. Comparison of predicted and experimental strain hardening behavior 
for different ligament sizes 𝑙 at a solid fraction of 𝜑 = 0.3 (a). For further 
validation, the predictions are compared with independent microcompression 
data at varying solid fractions (b). All predictions are performed on the initial 
[001] crystal orientation.

more uniform distribution of plastic deformation. A power-law scaling 
of the strain hardening rate with solid fraction has been reported 
in [77]. Across all ligament sizes and solid fraction, the strain hardening 
rate decreases rapidly with increasing strain, stabilizing at lower values 
beyond approximately 10 % compression. This decline suggests a swift 
transition in the collective plastic response, from dislocation nucleation 
and interaction toward mechanisms dominated by dislocation annihi-
lation or source exhaustion. The high fraction of free surfaces in NPG 
may further promote dislocation escape, limiting accumulation [29,78]. 
These interpretations are again made on a physically motivated basis, 
since the CPFEM framework operates at the continuum scale without 
resolving discrete dislocations, yet incorporates crystallographic slip 
and lattice anisotropy. Overall, the simulations capture the experimen-
tal trend, indicating that the model reasonably reflects key aspects of 
the strain hardening response. These findings highlight the critical role 
of ligament size in governing not only the yield strength but also the 
strain hardening behavior during microcompression of NPG.

Fig.  7 presents the ligament size-dependent scaling of the predicted 
normalized yield strength 𝜎̄y = 𝜎y∕𝜎bulky  (a) and strain hardening rate 
𝜃̄ = 𝜃∕𝜃bulk (b). Yield strength is evaluated at a 2 % strain offset and 
strain hardening rate at 5 % compressive strain, both normalized by 
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Fig. 7. Ligament size-dependent scaling of the predicted normalized yield strength (a) and strain hardening rate (b). Yield strength is determined at a 2 % strain 
offset and strain hardening rate at 5 % compressive strain, both normalized by the corresponding single crystal bulk values. All predictions assume an initial 
[001] crystal orientation. Dashed lines indicate the classical Gibson–Ashby scaling and a modified fit to the numerical data.
the corresponding single crystal bulk values, cf. Fig.  5(f). This normal-
ization isolates the influence of ligament architecture (solid fraction) 
from the intrinsic material properties. It also enables comparison across 
ligament sizes and crystal orientations to assess whether NPG follows 
a consistent scaling law, revealing deformation mechanisms that are 
independent of absolute strength. All simulations assume the softer 
[001] crystal orientation. Three different solid fractions (0.2 ≤ 𝜑 ≤ 0.3) 
and ligament sizes (50 ≤ 𝑙 ≤ 400 nm) are analyzed, highlighting 
the interplay between these parameters. The dashed lines represent 
the classical Gibson–Ashby scaling law 𝜎̄y ∝ 𝜑1.5 or 𝜃̄ ∝ 𝜑1.5 [79], 
alongside modified power-law fits of the form 𝐴 ⋅ 𝜑1.5 applied to the 
numerical data. These fits account for differences in network geometry 
between the diamond unit cell and the original Gibson–Ashby architec-
ture [54]. While the Gibson–Ashby relation cannot represent the loss of 
connectivity observed in stochastic networks at low solid fractions [60], 
it remains suitable for the periodic diamond architecture considered 
here. In this structure, uniform connectivity and regular load paths 
meet the assumptions of the scaling law and promote well-defined 
deformation modes. The same scaling exponent of 1.5 is applied to yield 
stress and hardening for consistency, as both plastic properties arise 
from similar ligament-level deformation mechanisms in the periodic 
architecture. While different exponents are in principle conceivable, 
using a shared exponent also provides a parsimonious description of 
the scaling behavior without overfitting the limited dataset. Despite the 
well-known trend of increasing strength with solid fraction, the data in 
Fig.  7(a) again reveal a pronounced ligament size effect, with larger 
ligaments exhibiting higher normalized yield strength. As a result, 
their mechanical response appears less sensitive to variations in solid 
fraction compared to smaller ligaments. In contrast to the classical 
Gibson–Ashby model, which assumes scale-independent plasticity, the 
results demonstrate that different ligament sizes systematically lead to 
distinct scaling behavior, hinting at a size-dependent correction to the 
strength scaling. Notably, the fitted curves for different ligament sizes 
appear largely offset versions of one another, suggesting that size effects 
remain qualitatively similar across varying solid fractions. Similar to 
the trend observed in Fig.  7(a), 7(b) demonstrates in this normalized 
7 
presentation that the strain hardening rate exhibits a pronounced size 
effect, with larger ligaments appearing less sensitive to variations in 
solid fraction. The fitted curves for different ligament sizes display a 
comparable offset pattern as in the yield strength case. However, the 
scatter between the curves is more pronounced and uneven, suggesting 
that strain hardening is more strongly influenced here.

4.2. Orientation effect on stress–strain, scaling, and local stress behavior

The predicted stress–strain and strain-hardening rate curves in Fig. 
8(a–c) and (d–f), respectively, illustrate the collective interplay of 
ligament size, solid fraction, and initial crystallographic orientation on 
the mechanical response of NPG. Across all solid fractions and ligament 
sizes, pillars oriented along the kinematically softer [001] direction 
exhibit a yield strength closely comparable to those oriented along 
the harder [1̄11] direction. This indicates that the yield strength re-
mains largely independent of crystallographic orientation, aligning well 
with experimental observations [27,29]. However, beyond yielding, the 
flow stress and strain-hardening behavior exhibit a visible orientation 
dependence. Pillars oriented along [1̄11] consistently demonstrate a 
higher strain-hardening rate compared to their [001] counterparts. This 
suggests that plastic deformation in the [1̄11] direction involves more 
favorably oriented slip systems, increasing plastic slip activity and 
resistance to plastic flow. In contrast, pillars with a [001] orientation 
experience a more rapid decline in strain hardening, reflecting reduced 
slip activity and lower resistance to plastic flow. Limited to 10 % com-
pression, this strain-hardening trend is also observed experimentally 
in [27]. The orientation dependence is more pronounced for smaller 
ligaments and higher solid fractions, see Fig.  8 (c, f). At the lowest 
solid fraction (𝜑 = 0.2), the influence of orientation nearly dimin-
ished, although anisotropic differences in post-yield behavior remain 
observable. These results suggest that crystallographic orientation can 
play a role in shaping the strain-hardening response of NPG, even if its 
effect on the initial yield strength appears limited. Since NPG is able 
to undergo exceptionally large compression deformations, approaching 
100 %, and reach nearly full density without failure, the observed 
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Fig. 8. Comparison of predicted stress–strain (a–c) and corresponding strain hardening curves (d–f) for the initial [001] and [1̄11] crystal orientations. The ligament 
sizes 𝑙 are 50, 149, and 402 nm, with solid fractions 𝜑 of 0.2 (a, d), 0.25 (b, e), and 0.3 (c, f). For reference, corresponding isotropic plasticity predictions at 
𝑙 = 50 nm are included (a, c). A Voce-type isotropic hardening law relates the flow stress 𝜎 to the plastic strain 𝜀p as 𝜎 = 𝜎0 + (𝜎∞ − 𝜎0)[1 − exp(−𝑏𝜀p)], with 
𝜎0 = 130 MPa, 𝜎∞ = 487.5 MPa, and 𝑏 = 30. Young’s modulus and Poisson’s ratio are set to 𝐸 = 76 GPa and 𝜈 = 0.41, respectively.
orientation effect on strain hardening may become more pronounced. 
However, with increasing compression, the likelihood of pore collapse 
and contact formation also grows, potentially dominating the overall 
mechanical response.

We note that the predicted mechanical response of NPG can be 
sensitive to the specific idealized microstructure due to the limited 
number of load-bearing ligaments, as highlighted in previous exper-
imental and computational studies [32,80]. To assess the sensitivity 
8 
to microstructural randomness, we conducted supplementary simula-
tions using stochastic microstructures derived from recent FIB/SEM 
3D reconstruction data [74]. The stochastic model features a ligament 
size of 𝑙 = 50 nm and a solid fraction of 𝜑 = 0.3. The results 
demonstrate that the orientation-dependent trends in yield strength 
and strain hardening obtained from the periodic models are retained. 
Fig.  9 presents the corresponding stress–strain responses for the [001]
and [1̄11] orientations, and Fig.  10 later shows that the same trends 
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Fig. 9. Predicted stress–strain responses for the [001] and [1̄11] crystal orienta-
tions, obtained from RVE simulations based on stochastic NPG microstructure 
models reconstructed from recent FIB/SEM 3D data [74]. The stochastic model 
corresponds to a ligament size of 𝑙 = 50 nm and a solid fraction of 𝜑 = 0.3.

carry over to the scaling behavior of the normalized yield strength and 
hardening rate.

Fig.  10 summarizes the impact of crystallographic orientation on 
the normalized yield strength (a) and strain hardening rate (b) across 
different solid fractions. To improve the robustness of the scaling 
analysis, additional [1̄11] data points at 𝜑 = 0.375 are included, pro-
viding validation for a more reliable fit. The supplementary simulation 
results based on the reconstructed stochastic microstructure are also 
incorporated, with the corresponding data points falling below the 
diamond-network trends, likely due to reduced connectivity in the 
random ligament architecture. For the yield strength scaling in Fig. 
10(a), a consistent trend emerges where NPG pillars oriented along 
[1̄11] exhibit systematically lower normalized yield strength compared 
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to those aligned with [001], regardless of ligament size. This difference 
arises from the distinct bulk yield strengths of the two orientations. For 
example, at 𝑙 = 50 nm, the predicted yield strength is approximately 
770 MPa for the [1̄11] orientation, compared to 460 MPa for the 
[001] orientation. Because the [1̄11] orientation is intrinsically stronger 
in bulk single crystals, its normalized yield strength appears lower 
when referenced to its respective bulk value. Similar to the scaling 
trends observed previously, the fitted curves for different ligament sizes 
show an offset pattern, indicating that the size effect persists across 
orientations. A analogous trend is identified for the normalized strain 
hardening rate in Fig.  10(b). Smaller ligament sizes generally result in 
lower normalized hardening rates compared to their bulk counterparts. 
However, unlike the normalized yield strength, the normalized strain 
hardening behavior appears less sensitive to crystallographic orienta-
tion, indicating a more orientation-independent response across the 
ligament sizes and solid fractions studied.

Fig.  11(a–d) shows the probability density distributions of the lo-
cal von Mises stresses, normalized by its mean value, for different 
ligament sizes, solid fractions, and crystallographic orientations at a 
fixed compression of 𝜀 = 5 %, shortly after yielding. In contrast, Fig. 
11(e–f) presents the corresponding local bulk response. For comparison, 
predictions based on classical isotropic von Mises plasticity at 𝑙 = 50 nm
are also included in Fig.  11(a–d). This isotropic formulation, commonly 
applied to porous metals, neglects orientation-dependent effects. Here, 
the stress–strain response is calibrated to lie approximately between 
the two anisotropic, orientation-dependent cases ([001] and [1̄11]), 
see Fig.  8 (a, c). A subtle distinction arises between the [001] and 
[1̄11] orientations. For [1̄11]-oriented pillars, stress distributions exhibit 
higher peaks and broader tails, especially for the smallest ligaments 
(𝑙 = 50 nm) at high solid fractions (𝜑 = 0.3), see Fig.  11(d). This 
suggests a wider range of stress states, indicating a more heterogeneous 
local stress distribution. Conversely, [001]-oriented pillars reveal lower 
peak stresses and a steeper decay at higher values, reflecting a more 
homogeneous stress distribution. Larger ligaments (𝑙 = 402 nm) ex-
hibit more concentrated stress distributions, suggesting reduced local 
fluctuations and a shift toward bulk-like behavior. At 𝜑 = 1.0, see 
Fig.  11 (e-f), the stress distributions for the bulk reference are ap-
proximately half as wide as those at lower solid fractions, indicating 
Fig. 10. Ligament size-dependent scaling of the predicted normalized yield strength (a) and strain hardening rate (b) for the initial [001] and [1̄11] crystal 
orientations. Yield strength is determined at a 2 % strain offset and strain hardening rate at 5 % compressive strain, both normalized by the corresponding single 
crystal bulk values. Dashed lines indicate a modified Gibson–Ashby scaling fit to the numerical [1̄11] data. For validation of the scaling fit, an additional [1̄11]
data set at a solid fraction of 𝜑 = 0.375 is included. To further examine the effect of microstructural randomness, supplementary results from simulations based 
on stochastic microstructures reconstructed from FIB/SEM 3D data [74] are also depicted.
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Fig. 11. Comparison of predicted local stress distributions for the initial [001] (a, b, e) and [1̄11] (c, d, f) crystal orientations. All distributions are acquired shortly 
after yielding at 5 % compression. The ligament sizes 𝑙 are 50, 149, and 402 nm, with solid fractions 𝜑 of 0.2 (a, c), 0.3 (b, d), and 1.0 (e, f). For reference, 
corresponding isotropic plasticity predictions at 𝑙 = 50 nm are included (a–d).
a more homogeneous stress state. These distributions primarily arise 
from inhomogeneities introduced by the micropillar geometry. For 
both [001] and [1̄11] orientations at 𝜑 = 1.0, the distributions peak 
sharply at lower stresses with minimal high-stress tails, contrasting 
with the broader, more heterogeneous stress distributions at lower solid 
fractions. For the case of isotropic plasticity predictions at a ligament 
size of 𝑙 = 50 nm, the stress distribution is notably more homogeneous 
compared to orientation-dependent plasticity predictions. Interestingly, 
the isotropic predictions resemble more the anisotropic cases observed 
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at larger ligament sizes, such as 𝑙 = 149 nm. Consequently, although the 
stress–strain curves for isotropic and crystal plasticity are similar, the 
local stress distributions differ noticeably.

The corresponding stress contour plots and close-ups views in Fig. 
12, shown at 𝜀 = 5 % compression strain for ligament sizes of 𝑙 =
50 nm (a–h) and 𝑙 = 402 nm (i–l), provide further insight into the 
local stress trends discussed above. As seen from these close-ups at 
𝜑 = 0.2 and 𝜑 = 0.3, pillars with [1̄11] orientation exhibit more localized 
stress concentrations, aligning with the broader stress distributions. In 
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Fig. 12. Comparison of predicted von Mises stress contour plots for the initial [001] (a–d, i–l) and [1̄11] (e–h) crystal orientations. All models are displayed in 
half-section at 5 % compression. The ligament sizes 𝑙 are 50 nm (a–h) and 402 nm (i–l), with solid fractions 𝜑 of 0.2, 0.25, 0.3, and 1.0. Close-ups of individual 
ligaments highlight the differences in local stress concentration resulting from the [001] and [1̄11] crystal orientation. For reference, corresponding close-ups based 
on isotropic plasticity are also included.
contrast, the [001]-oriented pillars exhibit a more uniform and narrower 
stress distribution. Overall, stress concentrations are predicted near 
ligament junctions. In the close-up views of the isotropic predictions, 
no distinct stress concentrations are observed, reflecting the narrower 
stress distributions. However, the stress distribution appears more sim-
ilar to that of the [001] orientation. Additionally, the ligament size 
influences the local stress state, with larger ligaments (𝑙 = 402 nm) 
exhibiting more homogeneous stress fields, see Fig.  12(i–k).
11 
5. Conclusions

In summary, an experimentally validated computational crystal 
plasticity approach is employed to systematically explore three key 
microstructural effects, including ligament size (50 ≤ 𝑙 ≤ 400 nm), solid 
fraction (0.2 ≤ 𝜑 ≤ 0.3), and initial crystal orientation ([001] and [1̄11]), 
on the single crystal NPG micropillar compression response, extending 
well beyond yielding. Key findings include:
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• While the yield strength follows the expected ‘smaller is stronger’ 
trend, the strain hardening rate likewise increases with decreasing 
ligament size, and both exhibit power-law scaling with solid 
fraction.

• Crystal orientation analysis updates previous assumptions. While 
the onset of yielding remains orientation-independent, the harder 
[1̄11] orientation exhibits increased strain hardening, especially at 
higher solid fractions and smaller ligament sizes.

• Harder orientations, combined with higher solid fractions and 
smaller ligaments, lead to broader local stress distributions. No-
tably, NPG exhibits stress distributions nearly twice as wide as 
those in single crystal bulk material (𝜑 = 1.0).

• Traditional isotropic plasticity predicts narrower, i.e. more homo-
geneous, local stress distributions in NPG compared to the crystal 
plasticity approach.
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