
Contents lists available at ScienceDirect

Materials & Design  

journal homepage: www.elsevier.com/locate/matdes

Designing microcompression experiments for nanoporous metals via 

computational plasticity

Tim Fischer a, ,∗, Norbert Huber a,b,

a Institute of Materials Physics and Technology, Hamburg University of Technology, Eißendorfer Straße 42, Hamburg, D-21073, Germany
b Bundesanstalt für Materialforschung und -prüfung (BAM), Unter den Eichen 87, Berlin, D-12205, Germany

A R T I C L E I N F O A B S T R A C T 

Keywords:

Nanoporous gold

Microcompression

Plasticity

Finite element method

Micromechanics

Micropillar compression testing is essential for understanding bulk metal plasticity at small scales and has 
emerged as a key technique for evaluating nanoporous metals like nanoporous gold (NPG). To support 
experimental design, we present a computational plasticity study on single crystal NPG micropillars, systemati- 
cally examining four extrinsic factors: pillar height-to-diameter ratio (1.5≤ ℎ∕𝑑 ≤ 2.5), taper angle (0 ≤ 𝜃 ≤ 4◦), 
friction coefficient (0.0 ≤ 𝜇 ≤ 0.2), and misalignment angle (0 ≤ 𝛼 ≤ 2◦). The study reveals that NPG exhibits 
similar trends to its bulk counterpart but is less prone to post-yield buckling in unstable crystal orientations. For 
optimal NPG pillar stability, an aspect ratio of 1.5≤ ℎ∕𝑑 ≤ 2 is recommended and a moderate taper angle (𝜃 ≈ 2◦) 
to prevent artificial stiffening and yielding. Even minimal friction (𝜇 ≈ 0.05) enhances stability, while buckling 
is mainly governed by misalignment, requiring 𝛼 ≤ 1◦ to also avoid underestimating the elastic modulus.

1. Introduction

Nanoporous metals, including nanoporous gold (NPG), are a unique 
class of materials characterized by a bicontinuous network of nanoscale 
ligaments and pores, typically formed through dealloying processes. 
Their high surface area, low density, and tunable structural properties 
make them attractive for applications in catalysis, sensing, and energy 
storage [1--6]. Beyond functional properties, the mechanical behavior 
of nanoporous metals is of significant interest, particularly for their po

tential use in micro- and nanoscale devices [1,7]. Nanoporous metals 
exhibit distinct mechanical properties from their bulk counterparts due 
to their nanoscale architecture. Their strength is size-dependent, with 
ligament-scale plasticity playing a dominant role [8--16]. Despite low 
relative density, they achieve high strength-to-weight ratios and notable 
strain hardening. Deformation and failure mechanisms are governed 
by ligament orientation, strain localization, and surface effects, while 
crystallographic anisotropy seems to have a limited impact on yield

ing [17--24]. A detailed discussion of the microscopic failure behavior 
of NPG is provided in [25].

Advanced micromechanical testing methods, such as nanoindenta

tion and micropillar compression, have been widely employed to in

vestigate the mechanical behavior of bulk metals at small scales. While 
for instance microcompression experiments on single crystal bulk gold 
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are reported in [26,27], gold nanowire microcompression/-bending are 
found in [28,29]. These techniques provide valuable insights into fun

damental deformation mechanisms by isolating size effects and intrinsic 
material responses. More recently, these methods have been extended to 
nanoporous metals, offering a deeper understanding of their mechanical 
stability and deformation behavior [30--40]. Among these, micropillar 
compression has emerged as a powerful tool for probing the mechanical 
properties, enabling direct observation of plasticity and failure mecha

nisms. Moreover, this type of testing is increasingly relevant for a similar 
emerging class of architected cellular materials, where microstructural 
control enables tailored mechanical properties [41]. However, due to 
the intricate architecture of nanoporous metals, additional complexi

ties such as extrinsic size effects, frictional influences, and misalignment 
during testing must be carefully considered. It is worth noting that, in 
addition to microcompression, microtensile testing of NPG has also been 
explored [30,42], however, this aspect is beyond the scope of the present 
study.

To facilitate result interpretation, provide mechanistic insights, and 
support experimental design, these complex tests are often supple

mented by finite element method (FEM) simulations [43--55]. However, 
computational plasticity studies mainly focus on fully dense materials. 
Apart from macroscale FEM studies using representative volume ele

ments (RVEs) [56--64], FEM simulations explicitly modeling nanoporous 
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Fig. 1. Schematic representation of NPG across micro- and nanoscales. On the microscale (a), NPG is polycrystalline, while on the nanoscale (b-d), it consists of an 
interconnected ligament network with ligament size 𝑙 and solid fraction 𝜑. Scanning electron microscope (SEM) images show a typical morphology with 𝑙 ≈ 50 nm 
and 𝜑≈ 0.3 (b, c).

metals remain unexplored. This work bridges this gap by presenting 
single crystal microcompression simulations of NPG with crystal plastic

ity. In other words, although similar computational approaches exist for 
bulk metals, a systematic modeling framework tailored to nanoporous 
metals is still lacking. This work addresses that gap and further incor

porates crystal plasticity to capture orientation effects, which remain 
largely unexplored in the context of NPG. To primarily aid experimental 
design, this computational study systematically examines the influence 
of four key extrinsic factors on plastic deformation across large strain 
regimes:

1. Pillar height-to-diameter ratio (1.5 ≤ ℎ∕𝑑 ≤ 2.5)

2. Taper angle (0 ≤ 𝜃 ≤ 4◦)

3. Friction coefficient (0.0 ≤ 𝜇 ≤ 0.2)

4. Misalignment angle (0 ≤ 𝛼 ≤ 2◦)

Fig. 1 schematically illustrates NPG at micro- and nanoscales. On the 
microscale, NPG is polycrystalline, while on the nanoscale, it features an 
interconnected ligament network characterized by ligament size 𝑙 and 
solid fraction 𝜑. For the computational plasticity study, the network is 
represented as a single crystal diamond-like lattice. 

2. Materials and experimental methods

NPG, as used here, is typically produced via dealloying, where the 
less noble component of an alloy is selectively removed, leaving a bi

continuous gold network [5,65]. Ag-Au is the most common precursor, 
with silver dissolved in an acid or electrochemical bath. This process 
forms an interconnected network of nanoscale ligaments and pores, as 
shown in the scanning electron microscope (SEM) images in Fig. 1 (b, 
c), with morphology tunable through processing conditions. The solid 
fraction 𝜑 usually ranges from 0.2 to 0.4, while as-dealloyed ligament 
sizes 𝑙 are 10-50 nm. Post-processing treatments like thermal anneal

ing promote coarsening (50-500 nm), while electrochemical treatments 
allow precise ligament size control via applied potential or electrolyte 
composition.

The single crystal microcompression method involves fabricating 
micropillars with well-defined dimensions and crystal orientations, fol

lowed by uniaxial compression using a nanoindenter equipped with a 
flat punch. Focused ion beam (FIB) milling is employed to shape indi

vidual micropillars with controlled aspect ratios, typically ranging from 
2:1 to 4:1 (height-to-diameter) [30--34,37,38]. While FIB milling ensures 
precise pillar fabrication, it often introduces a slight taper, preventing 
perfectly straight pillar geometries [52,54,55]. The taper angle 𝜃 is de

fined as

𝜃 = tan−1
(
𝑑 − 𝑑0
2ℎ 

)
, (1)

where 𝑑 is the pillar’s constant top diameter, 𝑑0 is the base diameter, and 
ℎ is the pillar height. Additionally, a small curvature at the pillar base 

is commonly observed due to ion milling effects, which can influence 
stress distributions and deformation behavior [43,52,54,55]. With few 
exceptions [23,30], crystal orientations in NPG microcompression stud

ies are often unspecified, as the material yielding is generally considered 
orientation-independent. Compression tests are conducted under con

trolled displacement rates, typically between 10−4 to 10−2 1/s, ensuring 
quasi-static loading conditions. Stress-strain curves are constructed from 
recorded load and displacement, with engineering stress as force divided 
by the initial top cross-sectional area and engineering strain as displace

ment normalized by pillar height. Another key experimental challenge 
is ensuring proper alignment between the pillar top face and the flat 
punch. The misalignment angle 𝜃, defined as the angle between the pil

lar top face and the indenter face, is given by

𝛼 = tan−1
(Δℎ

𝑑

)
, (2)

where Δℎ is the height difference across the indenter due to tilt. For bulk 
metals, even minor misalignment of 1-2◦ can cause uneven stress distri

butions, leading to asymmetric deformation. To minimize this, careful 
sample calibration must be employed prior to testing.

3. Simulation methods

3.1. Constitutive model

The crystal plasticity finite element method (CPFEM), based on 
Huang’s formulation [66], is used to describe the microcompression 
response, accounting for finite strain and rotation. To distinguish be

tween elastic 𝐅e and plastic 𝐅p deformation components, the deforma

tion gradient is multiplicatively decomposed as 𝐅 = 𝐅e𝐅p. The materi

al’s stress state is then determined employing 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. Computed using the identity tensor 𝐈, the 
Green–Lagrange strain is expressed 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). Plastic deformation, governed by dislocation slip, is described 
by the plastic velocity gradient 𝐋p . At this point, the actual crystal plas

ticity sets in 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 , (3)

where 𝐦𝛼 represents the slip direction and 𝐧𝛼 denotes the slip plane 
normal for a given slip system 𝛼 [67]. To qualify material hardening, 
a phenomenological description is deployed. On each slip system, the 
shear rate progresses according to the power law proposed by [68--70]
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Table 1
Elastic constants and crystal plastic

ity parameters of NPG as considered 
in [30,66,71,72], assuming a solid 
fraction of 𝜑 = 0.3 and a ligament 
size of 𝑙 = 50 nm. Plastic deforma

tion 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 50 MPa 
𝜏𝑠 199 MPa 
𝑞 1.0 -

𝛾̇ 𝛼 = 𝛾̇0
|||| 𝜏

𝛼

𝑔𝛼

||||
1 
𝑚

sgn (𝜏𝛼) , (4)

where 𝛾̇0 is the reference shear rate and 𝜏𝛼 the resolved shear stress op

posed to the current strength 𝑔𝛼 or critical resolved shear stress (CRSS). 
Strain rate sensitivity is characterized by the material parameter 𝑚. The 
influence of slip system 𝛽 on the hardening behavior of system 𝛼 is cap

tured in the CRSS evolution by

𝑔̇𝛼 =
𝑁s∑
𝛽=1

ℎ𝛼𝛽 𝛾̇
𝛽 , (5)

where ℎ𝛼𝛽 = 𝑞 ℎ (𝛾) is the interaction hardening matrix with the func

tional form of

ℎ (𝛾) = ℎ0 sech2
||||

ℎ0𝛾 
𝜏s − 𝜏0

|||| , (6)

determining the micromechanical interaction between the different sys

tems through the constant 𝑞. This constant sets the level of latent hard

ening as compared to self hardening. For all slip systems, the initial 
hardening modulus ℎ0, saturation strength 𝜏s, and initial strength 𝜏0
are identical.

For time integration, the CPFEM model is implemented in an implicit 
code (Abaqus/Standard) via a material subroutine [66]. Table 1 summa

rizes the elastic and crystal plasticity parameters for the face-centered 
cubic (fcc) NPG. The elastic constants 𝐶11, 𝐶12, and 𝐶44, along with 
𝛾̇0 and ℎ0, follow [71,72]. A typical strain rate sensitivity of 𝑚 = 0.1
is adopted, while a latent-to-self-hardening ratio of 𝑞 = 1 indicates the 
absence of latent hardening [66]. The initial effective CRSS 𝜏0 and sat

uration strength 𝜏s are fitted to experimental stress-strain data from 
microcompression tests reported in [30], assuming a solid fraction of 
𝜑 = 0.3 and a ligament size of 𝑙 = 50 nm. It should be noted that, al

though ligament size and solid fraction are known to strongly affect the 
mechanical behavior of NPG, a parametric study of these intrinsic vari

ables is beyond the scope of the present work due to computational cost. 
The chosen values represent typical experimental conditions and pro

vide a meaningful basis for assessing deformation mechanisms focusing 
on extrinsic effects. A more comprehensive investigation into the col

lective interplay of ligament size, solid fraction, and crystal orientation 
is currently underway in a separate study. In contrast to molecular dy

namics (MD) simulations, which are frequently used to investigate the 
mechanical behavior of NPG [13,15,21], the adopted CPFEM approach 
offers a more computationally efficient but still physically interpretable 
framework, well suited for systematically exploring orientation effects 
and deformation trends. 

3.2. Microstructure model and boundary conditions

Fig. 2 illustrates the complete NPG micropillar models under com

pression, featuring a height-to-diameter ratio of ℎ∕𝑑 = 2.0 (a) and a 
taper angle of 𝜃 = 4◦ (c). The solid fraction is assigned to 𝜑 = 0.3. For 
comparison, traditional single crystal bulk gold samples are shown in 
Fig. 2 (b) and (d), alongside corresponding half-sections of all models 
in (e-h). The porous microstructure adopts a face-centered cubic (fcc) 
diamond-type lattice, which, despite simplifications, captures key geo

metric features relevant for mechanical response [57]. Additionally, the 
lattice provides ease of implementation and full parametric control over 
ligament geometry. It should be noted that preliminary simulations with 
both smaller and larger pillar diameters resulted in only minor vari

ations in the stress-strain response, likely due to the regularity of the 
fcc-type microstructure. The chosen pillar diameter thus offers a good 
balance between model accuracy and computational efficiency. For ex

perimental insights into this size effect in NPG micropillars, see [34]. To 
replicate the characteristic rounded morphology of NPG pores, ligament 
junctions incorporate curvature approximately equal to the ligament di

ameter. The pillars are modeled as cylindrical with a slight taper angle of 
up to 4◦ and rest on a larger substrate with a diameter twice that of the 
pillar. A subtle curvature at the pillar base, approximately 10% of the 
pillar diameter, is also incorporated. The substrate height-to-diameter 
ratio is approximately 1:4. Both the pillars and the substrate share the 
same crystallographic orientation and material parameters.

Compression is applied via a rigid surface positioned above the pillar, 
with a Coulomb friction coefficient of up to 0.2 between the two sur

faces [43]. The misalignment angle between the punch and the pillar is 
restricted to ≤ 2◦. The NPG mesh approaches two million tetrahedral el

ements (C3D4) with linear shape functions and full integration, depend

ing on the extrinsic shape effects analyzed. In contrast, the bulk mesh 
contains only a fraction of that, utilizing hexahedral elements (C3D8) 
with linear shape functions and full integration. Boundary conditions 
are set by fully constraining the substrate’s bottom nodes, while the rigid 
surface moves downward in a displacement-controlled mode, mimick

ing typical experimental conditions. A strain rate of 10−3 1/s is applied, 
and the pillars are compressed up to a total strain of 𝜀 = 30%. Two 
initial crystal orientations are examined: the kinematically softer [001]
([010] ∥ 𝑦) and the kinematically harder [1̄11] ([110] ∥ 𝑦), both aligned 
with the compression 𝑧-direction. While the [001] orientation remains 
highly stable under compression, the [1̄11] orientation is more suscep

tible to crystallographic reorientation under the given boundary condi

tions [23,43].

4. Results and discussion

4.1. Orientation-dependent aspect ratio and taper effect

The predicted stress-strain curves in Fig. 3 (a) reveal the influence of 
aspect ratio and crystallographic orientation on the microcompression 
response, assuming frictionless contact. All pillars exhibit similar ini

tial elasticity and yield around 40 MPa, but their post-yield behavior 
varies. The [001] orientation shows a moderate transition into plas

ticity, while the [1̄11] orientation exhibits pronounced strain harden

ing. Geometric effects further influence strain hardening and stability. 
Lower aspect ratio pillars (ℎ∕𝑑 = 1.5) exhibit higher strain hardening, 
especially in the [1̄11] orientation, enhancing resistance to strain local

ization. In contrast, taller pillars (ℎ∕𝑑 = 2.5) show gradual hardening 
followed by a stress drop at large strains, indicative of plastic buckling. 
This is most pronounced in the [1̄11] orientation, suggesting increased 
instability at higher aspect ratios. Fig. 4 (a) and (e) show correspond

ing von Mises stress contours for ℎ∕𝑑 = 2.0 at 𝜀 = 20%, highlighting 
orientation-dependent differences. These findings suggest that for stable 
deformation in NPG micropillars, aspect ratios of ℎ∕𝑑 ≤ 2.0 are prefer

able. While crystallographic orientation influences post-yield behavior, 
mechanical stability is mainly governed by geometric factors.
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Fig. 2. Full microstructure models of NPG micropillars in compression tests with a height-to-diameter ratio of ℎ∕𝑑 = 2.0 (a) and a taper angle of 𝜃 = 4◦ (c), assuming 
a solid fraction of 𝜑 = 0.3. Single crystal bulk samples are depicted in (b) and (d). All pillars rest on a substrate with slight base curvature. The corresponding 
half-sections are presented in (e-h).

Fig. 3 (b) represents the predicted stress-strain response of bulk mi

cropillars for comparison with their nanoporous counterparts. The bulk 
material exhibits significantly higher yield stress and strain hardening, 
with peak stresses exceeding 800 MPa. This is nearly an order of magni

tude greater than nanoporous pillars, emphasizing the strength-reducing 
effect of porosity. Despite this disparity, similar trends emerge regarding 
aspect ratio and crystallographic orientation. Shorter pillars (ℎ∕𝑑 = 1.5) 
achieve higher peak stresses and exhibit stronger strain hardening, par

ticularly in the [1̄11] orientation. Taller pillars (ℎ∕𝑑 = 2.5) show more 
gradual hardening but are prone to softening and instability at large 
strains, especially in the [1̄11] orientation, whereas the [001] orientation 
remains largely unaffected by pillar shape. Matching stress contour plots 
for ℎ∕𝑑 = 2.0 are shown in Fig. 4 (b) and (f). A direct comparison reveals 
that porosity fundamentally alters deformation behavior. Bulk micropil

lars exhibit a well-defined peak stress followed by strain softening or 
continued hardening, whereas nanoporous pillars display more gradual 
stress evolution due to complex mechanisms such as ligament bending, 
localized plasticity, and densification. The relative insensitivity of NPG 
to crystallographic orientation further underscores the dominance of its 
intricate architecture over lattice anisotropy. These findings suggest the 
need to consider both geometric and material factors when designing 
NPG-based microstructures for mechanical applications. 

Fig. 3 (c) examines the effect of initial taper angle on the stress-strain 
response of NPG micropillars with an aspect ratio of ℎ∕𝑑 = 2.0. As the ta

per increases from 𝜃 = 0◦ to 𝜃 = 4◦, noticeable changes in elastic modu

lus, yield strength, and strain hardening occur, likely affected by a slight 
change in pillar volume since the top diameter remains fixed, see Eq. (1). 
Alternatively, the stress can be defined using the mean cross-sectional 
area 𝐴̄ = (𝜋𝑑2)∕4, with the mean diameter 𝑑 = (𝑑 + 𝑑0)∕2, yielding 
a more consistent elastic modulus and plastic response by accounting 
for a true tapering effect. In both [001] and [1̄11] orientations, greater 
taper enhances stiffness, peak stress, and promotes a more gradual hard

ening response, suggesting improved stress distribution, see Fig. 4 (c) 
and (g). This effect may delay strain localization and improve defor

mation resistance, with the [1̄11] orientation showing slightly stronger 
strengthening effects, indicating an interplay between crystallography 
and geometric constraints. Based on SEM images of NPG after microcom

pression [17], strain localization has been observed, specifically in the 
form of dislocation slip bands and lines near ligament junctions. While 
the present work focuses on extrinsic effects during micropillar com

pression, a detailed analysis of stress and strain localization within the 
ligaments is part of a separate ongoing study. A moderate taper (𝜃 ≈ 2◦) 
appears beneficial, balancing stress localization mitigation with realis

tic deformation behavior. A slight taper prevents premature buckling 
and barreling while preserving the intrinsic mechanical properties of 
NPG. However, excessive taper should be avoided, as it may introduce 
non-uniform stress distributions, deviating from the idealized response 
of straight-sided micropillars.

For bulk micropillars, the taper angle significantly affects the micro

compression response, as shown in Fig. 3 (d). Similar to NPG, increasing 
the taper angle enhances elastic modulus, peak stress, and strain hard

ening. However, these effects are more pronounced in bulk micropillars 
due to their higher inherent strength. In NPG, deformation is dominated 
by ligament-scale plasticity and strain localization, which mitigates 
taper-induced strengthening. Additionally, porosity limits strain harden

ing, as deformation is driven more by ligament bending and compaction 
than by pure plastic deformation. A key difference is the pronounced 
buckling in untapered bulk micropillars, particularly in the [1̄11] orien

tation, where a sharp stress drop indicates global instability rather than 
uniform plastic flow. In contrast, NPG micropillars exhibit more grad

ual softening due to ligament-scale plasticity, reducing susceptibility to 
catastrophic buckling. The absence of taper allows imperfections to trig

ger bending and stress non-uniformities, leading to premature failure. 
Softer orientations like [001] show more stable deformation due to uni

form slip system activation, see Fig. 4 (d) and (h). Introducing a slight 
taper (𝜃 ≈ 2 − 4◦) stabilizes stress distributions, delays buckling, and 
promotes controlled plastic flow. The increased base cross-section en

hances resistance to bending, allowing harder orientations to sustain 
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Fig. 3. Predicted stress-strain curves for varying pillar height-to-diameter ratios ℎ∕𝑑 in (a) and (b), and different taper angles 𝜃 in (c) and (d). The single crystal bulk 
responses are depicted in (b) and (d). All predictions assume a solid fraction of 𝜑= 0.3 (NPG), a ligament size of 𝑙 = 50 nm, and initial crystal orientations of [001]
and [1̄11]. The yield point is identified at a 2% strain offset.

higher stresses before softening. While tapering improves mechanical 
stability in NPG micropillars, its impact is again secondary to the dom

inant role of ligament network mechanics. Unlike bulk samples, NPG 
pillars experience localized plasticity rather than global buckling, result

ing in distributed strain hardening that prevents sudden stress drops.

4.2. Orientation-dependent friction and misalignment effect

Friction at the NPG micropillar-indenter interface significantly alters 
the stress-strain response. As seen in Fig. 5 (a), increasing 𝜇 from 0.0 
to 0.2 raises the flow stress, especially at higher strains, due to friction

induced constraints. This restriction limits lateral expansion, alters the 
stress state, and delays plastic deformation, with the effect being more 
pronounced in the [1̄11] orientation due to its higher CRSS. Compared 

to tapering, friction plays a distinct yet complementary role. While ta

pering stabilizes micropillars and prevents buckling, friction enhances 
apparent strength by increasing confinement. However, excessive fric

tion may create stress gradients, leading to non-uniform deformation or 
shear localization near the contact region. To ensure a uniform stress 
state in experiments, controlling friction conditions is crucial. Using lu

bricated indenters or minimizing misalignment can help, with a recom

mended minimal friction coefficient of 𝜇 = 0.05 to balance confinement 
effects while avoiding excessive stress gradients. Pairing moderate taper 
with controlled friction can further improve the reliability and repro

ducibility of mechanical responses. 
Friction also significantly influences the deformation behavior of 

bulk micropillars, as indicated in Fig. 5 (b). Increasing 𝜇 from 0.0 to 0.2 
raises peak stress and stabilizes the stress-strain response, particularly 
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Fig. 4. Predicted von Mises stress contour plots with a pillar height-to-diameter ratio of ℎ∕𝑑 = 2.0 (a, b) and a taper angle of 𝜃 = 4◦ (c, d) at a compression strain of 
𝜀 = 20%. The single crystal bulk responses are depicted in (b) and (d). Initial crystal orientations are classified as weak for [001] (a-d) and strong for [1̄11] (e-h). All 
predictions assume a solid fraction of 𝜑= 0.3 (NPG) and a ligament size of 𝑙 = 50 nm.

in the [1̄11] orientation, where severe buckling at 𝜇 = 0.0 is largely mit

igated. Interestingly, at higher friction levels (𝜇 = 0.2) and larger defor

mation, the stress-strain curves become nearly independent of orienta

tion, suggesting friction suppresses orientation-dependent instabilities. 
While a similar trend is observed in NPG micropillars, the friction effect 
is less pronounced due to the dominant role of ligament-scale plastic

ity. This contrast further highlights how intrinsic microstructure governs 
mechanical stability. Bulk pillars are prone to buckling, whereas NPG 
micropillars maintain stable deformation even at low friction. In sum

mary, while both bulk and NPG micropillars exhibit friction-dependent 
behavior, their underlying deformation mechanisms differ. Understand

ing these differences could aid in designing micropillar experiments that 
more accurately reflect material behavior under compression.

Fig. 5 (c) presents the impact of misalignment on NPG micropillars 
under frictionless conditions. Unlike taper, which affects buckling sta

bility, misalignment shifts the loading axis, altering stress distribution 
and deformation mechanisms. Increasing 𝛼 from 0 to 2◦ slightly reduces 
peak stress and strain hardening, promoting asymmetric deformation. 
The apparent elastic modulus also decreases with misalignment, indicat

ing increased bending and off-axis deformation. Compared to friction, 
misalignment has a weaker influence on strengthening, emphasizing the 
dominant role of boundary conditions. To minimize measurement ar

tifacts, a small misalignment angle (e.g., 𝛼 ≤ 1◦) is recommended for 
accurate experiments.

Fig. 5 (d) illustrates the impact of misalignment on the stress-strain 
response of bulk micropillars. Increasing 𝛼 reduces the elastic modu

lus, as seen in the decreasing initial slope of the curves, consistent with 
NPG micropillars. This suggests that misalignment introduces compli

ance effects, as the indenter must first establish full contact, and the 
progressively increasing contact area reduces the apparent stiffness. The 
[1̄11] orientation exhibits pronounced buckling across all misalignment 
angles, while the softer [001] orientation transitions more gradually into 

plastic flow, with lower 𝛼 promoting a more uniform stress distribution. 
Compared to friction effects, which slightly increase modulus and delay 
buckling, misalignment has the opposite effect, reducing stiffness and 
accelerating instability. This emphasizes the intricate interplay between 
experimental alignment, friction, and crystal anisotropy in micropillar 
compression tests.

5. Conclusions

In summary, a computational plasticity approach is employed to 
systematically explore four key extrinsic effects, including pillar height

to-diameter ratio (1.5 ≤ ℎ∕𝑑 ≤ 2.5), taper angle (0 ≤ 𝜃 ≤ 4◦), friction 
coefficient (0.0 ≤ 𝜇 ≤ 0.2), and misalignment angle (0 ≤ 𝛼 ≤ 2◦), on the 
single crystal NPG microcompression response, extending well beyond 
yielding. Key findings include:

• NPG behaves similarly to its bulk counterpart under the extrinsic ef

fects but is significantly less prone to post-yield buckling for harder, 
more unstable orientations.

• To maintain stability, a pillar height-to-diameter ratio of 1.5 ≤

ℎ∕𝑑 ≤ 2 is recommended as well as a taper angle of 𝜃 ≈ 2◦ to pre

vent extensive stiffening and yielding.

• Even minimal friction (𝜇 ≤ 0.05) enhances structural stability dur

ing compression testing.

• Misalignment primarily dictates buckling, necessitating a small 𝛼, 
e.g. 𝛼 ≤ 1◦, to also mitigate underestimation of the elastic modulus.
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yield point is identified at a 2% strain offset.
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