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Abstract 
 
Liquid Metal Dealloying (LMD) is tested to enhance the near-surface magnetic properties of 

ferromagnetic Iron-Cobalt alloys. With a lower surface electrical conductivity, treated specimens 
are expected to accommodate the frequency effect better and exhibit a lower level of magnetic 
loss. This work focuses on the magnetic viability of LMD-treated samples. The magnetic hysteresis 
cycles of virgin, fully-dealloyed, and partially-dealloyed specimens are measured from quasi-static 
to dynamic regimes. For each category of specimens, experimental results are compared with 
numerical predictions given by dedicated hysteresis models. The simulation parameters of the 
fully-dealloyed and the virgin specimens are leveraged to predict the partially-dealloyed 
specimen’s behavior and estimate the thickness of the treated area accurately and non-
destructively. Together with SEM observations and finite element simulations, these results show 
that the magnetic behavior of the metallic part in the dealloyed layer is barely affected by the 
specimen porosity, but the average variations observed experimentally are primarily due to the 
distortion of the magnetic lines and changes in the local geometry.  
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1 - IntroducƟon 
 
Liquid Metal Dealloying (LMD) is a process in which one or more components of a metallic 

alloy are selecƟvely removed from a precursor alloy upon its immersion in a liquid metal bath, 
leaving behind a porous structure [1, 2]. This process is also referred to as selecƟve leaching or 
selecƟve dissoluƟon. The elaboraƟon of porous structures through LMD involves four stages: (i) 
elaboraƟon of a precursor alloy, (ii) immersion into a liquid metal that selecƟvely dissolves one 
component, (iii) solidificaƟon of the liquid metal leading to the formaƟon of a composite 
microstructure, (iv) selecƟve etching of one of the phases to obtain porous structures. The 
success of LMD depends on carefully selecƟng the original alloy composiƟon, the liquid metal, 
and the desired properƟes of the resulƟng porous structure for a specific applicaƟon [3-5]. LMD 
is versaƟle, as tuning the parameters (composiƟon of the precursor and the melt, dealloying Ɵme 
and temperature, etc.) allows to control the resulƟng porous microstructure.  

 
LMD is already envisioned as a promising elaboraƟon process for specific applicaƟons, 

including catalysis, sensing, electrochemical applicaƟons, and biomedical devices [6-8]. There is 
one field, though, where LMD could be used to improve materials properƟes, but almost no 
invesƟgaƟon has been done so far: the electromagneƟc energy conversion domain [9]. By 
changing the local properƟes near the surface, one can expect LMD to create magneƟc 
laminaƟons with enhanced properƟes that could enforce the limit of tradiƟonal magneƟc cores. 
Surface treatments for improved magneƟc properƟes already exist but consistently undergo a 
diffusive process rather than a dealloying one. Electrical steel laminaƟon with high silicon content 
is a good illustraƟon: silicon is diffused along the surface of the sample, which increases locally 
the electrical resisƟvity and reduces the overall magneƟc power loss [10-12].   

 
In [13], authors dealloyed ingots of (FeCo)αNi1-α by removing the nickel element, leaving behind 

a nanoporous structure made of FeCo. FeCo alloys are well-idenƟfied in the electromagneƟc 
energy conversion community, and interest in them is increasing [14-16]. Permendur is the most 
known; it comprises 49% cobalt, 49% iron, and 2% vanadium [17]. Permendur is characterized by 
exciƟng magneƟc properƟes, including, for the most significant, a very high saturaƟon flux 
density, a low coercivity, and reduced core losses. Permendur high saturaƟon level allows the 
resulƟng magneƟc core to funcƟon at higher field strengths so that the core can be smaller and 
lighter for a given magneƟc flux and power level. Permendur laminaƟons are, for example, used 
for magneƟc cores and pole pieces in lightweight aircraŌ transformers and electric motors [18]. 

 
A higher saturaƟon level is an excellent way to increase the power density, but it is not the 

only one. An increase in the working frequency gives similar results but is unfortunately 
associated with a rise in the magneƟc losses. A higher working frequency induces eddy currents 
that not only convert the magneƟc energy into heat directly in the magneƟc core but confine the 
magneƟc field on the edges of the magneƟc laminaƟons that are not fully exploited anymore [19- 
21]. The soluƟon proposed in [13] is to use LMD to modify the edges of the FeCo alloy laminaƟon 
so that the newly formed porous structure exhibits reduced local electrical conducƟvity and 
overall magneƟc losses. LMD is a surface treatment well adapted to this applicaƟon; by controlling 
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the treatment Ɵme, one can precisely adjust the dealloyed thickness and ensure a good balance 
between the laminaƟon's magneƟc and mechanical properƟes.  

 
Once finished, it is complex to evaluate the thickness and the dealloying thickness non-

destrucƟvely. SƟll, this informaƟon is mandatory to ensure that LMD was appropriately achieved. 
The simulaƟon methods described in this study can precisely reproduce the hysteresis cycles of 
virgin and fully-dealloyed specimens at different frequency levels and with a limited number of 
parameters. Then, the resulƟng virgin and fully-dealloyed configuraƟons can be used to simulate 
a parƟally dealloyed specimen and return precisely the thickness of the LMD-treated part.  

 
The objecƟves of this study are threefold; they include confirming that LMD is a valid way to 

modify the magneƟc performances of FeCo alloys, observing and simulaƟng the magneƟc 
behavior of fully and parƟally porous LMD-treated specimens, and returning non-destrucƟvely 
using magneƟc measurements and simulaƟons, the dealloying depth. The laƩer objecƟve and the 
associated conclusions are not restricƟve to LMD but can be extended to any metal surface 
treatment. Those include shot-peening, carburizing, nitriding in structural steel parts (to make 
them harder and less vulnerable to wear issues), silicon diffusion in electrical steel (to make them 
more electrically resisƟve locally),  etc.   

 
2 – Tested specimens 
 
2.1 – Precursor alloys 
A buƩon-shaped ingot of (FeCo)70Ni30, weighing approximately 40g, was created through arc 

melƟng, uƟlizing high-purity raw materials with a purity exceeding 99.9% in a purified Ar 
atmosphere [13]. The ingot underwent over four cycles of being turned over and re-melted to 
ensure chemical homogeneity. Subsequently, the buƩon was cast into plate samples, each with a 
thickness of 4 mm, using an arc melƟng machine in conjuncƟon with Ɵlt casƟng. Following this, 
the plate samples underwent cold-rolling to achieve a thickness of 1.3 mm and were subjected 
to a 12-hour heat treatment at 1050 °C in a purified Ar atmosphere.  

 
2.2 – LMD process 
A metallic melt containing Mg-10at%Ca underwent inducƟve heaƟng within a carbon crucible 

in a purified He atmosphere. The LMD process was carried out for 200 seconds at a constant 
temperature of 800 °C for the first category of specimens and 2 hours for the second.  

The third category, called the "virgin" specimens, remained untreated. The raw materials, Mg 
and Ca, had puriƟes of 99.9% and 99.5%, respecƟvely. During the LMD process, only miscible Ni 
atoms in the precursor alloys were selecƟvely dissolved into the Mg-10at%Ca melt. 
Simultaneously, Fe and Co atoms organized themselves into a 3D interconnected ligament 
structure through interface diffusion. Concurrently, Mg melt channels grew into the precursor 
alloy, demonstraƟng diffusion-coupled growth with the enriched immiscible solid phase. The LMD 
process resulted in a composite material featuring individually interconnected FeCo and Mg 
phases in a 3D structure. Subsequent etching in 1M aceƟc acid for 6 hours selecƟvely removed 
the Mg phases. The selecƟve dissoluƟon of Ni results in the self-organizaƟon of Fe and Co atoms 
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into a 3D interconnected morphology. Fig. 1 depicts cross-secƟonal Scanning Electron Microscope 
(SEM) images of the parƟally treated specimen aŌer the selecƟve eliminaƟon of the Mg phase.  

It is worth noƟng that the porosity of the dealloyed layer depends on the iniƟal Ni 
concentraƟon, and in our case, it was about 32%. 

 

 
 

Fig. 1 – a Cross-secƟonal 3D interconnected nanoporous morphology observed by field emission 
scanning electron microscopy (FE-SEM). Fig. 1 – b Enlarged observaƟon of the reacƟon front. Fig. 1 – c 

Enlarged observaƟons of the dealloyed layer.  
 
Fig. 1 – a reveals a sharp boundary between the dealloyed and the virgin segments. A narrow 

transiƟon layer is noƟceable (see Fig. 1 – b), and its thickness is minimal (approximately 2 μm). 
Far from the LMD reacƟon front (Fig. 1 – c), the microstructure looks relaƟvely unchanged, with 
interconnecƟons of FeCo and Mg-rich phases.  

 
3 – MagneƟc characterizaƟon setup 
 
A dedicated test bench was designed to evaluate the average magneƟc flux density Ba under 

the influence of a tangenƟal surface excitaƟon magneƟc field Hsurf at different frequency levels. A 
descripƟve picture of the magneƟc characterizaƟon setup is shown in Fig. 2:   

 

a b c 



6 
 

 
 

Fig. 2 – DescripƟve photograph of the magneƟc characterizaƟon setup. 
 

The magneƟzaƟon circuit comprised two oriented-grains electrical steel yokes and two N = 
200-turn excitaƟon coils connected in series. Each coil wrapped a yoke, as shown in Fig. 3. The 
cumulaƟve cross-secƟon of the yokes was worth 2.74 10-4 m2, which is at least 14 Ɵmes larger 
than the cross-secƟon of the tested specimens. Considering this geometrical difference and the 
very high permeability of the oriented-grains electrical steel, one can assume the equivalent 
reluctance of the yokes as negligible and Hsurf to be enƟrely confined in the tested specimens. The 
excitaƟon coils were supplied in energy by a Kikusui PCR2000WEA power amplifier (Yokohama, 
Japan) driven by a 33210A Agilent® (Santa Clara, California, USA) arbitrary waveform generator. 
A 100 Ω resistor was plugged in series with the excitaƟon coils. This resistor was large enough to 
ensure that the amplifier voltage and current I(t) outputs had similar waveforms, whatever the 
working condiƟon. Another 1 Ω resistor was plugged in series to monitor I(t). Once measured, I(t) 
was used to return Hsurf(t), according to Eq. 1: 

                                                                  Hୱ୳୰୤(t) =
ଶ୒౪୍(୲)

୐౛
                                                                   (1) 

Le = 27 mm is the length of the specimen in the tested area.  
A Nt = 200-turns sensor coil was wrapped around the tested specimens to measure the induced 

electromagneƟc force Ø(t) used to calculate Ba(t) (Eq. 2): 

                                                                Bୟ(t) =
ଵ

୒౪ୗ
∫ ∅(t)dt                                                                      (2) 

S = 1.95 10-5 m2 is the tested specimen cross-secƟon. 
All the signals were recorded with a DewesoŌ (Trbovlje, Slovenia) Sirius data acquisiƟon card. 

Fig. 3 below depicts the whole characterizaƟon setup for illustraƟon.  
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Fig. 3 – IllustraƟon of the complete characterizaƟon setup. 
 

4 – MagneƟc hysteresis model 
 
DisƟnct magneƟzaƟon mechanisms are involved in quasi-staƟc and dynamic condiƟons, 

leading to disƟnct simulaƟon methods [19, 23, 24]. In the very low-frequency range (quasi-staƟc), 
the skin effect is assumed to be negligible, and the magneƟc excitaƟon is homogeneously 
distributed in the ferromagneƟc material. Conversely, eddy currents are generated when the 
frequency increases, limiƟng the magneƟc field propagaƟon, which becomes heterogeneously 
distributed.    

 
4.1 – Quasi-staƟc behavior ( f << 1 Hz) 
The Jiles-Atherton (J-A) ferromagneƟc hysteresis model was used to simulate the low-

frequency behavior of the tested specimens [25, 26]. This Ɵme-independent model was first 
described in the eighƟes to simulate soŌ magneƟc laminaƟons under unidirecƟonal 
magneƟzaƟon. The J-A model has several advantages: 

_ a limited number of parameters,  
_ an easy parameter idenƟficaƟon through experimental data fiƫng, 
_ its versaƟlity and ability to capture many hysteresis behaviors (major and minor loops, etc.), 
_ its simplicity favoring its integraƟon into numerical simulaƟons like finite element analyses.  
The magneƟzaƟon state M in the J-A model is obtained through the incremental resoluƟon of 

three steps. The first step consists in the calculaƟon of the effecƟve field He according to Eq. 3: 

                                                                   Hୣ = Hୱ୳୰୤ + αM                                                                       (3) 

where α is the interdomain coupling parameter [25].  
Manh, the anhystereƟc magneƟzaƟon is obtained in the second step through the resoluƟon of 

a sigmoid-type funcƟon like the Langevin equaƟon: 

                                                        Mୟ୬୦ = Mୱ ቂcoth ቀ
ୌ౛

ୟ
ቁ − ቀ

ୟ

ୌ౛
ቁቃ                                                                  (4) 

where Ms is the saturaƟon magneƟzaƟon and a a parameter quanƟfying the magneƟc domain 
walls' density. The last step consists of the resoluƟon of the differenƟal equaƟon Eq. 5:  

                                                 ୢ୑

ୢୌ౩౫౨౜
=

ଵ

ଵାୡ

୑౗౤౞ି୑

ஔ୩ା஑(୑౗౤౞ି୑)
+

ୡ

ଵାୡ

ୢ୑౗౤౞

ୢୌ౩౫౨౜
                                                          (5) 
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where c is a parameter associated with the weight of the magneƟzaƟon reversibility, k with 
the average energy required to break the pinning sites, and δ = 1 if Hsurf is increasing and -1 
otherwise [25]. B and H (respecƟvely, the local flux density and magneƟc field) are linked to M 
through Eq. 6.   

                                                                     B = μ଴(H + M)                                                                    (6) 

In the J-A model's working condiƟons, B and Ba, and H and Hsurf have the same values. 
Therefore, Eq. 6 is used to return Ba as a funcƟon of Hsurf. 

 
4.2 – Dynamic behavior  
The frequency-dependent simulaƟon technique used in this study was constructed based on 

the approach iniƟally introduced in [27]. This method simultaneously solves the Maxwell diffusion 
equaƟon (Eq. 7) and a dynamic material law. Considering the specific dimensions of the tested 
specimens (thickness ζ << width and length), it is feasible to solve Eq. 7 in one dimension (1D) 
using finite differences while maintaining a good level of precision.  

                                                                   σ ப୆

ப୲
=  

பమୌ

ப୸మ                                                               (7) 

where σ is the electrical conducƟvity. For the material law, opƟng for a straighƞorward quasi-
staƟc hysteresis model, like the J-A model and denoted as Hstat(B), is convenient. However, this 
approach inevitably leads to inaccuracies as it fails to account for the contribuƟon of excess loss. 
In [25], an enhancement was proposed by introducing a first-order differenƟal equaƟon 
equivalent to a viscous behavior to improve the accuracy of the material law (Eq. 8): 

                                                             ρ ୢ୆

ୢ୲
=  H − Hୱ୲ୟ୲(B)                                                                 (8) 

Thus, B becomes frequency-dependent, and ρ is the unique parameter accounƟng for this 
effect. However, this relaƟon was shown to be imprecise, and its applicability was limited to a 
relaƟvely narrow frequency bandwidth. Subsequently, in [28], an enhancement in the frequency 
bandwidth was suggested, albeit with addiƟonal parameters dependent on B. This method works 
but at the cost of very accurate experimental data. Unfortunately, its predicƟve capacity is limited, 
and the simulaƟon seƫngs are poorly transposable. In this work, we chose an alternaƟve 
soluƟon, which involves a fracƟonal derivaƟve version of the differenƟal equaƟon represented by 
Eq. 9: 

                                                             ρ ୢ౤୆

ୢ୲౤ =  H − Hୱ୲ୟ୲(B)                                                               (9) 

FracƟonal derivaƟve operators balance the dynamic effect disƟnctly. They provide the simulaƟon 
method with addiƟonal freedom, resulƟng in precise simulaƟons across broad frequency ranges. 
ρ in Eq. 9 has a dimension of a resistor if n = 1 and a capacitor if n = 0.  It behaves as a combinaƟon 
of a resistor and a capacitor for non-enƟre values of n. 

 
4.2.1 – FracƟonal differenƟal equaƟon: physical meaning 
FracƟonal calculus was iniƟally menƟoned in the late seventeenth century [29, 30]. In contrast 

to classical derivaƟves, fracƟonal derivaƟves inherently exhibit non-local characterisƟcs. While 
classical Ɵme derivaƟves describe changes near the current Ɵme, fracƟonal derivaƟves can 
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capture changes across all the simulated Ɵme history. This property is well-suited for 
ferromagneƟc hysteresis, where real-Ɵme behavior significantly depends on the material's 
history. Dynamic in Eq. 8 can be associated with a viscous behavior, but high-speed magneƟzaƟon 
in soŌ ferromagneƟc materials is beƩer described through viscoelasƟcity.  

ViscoelasƟcity is achieved by replacing Eq. 8 with Eq. 9, meaning that magneƟzaƟon is no 
longer solely dissipaƟve but elasƟc, too. In mechanics, viscoelasƟc models employ combinaƟons 
of springs and dashpots arranged in series and/or parallel [31, 32]. Springs depict the response 
of an elasƟc solid, where stress is proporƟonal to strain (0th-order derivaƟve term). Dashpots 
represent the response of a viscous fluid, where stress is proporƟonal to the strain rate (1st-order 
derivaƟve). Using a fracƟonal derivaƟve of order α, where 0 < α < 1, to model a viscoelasƟc 
behavior is grounded in the noƟon that the actual response lies between that of a 0th and 1st-
order derivaƟve, somewhere between an elasƟc solid and a viscous fluid [32]. 

The forward Grünwald-Letnikov definiƟon for fracƟonal derivaƟve adheres to the causality 
principle [33], so we used it in this work: 

                                         

⎩
⎪
⎨

⎪
⎧ D୤

୬f(t) = lim
୦→଴శ

hି୬ ∑
(ି୬)ౣ

୫!
f(t − mh)ஶ

୫ୀ଴

(n)୫ =
୻(୬ା୫)

୻(୬)
= m(m + 1) … (n + m − 1)

(m)଴ = 1

                                           (10) 

((n)m is the Pochhammer symbol and Γ the gamma funcƟon). 
 
4.2.2 – Simultaneous resoluƟon of equaƟons 8 and 10 
In [27], the hysteresis problem was solved by a simultaneous resoluƟon of Eq. 7 and 9 through 

a rewriƟng in a unique expression consƟtuted of H terms exclusively: 

                                                                ப
మୌ

ப୸మ =  
ୌିୌ౩౪౗౪(୆)

஡
                                                                   (11) 

Finite differences were used to solve Eq. 9, leading to a matrix system, including a sƟff matrix 
possibly set in post-processing. The model outputs were the average and local magneƟc 
quanƟƟes (Hi(t), Bi(t), and B(t)). This simulaƟon method was straighƞorward, and the simulaƟon 
Ɵmes were limited; therefore, we opted for the same method in this work. Eq. 8 and 9 can be 
reformulated similarly, but for this, dB/dt has to be isolated in Eq. 9: 

                                                                 ୢ
౤୆

ୢ୲౤ =  
ୌିୌ౩౪౗౪(୆)

஡
                                                                                 (12) 

                                                              ப୆

ப୲
=

ୢభష౤ቀ
ౄషౄ౩౪౗౪(ా)

ಙ
ቁ

ୢ୲భష౤                                                                     (13) 

The concatenaƟon of Eq. 7 and 13 leads to Eq. 14: 

                                                            ଵ
஢

பమୌ

ப୸మ =
ୢభష౤ቀ

ౄషౄ౩౪౗౪(ా)

ಙ
ቁ

ୢ୲భష౤                                                               (14) 

Here again, finite differences can be applied to the leŌ term and Eq. 10's fracƟonal derivaƟve 
definiƟon to the right one [34]. The resulƟng equaƟon becomes exclusively consƟtuted of H 
terms: 
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           ୌ
(୸ି୰,୲)ିଶ (୸,୲)ାୌ(୸ା୰,୲)

୰మ
= σ lim

୦→଴శ
h୬ିଵ ∙ ∑

(୬ିଵ)ౣ

୫!
ஶ
୫ୀ଴ ቀ

ୌ(୸,୲ି୫୦)ିୌ౩౪౗౪(୆(୸,୲ି୫୦))

஡
ቁ            (15) 

Since H(z,t) and B(z,t) are symmetric about the plane z = ζ/2, a resoluƟon on the segment [0, ζ 
/ 2] is enough, and a Neumann condiƟon can be applied to the z = ζ/2 node (see Fig. 4 for 
illustraƟon). In this condiƟon, r the space discreƟzaƟon (Eq. 12) is worth ζ/[2(N-1)], and N is the 
number of nodes. 

 

 
 

Fig. 4 – IllustraƟon for the 1D space discreƟzaƟon resoluƟon scheme, including the boundary 
condiƟons. 

 
The spaƟal resoluƟon of Eq. 12 leads to a matrix system Eq. 17: 

                                                                               [A]. [H] =[S]                                                                                          (16) 

where [A] is the sƟffness matrix, which can be computed during a pre-processing stage and 
kept unchanged for the enƟre simulaƟon. Conversely, the matrix system needs to be solved at 
each simulaƟon step. This resoluƟon yields the discreƟzed excitaƟon field Hi. It is followed by 
localized resoluƟons of Eq. 9, resulƟng in Bi. In the final stage, Ba is determined by averaging the 
local inducƟon: 

                                                                         Bୟ =
∑ ୆౟

ొ
౟సభ

୒
                                                            (17) 

When ploƩed against Hsurf, the resulƟng simulated hysteresis cycle Hsurf(Ba) can be compared 
with its experimental counterpart. The DerivaƟve StaƟc Hysteresis Model (DSHM) was used as 
Hstat(Ba) to enhance the simulaƟon Ɵmes and streamline memory management. This method is 
described in references [35, 36]. It relies on a 2D interpolaƟon matrix, where columns and rows 
represent discrete values of staƟc Hsurf and staƟc Ba, and the matrix elements indicate the 
dBa/dHsurf slope at the corresponding point. As menƟoned in [34], DSHM can easily switch from 
Hsurf to Ba-imposed input condiƟons. To fulfill the DSHM matrix, experimental first-order reversal 
curves are typically uƟlized, although obtaining such experimental data can be challenging. In this 
study, we subsƟtuted them with simulated first-order reversal curves generated using the J-A 
model [25, 26].  
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5 – Comparison simulaƟons/measurements  
 

5.1 – Quasi-staƟc behavior 
 
5.1.1 – Virgin and fully dealloyed specimens 
The first comparison simulaƟons/measurements, shown in Fig. 5, concerns virgin and fully-

dealloyed specimens. Experimental tests were performed under a sinus-shape Hsurf of amplitude 
1.15 x 104 A·m-1 and a frequency of 0.1 Hz. The simulaƟon parameters giving the best fit are 
shown in Table 1. Although studies describing how these parameters can be obtained through 
theoreƟcal methods exist in the literature [26], they were tested and found to have limited 
accuracy.  In this work, where accuracy is a major factor and simulaƟon Ɵme is not a limitaƟon, 
we opted for a numerical method instead. Therefore, the simulaƟon parameters were obtained 
using an opƟmizaƟon process consisƟng of minimizing the relaƟve Euclidean distance criteria by 
comparing a simulated and an experimental hysteresis cycle (RED(%), Eq. 18) [37] (where q is the 
number of experimental discreƟzaƟons used to describe the hysteresis cycle). At the beginning 
of the iteraƟon, a large window of values is set for each parameter. These windows are gradually 
reduced as the opƟmizaƟon process progresses. Eventually, the combinaƟon of parameters that 
gives the lowest RED(%) value is conserved and aƩributed to the tested material. Matlab® needs 
approximately 10 seconds to test 10,000 combinaƟons. By assigning 20 values to each parameter, 
a maximum of 53 minutes is required to test all possible combinaƟons. 

                                    RED(%) =
ଵ଴଴

௤
· ∑

ඨቆ஻ೌ೘೐ೌೞ೔
ቀுೞೠೝ೑೔

ቁି஻ೌೞ೔೘೔
ቀுೞೠೝ೑೔

ቁቇ

మ

ඨቆ஻ೌ೘೐ೌೞ೔
ቀுೞೠೝ೑೔

ቁቇ

మ

௤
௜ୀଵ                                       (18) 
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Fig. 5 – Comparison simulaƟons/measurements for the Ba(Hsurf) curve of the virgin and fully-dealloyed 

specimens at f = 0.1 Hz. 
 

The RED(%) was 8.29 for the virgin specimen and 4.38 for the fully-dealloyed one, respecƟvely. 
 

5.1.2 – ParƟally dealloyed specimen 
In quasi-staƟc condiƟons, H is homogeneously distributed in the specimen and supposedly 

equal to Hsurf. The disƟnct layers of the parƟally-dealloyed specimens can be simulated separately, 
considering both under the influence of Hsurf and using the simulaƟon method and parameters 
set in sub-secƟon 5.1.1. Then, Ba is calculated in post-processing by solving Eq. 19 (similar to a 
rule of mixture): 

                                                        Bୟ =  υBୟ୚ + (1 − υ)Bୟୈ                                                        (19) 

BaV and BaD represent the average flux density of the virgin and dealloyed layers, respecƟvely, 
and υ = thV/thD is the raƟo between their thicknesses. υ is considered unknown to reproduce the 
working condiƟons of a non-destrucƟve evaluaƟon. It becomes a degree of freedom in the 
simulaƟon process, which can be obtained through the previously described opƟmizaƟon 
process.  
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Fig. 6 – Comparison simulaƟon/measurement for the Ba(Hsurf) curve of the parƟally-dealloyed specimens 

at f = 0.1 Hz. 
 

The opƟmizaƟon process gave RED(%) = 9.2 for υ = 0.721, which means a predicted thickness 
of the dealloyed layer close to 182 μm. A higher discrepancy is visible in the simulated curve of 
Fig. 6 near the saturaƟon elbow. The J-A model simplifies the complex interacƟons between 
magneƟc domains within a material. Near the saturaƟon elbow, these interacƟons can become 
parƟcularly intricate and may not be fully accounted for by the model's assumpƟons. 
 

5.2 – Dynamic behavior 
 
5.2.1 – Virgin and fully dealloyed specimens 
The frequency-dependent parameters (ρ, n) for the virgin and fully-dealloyed specimens were 

obtained through the same opƟmizaƟon process. However, the experimental data were those of 
the hysteresis cycles obtained at higher frequencies (f = 1, 10, and 100 Hz). Fig. 7 shows the 
comparisons simulaƟon/measurement in these condiƟons. The RED% were 3.8 and 2.8 for the 
virgin and the fully-dealloyed specimens, respecƟvely. The electrical conducƟviƟes used for the 
simulaƟon are given in Table 1. They were measured using the four-point probe method as 
described in [13]. The presence of pores in the fully-dealloyed specimen drasƟcally reduces this 
electrical conducƟvity.  
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Table 1 – SimulaƟon parameters and physical properƟes of the virgin and fully dealloyed specimens. 
 

J-A static hysteresis model parameters:  
   
  Virgin specimen Fully dealloyed specimen 

Ms (A·m-1) 1380000 620000 

a  (A·m-1) 810 9240 

k  (A·m-1) 450 4020 

c 0.15 0.005 

α 2 10-7 0.039 

   
Dynamic model parameters:  

   
n 0.98 0.99 

ρ 7.9 12.5 

   
Material property:  

   

σ (S·m-1) 1.22  107 6.135 105 

 

 
 

Fig. 7 – a Comparison simulaƟons/measurements for the Ba(Hsurf) curves of the virgin specimens at f = 1, 
10, and 100 Hz. Fig. 7 – b Same comparison for the fully dealloyed specimens. 

 
5.2.2 – ParƟally dealloyed specimen 
AdapƟng the dynamic hysteresis model to the parƟally-dealloyed specimens is 

straighƞorward. For this, we assume the thickness of the transiƟon layer is negligible and the 
boundary between the dealloyed and the virgin layer is a planar front. This reasonable 
assumpƟon leads to an opƟmizaƟon process including a single degree of freedom corresponding 
to the thickness of the dealloyed layer. The finite differences nodes located in the dealloyed layer 
are simulated with the material properƟes of the fully-dealloyed specimen (staƟc hysteresis 
contribuƟon, n, ρ, and σ), and the nodes located in the virgin layer with those of the virgin one 
(Fig. 8). The opƟmizaƟon process is based on the same principle (minimizaƟon of the RED% (Eq. 
16) by comparing simulaƟons and measurements). 20 nodes were enough to simulate precisely 

a b 
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the virgin and fully-dealloyed specimens, but 160 nodes were necessary to accurately esƟmate 
the dealloyed layer's thickness.  
 

 
 

Fig. 8 – IllustraƟon of the simulaƟon process for the parƟally dealloyed specimens. 
 

 
 
Fig. 9 – Comparison simulaƟons/measurements for the parƟally dealloyed specimens and for f = 1, 10, 

and 100Hz.  
 
Finally, for the parƟally-dealloyed specimens, the best simulaƟon results (RED% = 7.42) were 

obtained with the nodes {1-24} configurated with the fully-dealloyed parameters, which 
correspond to a predicted thickness of 195 μm for the dealloyed layer. All available dynamic 
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experimental results ( f = 1, 10, and 100 Hz) were used as the data set in the opƟmizaƟon process. 
Fig. 9 shows the hysteresis cycle comparisons for the parƟally-dealloyed specimen. 

 
5.3 – Discussion 
 
The SEM image in Fig. 10 confirmed the planar nature of the dealloying front, thereby jusƟfying 

the models' assumpƟons. It revealed a dealloyed layer thickness of approximately 181 μm, 
resulƟng in a 0.5% error for the staƟc hysteresis model predicƟon and a 7.7% error for the 
dynamic one. Despite the staƟc model displaying higher accuracy, with predicƟve errors below 
10%, both methods can be considered validated. 

 
 

Fig. 10 – Precise measurement of the dealloyed layer thickness from FE-SEM image. 
 
To beƩer illustrate the difference in magneƟc properƟes between the bulk porous regions of 

the specimens, we generated numerically a connected porous structure with the porosity of the 
fully dealloyed layer from a phase field model for spinodal decomposiƟon [38]. Such a model 
allows to generate connected random biconƟnuous microstructures that can be considered 
proxies for the microstructures obtained from LMD [39, 40]. In parƟcular, we generated a 8 × 8 × 
8 μm3 volume with a porosity of 30% that is representaƟve of the dealloyed microstructure. The 
resulƟng volume was imported into Comsol MulƟphysics 6.0 (Stockholm, Sweden). FeCo alloy and 
air magneƟc properƟes were used for the metallic and the pores phases, respecƟvely. 

The dealloying process strongly impacts the magneƟc properƟes. The flux density levels are, 
as an example, divided by more than two in the experimental results of Fig. 5. This decrease is 
partly associated with the evoluƟon of the specimen porosity, which, according to [13], reaches 
nearly 30% for a complete dealloyed process in the condiƟons of this study. Even if the material 
dimensions are unchanged, the effecƟve cross-secƟon is reduced significantly. SƟll, this property 
is not considered in Eq. 2 to convert the electromoƟve force into a flux density. In the finite 
element simulaƟon, a significant difference (≈ 31 %) can be observed between the effecƟve cross-
secƟon of the original specimen and the dealloyed one (red zone in Fig. 11 – b). Another 
explanaƟon for the decrease in flux density is also associated with the presence of pores. These 
small volumes of non-ferromagneƟc properƟes inside the specimen modify the trajectory of the 
magneƟc line (Fig. 11 – c). The distance traveled by the magneƟc field increases significantly, 
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which reduces its overall local magnitude. For the same level of Hsurf, a significaƟve saturaƟon is 
obtained for the virgin specimen's f = 0.1 Hz curve, but it is far from the case for the fully-
dealloyed specimen (Fig. 5). 

 
 

 
 

Fig. 11 – IllustraƟon for the FEM simulaƟon of a representaƟve volume of the fully dealloyed layer. Fig. 
11 – a Comparison between the virgin and fully-dealloyed geometry. Fig. 11 – b Same comparison for the 

metal cross-secƟon. Fig. 11 – c Same comparison for the magneƟc field line.   
 

 

a b c 
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Fig. 12 – FEM simulaƟon results of a representaƟve volume of the fully dealloyed layer. Fig. 12 – a 
IllustraƟon of the boundary condiƟons. Fig. 12 – b MagneƟc flux density in various yz-cross-secƟons. 

 
This explanaƟon also partly jusƟfies the difference in coercivity (Fig. 13) in the quasi-staƟc 

regime (more than six Ɵmes larger for the dealloyed specimen than the virgin one). However, the 
difference in the trajectory of the magneƟc lines between the virgin and the fully-dealloyed 
specimen (Fig. 11 – c) is clearly not in the same raƟo, and another phenomenon must be 
happening to jusƟfy such a difference.  

The effect of residual stress on the magneƟc behavior of FeCo alloys is noteworthy and may 
offer a plausible explanaƟon [41]. The Mg phase thermal expansion coefficient is larger than the 
FeCo’s, and a significant thermal strain is induced during solidificaƟon. By increasing the porosity 
and etching the Mg phase, LMD is expected to release stress, if any, yet the subsequent 12-hour 
heat treatment post-cold-rolling also serves this purpose. Therefore, the virgin specimens are 
expected to be free of stress. Preliminary X-ray diffracƟon tests confirmed the absence of residual 
stress, thereby refuƟng this explanaƟon. 

A secondary effect lies in the presence of magneƟc line concentrators. Together with the 
nonlinear magneƟc behavior of the FeCo material, they induce local magneƟc hot spots, which 
reduces the overall magneƟc permeability of the metallic phase and leads to the need for higher 
levels of magneƟc fields for similar magneƟzaƟon states. These magneƟc hot spots are 
observable in Fig. 12 – b, which is obtained by imposing Hsurf = 2000 A·m-1 on the lateral sides of 
the representaƟve volume. 

a 

b 



19 
 

 
 

Fig. 13 – VariaƟon of the coercivity versus frequency. 
 
Coercivity is known to be ruled by fundamental interplay between material constants in 

bulk magneƟc alloys [42]. In Fig. 13, the reducƟon of the coercivity differences when the 
frequency increases is worth noƟng (ΔHsurfc/df > 17 between 0.1 Hz and 100 Hz for the virgin 
specimen and only dHsurfc/df < 2.4 for the fully-dealloyed one). This reducƟon is due to the 
difference in electrical conducƟvity and the significantly lower level of eddy currents in the 
dealloyed specimen. This observaƟon somehow reflects the frequency dependency of the 
magneƟc losses.  

The good simulaƟon results obtained with n close to 1 denote a substanƟal contribuƟon of the 
viscous behavior of the domain wall moƟons and the low impact of the excess loss for the levels 
of frequency tested. Such a property for FeCo alloys has already been observed, like in Fig. 6 of 
[43], where the excess loss contribuƟon is about ten Ɵmes lower than the hysteresis one and 
significantly lower than the classic one. The reduced difference between the opƟmal values of n 
obtained for the virgin and fully dealloyed specimens denotes that the disparity observed 
between the experimental measurements can primarily be aƩributed to ρ. The significant 
difference between the opƟmal ρ given in Table 1 confirms this observaƟon.   
 
6 – Conclusion 

Surface treatments are recommended to improve the physical properƟes of metallic parts' top 
layers. When it comes to magneƟc properƟes, it has, for instance, already been demonstrated 
that silicon diffusion can significantly enhance the surface magneƟc properƟes of electrical steel 
laminaƟons [8-10, 44, 45]. This process modifies the surface resisƟvity while maintaining good 
mechanical properƟes for the unaffected inner layers.  
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In this work, we have invesƟgated the magneƟc properƟes of specimens treated through a 
liquid metal dealloying process. The treated specimens exhibit reduced surface electrical 
conducƟvity, so they are anƟcipated to handle the frequency effects beƩer and demonstrate 
diminished magneƟc loss. 

The magneƟc hysteresis cycles of virgin, fully-dealloyed, and parƟally-dealloyed specimens 
were measured and ploƩed under various frequencies of magneƟc excitaƟon. Subsequently, 
hysteresis models were set up to replicate these cycles in both quasi-staƟc and dynamic scenarios. 
The simulaƟon parameters from fully-dealloyed and virgin specimens were employed to predict 
the behavior of parƟally-dealloyed specimens and accurately and non-destrucƟvely esƟmate the 
treated area's thickness. The numerical predicƟons were confronted with the actual thickness 
measurements obtained with SEM measurements, and shallow error levels were obtained 
(RED(%)< 8%). 

Then, a finite element simulaƟon was designed to simulate a 3D representaƟve volume of the 
dealloyed layer. The overall simulaƟon results suggest that the porosity minimally affects the 
magneƟc behavior of the metallic part, and the observed variaƟons are primarily aƩributed to 
the distorƟon of the magneƟc lines and changes in local geometry. 

This study focused on the magneƟc property of the LMD-treated specimens, but future works 
could complement it with mechanical invesƟgaƟon. The coupling properƟes (magnetostricƟon, 
Villari effect) have not been studied as well, even if the impact of a mulƟ-phase presence in a 
metallic structure on these properƟes has already been demonstrated to be significant [46]. 

Finally, even if the LMD treatment reduces the electrical conducƟvity and the resulƟng 
frequency effect is less impacƞul, the magneƟc behavior is unfortunately also affected (higher 
coercivity, lower magneƟzaƟon saturaƟon, etc.), and so should be the mechanical properƟes. The 
impact of the porosity level has not been observed nor discussed in this paper, but it will obviously 
modify the overall magneƟc behavior.  

Eventually, as is usually the case for surface treatments, a compromise between magneƟc loss, 
permeability, saturaƟon level, and mechanical properƟes will have to be set regarding the actual 
targeted applicaƟon. This compromise will assess the level of porosity and the thickness of the 
treated layer.  

The dealloyed layer's magnetic properties significantly depend on the microstructure 
(ligament size, composition, porosity rate, etc.), and  LMD provides a way to optimize these 
properties, which consists in another exciting prospect of this work. Controlling LMD 
microstructure orientation could also potentially yield assertive anisotropic magnetic behavior.   
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