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ABSTRACT

With an eye on the role of structure size and topology, this study explores the mechanical behav-
ior of nanoporous (NP) Nb made by liquid-metal dealloying. Results from X-ray nanotomography
and macro-compression tests confirm that coarsening degrades the yield strength and that Young's
modulus deviates from scaling laws developed for NP Au made by dealloying in aqueous media.
We find that the scaled genus of NP Nb is lower than what has been reported for NP Au, and this
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low connectivity provides an obvious explanation for the low modulus. Furthermore, the structural
dispersion implies that additional structural descriptors should be acknowledged.

IMPACT STATEMENT

Jointly considering mechanical tests and tomographic reconstruction for nanoporous Nb made by
liquid-metal dealloying reveals substantial differences to materials made by conventional aqueous

dealloying; this results from lesser structural order.

1. Introduction

Studying the mechanical performance of nano- and
microscale porous materials allows us to understand
small-scale solids and to enhance their materials design
for functional applications [1]. Such materials with a
bicontinuous network structure have previously demon-
strated potential as light-weight structural materials [2],
catalysts [3,4], actuators [5-7], semiconductor intercon-
nects [8] and sensors [9-12]; they have also demonstrated
recoverable tuning of mechanical properties [13] and
even enhanced radiation resistance [14]. As load-bearing
capability is typically a prerequisite for operation as a
functional material, the mechanical behavior of nano-
and microporous metals have been intensely investigated,
using testing schemes both at the macro- [15-20] and
at the microscale [21-25]. Most studies have been con-
fined to noble metals such as gold [15,26], silver [27,28],
palladium [5,6], or platinum [29], since their high elec-
tronegativity facilitates preparation by (electro)chemical
dealloying in aqueous media.

Aqueous dealloying involves the selective dissolu-
tion of less noble constituent(s) in an electrolyte; the

remaining more noble constituent rearranges to form
a bicontinuous porous structure. By contrast, liquid
metal dealloying (LMD) relies on differences in enthalpy
of mixing for dissolution selectivity [30,31], thereby
expanding the materials scope. Over the last decade,
porous materials composed of less-costly materials such
as Ti [32] and its alloys [33], FeCr [34,35], Nb [36], stain-
less steel [37] and high-entropy alloys [38] have been
made using LMD. Numerical simulation [39-41] and
experimental 3D characterization have studied the mor-
phological and chemical evolution [37,42] during LMD.

While both dealloying techniques, electrochemical
and liquid-metal dealloying, rely on similar microstruc-
tural evolution processes, structural differences in the
product material have been noticed. The most obvi-
ous is the coarser microstructures generated by LMD.
Furthermore, LMD features elongated ligaments in the
dealloying front, a phenomenon not previously observed
in aqueous dealloying [37]. Despite these differences,
explanatory approaches to the mechanical behavior have
invoked similar concepts. For instance, strength and elas-
ticity relations of LMD-made porous FeCr is well com-
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patible with the Gibson-Ashby scaling equations [34],
which-in modified form-also provide a basis for the
mechanics of electrochemically dealloyed nanoporous
gold [43]. Yet, it remains to be explored how details of
the microstructural morphology or topology of LMD
porous solids connect to their mechanical properties. The
present study addresses that issue.

Porous Nb, created by removing Ni from Nb-Ni
in an Mg melt, has been the subject of several stud-
ies, particularly for possible application in supercapaci-
tors [36,44,45]. Using that system, we study mechanical
properties in dependence of ligament size and solid frac-
tion, alongside 3D microstructure reconstructions. We
show that the elastic behavior of NP Nb differs signifi-
cantly from that of electrochemically dealloyed NP Au,
which is the benchmark for dealloyed nanoporous met-
als. The difference is attributed to structural connectivity.
This suggests that porous structures produced through
LMD may exhibit notable distinctions from structures
made by (electro)chemical dealloying, such as NP Au.

2. Procedures
2.1. Liquid-metal dealloying

The Nby;Nizs (at%) precursor alloy was prepared
by repeatedly melting and solidifying high-purity Nb
(99.96%) and Ni (99.99+%) wires in an arc melter. The
ingot was annealed under Argon gas flow for 12 hours
at 1200°C and furnace cooled. A circular disk was cut
and then ground to 2500 grade finish using a guiding die.
This established smooth and coplanar surfaces for later
loading in the testing device. Cuboids with edge length
1.0 £ 0.2 mm were then cut with a diamond wire saw,
thereby establishing the free side surfaces.

Liquid metal dealloying was performed on Nb;5Niys
cuboids in Mg melt at a temperature fixed between 800
and 900°C. Precursor samples, covered with ~ 100 mg
of Mg (as granules, —20 + 100 mesh, 99.8% metal basis),
were placed in a Sigradur G glassy carbon crucible (GAT
007, HTW Hochtemperatur-Werkstoffe GmbH) of vol-
ume 0.07mL and heated in an infrared furnace, under
Argon flow and with a heating rate of 50°C/s. Dealloy-
ing times ranged from 30 to 90 minutes. After dealloying,
excess Mg mixed with Ni was etched with 3 M nitric acid
for > 12 hours, then the sample was rinsed with first ultra-
pure water (Arium Comfort I TOC, Sartorius) and then
ethanol and air-dried.

2.2. Structural and phase characterization

The solid volume fraction, ¢, of the nanoporous sam-
ple was determined from mass and volume, with
volume obtained from edge lengths measured with an

optical microscope (SZX10, Olympus). Characteriza-
tion by wide-angle X-ray diffraction used a powder
diffractometer (D8 Advance, Bruker AXS) in focusing
Bragg-Brentano geometry, with Mo K, radiation and an
energy dispersive, position sensitive detector (LynxEye
XE-T). Energy dispersive X-ray spectroscopy in the Scan-
ning Electron Microscope (SEM, Zeiss Supra VP55) used
a silicon drift detector (Oxford Instruments).

The ligament sizes in electron micrographs were
acquired using the Python package AQUAMI [46].
Micrographs were first captured at x 10k magnification
for each sample’s fracture surfaces as representative of the
bulk, and the neck diameters of the ligaments and their
distribution were observed based on the SEM images. At
least 300 diameter values were acquired to calculate the
mean ligament size, L, and the variance, s, of the size dis-
tribution. The bootstrap error is quoted as a measure for
the uncertainty of L [47].

2.3. Mechanical characterization

The samples for mechanical tests were ~ 1 x 1 x 1 mm?

cuboids. Using a conventional testing device (Z010,
ZwickRoell equipped with a laser speckle extensometer
system, LaserXtens, for strain measurement), we con-
ducted uniaxial compression tests at room temperature.
For assuring good contact to the load surfaces, the sample
position was optimized using the camera feed of the laser
speckle extensometer system and a 2 N preload applied.
Stress-strain response was recorded with an engineering
strain rate of 10™*s~! and unload steps after each 2.5 x
1072 strain increment. Each unloading step terminated
at 1 MPa and was followed by immediate reloading.

2.4. Tomographic reconstruction

X-ray nanotomography sample preparation used a Xe
plasma focused ion beam (Helios G4 UXe, Thermoscien-
tific). A freestanding cuboid was cut first and then milled
to a cylindrical micropillar. The ion beam was initially
directed normal to the pillar axis to lathe mill the sample,
with an accelerating voltage of 30 kV and beam currents
of 2.5 and then 1 pyA.

Next, beam currents of 4 and then 1 nA were applied,
directed from the top. The low second beam current pre-
vents ‘curtaining’ and minimizes energy intake to the
pillar surface. Their size, 50 pm in diameter and 88 ym
in height, relative to the ligament size makes the result-
ing columns representative samples of the microstruc-
ture [48]. Due to their large diameters, FIB damage in the
bulk of the pillars may be excluded.

The tomography measurement in a Zeiss Xradia 800
Ultra used monochromatic Cu K, radiation and a large
field of view (LFOV) imaging mode with cross-sectional



images taken from an 180° arc. Since the height of the
micropillar is larger than the field of view of 65 um x
65 f1m, two successive measurements were performed for
each micropillar and the two sets of images were stitched
using Image] [49].

The images were binarized into solid and pore via the
Otsu thresholding algorithm [50] integrated in Image],
with a threshold matching the solid fraction to the value
independently determined from mass per volume.

The binarized reconstruction formed the basis for
determining the topological genus, G, with the software
plugin Bone] in Image] [51-53]. The scaled genus, gv,
provides a characteristic of the topology that is inde-
pendent of the sample size and of the characteristic
microstructural length scale. It is defined by

G:s
gv =1L (1)
where V is the total volume (solid plus pores) and L is the
mean spacing between neighboring ligaments.

For use in Equation (1), we determined L from the area
of surface in the reconstruction, as measured by evalu-
ating the surface mesh with Simpleware ScanIP (Simple-
Ware Product Group, Bradninch Hall, United Kingdom).
Specifically, we used the relation between L and the sur-
face area-to-volume ratio, S, of leveled-wave structures.
Those structures provide a geometric model approximat-
ing dealloyed nanoporous solids [54]; they are character-
ized by

s= 2 n @)

-—x

with qo the magnitude of a characteristic wave vector and

& defined as

E=—2erf"1 20 — 1). 3)
We solved Equation (2) for go and then obtained L as
~ 2
I=a”, (4)
q0

where a is a numerical constant, « = 1.23 [54].

3. Results
3.1. Microstructure

Porous samples were dealloyed in a liquid Mg bath from
Nb,5Niy5 precursor. X-ray diffraction Figure 1(a) shows
peaks attributed to orthorhombic NbNis in the precursor
alloy. The x-ray powder diffractogramm from a fracture
surface, Figure 1(b), confirms complete through-bulk
dealloying with predominant body-centered cubic Nb
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Figure 1. X-ray diffraction patterns and optical images of (a) a
precursor alloy with a nominal composition of Nb,sNizs (at%) and
(b) nanoporous Nb prepared by liquid metal dealloying at 850°C
for 45 minutes. Markers indicate reflection positions of reference
patterns for various crystal structures, see legends.

phase. The diffractogram shows weak reflections of NbO,
an oxide species commonly formed when Nb is exposed
to atmosphere [55].

The optical appearance of each sample is shown in
the insets of Figure 1. Nanoporous Nb retains the pre-
cursor’s geometry, with no visible macroscopic cracks or
shrinkage observed under the microscope, consistently
reproduced in this study. The EDX analysis finds 99.2 &+
0.7 at% Nb in the dealloyed sample; residual Mg and Ni
were < 0.1 at% and 0.8 & 0.8 at%, respectively.

Figure 2 shows the SEM images of NP Nb pre-
pared under nine different dealloying conditions. For
representative cross-sectional micrographs, the samples
were sliced using a scalpel and their cross-sections were
observed. Each sample is composed of a bicontinuous
network of randomly oriented Nb ligaments. The liga-
ment size and morphology showed no visible differences
between the center and near-surface areas of the cross-
sections. (see SI, Figure S1) The solid volume fraction of
each of the nine samples tested is 0.36.

Ligament sizes were determined from SEM micro-
graphs, measuring ligament diameters near their center
as exemplified by the arrow in Figure 2. The mean lig-
ament size, L, of individual samples ranges from a few
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Figure 2. Scanning electron micrographs of nanoporous Nb dealloyed under nine different combinations of immersion time (see ordi-
nate) and temperature (see abscissa) conditions. Insets show ligament size distribution histograms for selected conditions. L is the mean

ligament size and s its standard deviation.

hundred nm to > 1 um, depending on the dealloying
condition. Note the distinction between L and the mean
ligament spacing, i, discussed in Section 2.4. A notice-
able trend can be seen when comparing the dealloying
conditions presented in Figure 2: smaller ligaments are
produced at lower dealloying temperature and/or with
shorter immersion time. As an example for sample-to-
sample variation, the L of six samples prepared at 850°C
for 30 minutes, including the one in Figure 2, was 380 +
60 nm.

3.2. Mechanical properties under compression

Figure 3(a) shows stress-strain graphs in compression,
displayed as engineering stress, geng, versus engineering
strain, geng. The graphs are from individual samples, pre-
pared under three different dealloying conditions: 850°C
for 30 minutes, 900°C for 60 minutes and 900°C for 90
minutes, resulting in average ligament sizes of 320 & 2,
690 = 4 and 840 £ 3 nm with standard deviations the
ligament size distribution at 130, 320 and 420 nm, respec-
tively. Consistent results were obtained in mechanical
tests of two or three samples for each quality, and rep-
resentative findings are shown below.

The effective Young’s modulus, E, in different states
of compression was determined as the secant modulus
from the unload-reload segments in Figure 3(a). Figure 4
shows the ¢-dependence of E of NP Nb scaled by the
Young’s modulus of massive Nb, E; = 103 GPa [56]. As
compression progresses, the solid fraction increases with
plastic strain. Figure 4 reflects this trend, where higher E
is observed with larger ¢. Across the data groups for dif-
ferent ligament sizes in Figure 4, the size dependency of
E is weak.

Figure 3(b—c) displays the structural change at geng =
0.4 compared to the relaxed (as-dealloyed) network. The
ligament spacing decreases, aligning with the expected
outcome of plastic compression forming new con-
tacts between neighboring ligaments. Mechanical failure
occurred once the strain exceeded 0.4.

3.3. Scaled genus

Figure 5(a) shows an SEM image of a micro-pillar for
X-ray nanotomography. The porous structure is visible
at the FIB-milled surface of the sample. Four samples
were investigated, with their dealloying conditions and L
values listed in Table 1.
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Figure 3. (a) Stress-strain curves of NP Nb samples with three
different mean ligament sizes. The inset shows the curves at the
low strain level. SEM images of NP Nb with (b) geng = 0 and (c)
geng = 0.4 of compression. In (b) and (c), the NP Nb is dealloyed
at 900°C for 90 minutes.

Figure 5(b) is the binarized reconstruction of the
micro-pillar in Figure 5(a). The porous structure closely
resembles that seen in the SEM image. For further anal-
ysis, a >1 um outer surface layer is cropped out. This
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Table 1. Dealloying conditions and the mean ligament spacing,
L, determined by X-ray nanotomography. T is the temperature of
Mg melt and t is the immersion time.

T(°Q) t (min) L (um)
800 45 1.46
850 30 1.52
850 30 1.76
900 60 1.37

minimizes any effects arising from the FIB-curtained
surface, while the column volume remains sufficient to
be representative.

The scaled genera obtained from the experimental
tomographic reconstructions are displayed in Figure 5(c),
with the ¢ — gv relation [54] for the leveled-wave model
superimposed for comparison. Figure 5(d) complements
that graph with a display of gy versus L. It is seen that
our sample set explores essentially a single ¢ value and
a quite narrow range of L. This prevents substantiated
conclusions on how gy correlates with those parame-
ters. For further discussion, we consider only the average
value, gy

We find gy = 1.21 £ 0.15 from the set of samples
listed in Table 1. As compared to the leveled-wave model
at the same solid fraction, the g, of NP Nb is less by
the factor ~ 1.5. Since the leveled wave model is con-
sidered as an adequate description of NP Au, we are led
to conclude that the network structure of NP Nb is less
connected than that of NP Au.
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Figure 4. Scaled Young’s modulus of nanoporous Nb (this work) and other reported porous materials produced by liquid-metal deal-
loying [32,34] (closed symbols), and of nanoporous Au produced by aqueous dealloying [18,21,57-61] (open symbols). All data points
are scaled by the Young's modulus of base material, £;. The modified Roberts-Garboczi scaling law for the leveled wave model [54] and

Gibson-Ashby scaling law [62] are displayed for reference.
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Figure 5. (a) SEM image of an NP Nb micropillar and (b) its X-ray nanotomography-based 3D reconstruction. Note that the sample
has been rotated by an arbitrary angle, providing a different perspective from (a). (c) Scaled genus, gy, versus solid fraction, ¢. A skin
layer—possibly FIB-affected—has been removed for the gy calculation. Solid line: leveled-wave model [54] (d) gy versus the mean ligament

spacing, L, of the four NP Nb micropillars.

4. Discussion
4.1. Mean ligament size and size distribution

It has been suggested that L, the characteristic length
scale of an LMD structure, is determined primarily by the
coarsening kinetics, and that those obey the power law
L  ~/d where d is the dealloyed depth [39]. That would
suggest a gradient in ligament size as one moves from
the outer surface into the interior of a sample. A more
recent investigation, on the other hand, has pointed out
that-at sufficiently high temperature-the local dealloying
direction may diverge from that of the macroscopic sam-
ple surface normal [63]. This implies that an appropriate
notion of d can differ locally within the sample. Irre-
spective of the different suggestions, our electron micro-
graphs did not reveal a noticeable dependency of L on
the distance from the sample’s exterior surface, indicating
each sample has a uniform mean ligament size L.

Figure 2 demonstrates that the L of individual sam-
ples can be controlled by adjusting the immersion time
and the temperature of molten Mg. As mentioned earlier
in Section 3.1, higher temperature and longer immersion
time result in larger L, confirming the coarsening trend
reported in [45].

It is also noteworthy that the coefficient of varia-
tion, defined as the ratio of the standard deviation, s,
to the mean ligament size, L, increases with L. For the
examples in Figure 2 we find s/L = 0.25, 0.35 and 0.37
in order of ascending L. For electrochemically deal-
loyed NP Au, experiment suggests s/L = 0.303 & 0.007
throughout an interval of ligament size including 20-
fold coarsening [47]. This is consistent with self-similar
microstructure evolution in NP Au. Self similarity is also
implied by experimental topology analysis of coarsened
NP Au [48] and by atomistic simulation [64] of coars-
ening for ¢ > 0.3, as in the present samples. While the

absolute s/L values for NP Nb—coarsened in-situ dur-
ing LMD—are roughly similar to NP Au, s/L of NP Nb
systematically increases with L, suggesting a gradual loss
of structural order and, hence, non-self-similar coarsen-
ing. This is consistent with previous findings for LMD-
generated porous metals [37]. To summarize, our NP Nb
samples are distinguished from NP Au by their reduced
microstructural order, their non-self-similar coarsening,
and their lesser scaled genus.

Investigations into the mechanism of LMD have
emphasized the distinction to aqueous-solution deal-
loying (ASD), and specifically a strong variability of
the microstructural morphologies generated by LMD
[39,40]. Whereas ASD is controlled sensibly by the kinet-
ics of dissolution and of surface diffusion alone, the trans-
port in the melt and the ensuing phenomena of variable
dissolution rate and repartitioning of the master alloy’s
constituents may generate a richer set of morphologies
for LMD. This aligns with morphological variation dur-
ing coarsening and, hence, a reduced order.

Besides their different transport pathways, LMD and
ASD are also distinguished by their microstructure evo-
lution sequences and by the magnitude of the acting
driving force for coarsening. ASD proceeds by primary
and then secondary dealloying, the former establish-
ing the initial network in response to the driving force
for dissolution while the latter coarsens the network
in response to driving forces from capillarity [65,66].
There are observations where the primary dealloyed net-
work is quite disordered, yet coarsening transforms it
to a spinodal-like, ordered network structure [67]. The
primary/secondary dealloying distinction has not been
reported for LMD [39,68], suggesting that the ordering
tendency of coarsening acts less prominently there. The
coarsening behavior of nanoporous metals, which gen-
erates and maintains spinodal-like structures-and often



self-similarity—is understood as the result of two govern-
ing factors, capillarity as the driving force and diffusion
as the transport mechanism [64,69]. As it scales with the
product of surface tension and mean curvature, capillar-
ity is strong in ASD materials with truly nanoscale liga-
ment size. Yet, LMD generates micron-scale structures,
where the mean curvature can be orders of magnitude
weaker. Other factors, for instance crystal lattice defects
or microstrain, may then become significant and interfere
with the ordering tendency of diffusive coarsening. This
may contribute to the deviation, in LMD porous metals,
from the well-defined, spinodal-like structures of ASD
metals.

4.2. Young’s modulus and connectivity

We found no obvious dependence of E on the ligament
size. A size-dependency may arise from the surface excess
elasticity, yet this becomes appreciable only at structure
sizes significantly below 10 nm [70,71]. Thus, our results
relate to a scale-independent elasticity regime where net-
work topology may be decisive [43,71,72].

The effective Young’s modulus of NP Nb is plot-
ted in Figure 4 alongside LMD-made porous Ti and
Fep30Cro20 [32,34] and NP Au (aqueous dealloy-
ing) [18,21,57-61]. The Gibson-Ashby scaling law [62]
and the modified Roberts-Garboczi scaling law param-
eterized for NP Au and for leveled-wave structures [54]
are superimposed for comparison.

The modified Roberts-Garboczi scaling law fitted to
the leveled-wave structure has successfully reproduced
the relation between microstructural features and elas-
tic properties of NP Au [54] as shown in the Figure.
Strikingly, NP Nb exhibits a 10 to 60 times lower mod-
ulus compared to the scaling laws. E is also considerably
lower than the experimental results for NP Au of similar
relative density [21,43,73]. This anomalous compliance
indicates that the Gibson-Ashby scaling law overpredicts
NP Nb’s stiffness from its ¢, and the fitting parameters of
the Roberts-Garboczi scaling law for NP Au might not be
applicable to NP Nb.

Deviations between the Gibson-Ashby scaling for
constant-connectivity structures and real NP materials
have been related to a solid-fraction dependent connec-
tivity [20,43,61,74-77]. This motivates our examination
of the topological genus, as a quantifiable measure for
connectivity. We find the average gv of NP Nb at 1.2 and,
thereby, ~ 1.5 times less than that [54] of the leveled-
wave model structure at the same solid fraction. Qualita-
tively, therefore, the anomalous compliance of NP Nb can
be traced back to its deficiency in connectivity. For net-
work structures derived from the leveled-wave model but
with disconnections due to coarsening, the E at any given
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solid fraction scales as g [77]. That scaling is obviously
not applicable to our LMD Nb samples since - compared
to NP Au—NP Nb’s reduction in E considerably exceeds
the squared relative change in scaled genus. This empha-
sizes further that the microstructural morphology and
topology of the LMD samples differ substantially from
that of NP Au made by aqueous dealloying.

When it comes to microstructure metrics for nano
porous metals that might impact their mechanics, on
top of the classic parameters solid fraction and lig-
ament size, the topological genus stands out because
its link to stiffness and strength has been firmly
established [2,43,54,61,76] and-for the special case of
spinodal-like structures—cast into a scaling law [77]. Yet,
other metrics have also been suggested or revealed as
relevant. Besides the above-mentioned width of the liga-
ment size distribution, this includes specifically details of
the ligament morphology [78,79] and the size distribu-
tion of load-bearing rings in the ligament network [80].
Each of these parameters may impact the mechanical per-
formance of LMD Nb, yet scaling laws that might be
combined with our data for an informed discussion of
that impact remain to be established.

5. Conclusions

This work investigates the microstructure and the
mechanical behavior of millimeter-sized nanoporous
(NP) Nb. Compared to aqueous dealloyed NP Au with
similar ¢ as a benchmark, Young’s modulus is found
substantially lower. The reduced microstructural con-
nectivity in NP Nb is consistent with its low stiffness.
Yet, we conclude that this effect, on its own, is not suffi-
cient and that additional factors contribute. The substan-
tial increase in the coefficient of ligament size variation
during coarsening appears significant, suggesting a less
ordered evolution of porosity in NP Nb compared to
aqueous dealloyed network materials such as NP Au.
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