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A Ni-Cr alloy powder, designated MB40, with an average size of 30.5 um, was used as a grain boundary
modifier in a recycled neodymium-iron-boron (Nd-Fe-B) matrix to improve the corrosion resistance,
coercivity and other properties of the rare-earth sintered magnet. Nd-Fe-B powder with an average grain
size of 95.1 um was obtained by milling. The effects of doping with different amounts of MB40 (0, 0.5 and 1
wt.%) on the properties of the recycled magnet compared with an initial magnet were investigated. X-Ray
Diffraction analysis revealed the formation of the Fe;Nd;Ni; and NiCrFe phases, after sintering, as well as
the tetragonal phase Nd,Fe,4B matrix phase in the magnet doped with 1 wt.% of MB40. Scanning Electron
Microscopy images coupled with energy-dispersive x-ray spectroscopy demonstrated that in the sample
doped with 1 wt.% MB40, Cr-Ni diffuses into the grain boundaries, thus improving the microstructure of
the magnet. Electrochemical Impedance Spectroscopy and potentiodynamic polarization were employed for
corrosion characterization. The magnet doped with 1wt.% MB40 exhibited the highest corrosion potential
(Ecore = — 696 mV), polarization resistance (Rp=1151.2 Qcm?) and a low corrosion rate (Vo) of
4.34 ym-year! compared to the starting (initial) sample. The optimum characteristics of recycled NdFeB
were obtained by blending milled NdFeB powder with 1 wt.% MB40, achieving the best values for product

energy (BH,,.,), coercivity (Hc) and hardness, respectively 48.03 MGOe, 10.8 KOe and 587 HV.
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1. Introduction

Recycling is an important and necessary practice for
preserving natural resources and reducing electronic waste.
Rare Earth Magnets (REM) like NdFeB (Neodymium-Iron-
Boron) and SmCo (Samarium-Cobalt) (Ref 1, 2), are widely
used in a variety of applications including hard drives, micro-
robotics, biomedical engineering and electric vehicles among
others (Ref 3, 4). They are made from a combination of Rare
Earth Elements (REE), such as Nd, Pr, Dy, and Sm, which are
limited resources and expensive to extract. Recycling therefore
makes it possible to recover these precious metals to reuse them
in the manufacture of new products. This considerably reduces
their demand and limits the environmental impact linked to
their extraction (Ref 5, 6). The growing use of Nd,Fe ;4B
magnets in a wide range of applications, including generators
and electric motors, has led to a reassessment of their
properties, such as corrosion resistance. (Ref 7). Ultimately,
recycling Nd,Fe 4B magnets is an important step towards a
sustainable and eco-friendly future with clean energy (Ref 8-
12).

Zakotnik et al. (Ref 13) recycled Nd,Fe;4B magnet using
electronic waste as raw material (VCM disk drives) while
Weiqgiang et al. (Ref 14) recycled NdFeB magnet by adding
Iwt.% of DyH;. Additionally, Chuewangkam et al., improved
functional properties of cement pastes by introducing hard
magnetic NdFeB powders of into cement mixtures (Ref 15).
Indeed, recycling Nd-Fe-B magnets seems a possible and
interesting approach (Ref 16). However, despite their excep-
tional magnetic properties, NdFeB magnets are susceptible to
corrosion, an undesirable process that alters the magnets’
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magnetic and mechanical properties, reducing their service life
and performance, as well as limiting their field of application. It
is therefore crucial to understand the corrosion mechanisms
affecting NdFeB magnets and to develop appropriate protection
strategies to preserve their structural and magnetic integrity. In
this regard, numerous studies have been conducted to examine
the properties of NdFeB magnets (Ref 17-22).

It is essential to separate the Nd,Fe ;4B grains from each
other to obtain a structure with optimal properties using non-
ferromagnetic layers, generally consisting of the Nd-rich phase.
It forms during liquid-phase sintering as layers between the
grains of Nd,Fe 4B, the thickness of the layers needed for
effective magnetic insulation between the grains does not
exceed a few nanometres. A high amount of the Nd-rich phase
decreases the saturating power of alloys. Therefore, the amount
of Nd-rich phase should be as low as possible i.e. at a minimum
level necessary for effective magnetic insulation between the
grains of the Nd,Fe;4,B hard magnetic phase (Ref 23-26).
Several effective methods to improve corrosion resistance (Rp)
have been developed, and among these alternatives, there is the
development of protective coatings (Ref 27-30). Another
strategy to improve the properties of NdFeB is to modify the
grain boundaries by reconstruction and/or diffusion of other
elements, such as Al, Si, Dy-Pr, Ag, Nd-Al-Cu, La-Al-Cu with
various Al/Cu ratios, Cu-Zn and Dy,0O3 powders, Pr-Tb(Cu,
Al) alloys as well as rare earths like Tb, Ce and La (Ref 31-40).
In this work, we focus on studying the possibility of recycling
NdFeB magnets, to improve their vulnerable corrosion resis-
tance, and trying to keep the same others properties. We add a
Ni-Cr alloy, specifically a commercial powder called MB40, in
various quantities, to improve the corrosion resistance,
microstructure and magnetic properties, compared to a starting
magnet recovered and used as an initial sample.

2. Materials and Methods

The Nd,Fe 4B magnets chosen in this study were recovered
from electronic waste (hard drives); they contain two fragments
of horizontal trapezoidal magnet superimposed and covered
with a layer of anti-oxidation nickel. The average mass of a
magnet contained in a single hard drive is between 3 and 7 g.
The Nickel coating was removed after demagnetization of the
magnet at the Curie temperature (7¢c = 350 °C) for a 60 min
holding time. Liquid nitrogen embrittlement at 77 K is a
process applied to make magnets more brittle for easier
grinding. The Nd,Fe;4B magnet was then ground using a
RETSCH PM 400 planetary mill equipped with two steel jars
and balls. Each jar contains 40 g of material, and the ball-to-
material mass ratio was 10:400. The rotation speed was set at
250 rpm, with a 10 min operation time per cycle and 5 min
pause time per cycle. This process was repeated for a total of 10
cycles, resulting in a total grinding time of 100 min. At the end
of this procedure, a finely ground powder with an average
particle size of 95 um was obtained (Fig. 1a). This powder was
analyzed by SEM and EDX (SI.1 and SI.2), revealing the
presence of 59.67 at.% Fe, 32.59 at.% Nd, 05.35 at.% Pr and
06.53 at.% O.

The Malvern HYDRO 2000MU laser particle size analyzer
was used to determine the particle size distribution by laser
light diffraction. This method relies on the deflection of light
rays when they encounter particles suspended in a dispersing

liquid passing through a laser beam. The degree of deviation
corresponds to the number and size of particles measured. The
device assumes spherical particles with an average radius of
0.05 pum. The powders analyzed are insoluble in distilled water
which was used as a dispersant.

Our samples were doped with two percentages of a
commercial Ni-Cr alloy powder (MB40). The MB40 additions
to waste powders were set between 0 and 1 wt.% of which 90
% of the grains have a size smaller than 77 um (viz., Fig. 1b).
The Nd,Fe 4B powder and MB40 powder were physically
mixed together in a ball mill for 20 min. This operation had two
objectives: to homogenize the powder mixture and to obtain a
finer powder by reducing agglomeration. The SEM micro-
graphs in SI.3 revealed the attainment of a finer granulometry.
The powder mixture was put into a pressing mold and
compacted at a uniaxial pressure of 200 MPa for 65 min under
a magnetic orientation field of 159.15 kA.m™. The compacted
samples obtained are cylindrical in shape, with 1.5 cm in
diameter and 1.5 cm in thickness.

The green compacts were sintered at the ideal temperature in
two stages: an initial homogenization stage at 900 °C for
10 min, followed by a second stage at 1180 °C during 2 h. The
heating rate was 10 °C/min. Two annealing processes were
then carried out at 700 and 500 °C for 2 and 1 h, respectively
(Ref 41, 42), followed by gradual cooling inside the furnace
chamber to room temperature (Ref 43). The sintering and
annealing processes were carried out in a controlled environ-
ment (a vacuum of 0.001 mbar was created inside the furnace
chamber, followed by argon gas injection).

Sample preparation is a crucial step in ensuring accurate and
reliable results. A resin coating has been applied for easy and
efficient sample handling, leaving a bare surface area of 1 cm?.
All samples: initial, undoped (0 wt.% MB40), 0.5 wt.% and 1
wt.% MB40, were cleaned with ethanol before each test,
followed by mechanical polishing with SiC papers (grade 400—
1200) and final polishing with diamond paste (1 um) to obtain
a mirror surface. The tests were carried out under laboratory
conditions (25 £ 1 °C).

The SEM experiment was performed by using an ultra-high
resolution analytical Schottky field emission scanning electron
microscope (FESEM JEOL JSM-7610F Plus) coupled to a
Bruker QUANTAX 200 Energy Dispersive x- ray Spectrometer
(EDS) system. Optimized quality images were obtained under
the following conditions: high vacuum mode (9.6E—5 Pa
chamber pressure) of 15 kV accelerating voltage, 85 pA beam
current, and variable magnification. To identify all phases
formed during the sintering of our MB40 doped magnet, XRD
analysis was carried out with a PIXcelunder X Pert equipped
with Cu-Ko radiation.

An electrochemical study was conducted using a PGZ 301-
Voltalab 40 Potentiostat controlled by a microcomputer (Volta-
master 04 Software). For electrochemical tests, we used open-
circuit potential (OCP), Tafel polarization and EIS measure-
ments. These tests were carried out in an aerated 3.5 wt.%
aqueous NaCl solution, under ambient conditions, at (25 £+ 1)
°C and without stirring. All electrochemical tests were carried
out in a 100 cm® thermostatic glass cell with a standard three-
electrode system containing Nd-Fe-B magnet as working
electrode (10 x 10 mm?), a saturated calomel electrode
(SCE) as reference and Pt-auxiliary electrode. To start the
experiments, the sample was introduced into the cell and
allowed to reach equilibrium, which typically took about
40 min. The OCP experiment was done for 7200 s. Tafel
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Fig. 1 Powder sizes of (a) recycled Nd,Fe 4B after initial grinding for 100 min., and (b) CrNi doping powder (MB40), analyzed by Laser

Granulometry

polarization experiments were performed with a constant scan
rate of 10 mV-min~! within the range [— 1400 to + 300 mV].
Semi-logarithmic plots, i.e. log(i) versus E, are used to
determine both the corrosion potential (E.,,) and corrosion
current (icorr). They were obtained from the plots by using the
extrapolation method. The EIS measurements were performed
to investigate the corrosion mechanism of recycled NdFeB
magnets at a potential amplitude of 10 mV, over a frequency
range [100 kHz to 10 mHz].

Magnetic measurements were conducted with a vibrating
sample magnetometer (VSM) with a sensitivity of 10 emu
(Microsense EZ9 brand). Calibration was carried out at 300 K,
using a 99.99 % pure nickel sample with a standard magne-
tization value of 54.9 emu/g. Vickers Hardness was evaluated
using a Wilson TUKONTM (TM superscript) 1202 micro-
durometer. For each sample (initial, undoped, 0.5 and 1 wt.%
MB40), we carried out four (04) tests and calculated the
average, using a standard charge of 50 kgf with a measured
standard deviation of 8.32 and at a temperature of 25 (1 °C).
Surface preparation was the same as described for electro-
chemical testing, including cleaning and polishing. To ensure
the integrity of the results, the sample was securely fixed during
testing.
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3. Results and Discussion

SEM images of the four samples before electrochemical
experiments are shown in Fig. 2: initial and recycled (undoped,
0.5, and 1 wt.% MB40 additives). We observe a typical grain
distribution, characteristic of a sintered material (Fig. 2a-d).
The dark gray region corresponds to the Nd,Fe;4B matrix
phase (viz., Fig. 3, spectrum 1), while the light region is that of
the Nd-rich intergranular phase (Fig. 3, spectrum 4) (Ref 31), as
confirmed by the EDS analysis. In the case of the initial magnet
(viz., Fig. 2a), the Nd-rich phase tends to aggregate at grain
junctions, leading to a reduction in Nd-rich continuous layers to
fully isolate Nd,Fe 4B grains (Ref 8, 23, 40, 44).

The undoped magnet (viz., Fig. 2b) exhibits the same
structural configuration but with fewer visible defects at the
grain boundaries, compared to the initial magnet. An increase
in the MB40 concentration from 0.5 to 1 wt.% (viz., Fig. 2c, d)
leads to the formation of Nd, Ni, and Cr-rich phase between
adjacent grains. The intergranular phase then becomes more
distinct and elongated, due to the enhanced fluidity of the Nd-
rich phase during the sintering and annealing processes (Ref
23). The inclusion of 1 wt.% MB40 not only enhances the
microstructure of the Nd,Fe ;4B magnet but also alters the
composition of the intergranular phase. A multipoint Energy-
dispersive x-ray spectroscopy analysis (EDS) was performed
and reported in Fig. 3. The overall composition of the Nd-Fe-B
matrix phase remains consistent as depicted in Fig. 3 (spectrum
1). The appearance of an iron agglomeration in the form of a



Fig. 2 SEM back-scattered images of: (a) initial Nd,Fe 4B sample, (b) undoped, (c) 0.5 wt.% MB40 addition, and (d) 1 wt.% MB40 addition

black spot can be attributed to the formation of o-Fe during
sintering, as illustrated in Fig. 3 (spectrum 2). In the grain
boundary regions of the magnet, two distinct regions are
evident: Ni-Cr-Fe (Fig. 3, spectrum 3) and Nd-rich (Fig. 3,
spectrum 4). Ni-Cr-Fe results from the reaction between MB40
additives and Fe during the sintering process. It is evident that
Ni and Cr diffused into the intergranular phase (Fig. 3,
spectrum 3), thereby decreasing the amount and penetration of
Nd in this region.

We observe that the majority Nd,Fe 4B phase corresponds
to the dark gray region. A second phase was revealed (Fig. 3,
spectrum 2), which corresponds to (Nd,Pr),.,FesB4. This
observation is consistent with the coexistence of Nd and Pr in
EDX analysis of Nd,Fe 4B magnets, as Pr consistently appears
with Nd due to their proximity in the periodic table. The
presence of the (Nd, Pr);;,FesB4 phase is therefore estimated in
relation to the presence of Pr, Nd and Fe (SI.2), this phase was
already reported by Givord (Ref 44). Its presence is confirmed
in XRD measurements of the sintered magnet doped with 1
wt.% MB40. As noted, Cr is an alpha genic element that
facilitates the generation of o-Fe, known for its ferromagnetic
properties at low temperatures (950 °C). The multi-material
compound we developed contains 6 elements namely Fe, Nd,
Pr, B, Cr and Ni distributed in 6 phases: Nd,Fe 4B,
(Nd,Pr);4,FesBy, Nd-rich, a-Fe, NiCrFe and Fe;NiyNd;. In
this case, the comparison of the standard potential is not
sufficient to prejudge the electrochemical behavior. Figures 2
and 3 clearly demonstrate the effectiveness of the grinding
method. The presence of Si, N, and C elements in the EDX
analysis spectrums is primarily attributed to contamination.

Among the corrosion control methods, electrochemical
analysis is of great importance for understanding the phe-
nomenon through the information they provide. Their advan-
tage lies in the fact that it is possible to carry out tests in a few
hours. The principle is based on measuring the current (i)
passing through the electrode as a function of the potential (E)
applied.

Figure 4 depicts the OCP progression of Nd,Fe 4B magnets
doped with MB40, in 3.5 wt.% NaCl aqueous solutions, which
changes with the nature of the magnet. This represents the
variation of the corrosion potential, also called abandonment
potential, over time. The shape of the curves shows that the
dissolution mechanisms are identical for the four samples.
However, a slight attack is observed, indicating the formation
of an oxide layer. The curve at 1 wt.% (green line) shows the
destruction of a layer, probably the sesquioxide Cr,Os3,
explaining the cathodic shift (— 560 mV). The starting poten-
tial of the sample doped with 1 wt.% MB40 is equal to
— 415 mV and begins to decrease, reaching a value of
— 555 mV after 13 min. A slower decrease is observed during
17 min to reach a value of — 560 mV. At ¢= 35 min;
E = — 559 mV, an increase in potential is observed. After
110 min, the potential shifts to positive values before stabiliz-
ing at a level ranging from — 490 to — 495 mV for the
remainder of the experiment. On the other hand, the initial,
undoped, and 0.5 wt.% MB40 curves indicate a continuous and
spontaneous dissolution followed by stabilization after 50 min.
At the beginning (t, = 1 s), the potential of the initial sample is
equal to — 689 mV and decreases to stabilize at — 717 mV
after 20 min of immersion. The undoped sample exhibits the
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Fig. 3 BSE-SEM image and EDS spectrum (1, 2, 3 and 4) of
intergranular phase in the 1 wt.% MB40-doped magnet

same process, with a potential starting at — 665 mV and
stabilizing at — 682 mV after 14 min. The 0.5 wt.% doped
magnet starts at — 557 mV and reaches a potential of
— 592 mV after 20 min of immersion. Taking into account
the standard potentials of Nd (— 2.32 V) and Cr (— 0.74 V),
we can conclude that the formation of a protective layer
composed mainly from Nd,O; (without discarding the Cr,O;
which appears on the XRD pattern). Based on the “Potential-
pH” diagram, a pH of 6.7 favors the formation of Nd,O;.
Indeed, oxidation of the Nd-rich phase in NdFeB can be
advantageous, thereby improving corrosion resistance through
the reduction of the marginal Nd-rich layer. Therefore, the
corrosion resistance of the sample increases with Nd,O5; (Ref
7).

Due to the overlap of certain parts of the semi-logarithmic
curves, we chose to separate the plots. The curves clearly show
an active region corresponding to the Nd-rich phase. The
polarization curve allows us to access the current density log(i)
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spatial distribution of Fe, Nd, Ni and Cr across the matrix phase and

and the polarization resistance (R,). We observe a similarity in
the evolution of the current as a function of the potential (E).
The four curves represent three stages: the first one is due to
rapid charge transfer. The second stage is the mixed regime,
and the final stage is the diffusion initiation where the intensity
increases significantly with potential. Figure 5 shows that the
doped samples, (0.5 and 1 wt.% MB40), exhibit lower
corrosion intensities. The doped samples containing 0.5 and 1
wt.% MB40 exhibit more positively shifted E,,,, ranging from
— 734 to — 696 mV, respectively, compared to the initial
sample, which varies between — 782 and — 826 mV. Further-
more, the current i.o,, ranges from 0.25 to 0.2 ,uA.cm_2 for 0.5
and 1 wt.% MBA40, respectively, compared to the initial sample
and the undoped sample, equal respectively to 0.218 and
0.17 mA-cm . All these data are compiled in Table 1, where
we notice that the increase in E,,,, is proportional to the MB40
doping rate, indicating primarily a change in the potential of
grain boundaries.
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Nd,Fe 4B magnet as a function of MB40 contents in 3.5 wt.% NaCl
aqueous solutions

We observe that the anodic branches are parallel, which
characterizes the same mechanism. The increase in current
density is low, a behavior probably associated with the
heterogeneity of the oxide layer formed. Figure 6(a) and (b)
shows the evolution of ioy, Ecom Rp and corrosion rate (Vo)
as a function of Nd-Fe-B samples. Figure 6(a) illustrates the
changes in E.,, and .., with respect to the MB40 doping rate.
The E.o increases from — 826 mV in the undoped sample to
— 696 mV in the 1 wt.% sample as the MB40 content in
NdFeB increases. Simultaneously, i, exhibits a variation,
starting at 0.17 pA-cm 2 for the undoped sample (0 wt.%
MB40), and increases to 0.25 yA-cm 2 when we doped 0.5
wt.% MB40, and subsequently decreasing to 0.2 pA-cm 2
when the doping rate reaches 1 wt.% MB40. Meanwhile, Rp
improves from 938.9 to 1151.2 Q-cm?, respectively, for the
initial sample and the 1 wt.% MB40 sample (Fig. 6b). The
calculations show that the recycled samples have better Rp
values than the initial sample, as well as a corrosion rate which
varies between 4.72 um-year ' for the initial sample and
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Fig. 5 Potentiokinetic polarization curves of: (a) initial sample, (b) undoped sample, (c) 0.5 wt.% MB40, and (d) 1 wt.% MB40 in 3.5 wt.%

NaCl aqueous solution
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Table 1 Electrochemical parameters calculated from the potentiodynamic polarization curves in 3.5 wt.% NaCl aqueous

solution
E oro mV Icorn /,tA.cm'2 Rp, Q.cm? Veorn um-year'1
Initial sample — 782 938.9 4.72
0 wt.% MB40 — 826 929.7 3.69
0.5 wt.% MB40 — 734 826.2 5.43
1 wt.% MB40 — 696 1151.2 4.34
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Fig. 6 The evolution of: (a) Ecory / icorr and (b) Veorr / Rp as a function of Nd,Fe 4B samples

434 ymeyear ' for the 1 wt.% MB40 doped sample. The best
E.oir and Rp values are attributed to the 1 wt.% MB40 doped
sample. The differences observed in Rp and V., among the
initial, undoped, 0.5 and 1 wt.% MB40 can be attributed to the
concentration and reaction rate of Cr, Ni, and C. This presence
reflects the formation of the corrosion product (the Nd,O5 layer

in both initial and undoped samples, and Nd,O3; + Cr,05 in
thel and 0.5 wt.% MB40 sample). Even in very low amounts,
the chromium and carbon contained in NdFeB can have an
influence comparable to that observed in stainless steels,
affecting corrosion resistance through improvement or deteri-
oration. Compared to the electrochemical results reported by
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Popescu et al. (Ref 7) and Wu et al. (Ref 18), our recycled
magnet achieves excellent results with higher Rp and lower
Vcom

The lack of Fe,O3; and Fe(OH); is highlighted by EDS
Spectrum (Fig. 3) and XRD analysis, which shows the
formation of the non-porous Nd,O; layer that makes O,
diffusion difficult. Back-scattered SEM images of the
Nd,Fe 4B doped with 1 wt.% MB40 after electrochemical test
(SI1.4) revealing the formation of the Nd,O5 corrosion layer at
different scales: (a) at 150 X magnification, (b) at 500 X
magnification. We note the absence of microporosities and that
corrosion appears uniformly on the surface of the sample. The
Rp values allow us to claim that our multi-material has a good
corrosion resistance. The micrographs reveal also no pitting
corrosion due to the presence of chloride.

Figure 7 illustrates the EIS plots of imaginary impedance
(Z”) as a function of real impedance (Z”) for each polarization
frequency obtained from NdFeB magnets (initial, undoped,
doped with 0.5, and 1 wt.% MB40). The impedance plots show
capacitive loops, indicating that all the samples have the same
corrosion mechanisms. The diameters of the capacitive loops of
the samples doped with 0.5 and 1wt.% MB40 are larger than
those of the initial and the undoped samples.

It is observed that in the high-frequency region of the
impedance diagram, the capacitive loop is not centered on the
real axis. This allows us to state that the model include a
constant phase element (CPE) which explains the deviation
from pure capacitive behavior. In the high-frequency part, we
have a charge transfer, whereas in the second part, a double
layer is expressed by the reaction (1). So, the negative and
positive charges represent the double layer. The initiation of the
formation of the oxide layer of Nd,Oj5 (reaction (2)) referring to
the calculated Pilling-Bedworth ratio (Rpg) of Nd,O3, which is
equal to 1.12. It provides an additional segment of the diagram,
specifically related to the low-frequency range, illustrating the
diffusion of oxygen through the oxide layer formed. This
phenomenon is correlated with the redox reactions occurring
within the film. The doped samples (0.5 and 1 wt.% MB40)
exhibit identical behavior. The calculated thickness of the oxide
layer formed (Nd,O;) in the 1 wt% MB40 sample is
d = 8.2 um by using Eq 3.

700
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--@-- 0 wt.% MB40
--A-- 0.5 wt.% MB40
600+ Re CPE ¥ 1 wt.% MB40
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S 300+
N
' 200
100 +
0 _ﬂ_‘ T T T T T T T
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Fig. 7 Nyquist diagrams and the proposed equivalent circuit of:
initial sample, undoped Nd,Fe 4B and doped Nd,Fe 4B with 0.5 and
1 wt.% MB40 in 3.5 wt.% NaCl aqueous solutions
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Nd — Nd** + 3e” (Eq 1)

2Nd* 4 3/20, — Nd,03 (Eq 2)

Electrical circuits can be employed to compute kinetic
constants or forecast the progression of impedance diagrams.
The Electrochemical Impedance Spectroscopy (EIS) diagrams
demonstrate frequency dispersion, characterized by capacitance
variation expressed in terms of Constant Phase Element (CPE)
(Ref 21, 26). The equivalent electrical circuit (Fig. 7), modeling
this type of interface, was obtained after fitting the data with the
ZSimpWin program. We selected the sample exhibiting optimal
electrochemical parameters (1 wt.% MB40) for modeling the
equivalent circuit in our study. We adopted the Randles model,
which is the oldest model developed to simultaneously
characterize the various static and dynamic aspects of an
electrochemical cell. Considering the explanations provided
earlier, our proposed model is composed of the following
elements:

— The resistance R, corresponds to the electrolyte resistance.

— The resistance R; corresponds to the charge transfer resis-
tance.

— The capacitor (CPE) which models the electrical double
layer phenomenon at the corrosion product/matrix inter-
face.

— The impedance W is indicative of diffusion under Warburg
boundary conditions. It represents diffusion control and is
incorporated into the circuit in series with the charge trans-
fer resistance (R;) (Ref 45). The diffusion control is mani-
fested as a linear segment at the end of the capacitive arc,
inclined at 45° from the real axis. If o is close to 0.5 then
the CPE is a Warburg impedance.

_ 7 X7 xS

Cp=+-2"" Eq 3
di d (Eq 3)

where:

Cq;: 1s the double layer capacitance,

y: is the Nd,Oj dielectric constant,

Yo: is the vacuum permittivity,

S: is the sample surface,

d: is the thickness of Nd,O; layer.

In this experiment, CPE, W, R, and R; values of the sample
doped with 1 wt.% MB40 are listed in Table 2. Initially, we
have R., from the start of the experiment, the curve starts from
the ohmic drop deduced from the EIS graph at the zero ordinate
(0). Then, by disturbing the system with a pulse, a current is
generated which reflects a transfer of charge. Due to the
disturbance observed on the diagram, the R, value is difficult to
read, so we referred to the Bode diagram. Calculating the CPE
would make it possible to propose an equivalent circuit taking
into consideration the high frequency domain, the resistance of

Table 2 Equivalent circuit model parameters proposed
of the sample doped with 1 wt.% MB40

R., Q.cm® CPEg, Q™ em™%s" R, Qcm? w, Q lem™2

18 1.21E-5 588.9 8.5E-2
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Fig. 8 Bode (impedance and phase shift) plots for: initial sample,
undoped sample, 0.5 wt.% MB40, and 1 wt.% MB40

the electrolyte R, the faradic impedance, including the
resistance to charge transfer, and the double layer capacitance.
The oxide film produced between substrate and electrolyte is
similar to an electrical double layer, which is referred to as a
constant-phase element (CPE) in the equivalent circuit (Fig. 7)
(Ref 45).

The Bode plots i.e. log Z as a function of log frequency
(Fig. 8), show that we are dealing with a single time constant
(o = 0.34) which confirms the Warburg impedance where the
modeling includes only one CPE. It’s clear that impedance and
phase shift values depend not only on frequency, but also on the
MB40 doping rate. At high frequencies, such as 100 kHz,
impedance and phase shift increase from around 133 Q-cm?
with — 14.63° to 144 Q.cm” with — 12.4° after the addition of
1 wt.% MB40 doping. Using Eq 4, the calculated Pilling-
Bedworth ratio (Rpg) is equal to 1.12. This value is comprised
between 1 and 2, so the Nd,O; oxide film acts as a protective
layer on the surface of our substrate.

M oxide X Pmetal

RPB =
n X Mmctal X Poxide

(Eq 4)
where:

e M atomic or molecular mass,

e n: number of atoms of metal per molecule of the oxide,
¢ p: density,
e J: molar volume.

The diffusion and oxidation processes are too complex when
we are dealing with two oxidation layers (Nd,O3 and Cr,03).
However, the only time constant that appears in the Bode curve
is attributed to the dominant Nd,O; layer, as confirmed by
Pilling Bedworth report.

To identify the phase composition of the magnets and clarify
the influence of MB40 on the microstructure, XRD analysis
was performed for the initial Nd,Fe 4B magnet and for the
recycled magnet with 1 wt.% MB40 added, which shows the
highest corrosion resistance compared to the other samples. The
pattern (Fig. 9) shows peaks of the hard magnetic phase
Nd,Fe 4B, as well as those of the ferromagnetic phases
Nd;Fe4B,; and ao-Fe. Compared to the pattern of the initial
NdFeB, 1 wt.% doped sample, shows mainly the peaks of the
hard magnetic Nd,Fe 4B phase, in particular, the characteristic
peak at 20 = 44.5° (Ref 17, 40, 41). Furthermore, intensive
grinding and plastic deformation of the crystalline Nd-Fe-B
alloy produced a nanocrystalline Fe phase coexisting with an
amorphous phase rather than a single amorphous phase. This
was demonstrated previously where the authors showed the
formation of the tetragonal phase Nd,Fe4B according to the
JCPDS N°98-060-2637 and cubic a-Fe phase (JCPDS N°98-
015-9352). Other phases appear due to 1 wt.% MB40 doping
such as the hexagonal Fe;NiyNd; phase (26 = 20°, 30.2°, 47°
and 49°; JCPDS N°98-010-3551), tetragonal Nd,Fe,B4 phase
(35.5°, 37.9° and 40°;, JCPDS N° 00-038-0920) and cubic
NiCrFe phase (44°, 65° and 82°; JCPDS N°00-035-1375) (Ref
40). The corrosion products, Nd,O5; (JCPDS N°98-010-0207)
and Cr,O3 (JCPDS N°98-017-3470), are observed in the XRD
pattern of the recycled magnet doped with 1 wt.% MB40.

Figure 10 shows the XRD pattern of the MB40 doping
powder used as a grain boundary modifier where all peaks of
Cry.12Ni, gg face-centered cubic phase are clearly visible at 20
(44,28°; 51,59°; 75,97°; 92,38° and 97,83°) in agreement with
the JCPDS N°03-065-5559. Additionally, the peaks of the
tetragonal CrFe phase were also observed at 260 (= 36,8°; 39,9°;
42,31°;46,23°;46,9°; 51,76°; 92,56° and 98,12° (JCPDS N°03-
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Fig. 9 XRD measurements of the initial Nd,Fe;4B magnet and the
sintered magnet doped with 1 wt.% MB40
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Fig. 11 The maximum energy product (BH),.x of Nd,Fe 4B
magnets with different MB40 contents: initial, undoped, 0.5 and 1
wt.%)

065-4528). The addition of NiCr confers a strong magnetiza-
tion which persists through the phenomena of magnetic
hysteresis illustrating remanence.

The maximum energy product (BH),.. of Nd,Fe;4B
samples with different MB40 contents (initial, 0, 0.5 and 1
wt.%) is illustrated in Fig. 11. The coercive field (H,),
saturation magnetization (B,), remanence (B;) and energy
product (BH),.x are listed in Table 3. All samples exhibit
magnetic behavior characteristic of hard materials. We ob-

Table 3 Magnetic properties of the experimental Nd-Fe-
B samples

Bs, T B,T Hc,kOe (BH)pax, MGOe
Initial sample 2.12 1.08 9.8 46.34
0 wt.% MB40 1.93 0.99 8.19 44.97
0.5 wt.% MB40 2.26 1.17 10.5 46.82
1 wt.% MB40 2.58 1.32 10.8 48.03
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served that Bg decreases from the initial sample to the undoped
sample (0 wt.% MB40) from 2.12 to 1.93 T, respectively.
However, samples doped with 0.5 and 1 wt.% MB40 showed
an increase in magnetization, respectively, from 2.26 to 2.58 T.
The parameter B, follows a similar trend, decreasing from 1.08
to 0.99 T respectively for the initial sample and the undoped
sample, while the 0.5 and 1 wt.% MB40 samples showed an
increased remanence equal to 1.17 and 1.32 T, respectively.
Magnetic measurements also indicated variations in coercivity
(Hc) with values 0f 9.8, 8.19, 10.5, and 10.8 kOe for the initial
sample, 0, 0.5, and 1 wt.% of MB40, respectively. An improved
energy product (BH),.x is observed for the sample doped with
0.5 and 1 wt.% MB40, equal to 46.82 and 48.03 MGOe,
respectively. However, the undoped sample shows slightly
lower energy production, equal to 44.97 MGOe, compared with
the initial sample at 46.34 MGOe. Therefore, doping MB40 can
enhance the hard magnetic properties of recycled NdFeB
magnets.

Hardness values for initial and recycled NdFeB samples are
shown in Fig. 12. We observed a slight increase in hardness for
0.5 and 1 wt.% MBA40. For the initial and the undoped samples,
the average value varies between 565.2 and 553.7 HV, resp.,
while 0.5 and 1 wt.% MB40 have slightly higher values of
587.3 and 587 HV, respectively. NdFeB magnets exhibit
fracture behavior characterized by intergranular cracking.
Fractures initiate and propagate mainly along the brittle
boundaries of Nd,Fe 4B grains. This brittle fracture mode is
typically observed in NdFeB magnetic materials. Within two-
phase NdFeB magnets, the Nd,Fe 4B matrix phase demon-
strates greater strength and brittleness compared to the Nd-rich
phase (Ref 34). Thus, a proportional relationship between the
MB40 doping rate and the hardness of our recycled rare-earth
magnets was observed. This is attributable to the modification
of the intergranular phase by promoting the diffusion of MB40
and decreasing the infiltration rate of Nd in this region, as well
as the formation of new phases such as NiCrFe and Fe;NiyNd;
alongside the hard Nd,Fe 4B phase and the Nd;Fe B, phase.
This gives our recycled, MB40 doped magnet a higher hardness
than the starting (initial) sample.

800
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G 600 |- 565.2 553.7
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>
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»
© 400 |
c
B
©
I
§
§ 200
>
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Initial Owt.% MB40  0.5wt.% MB40 1 wt.% MB40
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Fig. 12 Hardness measurements of Nd,Fe;4sB magnets: initial
sample, undoped, 0.5 and 1wt.% MB40 with corresponding standard
deviations



4. Conclusion

In this work, we focused on adding MB40 powder to the
intergranular phase of sintered Nd,Fe;4,B magnets. This
resulted in exceptional magnetic and structural characteristics,
as well as excellent corrosion resistance. This improvement is
attributable to the increase in the electrochemical potential of
the intergranular phase. The addition of 0.5 and 1 wt.% MB40
to the Nd,Fe 4B matrix has a favorable effect on electrochem-
ical behavior, in particular, NdFeB phase potential and Nd-rich
grain boundaries. The sample, doped with 1 wt.% MB40,
exhibits higher polarization resistance and a lower corrosion
rate than the initial sample during the corrosion process in NaCl
aqueous solutions. This was due to the formation of the Nd,O3,
known as the corrosion product of the Nd-rich phase on the
doped magnet surface. XRD analysis confirmed the formation
of specific phases such as NiCrFe, Fe;Nd;Niy and Nd,0;
which optimize the electrochemical and magnetic properties,
homogeneity and hardness of the microstructure. Using Ni-Cr
alloy (MB40) to modify grain boundaries represents a promis-
ing approach to forming Nd,Fe 4B magnets that effectively
resist corrosion and produce more efficient magnetic energy
(remanence and coercivity), while reducing the amount of
expensive rare earths. More importantly, this change also helps
protect the environment by promoting the recycling of elec-
tronic waste, including hard drives. This is an ambitious step
towards a more sustainable and environmentally friendly
magnet industry.
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