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Beating Thermal Coarsening in Nanoporous Materials via

High-Entropy Design

Soo-Hyun Joo,* Jae Wung Bae, Won-Young Park, Yusuke Shimada, Takeshi Wada,
Hyoung Seop Kim, Akira Takeuchi, Toyohiko J. Konno, Hidemi Kato,* and llya V. Okulovy

Controlling the feature sizes of 3D bicontinuous nanoporous (3DNP)
materials is essential for their advanced applications in catalysis, sensing,
energy systems, etc., requiring high specific surface area. However, the
intrinsic coarsening of nanoporous materials naturally reduces their surface
energy leading to the deterioration of physical properties over time, even

at ambient temperatures. A novel 3DNP material beating the universal
relationship of thermal coarsening is reported via high-entropy alloy (HEA)
design. In newly developed TiVNbMoTa 3DNP HEAs, the nanoporous
structure is constructed by very fine nanoscale ligaments of a solid-solution
phase due to enhanced phase stability by maximizing the configuration
entropy and suppressed surface diffusion. The smallest size of 3DNP HEA
synthesized at 873 K is about 10 nm, which is one order of magnitude
smaller than that of conventional porous materials. More importantly, the
yield strength of ligament in 3DNP HEA approaches its theoretical strength
of G/2x of the corresponding HEA alloy even after thermal exposure. This
finding signifies the key benefit of high-entropy design in nanoporous
materials—exceptional stability of size-related physical properties. This
high-entropy strategy should thus open new opportunities for developing
ultrastable nanomaterials against its environment.

produced by dealloying have outstanding
physical properties due to their unique
structure with open porous networks,3!
the undesirable coarsening phenomenon
leads to degradation of physical properties
over time, even at room temperature.[5-8l
The originally proposed idea behind
high-entropy alloy (HEA) with multiprin-
ciple elements is maximizing the configu-
ration entropy to stabilize a solid-solution
alloy without undesired ordered interme-
tallics.* 'l Many studies have suggested
that HEAs uniquely possesses com-
bined desirable properties such as a high
strength and ductility paired with high
fracture toughness,'>14 fatigue resist-
ance,’™! and creep resistance.'® HEAs
also show promising properties in harsh
environments resisting corrosion,17-1%
and irradiation?% attacks. Atomic size dif-
ferences between constituting elements
in HEA increase the activation energy
for grain growth, and sluggish diffu-
sion kinetics has considered as the main
reason for the exceptional high strength

Stabilizing the feature sizes of 3D bicontinuous nanoporous
(3DNP) is technically challenging because the coarsening
follows a universal empirical correlation with homologous
temperature (Tmelting point/ T('iealloying or annealing): their mature hga'
ment size is inversely proportional to the melting point.[2
Ligament coarsening is a surface-diffusion-dominated process,
and the relationship between the melting point and diffu-
sion is apparent in solid solutions. Although 3DNP materials
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and structural stability of HEAs at high temperatures.?22l The
rationale behind it, the multiprinciple elements cause larger
fluctuations in lattice potential energy (LPE), providing many
low-LPE sites that hinder atomic diffusion.[?3! Grain growth and
ligament coarsening rely on the same physical background of
surface diffusion. In that context, the high-entropy design in
nanoporous materials has a potential for achieving an excep-
tional stability against the coarsening.
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To synthesize the 3DNP HEA, we utilized liquid metal
dealloying (LMD), a unique technique to fabricate non-noble
porous materials used in structural, functional, and medical
products by preventing oxidation in a metallic melt.?*3% The
high-entropy design of LMD based on the enthalpy of mixing is
depicted in Figure 1a,b. The composition of the 3DNP HEA is
carefully established among elements immiscible with the Mg
melt, and then the selected TIVNbMoTa HEA is alloyed with
75 at% miscible Ni. While Ni atoms are selectively dissolved
during LMD in the Mg melt, the five immiscible elements rear-
range their atomic configuration into a bicontinuous structure.

a 60

AHTX, [kJ mol™]

04 [l Viscible in Mg
I \mmiscible in Mg

-100

Following this new and practical strategy, many LMD systems
can be designed to produce various 3DNP HEAs.

The precursor (TiVNbMoTa),sNiys mainly consists of two
face-centered cubic (FCC) solid-solution phases (Figure Sla,
Supporting Information). These two parent phases have dif-
ferent chemical compositions, but both FCC phases transform
into their respective body-centered cubic (BCC) ligaments
after dealloying due to the dissolution of Ni (Figure S1b,
Supporting Information). The average ligament size achieved
in a unimodal porous structure formed from the parent
FCC1 phase is just 10 nm after 10

Figure 1. A novel high-entropy design strategy for 3DNP HEA by LMD and the structural evolution of synthesized 3DNP HEAs. a) Enthalpy of mixing
between the Mg melt and considered elements. b) Predesigned LMD system based on the miscibility of precursor elements. c) High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image of the 3DNP HEA produced by LMD at 873 K for 10 min. d—e) Bright field
(BF) TEM images of the 3DNP HEAs produced at 1073 K for 10 min (d) and for 120 min (e). The selected area diffraction (SAED) patterns in the inset
figures show the formation of the BCC structure at all conditions. High-magnification filed emission scanning electron microscope (FE-SEM) images of
3DNP HEAs are presented in Figure S1c—f of the Supporting Information. f) Electron backscatter diffraction (EBSD) inverse pole figure map overlapped
on image quality map of the 3DNP HEA produced at 1173 K for 120 min. g) Grain boundary map overlapped on confidence index map corresponding
to (g). h) HAADF-STEM image and energy-dispersive X-ray (EDX) maps of the constituent elements in the 3DNP HEA produced at 873 K for 10 min.
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Figure 1. Continued.

(Figure 1c). This is the smallest ligament size ever reported
in 3DNP metals processed at an elevated temperature near
873 K. A ring diffraction pattern proves the formation of BCC lig-
aments with various crystal orientations (inset in Figure 1c). The
calculated lattice parameter (3.0544 A) is analogous to the X-ray
diffaction (XRD) result of the mature ligament. The ligament
coarsened to 44 nm after 10 min of LMD at 1073 K (Figure 1d).
The 3DNP HEA preserves its nanoscale features in severe con-
ditions. The same BCC ring diffraction pattern implies that the
parent FCC1 phase transforms rapidly into the BCC structure
of ligaments when dealloying begins. The ligaments matured to
89 nm after 120 min of LMD at 1073 K (Figure 1e).

Most of ligaments consist of a few grain, and they form the
polycrystalline 3DNP HEA scaffolds (Figure 1f). A high fraction
of coincidence site lattice (CSL) boundaries (0.552 £ 0.078, the
average value taken from three different areas) connotes the
reducing the total energy by the formation of low energy grain
boundary during phase transformation (Figure 1g). Crystal

Mo K C———— 20 nm

TaM

rotation among ligaments owing to the particular angles of CSL
boudnaries results in the specific texture of crystal orientation
(Figure S2, Supporting Information).

The compositions of the synthesized BCC ligaments inherit
the compositions of the immiscible elements in their parent
FCC phases (Table S1, Supporting Information). By energy-dis-
persive X-ray (EDX) analysis equipped in transmission electron
microscopy (TEM), it is confirmed that the constituent ele-
ments are homogeneously distributed even in 10 nm ligament,
and there is no segregation (Figure 1h). These compositional
investigations satisfy the compositional high-entropy criterion
of five major elements at concentrations ranging between 5 and
35 at%, suggesting that this new approach can develop 3DNP
HEA. More importantly, the stability of BCC ligament can be
judged from their compositions by analyizing valence electron
concentration (VEC), which control the phase stability for FCC
or BCC solid solution. The evaluated VEC of 8.80 (FCC1), 8.71
(FCC2), 5.15 (BCC1), and 4.95 (BCC2) agree with the VEC
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criteria for FCC or BCC phase stability in HEAs; VEC < 6.87
for BCC, 6.87 < VEC < 8.0 for FCC + BCC, and VEC 2 8.0 for
FCC.BY

Coarsening kinetics of 3DNP HEA is drastically minimized
at elevated temperatures (Figure 2a,b). Using an Arrhenius-
type equation on the diffusivity and ligament size, 3233 the

10 min

coarsening component, n, is determined to be 3.44-3.61,
which is close to the kinetic parameter, =4, reflecting surface
diffusion. Thus, surface diffusion governs the coarsening of
the 3DNP HEA, as in the conventional porous metals.[33-3¢
Similar n values at different temperatures imply the invari-
able coarsening mechanism of 3DNP HEA. The temperature

b
® 1073K 3.44 ]
n=s. 1
£ o 173K " ]
= + - ’?/ o 'E 1
S J—
N ® n=3.61 £ o 1
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Figure 2. Kinetics of ligament coarsening and surface diffusivity of the 3DNP HEA. a) High-magnification FE-SEM images of 3DNP HEAs produced
at 973 to 1173 K after dealloying for 10 to 60 min. b) Ligament size and distribution of the 3DNP HEA versus dealloying time at various temperatures.
The relationship between dealloying time, t, and ligament size, d, can be expressed by a power function: d" = ktD, where n is the coarsening com-
ponent, k is a constant, and D is the surface diffusivity. The coarsening exponent, n, can be measured by plotting the In[d(t)] versus In ¢ curve. Error
bars denote the distribution of ligament sizes. c) Calculated activation energy for the coarsening of the 3DNP HEA. d) Estimated surface diffusivity of
the 3DNP HEA compared with its constituent elements. The extrapolated lines of the constituent elements are obtained from the references of Ti,*1l
V.12 Mo, Nb, 3 and Ta.l* e) Illustration of the evolution of the 3DNP HEA during LMD. f) Specific surface areas measured with the BET method
as a function of the ligament size. The lines correspond to the predictions of the analytic model S = C/pd. The inset shows the nitrogen adsorption/
desorption curves for 3DNP HEAs with average ligament size =10 nm. The solid bulk density p is assumed to be 7.7 g cm™ from the average atomic

weight and radius of the constituent elements.
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Figure 2. Continued.

dependence of the ligament size is represented by combining
the power law of the coarsening component with an Arrhenius-
type equation of diffusivity. Then, the activation energy for
coarsening is calculated to be 301.8 k] mol™' (Figure 2c). Unlike
the experimental result, the activation energies for surface dif-
fusion of each element from the literature lead to a lower value
of 192.9 k] mol™, estimated using the rule of mixtures (ROM)
(Table S2, Supporting Information).

Not only surface diffusion, there are other possible contribu-
tions on thermal coarsening of 3DNP materials such as bulk
diffusion, surface chemistry, and phase separation.l’”-38l In this
study, the key factor leading to the exceptional stability can be
determined to the slow surface diffusion of 3DNP HEA by
eliminating other possible factors: 1) the coarsening parameter
near 4 signifies a minor contribution of bulk diffusion, 2) the
similar activation energies solid—vacuum and solid-liquid inter-
faces remove the surface chemistry effect, and 3) a single BCC
phase is confirmed by SAED patterns.

Based on the surface-diffusion-based coarsening mecha-
nism, the average surface diffusivity of HEA atoms can be
estimated by the equation!®33]

_d()'kT ()
Y 32ytat

where k is the Boltzmann constant (1.3806 x 10722 JK™}), yis the
surface energy (2.306 Jm~, calculated by ROM using the values
from literaturel*?)), ¢ is the dealloying time, and a is the lattice
parameter (3.2345 x 1071 m measured by XRD) of the 3DNP
HEA ligament. The evaluated average surface diffusivity is
lower than that of Ta, which has the slowest diffusion kinetics
among the constituent elements?~* (Figure 2d). Thus, the
ultrastable nanostructure of 3DNP HEA results from the high
activation energy for coarsening and the minimized surface
diffusivity.

During the LMD process, the miscible element Ni is exclu-
sively dissolved into the Mg melt, while the immiscible five
elements forms an interconnected ligament structure with
nanochannel of liquid melt, simultaneously (Figure 2e). A
diffusion study by Tsai et al. gives persuasive evidence of the
slower diffusion of HEAs.2l Alloys with multiple principal ele-
ments have larger fluctuations in LPE than traditional alloys,

1

Ligament size, nm

providing many low-LPE sites that hinder atomic diffusion. On
the other hand, other negative conclusions in recent articles in
FCC HEAs make the sluggish diffusion phenomenon very con-
troversial. "8 The five number of principal atoms do not guar-
antee an extra slugging effect, but a specific element possibly
produces a deep potential wall, like Mn in CoCrFeMnNi alloy.
Nevertheless, most of researchers found the slower diffusion
of HEAs on a homologous temperature scale.?3#54¢] There are
no applicable references on the diffusion behavior of refractory
BCC HEAs. Therefore, a thorough study should be performed
to clarify whether it is really sluggish diffusion due to low-LPE
sites given by small atoms (schematic graph in Figure 2e, Ti or
V in the current study) in HEA or just an unsophisticated effect
of a particular element.

The exceptional stability against thermal coarsening results
in high specific surface areas of 3DNP HEAs at elevated tem-
peratures (Figure 2f). The measured specific surface areas
are 55.7 (<10 nm), 38.8 (14 nm), and 3.6 (155 nm) m? g!
depending on the ligament size. These are obtained following
the analytical model proposed by Detsi et al.,[*l in which we
use the dimensionless parameter C = 3.7 for disordered nano-
porous structures in the equation S = C/pd; S is the specific
surface area, p is the solid bulk density, and d is the ligament
thickness. Furthermore, the adsorption/desorption isotherm
curve corresponds to Type IV in the TUPAC classification®%
(inset in Figure 2f) when the ligament size is =10 nm. The
hysteresis loop in the type IV isotherm is associated with
capillary condensation in nanopores (<50 nm) at high P/P,,
and the type of isotherm is the same as that of nanoporous gold
(NPG).I Thus, the isotherms confirm the presence of nano-
pores in 3DNP HEAs with structure similar to those of NPG.

A further important consideration is, the large fraction
of CSL boundaries (Figure 1g) should work as pinning sites
impeding atomic movements on the surface. On the contrary
to chemical dealloying, phase transformations (here, FCC to
BCC) occur during LMD based on an orientation relationship
generating a high fraction of CSL boundaries.P! Direct obser-
vation of the beneficial effects of twin boundary in stabilizing
nanostructure of NPG has been reported by TEM.I®l Also, sta-
bilized nanosteps by plana defects like stacking faults or twin
boundary on nanoparticle Cu implicit the significant effect of
CSL boudnary against thermal coarsening.? Thus, suppressed
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Figure 3. Thermal stability of 3DNP HEAs and preservation of physical property. a) Equilibrium phases and their fractions of the 3DNP HEA calculated
as a function of temperature. b) Ligament size versus homologous temperature in conventional nano- and microporous materials and the 3DNP HEAs.
Data points of Fe, FeCo, FeCr, Nb, and Ti are obtained from power-law fitting of d" = ktD. The results of V, W, Ta, TiZrHfMoNb, and TiZrHfMoTa
are used without fitting (Figure S3, Supporting Information). Non-LMD represents the nanoporous materials obtained by chemical dealloying;? the
dealloying time is different from the LMD-based materials. c) Yield strength of the 3DNP HEA ligament and a NbMoTaW nanopillar® versus the
ligament size/diameter of the pillar. The gray dashed-dotted line represents the theoretical maximum yield strength of TiVNbMoTa HEA. Error bars

denote standard deviations.

coarsening in the 3DNP HEA should originate from the high
fraction of secure CSL boundaries and the slow diffusion in
multiprincipal elements.

Thermodynamic calculations were conducted to investigate
the stability of the BCC phase and the melting point (Figure 3a).
The results depict liquidus and solidus temperatures of =2684
and =2490 K, respectively, followed by a single BCC phase tem-
perature down to 1123 K. Below 1123 to 758 K, the high temper-
ature BCC crystal structure could partially transform to another
BCC phase, but the amount of the second BCC phase is negli-
gible. The thermodynamic study certifies the ligament of only
single BCC phase and its melting temperature as 2584 K.

Chen and Sieradzki proposed that the stabilized steady-
state ligament sizes at an ambient temperature of various
nanoporous materials exhibit an empirical correlation with
homologous temperature: Ty = Togk/ Teliing point-| Recently,
McCue et al. expanded this correlation to LMD-processed
porous materials by the modified homologous temperature
(TH = Tmelting point/ Tdealloying temperature) Conceming the deal-
loying temperature.? Since the dealloying time also has strong
influence on coarsening of LMD-based materials, it was fixed
to 10, 20, or 60 min to clarify current analysis (Figure S3 of
the Supporting Information for details). Pure and binary
porous metals evidently follow the general relationship of
ligament size versus homologous temperature in a log-log
scale (Figure 3b). However, the linear relationship shifts down
by one order of magnitude in smaller-size regime for the

new 3DNP HEA. It is important to emphasize that ligament
coarsening follows the power-law function; thus, the stabilized
size regime of 3DNP HEA after 60 min cannot be achieved
in conventional porous materials. The sharp slope of 3DNP
HEAs in Figure 3b would be relevant with anomalous non-
linear Arrhenius plots between In D and 1/T in BCC transition
pure metals and alloys.3%! The homogeneous 3DNP HEAs
from a single phase precursor, which designed based on the
composition of FCC 1 phase, were also successfully produced
with their exceptional small sizes of ligament (Figure S4, Sup-
porting Information). Moreover, different TiZrHfMoNb and
TiZrHfMoTa 3DNP HEAs validate our high-entropy strategy
(Figure 3b; Figure S3, Supporting Information). Thus, our
new 3DNP HEA overcomes the universal effect of temperature
on the coarsening of nanomaterials.

The major drawback of nanoporous materials is the physical
property deterioration subsequently occurred by drastic coars-
ening. For example, coarsening of NPG continuously degrades
its catalytic performance from 90% to 70% after 500 min at
room temperature.®! The yield strength of ligaments in 3DNP
materials can reach the theoretical strength when the ligament
size becomes a few nanometres.”] Unfortunately, similar to
their functional properties, their mechanical characteristics
tend to dramatically deteriorate as ligaments coarsen. This
study reveals the effectiveness of high-entropy design strategy
to suppress the coarsening drawback by producing materials
with excellent structural stability at elevated temperatures.
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The yield strengths of 3DNP HEA ligaments were calculated
with the adjusted Gibson and Ashby scaling model®”! of foam
plasticity using nanoindentation (Figure 3c; Table S3, Sup-
porting Information). This 3DNP HEA demonstrates a high
yield strength of ligament close to the theoretical limit by
reducing the size of ligament down to 10 nm. Such a high
strength through dislocation starvation (so-called size-effect)
has been reported in small-sized metallic systemsP® including
NbMoTaW HEA nanopillarsP? and NPG.76061 Many nano-
porous metallic materials are very brittle under tension because
of their macroscopic structures, but nanoligaments show their
intrinsic ductile behavior and high yield strengths under com-
pressive stress. When the 3DNP ligament size becomes a few
nanometers, the depleted dislocations and sources in nanoscale
ligaments should lead to a high stress for nucleation of dis-
location at free surfaces. Although there are some disparities
between the current study and the literature due to different
materials and experimental conditions, the role of outstanding
stability of the 3DNP HEA is considered more important when
assessing its physical properties in view of coarsening. Com-
pared with general pure metalsl®?%3 or binary alloys, 643 3DNP
HEA shows a much slower coarsening rate and loss of desired
3DNP structure, thus, the porous structure of 3DNP HEA
remains in the nanoscale regime after the same heat treatment.
Consequently, the outstanding yield strength of ligaments in
3DNP HEA remains close to the theoretical strength (G/2n)
after the subjection to elevated temperature.

The effort to overcome intrinsic thermal coarsening has led
to the design of a new class of 3DNP materials via high-entropy
strategy. By exploiting thermally activated coarsening at high
temperatures, the exceptional stability of 3DNP material is
achieved through implementation of slow surface diffusion
obtained by high-entropy design. The empirical correlation of
ligament size with homologous temperature for 3DNP HEA is
shifted one order of magnitude toward smaller, and the stabi-
lized nanoscale features of 3DNP HEA preserve its high yield
strength of ligament despite exposure to severe conditions.
These findings push toward a new generation of nanomaterials
with excellent long-term performance.

Experimental Section

Precursor and 3DNP HEA Fabrication: The precursor alloy was
produced from pure metals (99.99 at%) by arc melting under a
purified argon atmosphere. The button-shaped ingot was turned over
and remelted more than four times to ensure the homogeneity of
its chemical composition. The Mg-10 at% Ca melt was prepared by
induction heating under a purified helium atmosphere. An additional
10 at% Ca reduced the melting point below 873 K, and the relationships
of miscibility between Ca and five HEA elements are similar with those
of Mg. The precursor ingot was cut into a 1.5 mm thick plate, which was
immersed in the melt. After dealloying, the Mg-rich phase was etched
out in 3 M HNO; for 5 h.

Microstructure and Nanoindentation: The structure of the precursor
alloy and 3DNP HEA was investigated by using XRD (Ultima 1V,
Rigaku, Tokyo, Japan) with Cu-Kor radiation, and its microstructure
and composition were explored by using FE-SEM (Ultra 55, ZEISS,
Oberkochen, Germany) coupled with EDX analysis (Quantax, Bruker,
Billerica, MA, USA). The ligament size, pore size, porosity, and surface
area were measured in Image) software, using FE-SEM images of the
cross-sectional surface of the dealloyed plate, prepared by ion-milling

(E-3500, Hitachi, Tokyo, Japan). The image analysis was performed on
more than three images to guarantee its reliability. The nanoporous
structures of 3DNP HEA were observed using a JEM-ARM200F (JEOL,
Peabody, MA, USA). TEM samples were prepared using an FIB (Versa
3D, FEI, Hillsboro, OR, USA) or using thin ribbon-like powder precursors
made by melt spinning. EBSD was conducted at an acceleration voltage
of 15 keV in combination with an FE-SEM (Jeol 7100F, JEOL, Peabody,
MA, USA). The step-size of the automatic scanning beam was 20 nm,
and data points with a confidence index below 0.5 were eliminated. The
specific surface area was calculated with the Brunauer—Emmett-Teller
(BET) method. Nitrogen adsorption—desorption isotherms measured at
77 K to a relative pressure (P/Py) of 0.995 by nitrogen physisorption on a
BELSORP-maxll. For 3DNP HEAs with large ligaments (=14 nm), Kr gas
was used for low-surface-area analysis.

Thermodynamic calculations were conducted based on CALPHAD
(CALculation of PHAse Diagram) scheme using commercial software
(Thermo-Calc, 2019a) with the database for HEAs (TCHEA3: High
Entropy Alloys v3.1). Specifically, equilibrium phases and their mole
fractions were calculated as a function of temperature between 500 and
3000 K by every 50 K step after selecting the constituent elements of
Ti, V, Nb, Ta, Mo, and Ni. As many as 63 phases including solid solutions
and compounds were involved in the calculations where these default
phases were selected automatically by designating the constituent
elements. Condition definitions included pressure of 10° Pa and
system size of unity in mole, and a Tiy3.9V26.67Nb19.91M037 77Ta12.16Nig.2
(at%) alloy.

The yield strength of ligaments in 3DNP HEA was calculated from
direct load-controlled nanoindentation measurements by PI-85L
(Hysitron, Minneapolis, MN, USA), in an FE-SEM (Helios Nanolab, FEI,
USA), using a Berkovich tip. The sample surfaces were polished flat in
parallel using ion-milling, and in situ FE-SEM allowed to select stable
indenting positions without parent phase boundaries. The maximum
load and loading rate were 5000 uN and 1000 uN s7', respectively. The
holding time and unloading time were 5 s. Using a load—displacement
curve, the hardness of the 3DNP HEA was calculated by the Oliver—
Pharr method. The distance between indents was three-times larger
than the size of indent. More than five indentations were averaged for
an averaged hardness value (Figure S5, Supporting Information). The
hardnesses obtained from the nanoindentation tests can be converted
into the yield strength of the porous materials, because the yield strength
equals the hardness in a porous structure due to the densification
without constraint.®l Also, the yield strength of the ligament (o) is
given by the adjusted modell”) of foam plasticity originally developed by
Gibson and Ashby.[5]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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