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a b s t r a c t 

A liquid metal dealloying mechanism is investigated in situ using X-ray tomography and X-ray diffraction. While 

immersing a FeCrNi precursor alloy in a molten Mg bath, a selective dissolution of Ni atoms into the Mg bath 

occurs leading to FeCr atom rearrangement. At room temperature, after cooling down, a bicontinuous structure of 

FeCr and a solid solution of Ni in Mg is obtained. A final etching step is used to remove the Mg solid-state solution 

phase and form microporous FeCr. 3D dealloying and etching kinetics can be measured using X-ray tomography 

reconstruction. The evolution of relative strain is analyzed from X-ray diffraction patterns. The different behavior 

observed during dealloying and etching, depending on the precursor composition is discussed. 
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. Introduction 

In the last decades, the attraction of nanoporous metals due to their

xcellent functional properties have risen [1-4] . Because of their avail-

bility, cost and abundance, porous structures of common metals such

-Ti-based, Fe-based…) alloys are highly desired for various applica-

ions including energy-harvesting devices [5] . A well-known technique

o prepare nanoporous metal is dealloying in an aqueous solution. An

ttempt was made to dealloy an Fe-Mn precursor in an aqueous solution

ut the resulting nanoporous Fe was partially oxidized [6] . Because less

oble metals are unstable in water, dealloying in an aqueous solution

emains challenging. To overcome this limitation, aqueous dealloying

as generalized to all liquids and one method based on liquid metalwas

eveloped in [7] . 

Dealloying with the metallic melt or also called liquid metal deal-

oying, is a selective dissolution phenomenon from a solid precursor

lloy into a metallic melt. Suppose that the precursor is composed of at

east two components, one or more being soluble and the others insolu-

le in the metallic melt. When the solid precursor alloys is immersed

n the metallic melt, only atoms of the soluble components dissolve

nto the melt and the atoms of the insoluble components remain at the
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elt/precursor interface and spontaneously organize at nanoscale level.

fter cooling down to room temperature, a bicontinous structure com-

osed by insoluble components and solidified metallic melt (including

oluble components) phases is obtained. One phase (in our case the so-

idified metallic melt) can be removed by selective chemical etching to

btain the final nanoporous material. This technique enables the prepa-

ation of nanoporous structures with less noble elements such as pure Ti,

e, Cr, Nb, Ta, Mg [7-11] , alloys (TiCrZr, TiHf, TiZr, TiNb, NiCr, FeCr,

tainless steels) [ 8 , 12-18 ] and non-metals (Si, C) [ 19 , 20 ]. 

The mechanical properties of these porous materials are controlled

y their microstructure (solid phase fraction, ligament size, anisotropy

tc.) and are also influenced by the formation of defects appearing dur-

ng the process. A good understanding of the whole dealloying process

s therefore needed to control the final properties of these materials. 

Dealloying by free corrosion in an aqueous solution has already been

tudied by various methods such as in situ electrochemical noise or Ra-

an spectroscopy, for example [ 4 , 21-23 ]. It was even 3D imaged in

itu to study the evolution of the dealloying front and coarsening and

he effect of different parameters on the dealloying process such as pre-

ursor composition or acid concentration [24-26] . The fundamentals of

ealloying were studied by in situ X-ray diffraction of the initial deal-

oying step of a Cu 3 Au precursor [27-30] . Dealloying was followed by
d. 
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n situ X-ray diffraction during the whole dealloying process and some

esidual stresses were measured [31-33] . Contrary to dealloying by free

orrosion which occurs at room temperature, the liquid metal dealloy-

ng process occurs at high temperature (more than 923 K), making the

n situ observation of the process more difficult, explaining why LMD

as not yet been followed in situ. 

On the other hand, the LMD process has already been studied either

y simulation [34] or by postmortem 2D/3D observations. Moreover,

he evolution of a liquid metal dealloying front with dealloying param-

ters was already studied in 2D, with postmortem SEM observations for

ifferent materials Ti, Nb, Ta [ 10 , 35-36 ], Regarding porous FeCr for-

ation, the evolution of the dealloying front was investigated in 2D in

he case of solid metal dealloying [37] . Concerning the etching step, the

igaments and pore size were already 3D imaged before and after the

tching step [ 16 , 38 ]. 

FeCrNi precursors with the same composition as the one used in this

nalysis have already been studied: after dealloying from a FeCrNi pre-

ursor in an Mg melt, the structure was 3D imaged by X-ray tomogra-

hy [ 39 , 40 ]. A bicontinous structure in the bulk was obtained when

he amount of Ni included is between 30 and 70 at% [ 39 , 40 ]. However

n [40] , the process was not monitored experimentally in situ . 

In materials science, the word microstructure is usually used to de-

cribe grain size and crystallographic phases etc. In the case of architec-

ured materials, the word microstructure can also be used to describe

he macroscopic arrangement (density, pore size, ligament size etc.).

ur material architecture will be referred to as the morphology, and

he grain and crystallographic microstrucure will be known as the mi-

rostructure. 

The morphology was shown to be mainly determined by the deal-

oying parameters (liquid bath temperature and immersion time). For

xample, ligament size was independent on the precursor amount of Ni

40] . However, the grain microstructure was totally different depending

n the initial Ni amount inside the precursor: a low Ni amount led to

he formation of a few large grains while a large amount of Ni induced

umerous very small grains [40] . Therefore, to better understand the

ifferent phase transformations occurring during liquid metal dealloy-

ng, it is very important to follow the process with an in situ method. 

In this paper we are combining various in situ X-ray experimental

ethods to get a better understanding of the liquid metal dealloying

henomenon. Since measurements of the dealloying process require

oth high spatial resolution and fast acquisition, the reported experi-

ents are performed at large scale synchrotron facilities. Both steps of

he dealloying process are on the one hand, directly imaged by in situ X-

ay tomography, and on the other, followed by in situ X-ray diffraction.

he combination of the two different techniques gives a direct insight

nto not only the evolution of the microstructure and the morphology,

ut also the strain field evolution. The in situ nature of the experiments

llows us to monitor the samples though the entire process and prevents

ny possible ambiguity that could arise from an ex situ study. 

. Materials and methods 

.1. Precursors samples preparation 

To select suitable precursor alloy composition and metallic melt,

ixing enthalpy values are checked. As described in detail in [7] , a neg-

tive mixing enthalpy corresponds to soluble components and a positive

ne to insoluble ones. 

In this study, we select a FeCrNi precursor alloy; Ni dissolves in liq-

id Mg while both Fe and Cr are non-dissolvable into Mg. (FeCr) 30 Ni 70 

nd (FeCr) 70 Ni 30 ingots are prepared using arc melting as previously de-

cribed in [ 8 , 40 ]. Both precursors exhibit a face-centered cubic (FCC)

rystal structure with no allotropic transformation bellow 900 °C [41-

3] . In contrast, the Fe 80 Cr 20 targeted composition has a body-centered

ubic (BCC) lattice at high temperature; the cooling rate used in the

xperiment prevents any evolution at low temperature, especially the
2 
ormation of the gamma-phase [44] . The Mg melting temperature is

23 K and the Ni solubility in Mg liquid is at least 18%. The Ni is quasi

on-soluble in solid Mg, therefore, if the Ni density is too high, an eu-

ectic Mg/Mg 2 Ni is formed during solidification (visible in Fig. 1 (c) in

kulov et al. [45] ); both phases have a hexagonal crystalline structure

respectively P6 3 /mmc and P6 2 22 for Mg and Mg 2 Ni) [46-48] . 

To reproduce the lab experiment and have an in situ observation of

he very same laboratory process, we decided to prepare the precursor

ith the same experimental procedure as used in previous studies [ 8 ,

0 , 39 , 45 ] which does not include annealing prior to dealloying. 

The precursor ingots are cold-rolled with a large reduction factor to

btain a thin plate of material. This plate is cut into slices and polished

ntil a 300 μm precursor tip shape is obtained. The electron backscat-

ered diffraction map of this precursor displays a large amount of stored

nergy within the microstructure and shows almost no trace of the initial

s-cast millimetric microstructure, presented in [40] . This same study

lso showed that the microstructure after dealloying, with and without

 thermal treatment prior to dealloying, are similar. 

To ensure the presence of precursor samples on the center of the set-

p, precursor tips are fixed with high temperature resistance glue on top

f steel sticks, drilled with a 1 mm diameter hole in their center. We ob-

erved that Mg clearly reacts locally with the glass tube but we carefully

hecked that enough liquid Mg remained in contact with the precursor

ample to avoid any influence of the parasitic glass/Mg reaction on the

ealloying process. The in situ dealloying experiments require a dedi-

ated reactor to handle the liquid magnesium at more than 923 K and

 360° field of view for tomography. It is achieved by encapsulating the

recursor and Mg flakes under vacuum in a 2 mm internal diameter

uartz tube. An illustration of the set-up is presented on Appendix 1 . 

.2. Dealloyed sample preparation 

For the in situ chemical etching part, the same precursor samples

re cut from the cold-rolled plate with a precision micro-cutting ma-

hine into rectangular sheets of 20 × 10 × 1 mm 

3 and dealloyed at a

emperature of 1093 K for 1 hr in a Mg melt bath. The EBSD maps in

40] illustrate the characteristic microstructure of a dealloyed sample:

 bicontinuous foam with ligament size of around 5 μm. In this case,

he average FeCr grain size is around 30 μm, which implies that each

igament is a single grain. 

The obtained FeCr-Mg composites are cut into a 0.5–1 mm x 1 cm

ectangular rod and then polished into a tip shape. This FeCr-Mg com-

osite sample is introduced in a 5 mm internal diameter polymer cap-

llary with low concentrated nitric acid (4% volume concentration).

he dissolution of the solid-state solution of Mg is followed in situ

y tomography and X-ray diffraction. Porous samples elaborated from

FeCr) 30 Ni 70 and (FeCr) 70 Ni 30 precursors will be referred to as 30%FeCr

nd 70%FeCr, respectively. 

.3. X-ray tomography acquisitions 

The dealloying and the etching steps are both followed in situ by X-

ay phase contrast tomography at Tomcat beamline (SLS, PSI, Switzer-

and), with an energy of 25 keV on a range of 0–180° rotation with an

xposure time of 90 ms, and continuous acquisition of 45 s (dealloying

01 projections) and 135 s (etching 1501 projections) respectively. The

ull volumes are reconstructed from a phase contrast imaging with an

sotropic voxel size of 0.32 μm in lateral dimension in an 8 bit float-

ng point using a single distance phase retrieval algorithm [49] and the

ridRec reconstruction algorithm [50-52] , and are analyzed with Fiji

ree software [53] using 3D analysis. For calculating dealloying kinetics

nd ligament/pore size, we use the Fiji “local thickness ” function which

nables us to precisely measure the thickness of a phase in a 3D im-

ge [61] . The average thickness corresponds to the top of the thickness

alue distribution peak in the image. 
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Fig. 1. Evolution of a dealloying front during the dealloying process from (FeCr)30Ni70 (a) sagittal slices of the sample at different intervals (b) 3 different horizontal 

slices at 3 intervals corresponding approximately to the position of the dashed colored lines in (a). Black dashed lines correspond to the volume used to quantify the 

evolution of the dealloying process. Red arrows highlighted some irregularities noticed at the precursor/dealloying part boundaries. 
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For the dealloying part, to ensure a homogeneous specimen temper-

ture, transparent black X-ray painting was applied on the outside of

he tubes. A laser heater [54] provided on the Tomcat beamline was

sed at a power intensity of 16A to heat the sample prior to dealloy-

ng. A rough calibration showed that this intensity was just enough to

each a temperature higher than the Mg melting point. Laser heating

ften results in localized heating but in our case, it was impossible to

xperimentally control this homogeneity. Note however that our spec-

men is rather small and that the two lasers used for heating purposes

ere focused at its tip. As the dealloying process occurs rapidly, there

s a risk that Mg flake melting. This was not, however, observed in our

xperiments and dealloying occurred in a reproducible manner. 

.4. X-ray diffraction acquisitions 

The dealloying and the etching steps are both followed in situ by

ransmission X-ray diffraction on the ID11 beamline (ESRF, France) on

 100 μs side window taken at the center of the sample on the top of the

ip, with an energy of 35.1 keV, and a ± 1° wobbling movement during

cquisitions. The acquisition process comprises 200 ms long exposures

ollowed by 1 s and 10 s breaks for the dealloying and etching steps,

espectively (etching kinetics are much slower than those of dealloying).

alibration is carried out using CeO 2 powder. X-ray diffraction ring data

s extracted with the caking method in the PyFai software suite [ 55 ,

6 ]. Lattice parameters are extracted using the statistical momentum

ethod, based on the approach exhibited by Groma [57] . An induction

eater is used to heat the sample during the dealloying experiment and

s stopped to perform the cooling step. A rough temperature calibration

s performed with a thermocouple in contact with a precursor sample

nside a quartz crucible (without vacuum encapsulation and Mg). The

ooling rate is very difficult to measure precisely but can be estimated

t about 17 K/s. 

.5. Scanning electron microscopy - electron backscatter diffraction 

SEM-EBSD) 

(FeCr) 30 Ni 70 and (FeCr) 70 Ni 30 precursor sheets ( cf. Section 2.1 ) are

ealloyed for 3 min at 933 K to obtain partial dealloying and for us to be

ble to directly observe the dealloyed grain formation. The SEM-EBSD
3 
cquisitions are performed on a JEOL 7100F (JEOL, Japan) and are an-

lyzed with Orientation Imaging Microscopy (OIM) analysis software

n crossection polished with Ar ion beam polisher (EM-3500 Hitachi,

apan). 

.6. Simulation 

To better understand the dealloying kinetics observed experimen-

ally, we adapt a simple diffusion model based on [ 10 , 34 ] to the geom-

try of the needle-shape samples used in situ experiments. Therefore, the

rogression of the dealloying front in time, can be modeled cylindrically.

ollowing our previous study [ 10 , 34 ], we consider the sharp-interface

roblem given by the Fick equation in the dealloyed region (we assume

ero diffusion in the precursor) and the Stefan condition giving the ve-

ocity of the precursor interface. 

𝜕𝑐 ( 𝑟,𝑡 ) 
𝜕𝑡 

= 𝐷 ∇ 

2 𝑐 ( 𝑟, 𝑡 ) , ∀𝑟 ∈
[
𝑅 ( 𝑡 ) , 𝑅 ∞

]

𝑑𝑅 

𝑑𝑡 
= 

𝐷 

𝑐 0 − 𝑐 𝑖𝑛𝑓 
( 𝜕𝑐 
𝜕𝑟 
) 
𝑖𝑛𝑓 

Where c(r,t) is the concentration field of the soluble element (here

i) and R(t) denotes the evolution of precursor radius during its dis-

olution. D is the effective diffusion coefficient of Ni in the dealloying

egion. anddenote respectively the concentrations in Ni of the precursor

nd at the dealloying interface, assumed to be fixed by a local equilib-

ium condition. Combined with a no-flux boundary condition at . This

harp-interface problem can be solved numerically using finite differ-

nces: time and space are discretized with Δx = 0.01 μm and Δt = 10 μs

nite steps and a forward Euler scheme is used for the time integration.

o mimic experimental conditions, the following values are chosen for

he parameters: 

D = 0.2 10 − 9 m. s − 2 . Effective diffusion coefficients in liquid metal

re usually around D = 10 − 9 m. s − 2 [58] . However, to the best of our

nowledge, there is no reported value for the Ni diffusion coefficient

n an Mg melt so we used it as a varying parameter for the model

o fit the experimental results. The fitted value has the same order

f magnitude as a standard diffusion coefficient of atoms in a metal-

ic melt, much higher than the diffusion coefficient of Ni in solid Mg

 D = 10 − 15 m. s − 2 )[ 59 ]. This lower obtained value can be explained by

he presence of solid phase (FeCr ligaments) in the Mg liquid which is
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Fig. 2. Evolution of dealloying thickness with time for 2D and 3D measurements 

(blue axis). The continuous line corresponds to the simulation (black axis). 
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ot considered in the model. It should also be noticed that this param-

ter does not change the overall shape of the curve but only the time

equired to perform dealloying. c_intf is taken equal to 18%, correspond-

ng to the maximum Ni solubility in a Mg bath measured by SEM-EDX

fter partial dealloying at a low dealloying temperature. 

R_0 corresponds to the experimental size measured on the X-ray to-

ography reconstruction of our precursor sample. 

R_intf is equal to 1000 μm corresponding to our quartz crucible ra-

ius. 

. Results 

In this section we will analyze the dealloying and etching processes

y both X-ray tomography and X-ray diffraction for one precursor com-

osition with a high Ni content ((FeCr) 30 Ni 70 ). 

.1. Dealloying process imaged by X-ray tomography 

Fig. 1 shows 2D cross-sections extracted from a 3D reconstruction. It

orresponds to raw images without further image treatment. The gray

alues are proportional to the material’s absorption (linked to its atomic

umber), therefore air/vacuum and magnesium are dark-gray while the

recursor tip is pale-gray. Due to the use of phase contrast imaging, a

ontrast between Mg and air can be observed even if their densities are

uch lower than Ni and Fe. The dealloyed part of the tip, a bi-phased

icrostructure rich in magnesium, is less attenuating than the precursor

hase which contains nickel and it exhibits an intermediate gray value.

he dealloyed front is therefore clearly visible. In the background, Mg

akes are visible around the precursor tip. Due to the shape of the Mg

akes, there is a lot of space between the flakes, but it is evident that

here is enough magnesium around the tip and touching the precursor

o allow the dealloying process to occur. 

Heating is started at t = 0 s from room temperature. Dealloying is

ot observed to occur before 45 s. From t = 90 s to t = 345 s, both

recursor and dealloyed phases are visible. At t = 390 s (not shown in

ig. 1 ) the visible part of the sample is dealloyed completely. A first

mportant observation is that the global shape of the sample remains al-

ost unchanged (the volume change corresponds to around 1%, which

s included in the error due to the threshold process) during the dealloy-

ng process, while the microstructure evolves strongly. For this sample,

he dealloying process took approximately 5 mins to be completed, in-

luding an incubation time necessary to heat from room temperature.

uring the heating ramp, the sample moved slightly and acquisitions

ad to be stopped (between t = 90 s and t = 165 s) to allow us to re-

enter the sample. Even though the dealloying front moved during the

cquisition, reconstructions at low magnification are not blurred, there-

ore reconstructions can be considered as an average state between the

cquisition beginning and end. A systematic error is introduced by con-

idering the reconstruction as the final state. 

In the dealloyed area, FeCr ligaments cannot be resolved individu-

lly as they are smaller than the voxel. From results performed on Fe-Ni

amples, ligament sizes around 0.8 μm are expected [8] . The spatial res-

lution of X-ray imaging detectors is often taken as two times the pixel

ize [60] , leading in this case, to a value of 0.64 μm, which is too large

o resolve the ligament microstructure. The irregularities of the deal-

oying front highlighted by red arrows, as observed in Fig. 1 ( t = 165 s

 z 1 ) for example, did not seem to be connected to the Mg flake dis-

ribution but are similar to observations of grain boundary positions as

chieved by [10] . It was previously observed, that dealloying first affects

rain boundaries [10] . This would suggest either a precursor with large

rains or a cold-rolled precursor which underwent a first step of recrys-

allization before dealloying started, transforming the highly deformed

old-rolled microstructure into a partially recrystallized microstructure

ontaining large grains [40] . Therefore, and from previous studies [40] ,

t can be hypothesized that these irregularities are linked to the position

f the grain boundaries. 
4 
For every reconstructed volume, dealloyed and precursor phases are

egmented and phase thickness is measured using Fiji’s “local thickness ”

unction. As the tips are manually prepared, cross-sections are not per-

ectly circular and tip thickness is not constant along the length: tips

re thinner on the top (see Fig. 1 ). To quantify the dealloying evolution,

nly the body part of the tips is used, far from the top, as illustrated

n Fig 1 (part below the black dashed lines). From the phase thickness

istribution, the 3D average dealloyed phase thickness can be extracted

nd is shown with black dots and labeled as 3D in Fig. 2 . From Fig. 1 ,

he 2D dealloying thickness for different heights (z 1 , z 2 , z 3 ) are manu-

lly measured by taking the average of around ten measurements and

lotted in Fig. 2 (labeled as z 1 , z 2 , z 3 ). Error bars correspond to the

tandard deviation. At a given time the dealloying thickness along the

ip appears rather constant, suggesting that in spite of the heterogene-

ty of the Mg flake distribution around the tip, the dealloying process

ccurs everywhere. Moreover, all experimental data are very close, vali-

ating the previous assumption that the dealloying rate is homogeneous

n the whole sample height. Even if the dealloying rate is higher at grain

oundaries, this difference is small enough to lead to an apparent ho-

ogeneous behavior. From Fig. 2 , the calculated dealloying rate on the

inear part is 0.42 ± 0.03 μm/s and incubation time 61 ± 3 s. 

The observation of the dealloying front evolution of Au-Ag precursor

y free corrosion on a cylindrical shaped precursor have been observed

n [25] . These authors also demonstrated that the dealloying fron prop-

gated homogeneously in three dimensions leading to the preservation

f the sample morphology. The dealloying kinetic curves showed also

 linear part. However, the rate was around 17 times lower, probably

ue to a very low temperature, compared to this experiment where the

emperature was higher [25] . These results confirm similarities in mech-

nisms between liquid metal dealloying with conventional electrochem-

cal dealloying. 

The dealloying kinetics observed in Fig. 2 do not seem to follow

 t 1/2 behavior characteristic of a diffusive process and previously ob-

erved in post mortem experiments [ 10 , 35 , 37 ]. When comparing these

xperiments however, the precursor shape is a major difference (a tip,

ot a plate) therefore diffusion occurs in all directions. To better under-

tand the influence of the precursor shape, simulations are performed

ssuming a local equilibrium at the dealloying front and a dealloying

inetic limited by the diffusion of Ni in a cylindrical geometry with the

ata listed in Section 2.6 and is plotted as a continuous line on Fig. 2 .

o perform this simulation, R_0 = 160 μm was measured from the X-ray

omography reconstruction. Experimentally, dealloying did not start be-
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Fig. 3. Evolution of relative strain (continuous lines) and intensity (dashed lines) of 2 different FCC precursors and 2 different BCC dealloyed diffraction peaks 

during dealloying. The arrows highlight interaction between the 2 phases during the cooling step. 

f  

T  

e  

m  

r  

T  

b  

T  

l  

r  

e  

T  

i

3

 

p  

t  

o  

r  

s  

t

 

F  

s  

w  

f  

f

 

i  

c  

e  

p  

9

 

d  

p  

t  

B

 

t  

c  

l  

l  

a  

e

 

c  

s  

p  

p  

a  

s  

e  

w  

e  

d

 

a  

(  

M  

e  

t  

d  

i  

d  

F  

t  

w  

b  

e  

e  

i  

p  

o  

i  

l  

c  

t

3

 

m  

u  

(

 

t  

a  

t  
ore t = 45 s. However, for the simulation, dealloying started at t = 0 s.

herefore, to compare both results, 2 different axes are used: blue for the

xperimental data and black for the simulation. The qualitative agree-

ent of the model to the experimental results is good. To match the

esults, the diffusion coefficient value is adjusted ( D = 0.2 10 − 9 m/s).

his low value can be explained by the presence of ligaments inside the

ath which modifies the kinetics and are not considered in the model.

he deviation from the square-root behavior characteristic of diffusion-

imited kinetics can be directly related to the sample morphology: the

eduction of the dealloying front section during the dealloying process

xplains the acceleration of the dealloying rate at the end of reaction.

herefore, liquid dealloying kinetics are controlled by the Ni diffusion

n the bath. 

.2. Dealloying process followed by X-ray diffraction (XRD) 

XRD measurements give access to phase quantification and lattice

arameters of the phases. The evolution of the different phases during

he experiment was estimated by directly following the peak intensity

r by following the evolution of the lattice parameter compared to a

eference, expressed as an average strain: 𝜀 = (d – d 0 )/ d 0 where d 0 is a

elected reference state at room temperature here: first acquisition for

he FCC precursor and last acquisition for the BCC dealloyed sample. 

This is illustrated in Fig. 3 , using the (111) and (200) peaks for the

CC precursor and the (110) and (200) peaks for the BCC dealloyed

ample. The intensity of the different peaks is shown using dashed lines

hile the relative strains are plotted with continuous lines. In this case,

ollowing the dealloying steps means following a FCC-BCC phase trans-

ormation. 

At the beginning, only FCC peaks are present because the precursor

s entirely FCC. When heating starts, the relative strain increases be-

ause of thermal dilatation. From this curve, the sample temperature is

valuated to be around 938 K, which is consistent with the calibration

erformed prior to this experiment, with only the precursor tip (around

33 K). 

At high temperature, the decrease in intensity for the FCC phase in-

icates the beginning of the dealloying process: the amount of the FCC

hase decreases because the Ni dissolution induces a phase transforma-

ion. The newly created BCC phase is detected at around 25 s (increasing

CC peak intensity). 

However, the exact time when the two phases coexist is not de-

ectable here as the signal to noise ratio is too low to be analyzed. This

an be due to the fact that i) part of the precursor is replaced with the

iquid (decrease of the diffracting volume) ii) atoms migrate at the deal-

oying front leading to a high disorder (loss of coherency) iii) crystallites
5 
re very small before coarsening (peak intensity spread due to nanosize

ffect). 

If the sample is kept at high temperature, the microstructure

oarsens, leading to an increase in ligament size. Because ligaments are

ingle crystals, the grains grow along with the ligaments. This can ex-

lain the increase of the intensity (larger grain, less disorder). From

hase diagrams [41-43] and previous studies [ 37 , 39 ], it is known that

fter the phase transformation, the amount of Ni in the ligaments is

till high, while the final amount is measured as null at the end of the

xperiment. Therefore, there is still Ni dissolution from the BCC phase

hich explains the shape of the relative strain curves during coarsening,

xhibiting reduced cell size, until the remaining Ni in a solid solution

iffuses towards Mg [62-64] . 

Literature indicates that the FeCr phase ( 𝛼Fe 75 Cr 25 = 11.7 10 − 6 /K

t 600 K) has a lower linear dilatation coefficient than the Mg phase

 𝛼Mg 95 Ni 5 = 29.7 10 − 6 /K at 600 K) [66] . At dealloying temperature,

g is liquid so both phases are in equilibrium. The shape of the strain

volution during cooling is mostly due to the temperature change. At

he end of cooling, when the magnesium solidifies, the curves become

isrupted due to both temperature cooling and possible incompatibil-

ty strains building between both interconnected solid metals with two

ifferent dilation coefficients. This point is highlighted by an arrow in

ig. 3 . By extrapolating the relative strain slope before phase interac-

ions (around from 95 s to 105 s) during cooling until the 125 s mark,

e can estimate the relative strain without thermal residual strain. Then,

y subtracting the relative strain without thermal residual strain and the

xperimentally measured relative strain, the residual thermal strains are

stimated between 0.1% and 0.2%. Taking into account the difference

n the mechanical properties, the first material, which will present a

lastic deformation, is expected to be the Mg phase (the yield strength

f pure Mg is about 190 MPa, however the Ni in a solid solution may

ncrease this value [65] ). Therefore, while taking FeCr Young’s modu-

us value as 210 GPa and considering the differing thermal expansion

oefficient, the maximum residual elastic strain inside FeCr is evaluated

o be 0.09%, which is consistent with the measured one. 

.3. Etching process imaged by X-ray tomography 

To image the etching step of a dealloyed sample using X-ray to-

ography, a coarsened microstructure is necessary. For this reason, we

se a sample dealloyed in the laboratory for 1 hr at 1093 K from a

FeCr) 30 Ni 70 precursor. 

Fig. 4 (a) presents a 2D slice extracted from a 3D reconstruction after

 = 1048s of etching. Both phases are present: FeCr ligaments (bright)

nd Mg phase (dark gray). The red ellipse highlights either a microstruc-

ural defect such as a precursor grain boundary position, or a defect
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Fig. 4. (a) 2D view extracted from a 3D reconstruction for t = 1048s. The red ellipse highlights a defect (b) Evolution of FeCr and Mg/air-etchant phase thickness 

during the sacrificial phase etching step. As inset, the evolution of the FeCr phase volume ratio (relative density) is plotted. 

i  

I  

s  

t  

[  

s  

p  

1  

e  

t  

i  

i  

B  

s  

4  

p  

i  

s  

M  

t  

i  

p  

s

 

f  

M  

l  

(  

w  

v  

t

 

F  

i  

a  

s  

1  

t  

l  

t  

t

 

M  

f  

c  

d  

s  

p  

a

3

 

s  

m  

i  

p  

T  

l  

n  

5  

r  

a  

T  

s  

s  

m  

b

4

 

h  

a  

d  
ntroduced during the sample preparation prior to the etching process.

n this case, this microstructural defect corresponds to a crack due to

ample preparation. As mentioned in a previous study, the propaga-

ion of the dissolution front is perpendicular to the reaction interface

16] . Chemical etching is performed in the whole bulk sample. Fig. 4 (b)

hows the evolution of FeCr ligaments and the second phase Mg/air

hase thickness during the etching step, measured on a cube of about

00 μm, taken in the center of the tip corresponding to a representative

lementary volume taken in a “defect-free ” area. At the beginning of

he experiment, the second phase corresponds to Mg and during etch-

ng it corresponds to a mix of etchant and Mg. At the end, when etch-

ng is completed, the second phase corresponds to aqueous liquid only.

oth systems present unimodal distribution which is similar to previous

tudies [ 40 , 67 , 68 ]. The average FeCr ligament size is estimated to be

.5 ± 0.5 μm similar to that measured in [40] and is constant during the

rocess. On the contrary, the average thickness of the Mg/etchant phase

ncreases from 5.5 μm to more than 6.7 μm. The final pore size is con-

istent with that measured in [40] . This shift in the average thickness of

g/air, means that the space between ligaments becomes larger when

he etching step occurs. The FeCr phase volume ratio decreases ( cf. the

nset of Fig. 4 (b)) during the process and indicates that the sample ex-

ands. It can be noticed that this expansion is greater locally, where the

ample presents defects. 

From Fig. 4 (a) and all reconstructions, the evolution of the etching

ront can be measured manually by taking the average of around five

g phase thickness measurements. The evolution of the etching front is

inear with time and can be evaluated to be roughly equal to 20 nm/s

corresponding to an evolution of around 8 voxels for each acquisition)

hich is quite low to compare with the 130 s of acquisition time. This

ery low etching rate can be increased by increasing nitric acid concen-

ration [7] . 

As mentioned in the previous section, after the cooling process, the

eCr phase is under compression. The suggested lattice strain estimated

n the previous section is very small so it cannot be detected in the im-

ges visually. However, this global expansion (except peeling) is not ob-

erved for bulk samples [40] . Before the X-ray tomography experiment,

 mm side square samples are polished to obtain a < 300 μm diameter

ip. Therefore, one can imagine that mechanical stresses are accumu-
6 
ated during this preparation. The stress releases observed here denotes

he relaxation of mechanical stresses leading to peeling formation due

o the cold-rolling step of the precursor sample [69] . 

Previous studies on dealloyed TiCrZr-Mg to give porous TiCrZr after

g etching, also showed that TiCrZr ligament sizes were almost not af-

ected by the etching step (slight increase) [38] . However, these authors

alculated a smaller pore thickness than that using Mg ligaments. The

ifference between these two results can be explained by different mea-

uring techniques: in this study, pore size was measured while in [38] ,

ore size was calculated as the ratio between the volume and surface

rea. 

.4. Etching process followed by X-ray diffraction 

The etching step is also followed by X-ray diffraction. The reference

tate (d 0 ) is taken at room temperature prior to the etching solution im-

ersion. Fig. 5 shows the XRD diffraction pattern after chemical etch-

ng and the evolution of the relative lattice parameters of the dealloyed

hase for 30%FeCr and 70%FeCr samples in red and gray respectively.

he acquisition for the 70%FeCr XRD experiment is very noisy due to

arge grains, implying a more erratic diffraction signal. Despite the very

oisy data, two steps can be distinguished. On the first step, up to around

00 s, the lattice parameters are stable because enough Mg should be

emoved before stress relaxation. A first part, where the Mg/air aver-

ge thickness is stable, has already been noticed in the previous section.

hen the lattice parameters increase by 0.15%. Examining a stainless

teel with E = 210 GPa, this strain is equivalent to 315 MPa of residual

tress relaxation. A relative strain relaxation of 0.15% is in good agree-

ent compared to the strains created during the cooling step (estimated

etween 0.1 and 0.2%). 

. Discussion 

In the previous section, we analyzed the dealloying and etching be-

avior of a (FeCr) 30 Ni 70 precursor. The same procedure is used for an-

lyzing all different precursor compositions and in this section, we will

iscuss the influence of the Ni content in the precursor on the dealloy-
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Fig. 5. (a) XRD diffraction pattern after chemical etching ( t = 1700s) (b) Evolution of the relative lattice parameter during the Mg phase etching of 30%FeCr (red) 

and 70%FeCr samples (gray). 

Fig. 6. (a) XRD diffraction pattern of the BCC phase ( t = 80 s) (b) Evolution of relative strain and of BCC dealloyed diffraction peaks (111) during dealloying of a 

(FeCr) 30 Ni 70 (red) and (FeCr) 70 Ni 30 (gray) precursors (c) IQ + IPF SEM-EBSD map after 3 mins dealloying at 933 K from (FeCr) 30 Ni 70 (left) and (FeCr) 70 Ni 30 (right). 

The bottom part corresponds to the precursor and the top part to dealloyed portion. Arrows correspond to the cold-rolling direction (RD) and dealloying reaction 

direction (DD). 
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ng and etching behavior by comparing experiments carried out using

FeCr) 30 Ni 70 and (FeCr) 70 Ni 30 precursors. 

.1. Discussion on the influence of precursor composition on the etching 

rocess 

Whereas the strain evolution during the etching process seems sim-

lar for different precursor composition ( cf. Fig. 5 ), the acquisition for

0%FeCr XRD experiment is very noisy due to large grains implying

ower diffraction signal, therefore it is difficult to discuss the detailed

ehavior. However, the stress relaxation level seems independent of the

nitial FeCr/Mg phase ratio. 

Contrary to the similarities noticed by X-ray diffraction, a different

ehavior depending on precursor composition is observed with the X-ray

omography data. For both samples, the etching front is perpendicular

o the reaction interface, however the expansion observed for 30%FeCr

s not detectable for 70%FeCr as shown in appendix 3 . For the 70%FeCr

ample, the FeCr phase thickness, Mg/etchant phase thickness and phase

atio are preserved during the etching process. The preservation of the

0%FeCr shape is probably due to the higher amount of FeCr and a

tronger FeCr phase connectivity [40] . 
7 
.2. Discussion on the influence of precursor composition on the dealloying 

rocess 

However, the use of two different heaters to perform dealloying in

itu leads to a different temperature gradient/temperature that leads to

ifferent dealloying kinetics. For this reason, the results obtained from

-ray tomography and X-ray diffraction cannot be directly compared to

ach other. 

Considering the X-ray tomography data, the effect of the amount

f the Mg near the sample have been investigated with the simulation

ool, by changing the R_intf. If the R_intf decreases, dealloying still oc-

urs. The dealloying kinetics, however, are decreased. If different kinet-

cs are observed between 2 differently composed samples and we are not

ble to de-correlate the influence of the precursor composition with the

mount of Mg, then we are not able to discuss the influence of precursor

omposition on dealloying kinetics. 

However, for all samples (other samples are shown in appendix 2 and

 ), the dealloying front kinetic is homogeneous within the sample and

he tip shape is preserved during the process. The curve of the evolu-

ion of dealloying thickness with time also shows a linear section and

resents a good agreement with simulation. 

On the other hand, the result obtained by diffraction can be analyzed

epending on precursor compositions. Fig. 6 (a) displays the evolution
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Fig. 7. Grain formation during dealloying. The red part corresponds to the FCC phase. (a) for a low amount of FeCr, the high kinetics of dealloying promotes a 

morphological transformation with the formation of FCC ligaments followed by a displacive transformation, (b) for a high amount of FeCr, the slow kinetics of 

dealloying promotes a diffusive transformation with the direct formation of BCC ligaments. 
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Appendix 1. Illustration of experimental set-up. 

l  

2

p  

l  

p  

g  

t  

g  

c  

l  

t  

m  
f the strain of the dealloyed phase for (FeCr) 30 Ni 70 and (FeCr) 70 Ni 30 

recursors, with red and gray lines analyzed on the (111) peak respec-

ively. The choice of the value of d 0 in the strain calculation is always

rucial. We chose this reference as the value of d 0 at room temperature,

hich explains why the strains are identical in the two samples after

ealloying and cooling down to room temperature. And the different

train level at high temperature before cooling can possibly be due to

 slight variation in the dealloying temperature in these two different

xperiments. We estimated that a temperature difference of about 60 K

ould explain the observed strain difference. 

While the strain decreases at the beginning of the coarsening step of

 dealloyed sample from (FeCr) 30 Ni 70 precursor, the stain increases for

he dealloyed sample from (FeCr) 70 Ni 30 precursor which is not consis-

ent with a Ni dissolution from the BCC phase, which leads to a reduction

n cell size. Moreover, in our previous studies [ 40 , 70 ] post mortem XRD

cquisition and EBSD maps also show a difference, especially on the

ealloyed grain microstructure between (FeCr) 70 Ni 30 and (FeCr) 30 Ni 70 

recursor samples. To explain the difference observed between the two

amples ( cf. Fig 6 (a)), partial dealloying is performed to directly observe

he dealloyed grain formation. 

Fig. 6 (b) presents the grain microstructure after dealloying for 3 mins

t 933 K with Index Quality (IQ) + Inverse Pole Figure (IPF) maps. The

op part corresponds to the dealloyed area and the bottom part to the

recursor area. Arrows correspond to the cold-rolling direction (RD) and

ealloying reaction direction (DD), respectively. The precursor portion

s totally recrystallized for the (FeCr) 30 Ni 70 precursor while we observe

 partial recrystallization only for the (FeCr) Ni precursor. The deal-
70 30 

8 
oying thickness layers (only partially shown here) are also different:

40 μm for the (FeCr) 30 Ni 70 precursor versus 50 μm for the (FeCr) 70 Ni 30 

recursor. The main difference comes from the microstructure: the deal-

oyed area from the (FeCr) 30 Ni 70 precursor presents small grains com-

osed of a couple of ligaments which look randomly oriented while large

rains including many ligaments are visible in the dealloyed area from

he (FeCr) 70 Ni 30 precursor. This columnar grain suggests an epitaxial

rain growth with a grain growth orientation competition [71] which

an imply the tensile strain observed on Fig. 6 (a) for a dealloying time

ess than 50 s. Usually, for the FCC/BCC system, the < 100 > direction is

he dominant one. However our card is not large enough to be able to

ake a conclusion about favorite directions [ 72 , 73 ]. From literature, it
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Appendix 2. Sagittal slices extracted from the 

3D reconstruction showing the evolution of deal- 

loying front during dealloying process from 

(FeCr) 70 Ni 30 precursor sample. Light gray and 

median gray correspond respectively to precursor 

area and to dealloyed area. 

Appendix 3. (a) Evolution of dealloying thickness with time from (FeCr) 70 Ni 30 precursor sample. To be able to compare simulation and experimental values, the 

experimental incubation time was subtracted from the experimental time. The continuous line corresponds to the simulation. (b) Evolution of FeCr and Mg/air phase 

thickness during sacrificial phase etching step of a dealloyed sample from a (FeCr) 70 Ni 30 precursor. 
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eems that the large grains observed after dealloying from (FeCr) 70 Ni 30 

recursors suggests that their orientation is not linked with the precursor

rain orientation. In opposition, the smaller grains observed after deal-

oying from (FeCr) 30 Ni 70 precursors, compared to the precursor grains,

uggest that the precursor and dealloyed grains could have some orienta-

ion relationships corresponding to a diffusionless phase transformation

 74 , 75 ]. 

.3. Summary of the suggested scenario 

Fig. 6 thus highlights the different dealloyed grain transformation

echanisms. We compile all differences between the two samples and

xplain the different grain formation mechanisms in a schematic in

ig. 7 . 

If one considers the same interface precursor/dealloyed sample,

hen the amount of FeCr is low ( i.e. (FeCr) 30 Ni 70 precursor), the deal-

oying front reaction moves quickly, which promotes diffusion with the

ormation of FCC ligaments followed (ligaments in red color) by a dis-

lacive transformation to form BCC ligaments leading to a decrease in

attice parameters ( Fig. 6 (a)). As a consequence, the nucleation of new

rains is easier ( cf. Fig. 7 (a)). However, when the amount of FeCr is

igh ( i.e. (FeCr) 70 Ni 30 precursor), the dealloying front reaction moves

lowly. Due to their high quantity, Fe and Cr atoms are closer to each
9 
ther and due to the low dealloying rate, Ni has time to diffuse in Mg,

herefore it is easier to have a diffusive phase transformation with the

irect formation of BCC ligaments, leading to an epitaxial grain growth

ather than nucleation of new grains ( cf. Fig. 7 (b)). This ultimately leads

o an increase in the relative strain ( cf. Fig. 6 (a)) [ 71 , 74 ]. 

onclusion 

Porous FeCr is prepared in situ using liquid metal dealloying by im-

ersing (FeCr) 30 Ni 70 and (FeCr) 70 Ni 30 precursors into a Mg metallic

elt bath to create a FeCr-Mg rich bicontinuous structure, then the Mg

ich phase is chemically etched. 

This entire process is analyzed by X-ray tomography and X-ray

iffraction measurements. 

For a (FeCr) 30 Ni 70 cylindrical shape precursor, the dealloying ki-

etics present a large linear section with a dealloying rate of about

.42 ± 0.03 μm/s constant in the three directions. The morphology of

he sample shape is preserved during the dealloying step. Using a phase

eld model and accounting for the cylindrical sample shape, it is pos-

ible to simulate the evolution of the dealloying front. The consistence

etween experimental and simulated values proves that the process is

ontrolled by the diffusion of Ni in the Mg bath. 
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XRD measurements show different behavior depending on precursor

omposition. For a low amount of FeCr at the early stage of coarsening,

 slight decrease in the lattice parameter of the BCC phase is observed,

hile for a sample with a high amount of FeCr, an increase in the lattice

arameter is observed. This difference is clarified by the dealloyed grain

ormation mechanism. On the one hand, in the case of a low FeCr/Ni ra-

io in the precursor, a displacive transformation occurs, with new grain

ucleation leading to the decrease in the crystal lattice when the re-

aining Ni atoms leave the crystal lattice. On the other hand, in the

ase of a large FeCr/Ni ratio in the precursor, we observed a diffusive

hase transformation with an epitaxial growth leading to tensile stress.

During cooling, the interaction of ligaments and the Mg phase is

oticeable. This interaction creates a large residual thermal strain due

o the different thermal dilation coefficients and this thermal strain is

elaxed during the etching step. 

This paper shows the feasibility of in situ observations during the

ealloying and etching process with a qualitative analysis with an ap-

ropriate set-up. As a perspective, the set-up can be improved to have

 better control of temperature and the amount of Mg around the pre-

ursor tip, to evaluate the influence of more parameters like precursor

omposition/preparation or the dealloying temperature on dealloying

inetics. 
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