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Dealloying is a selective corrosion process during which the more electrochemically active elements in a
parent alloy dissolve while the remaining more noble atoms diffuse along the solid-electrolyte interface,
resulting in the formation of a nanoporous microstructure composed of core-shell ligaments. In this
work, we study an extension of the physics of dealloying in which the parent alloys (Cu—Fe—Mn alloys)
contained an engineered composition of elements selected such that, upon dissolution of one of them,

the remaining elements phase separate as they become concentrated in the undissolved ligaments. Such
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simultaneous dealloying and phase separation leads to the formation of rich variety of new porous
structures containing nanocomposite ligaments, as well as unanticipated structure evolution such as
nanowire growth that are attributed to solution side effects.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Background

Dealloying refers to the intentional selective removal of one or
more components from an initially fully dense parent alloy, often
electrochemically. Dealloying has been used effectively to fabricate
nanoporous metals with three-dimensional, ligament-channel
features that have found a variety of applications in catalysis,
chemical sensing and electrochemistry [1,2]. Nanoporous metals
developed by dealloying binary solid solution alloys such as
nanoporous gold (np-Au) from Au—Ag, nanoporous copper (np-Cu)
from Cu—Mn, etc., have been extensively investigated [3—7]. In
these systems, both the grain morphology and orientation of the
precursor alloys are preserved after dealloying. For this reason,
dealloying in these simple systems can be described by simple
dissolution and diffusion processes on a rigid lattice without
considering phenomena such as recrystallization and/or phase
separation and a surface diffusion-controlled model is widely
accepted to describe the dealloying process and predict the
morphology of the resulting porous structure [8,9].

Porosity evolution in the standard dealloying model is
controlled by a competition between the rate at which the more
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noble atoms diffuse along the solid-liquid interface with receding
step edges compared to the rate at which the electrochemically
more active atoms in terraces are dissolved into the electrolyte. In
such a case, a core-shell structure can be obtained in the ligaments
as the non-dissolving species accumulate on the surface, especially
if the interface diffusion rate is slow. The formation of Au/Au—Cu
and Pt/Pt—Ni core-shell metallic ligaments generated by dealloying
has been confirmed by three-dimensional atom probe and EDS
mapping experiments [10—13].

In Au—Cu and Pt—Ni alloys, both components are miscible across
their entire composition range and a solid solution is easily ob-
tained at room temperature. However, if the elements remaining in
the ligament display more complex phase behavior, the structure
that forms may have more features than a single-phase ligament
with a simple composition gradient. A reasonable hypothesis is if
the two elements in the ligaments become immiscible as a third
element is dissolved, the ligaments will form a phase-separated
core-shell structure or some other stable nanocomposite struc-
ture. In this work, we use ternary Mn—Fe—Cu alloys as a model
system to study the effect of immiscibility in the ligament-forming
elements of a dealloyed material on the compositions and micro-
structures of the resulting nanoporous metals. In Mn—Fe—Cu alloys,
Fe and a small amount of Cu can be dissolved in Mn at a temper-
ature above 1000 °C and rapid cooling can maintain a homogenous
solid solution structure suitable as a precursor for dealloying.
During dealloying, when the Mn atoms with much lower standard
electrode potential dissolve preferentially, we expect a phase
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separation between the remaining Cu and Fe, the solubility of Cu in
a-Fe being quite small with a maximum of 1.8at% at room
temperature.

Due to its importance in industrial applications, the phase
separation behavior between Fe and Cu upon annealing and radi-
ation exposure has been intensively studied by both theoretical
modeling [14,15] and experiment [16,17]. For instance, Cu precipi-
tation in Fe-rich alloys can be greatly accelerated by irradiation, an
effect that plays a significant role in hardening and embrittlement
of steels used in high-pressure reactors [18]. The precipitation of
small Fe particles in Fe—Cu containing alloys also provides an ideal
method to fabricate permanent magnets based on shape anisotropy
[19]. The phase separation between Fe and Cu in Fe-rich Fe—Cu
alloys during annealing or radiation can be described as a typical
spinodal decomposition with the following phase evolution:
coherent Cu clusters first precipitate and keep the body-centered-
cubic structure of the iron matrix with a radius up to 2 nm. Dur-
ing subsequent growth, these precipitates pass through faulted
structures (3R and 9R), and then transform into the face-centered-
cubic structure of pure Cu (fcc-Cu), forming a nanocomposite
[20,21]. The annealing (radiation) temperature and duration are the
most important parameters that determine the characteristic
length scale of the nanocomposite.

The phase evolution in Cu-containing low alloy steels during
corrosion is quite different from that during annealing or radiation.
Rather than forming a bulk nanocomposite, the alloy surface be-
comes covered by a Cu-rich shell upon exposure to a corrosive
environment [22]. The formation of the shell can be explained by a
two-step corrosion mechanism: when surrounding Fe atoms are
preferentially dissolved by galvanic corrosion, Cu will be removed
because the alloy does not contain sufficient Cu to form a contin-
uous network or a fully passivating layer. The Cu atoms dissolve to
Cu?* by reduction of dissolved oxygen and then re-deposit onto the
substrate through a galvanic displacement reaction with associated
oxidation of Fe. Thus a Cu-rich shell is formed on the sample surface
and can greatly improve the corrosion resistance of the steel.

In the Mn—Fe—Cu system, it is difficult to predict a priori
whether the phase segregation of Cu and Fe during dealloying
would lead to a nanocomposite structure or core-shell structure
based on the contrasting thermal decomposition and corrosion
behaviors of the Fe—Cu-containing steels. Therefore, in this work, a
series of nanoporous FeCu bimetals were prepared by dealloying
(MnggFez0)100-xCuyx (at. %, x=0—1). We used HCl solutions of
varying concentrations as the dealloying medium, and find a rich
phenomenology of resulting microstructures, including ligament
formation, phase separation, and redeposition structures such as
nanowires, depending on dealloying conditions.

2. Experimental
2.1. Sample preparation

Parent alloys with nominal compositions of (MnggFe20)100-xCuix
(at.%, x=0, 0.5, 1.0) were prepared by high frequency induction-
melting of Mn, Fe and Cu pure metals (purity >99%) in a water-
cooled copper crucible (Arcast, Inc.) under flowing Ar. The result-
ing ingots were annealed at approximately 1100°C for 8h
(MnggFez0)100-xCux precursor alloys described in this paper refer to
the annealed alloys. Using a diamond wafering saw, the post-
annealed ingots were sliced into samples with a thickness of
approximately 2 mm.

Alloy slices were polished with 1200 grit SiC and immersed in
HCl solutions for dealloying under free corrosion conditions. The
HCl electrolytes were made with 18.3 MQ deionized (DI) water and
reagent grade HCl. After dealloying, the samples were removed

from the electrolyte and rinsed in acetone to displace the electro-
lyte. The samples were then dried in air.

2.2. Sample characterization

Optical microscopy observation was performed on both as-
prepared and annealed (MnggFe20)100-xCux alloy slices. The metal-
lurgical samples were first polished to a 1 um finish with diamond
paste and then etched for 90 s in a solution containing 5 g of FeCls,
5ml HCl and 95 ml of C;H50H.

Open-circuit potentials of the (MnggFe20)100-xCux alloys in HCI
solutions were measured using Gamry potentiostats. In the mea-
surement, a saturated Hg/HgCl was used as a reference electrode
and a platinum mesh (99.9%, 100 mesh woven from 0.0762 mm
wire, Alfa Aesar) as a counter electrode.

The chemical compositions of the dealloyed samples were
characterized by energy dispersive X-ray spectroscopy (EDS) and
the microstructure was observed by both scanning electron mi-
croscopy (SEM, JEOL FEM 2600) and transmission electron micro-
scopy (TEM, FEI, Tecnai G2). The phase evolution was recorded by
X-ray diffraction (XRD) with CuK radiation.

3. Results
3.1. Characterization of the precursor alloys

Fig. 1 shows optical micrographs of as-prepared and annealed
MngoFezo and (MngoFez)995Cugs, representative of the Cu-
containing Mn—Fe—Cu alloys used in this study). In the annealed
samples, except for columnar-like crystals (about 20 um in width
and 50 pm in length), which can also be found in the as-prepared
alloys, there are some equiaxed particles with a diameter of
about 10 um. When compared to MnggFe;o, the annealed Cu-
containing alloy has more equiaxed crystals. To clarify whether
there is any phase separation in the dealloying precursors, XRD and
EDS measurements were performed on the annealed alloys. All the
samples exhibit main diffraction peaks at 26 of 43.0, 45.4 and 47.8
and 54.5°, corresponding to the (221), (310), (311) and (321) planes
of the primary cubic Mn (6-Mn, PDF#33—0887), respectively
(Fig. 2). There are slightly shifted peaks in the Cu and Fe containing
alloy relative to that of pure §-Mn, due to strain introduced by Cu
atoms in the lattice. Diffraction signals from fcc-Cu, y-Fe (fcc), and
a-Fe were not found, demonstrating the formation of a single phase
in the annealed alloys. EDS mapping further confirms the compo-
sitional homogeneity of the annealed Cu-containing alloy (Fig. 3).
Together, these observations suggest that the equiaxed grains
formed through recrystallization. According to the equilibrium
phase diagram, there is a phase transition from y-Mn to §-Mn at
about 1150 °C. The water-cooled copper crucible cannot provide a
sufficient cooling rate to maintain the y-Mn phase and the quick
phase transformation from y-Mn to §-Mn may result in the for-
mation of a large number of defects (dislocations or voids) in the
columnar crystals, providing the equiaxed crystals with many
inhomogeneous nucleation sites upon annealing. A small amount
of Cu added into the MnggFeyq alloy might increase defect forma-
tion in the as-prepared samples and thus leads to more equiaxed
crystals in the annealed specimens.

3.2. Formation of nanocomposite ligaments in nanoporous metals
by dealloying

The annealed (MnggFeg)99.5Cug 5 alloy slices were polished and
placed in 1% HCI solution under free corrosion with the duration of
60 min. This process dealloys the sample, removing Mn from it. As
can be seen from the bright-field TEM image in Fig. 4 (a), the
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Fig. 1. Metallography of representative alloys used in this study: (a) as-prepared MngoFe;o (b) as-prepared (MnggFesg)oosCuos, (c) annealed MngoFeyo and (d) annealed

(MngoFe30)99.5Cu 5.
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Fig. 2. XRD patterns of the annealed MnggFe; and (MngpFezo)99.5CUg 5 alloys, powder
diffraction positions of 8-Mn (bcc, PDF#33—0887) are also included for comparison.

dealloyed sample exhibits nanoporosity. The width of the channel-
like pores is about 5—10 nm, slightly smaller than that of the liga-
ments (about 10—15nm). The high resolution TEM micrograph
Fig. 4 (b) further reveals that the ligaments are comprised of
nanocrystals with an average grain size of about 5nm. Unlike
Au—Ag alloys in which the grain morphology and orientation of the
precursor alloys are preserved upon dealloying, nanoporous deal-
loyed (MnggFe20)99.5Cup 5 has a much smaller crystal size than that
of the precursor alloy, indicating that there is a recrystallization
process during dealloying. This is reasonable because the precursor
alloy is a cubic (cub) crystalline material while pure Fe and Cu el-
ements are stable in body-centered cubic (bcc) and face-centered
cubic (fcc) structures, respectively, at room temperature. Fig. 4(c)
is the selected area electron diffraction (SAED) patterns taken from
the dealloyed sample. No reflections of 5-Mn can be found. Except
for faint peaks from Fe,03/Fe304 (shown in Figure S1), character-
istic diffraction rings of fcc-Cu (220) and a-Fe (211) can be distin-
guished, demonstrating the formation of composite ligaments

upon dealloying. The lattice parameters of Fe and Cu are calculated
based on the diffraction results, i.e. 0.287 nm for Fe and 0.362 nm
for Cu, respectively, slightly larger than that of the pure a-Fe(bcc,
PDF#06—0696) and fcc-Cu (PDF#04—0836). A small amount of Mn
residual in Fe and Cu alloys as solid solution may contribute to the
lattice expansion.

To further clarify the distribution of Fe and Cu in the dealloyed
sample, EDS mapping under a STEM mode was performed on the
(MnggFez0)99.5Cug 5 alloy dealloyed in 1% HCI solution for 60 min
(Fig. 5 (a)). According to the elemental mapping analysis (Fig. 5(c
and d)), the dispersion of Fe, Cu and Mn is uniformly homogenous.
No Fe—Cu shell-core structure was found in the mapping images.
Instead, the specimen displays separated Fe-rich and Cu-rich do-
mains. As indicated by arrows A and B in Fig. 5(c and d), the local
area contains a continuous ligament, but the Fe and Cu distribu-
tions are discontinuous. Moreover, the compositional domains of
the two elements are smaller than the size of individual ligaments
and do not overlap, confirming the formation of bimetallic nano-
composite ligaments. The nanocomposite structure observed here
differs from both the corrosion products of Cu-containing low alloy
steel and leached Al—Cu—Fe alloy. In the steel, after free corrosion,
Cu is enriched in the subsurface, forming a core-shell like structure
[20]. In the Al—Cu—Fe alloys, dealloying in alkaline solutions leads
to a nanoporous Cu structure combined with embedded octahedral
Fe304 particles [23].

3.3. Tailoring structure of Fe—Cu nanoporous metals

As described above, Fe—Cu nanoporous metals with nano-
composite ligaments can be obtained by dealloying the
(MnggFez0)995Cup 5 alloy in HCl solution. Further investigations
found that the morphology and microstructure of the Fe—Cu
nanoporous metals could be tailored by tuning the acid concen-
tration and the compositions of the precursor alloys.

Fig. 6 shows SEM images of the (MnggFe20)995Cup 5 alloy deal-
loyed in HCl acid solution with different HCI volume concentrations
ranging from 0.01% to 30% for 60 min. Dealloying in 0.01% HCl only
leads to the formation of a loose passive film without obvious
evolution of nanoporosity. Many hexagonal oxides flakes are
embedded in the film. In contrast, bicontinuous nanoporous
structures can be obtained by dealloying (MnggFe2g)g99.5Cug 5 in 0.5%
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Fig. 4. (a) bright-field, (b) High resolution TEM images and (c) SEAD patterns of the specimen prepared by dealloying (MnggFe;g)995Cug 5 alloy in 1% HCl for 60 min.

and 1% HCl (the sample dealloyed in 0.5% HCl is used as the
representative example in Fig. 6(b)). For the sample dealloyed in 5%
HCl, Fig. 6(c), the ligament and pore sizes are slightly larger than
that dealloyed in 0.5% HCI. Alongside the porous structure, there are
some ribbon-like wires with a width of about 150 nm. Further
increasing the HCl volume concentration to 30% results in severe
corrosion. The size of the alloy decreases rapidly with the formation
of a large number of Hy bubbles. After dealloying for 60 min, the
sample surface is relatively smooth, whereas there are some coarse
porous structures under cracks as indicated by the arrow in
Fig. 6(d).

The composition of the precursor alloys also plays a significant
role in determining the microstructure of the dealloyed samples.
Fig. 7 shows SEM and TEM micrographs of samples prepared by
dealloying MnggFezo, (MngoFezq)e95Cug s and (MngoFezg)ag oCuto

alloys in 1% HCI for 60 min. When compared with the dealloyed
product of (MnggFe20)99.5Cug 5, (Fig. 7(c), (d)), the sample prepared
by dealloying MnggFeyq (Fig. 7(a), (b)) nominally exhibit a similar
porous structure except that the average sizes of ligaments and
pores are 1—2 nm smaller. However, the SAED pattern (inset of Fig. 6
(b)) displays typical bcc rings without any possible signals of fcc-Cu
or fcc-Mn. The calculation of the lattice parameter (0.286 nm) based
on the SAED patterns suggests that the crystals are Mn-containing
a-Fe rather than Mn-rich bcc alloys. Moreover, on the a-Fe (110)
ring, there is a clear dark-bright contrast, implying that the Fe
crystals are larger than those in the dealloyed (MnggFe;()99.5Cug 5
material. For dealloyed (MnggFe20)g9.0Cu1.0, in addition to the porous
structure, the dealloyed sample contained a large number of wires
(Fig. 7(e)) similar as those shown in Fig. 6(c). These wires are about
150 nm inwidth and 20—30 um in length. The SAED pattern (inset in
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Fig. 5. (a) bright-field TEM image of the (MngoFe;0)99.5Cug 5 alloy dealloyed in 1% HCl
for 60 min and the corresponding (b) Fe, (c) Cu and (d) Mn EDS mapping images taken
under STEM mode.

lower part of Fig. 6(f)) reveals the wires to be fcc-Cu single crystals.
The ligament-channel like porous structure in Fig. 6(f) is much
coarser than that obtained in MnggFe;o and (MnggFeg)g9.5Cug 5 al-
loys. The pores are about 15—20 nm and the ligaments are about
25—30 nm, respectively. The inset in the upper part of Fig. 7(f) is the
SAED pattern taken from the porous part, which shows that the
ligaments are Fe and Cu nanocomposite materials. When compared
to that of the dealloyed (MnggFesg)995Cug s alloy, the diffraction
rings of a-Fe are much fainter while the signals of fcc-Cu are brighter,

suggesting a relative decrease in a-Fe content. Moreover, diffraction
spots can be clearly seen in the rings of fcc-Cu, demonstrating the
formation of fcc-Cu particles with much larger crystal size in the
ligaments.

4. Discussion
4.1. Phase separation during dealloying

In general, the process of dealloying solid solutions includes
only the selective dissolution of less noble component elements
and up-hill diffusion of more noble component elements as they
reorganize into a nanoporous microstructure. In the Mn—Fe—Cu
system, however, phase separation is also involved, i.e., the MnFeCu
solid solution with a §-Mn structure decomposes to Fe(Mn) («-
Fe(Mn)) and CuMn (fcc-Cu). It is not clear yet precisely when the
phase separation takes place during dealloying and how it effects
the formation of nanoporous structure. To clarify this, the MnggFeaq
and (MngoFe20)99.5Cug 5 alloys were placed in a 1% HCI solution for
5—120 min. Open circuit potential (OCP)-time measurements were
performed on these alloys to examine the potential change during
dealloying because corrosion under these conditions are similar to
free corrosion. Fig. 8 displays the OCP curves with time. During the
entire duration of the test, the Cu-containing specimen displayed a
more anodic potential than the specimen without. This suggests
that the presence of Cu influences the kinetics of the anodic reac-
tion (dealloying), providing the alloy with a more stable surface. For
both alloys, the corrosion behavior can be divided into three
different potential stages. During the first minutes of immersion,
the OCP increases rapidly. From its maximum, the OCP exhibits a
rapid decrease, followed by another increase, forming a V-shaped
curve from 10 min to 30 min. The local most negative potential sits
between —0.73 and —0.75V. After this period, the potential only
varies slowly. The OCP of the MnggFeyq alloy decreases slightly and
approaches a relatively steady-state value of —0.73 V at 120 min. In
contrast, the OCP of the (MnggFe0)g95Cugs alloy increases
to —0.67 V. For a variation of OCP with corrosion time, similar
behavior has been observed in some carbon steels and Cu-bearing
steels which undergo pitting corrosion [24]. Usually, the initial
growth, breakdown and partial repair of a corresponding passive

Fig. 6. SEM images of the (MnggFe,g)99.5Cug 5 alloy dealloyed in HCl with a volume concentration of (a) 0.01%, (b) 0.5%, (c) 5% and (d) 30% for 60 min.
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Fig. 7. SEM and bright-field TEM images of the (a), (b) MnggFeyo, (c), (d) (MnggFez0)e9.5Cug 5 and (e), (f) (MnggFeaq)9oCuy alloys dealloyed in 1% HCl for 60 min. The insets in (b), (d),

(f) are the corresponding SEAD patterns of the bright-field images.

film are used to explain such OCP changes. However, the variation
of the OCP in these steels is only about 0.02 V, much smaller than
that observed in dealloying MnggFeyp and (MnggFezp)g95Cug 5
alloys.

To examine the OCP behavior further, samples were dealloyed to
the interesting inflection points on the OCP-time curves (0 min,
5min, 10 min, 20 min, 60 min and 120 min) to examine phase and
morphology development. XRD diffraction peaks in the 26 range of
40-50r° as a function of dealloying time are shown in Fig. 9. For the
MnggFeyg alloy, the initial structure has three main peaks with high
intensity, corresponding to the (221), (310) and (311) planes of (-
Mn. After 5 min of corrosion, the original diffraction peaks have
completely disappeared and a contribution from (110) planes of a-
Fe appears as a new broad peak, indicating a fast phase transition
from cub-Mn to a-Fe. The broad feature is centered at 26 of 44.41°,
lower than that of the pure a-Fe. This suggests that there is still a
significant amount of Mn atoms expanding the bcc-Fe lattice. The

(110) a-Fe peak shifts significantly and continuously to higher an-
gles at corrosion time up to 20 min. After that, the shift is not
noticeable, as the process of stripping Mn atoms from the bcc-Fe
crystals slows down. The (110) peak finally reaches a steady value
of 44.659° when the alloy is dealloyed for 60 min. It can be seen
that the phase transformation during dealloying the MnggFeyq alloy
evolves only 3-Mn and a-Fe. For the (MnggFe,0)995Cug 5 alloy, the
XRD evolution with dealloying duration is similar, i.e., the (221),
(310) and (311) planes of 3-Mn are replaced by the (110) planes of a-
Fe after 5 min of dealloying. The (111) a-Fe peak shifts towards 26 of
44.659° until 60 min of dealloying. However, it should be noted that
besides the broad (111) a-Fe peak, there is a small peak centered at
43.101° that appears after 5 min of dealloying. This peak position is
expected for fcc-Cu (111); the lower 26 compared to pure fcc-Cu
indicates that the Cu phase formed here also contains significant
Mn. We conclude that the phase separation between Fe and Cu
takes place quickly. As the dealloying time increases, the fcc-Cu
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Fig. 8. OCP-time curves of MnggFe,o and (MnggFe;g)995CuUg 5 alloys in 1% HCL.

(111) peak moves to higher angle, consistent with decreasing re-
sidual Mn content. Meanwhile, the diffraction intensity of fcc-Cu
(111) grows at the expense of the a-Fe peak, indicating the
increasing relative abundance of fcc-Cu phase in the developing
nanoporous structure. The increase in Cu exposed to the electrolyte
explains the positive shift in OCP after 20 min of dealloying.

The micromorphology of both MnggFez and (MnggFe2g)g9.5Cug 5
alloys change greatly upon corrosion in HCl solution. Large
amounts of hydrogen bubbles continuously form at the sample
surfaces and the specimens gradually lose their metallic luster and
eventually become black. Fig. 10 displays the microscopic surface
morphology development (SEM images) of the MnggFeyo and
(MnggFez0)995Cug s specimens upon dealloying in 1% HCl for
different periods of time. For both alloys, after 5 min of dealloying, a
large number of cracks appear along the 3-Mn crystal boundary,
suggesting that the alloys initially experienced severe intergranular
corrosion. In the island-like areas surrounded by these cracks, the

surface is relatively smooth and no porous structures are found in
these samples. The further increase in dealloying time to 10 min
does not cause a distinctive change except some local flaking off of a
few islands. Underneath, similar smooth and dense islands with
cracks can be seen, suggesting that the formation, growth, break-
down and partial repair of passive layers is the dominant effect
during this period of time. After 20 min of dealloying, the surface
becomes much rougher and the islands can barely be distinguished
from each other. However, a clear porous structure still cannot be
seen. After dealloying for 60 min, some three-dimensional, liga-
ment-channel nanoporous features appear on both of the sample
surfaces. The extension in dealloying duration to 120 min does not
cause significant coarsening of the nanoporous structure for the
MnggFeyq alloy. In the copper containing sample, the ligament size
increases and the growth of Cu nanowires was observed in some
areas after 120 min (Figure S2).

Taking the OCP, XRD and SEM observations together, we
conclude that phase decomposition from the parent §-Mn phase to
nanocrystalline a-Fe and fcc-Cu takes place far before the formation
of the nanoporous microstructure. Interestingly, according to the
equilibrium Fe—Mn phase diagram, when the Mn content de-
creases from 80 at. % to lower than 50 at. %, the stable phase of Fe at
room temperature should be y-Fe, with a-Fe existing only when the
Mn content is lower than 5 at. %. However, in this study, the XRD
results show that Fe from §-Mn transforms directly into a-Fe. This
observation can explain why the separation between Cu and Fe
takes place rapidly, with the Cu solubility in a-Fe being much lower
than that in either 6-Mn or y-Fe.

4.2. Formation and coarsening of nanocomposite ligaments

The (MnggFez0)100-xCux System exhibits some characteristic
features during the formation and coarsening of a nanoporous
structure:

1) A homogenous nanoporous structure can be obtained even
when there is a phase separation of Cu and Fe before the
development of nanoporosity. For most other precursor alloys

Mn Fe, dealloyed
Cu Ka

(a)

0 min
%
10 min it

20 min i
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Intensity (a.u.)
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Fig. 9. XRD patterns of (a) MnggFe,o and (b) (MnggFe0)99.5Cug 5 alloys upon dealloying in 1% HCI for different durations.
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Fig. 10. SEM images of (a) MngoFeyo and (b) (MnggFe20)99.5Cug 5 alloys upon dealloying in 1% HCl for different durations.

that contain multiple phases, dealloying either leads to a se-
lective dissolution of one phase, such as the corrosion of pearlite
in HCl, where a-Fe dissolves and a three-dimensional nano-
porous structure cannot form, or results in an inhomogeneous
nanoporous structure [25].

2) The ligaments in the porous structure are composed of bimetal
nanocomposite. Under normal conditions, when the sacrificial
elements dissolve during dealloying, the more noble elements
will accumulate at the interface, forming a core-shell structure
with the surface enriched in the nobler element and the center
retaining similar composition to the precursor alloy. Nano-
composite ligaments from an initially homogenous precursor
have not been reported before.

3) The formation of nanoporosity from (MnggFez0)100-xCuy is quite
sensitive to the electrolyte concentration, precursor composi-
tion and corrosion time. By changing these parameters, three
different morphologies were obtained, including homogenous
nanoporous Fe—Cu bimetals (e.g., Fig. 3(a and b)), nanoporous
bimetals with Cu nanowires (e.g., Fig. 6(e)) and surfaces without
pores (e.g., Fig. 3(a)).

Usually, alloys that form homogeneous nanoporous structure
through dealloying, such as Au—Ag, Cu—Mn and Pt—Ni alloys, share
four basic characteristics: 1) the sacrificial elements in the pre-
cursor alloys have much higher electrochemical activity than the
more noble element; 2) the atomic content of the sacrificial ele-
ments in the precursor alloys should be higher than 50%; 3) the
precursor alloy is homogeneous with no phase separation; 4)
diffusion of the non-dissolving elements at the alloy/electrolyte
interface must be sufficiently fast. In this study, the (MnggFe20)100-
xCux system satisfies most of these requirements. The exceptions
are: 1) phase separation between Cu and Fe takes place before the
nanoporous structure develops; 2) Fe plays a dual role as both
sacrificial and non-dissolving element at different phases of the
dealloying process.

Based on these considerations, a model shown in Fig. 11 is used
to explain the characteristics dealloying behavior of (MnggFe20)100-
xCuy. First, fast leaching of Mn from the alloy leads to the phase
decomposition from 8-Mn to nanocrystalline a-Fe and fcc-Cu. The

newly formed nanocrystalline composite has extremely low fcc-Cu
content, different from pearlite where the Fe3C phase (nobler
phase) always has higher than 8—9 at. % phase content. In such a
case, selective dissolution of one phase cannot take place and
corrosion of (MnggFe20)100-xCux will be similar to that of pure FeMn
alloys, i.e., Mn dissolves as a sacrificial element, while both Fe and
Cu remain. At this point, nanoporosity begins to evolve with
nanocomposite ligaments. In the ligaments, Fe and Cu-rich areas
are homogenously dispersed. Though the diffusion rates of Cu at
the Cu/electrolyte interface and Fe at the FeMn/electrolyte interface
are high enough to form continuous ligaments, due to the limited
solubility of fcc-Cu in a-Fe, diffusion of Cu through «-Fe or on a-Fe
surfaces is hindered. Thus, core-shell structures do not form. When
most of the Mn atoms are leached, a-Fe(Mn) will lose the anodic
protection from Mn. Fe will then begin to dissolve as well, prefer-
entially to the fcc-Cu(Mn) domains. Because the fcc-Cu phase
content is insufficient to form a continuous network of pure Cu
ligaments, Cu domains become detached from the structure as the
connected Fe-rich domains are attacked. The disconnected Cu can
then dissolve, and Cu®* re-deposits onto the un-attacked Cu liga-
ments through a galvanic reaction associated with the oxidation of
Fe. This dissolution and redeposition allows Cu to migrate from the
original separated domains, forming pure Cu nanowires. For pre-
cursor alloys with higher Cu content, the dissolution rate of Cu®*
will increase resulting in the formation of a higher density of
nanowires during dealloying.

When the HCl concentration is at or below 0.01%, the limited
availability of H' cannot sustain the sudden pH increase near the
solid-liquid surface caused by fast dissolution of Mn from the
precursor alloy. Therefore the elemental electrochemical potential
of Fe and Mn at the sample surface will shift more negative, making
the oxidation of Mn/Fe by dissolved O, in the electrolyte possible
(2Mn + 02+2H20—>2MD(OH)2, 2Fe + 02+2H20—)2FE(OH)2). A
fully oxidized surface is thus observed.

When the HCI concentration is above 30%, in addition to the
accelerated selective corrosion rate and coarsening rate, the reac-
tion 2Cu+4HCl— 2H(CuCly)+H; can take place on Cu ligaments
resulting in a smooth surface with highly coarsened porous struc-
ture underneath.



16 Y. Zeng et al. / Acta Materialia 171 (2019) 8—17

® Fe ® Cu
¢ Feion © Cuion

® Mn
© Mnion

(a)

B R B
OOQQOOQ’XOQ
+eer et
D R
R

Lrre et
PErEPIEIs e

Fig. 11. Atomistic description of the dealloying mechanism for (MnggFex)100-xCux alloys, (a) schematic of the MnFeCu solid solution (—Mn), (b) phase separation between FeMn (a-
Fe) and CuMn(fcc-Cu) when some Mn atoms are initially removed, (c) formation of a nanoporous structure with nanocomposite a-Fe and fcc-Cu ligaments during the further
leaching of Mn, (d) a-Fe starts to be selectively dissolved when the nanoporous structure starts coarsening; fcc-Cu nearby loses connectivity and stability, are dissolved and then re-

deposit onto the un-attacked Cu ligaments through a galvanic reaction.

5. Conclusions

In this work, a series of (MnggFe2g)100-xCux (at%, x = 0—1.0) solid
solutions were dealloyed in HCI acid solutions with various con-
centrations. It was found that phase separation between a-Fe and
fcc-Cu occurs before the development of a nanoporous structure.
When the HCl concentration is lower than 0.01% or higher than
30%, continuous three-dimensional, ligament-channel features
could not be obtained. When the HCl concentration is 0.5—5%,
nanoporosity with nanocomposite «-Fe and fcc-Cu ligaments
evolved. During coarsening, a-Fe dissolves and Cu nanowires grow.
The phase separation and the double role played by Fe, both
forming ligaments and dissolving at different phases in the deal-
loying process, led to the characteristic features formed during
dealloying (MnggFe20)100-xCux.

The phase separation between Cu and Fe in the initial stages of
dealloying produces domains smaller than the length scale of the
ligaments which subsequently evolve, resulting in a network of
nanocomposite ligaments with stable, nearly pure Cu and Fe do-
mains. By tailoring the precursor alloy and carefully selecting of the

dealloying process parameters, this unique structure was achieved
in a single dealloying step combining phase separation with elec-
trochemical dissolution to create a material with both geometric
and compositional nanostructure.
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