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Liquids metal dealloying is a new technology to create porous materials. In this study, a commercial Incoloy 825
nickel superalloy is dealloyed for 1 h at 3 different temperatures to elaborate a fully porous FeCr-basedmetalwith
3 different porousmicrostructures. The resulting porousmetals showed unimodal pore distribution, hierarchical
structure or, contain large ligaments inclusions. The passivation ability of the porous material was conformed ir-
respective of themicrostructure. This letter proves the possibility of fabricating low cost high specific surfacema-
terials for electrochemical applications.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Stainless steels are widely used as structural and functional mate-
rials in their bulk form. Porous stainless steels with a high specific sur-
face and corrosion resistance properties would be highly desired in
catalyst environment [1]. Previously Wada et al. elaborated porous
stainless steel material by liquid metal dealloying (named LMD) from
a (FeCr)x-Ni1−x precursor manufactured in their lab [2]. In an industrial
context, LMDwould require cheap and abundant precursors. The use of
a commercial alloy as precursor is then an attractive solution. Recently
commercial alloys (TA6V, 316L, CoCrMo alloy) were successfully
dealloyed resulting in a porous layer at the surface [3–5]. To fully dealloy
a bulk precursor, the sacrificial element concentration in the precursor
has to be over the parting limit, which is around 20/25 at.% for Ni in
(Fe-Cr)/Ni precursor [6]. If not, only the surface is impacted by the pro-
cess. A strategy has been previously used in [7] to be above the parting
limit: it was to pre-enrich a commercial alloy with the element which
will be dealloyed. In this letter, instead of choosing a commercial steel
alloy containing only a small amount of nickel, we selected a nickel
based superalloy: the commercial Incoloy 825 (UNS N08825) [8]. This
is a fcc single-phase solid solution with a typical composition of Ni
~ 41–48 at.%, Fe N 25 at.%, Cr ~ 23–28 at.%, Mo ~ 1.6–2.6 at.%, Cu
~ 1.5–3 at.% and a small amount (b1 at.%) of Ti, C, Mn S, Si, Al. This
ier Ltd. All rights reserved.
material shows exceptional resistance tomany aggressive corrosion en-
vironments [8]. Considering themixing enthalpies of the constituents of
this alloy with magnesium ΔHmix [9] listed in Table 1, Ni, Cu and Si are
expected to dissolve in Mg, because of negative ΔHmix, while Fe, Cr,
Mo and Ti should remain [10]. Since the Ni content exceeds the parting
limit, the liquid metal dealloying reaction should occur throughout the
whole bulk of the precursor, resulting in the formation of a porous
monolith of Fe-Cr based alloy with a high corrosion resistance capabil-
ity. In this letter, we intend (i) to elaborate a fully porous FeCr with
sub-μm pores and ligaments by dealloying a commercial nickel based
superalloy, Incoloy 825, (ii) to get the smallest possible ligaments to
have a high specific surface and (iii) to characterize the corrosion resis-
tance of this new material.

The Incoloy 825precursorwas provided byNilaco, Japan. Its elemen-
tal chemical compositionwas investigated with a scanning electronmi-
croscope (SEM; Carl Zeiss ULTRA 55, Oberkochen, Germany) equipped
with an energy-dispersive X-ray spectrometer (EDX; Bruker AXS,
Xflash, Billereca, MA, USA). The sample had the following atomic com-
position: Ni42Fe26Cr25Cu2Mo2Ti0.8Si0.6. Pure Mg was used as dealloying
molten bath. The initial thickness of the Incoloy 825 precursor was re-
duced from 1.57 mm to 1 mm by cold-rolling. We directly cut cold-
rolled samples into 30× 20mm2 rectangles, and used those as a precur-
sor for LMDwithout any additional heat treatment. The precursor sam-
ples were immersed in a liquid Mg bath. Two series of sample were
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Table 1
Mixing enthalpy of elements M in Incoloy 825 with Mg [9], ΔHmix,Mg-M.

Element M Fe Cr Ni Cu Mo Si Ti

ΔHmix,Mg-M (kJ/mol) +18 +24 −4 −3 +36 −26 +16
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immersed one for 3 min and one for 1 h at 983 K, 1033 K, 1093 K and
1153 K. The dealloying process created a bicontinous microstructure
with a stainless steel matrix and a Mg-rich phase network. The
dealloying thickness was controlled by the time of immersion [11].
The dealloying for 3 min led to a partially dealloyed sample where the
precursor remaining at the center and a dealloyed region is located at
the edge of the sample. The dealloying for 1 h led to a fully dealloyed
sample. The porous stainless steel was then obtained by selective disso-
lution of theMg phase in a 3MHNO3 solution for 15 h (aerated solution
at room temperature).

The crystal structures were determined by X-ray diffraction (XRD;
Rigaku Ultima IV, Tokyo, Japan) with Cu Kα radiation. Samples cross-
sections were prepared using an Ar ion-beam polisher (EM-3500
Hitachi, Japan) and observed by SEM. The porous structures were char-
acterized by using Fiji image-analysis software [12]. Electrochemical
characterizations were conducted in a stagnant and aerated 0.1 M
NaCl aqueous solution (pH 6.5) with a potentiostat (VP300, Biologic
France). After an Open Circuit Potential (OCP) of 2 h, the polarization
curves were recorded in the voltage range of −200 to 200 mV vs a Ag/
AgCl reference electrode. A pure platinum electrode was used as the
counter electrode.

Fig. 1(a) shows the SEM images and EDX elemental maps of the
precursor's surfaces. Neither metallurgical defects nor atomic segrega-
tions were observed probably due to the cold-rolling step which highly
affects the microstructure [13]. The XRD pattern in Fig. 1(b) confirms
the fcc single phase structure of the Incoloy 825 and the absence of a
secondary phase. A coupon of Incoloy 825 was dealloyed during 3 min
to observe the precursor sample after recrystallization and during 1 h
to observe the porous structuremorphology. Fig. 2(a) presents SEMmi-
crograph and EDXmap of precursor sample part after 3minMg immer-
sion at 1093 K; Ti-rich precipitates are not present at this high
temperature [14,15]. Fig. 2(b) displays a SEMmicrograph after immers-
ing in Mg for 1 h at 1093 K showing a bicontinous microstructure of
sample cross-section. This microstructure is the one typically obtained
after liquid metal dealloying. This microstructure is composed by a
first phase enriched in Cr and Fe (Fig. 2(d)) and a second phase rich in
Mg (Fig. 2(b)). Fig. 2(e) shows the sample surface of the bicontinous
structure after chemical etching. The same image with higher magnifi-
cation is shown in Fig. 2(f). The sample presents a typical surface ob-
tained by LMD and etching with ligaments with homogeneous size.
The composition presented in the inset highlights the absence of Ni
and Cu. The Cr-Fe matrix is a sigma phase (Fig. 2(c)). The σ phase has
a tetragonal structure usually stabilized at high temperature and for
high content of Cr. Here, the addition of Mo and Si help the σ phase sta-
bilization [16–18]. The ligament size was estimated at 0.7 μm (cf.
Table 2) which is much smaller than the value obtained with different
Fig. 1. (a) SEM micrograph and EDX map of precursor
composition of Fe-Cr-Ni homemade precursors [13]. We thus proved
here the possibility to obtain a full porous sample with LMD using a
commercial precursor. In the next part we attempted to reduce the
size of the ligaments by performing liquid metal dealloying at lower
temperature [19]. To understand the microstructure the ratio between
minor element and FeCr amount was investigated.

Irrespective of the time of immersion in the Mg bath, no dealloying
was initiated at temperatures below 950 K. A similar trend was ob-
served by Kim et al. on Nb-Ni precursor. This is attributed in [11] to
the fact that the temperature needs to be high enough to activate the
process. Fig. 3(a) presents the SEM micrographs and EDX maps of re-
maining precursor part of partially dealloyed sample after 3 min of im-
mersion in Mg at 1033 K. The remaining precursor sample presents an
almost homogeneous composition except for some micrometer size
Ti-rich inclusions (darker regions in the SEM micrograph). These Ti-
rich inclusions were already mentioned in the literature [14,15]. Fig. 3
(b) displays a SEM micrograph after 1 h of immersion in Mg at 1033 K
and chemical etching. The surface presents mainly small ligaments.
However some inclusions with polygonal shapes display larger liga-
ments. The composition of this polygonal shape (Fig. 3(c) marked as
3) reveals that their composition corresponds to the composition of
Ti-rich inclusions in the precursor (marked as 1) after dealloying
while the composition of small ligaments matrix (marked as 4) corre-
sponds to the composition after dealloying of precursormatrix (marked
as 2). It can then be concluded that Ti-rich inclusions induce regions
with large ligaments after LMD. The local composition of the sample is
indeed likely to influence the dealloying and coarsening behavior lead-
ing to different ligament size.

A coupon of Incoloy 825 was also dealloyed during 3 min to observe
the first instants of the process. For both soaking times, cross-sections
before etching were observed and are shown in Fig. 3(d) (3 min at
1153 K (left)) and (1 h at 1153 K (right)). The arrow corresponds to
the dealloying direction. For 3 min dealloying, no remarkable evolution
in the microstructure depending on the position is observed. After 1 h,
the sample shows two regions. A ~30 μm thick layer can be observed
at the surface with a fine dealloyedmicrostructure while deeper, a clas-
sical coarsened dealloyed microstructure is observed. This latter micro-
structure is the one expected after 1 h coarsening of the previous 3 min
dealloyed sample. Fig. 3(e) presents the resulting surface after Mg im-
mersion for 1 h at 1153 K and etching. A hierarchical structure is ob-
served. Fig. 3(f) shows the EDX composition after Mg immersion. For
3 min dealloying (marked as 1 and 2) the composition is constant
along the all depth of the sample. For 1 h dealloying the composition
of the area located deeper than 30 μm from the surface is the same as
for the sample dealloyed for 3 min (marked as 4). The ligaments near
the surface (marked as 3) however, are Mo-rich. This layer is created
by different dissolution kinetics in Mg: the dealloying will remove ele-
ment with fast dissolution kinetics and would lead to ligaments con-
taining Ti, Si, Mo, Fe and Cr but if one waits longer and at high
temperature, the element with slow dissolution kinetics will also have
time to dissolve intoMg. Therefore, Fe and Crwould consequently be dis-
solved from the initial ligaments creating this hierarchical microstructure
sample, and (b) XRD pattern of precursor sample.
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Fig. 2. (a) SEMmicrograph and EDXmap of precursor sample part after 3minMg immersion at 1093 K, (b) cross-sectional SEM back scattered electronmicrograph of the sample afterMg
immersion for 1 h at 1093 K, (c) XRD pattern of porous sample after LMD for 1 h at 1093 K and chemical etching, (d) SEMmicrograph and EDXmap of sample after 1 h Mg immersion at
1093 K, (e) SEMmicrograph after immersing inMg for 1 h at 1093 K and chemical etching, and (f) Highermagnification of (e). The inset corresponds to the atomic compositionmeasured
by SEM-EDX.
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at the surface. Mo due to its higher melting temperature should remain
inside ligaments. The dissolution of Fe and Cr insideMg bath at high tem-
perature was already mentioned in [3]. From polished cross-section SEM
micrography of samples before etching (not necessary shown here), the
porosity was measured to be 33 ± 5%. Ligaments size were measured
on the porous structure and are reported in Table 2. While comparing
regions with the same composition after dealloying at different tem-
peratures, corresponding ligaments size increase with increasing
temperature (cf. Table 2), similar to what was observed in previous
studies [2,19]. We observe here that the ligaments are very small
(even in regions with the larger ligaments) compared to what
could be expected from previous studies of laboratory produced
percursors like FeCrNi, FeNi and TiNi [2,19]. for example ligaments
were observed to be 4.8 μm for porous FeCr (dealloyed 1 h at
1093 K) [13] whereas we measured here 0.7 μm. It is known that sur-
face diffusion rate of atom correlated to the melting (or sublimation)
point of the element [20,21]. At the dealloying front, surface diffu-
sion of Mo (melting point Tm ~ 2903 K) atoms could then be slower
than those of Fe (Tm ~ 1809 K) and Cr (Tm ~ 2163 K). Therefore,
slower Mo atom diffusion can delay the dealloying process. In addi-
tion, the kinetics of ligament growth itself is considered to be ruled
by surface relaxation caused by surface-diffusing atoms. Therefore,
Mo atoms at the surface of the ligaments can act as “inhibitor” for
the ligament growth directly, similar behavior was already observed
when adding high melting temperature element in gold precursor
[22,23]. It explains also in case of dealloying at 1033 K that Ti-rich in-
clusion (Mo-poor) presents larger ligaments than the Mo-rich
matrix.

For electrochemical applications, smallest ligaments are desired
however a composition evolution through the thickness is not good
for corrosion resistance. Therefore the best candidate for corrosion re-
sistance is the sample dealloyed for 1 h at 1033 K. Its specific surface
was then calculated and its corrosion resistance was measured in the
following.
Table 2
Measurement of the average ligament size from SEM images.

1033 K
(Large ligaments)

1033 K
(Small ligaments)

Average ligament size (μm) 0.7 ± 0.2 0.14 ± 0.03
From the smallest ligaments size (LMD for 1 h) at 1033 K specific
surface (S) can be calculated with the law formulated by Detsi et al.
[13,24]

S ¼ 3:7
ρd

with ρ the density and d the ligament size [24]. Assuming that for this
material the value of the bulk density is equal to 7800 kg/m3 (density
of steel), we calculate a specific surface around 4 × 103 m2/kg (around
24 × 106 m2/m3). This value is quite consistent with low density
nanoporous gold (3 × 103 m2/kg for 65 nm ligament thickness or
around 17 × 106 m2/m3) [24]. This material presents a σ phase which
is not ideal from a mechanical point of view (the sigma phase is
known to be very hard but brittle). However the high amount of Cr
can have a good impact on corrosion resistance. Fig. 4 shows the polar-
ization curve of the Incoloy 825 dealloyed at 1033 K for 1 h. After the
corrosion potential (−0.6 V), a passive region is observed to be main-
tained. Therefore, it can be concluded that the produced porous Incoloy
825 presents a good corrosion resistance.

A nickel based super alloy Incoloy 825was chosen because of its high
nickel concentration above the required parting limit as precursor for
producing fully porous FeCr stainless steel by liquid metal dealloying
in a Mg bath. Three different temperatures 1033, 1093 and 1153 K led
to three different porous structures due to the influence of minor alloy
elements. At 1033 K, Ti induced polygonal shape Ti-rich inclusions
(~10 μm), resulted in polygonal porous regions with larger ligaments
~0.9 μm than the matrix ~0.14 μm. At 1093 K, porous structure became
more homogeneous, however the ligament size was ~0.7 μm which is
much smaller than expected. This was explained to be possibly due to
thepresence ofMo in the ligaments, the low surface diffusion coefficient
of which can reduce the growth kinetics of the ligaments. At the highest
temperature 1153 K, bi-modal porous structure was formed by a first
dealloying reaction leading to large ligaments (~2.3 μm) containing Ti,
1093 K 1153 K
(Large ligaments)

1153 K
(Small ligaments)

0.6 ± 0.1 2.0 ± 0.5 0.50 ± 0.07
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Fig. 3. (a) SEMmicrograph and EDXmap of precursor sample part after 3minMg immersion at 1033 K, (b) SEMmicrograph after immersing inMg for 1 h at 1033 K and chemical etching,
(c) EDX chemical composition, (d) SEMmicrograph after 3 min (left) and 1 h (right) Mg immersion at 1153 K, (e) SEMmicrograph after immersing inMg for 1 h at 1153 K and chemical
etching, and (f) EDX chemical composition after dealloying at 1153K. The arrowcorresponds to thedealloyingdirection. Thefigures in EDX composition table correspond to theposition of
EDX analysis shown by red figures in SEM micrograph.
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Si, Mo, Fe and Cr followed by a second dealloying reaction creating small
(~0.59 μm) Si, Ti and Mo rich ligaments by dissolving Fe and Cr. Results
show that a small amount of Mo in the precursor is a solution to modify
surface diffusion and slow down coarsening. The presence of Mo in the
commercial precursor highly decreases ligaments size and drastically
increases specific surface (4 × 103 m2/kg). The presence of inclusions
in the precursor shows that multiple dealloying reactions are possible
at the same time, with possible complex microstructure: local variation
of the composition, bi-phased microstructure. We measure a corrosion
resistance that makes the produced porous FeCr-based alloy suitable
for electro-chemistry applications. Especially the production of a hierar-
chical structure in a single step dealloying brings together high specific
surface with small ligaments and a microfluidic flow control with large
ligaments. In summary, we show that nano-architecturedmaterials can
be easily produced by dealloying raw commercial alloy. This opens
many perspectives of new, low cost and possibly very complex and/or
architectured microstructures.
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Fig. 4. Polarization curves of Incoloy 825 dealloyed in Mg melt at 1033 K for 1 h.
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