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Liquid metal dealloying is a newly available technology used to create bulk porous materials. In this study, a
commercial nickel-based superalloy, Incoloy 800, was dealloyed to elaborate a fully porous ferritic stainless
steel. The Mg selective dissolution in nitric acid solution acts as a passivation treatment that enhances the passive

Corrosion tests confirm the beneficial effect of the nitric acid treatment on the Cr enrichment of the passive
film thus improved the material resistance. The electrochemical characterizations show a higher effect of the size

porosities on the diffusion kinetics of the electrolyte rather than on the pitting sensitivity.

1. Introduction

Porous bulk materials, and especially nanoporous metals, have at-
tracted considerable attention owing to their excellent functional
properties, including their high catalytic activities, sensing capabilities,
and surface-enhanced Raman scattering resulting from their inter-
connected structure and high specific surface area [1-4]. More recently,
micro/nanoporous materials have been applied as biomaterials [5-10].
In most of the cases, materials with the smallest ligament size and the
highest specific surface area are required. Also, the design (i.e., mor-
phology) of ligaments must be controlled to optimize the microfluidic
flow and to ensure the mechanical stability of the samples [11]. Such
porous structures are usually produced by molten metal foaming or
metal particle sintering at the industrial scale. However, the formation
of connected sub-micron pores is difficult to obtain with these techni-
ques [12,13]. Electro-spinning, self-assembly and inject printing give
fine microstructures, however they are slow processes with post treat-
ment as sintering or carbonization materials to stabilize the porosity
network. Note that the control of the porosity size over large scales is
also not easy [12,14-16]. Alternatively, chemical or electrochemical
dealloying are suitable for macroscopic scaled nanoporous samples
with a controlled unimodal pore distribution. These techniques were
initially applied to metals with noble elements such as Au, Ag, Pt, Pd,

Cu and Ni [4,17-23]. Chemical dealloying consists on a selective dis-
solution of metals from binary alloy in various acids and bases solution
with a control of the temperature [24,25]. In some cases, hydrogen
generation is reported during chemical and electrochemical dealloying
that later affects the mechanical properties of the porous material [26].
Unlike chemical dealloying, liquid metal dealloying (LMD) can be used
to prepare submicron-scale porous samples with less noble metals in-
cluding Ti, Fe, Cr, Nb, Mg [27-30] while limiting secondary reactions in
the solution, as hydrogen evolution.

LMD involves selective dissolution of one of the major elements of a
solid precursor alloy in a liquid metal at few hundred degrees. Because
the chemical composition of the material changes with the immersion
time, atomic reorganization of the matter occurs, leading to the fabri-
cation of a new material. In parallel, the metal bath is enriched into the
dissolved element. LMD mainly works via chemical interaction among
elements, which is governed by their enthalpies of mixing AHpmix
[27,31]. To better understand the mechanism of dealloying, LMD was
initially applied on model precursors. For example, Wada et al. [28]
created a ferritic stainless steel foam (i.e., Fe-Cr-based alloy) by ap-
plying LMD to Fe-Cr-Ni alloy precursor. In this example, Ni was the
sacrificial element selectively dissolved in a liquid Mg bath. Artymo-
wicz et al. accessed to total dealloying of a precursor, leading to porous
bulk material for the concentration of the sacrificial element (Ni) in the
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precursor over the parting limit, approximately 20-25at.% for face-
centered-cubic (FCC)/body-centered-cubic (BCC) lattice precursors
[32]. In these previous examples, the final volume fraction of pores is
predicted by the initial precursor composition alone, independent of the
dealloying conditions [33,34]. However, the temperature of the liquid
metal has an exponential effect on the ligament size and an increase of
the dealloying time favors the coarsening of ligaments [28,35].

As labmade precursors are expensive and usually produced in low
quantity, the use of commercial alloys is under consideration for the
industrialization of LMD. In a previous work [36], the LMD process was
successfully applied to a commercial Incoloy 825. The dealloyed ma-
terial exhibited a porous structure highly dependent on the dealloying
temperature as predicted by the literature. However, it was shown that
the pore distribution was not necessarily unimodal. The results proved
the feasibility of LMD on commercial material and also highlighted the
good corrosion resistance of the porous materials [37,38]. However, a
lack of control of the pore size with Incoloy 825 was pointed out. In
conventional metallurgy, the microstructure and the presence of in-
clusions or precipitates strongly depend of the chemical nature of the
alloying elements [39]. Based on that idea, a lower alloyed Incoloy was
selected since this may reduce the number of chemical interactions
between elements during LMD. Compared to Incoloy 825, Incoloy 800
(UNS N08800) does not contain copper among others [40,41]. Copper
is known to form a solid solution with Ni and might play a negative role
during LMD in term of porosity size control. Table 1 compares the
mixing enthalpies for the main elements in a commercial Incoloy 800.
Note that the exact chemical composition of our coupons will be de-
termined by SEM-EDS later. Like Incoloy 825, a stainless-steel foam can
be produced by LMD in a Mg bath from Incoloy 800. Therefore, the
objectives of the current study is (i) to elaborate a fully porous Fe—Cr-
based alloy with two different pores and ligament sizes, (ii) to discuss
the role of the dissolution of the Mg-Ni phase in nitric acid solution on
the corrosion resistance of the foam and (iii) to link the pore size on the
electrochemical behavior of the final product. Note that the material
resulting to the LMD will be named porous materials or metallic foam.

2. Materials and methods
2.1. Materials synthesis

A 1.57 mm thick Incoloy 800 sheet was provided by Nilaco (Japan)
and cold-rolled until 1 mm thickness. Coupons of 30 X 20 mm? were
extracted and no additional heat treatment was applied before LMD.
Chemical compositions of coupons were determined by EDS-SEM and
are given in the results section.

In LMD, the dealloying time and temperature are the two para-
meters that determine the theoretical ligament thickness and the
dealloyed layer thickness [28,36]. In this work, Incoloy 800 coupons
were immersed for 1h in liquid Mg bath either at 750 °C or 830 °C. A
preliminary work shown that a dealloyed structure was obtained into
the volume of the coupon before 1h. In order to insure homogeneous
ligament size, LMD was performed during 1 h. The lowest temperature
was selected from the minimum of temperature required to initiate the
dealloying process. For Incoloy precursor, this occurs above 750 °C
[29,36]. The highest temperature was selected from our previous works
dealing with dealloying of Incoloy 825 and labmade Fe-Ni-Cr precursor
[34]. After air quenching at room temperature, a bicontinuous

Table 1
Mixing enthalpies of the major alloying elements in Incoloy 800 with Mg,
AHpix, mg-m (after [31,42]).

Element Fe Cr Ti Si Ni
Composition at.% > 38 20-25 < 0.5 <1 28-34
AHpix, mg-m/kJ mol +18 +24 +16 -26 —4

microstructure was obtained with a matrix enriched in iron and chro-
mium and a second phase of magnesium and nickel magnesium inter-
metallic compound. Then, the Mg-rich phase was chemically etched in
a 3M HNO; (pH —0.9) aerated aqueous solution for 16h at room
temperature (optimized treatment time). This last step finally reveals
the metallic foam with an interconnected network of stainless steel li-
gaments.

For corrosion tests, stainless-steel ingots were also prepared from
pure materials by arc melting with the same compositions as the porous
samples as described in [28]. The ingots were cast into 8 mm diameter
rods and surfaces were polished until 1200 SiC grit paper. These sam-
ples were used as dense materials in order to better understand the role
of porosities on the electrochemical behavior of porous samples

2.2. Materials characterizations

The cross-sectional and surface morphologies of the precursor, the
bicontinous structure and porous samples were investigated by scan-
ning electron microscope (SEM; Carl Zeiss ULTRA 55, Oberkochen,
Germany). An Ar ion beam polisher was used to prepare cross-sections
of samples (EM-3500 Hitachi, Japan). This method was preferred to
classical cross section preparation in resin to limit the deformation of
the ligaments during the several polishing steps. Quantification of the
pore size was done from SEM images with Fiji image analysis software
[43]. Note that these observations are representative of the porous
microstructure since the microstructure does not evolve significantly
after the chemical dissolution of the Mg-Ni phase [44].

Crystallographic structures of precursors and porous materials were
defined by X-ray diffraction (XRD; Rigaku Ultima IV, Tokyo, Japan)
using Cu Ka radiation (1.54 A). Diffractograms were recorded in air at
room temperature from 20° to 100° (20) using a step size of 0.005°.
Experimental peak positions were compared to the open crystal-
lography database (COD).

Surface chemistry of the porous surfaces were studied by X-ray
photoelectron spectroscopy (XPS). The XPS spectra were recorded using
a Versaprobe II PHI 5000 apparatus operated in constant analyzer en-
ergy mode (CAE; pass energy of 117.4 eV for wide scan and 58.7 eV for
regions) with a monochromatized Al Ka source (1486.7 eV). The
pressure of the chamber was maintained to less than 107 Pa during the
experiments. No sputter cleaning was performed before analysis.
Spectra were acquired at 90° and referenced to the adventitious C1 s set
at 284.6 eV. High-resolution windows scans (0.129 eV) were recorded
on the major elements of the oxide film: Ols (524-538eV), Cr2p
(568-582¢eV), Fe2p (700-720eV), and Cls (278-292eV). Data
(background subtraction and peak fitting) were processed using Origin
software with a Shirley background and a Gaussian peak shape. The
binding energies were compared to an open-access XPS database to
identify the species present on the samples [45]. In the elaboration
process, the bicontinuous microstructure is merged in a nitric acid so-
lution. In addition to dissolve chemically the Mg-Ni phase, the acidic
solution plays the role of a passivation treatment on the stainless steel
ligaments formed during LMD. The consequences of a passivation
treatment are characterized by an Cr enrichment in the passive film and
a thicker oxide layer [46]. The former can be confirmed by Eq. (1)
which quantifies the chromium ratio in the oxide layer, (Cr),a, from
XPS analysis. Crox and Fe,y correspond to the area of the Cr oxide peak
and the Fe oxide peak, respectively (Eq. (1)).

Chox

Chatip = ————————
0T Oy + Fegy )}

From XPS analysis, the passive film thickness (£,y) can be also es-
timated by Eq. (2). In this relation, the passive film thickness is sup-
posed to be an oxide over-layer.

II‘OX
§0x=/1*ln[1 + C—]

Cr,met
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where A is the medium free path length for photo-electrons from Cr.
The common value of 1.7 nm is used in this work [46]. Ic;ox and Icr met
are the measured intensities on XPS curves of the chromium oxide and
metal peaks, respectively.

Electrochemical characterizations were performed in a classical
three-electrodes cell connected to a potentiostat (VP300, Biologic
France). Working electrodes consisted on metallic samples. Potentials
were measured versus the mercury-mercurous sulfate reference elec-
trode (MSE) (Eysg = +0.65 V/SHE). A platinum wire of 7.2 cm? played
the role of counter electrode. The experiments were performed at room
temperature (~295K) in aerated and stagnant 0.1 M NaCl aqueous
solution (pH 6.5). Before immersion in the corrosive solution, the
samples were stored in the laboratory atmosphere for 8 days to obtain a
mature oxide film (relative humidity at 60 %, temperature at 25 °C). In
solution, electrochemical measurements were performed as follow: (i)
open-circuit potential (OCP) measurement for 2h, (ii) potentio elec-
trochemical impedance spectroscopy (PEIS) measurements at the OCP
in the frequency range of 100 kHz to 30 mHz with 9 points per decade
using a 20 mV/s peak-to-peak sinusoidal voltage, and (iii) linear sweep
voltammetry (LSV) measurements from —0.20V vs. OCP to 1.00 V vs.
MSE at 1mV/s. All the measurements were performed at least two
times. Because the deviation of the results was minimal, only one curve
is provided for each measurement.

3. Results and discussion
3.1. Precursor characterization

SEM images of Incoloy 800 show a homogeneous microstructure
with few heterogeneities randomly dispersed (Fig. 1). The chemical
composition of Incoloy 800 is reported in Fig. 1(b). Nickel, Iron and
Chromium concentrations are at 30.1 at.%, 47.3 at.%, and 21.2 at.%,
respectively. Two minor elements were also detected: Si at 0.8 at.% and
Ti at 0.8 at.% EDS maps of the three major elements (i.e., Ni, Fe and Cr)
confirm the monophase microstructure without local enrichment. Dis-
tribution of two minor elements (Si and Ti) was also analyzed since they
can form inclusions and later play a role in the dealloying process and
pore size (Fig. 1(a)). Few Ti-rich inclusions of approximately 10 pym in
size were detected as observed otherwise for Incoloy 800 [40,41]. On
XRD diagrams, the Incoloy matrix presents the expected FCC micro-
structure (Fig. 1(c)) and any Ti-based secondary phase was identified on
XRD diagram suggesting a total volume of Ti-rich phase less than 1 vol.
%.

90 um

Cr Ti

3.2. Dealloyed microstructures

Liquid Metal dealloying is a chemical process in liquid metal where
the precursor losses a part of its matter. For the Incoloy 800, nickel
dissolves in Mg bath during LMD. Consequently, a size reduction of the
sample might be expected. In Fig. 2(a), the macroscopic appearance of
samples before and after LMD are compared. Whatever the temperature
of liquid Mg bath, the geometry of the sample is not modified while the
size shrink is limited to 1 %-3 %. On one hand, this indicates that the
dealloying not drastically changes the apparent volume. On the other
hand, this method allows to form porous material (i.e., lighter material)
keeping the initial aspect of the material.

Fig. 2(b) shows the typical bicontinuous microstructure produced at
830 °C with a homogeneous reparation of Fe and Cr in the ligaments. In
the Mg-Ni phase, the chemical composition is equivalent to the eutectic
one [29]. Note that similar microstructure was observed at 750 °C. A
particular attention paid on Fig. 2(c) and (d) highlights the role the
temperature on the size of ligaments. On one hand, this confirms that
the chemical composition of minor alloying elements in the precursor
plays a significant role on the ligament growth. On the other hand, the
temperature of liquid Mg plays a determinant role in the characteristic
length of the ligaments [28]. The volume fraction of pores (i.e., the Mg
phase in dual phases microstructure) can be estimated from the gray-
scale difference between the stainless-steel ligaments and the Mg phase.
Regardless of the microstructure, the porosity volume is at approxi-
mately 28 % + 3 %, which is consistent with the theoretical porosity
(29 %) discussed in [34] for such kind of material. Fig. 2(b) and (c)
show a reservoir shape for pores with only a modification of the di-
mension with the temperature of dealloying. The ligament thicknesses
were evaluated from the SEM images using 2D granulometry [43]. This
analysis is usually underestimating the ligament and pores sizes,
therefore, a correction factor equal to 4/ should be used to compare
these values to 3D analysis [47]. Table 2 reports the average ligament
and pore sizes measured after dealloying at 750 °C and 830 °C. After the
chemical etching in nitric acid of the bicontinuous microstructure, the
macroscopic aspect as well as the ligament design are not modified in
the metallic foam [34]. SEM-EDX analysis (inset of Fig. 2(e)) confirms
the chemical homogeneity of the ligaments in the volume of the sample
(Feg.7Cra0 5Ti; 0Siy g (at.%). Note that Ni and Mg contents were below
the detection limit confirming the efficiency of the nitric acid treatment
in the dissolution of Mg-Ni phase. The atomic ratio of Fe to Cr in the
porous sample is equal to 2.2 which is almost equal to that in the
precursor (Fe/Cr = 2.3). Therefore, Fe and Cr atoms were fully pre-
served in the ligaments during dealloying and chemical treatment. The

()
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Fig. 1. (a) SEM micrograph of polished surface of Incoloy 800 (precursor sample) and elemental maps of Ni, Fe, Si, Cr, Ti. (b) Chemical composition analysis by EDX
based on the previous list of elements and (c) XRD pattern of Incoloy 800 (precursor sample) with its austenitic phase.
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Fig. 2. (a) Morphological comparison of the Incoloy 800 sample before and after dealloying, (b) EDX maps (Mg, Cr, Fe) of the bicontinuous structure. Cross-sectional
SEM micrographs after Mg immersion after 1 h at (c) 830 °C and (d) at 750 °C. (e) SEM observations after dissolution of Mg by chemical etching in nitric acid solution
(chemical composition of the porous structure obtained by SEM-EDS in in-window capture). (f) XRD pattern of the two porous materials and identification of a ferritic

stainless steel phase.

porous stainless steel structures presents a bec crystal lattice (Fig. 2(f)).
On XRD diagram, no sigma phase was detected despite the high Cr
content. This chemical composition associated to bcc crystal structure is
close to commercial stainless steels such as SUS447J1 stainless steel
making them porous alloys with several industrial applications [48].
In this work, the relation between the temperature of liquid Mg bath
and the size of the ligaments follows the same trend that described by
Wada et al. [28] and Tsuda et al. [49]: higher the temperature, larger
the ligaments will be. For Incoloy 800, an increase of 80 °C of the bath
temperature enhances about 2.5 times the average ligament size and
average pore size (Table 2). However, the ligament and pore sizes re-
main significantly lower after 1h of immersion than those obtained

Table 2

after dealloying a labmade precursor (Table 2) [34]. The main differ-
ence between the commercial Incoloy 800 and the labmade product
stays in the presence of minor alloying elements as Ti or Si (respectively
0.6 at% and 0.8 at% in FCC phase in the precursor). As suspected with
the absence of porosity control on Incoloy 825, the presence of alloying
elements in the precursor plays a negative role in the pores and liga-
ments size. In the mechanism of dealloying in liquid Mg bath, the Ni
dissolution at the dealloying front requires surface diffusion of the re-
maining Fe, Cr, and minor elements if applicable [28]. Table 1 gave the
mixing enthalpy energies of different metallic element with Mg. If
diffusion of Si in Mg phase is expected thermodynamically, the higher
negative enthalpy for Fe suggests that it will remain in the stainless

Average ligament and pore diameters () determined from 2D images after LMD of Incoloy 800 precursor. For comparison, the 2D values for a labmade precursor

dealloyed under similar conditions in a previous study [34] are also provided.

Incoloy 800 LMD 1h @ 830°C

Incoloy 800 LMD 1h @ 750 °C

(FegoCrz0)70Nizo LMD 1h @ 820 °C [34]

Average ligament @ 2.5 = 1.0ym
Average pore size @ 1.3 = 0.5um

~4 um
~2.4 ym
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steel ligaments and slow down the dealloying rate resulting in smaller
ligaments [36]. Further investigations should be performed on this
point to better understand the effect of each elements on that process.

3.3. Passive film composition: role of Mg dissolution in nitric acid solution

In LDM technology, the porous materials are obtained after dis-
solution of the Mg-Ni phase in nitric acid solution. Since this occurs
under the natural diffusion of nitric acid, stainless steel ligaments are in
contact with the aggressive solution for at least 16 h at the surface of
the foam and for shorter times in the volume. For Wallinder et al. [46],
the corrosion resistance of a stainless steel increases after a nitric acid
immersion. This was attributed to a Cr enrichment at the metal surface.
These authors also noted that the nitric acid concentration, treatment
time, and temperature had greater effects on the passive film thickness
than on the Cr content in the film. Therefore, the use of the nitric acid
solution in LMD process has two consequences: (i) to dissolve the Mg-Ni
phase and to reveal the porous microstructure and (ii) to perform a
passivation treatment on the stainless steel surface. Instead of to de-
scribe the passive film on porous materials, ingots with the same che-
mical composition were used for XPS analysis. This solution was pre-
ferred to limit the contribution of Mg-Ni phase oxide on the
bicontinuous microstructure (before nitric acid treatment) and to avoid
roughness contribution on the metallic foam (after nitric acid treat-
ment). According to [46], the chemical composition of the oxide film on
our foam may be constant in surface and volume whereas its thickness
should change from the extern to intern part of the sample due to dif-
ferent time of exposure to nitric acid. Note that further experiments are
required to fully valid this assumption and also to differentiate the
thickness evolution of the passive layer in the foam since the diffusion/
convection of species in the foam may affect the chemical etching ef-
ficiency.

Fig. 3 shows the XPS windows scans for Fe 2p, Cr 2p, and O 1s
recorded on the ingots before chemical etching and after the passiva-
tion treatment (limited to 1 h). On both conditions, metallic elements
and oxidized species coexist. For iron, the metallic state is located at
706.9 eV whereas the broad peak at 710.2 eV is attributed to iron oxide

the hydroxyl species to oxide. For chromium, the metallic peak Cr (0)
and the oxide peak Cr (III) are located at 573.9 eV and 575.7 eV, re-
spectively. In addition, an hydroxide peak Cr(III) is also identified at
577.1 eV. According to the database, the peak positions of Cr (III) refer
to Cry03 at 575.7 eV and Cr(OH); at 577.1 eV [45]. The presence of the
oxide-hydroxide layer is confirmed by the identification of OH™ groups
and O in the oxide state in the oxygen spectrum. After nitric acid
etching, the oxygen peak shows an increase of the oxide contribution as
confirmed by the increase of the oxide contribution in chromium peak
in Fig. 3(b). The chromium contents in the passive films were evaluated
with Eq. (1). (Cr),atio is approximately 41 % without nitric acid treat-
ment and increased to up to 67 % after 1 h of immersion in the acidic
solution. Before passivation, the oxide layer is at about 1.2nm and it
increases to 1.5nm after immersion in nitric acid solution. Thus, the
increase of (Cr)ai, and the oxide thickness strongly suggest a better
corrosion resistance for the metallic foam than the bicontinuous mi-
crostructure [46]. Note that the comparison of corrosion resistance
performances between the metallic foam and the precursor materials
are out of scope here.

3.4. Corrosion properties

Fig. 4 presents the OCP, the polarization curves and the impedance
spectroscopy diagram of ingots in absence or presence of passivation
treatment. Whatever the sample, OCP curves stabilize at about —0.45
Vs after 1000 s in the electrolyte. PEIS diagrams recorded after 1 h of
immersion show the polarization resistance increase with the passiva-
tion treatment. The Nyquist diagrams in Fig. 4(c) contain only one
pseudo capacitive loop. An equivalent electrical circuit was then used to
model the passive film/electrolyte interface for the two samples
(Fig. 6(a)). In this circuit, R, is the electrolyte resistance and the time
constant (R//CPE) is associated to the passive film response where R, is
the polarization resistance, and Q, is a Constant Phase Element (CPE,
Eq. (3)). The use of a CPE (defined by Q, and n,) instead of an ideal
capacitor (C,)was imposed by the surface heterogeneities (roughness,
charge distribution) and the cylindrical geometry of the ingots [50].
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Fig. 3. Windows XPS spectrum for Fe 2p, Cr 2p, and O 1s on the ingot sample (a) before and (b) after nitric acid treatment. The red line represents the experimental
data, the gray line is the curve envelope, and the other colors are the contribution of the metal, oxide and hydroxide peaks (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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1 _ 1 content in the passive film (Fig. 4(d)). Consequently, the current in the
27 (Rg. Qg)Y/1a 27tR. C, 4 passive region on polarization curves (Fig. 4(b)) decreases as less en-

The fit results in Table 3 show a decrease of Q, with an increase of
n, after the ingot passivation. Pseudo-capacitances calculated with Eq.
(4) are equal of 475 pF.cm? and 145 pF.cm? for the polished and pas-
sivated surface, respectively and are proportional to the space charge
capacitance and the double layer capacitance (Table 3). These values
are somehow higher than the usual one for stainless steel passive film
because of the cylindrical shape of the samples and also the roughness
induced by SiC1200 polishing [64]. However, the decrease of the
pseudo capacitances with the passivation treatment confirms the en-
hancement of the oxide properties as detected previously on XPS
spectrum by the Cr enrichment of the surface and also in terms of
stabilization of defects [51]. Further experiments are planned to de-
termine the modification of the number of defects and identify the
presence of a p-type or n-type capacitor based on Mott-Schottky ana-
lysis. Here, the most explicit parameter is R,, which increased 10 times
after the nitric acid treatment and is directly linked to the chromium

Table 3

Impedance fitting parameters for polished or passivated ingots and porous materials.

were lower than 0.53.

ergy is required to maintain the passivity state in presence of a strong
chromium oxide layer.

The porous materials were characterized in the same way as the
ingots. OCP are slightly more anodic than those of the ingot materials
(Fig. 5(a)). This nobler behavior was also observed on the corrosion
potentials on potentiodynamique curves in Fig. 5(b). This may come
from the longer passivation treatment that enhances the passive film
properties as the morphology difference between the samples. How-
ever, polarization curves in Fig. 5(b) show the decrease of the corrosion
resistance of the porous microstructures with the detection of localized
corrosion initiation at approximately 0.25 Vygg irrespective of the pore
size. The effects of the porosity on the surface reactivity are also de-
tected on PEIS diagrams (Fig. 5(c)). For the two metallic foams, the
spectrum presents a slope at approximately 45° in the high frequency
domain. In addition, a second slope at 45° is detected on the 1.3 um
pore sample at low frequency. Note that the amplitude of the spectrum

The fit quality criterion is given by %?/|Z| (lower it is, better the fit will be) and

Sample Re Ze = Zporer Z, = (R//CPE),

(£10)

Qem®  Q,(+01x107% n, Revp Rionsp C, Q. Na R.(£1x10% W C,

F.s* ! cm? (£0.05) (£20) (x1x10M (=) (£5%x107% (£0.05 Q.cm? (£1x10% (%)
Q.cm?> Q.cm? uF.cm™2  F.s®"l.em? Q.5%%.cm? uF.cm ™2

Polished ingots 57 - - - 80 x 10~ 0.68 55 x 10* - 475
Passivated ingots 45 - - - 28 x 10°¢ 0.76 658 x 10* - 145
1.3 um pores 6500 1.3x107* 0.72 504 124 x107% 49 42x10° 0.85 19 x 10* 7.2 x 10* 4.1
0.5 um pores 420 0.9 x10°* 0.85 308 75x107% 44 0.36 x 10~° 0.99 5.5 x 10* - 0.35
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Fig. 5. (a) OCP curves (b) LSV curves, and (c) PEIS curves on bulk and porous samples. Experiments were realized on ingot sample after nitric acid treatment (ingot)
and on porous samples with a pore size of 1.3 um and 0.5 um. Measurements in aerated and stagnant 0.1 M NaCl solution (room temperature).
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Fig. 6. Electrical models for a) the polished and the passivated rod, b) the
0.5 pm pore sample and c) the 1.3 um pore specimen.

are lower than for plain samples which is online with the polarization
curves that indicated a higher surface reactivity.

The high frequency impedance slope at ~45° is characteristic to
porous materials and can fluctuate between 22° and 45° according to
the defect properties [56,57]. Simulation of porous samples have been
proposed by Keiser et al. [54] and latter De Levie et al. [55] who used a
transmission line model. In their works they considered cylindrical
semi-infinite, not connected and parallel pores (Eq. (5)) [53,60,62].

R.
— T coth(L. [Ronp @ Cp 2. 7. 2)

ZporenF = |~
poren Jo.Cp, 2. 1 5)

Where Rjon,p is the ionic resistance per unit of pore (Q. cm™Y), G, is the
electric double layer capacitance (F.cm?), r is the pore radius (cm), L is
the pore length (cm).

The transmission line was then modified to account the pore size
distribution on the impedance in absence of diffusion [58,59]. Barcia
et al. [60] attended to quantify the characteristic length and radius as
well as the number of independent pores. They highlighted that the
number of pores and their average radius cannot be determined for
semi-infinitely deep defects [61]. In addition to geometrical con-
siderations, the surface reactivity of the pore walls has also to be con-
sidered and faradic processes (Zpore,r, Eq. (6)) can occur and conse-
quently modify the impedance of cylindrical pores given by the
transmission line model [63].

7z _ Rian,p- Rc[,p
‘pore,F — N .
(1 + jw .Ret p. Cp.)2. . r

i N
coml . Rionp- (1 + jw .Regp. Cp.)2. T.r
Retp

(6)

Where R, is the pore charge transfer resistance (Q. cm ™ 1) while the
other parameters were defined in Eq. (5).

In Egs. (5) and (6), the capacitance C, can be replaced by the
constant phase element defined by Q, and n,, in the case of a non-ideal
surface as previously done (Eq. (3)). Also, these two equations refer to
the impedance of one pore which is assumed in first approximation for
the two porous microstructures.

In this study, the structures are characterized by interconnected
pores randomly oriented in the volume. The open represent at ap-
proximately 30 % of the surface for the two samples (estimation based
on ImageJ using a threshold calculation on Fig. 2(e)). Consequently, the
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oxide film on ligaments at the surface act on the definition of the ma-
terial reactivity. At the corrosion potential, the overall impedance of
stainless-steel porous samples is equivalent to the cathodic impedance
in parallel to anodic impedance and in series with the solution re-
sistance (R.). The cathodic impedance corresponds to pores contribu-
tions (Zpere,r) While the anodic impedance is related to the space charge
capacitance on the ligaments (Q,, n, or C,) and the charge transfer
resistance (R,) at the external surface of the samples [60]. In the case of
the 1.3 um pore specimen, a Warburg W element was added to take into
account the diffusion at low frequency.

Electrical equivalent circuits are schemed in Fig. 6(b) and (c) for the
1.3 um and 0.5 pm pores samples respectively. In first approximation,
the pore length, L, is equal to the thickness of the two samples (i.e.,
1 mm) since this is the preferential dealloying orientation. The pore
radius, r, corresponds to the values given in Table 2 for each material.
Experimental and fitted Nyquist curves are plotted in Fig. 5(c) while
Table 3 reports the fit results. The resistance of the electrolyte (R.)
depends on the material structure. Compare to rod electrodes, R. is
multiplied by 10 and 100 for 0.5pum and 1.3 pm porous samples, re-
spectively. This enhancement with the pore sizes is attributed to the
modification of the contact number and surface between the ligaments
since all the experiments were performed in the same solution. There-
fore, having larger pores reduces the contact surface between ligaments
and contributes to the increase of R. [54]. The ionic resistance Rjqn
depends on the porosity design and the largest pores lead to the highest
resistance. This results is somehow surprising as Rjon,, should increase
with the pore length [63]. This finding has to be linked to the detection
of Warburg impedance at low frequency for the 1.3 um pore sample.
Indeed, the ionic resistance in Eq. (6) was defined originally for linear
pores which is not the case here. The tortuosity of the pores and the
ratio between the reservoir mouth and body affects the diffusion of
species. Therefore, the volume of pores for the 1.3 um samples is higher
and the diffusion of species is easier. In the case of the 0.5 ym sample,
the smaller ionic resistance comes from a more compact structure at the
scale of the species diffusion as also supported by a greater value of for
ny, (0.85 for 0.5 pm and 0.72 for 1.3 pm samples). The estimation of the
pore capacitance from Qp, n, and R, (Eq. (4)) gives 49 pF.cm? and 44
pF.cm? for 0.5 pm and 1.3 pm pore sizes, respectively. These values are
in the order of magnitude of the double layer capacitance and does not
change with the dimension of the pores. Repore is almost constant
whatever the electrode (Table 3). This means that the physical prop-
erties of the pore walls are independent to the porosity size. As pre-
viously mentioned, the reactivity of the outer part of the ligaments has
also to be consider since it represents ~70 % of the outer surface of the
sample. This is approximated by R//CPE and RW//CPE circuits for the
small and large pore samples, respectively. The capacitance of the ex-
ternal surface of the samples is estimated with Eq. (4) considering Q,, n,
and R, (Table 3). The capacitance C, (Eq. (4)) decreases with the pore
shrinkage (4.1 yF.cm ™2 and 0.35 pF. cm ™2 for large and small pores
respectively). Actually, the value of C, corresponds to the space charge
capacity in the case of large pores. However, C, spreads to the usual
values for the 0.5 pym sample which suggests that the oxide film is under
the influence of the submicrometric pores and their effect on the local
chemistry of the solution. The pore dimensions influence also R
where tiny holes lead to a lower resistance. The use of the transmission
line model enabled to distinguish the two porous structures in terms of
surface reactivity. However, further microstructural analyses are re-
quired to describe better the pore interconnection in the volume, the
tortuosity of the diffusion paths. Indeed, Cooper al. demonstrated that
impedances for open systems with reservoir geometries deviate from
the classical cylindrical pore model (see Fig. 2 in [53]).

4. Conclusions

In this paper, liquid metal dealloying (LMD) was applied on a
commercial Incoloy 800 to create a stainless steel foam.

Microstructural, surface analyses and electrochemical characterizations
were performed to evaluate the metallurgical properties of the stainless
foam generated by this process. Mains results are summarized as follow:

- Porosity size depends on the temperature of the liquid metal bath.
Higher the temperature is, bigger the ligament size and the poros-
ities will be. However, this is not strongly modifying the porosity
ratio.

In comparison to pure precursor, the presence of minor alloying
elements in Incoloy 800 has effect on the foam ligament size and
porosity.

The Mg phase etching by nitric acid solution leads to a Cr enrich-
ment of the passive film that improves the corrosion resistance of
the porous material.

Pores increase the sensitivity to localized corrosion. However, no
effect of the pore size on the pitting sensitivity was detected.
Diffusion processes in the metallic foam have been detected for the
sample with the highest porosity size.

Finally, our results demonstrate the potential of the LMD process to
inexpensively produce free-standing fully porous ferritic stainless steel
for use as selective membranes and for structural and functional pro-
ducts such as electrodes, supports, filters, etc.
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