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A B S T R A C T

Liquid metal dealloying is a recently developed method to elaborate micro and nano-porous materials. It
consists of the selective dissolution of an alloying element from a precursor alloy by immersing it in a liquid
metal bath. In this paper, we monitor the dealloying reaction of Invar (Fe65Ni35) powders in liquid Mg using
in situ synchrotron X-ray diffraction. Rietveld refinement of the diffraction spectra enables quantifying the
evolution of different crystalline phases throughout the process, thereby gaining new insights into the kinetics,
phase equilibria, and the role of intermetallics on the reaction. These results are systematically compared
to post mortem observations of dealloyed samples, showing a good agreement between both techniques. In
particular, we show that adjusting the thermodynamic conditions of the reaction (temperature, FeNi/Mg ratio)
enables to tailor the microstructure of the dealloyed powders, by modifying the dealloyed fraction to achieve
core–shell structures, and altering the composition of ligaments.
1. Introduction

Liquid metal dealloying (LMD) is an innovative technique to elab-
orate metals with an open connected porosity. With their high specific
surface area, porous materials elaborated with LMD are considered
good candidates for catalysis [1,2] and energy storage applications [3,
4] and have been attracting increasing attention in the past decade [5–
7]. The LMD process consists of immersing a precursor A–B alloy into a
liquid metal C. A and B being respectively immiscible and miscible with
C, B selectively dissolves into the metallic bath C, while A reorganises
into an interconnected structure. After etching in an appropriate acidic
solution, the newly formed C–B phase can be selectively removed,
leaving behind the desired A porous structure. In contrast with other
types of dealloying methods (electrochemical [8,9], vacuum [10], and
molten salt dealloying [11]...), LMD holds the advantage of being
applicable to a wide range of systems where the target elements are
immiscible in Mg [5,12], Ag [13], Bi [14,15] or Cu [16,17].

Among these different LMD systems, some of them such as NiCuAg
[18] or TaTiCu [19] display simple thermodynamics features at the
dealloying temperature, involving liquid/solid equilibria and large mis-
cibility of the sacrificial element in the bath. In particular, dealloying
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of TaTi alloys in Cu has been the focus of experimental and numerical
studies [16,17,19,20], improving our understanding of the dealloying
processes. Such progress opens the possibility to tune the dealloying
parameters (dealloying time and temperature, composition of the pre-
cursor and the liquid bath) in order to control the features of the porous
materials resulting from the dealloying reaction (dealloyed thickness,
porosity, ligaments size and composition, . . . ). In particular, changing
the composition of the liquid bath appears as a good leverage to
modify the composition of the resulting porous materials [14] as well
as its topological connectivity [21]. Recently, LMD was also applied to
powders [20,22]: mixing TaTi powders with Cu powders and heating
the mix above the melting temperature of Cu leads to the formation of
porous Ta particles. It was shown that the ratio between powders in the
mix could be modified to control the dealloying fraction and produce
partially dealloyed particles with a distinctive core–shell structure,
featuring a dense core surrounded by a porous layer.

Nevertheless, most LMD systems display more complicated phase di-
agrams, increasing the difficulty of controlling the dealloyed materials
microstructure. In particular, liquid Mg is often used to dealloy Ni and
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Cu out of metallic alloys in order to form a variety of porous metals and
alloys [12,14,23,24]; but Mg forms intermetallic phases with both Ni
and Cu and the influence of these compounds on the dealloying reaction
remains unclear. In addition, post mortem observations of the dealloyed
samples do not enable to gain information on the thermodynamic equi-
libria taking place during the reaction and do not allow to discriminate
the influence of the heating ramp, temperature plateau, and cooling
step on the formation of these intermetallic phases and on the resulting
microstructure.

Therefore, it seems desirable to monitor the dealloying reaction in
situ, as such techniques has been shown to greatly clarify how processes
unfold [11,25–27]. In the case of liquid metal dealloying, it would
enable to quantify the amount of each phase during the dealloying
reaction in order to assess the thermodynamic equilibria taking place
during the dealloying reaction and to clarify the role of intermetallic
compounds on the dealloying reaction. FeNi dealloyed in Mg appears as
an appealing system for such study: upon the dealloying of Ni from the
precursor alloy, austenitic FeNi alloys transform into a ferritic structure,
enabling to follow the reaction in situ with X-ray diffraction (XRD) as
done in Ref. [25].

In this article, we use synchrotron radiation to monitor in situ
the dealloying reaction of Invar (Fe65Ni35) powders mixed with Mg
particles. The use of a powder mix allows us to control carefully the size
of the bath (Mg) compared to the amount of precursor as in Ref. [20],
thereby exploring different phase equilibria. In contrast with previous
works [25], the experimental setup allows for a precise control of the
temperature, enabling to discuss the formation of phases in light of
equilibrium thermodynamics. Combining in situ XRD with post mortem
observations, we discuss how the size of the bath and the temperature
influence the resulting microstructure and can be chosen to elaborate
core–shell powders.

The paper is organised as follows: in Section 2, we introduce the
materials and methods used for the elaboration and the in situ and post
mortem characterisation of the dealloyed powders. Section 3 is devoted
to the results of in situ monitoring of dealloying by XRD that were
compared with post mortem analysis of dealloyed powders. These ex-
periments were conducted at two different target temperatures: 675 °C
(Section 3.1) and 750 °C (Section 3.2). In Section 4, we discuss the
possibilities and limitations of controlling the features of dealloyed
powders through thermodynamics, as well as the role of intermetallic
phases in the dealloying reaction.

2. Materials and methods

2.1. System under study

In this work, we choose to focus on the FeNiMg system where FeNi
precursors are dealloyed in an Mg liquid bath. The three binary phase
diagrams of the system are displayed in Fig. 1. All the phase diagrams
in this study were computed with the software Thermo-Calc [28]. The
Invar (Fe65Ni35) precursor used in this work exhibits an austenitic FCC
structure. As shown in Fig. 1.b and Fig. 1.c, Fe and Ni are respectively
immiscible and miscible in liquid Mg, which will promote the LMD
reaction by allowing the selective dissolution of Ni in the liquid bath.
We also note that the Mg–Ni phase-diagram displays the formation
of two intermetallic phases (Mg2Ni and MgNi2) and shows a eutectic
transformation L → Mg(hcp) + Mg2Ni.

Heating Mg above its fusion temperature (𝑇 (Mg)
𝑚 = 650 °C) triggers

the dissolution of Ni in the liquid Mg and thereby enables the dealloy-
ing reaction. The FeNiMg system has been the topic of several studies
on this dealloying reaction [30], usually including Cr in the precur-
sor alloy [25,30–32] to allow etching and the elaboration of porous
materials. Owing to their comparable atomic sizes and chemistry, it is
commonly assumed that Cr behaves similarly to Fe as long as it is added
in small proportions to avoid the formation of the intermetallic 𝜎 phase.
These previous works show that the immersion of austenitic Fe(Cr)Ni
2

Fig. 1. Binary phase diagrams: (a) Fe–Ni [29]. (b) Mg–Ni [23]. (c) Fe–Mg [23].

alloys in liquid Mg leads to the dissolution of Ni in the liquid bath and
the formation of Fe(Cr) ligaments with a BCC structure. The FCC →

BCC phase transition occurring during the dealloying reaction makes it
possible to monitor in situ the reaction thanks to X-ray diffraction [25].

The FeNiMg ternary system also holds the advantage of having been
thoroughly assessed thermodynamically in Ref. [23]. This database is
used to compute the phase diagrams shown in the following section.

2.2. In situ XRD experiment

The in situ X-ray diffraction experiments were performed at the
European Synchrotron Radiation Facility, using the beamline ID11. A
resistive furnace provided on the beamline allowed us to heat up the
sample while following the evolution of diffraction patterns.

2.2.1. Samples preparation
The samples undergoing in situ dealloying experiments were pre-

pared according to the following protocol. As-atomised austenitic Invar
powders (Fe65Ni35, 𝑑90𝑣 = 15 μm, GoodFellow, UK) were mixed man-
ually with pure as-atomised Mg powders (purity> 99.8 wt.%, 𝑑90𝑣 =
15 μm, SFM SA, Switzerland) in various ratios. In the following, the
samples will be referred as ‘‘InvarMgxx_yyy’’, xx indicating the wt.% of
Mg in the initial mix and yyy the target temperature of the experiment
(e.g. the sample ‘‘InvarMg10_675’’ is made from a powder mixture
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containing 10 wt% of Mg and 90 wt% of Invar and was dealloyed at
675 °C).

These powders mixtures were inserted in quartz tubes (inner diam-
eter: 1 or 1.5 mm; outer diameter: 3 mm) with a syringe and filled
around 1 cm of the tube length. Powders were kept at the top of the
tube by an alumina rod maintained by Kanthal wire. After achieving a
vacuum of 0.1 Pa the powders were encapsulated in an Ar atmosphere
under a pressure of 0.9 bar to prevent oxidation of Mg. Before starting
the XRD experiment, the homogeneity of the powder mixture was
checked from a X-ray tomography scan performed on the beamline.

2.2.2. Synchrotron experimental setup
A resistive oven was placed around the sample as shown in Fig. 2.a.

The temperature of the oven was monitored by a thermocouple placed
inside the oven and calibrated from the fusion of Mg powders that
have a known melting temperature of 650 °C. A monochromatic beam
of energy 62 keV was chosen in order to allow the acquisition of
several peaks for each targeted crystallographic phase, considering
the geometry of the setup. The diffracted beam was collected by a
two-dimensional detector, yielding diffraction rings, which were sub-
sequently integrated to obtain 1D diffraction patterns. This integration
holds the advantage of averaging the effects of grain texture, although
they are expected to be minor in the present study due to the large
number of particles analysed. The acquisition rate was set to 1 image
per second.

After the beginning of the data acquisition, the oven temperature
was increased from 400 °C at a rate of 20 or 30 °C∕min until it reached
the target temperature (675 °C or 750 °C). Differences in ramp rate may
affect the reaction kinetics during the heating stage; however, these will
not affect the results discussed in this article. The target temperature
was held until the diffraction pattern stabilised; the oven was then
turned off, leading to the cooling down of the sample. Data acquisition
stopped when the oven reached a temperature of 400 °C.

2.2.3. Rietveld analysis
The diffraction patterns were analysed with the software MAUD

[33], based on the Rietveld refinement method [34], in order to de-
termine the fraction of each phase detected.

The Caglioti parameters, assessing the instrumental broadening,
are computed from the diffraction pattern of a reference CeO2 sam-
ple featuring a well-known lattice parameter and a polycrystalline
non-textured structure. This reference sample also allows for the de-
termination of the X-ray wavelength with good precision.

Fig. 2.b shows an example of a diffractogram with the associated
Rietveld refinement. The amorphous phase corresponding to the quartz
tube was cropped out of the diffraction pattern. The liquid phase
contribution was treated as background noise, which was defined as
a Chebyshev polynomial with 11 fitted parameters. For all crystalline
phases, a minimum of four diffraction peaks were used in the fit. The
weight fraction of all phases, as well as their lattice parameters (𝑎 for
cubic structures, 𝑎 and 𝑐 for hexagonal structures), and microstrain are
obtained from the Rietveld analysis.

Based on some spectrum analyses performed manually, an auto-
matic procedure was developed to fit all the diffraction patterns with
MAUD. The quality of each fit was evaluated using the R-weighted
profile value (𝑅𝑤𝑝) [35,36]. A Rietveld fit is considered acceptable
if 𝑅𝑤𝑝 < 10. All the fits reported in this work satisfy this criterion.
As a result, the weight fraction of each crystalline phase could be
determined throughout the dealloying process.

2.3. Post mortem experiments

In order to make a link between in situ observations and the mor-
phology and composition of resulting dealloyed particles, post mortem
experiments were also conducted. Dealloyed samples were elaborated
and characterised according to the following procedures.
3

Fig. 2. (a) Schematic of the experimental setup for in situ X-ray diffraction - Beamline
ID11. (b) Example of diffractogram acquired during the in situ experiment with the
associated Rietveld fit. The window selected for the Rietveld fit aims at avoiding the
contribution of the quartz tube.

2.3.1. Samples preparation
The raw materials used for the elaboration of the sample are iden-

tical to the ones described in Section 2.2. Invar and Mg powder were
mixed manually in the same proportions as for the in situ samples. The
powder mixture was inserted into a cylindrical graphite crucible (inner
diameter of 10 mm) and sealed with graphite paper. The crucible was
closed at both ends by two graphite pistons by applying manually a
small pressure. The crucibles were then inserted in a furnace (Carbolite
Gero, Germany). To remain close to the in situ experiment, a vacuum
of 0.1 Pa was first achieved, before the chamber was filled with an
Ar atmosphere (0.9 bar). The temperature was increased from room
temperature with a ramp of 10 ◦C/min up to 675 or 750 °C and it was
held for different durations ranging from 1 min to 1 h. The oven was
then shut down and the samples were cooled down naturally inside the
oven chamber. The resulting samples are cylinders measuring 10 mm
in diameter and in height.

We note that, compared to the in situ experiment, the heating
rate of the oven was smaller (10 ◦C/min versus 20 to 30 ◦C/min).
The cooling rate could not be measured during the elaboration of
these samples, but due to the larger dimensions of the sample and
the high thermal inertia of the oven, the cooling stage was longer
than for the in situ experiments. However, the difference between
these ramp rates is not expected to have a significant influence on the
resulting morphology that are primarily controlled by the duration and
temperature of the temperature plateau. Therefore, in the following, the
samples were considered to undergo comparable thermal treatments in
both experiments. Also, no syringe was used to insert the powders into
the carbon crucible, unlike the in situ case. It is worth noting that the
use of a syringe might result in a discrepancy between the prepared
mixture composition and the mixture actually inserted into the quartz
tube, due to differences in the flowability of the Invar and Mg powders.
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As a result, the composition of the initial mixture in the in situ samples
and post mortem samples might differ slightly.

2.3.2. SEM characterisation
The elaborated cylindrical samples were cut and the cross-sections

were prepared by Ar ion milling (IB-19530CP, JEOL, Japan), allow-
ing to polish a surface that revealed a broad area of the dealloyed
powders. The observation was performed with a scanning electron
microscope (SEM, Ultra 55, Zeiss, Germany). Navigating cross-sections
while observing spherical powders can be perplexing, as results may
significantly differ because of the local environment. Yet, in this study,
the large amount of observed powders mitigates this uncertainty. The
morphology of the powders was observed through BSE imaging, and
the size of the ligaments was assessed via image processing with the
software ImageJ [37]. Ligaments were first isolated using the ’’Water-
shed’’ option and their size was analysed using the ’’Local Thickness’’
plugin on several powders visible in the cross-section. The composition
of the ligaments was analysed by X-ray dispersive spectroscopy (EDX,
X-flash, Bruker, US). The ligaments composition was averaged from a
minimum of 25 measurements per sample, performed across various
particles to mitigate the influence of local heterogeneities.

3. Results

In this section, dealloying experiments performed with target tem-
peratures of 675 °C and 750 °C are analysed. For each temperature, we
detail the phases’ evolution throughout the reaction and link these
results with post mortem observations. The XRD study focuses on four
phases: FCC-FeNi, BCC-Fe(Ni), HCP-Mg and Mg2Ni. Despite the fact
that the formation of the Laves phase MgNi2 is expected from the equi-
librium phase diagram, it was not detected in any of our experiments
using Invar–Mg samples. Previous studies focusing on the reaction
layer between Mg and Ni samples also denoted the absence of this
phase [38,39], which was attributed to a high energy barrier preventing
its nucleation. Consequently, MgNi2 is omitted when referring to phase
equilibrium: in practice, MgNi2 is excluded from the Calphad prediction
of the phase diagram.1

Minor amounts of MgO and Mg2Si resulting from the reaction of Mg
with the quartz tube were also observed. In samples containing a large
amount of Mg, these phases could represent up to 20 wt.% of the total
crystalline phases whereas they remained marginal in samples featuring
a smaller Mg bath. While the formation of MgO and Mg2Si reduces the
available amount of Mg for the dealloying reaction in the vicinity of the
quartz tube’s walls, we consider that it does not modify the reaction in
the centre of the sample. Therefore, their contribution is not included
in the subsequent phases analysis.

3.1. Target temperature of 675 °C

3.1.1. In situ monitoring of the process
Fig. 3.a shows the evolution of the crystalline phase fractions and

the temperature evolution as a function of time for a sample In-
varMg50_675. The temperature evolution is shown with a grey contin-
uous line and the weight fraction of the different phases is shown with
coloured data points. At the beginning of the experiment, the weight
fractions of Invar (FCC) and Mg are equivalent, each accounting for
approximately 50 wt.% of the mix. This initial state is schematically
represented in Fig. 3.b. Once a temperature of 550 °C is reached, the
amount of both FCC and Mg both drop and become undetectable ap-
proximately 200 s afterwards. Simultaneously, the BCC phase appears:
as the Invar particles are depleted from Ni, the ligaments formed have

1 We note that dealloying experiments carried out with Fe19Ni81 precursors
during the same experimental campaign led to the formation of MgNi2,
indicating the requirement of a high nickel content to form this phase.
4

Fig. 3. Evolution of phase fractions and temperature as a function of time during the
dealloying process with a target temperature of 675 °C for the InvarMg50_675 sample.

a BCC structure as schematically shown in Fig. 3.c. The transition from
FCC to BCC phases visible in Fig. 3.a indicates that the dealloying re-
action happens during this short period [25,30]. The dealloying period
indicated by the shaded area on Fig. 4.a is defined as the time interval
between the initial drop in the FCC phase fraction and its stabilisation
at a lower level. During the dealloying reaction, the XRD results also
demonstrate the formation of the Mg2Ni phase that represents up to
18 wt.% of the crystalline phases before disappearing. The formation of
this phase is a consequence of the dissolution of a large amount of Ni in
the liquid Mg bath surrounding the Invar powders, and it is expected
to appear in the vicinity of the ligaments as schematically shown in
Fig. 3.c.

We note that the dealloying reaction is completed (i.e. no more
FCC is detected) before reaching the melting temperature of pure
Mg (𝑇 (Mg)

𝑚 = 650 °C). However, the onset of the dealloying reaction
coincides with the melting of the Mg phase, which demonstrates the
liquid-state nature of the reaction. This result can be rationalised in
light of the Mg–Ni binary phase diagram (Fig. 1.b), which exhibits
a eutectic at 508 °C. At the interface between FeNi and Mg powders,
the interdiffusion of Ni and Mg leads to the formation of composition
gradients. Such gradients allow liquid to form at a temperature below
𝑇 (Mg)
𝑚 , thereby triggering the onset of the LMD reaction.

LMD is generally considered to be controlled by liquid-state diffu-
sion [17,40], the order of magnitude for the time 𝑡 to reach a given
dealloyed thickness 𝑙 can be approximated by 𝑡 ∼ 𝑙2 ∕𝐷𝑙, 𝐷𝑙 denoting
the diffusion coefficient for Ni in liquid Mg. Previous experimental
studies have demonstrated that the actual dealloying time usually falls
within one order of magnitude of this rough estimate [17,40,41]. Even
though 𝐷 has not been carefully assessed experimentally, liquid metal
𝑙
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Fig. 4. Ternary FeNiMg phase diagram [23] at 675 °C displaying the global composition
of the powder mixtures studied in this section. For the sample InvarMg10_675, the
composition of the purple dot excludes the fraction of the precursor that did not
react with Mg. The MgNi2 phase was ignored as it was not observed during the XRD
acquisition.

diffusion coefficients are of the order of 𝐷𝑙 = 10−9 m2∕s [42], yielding
𝑡 ∼ 0.1 s for 𝑙 = 10 μm. Hence, considering the dimensions of our
powders (𝑑90𝑣 = 15 μm), dealloying should be completed in a few
seconds at most, which is two orders of magnitude faster than observed
in our experiment. This suggests that the progressive melting of Mg seen
in Fig. 3.a is the rate-limiting process in the present dealloying reaction.
The LMD reaction can occur if liquid Mg is available, but its melting
is not instantaneous. It is initiated around 550 °C, concurrently with
the onset of the dealloying reaction, and progresses as the temperature
increases, and as Ni comes in contact with solid Mg, allowing its
melting. Dealloying kinetics may also be slowed down by the presence
of the solid phase Mg2Ni that forms around the ligaments during the
dealloying reaction and that could impede the diffusion of Ni in liquid
Mg.

The Mg2Ni phase rapidly dissolves with the temperature rise, giv-
ing way to a single crystalline BCC phase coexisting with liquid Mg
containing the dealloyed Ni, as schematically represented in Fig. 3.d.
Such equilibrium can be compared to the prediction of the ternary
phase diagram at 675 °C represented in Fig. 4. The sample discussed
here contains a large amount of Mg and its composition is represented
by the black dot labelled ‘‘InvarMg50’’ on the ternary phase diagram:
the phase diagram predicts an equilibrium between a BCC Fe-rich
phase and a Mg liquid containing around 25wt.% of Ni. In particular,
the Mg2Ni phase is not expected to be at equilibrium at 675 °C for
this sample. The XRD results are therefore consistent with the phase
diagram prediction.

During the cooling process, the liquid phase solidifies around a
temperature of 510 °C, forming Mg and Mg2Ni phases in a eutectic
structure as schematically represented in Fig. 3.e. After cooling, the
BCC phase represents a large fraction of the sample, while no FCC phase
is detected. This complete transition from FCC to BCC suggests that
all the Invar powders were successfully dealloyed. Upon cooling, the
diffraction rings corresponding to the Mg2Ni phase appear ’’spotty’’,
indicating the formation of a few large grains. Therefore, the applied
Rietveld analysis does not provide a precise quantification of the phases
after cooling, as the grains are no longer numerous and randomly
oriented.

Fig. 5 displays the evolution of phase fractions for another sam-
ple, InvarMg25_675, with a decreased amount of Mg compared to
InvarMg50_675. The beginning of the reaction is similar to the first
5

Fig. 5. Evolution of phase fractions and temperature as a function of time during the
dealloying process with a target temperature of 675 °C for the InvarMg25_675 sample.

case: the FCC phase completely transforms into BCC while Mg melts.
Concurrently with these transformations, the Mg2Ni phase appears as in
the previous case; however, in this instance, the Mg2Ni phase remains
throughout the reaction, resulting in the coexistence of the BCC phase
with Mg2Ni. The global composition of the initial powder mixture, as
displayed on the ternary phase diagram (Fig. 4), consistently predicts
a ternary equilibrium between BCC, liquid and Mg2Ni. The presence of
a small amount of liquid Mg is confirmed during the cooling step, as a
detectable amount of crystalline Mg appears on the diffraction pattern.
The absence of FCC phase at the end of the reaction also confirms that
the Invar powders are completely dealloyed during the reaction.

In the two previous samples, the size of the Mg bath is large enough
to allow complete dealloying. The third case discussed below involves
a powder mixture containing a limited amount of Mg, that represents
10 wt.% of the initial sample. Fig. 6.a shows the phases evolution for
this InvarMg10_675 sample heated to a target temperature of 675 °C.
Like for the previous cases, the dealloying reaction starts at 550 °C:
the amount of FCC drops while the formation of BCC and Mg2Ni is
detected, showing the formation of BCC Fe-rich ligaments and Mg2Ni
as a consequence of the dealloying reaction, as schematically shown
in Fig. 6.c. This reaction occurs during a time period of approximately
200 s identified on the graph.

As shown in Fig. 6.a, three phases remain after the dealloying reac-
tion: FCC, BCC and Mg2Ni. A slow transition from BCC to FCC is visible
during the temperature plateau, suggesting that the BCC ligaments are
undergoing a transition towards an FCC structure (Fig. 6.d). Because
of this transition, the detected FCC phase includes contributions from
both undealloyed Invar and ligaments that have transformed into an
FCC structure. Since Fe and Ni have very similar atomic radii, the lattice
parameters of FCC Invar and the ligaments (richer in Fe) are too close
to be distinguished. As a result, the corresponding peaks were fitted as
a single FCC phase denoted "FCC Invar + Lig.’’ in Fig. 6. In the initial
stages of the reaction, the formation of BCC ligaments can be explained
by the lower temperature and the contact of the ligaments with pure
Mg. However, as the temperature and the amount of Ni in the liquid
bath increase, equilibrium conditions shift in favour of FCC ligaments.

As seen in Fig. 6.d, most of the FCC phase remains unaffected
by the dealloying reaction. This fraction of FCC corresponds to the
undealloyed precursor and the equilibrium reached at the end of the
reaction is not defined by the overall initial composition of the powder
mixture. Thus, it would be hazardous to consider the total composition
of the mixture to predict the phase equilibrium. By excluding the
amount of unreacted precursor (corresponding to the remaining FCC
after the end of the dealloying reaction) from the total composition,
the composition to be considered is represented by a purple dot in
Fig. 4. It falls in the ternary equilibrium region Mg2Ni + BCC + FCC,
rationalising the transformation of the ligaments to an FCC structure.
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Fig. 6. Evolution of phase fractions and temperature vs. time during the dealloying
process with a targeted temperature of 675 °C for the InvarMg10_675 sample.

Such transformation goes along with the enrichment of the ligaments
in Ni. Concurrently with the BCC → FCC transition, the fraction of
Mg2Ni slightly decreases, suggesting that Ni could originate from this
phase. Simultaneously, some Mg would be released as well, enabling
the dealloying reaction to continue marginally. Another possibility is
the diffusion of Ni from the undealloyed precursor into the ligaments.
Both these processes involve solid-state diffusion of Ni, which explains
the slow kinetics of the transformation.

Upon cooling, a fast FCC to BCC transition is visible on Fig. 6.a; the
fraction of FCC reverts to the amount observed immediately after the
dealloying reaction, suggesting that the FCC ligaments are not stable
upon cooling. The fast kinetics of this transition indicates that it might
be mediated by the martensitic transformation in FeNi alloys [43,44].
In addition, the amount of Mg2Ni remains almost unchanged during
the cooling stage and the amount of crystalline Mg seems to be unde-
tectable. This suggests that the initial amount of Mg is entirely replaced
by Mg2Ni upon the dissolution of Ni from the Invar powders (see
Fig. 6.d-e).

In this case, only a fraction of the initial powders undergo deal-
loying, leading to the formation of BCC ligaments. These ligaments
subsequently transform into thermodynamically favoured FCC liga-
ments and eventually revert to a BCC structure upon cooling. However,
during the process, a large part of the FCC phase, corresponding to
the initial precursor (Invar), remained unaffected by the reaction. This
suggests that the powders display a partially dealloyed structure as
discussed in the next section.

3.1.2. Comparison with post mortem experiments
Figs. 3 and 6 reveal two different scenarios for samples heated to

675 °C, depending on the initial composition of the powder mixture. In
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Fig. 7. SEM-BSE images of powders heated to 675 °C with varying compositions and
dealloying times.

order to link each case to the resulting morphology of the dealloyed
powders, samples were elaborated in similar conditions as for the in
situ experiments and observed post mortem.

Fig. 7.a and b show the cross-sections of representative particles of
InvarMg50_675 heated to 675 °C after a temperature plateau of 1 min
and 1 h respectively. As expected from the in situ analysis, these images
reveal the complete dealloying of the powders, from their periphery to
their core. Typical eutectic Mg–Mg2Ni microstructure is also visible in
both images, resulting from the solidification of the Mg bath enriched
in Ni. These observations are in agreement with the analysis of in situ
results (Fig. 3).

Fig. 7.c and d show cross-section images for InvarMg10_675 samples
obtained after dealloying times of 1 min and 1 h, in relation with
the in situ experiment shown in Fig. 6. In contrast with the dealloyed
microstructures shown in Fig. 7.a and b, Fig. 7.c and d show that
the powders are partially dealloyed. Their core remained unaffected
by the dealloying reaction, as confirmed by EDX results revealing a
composition identical to the Invar precursor (Fe65Ni35) in the centre
of the particles. However, the periphery of the powders exhibits porous
structures, indicating the onset of the dealloying reaction. Interestingly,
these particles are embedded into Mg2Ni phase, and no crystalline Mg
could be detected in their vicinity. This observation implies the absence
of liquid at high temperature, otherwise, some eutectic Mg–Mg2Ni
structure would be visible. Again, these post mortem observations
corroborate the results from in situ experiments shown in Section 3.1.1.

The micrographs shown in Fig. 7 also prompt a discussion on the
coarsening of the ligament structure that accompanies and follows the
dealloying reaction. It refers to the reduction of the total area of the
porous structure that results in an increase of the ligaments size [40,
45]. For the samples dealloyed in a large Mg bath (InvarMg50_675), the
ligaments size was estimated to 1.2 μm for the 1 min sample (Fig. 7.a)
and 1.8 μm for the 60 min dealloyed sample (Fig. 7.b). Regarding the
InvarMg10_675 involving a small Mg bath, powders dealloyed for 1 min
(Fig. 7.c) exhibit the thinnest ligaments structure, making it difficult
to quantify the ligaments size. The formation of Mg2Ni around the
particles could explain the thin ligament structure as its presence might
hinder the diffusive process enabling coarsening of the ligaments. In
Fig. 7.d, powders dealloyed for 60 min exhibit a very rough surface due
to the extended coarsening time. However, the core–shell structure is
still clearly visible.

In addition to the samples’ microstructure, the composition of the
ligaments resulting from the dealloyed reaction could be probed by
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Fig. 8. Ligaments composition in Ni for Invar samples heated to 675 °C with varying
dealloying conditions (time, initial mixture composition). For each sample, the box
plot displays the minimum and maximum values, the first and third quartiles, and the
median value. Red dots indicate the average ligaments composition.

EDX. Fig. 8 reports the distribution of the ligaments composition with a
box plot, as well as their averaged composition for dealloyed powders
at 675 °C for 1 min and 60 min, with varying initial powders mixtures.
The ligaments of the sample InvarMg10_675 held at high temperature
for 1 min being very thin (see Fig. 7.c), their composition could not be
probed using SEM-EDX.

InvarMg50_675 exhibits ligaments with very small amounts of Ni.
InvarMg25_675 features an average ligament composition of 2 wt.% of
Ni. Regarding the sample InvarMg10_675 with the smaller Mg bath,
the average ligaments composition is around 7 wt.%. However, for this
latter sample, the ligaments composition is heterogeneous and ranges
from 4.5 wt.% Ni to 10.5 wt.% Ni. Such a high content of Ni should
result in the formation of FCC ligaments at 675 °C according to the
Fe–Ni phase diagram (see Fig. 1.a). However, Fig. 6 indicates that all
the ligaments revert to a BCC structure during the cooling stage. This
is attributed to the martensitic transformation of Fe1−𝑥Ni𝑥 alloys upon
cooling reported in the literature for Ni content satisfying 5 < 𝑥 < 25
(wt.%) [43,44].

Fig. 8 reveals a clear correlation between the initial amount of Mg
powders and the ligament composition resulting from the dealloying
reaction: samples with a smaller Mg bath tend to feature ligaments with
a higher Ni content. Indeed, increasing the amount of precursor tends
to shift the system towards equilibria in the upper part of the phase
diagram shown in Fig. 4, thereby favouring ligaments richer in Ni. In
these samples, no notable effect of the reaction time was observed on
the ligaments composition.

The post mortem observations reported in this section reveal that
the ratio between precursor and Mg powders influences both the deal-
loying ratio and the composition of the ligaments.

3.2. Target temperature of 750 °C

In a second set of experiments, dealloying was conducted at a
temperature of 750 °C in order to explore the influence of temperature
on the equilibrium conditions. As in the previous section, samples
are analysed with in situ XRD monitoring and post mortem SEM
observations.

3.2.1. In situ analysis
Fig. 9 exhibits the evolution of phase fractions throughout the

reaction for two different powder mixtures InvarMg50_750 and In-
varMg30_750.

Fig. 9.a displays the case of a large Mg bath (InvarMg50_750). Here,
the dealloying reaction again occurs below 𝑇 (Mg)

𝑚 . Upon heating, the
particles are dealloyed entirely as testified by the transition from FCC
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Fig. 9. Evolution of phase fractions and temperature vs. time during the dealloying
process with a target temperature of 750 °C. (a) InvarMg50_750. (b) InvarMg30_750.

to BCC phases. Similarly, as in Fig. 3, some Mg2Ni briefly appears
before dissolving into the Mg bath. After the completion of the deal-
loying reaction, at a temperature of 740 °C, the BCC ligaments slowly
transform to an FCC structure. This phenomenon was not observed at a
temperature of 675 °C for the same amount of Mg (Fig. 3). After 2000 s,
a majority of the ligaments exhibit an FCC structure. The composition
of the mix is shown on the phase diagram of Fig. 10 and suggests
an equilibrium between Mg(Ni) liquid and Fe-rich BCC ligaments.
However, the composition of the mix is close to the Liq.+BCC+FCC
ternary equilibrium, such that small uncertainties on the composition
of the mix2 could lead to the formation of FCC ligaments in equilibrium
with Mg(Ni) liquid. Upon cooling, a quick transition from FCC to BCC
is observed before the eutectic solidification of the Mg–Ni liquid takes
place.

In Fig. 9.b, the sample InvarMg30_750 contains a lower amount
of Mg (approximately 30 wt.%). However, this amount appears to be
sufficient to fully dealloy the particles as the fraction of FCC drops
to zero after the dealloying reaction. After the dealloying period, the
amount of Mg2Ni decreases slightly, transforming back into liquid Mg.
Because only solid phases are detected and quantified, the melting of
Mg2Ni leads to an increase of the BCC phase fraction. This increase is
therefore not related to the continuation of the dealloying reaction.

In a second step, the BCC ligaments undergo a transition towards an
FCC structure. Such transition is in agreement with the phase diagram
(see Fig. 10) that predicts an equilibrium between liquid Mg(Ni) and
FCC ligaments containing approximately 10% of Ni. This transition is
significantly faster than the one visible in Fig. 9.a, which might be a

2 The formation of MgO and Mg2Si close to the quartz tube might reduce
the amount of available Mg for the reaction
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Fig. 10. Ternary FeNiMg phase diagram [23] at 750 °C displaying the global composi-
tion of the powder mixtures studied in this section. The MgNi2 phase was ignored as
it was not observed during the XRD acquisition.

consequence of a stronger driving force. InvarMg50_750 (Fig. 9.a) falls
in a region of the phase diagram where the system is on the verge of
stability of both BCC and FCC phases. Therefore, the driving force for
the BCC to FCC transition may be lower in this case.

3.2.2. Post mortem observations
Samples are elaborated in similar conditions as in the in situ ex-

periments with a target temperature of 750 °C. Fig. 11 shows post
mortem SEM observations of the dealloyed samples. As expected from
the in situ analysis, all powders exhibit a fully dealloyed structure
with a significant coarsening for the sample kept at 750 °C for 60 min.
The microstructure of the solidified baths of the InvarMg50_750 and
InvarMg30_750 samples also differs. On Fig. 11.a and b, eutectic mi-
crostructures resulting from the solidification of the Mg(Ni) liquid
are clearly visible. The samples also display a large area of solidified
Mg. On the other hand, InvarMg30_750 samples shown on Fig. 11.c
and d exhibit eutectic zones along with large Mg2Ni platelets. This is
attributed to the higher Ni content in the smaller Mg bath. According
to the Mg–Ni phase diagram (Fig. 1.b), a hypoeutectic composition
of the bath (less than 23 wt.% Ni) should lead to the formation of
Mg and Mg–Mg2Ni eutectic (as seen in the case of InvarMg50_750).
On the other hand, a hypereutectic composition should result in the
formation of Mg2Ni and Mg–Mg2Ni eutectic (as observed in the case of
InvarMg30_750). As stated in the previous section, this higher compo-
sition of the bath in Ni suggests that ligaments should consequently
exhibit a higher composition in Ni according to the ternary phase
diagram (Fig. 10). To confirm this assumption, EDX measurements were
performed.

Fig. 12 shows the ligaments composition distribution of the various
samples along with the average ligaments composition. The ligaments
of the sample InvarMg50_750, dealloyed in a large Mg bath, display
an undetectable amount of Ni after a 1 min reaction. After a 60 min
reaction, they contain an average of 1.4 wt.%Ni. With such a composi-
tion, these ligaments should have a BCC structure at high temperatures
according to the Fe–Ni phase diagram Fig. 1.a. However, it is plausible
that these ligaments had a higher Ni composition at high temperatures,
leading to their transformation into an FCC structure. Some Ni may
be released into the bath upon cooling, resulting in a decrease in the
final Ni composition of the ligaments. Another potential explanation
for this discrepancy could be the difference between the initial mixture
composition of the in situ and the post mortem samples as explained
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Fig. 11. SEM-BSE images of powders heated to 750 °C with varying compositions and
dealloying times.

Fig. 12. Ligaments composition in Ni for several dealloyed Invar samples at 750 °C with
varying dealloying conditions (time, initial mixture composition). For each sample, the
box plot displays the minimum and maximum values, the first and third quartiles and
the median value. Red dots indicated the average ligaments composition.

in Section 2.3.1, which could result in different compositions of the
ligaments.

The InvarMg30_750 sample exhibits a higher Ni content in the
ligaments, supposedly due to the bath that also had a higher Ni content
as suggested above. An average close to 4 wt.%Ni was measured in the
sample held at 750 °C for 1 min. Regarding the sample with a temper-
ature plateau of 60 min, the ligaments composition seems to be het-
erogeneous, with ligaments exhibiting a composition around 4 wt.%Ni
and others around 10 wt.%Ni, yielding an average composition close to
6 wt.%. These heterogeneities are expected to appear during the cooling
stage: according to the Fe–Ni phase diagram (Fig. 1.a), FCC ligaments
enriched in Ni (more than 6 wt.%Ni at 750 °C) decompose into Ni-rich
FCC ligaments and Ni-poor BCC ligaments upon cooling.

Several conclusions can be drawn from these EDX measurements.
First, they corroborate the prediction of the phase diagram: like in the
case at 675 °C, a lower amount of Mg in the initial mixture leads to the
formation of ligaments richer in Ni, as shown by the phase diagram.
Secondly, increasing the temperature to 750 °C favours the formation of
FCC ligaments that could retain their structure after cooling as observed
for the sample InvarMg30_750 held at high temperature for 60 min,
consistently with the phase evolution shown in Fig. 9.b.
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3.2.3. Evolution of the lattice parameter of the FCC phase
As shown in Section 3.2.1, the samples heated to 750 °C exhibit

FCC ligaments. Section 3.2.2 showed that the ligaments composition
obtained from post mortem measurements highly depends on the initial
mixture composition. Moreover, the composition of ligaments influence
the lattice parameter of the FCC phase. Therefore, it is possible to
use the measure of the lattice parameter obtained from the Rietveld
refinement of the XRD spectra as an indirect in situ measurement of
the composition of ligaments.

Fig. 13 illustrates the variation of the lattice parameter 𝑎 of the
FCC phase with respect to pure Invar at the same temperature (i.e.
𝑎𝐹𝐶𝐶 (𝑇 )−𝑎𝐼𝑛𝑣𝑎𝑟(𝑇 )

𝑎𝐼𝑛𝑣𝑎𝑟(𝑇 )
) as a function of time. The temperature evolution is

also displayed on the same figure. The change of the lattice parameter
of pure Invar with respect to the temperature is fitted with a linear
relationship. Therefore, this figure allows to follow the deviation of
the lattice parameter with respect to Invar to emphasise changes in the
composition of the FCC structure. The analysis was performed for the
samples InvarMg50_750 and InvarMg30_750. As shown in the previous
sections, these samples were completely dealloyed, such that the FCC
phase forming after the dealloying reaction corresponds necessarily to
the Fe-rich ligaments.

During the heating stage, the FCC phases of both samples exhibit
a lattice parameter equal to that of pure Invar since the precursor
powders have not been dealloyed yet. When reaching a temperature
close to 600 ◦C, the FCC peaks completely disappeared from the
diffraction pattern. An FCC phase appear again around 715 ◦C for the
InvarMg30_750 sample and 735 ◦C for the InvarMg50_750 sample, al-
lowing to resume the monitoring of the FCC lattice parameter. Both FCC
phases have a larger lattice parameter than Invar and comparatively,
the FCC phase in InvarMg50_750 exhibits a larger lattice parameter
than in InvarMg30_750.

Despite the small atomic size difference between Fe and Ni atoms,
the lattice parameter of FCC FeNi alloys decreases for increasing con-
tent in Ni [46,47]. This trend is also consistent with predictions ob-
tained with the Thermo-Calc database TCFE10 [29].

Therefore, the results shown in Fig. 13 reveal that the FCC liga-
ments resulting from the dealloying of InvarMg30_750 contain more
Ni than the ones forming in InvarMg50_750. This is consistent with the
thermodynamic equilibrium expected from the phase diagram at 750 °C
(see Fig. 10). In addition, this result is also in agreement with the post
mortem EDX experiments discussed in the previous section.

During the temperature plateau, an enrichment of the ligaments
composition in Ni is expected as suggested by Fig. 12, which should
result in a decrease of the lattice parameter. Such a trend is however
not visible in Fig. 13. This could be explained by the relatively short
temperature plateau used in the in situ experiments compared to the
60 min temperature hold subjected to the samples used for post mortem
SEM experiments.

4. Discussion

The results detailed in the previous section reveals the influence of
the dealloying parameters on the resulting microstructure and ligament
composition. We show in particular that the results are consistent with
the predictions of the phase diagrams.

A similar approach was considered by Wada et al. [14] who showed
that changing the composition of the Mg bath by adding Bi allows to
modify the thermodynamic equilibria and consequently the ligaments
composition. In the present study, the influence of two other param-
eters was investigated: the temperature (675 °C and 750 °C) and the
size of the bath (i.e. the amount of Mg in the initial powder mixture).
Compared to dealloying experiments performed on large samples as in
Ref. [14], this latter parameter is easily adjustable in our experiments
involving powders. Both parameters allowed to change the thermody-
namics of the system and to explore equilibria in the FeNiMg ternary
phase diagram.
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Fig. 13. Variation of the lattice parameter and temperature as a function of time. The
lattice parameter was determined from the diffraction peaks corresponding to the FCC
phase using the Rietveld method.

4.1. In situ XRD to clarify the kinetics and thermodynamics of dealloying

In situ XRD observations allowed us to spot a two-step reaction.
In a first step, the dealloying reaction stops after 100–200 s. The
system then continues to react and gets closer to equilibrium conditions
through diffusion and phase transformations.

4.1.1. Kinetics of the dealloying reaction
In a first step, all the samples for which the reaction has been mon-

itored showed a dealloying reaction starting around 550 °C, identified
by the drop of the FCC phase and the formation of a BCC phase. In all
cases, this transformation stopped even below the melting temperature
of Mg (𝑇 (Mg)

𝑚 = 650 °C), showing the completion of the dealloying
reaction. This early reaction is due to the Mg–Ni eutectic that allows
the formation of liquid from temperatures as low as 508 °C. This leads to
the dealloying reaction occurring at a slower rate than liquid diffusion-
controlled reactions. In our scenario, the reaction was constrained by
the gradual melting of the Mg powders.

In typical dealloying experiments with large samples, controlling
the dealloying thickness is possible by adjusting the immersion time of
the precursor. In situ experiments have shown that due to the small size
of powders, the dealloying reaction finishes within 200 s. Given the slow
heating and cooling rates, controlling the dealloying fraction of the
particles by stopping the dealloying reaction appears challenging. Other
techniques allow fast heating rates and short dealloying times such as
selective laser melting [20,48]. In Ref. [20], these brief dealloying reac-
tions have been compared to longer experiments conducted in a furnace
and yielded very thin (∼ 100 nm) ligament structures for TaTi powders
dealloyed in Cu. Although this technique does not allow precise control
of the temperature and may result in uneven heating, it opens up new
possibilities for manipulating the dealloying morphology, particularly
the dealloying thickness. Also, relying on solid-state dealloying [49,50],
owing to its slow kinetics limited by solid state diffusion, could offer
appropriate control of the dealloying depth for powder particles, as well
as a limited coarsening rate and therefore, thinner ligaments.

4.1.2. Approaching equilibrium conditions
In a second step, the phases present in the system evolve towards

the equilibrium conditions that depend on the composition of the
powder mixture and on the temperature. In the present case of a slow
temperature ramp, we can have a good control on this second step.

Phase diagrams appeared to be an efficient tool to predict the phase
transformations occurring after the dealloying reaction. With a large
Mg bath, the initial mixture goes towards its equilibrium composition
where liquid Mg containing Ni is at equilibrium with BCC or FCC
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ligaments depending on the composition and temperature conditions
(see Figs. 3 and 9.a). Conversely, a smaller Mg bath brings the system
towards regions of the phase diagram (see Fig. 6) where FCC ligaments
containing a residual amount of Ni are at equilibrium with solid Mg2Ni.

The in situ observations also gave insights into the phenomena
leading to the resulting morphologies observed post mortem. Firstly, it
helped to clarify the role of intermetallic phases, particularly Mg2Ni,
in the dealloying reaction. Mg2Ni consistently nucleates during the
process, but its persistence or disappearance depends on the tem-
perature and composition conditions. As a solid phase, Mg2Ni may
influence the kinetics of the dealloying reaction. Notably, within this
study, the thinnest microstructure was observed in the samples labelled
InvarMg10_675 (Fig. 7.b), held at 675 °C for 1 min. Here, Mg2Ni
persisted after the dealloying reaction. The solid environment around
the dealloyed powders hinders the coarsening mechanism, resulting in
thin ligaments. This slow coarsening is similar to that observed in solid-
state dealloying, where the process relies solely on solid-state diffusion,
leading to decreased kinetics [49]. Dealloying in a small liquid bath can
be viewed as an intermediate process between liquid metal dealloying
and solid-state dealloying: initially, the liquid bath facilitates rapid
kinetics, but as time progresses, it is gradually replaced by Mg2Ni,
consequently slowing both the dealloying process and the coarsening.
On the other hand, dealloying within a large Mg bath resembles typical
reactions found in model systems (like TaTiCu [17,51] or NiCuAg [18],
etc.) where a unique solid phase reaches equilibrium with the liquid
phase at high temperature.

Similarly, the Mg2Ni phase formed early in the dealloying process
(see Fig. 3 and 9), might impact the kinetics of the dealloying reaction
before disappearing.

4.2. Towards the design of controlled dealloyed structure based on thermo-
dynamics

As described above, tuning the dealloying parameters investigated
here (temperature and size of the bath) allows to change the equi-
librium conditions of the system. Hence, adjusting these parameters
appropriately may allow to design dealloyed powders with controlled
features.

First, decreasing the size of the bath appears as a good tool to
control the dealloying thickness of the particles [20]. Once the bath
cannot accept more of the sacrificial element, the dealloying reaction
spontaneously stops, yielding a core–shell structure as observed for
sample InvarMg10_675 (see Fig. 7.c and 7.d) . Our analysis of the
reaction reveals that the dealloying capacity of Mg goes beyond the
solubility limit of Ni in liquid Mg (which is 20 wt.%Ni at 675 °C) as
evidenced by the absence of liquid Mg and the coexistence of FCC and
Mg2Ni at high temperatures (see Fig. 6). The dealloying reaction stops
when liquid Mg is replaced by Mg2Ni. In other words, two Mg atoms
can accept up to one Ni atom. In these situations, the Fe-rich ligaments
contain a residual amount of Ni that approaches a thermodynamic
equilibrium condition with Mg2Ni.

To formalise this reasoning, let us consider a precursor Fe1-xNix, and
the formation of ligaments with composition Fe1-yNiy in equilibrium
with the surrounding Mg2Ni after dealloying. For simplicity reasons,
the difference in molar mass between Fe and Ni is neglected such
that 𝑥 and 𝑦 are assimilated to atomic fraction. We denote 𝜙𝑚𝑖𝑥 =
𝑚Mg∕𝑚𝑝𝑟𝑒𝑐 the mass ratio of Mg and precursor powders. Assuming that
the dealloying reaction stops when liquid Mg is replaced by Mg2Ni, the
fraction of precursor undergoing the dealloying reaction is given by:

𝜙𝑑𝑒𝑎𝑙𝑙𝑜𝑦𝑒𝑑 = 𝜙𝑚𝑖𝑥
𝑀Ni

2(𝑥 − 𝑦)𝑀Mg
(1)

where 𝑀Ni = 58.7 g∕mol and 𝑀Mg = 24.3 g∕mol are the molar masses
of Ni and Mg. A value 𝜙𝑑𝑒𝑎𝑙𝑙𝑜𝑦𝑒𝑑 > 1 means that the amount of Mg is
sufficient to fully dealloy the precursor.

As an example, for InvarMg10_675 sample, the phase quantifica-
tion before the onset of the dealloying reaction reveals that 𝜙 ≃
10

𝑚𝑖𝑥
0.07. Assuming that after dealloying, the ligaments retain an amount
𝑦 = 7% of Ni (as observed in post mortem measurements), Eq. (1)
gives 𝜙𝑑𝑒𝑎𝑙𝑙𝑜𝑦𝑒𝑑 = 0.30. Experimentally, the dealloyed fraction can be
estimated by comparing the amount of the FCC phase before and
after the reaction, resulting in 𝜙𝑒𝑥𝑝

𝑑𝑒𝑎𝑙𝑙𝑜𝑦𝑒𝑑 = 0.22. Both numbers are
in satisfactory agreement and the difference between them can be
attributed to measurement uncertainties and to the formation of Mg2Si
and MgO compounds in the experiments that reduces the amount of
Mg available for the dealloying reaction.

Secondly, modifying the equilibria is a powerful tool to control
the crystal structure of the ligaments. Ligaments enriched in Ni tend
to adopt an FCC structure that can be desirable as it provides better
ductility and formability than BCC alloys, which are key properties in
coating applications such as cold spray [52]. Our results show that this
amount of Ni can be controlled through adjustments in both bath size
and temperature, provided that sufficient time is allowed for the system
to approach equilibrium conditions.

Thirdly, the size of the ligaments also depends on the elabora-
tion conditions. The unavoidable coarsening phenomenon resulting in
thicker ligaments, is known to depend on temperature and reaction
time [30,40]. Our study also shows that the initial mixture composition
influences the coarsening. In particular, a small amount of Mg leads
to particles embedded in solid Mg2Ni, limiting the coarsening phe-
nomenon (see Fig. 7.c). If the exposure at high temperature is long, the
coarsening phenomenon can result in very rough structures, as depicted
in Fig. 7.d.

It is also essential to discuss the limitations of relying on thermody-
namic equilibrium to design dealloyed structures. To begin with, the
ternary phase diagrams we referred to in Section 3 were simplified
by ignoring the phase MgNi2 as it was not observed experimentally
even though its formation is predicted by equilibrium thermodynamics.
Therefore, when generalising these findings to other systems, one has
to be cautious about relying on equilibrium phase diagrams to design
porous powders.

Moreover, all the controllable features mentioned above (ligaments
size, composition, crystal structure and dealloyed fraction) are inter-
connected. Hence, it seems difficult to obtain core–shell structures
featuring ligaments without Ni. Approaching equilibrium conditions
to enrich ligaments in Ni has been shown to require time, but time
also causes coarsening that may result in very coarse microstructures
(see Fig. 7.d) detrimental for many applications of dealloyed materials.
Therefore, identifying optimised parameters is necessary to achieve the
desired characteristics for the dealloyed powders.

Also, the structures obtained at high temperature are shown to be
modified by the cooling stage. In particular, FCC phases may transform
to BCC if their content in Ni is not high enough. Additionally, slow
cooling facilitates diffusion which might alter the composition of the
ligaments. Such transformations could be hindered by rapid quenching
of the samples.

5. Conclusion

In this study, the liquid metal dealloying reaction of FeNi powders
in liquid Mg has been monitored by in situ X-ray diffraction performed
at the European Synchrotron Radiation Facility on the Beamline ID11.
This experiment allowed us to unveil the different phase changes taking
place during the dealloying reaction. We rationalise these results by
considering the phase diagram of the FeNiMg system. In addition, the in
situ results are shown to be systematically consistent with post mortem
observations. Armed with a deeper understanding of the dealloying
reaction of the FeNiMg system, we suggest strategies to better control
morphologies and compositions of the dealloyed powders. The main
findings are summarised as follows:
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1. Liquid metal dealloying of powders was successfully monitored
under a good control of temperature, XRD allowed to capture
both kinetics and phase transformations involved during LMD.
The effect of the different steps (temperature ramp, temperature
plateau, cooling) could be distinguished.

2. The size of the bath appeared to be an easily adjustable pa-
rameter to efficiently control the dealloying thickness, yielding
dealloyed particles with core–shell structures in some conditions.

3. Modifying the phase equilibria by changing the parameters of
the dealloying reaction (bath size and temperature), provides
an effective means to tune the microstructure of the dealloyed
powders. In particular, it allows controlling the composition and
crystalline structure (BCC or FCC) of the ligaments within the
dealloyed powders.

4. The effect of intermetallic phases on the dealloying reaction
was clarified. Although predicted by the phase diagram, MgNi2
did not nucleate in our experiments probably due to a high
energy barrier to overcome for nucleation. However, Mg2Ni
was observed, and the conditions allowing its presence were
elucidated. As a solid phase, it may decrease the dealloying
kinetics. By impeding the coarsening phenomenon, it was also
identified as the cause of the very thin ligament structures that
could be observed post mortem.

The current study sets the stage for the widespread application of
thermodynamic data to enhance the control and design of dealloyed
structures. Approaches addressing the limitations of our experimental
setup have been discussed and warrant future work, including solid-
state dealloying, brief laser-induced melting, and quenching to mitigate
cooling effects.

Ultimately, the development of dealloyed powders can be
approached with an application-oriented perspective. Tailoring porous
powders to meet mechanical requirements opens avenues for their use
as base materials in coating or additive manufacturing applications.
Earlier research has explored the application of porous powders [53,54]
and core–shell particles [55,56] in cold spray applications. These
studies demonstrated that these powders with a tailored morphology
exhibited increased deformability, resulting in improved deposition
efficiency without compromising the mechanical properties of the
coated layer. Liquid metal dealloying, applicable to various metals
and featuring numerous controllable parameters, emerges as a versatile
technique to produce such powders with a controlled structure.
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