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Abstract

Polymer-bonded Nd-Fe-B and Sm-Fe-N magnets have excellent magnetic properties, but
their corrosion resistance is inferior. Polymer-bonded magnets, the binary alloys Nd-
Fe and Sm-Fe, and the metals Fe, Nd, and Sm were investigated in electrolytes with a
pH range of 1.8 to 12.8. Potentiodynamic polarisation measurements showed that these
materials corrode in acidic (H,SO4) and near-neutral (Na;SO4 and NaCl) electrolytes.
Iron passivates at pH > 9, but Nd and Sm passivate only in strongly alkaline electrolytes
(pH > 12). The alloys and magnets combine the characteristics of the individual metals.
Scanning electron microscopy with energy-dispersive X-ray spectroscopy characterised
the surface layers before and after electrochemical measurements. The speciation and the
depth distribution of elements in the surface layers were analysed using X-ray photoelec-
tron spectroscopy. In the HySO4, a non-protective layer was formed. In NaCl, the cor-
rosion products were more abundant, consisting of a mixture of oxides, hydroxides, and
chlorides, while in NaOH, an oxide/hydroxide layer was formed. The corrosion product
layers formed in the H,SO, and NaCl electrolytes were significantly thicker for the Sm-Fe—
N magnet than for the Nd-Fe-B magnet. Understanding the differences and similarities in
the electrochemical behaviour of magnets in various electrolytes is essential to overcoming
corrosion-related problems.

Keywords: Nd-Fe; Sm-Fe; Nd-Fe-B; Sm-Fe-N; polymer-bonded magnets; corrosion;
potentiodynamic curves; XPS; SEM/EDS

1. Introduction

Iron is integral to the most important permanent magnets based on intermetal-
lic compounds of rare-earth elements, such as neodymium-iron-boron (Nd-Fe-B) and
samarium—iron-nitrogen (Sm-Fe-N) magnets [1,2]. These magnets are essential compo-
nents in many electromechanical devices (including magnetic suspension trains, door
locks), as well as in electric and electronic devices (including head actuators for computer
hard discs, loudspeakers, headphones, electric motors, electric generators for wind tur-
bines, magnetic resonance imaging scanners, mobile phones, sensors, etc.). There are two
principal manufacturing methods: the sintered magnet process and the bonded magnet
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process [3,4]. Sintered magnets are manufactured using the conventional powder metal-
lurgy route: alloying, milling, pressing, and sintering [3]. The bonded magnets can be
produced by either compression or injection moulding [4]. Bonded magnets are advanta-
geous for their ability to create intricate shapes, good corrosion resistance, and suitability
for large-scale production. However, they generally have lower magnetic strength com-
pared to sintered magnets.

The Sm—-Fe-N magnet has been proven to be a promising alternative to Nd-Fe—B mag-
nets, offering intrinsic magnetic properties that are superior (in terms of Curie temperature
and uniaxial anisotropy) or comparable (in terms of spontaneous magnetisation) to those
of its famous predecessor. However, Sm—Fe-N magnets cannot challenge NdFe 4B be-
cause they are unstable at the high temperatures required to process dense sintered mag-
nets. Sm—Fe-N magnetic powders are produced similarly to Nd-Fe-B magnetic powders,
except that nitrogen is introduced by heat treatment of rapidly quenched Sm-Fe flakes in
a nitrogen atmosphere. Since Sm—Fe-N bulk magnets cannot be produced by the sintering
or hot pressing of Sm—Fe-N powder due to its instability above 500 °C, the Sm—Fe-N pow-
ders are synthesised using the reduction diffusion method. First, SmCls;, Fe, Ca, and CaH,
are mixed and calcined at 760-860 °C to form Sm-Fe alloy; then, after chemical separation,
the Sm-Fe alloy is chalked and nitrided to form the Sm-Fe-N powders [3]. The powders
are used in either injection-moulded or compression-moulded- magnets. Compression
moulding uses a solid binder and high pressure to compact magnetic powder into a de-
sired shape, resulting in higher magnetic strength but limited to simpler geometries. Injec-
tion moulding, on the other hand, mixes magnetic powder with a polymer binder, melts
it, and injects it into a mould, allowing for more complex shapes but typically with lower
magnetic strength [5]. While Sm—Fe-N magnets offer high magnetic performance, specific
applications require materials with greater thermal stability. In such cases, Sm—-Co mag-
nets represent a great alternative since they have excellent high-temperature performance
and good corrosion resistance. However, the main disadvantages are higher material costs
and greater brittleness. The basic process steps for the Sm—Co-based magnets consist of al-
loy preparation, powder production, particle alignment and pressing, sintering and heat
treatment, machining, and finally magnetising [3].

Magnetic materials in automotive and other industries are subjected to harsh environ-
ments, including aggressive aqueous and non-aqueous media, as well as changing tem-
peratures and pressures. The corrosion resistance of Nd-Fe-B and Sm—Fe-N magnets is
generally poor in most environments, and corrosion degradation may compromise their
functional performance. The degradation of rare-earth magnets is related to the alloy com-
position, microstructure, and the environment to which the material is exposed. Their poor
corrosion resistance originates from the multiple-phase morphologies [6,7]. According to
the literature [8-11], Nd-Fe-B sintered magnets are microstructurally composed of three
phases: the ferromagnetic matrix phase ® (Nd,Fej4B), the B-rich phase n (Ndj.+cFesBy),
and the paramagnetic intergranular Nd-rich phase n (Nd4Fe). The matrix phase is the
most significant and occupies most of the magnet’s volume. It is surrounded by the Nd-
rich phase, which is distributed along the grain boundary region. The Nd-rich phase is the
most electrochemically active and thus governs the corrosion process of Nd—Fe-B sintered
magnets. A small amount of the granular B-rich phase disperses randomly inside the Nd-
rich phase. Large differences in corrosion potentials exist between the matrix and Nd-rich
phases, leading to galvanic coupling [12]. Under electrochemical conditions, the Nd-rich
phase is anodic (less noble) against the matrix phase, leading to the corrosion attack at
the intergranular region of the matrix phase grains [13-17]. Furthermore, the volumes of
the less noble Nd-rich and B-rich phases are significantly smaller than that of the more
noble matrix phase, thereby accelerating the corrosion rate [15]. Hence, the preferential
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dissolution, i.e., corrosion of the Nd- and B-phases, causes the separation of the Nd,Fe;4B
grains, which leads to the deterioration of the magnetic properties of Nd-Fe-B sintered
magnets [15,18,19].

Despite a great need for rare-earth magnets due to the development of green technolo-
gies, their corrosion behaviour has not been sufficiently studied. The majority of funda-
mental studies date back more than a decade [12-19], with only a few recent studies [20].
The corrosion of Nd-Fe-B sintered magnets has been recently reviewed, including fun-
damental studies as well as those regarding contemporary modifications in magnet pro-
duction and their potential impact on corrosion resistance [11]. Understanding the elec-
trochemical and corrosion properties of magnets is crucial for developing effective cor-
rosion protection and thereby prolonging their smooth operation in numerous industrial
applications. Compared to Nd-Fe-B, the corrosion studies on Sm-Fe-N are even more
scarce [21-23]. The current status is that the corrosion behaviour of Sm-Fe-N magnets or
magnetic powders is underexplored, especially for polymer-bonded magnets. Therefore,
our research focused on magnets produced by injecting a mixture of magnetic powder (Nd-
Fe-B or Sm-Fe-N) and high-performance polyphenylene sulphide (PPS) polymer into the
mould. Due to its high thermal stability and resistance to degradation, PPS is used to man-
ufacture rotors and sensors for automobiles. It can degrade under certain conditions, but
not under the conditions to which the samples were exposed during the research in our
work. For comparative analysis of magnets, we used metals Fe, Nd, and Sm, as well as
binary alloys Nd-Fe and Sm-Fe, specifically manufactured for this task. Hence, this study
examined the electrochemical behaviour and corrosion resistance of two magnetic materi-
als, from individual metal components to more complex systems (binary alloys and mag-
nets). Electrochemical measurements were conducted in various electrolytes, spanning a
wide pH range, and complemented by surface analysis.

2. Materials and Methods
2.1. Materials, Sample Preparation, and Chemicals

Metals, alloys, and magnets, in the form of discs or plates, were used as substrates.
Of the metals, iron (Goodfellow Cambridge Ltd.,, Huntingdon, UK, purity > 99.8%),
neodymium (Alfa Aesar, Ward Hill, MA, USA, purity 99.5%), and samarium (Alfa Ae-
sar, Ward Hill, MA, USA, purity 99.5%) were used. The Nd-Fe alloy was made by melt
spinning by the group of Prof. Daniel Crespo at the Polytechnic University of Catalonia,
Spain. The Sm-Fe alloy was purchased from the NingDe XingYu Technology Co., Ltd.,
Ningde City, Fujian, China. The polymer-bonded Nd-Fe-B and Sm-Fe-N magnets were
produced by Kolektor d.d., Slovenia, using an injection-moulding process. The magnetic
powder in these magnets was 400 um (40 mesh) in size. The magnets contained a poly-
mer binder, polyphenylene sulphide (PPS), at a volume fraction of 40%. To eliminate the
additional influence of the magnetic field, the magnetic materials used in this study were
not magnetised.

The surface preparation for microstructural, chemical, and electrochemical analy-
ses included water-grinding the samples using P320- to P4000-grit SiC papers (Struers,
Ballerup, Denmark). After grinding, the samples were rinsed with Milli-Q water, cleaned
with absolute ethanol (>99.9%, Carlo Erba Reagents, Cornaredo, Milan, Italy) in an ultra-
sonic bath for 2 min, rinsed again with Milli-Q water, and dried under an air stream.

Six electrolytes with different pH values were used: 0.01 M H,SO4 (pH = 1.8),
0.1 M NaCl (pH =5.6), 0.001 M NaySO4 (pH = 6.6), borate buffer (pH =9.3), 0.0001 M NaOH
(pH =9.9), and 0.1 M NaOH (pH = 12.8). The electrolytes were prepared from analytical
grade reagents: HySOy (Carlo Erba Reagents, purity 96%), NaCl (Fisher Chemical, Pitts-
burgh, PA, USA, purity > 99.5%), NaySO4 (Acros organics, Geel, Belgium, purity > 99.0%),
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borate buffer (NaOH (Labochem International, Athens, Greece, p.A.) and Na;B4O7-10H,O
(Honeywell Fluka, Charlotte, NC, USA, purity > 99.0%), and NaOH (Labochem Interna-
tional, p.A.). The pH values of the electrolytes were measured using a pH meter 827 pH
Lab (Metrohm AG, Herisau, Switzerland), equipped with a Metrohm Unitrode® electrode
(Pt1000, ¢(KCl) =3 M).

The water used for rinsing the samples and preparing the electrolytes was supplied
by a Milli-Q® Direct Water Purification System (Merck Millipore, Billerica, MA, USA), with
a water resistivity of >18.2 MQ)-cm at 25 °C.

2.2. Electrochemical Measurements

The electrochemical and corrosion properties of the materials were investigated by
recording potentiodynamic polarisation (PDP) curves, carried out using a Multi Auto-
lab/M204 potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands), coupled
to a computer and controlled by Nova 2.1.4 software (Metrohm Autolab, Utrecht, The
Netherlands). All electrochemical measurements were performed at room temperature
in a custom-made three-electrode cell with a volume of 250 mL. The sample was posi-
tioned at the side of the cell and pressed against a rubber band. The contact on the other
side was via a copper wire. A graphite rod was used as the counter electrode and an
Ag/AgClsat. ka-agal (Eagiagar = 0.197 V vs. standard hydrogen electrode) as the reference
electrode. All potentials in this article are given with respect to the Ag/AgCl electrode.

Before the PDP measurements, the open circuit potential (OCP) was monitored for
1 h. The curves were recorded from —0.25 V to OCP up to different potentials, depending
on the investigated material (the minimum value was 0.8 V, and the maximum value was
3 V). The scan rate was 1 mV/s. All measurements were repeated at least three times to
ensure reproducibility, and representative PDP curves are presented. Electrochemical pa-
rameters, i.e., the corrosion current density (jorr) and the corrosion potential (Ecorr), were
determined by the Tafel extrapolation method using Nova 2.1.4 software. The assessment
was conducted according to the rule, which specifies that the linear Tafel region should
span at least one order of magnitude in current density and preferably two decades for
more accurate extrapolation [24]. When that was not possible, the jcorr was determined as
the intersection between the line connecting the linear part of the cathodic curve and the
line passing through the corrosion potential. The primary passivation potential (Epp) refers
to the beginning of the passive range, while the breakdown potential (Ey,) represents the
potential at which the current density abruptly increases, denoting the end of the passive
range. The AEpass is defined as the range between the primary passivation potential (Epp)
and the breakdown potential (Ey,).

2.3. Microstructural and Chemical Characterisation

X-ray diffraction (XRD) was used for crystallographic analysis of the Nd-Fe and Sm—
Fe alloys, as well as the Nd-Fe-B and Sm-Fe-N magnets, and to determine their phase com-
position. Experiments were performed on an X'Pert PRO MPD diffractometer (Malvern
Panalytical B.V., Almelo, The Netherlands) using Cu Kl radiation with a wavelength of
1.5406 A. The recorded diffraction angle range was between 15° and 90° (26), with a step
size of 0.033° (26) and a step time of 400 s/step. The diffractograms were analysed using
High Score Plus 4.9 software (Malvern Panalytical B.V., The Netherlands).

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDS)
analysis were used to obtain information on the composition and topography of the Nd-
Fe and Sm-Fe alloys, as well as Nd-Fe-B and Sm—-Fe-N magnets. A Jeol JSM-7600F, JEOL
Ltd., Tokyo, Japan, scanning electron microscope, equipped with an INCA Oxford 350
(SDD 20 mm?) EDX spectrometer (Oxford Instruments plc, Abingdon, UK), was used. The
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SEM images were recorded in COMPO mode (backscattered electron imaging). The EDS
analysis was performed in the point mode at several spots on the sample using a voltage
of 15 kV. The composition is expressed as atomic percentages (at. %) as the average of sev-
eral measurements taken at each characteristic spot. In EDS, detection limits are typically
considered to be >1% for low atomic number elements (F to Be) and >0.1% (1000 ppm)
for higher atomic number elements. With standardless semi-quantitative EDS, which is
most commonly used, relative errors may range from £2% to £5% for major components.
Accordingly, the concentrations were rounded to 1 at. %. Before the SEM/EDS analysis,
the Nd-Fe and Sm-Fe alloys were prepared by etching for 5 min with 3% Nital (a mixture
of nitric acid and ethanol), whereas the Nd-Fe-B and Sm-Fe-N magnets were prepared
by grinding.

X-ray photoelectron spectroscopy (XPS) was used to analyse the surface chemistry
and determine the elemental composition of the polymer-bonded Nd-Fe-B and Sm-Fe-N
magnets. The XPS analysis was conducted using a PHI-TFA XPS spectrometer (Physical
Electronics, Inc. (PHI), Chanhassen, MN, USA). The analysed area of the samples was
400 pm, and the analysed depth was about 2-3 nm. The XPS spectrometer was operated at
an energy resolution of 0.6 eV, measured on the Ag 3ds/, peak. The sensitivity of the XPS
method was about 0.5 at. %. The sample surface was excited by X-ray radiation provided
by a monochromatic Al K« source with a photon energy of 1486.6 eV. The survey spectra
were taken in the binding energy range from 1200 eV to 0 eV, with an analyser pass energy
of 187 eV. The obtained XPS spectra were analysed using MultiPak 9.9 software (Physical
Electronics, Inc. (PHI), Chanhassen, MN, USA). The atomic concentration of an element in
the sample, C,, was calculated using Equation (1)

_ Ny _ I /Sy
rn  YIL/S;’

where I, is the number of photoelectrons per second for the spectral peak corresponding

Cy (1)

to element x, and Sy is its atomic sensitivity factor; and I; and S; represent the number of
photoelectrons per second and atomic sensitivity factor, respectively, for all other elements
i present in the sample. The peak area sensitivity factors were provided by MultiPak soft-
ware. The high-resolution spectra were taken with an analyser pass energy of 58 eV. The
binding energy positions were aligned relative to the C 1s peak at 284.8 eV, characteristic of
the C-C/C-H bond in adventitious surface carbon contamination. The spectra were fitted
with Gauss-Lorentz functions, and the Shirley function was used for the background re-
moval. The binding energies of elements for different oxidation states were taken from the
binding energy tables in the reference [25]. Additionally, argon ion etching was performed
at a sputtering rate of 1.0 nm/min, as determined by a standard of known thickness. This
provided information on the elemental depth distribution within the surface layer. We did
not attempt to determine the exact oxide layer thickness based on the depth profile due to
the high concentration of the organic phase, which could affect the results. Instead, the
thickness of the oxide surface layer (either the passive film or the layer of corrosion prod-
ucts) was estimated from the obtained depth profile at the intersection of the O 1s and Fe 2p
curves, considering the sputtering rate determined regarding the reference standard.

For the Nd-Fe-B and Sm-Fe-N magnets, SEM/EDS and XPS analyses were also per-
formed after the potentiodynamic polarisation measurements up to 0.4 V in 0.01 M H,SOy,
0.1 M NaCl, and 0.1 M NaOH electrolytes. After the measurements, the samples were
dried under an air stream.
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3. Results and Discussion
3.1. Microstructural Characterisation

X-ray diffraction was used to investigate the crystal structure and identify the crys-
talline phases in the alloys and magnets. The recorded diffractograms indicated poor crys-
tallinity in all samples. The comparison for all four materials is presented in Figure 1,
while the individual XRD spectra with more detailed notions are presented in Figure S1.
For the Nd-Fe alloy, the possible phases were Fe (ICDD 04-014-0171) and NdFe (ICDD
04-003-3013) in a ratio of 37.3:62.7. An additional phase was likely present but could not
be identified. According to the Rietveld analysis, the lattice parameter of the Fe phase was
a=2.868 A (cubic Im3m space group), while the lattice parameters of the NdFe phase were
1=8.595 A and ¢ =12.490 A (trigonal R3m space group). The XRD analysis of the Nd—Fe-B
magnet was not meaningful due to the low intensity of the peaks, which indicated poor
crystallinity. However, the comparison with the Nd-Fe alloy showed that the peaks were
similar in position but lower in intensity. The peaks for the Fe phase (marked with aster-
isks in Figure 1) practically disappeared in the Nd-Fe-B magnet. For the Sm-Fe alloy, the
possible phases were SmTiFe;; and traces of Fe (or their isostructural analogues) in a ratio
0f 96.2:3.8. According to the Rietveld analysis, the lattice parameters of the SmTiFe; phase
were 1=8.373 A and c=4.786 A (tetragonal I4/mmm space group) and the lattice parameter
of the Fe phase was a = 2.872 A (cubic Im3m space group). As for the Nd-Fe alloy, some
other phases were possible in the Sm—Fe alloy, although they could not be identified. The
Sm-Fe-N magnet differed in the position of its peaks compared to the Sm-Fe alloy, which
may indicate a phase change. A possible phase was SmMoFeC (ICDD 04-017-5502) (or
its isostructural analogue), and the lattice parameters, according to the Rietveld analysis,
were a="5.011 A and ¢ =4.217 A (hexagonal P6/mmm space group).

720
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Figure 1. XRD diffractograms of the Nd-Fe and Sm-Fe alloys, and the Nd-Fe-B and Sm-Fe-N
polymer-bonded magnets. On the graph, only peaks for the Fe phase are denoted. For details, please
refer to the Supplementary Material (Figure S1).
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The SEM images of the Nd-Fe and Sm-Fe alloys are presented in Figure 2a,b, along
with the corresponding EDS analysis in Table 1. Both alloys had three phases (white, grey,
and black). According to the EDS analysis, the Nd-Fe alloy consisted of a black phase
of pure Fe (spectrum 1) and two NdFe phases (white and grey areas) with a higher iron
content than neodymium. The grey phase (spectrum 2) contained almost 90 at. % Fe, while
the white phase (spectrum 3) included 70 at. % Fe and 30 at. % Nd. Similarly, the Sm-Fe
alloy contained two SmFe phases (grey and white areas, spectra 5 and 6) with a higher
iron content than samarium and one phase with almost pure Fe (black areas, spectrum 4).
Carbon in the Sm-Fe alloy is regarded as an impurity from the material production. Data
obtained from the EDS analysis are consistent with the XRD results and confirm that the
Nd-Fe and Sm-Fe alloys consist of a pure Fe phase and another phase (or more of them),
which are identified as NdFe and SmFe, respectively.

R \'
) Spectrum 4 g

»

Spectrum F:& ay

~ Spectrum 6

Figure 2. SEM images of (a) Nd-Fe and (b) Sm—Fe alloys, and (¢) Nd-Fe-B and (d) Sm-Fe-N polymer-
bonded magnets recorded in COMPO mode. The Nd-Fe and Sm-Fe alloys were prepared by etching
for 5 min with 3% Nital (a mixture of nitric acid and ethanol), whereas the Nd-Fe-B and Sm-Fe—
N magnets were prepared by grinding. The results of the EDS analyses at enumerated sites are
presented in Table 1.

The SEM/EDS analyses of the Nd-Fe-B and Sm—Fe-N polymer-bonded magnets are
shown in Figure 2¢,d and Table 1, respectively. In the SEM images, the magnetic pow-
der is white, while the PPS polymer is black. The Nd—Fe-B magnetic powder (spectrum 7)
mainly consisted of Fe and Nd, with small amounts of cobalt (Co) added during production
to enhance its properties [26]. Boron cannot be detected under the conditions of the EDS
analysis performed (15 kV). Some areas of the magnetic powder had oxidised (spectrum
8), likely due to the inaccessibility of certain regions (edges or holes in the powder) dur-
ing grinding, which resulted in a higher oxygen content due to oxidation in the air. The
PPS polymer (spectrum 9) consists mainly of carbon (C) and sulphur (5). The Sm-Fe-N
magnetic powder contained Fe, Sm, N, and Co (spectrum 10) (Figure 2d). Similarly to the
Nd-Fe-B magnet, some areas of the magnetic powder had oxidised (spectrum 11), mainly
in the parts where the magnetic powder was crushed during grinding or production. The
PPS polymer is composed of C and S (spectrum 12, Table 1).
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Table 1. EDS analyses of the Nd-Fe (Figure 2a) and Sm-Fe (Figure 2b) alloys, and the Nd—Fe-B
(Figure 2c) and Sm-Fe-N (Figure 2d) polymer-bonded magnets. The values given represent the
averages of several measurements taken at each characteristic spot.

Element Composition (at. %)
Nd-Fe alloy
Spectrum 1 Spectrum 2 Spectrum 3
Fe 100 90 71
Nd - 10 29
Sm-Fe alloy
Spectrum 4 Spectrum 5 Spectrum 6
Fe 86 75 61
Sm - 9 21
C 14 16 18
Nd-Fe-B magnet
Spectrum 7 Spectrum 8 Spectrum 9
Fe 67 50 1
Nd 10 8 <0.5
Co 6 4 -
C 17 23 86
S — <1 13
O - 14 -
Sm-Fe-N magnet
Spectrum 10 Spectrum 11 Spectrum 12
Fe 63 56 <1
Sm 7 7 -
N 16 11 -
Co 4 - -
C 10 14 86
S - - 13
@) - 12 <0.5

The deconvoluted high-resolution XPS spectra recorded at the surface of the Nd-
Fe-B magnet (reference sample) are shown in Figure S2 and will be discussed later.
Herein, the depth profile of the Nd—Fe-B magnet, obtained by Ar* sputtering, is presented
in Figure 3a. Carbon dominated at the surface, accounting for over 50 at. % due to the pres-
ence of adventitious C, but also the PPS polymer. The surface concentration of oxygen was
also high, over 30 at. %, followed by Fe and other elements present in smaller concentra-
tions. During sputtering, the C concentration reached a minimum of approximately 1 nm
but then increased to ~50 at. % and remained constant, indicating the carbon content in
the polymer matrix of the magnet bulk. The Fe content progressively increased, while that
of oxygen decreased with the sputtering time, indicating the progressive removal of the
surface oxide layer. The Nd content reached a maximum concentration of approximately
10 at. % around 2 nm and then decreased slightly within the magnet bulk. The S con-
centration, associated with the PPS polymer, was constant from the surface to the bulk,
accounting for /5 at. %. The estimated thickness of the air-formed film from the depth
profile was around 2 nm.

The deconvoluted high-resolution XPS spectra of the Sm-Fe-N magnet (reference
sample) are shown in Figure S3 and will be discussed later. The depth profile obtained
by ion sputtering is presented in Figure 3b. Similarly to the Nd-Fe-B magnet (Figure 3a),
C and O dominated the surface concentration, followed by Fe, Sm, and other elements. All
elements followed a similar trend to that observed for the Nd—Fe-B magnet. The thickness
of the air-formed layer estimated from the depth profile is less than 2 nanometres.
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Figure 3. XPS depth profiles of (a) Nd—Fe-B and (b) Sm—Fe-N polymer-bonded magnets (reference
samples). The sputtering rate was 1.0 nm/min.

3.2. Electrochemical Behaviour and Surface Analysis of the Nd—Fe—B
3.2.1. Potentiodynamic Polarisation Measurements for Nd-Fe-B

The electrochemical behaviour of Fe and Nd metals, Nd-Fe alloy, and a polymer-
bonded Nd-Fe-B magnet was examined by PDP measurements in six electrolytes at pH
values ranging from 1.8 to 12.8 at room temperature (Figure 4). These electrolytes were
chosen to cover a wide pH range, as bonded magnets have diverse uses and may come
into contact with various ions (chloride, sulphate, hydroxyl) during transport, storage
or application.

Iron corrodes in acidic (dilute H,SO,4) and near-neutral (Na;SO,; and NaCl) elec-
trolytes. As the electrolyte pH increased, the current densities decreased. The Ecorr values
were between —0.6 V and —0.5 V. The electrochemical response of Fe in sulphuric acid is
dependent on the acid concentration, which is caused by different corrosion mechanisms
in concentrated and dilute solutions [27,28]. In concentrated sulphuric acid (0.5 M), iron
passivates due to the formation of FeO and Fe3O,, which are formed only in the presence
of water [29]. However, in dilute sulphuric acid, which is the case in this study, the forma-
tion of oxide and sulphate films does not ensure the passivation, and iron corrodes [30],
as evidenced by the shape of the anodic part of the PDP curve (Figure 4). The anodic
reaction is the iron dissolution with the formation of ferrous ions (Equation (2)). The
cathodic reaction is the reduction of water molecules with the production of hydrogen
gas (Equation (3)):

Fe — Fe?" +2e", )

2H,0+2e~ — Hp +20H". )

Due to the presence of SO4%~ ions in the solution, the formation of FeSOy is likely to
occur; however, it is not protective, as no active—passive transition was observed (Figure 4).
When iron is exposed to NaCl electrolyte, the corrosion mechanism is somewhat dif-
ferent. It has been reported [31] that the anodic reaction involves the dissolution of iron
into ferrous ions (Equation (2)), followed by further oxidation to ferric ions (Equation (4)):

Fe?* > Fe* +e. (4)

The cathodic reaction for iron in an aerated near-neutral solution corresponds to the
reduction of oxygen (Equation (5)):

0O, +2H,0O +4e™ — 40H™. (5)
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Under these conditions, an oxide film is formed on the iron surface. It has been con-
firmed that iron can develop up to nine iron oxide phases on its surface [32]. One of the
possible oxide phases that might form under these conditions is ferrous hydroxide.

2 2
0.01 M H,SO,

0.1 M NaCl

Fe
Nd-Fe-B

Nd

Evs Ag/AgCI v
=
T

Evs Ag/AgCI v
=
T
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Figure 4. Potentiodynamic polarisation curves of the Fe, Nd, Nd-Fe, and Nd-Fe-B materials in dif-
ferent electrolytes. The representative PDP curves from several repeated measurements conducted
under identical conditions are shown. The samples were stabilised for one hour at OCP before the
measurements. dE/df =1 mV/s, room temperature.

Fe(OH); (Equation (6)), which can be easily oxidised by oxygen dissolved in the solu-
tion to form ferric hydroxide, Fe(OH)3 (Equation (7)). Eventually, a hydrated ferric oxide,
Fe;O3-HyO, forms—and possibly Fe3O4 [33]:

Fe + 1/202 +H,0 — FE(OH)z, (6)

2Fe(OH), + 1/20, + HyO — 2Fe(OH);. @)

The formed oxide film temporarily protects the iron against further corrosion. How-
ever, this film is porous, non-homogeneous, and loose, causing it to dissolve under the
attack of chloride ions in the solution and at increased anodic potentials [34]. This leads to
the continuous dissolution of iron, which can be described by Equations (8)-(11) [35,36]:

Fe(s) + 2C1 7 (aq) = FeCly(s) +2e7, (8)

FeCl,(s) = FeCl,(interface) — FeCly(aq), 9)
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FeCly(s) + Cl~(aq) = FeCls(s) + e, (10)
FeCl3(s) = FeClz(interface) — FeClz(aq). (11)

According to these reactions, a porous mixed film of ferrous chloride, FeCl,, and ferric
chloride, FeCls, is formed on the iron surface due to the precipitation of FeCl, and FeCls.
The interface concentrations of FeCl, and FeClj are at saturation, while the bulk concentra-
tions (aq) of FeCl, and FeCl; are zero. Due to concentration gradients and applied poten-
tial, the FeCl, and FeCl; species diffuse from the interface into the bulk solution, leading
to both uniform and pitting corrosion of iron [35,36].

At pH 6.6 (NaySOy electrolyte), iron also corrodes following Equation (2) [37]. The
cathodic process is represented by Equation (5). Compared to measurements in lower pH,
the current densities were smaller, while the E.r was similar.

Under alkaline conditions (borate buffer and NaOH), iron passivates [38,39]. Dur-
ing the initial stages of passivation, a film of ferrous hydroxide is formed on the iron sur-
face (Equation (6)). The oxygen dissolved in the solution oxidises ferrous hydroxide to
ferric compounds, which are suggested to be oxides having the cubic structure of Fe3Oy,
v-Fe;O3, or an intermediate product [40]. A model based on a passive film with a layered
structure was proposed, where the Fe(III)/Fe(II) ratio decreases with increasing film depth,
meaning that Fe(IlI) oxides dominate the outer layers of the passive film [41]. The Fe(II)
oxidation state is associated with FeO and Fe30,4 oxides, whereas the Fe(III) oxidation state
corresponds to «-Fe;O3, y-Fe,O3, a-FeOOH, (3-FeOOH, or y-FeOOH oxides and oxyhy-
droxides [41,42]. A passive film in borate buffer is typically represented as a thin film of
Fe(II) and Fe(Ill) oxides, having a crystalline or amorphous structure with varying water
content [43]. The establishment of the passive region (AEpass) reflects the formation of the
passive film under these conditions (Figure 4). The E;,, values in the borate buffer and
0.0001 M NaOH electrolytes were similar, measuring 900 mV and 1 V, respectively, with
a AEpass width of 800 mV. In the 0.1 M NaOH, the passive region was narrower (500 mV),
and the Ey,, was also at slightly lower values. As a result of passivation under alkaline con-
ditions (pH > 9), the current densities were reduced by at least two orders of magnitude
relative to the values in acidic and near-neutral electrolytes. At the same time, the Ecorr
values were shifted more positively, from —0.6 Vto —0.2 V.

The electrochemical behaviour of Nd is quite different from the behaviour of Fe. De-
pending on the pH, the current densities for the Nd were several orders of magnitude
higher than those for the Fe (except in the H,SO4 and 0.1 M NaOH electrolytes), indicating
higher corrosion activity of Nd. The Ecrr values were shifted to less noble potentials in all
electrolytes, additionally showing poor corrosion resistance of Nd in aqueous solutions.

Under acidic and near-neutral conditions, and even at pH 9.3, Nd dissolves
actively [44], with the anodic reaction being the dissolution of Nd into Nd%
ions (Equation (12)):

Nd — Nd* +3e. (12)

The cathodic reaction in dilute HySOy is the reduction of water (Equation (3)), whereas
the oxygen reduction occurs in Na;SOz and NaCl electrolytes (Equation (5)). As already
observed by other authors [44], we have also detected an abnormal hydrogen evolution
during anodic polarisation when neodymium is actively dissolving. Interestingly, the be-
haviour of Nd in the HySO,4 and NaySOy electrolytes deviated from the other materials
because it showed lower current density values than in the NaCl electrolyte. The possible
reason might be the formation of an inhibiting Nd,(SO4)3 surface film, which is poorly sol-
uble in water and can behave as a pseudo-passive layer. In addition, due to the cathodic
reactions, the pH increases near the surface, and a hydroxide layer can also form, provid-
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ing temporary surface protection [44]. However, with anodic polarisation, the formed film
becomes unstable and the current density increases.

The Nd in the borate buffer and 0.0001 M NaOH electrolytes did not exhibit a sharp
transition to passivation, unlike the Fe, but the current densities were smaller than at lower
pH. The current densities decreased as the electrolyte pH increased from pH 6.6 to pH 12.8.
However, only in strongly alkaline media, neodymium exhibits passive behaviour due to
the formation of Nd(OH)3 and/or Nd;Oj3 [44], as shown in Equations (13) and (14):

Nd* +30H~ — Nd(OH)3, (13)

2Nd(OH); — Nd,O5 + 3H,0. (14)

Only in a strongly alkaline medium (0.1 M NaOH) was the behaviour of Nd and Fe
similar. The width of the passive region was somewhat wider than for Fe, at 800 mV, while
the Ep; was about 200 mV higher than in the case of Fe, reaching 800 mV.

In all electrolytes, apart from the 0.1 M NaOH, the PDP curves were scattered over
the entire anodic region. This indicates a significant surface reactivity, where a passive
film in alkaline solutions and a temporary surface layer in acidic and near-neutral solu-
tions dissolve and reform during anodic polarisation [44]. Additionally, frequent sudden
increases in current densities occurred at higher potentials, which can be attributed to the
corrosion damage of the material [44]. Indeed, mechanical degradation accompanied by
the formation of flaky corrosion products and the detachment of neodymium particles
from the surface was observed. This process exposes the bare neodymium surface to the
electrolyte, leading to further corrosion.

The Nd-Fe alloy and the Nd-Fe-B magnet show similar electrochemical behaviour to
each other and a mixed behaviour of the individual metals, i.e., Fe and Nd (Figure 4). Their
corrosive nature originates from the multiple-phase microstructure (Figure 2). The corro-
sion behaviour of Nd-Fe alloys has not been studied so far. XRD (Figure 1) and SEM/EDS
(Figure 2a) analyses showed that three phases are present in the Nd-Fe alloy (two NdFe
phases, which are Fe-rich, and one mainly Fe phase). This explains why it behaves very
similarly to Fe but still shows some mixed properties of Fe and Nd (Figure 4). The Nd-
Fe alloy and the Nd-Fe-B magnet corrode in acidic and near-neutral electrolytes (H»SOy,
NaCl, NaySO;), while passivation occurs in alkaline electrolytes (borate buffer, NaOH). In
all electrolytes, the Ecorr values for the Nd-Fe alloy and the Nd-Fe-B magnet were shifted
toward more negative values relative to Fe and more positive values relative to Nd, display-
ing a mixed behaviour that more closely resembled that of Fe than Nd. Figure 5a compiles
the jeorr values of Fe, Nd, Nd-Fe, and Nd-Fe-B in various electrolytes. The Nd-Fe and
Nd-Fe-B alloys exhibited similar jeorr values in acidic and near-neutral media compared
to Fe, but higher values in alkaline media, where Fe was strongly passivated. Nd shows
higher jcorr values in all electrolytes except in highly acidic and alkaline ones. Interestingly,
the Nd-Fe and Nd-Fe-B showed an active—passive transition in the borate buffer and the
0.1 M NaOH, but passivation was not observed in the 0.0001 M NaOH, as it was for the
Fe and Nd metals (Figure 4). In the 0.1 M NaOH, the width of the passive region for the
Nd-Fe and Nd-Fe-B was 600 mV and 800 mV, respectively. For both materials, the Ey,
was around 600 mV, similar to that for the Fe in this electrolyte, but with higher current
densities in the passive range than that of Fe and Nd.
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Figure 5. Graphs showing corrosion current density (jcorr) as a function of pH for the (a) Fe, Nd, Nd-
Fe, and Nd-Fe-B, (b) Fe, Sm, Sm-Fe, and Sm-Fe-N and (c) Nd-Fe-B and Sm-Fe-N. The values were
deduced from the potentiodynamic polarisation measurements and represent averages of several
measurements, with the corresponding standard deviations shown as error bars.

3.2.2. SEM/EDS Analysis for Nd-Fe-B

The polymer-bonded Nd-Fe-B magnet was studied after the electrochemical mea-
surements in different corrosive media using SEM/EDS analysis to visualise and charac-
terise the microstructural changes caused by corrosion. The SEM images are displayed in
Figure 6, and the corresponding EDS analyses are given in Table 2.

The sample was corroded after the PDP measurements in the H,SO,4 (Figure 6a,b).
The surface of the magnetic powder was etched, resulting in larger and smaller cracks
(for comparison, refer to the non-corroded magnetic powder in Figure 2c). The magnetic
powder contained an increased oxygen content, which indicates oxidation (spectrum 1).
Changes in the structure were also visible along the edges of the magnetic powder. These
areas appeared to have a mixture of corrosion products (spectra 3 and 4), containing ele-
ments originating from the PPS polymer (C and S) and the magnetic powder (Fe, Nd, and
Co), with reduced Fe and Nd content and an increased O content compared to the non-
corroded magnetic powder. Considering these observations, along with the electrochem-
ical measurements, the possible corrosion products are Fe and/or Nd oxides/hydroxides
and sulphates. The PPS polymer appeared to be unchanged (spectrum 2).

After the PDP measurements in the NaCl, the sample was also quite corroded
(Figure 6¢,d). The EDS analysis confirmed the presence of oxygen and chloride originat-
ing from corrosion products. Two types of corrosion products were identified, differing in
morphology, chemical composition, and the areas where they occurred. One type (spec-
trum 7) had higher amounts of Cl, O, Fe, and Nd and most likely originated from the
corrosion of the magnetic powder (spectrum 5). This is probably due to the formation of
Fe and/or Nd oxides/hydroxides and chlorides at the surface, which supports the proposed
corrosion products based on the electrochemical measurements. The other type of corro-
sion product (spectrum 8) contained S and a higher amount of C, probably resulting from
the mixing of the corrosion product with the PPS polymer (spectrum 6). As in the sulfuric
acid (Figure 6a,b), the surface of the magnetic powder in the NaCl was etched and cracked
(Figure 6¢,d), and the EDS analysis showed that it was oxidised (spectrum 5).
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Table 2. Complementary EDS analyses to the SEM images (Figure 6) of the polymer-bonded Nd-Fe-
B magnet after the potentiodynamic polarisation measurements in various electrolytes. The values

given represent the averages of several measurements taken at each characteristic spot.

Element Composition (at. %)
0.01 M HSO4

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
Fe 65 2 27 44
Nd 10 <0.5 3 7
Co 7 - 11 11
C 10 84 27 16
S - 14 4 3
@) 8 - 28 19

0.1 M NaCl

Spectrum 5 Spectrum 6 Spectrum 7 Spectrum 8
Fe 66 4 52 32
Nd 11 <1 9 6
Co 6 - 4 5
C 12 77 15 32
S - 14 — 16
(@) 5 4 17 9
cl <0.5 3 <1

0.1 M NaOH

Spectrum 9 Spectrum 10 Spectrum 11 Spectrum 12
Fe 69 <0.5 62 44
Nd 11 <0.5 10 7
Co 5 - 5 3
C 15 87 17 29
S - 12 - 2
(@) - - 6 15

Spectrum 7

Figure 6. SEM images (COMPO mode) of the polymer-bonded Nd-Fe-B magnet after the potentio-
dynamic polarisation measurements in (a,b) 0.01 M HySOy, (c,d) 0.1 M NaCl, and (e,f) 0.1 M NaOH
electrolytes. The corresponding EDS analyses are presented in Table 2.
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The SEM/EDS analyses after the PDP measurements in NaOH are shown in Figure 6e,f
and Table 2, respectively. Under alkaline conditions, the Nd-Fe-B magnet was passivated
(Figure 4). The SEM images confirmed this, as there were no visible signs of corrosion. The
EDS analysis did not detect oxygen in some areas of the magnetic powder (spectrum 9).
This is likely because the passive film is too thin to be detected by this method; however, it
is clear that there was no corrosion. However, some regions, mostly along the edges of the
magnetic powder, showed the presence of oxygen (spectrum 11), indicating the formation
of Fe and/or Nd oxides/hydroxides passive films. In addition, small agglomerates contain-
ing Fe, O, and C were also present (spectrum 12). The composition of the PPS polymer, as
shown in Table 2, spectrum 10, indicates that there was no change in the composition.

3.2.3. XPS Analysis for Nd-Fe-B

The XPS high-resolution spectra of Fe 2p, Nd 3ds/, O 1s, and S 2p, as well as B 1s,
C s, and Cl 2p, recorded at the surface of the Nd—Fe-B magnets after the PDP experiments
(Figure 4), are presented in Figures 7 and 8, respectively. For comparison, spectra recorded
on the reference sample are also provided (recorded immediately after grinding). Vertical
dashed lines denote the positions of different reference species, whereas the deconvoluted
spectra are shown in Figure S2.

First, the spectra of the reference sample are discussed. The Fe 2p;, spectrum of
the reference sample identified FeO (Ey, = 709.4 eV), Fe;O3 (Ep = 710.7 eV), and FeOOH
(Ep =711.5 eV), indicating the existence of an air-formed oxide film. A small peak related
to metallic Fe (E, = 706.7 eV) was also noted in the deconvoluted spectrum (Figure S2).
The formation of Nd,O3 was confirmed with the Nd 3ds, (E, = 982.9 eV) and Nd 4d
(Ep = 122.5 eV) peaks. Although the O KLL (Ep, = 978.7 eV and E;, = 973.6 eV) peaks in-
terfered with the Nd 3ds/, peak, the confirmation of Nd is unambiguous. The O 1s spec-
trum, like the Fe 2p3;, and Nd 3ds), spectra, suggested that during air exposure, the film
consisting of metal oxides (E}, = 530.1 eV) and hydroxides (Ey, = 531.7 eV) is formed. The
peak at 532.7 eV indicates the adsorption of water. The S 2p spectrum appeared as a sin-
gle peak, comprising 2p3, and 2p;,, peaks characteristic of sulphide (Ey, = 162.9 eV and
Ep =164.1¢€V, respectively). The C 1s peak showed the presence of C-C/C-H (E}, =284.8 eV),
C-S (E, =287.7 eV), and C-O (related to organic species) (Ep, =289.3 eV) on the surface (Fig-
ure S2). The C-C/C-H and C-O peaks are related to adventitious carbon, while C-S refers
to PPS. The signal for the B 1s peak was too small to perform a meaningful deconvolution.

Second, the spectra recorded after the PDP measurements are discussed (Figures 7
and 8 and the deconvoluted spectra in Figures 54-56). After polarisation in the HySOy4
electrolyte, the Fe 2p spectrum was more complex than that of the reference sample (Fig-
ure 7). The Fe 2p3/, peak is centred at the Fe(II)/Fe(Ill) range. A small contribution was
noted at E, =712.5 eV, which may be related to FeSO,. Since its position overlaps with the
Fe(Il)/Fe(IlI) satellite peak, it is difficult to confirm its presence unambiguously. However,
a peak corresponding to sulphate was observed in the S 2p spectrum. Further, the inten-
sity of the peak related to Fe(0) was greater than before polarisation (Figures S2 and 54),
indicating increased dissolution in the acidic medium, which exposed a bare magnet (Fig-
ure 7). A small peak related to Nd,O3 was noted, interfering with the O KLL. The signals
for the B 1s were too weak to perform meaningful analysis (Figure 8). Deconvolution of
the C 1s spectrum showed the presence of C—C/C-H, C-S, and C-O species, while the O
1s spectrum indicated the formation of oxides, hydroxides, and sulphates (E}, = 533.0 eV)
species (Figure S4). In the S 2p spectrum, a sulphate peak (2p3/, peak at £, =168.4 eV and
2py; peak at Ey, = 169.6 eV) was noted in addition to the sulphide peak. The XPS depth
profile in Figure 9a showed that the corrosion product layer formed at the surface during
polarisation in the HySOy electrolyte was relatively thin, i.e., in the range of a few nanome-
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tres. Similarly to the reference spectrum (Figure 3a), C and O were the main components
at the surface, followed by Fe, which is the next significant component. As the sputtering
proceeded, the concentration of C remained constant, originating from the polymer matrix,
and that of O first decreased sharply and then continued to decrease gradually with depth.
The concentration of Fe rapidly increased and remained nearly constant with depth, while
the concentration of Nd slightly increased. Results also showed increased sulphide concen-
tration and the complete disappearance of the sulphate peak with depth (Figure S7). This
indicates that sulphate is present only on the surface, prior to ion sputtering, due to corro-
sion products, while sulphide is present in the polymer matrix. These results confirm the
assumption that Fe and/or Nd sulphate can form as corrosion products in the HSOj4 elec-
trolyte, which agrees with the electrochemical measurements and the SEM/EDS analysis
(Figure 6, Table 2). Changes in the O concentration showed a decrease in the concentration
of metal oxides, hydroxides, and sulphates with depth, due to the progressive removal of
corrosion products.
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Figure 7. Comparison of the high-resolution XPS spectra of Fe 2p, Nd 3ds/, O 1s, and S 2p from
the Nd-Fe-B polymer-bonded magnet before (reference sample) and after the potentiodynamic po-
larisation measurements in the 0.01 M H,SOy, 0.1 M NaCl, and 0.1 M NaOH electrolytes at room
temperature. Vertical lines represent the positions of the reference compounds. (Fe 2p) 1, 5: Fe(0); 2,
6: Fe2*/Fe®*; 3,4, 7, 8: satellites. (Nd 3dsp,) 1: OKLL; 2: NdyO3. (O 1s) 1: 0?—;2: OH™; 3: H,0; 4:
SO4%~. (S2p) 1,2: S*~; 3, 4: SO42.
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Figure 8. Comparison of the high-resolution XPS spectra of B 1s, C 1s, and CI 2p from the Nd-

Fe-B polymer-bonded magnet before (reference sample) and after the potentiodynamic polarisation

measurements in the 0.01 M H»SOy4, 0.1 M NaCl, and 0.1 M NaOH electrolytes at room temperature.

Vertical lines represent the positions of the reference compounds. (B 1s) 1: boride. (C 1s) 1: C-C/C-H;

2: C-5,3: C-0O.(Cl2p) 1,2: CI™.

After the potentiodynamic polarisation measurements in the 0.1 M NaCl electrolyte
(Figure 7, Figure 8 and Figure S5), the Fe 2p;/, peak showed the possible existence of FeO,
FeCly/Fe;O3 (Ep = 710.7 eV), and FeCl3/FeOOH (Ey, = 711.5 eV) on the surface. No Fe(0)
peak was observed on the surface, indicating less damage during polarisation than in the
H,SOy electrolyte. The Nd 3ds), spectrum, which was more intense than after the mea-
surements in the acidic medium, was deconvoluted into Nd,O3. The Cl 2p spectrum was
deconvoluted into 2ps;; and 2py, peaks at Ep, =198.1 eV and Ep, = 199.7 eV, respectively,
and refers to the formation of corrosion products in the sodium chloride electrolyte. The
C 1s spectrum showed the presence of C-C/C-H, C-S, and C-O on the surface. Only a
minimal sulphide peak was observed on the surface, and the deconvolution was not mean-
ingful. The depth profile of the layer formed during polarisation in the NaCl electrolyte
is presented in Figure 9b. A decrease in the concentration of O and an increase in Fe were
observed. This is due to the removal of corrosion products and an increase in the Fe signal
originating from the magnetic material. A decrease in the Cl 2p also results from reduced
FeCl,/FeCl3 corrosion products present only on the surface. At the beginning of the ion
sputtering, a slight decrease in the C concentration with depth was observed due to re-
duced surface carbon contamination. With depth, the C concentration increased again
due to the presence of the polymer matrix. A minimal sulphide peak was observed on the
surface, and its concentration increased with depth due to the polymer matrix.



Corros. Mater. Degrad. 2025, 6, 42

18 of 30

The XPS analysis of the Nd—Fe-B magnet after the potentiodynamic polarisation mea-
surements in the 0.1 M NaOH electrolyte is presented in Figures 7, 8 and S6. The Fe 2p3/,
spectrum showed the presence of FeO, Fe,O3, and FeOOH species. No sign of Fe(0) was
noted, indicating that the surface layer is thicker than the analysis depth. The XPS depth
profile is shown in Figure 9c. The Fe concentration increased with depth to over 30 at. %,
which was higher than in other electrolytes. The Nd 3ds;, peak, which showed the pres-
ence of NdyO3, had a relatively low intensity and overlapped with the O KLL peak.
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Figure 9. XPS depth profiles of the Nd-Fe-B polymer-bonded magnet after the potentiodynamic
polarisation measurements in (a) 0.01 M H,SO4, (b) 0.1 M NaCl, and (c) 0.1 M NaOH electrolytes at
room temperature. The sputtering rate was 1.0 nm/min.

In summary, XPS analysis in all electrolytes revealed a high concentration of carbon,
which initially decreased with depth due to reduced carbon contamination, and then in-
creased again as the polymer matrix was approached. The sulphur concentration increased
with depth due to its presence in the polymer matrix. The concentrations of Fe, Nd, and B
increased with depth because they are integral components of the magnetic powder. How-
ever, they were also present on the surface, either as corrosion products or as part of the
passive film. The oxygen concentration decreased with depth in all electrolytes, which
confirms that an oxide layer had formed on the surface. Interestingly, the results showed a
higher Fe concentration than Nd in the surface oxide layers. This suggests that the primary
corrosion products and the passive film are predominantly iron compounds, with a minor
contribution from neodymium compounds.

3.3. Electrochemical Behaviour and Surface Analysis of the Sm—Fe-N
3.3.1. Potentiodynamic Polarisation Measurements for Sm—Fe-N

The electrochemical behaviour of Sm metal, Sm-Fe alloy, and Sm-Fe-N polymer-
bonded magnet has been scarcely investigated in the literature. Therefore, our study aimed
to examine these materials in different electrolytes, covering a wide pH range (1.8 to 12.8)
(Figure 10).
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Figure 10. Potentiodynamic polarisation curves of the Fe, Sm, Sm-Fe, and Sm-Fe-N materials in dif-
ferent electrolytes. The representative PDP curves from several repeated measurements conducted
under identical conditions are shown. The samples were stabilised for one hour at OCP before the
measurements. dE/df =1 mV/s, room temperature.

According to the Pourbaix diagram [45], Sm reaches immunity only at potentials
lower than E=—3.2 V (standard hydrogen electrode). It corrodes in acidic and near-neutral
solutions through the metal dissolution at the anode (Equations (15) and (16)):

Sm — Sm>" +2e”, (15)

Sm?* — Sm>* +e. (16)

At the cathode, the hydrogen evolution from the reduction of water (Equation (3))
occurs in a dilute H,SO;4 electrolyte, while the oxygen reduction reaction (Equation (5))
takes place in NapySOy4 and NaCl electrolytes. As was the case for the Nd, the Eqorr values
for the Sm were shifted more negatively than those for the other materials in all electrolytes,
except in a strongly alkaline medium.

In borate buffer and 0.0001 M NaOH, current densities were somewhat smaller than
at more acidic pH, but at high anodic potentials (>—0.5 V), similar values were reached as
at lower pH. However, in a strongly alkaline medium (0.1 M NaOH), Sm showed strong
passivation, with the current density dropping to the value observed for Fe in the same
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electrolyte and sustaining high electrode potentials. Samarium passivates in alkaline me-
dia (at pH values higher than 10) due to the formation of Sm(OH)3, which may be further
transformed into Sm;Oj3 [46], as shown by Equations (17) and (18):

Sm® +30H~ — Sm(OH)3, (17)

2Sm(OH); — Sm, O3 + 3H,0. (18)

As with the Nd, the Sm also showed a scattering of the recorded data and frequent
increases in current densities during anodic polarisation in almost all electrolytes. This
behaviour indicates a strong metal reactivity, with the continuous formation and degrada-
tion of protective layers and corrosion products on the surface, eventually leading to the
material’s mechanical decomposition [44].

The corrosion behaviour of Sm-Fe alloys and Sm—Fe-N polymer-bonded magnets
has not been thoroughly investigated to date. Their corrosive nature originates from the
complex microstructure, which contains multiple phases. XRD (Figure 1) and SEM/EDS
(Figure 2b) analyses showed that the Sm—Fe alloy consists of three phases (one Fe-rich
phase and two SmFe phases with different ratios of Sm and Fe). The polymer-bonded
Sm-Fe-N magnet also exhibits a multi-phase microstructure [47,48]. The electrochemical
measurements revealed that the Sm-Fe alloy and the Sm—Fe-N magnet corrode in acidic
and near-neutral electrolytes and passivate in alkaline electrolytes (Figure 10). Thus, they
can passivate even at pH < 10, where Sm does not passivate. As in the case of the Nd-Fe-B,
the Sm-based materials show similar electrochemical behaviour to each other and a mixed
behaviour of the individual metals, i.e., Fe and Sm. In all investigated electrolytes, the Ecorr
values for the Sm—Fe and Sm-Fe-N were between those of the individual metals.

The PDP curves for Sm-Fe and Sm-Fe-N reflect passivation in the borate buffer and
0.1 M NaOH, but an active—passive transition was not observed in the 0.0001 M NaOH.
In the borate buffer, the Sm-Fe alloy had a well-defined and broad passive region
(AEpass = 900 mV) and an Ey, of 900 mV. In contrast, the Sm-Fe-N magnet had a much
narrower passive region (AEpass =400 mV) and a lower Ey,; of 500 mV. In the 0.1 M NaOH,
the Sm-Fe and Sm-Fe-N had a passive region of 800 mV and 600 mV, respectively. The
Eyr was around 600 mV for both materials, the same as for the Fe, Nd—Fe, and Nd-Fe-B in
this electrolyte, but current densities were higher than for individual metals, as observed
for Nd-Fe and Nd-Fe-B (Figure 4).

Figure 5b compiles the jcorr values of Fe, Sm, Sm-Fe, and Sm-Fe-N in various elec-
trolytes. In contrast to Nd-based materials (Figure 5a), Sm-based materials exhibit val-
ues more similar to Fe, with smaller minor differences between individual materials. For
a more straightforward presentation of the similarities and differences in the Nd-Fe-B
and Sm-Fe-N magnets in different electrolytes, the jcorr values are shown as a function
of pH (Figure 5c). The two magnets behave very similarly in various electrolytes, al-
though the Nd-Fe-B magnet shows slightly higher values in near-neutral, and slightly
alkaline electrolytes.

3.3.2. SEM/EDS Analysis for Sm-Fe-N

The polymer-bonded Sm-Fe-N magnets were investigated using SEM/EDS analysis
(Figure 11 and Table 3) to study the microstructural changes after the potentiodynamic
polarisation measurements in various electrolytes (Figure 10).

After the electrochemical measurements in the H,SOy electrolyte, the Sm—-Fe-N mag-
net was corroded, with the vast majority of the magnetic powder etched, cracked, and
dissolved, resulting in a shrunken size (Figure 11a,b). The magnetic powder exhibited a
somewhat reduced content of Fe and N, along with an increased amount of O, indicating
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oxidation (spectrum 1). On some parts of the magnetic powder surface, the EDS analy-
sis revealed reduced Fe, Sm, N, and Co content compared to the magnetic powder itself
(spectrum 1), as well as increased amounts of O, C, and S (spectrum 3). That was proba-
bly a corrosion product, and visually, that area also differed from the rest of the magnetic
powder (Figure 11b). In some areas along the edges of the magnetic powder, a mixture
of corrosion product and polymer was likely present, showing lower amounts of C and S
(spectrum 4) than the rest of the polymer (spectrum 2), but still containing elements of oxi-
dised magnetic powder (Fe, Sm, O). These two corrosion products, formed by the corrosion
of the Sm—Fe-N magnet in the H,SO,, may include Fe and/or Sm oxides/hydroxides and
sulphates. The polymer showed no changes in the composition (spectrum 2), compared to
the uncorroded magnet (Table 1, spectrum 3).

Table 3. Complementary EDS analyses to the SEM images (Figure 11) of the polymer-bonded Sm-Fe-
N magnet after the potentiodynamic polarisation measurements in various electrolytes. The values
given represent the averages of several measurements taken at each characteristic spot.

Element Composition (at. %)
0.01 M H,SOy4
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

Fe 54 <1 38 8
Sm 6 <0.5 4 <1

N 7 — - —

Co 3 - 3 -

C 12 86 26 69

S 1 11 4 8

(@) 17 2 25 14

0.1 M NaCl
Spectrum 5 Spectrum 6 Spectrum 7  Spectrum 8 Spectrum 9 Speigrum
Fe 57 4 31 28 3 18
Sm 7 <0.5 4 3 <0.5 1
N 9 - - — - —
Co 3 - - - - -
C 13 78 - 26 65 21
S - 11 - 3 14 9
(@) 11 7 59 38 17 26
cl - - 6 2 <1 25
0.1 M NaOH
Spectrum 11 Spectrum 12 Spectrum 13 Spectrum 14

Fe 64 4 59 48
Sm 7 <1 4 14

N 15 - - -

Co 4 — — —

C 10 84 25 16

S - 8 1 <1

@) - 3 11 21

The SEM images of the Sm—Fe-N magnet after the PDP measurements in the 0.1 M
NaCl are shown in Figure 11c,d. Cracks were visible on the magnetic powder surface,
and the EDS analysis revealed reduced amounts of Fe and N, but an increased amount of
O, indicating oxidation (spectrum 5). Four different corrosion products were identified.
The corrosion product on the magnetic powder contained a large amount of O and some
Cl (spectrum 7). There were areas of the magnetic powder where one part was oxidised
(white areas), while the other part contained corrosion products (grey areas with cracks)
(Figure 11d). The second corrosion product was also formed on the magnetic powder, but
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visually and compositionally differed from the first product (Figure 11c). It contained C,
which was not present in the first product, and had a slightly reduced content of Fe, Sm, O,
and Cl (spectrum 8). The third corrosion product (Figure 11c) had an even lower content of
Fe, Sm, O, and Cl, but a fairly high content of C and S (spectrum 9), likely resulting from the
mixing of the corrosion product with the PPS polymer (spectrum 6). The fourth corrosion
product (Figure 11c) was visually distinct from the others and had a very high Cl content,
reaching up to 25 at. %, and about the same amount of O, along with reduced amounts of Fe
and Sm (spectrum 10). Increased amounts of oxygen and chloride, and reduced amounts
of iron and samarium, after exposure of the Sm—Fe-N to the NaCl electrolyte, indicate
the possible formation of corrosion products, such as Fe and/or Sm oxides/hydroxides
and chlorides.

‘ ‘\' " .Sp;ctru 4
ng%
\,

Figure 11. SEM images (COMPO mode) of the polymer-bonded Sm—Fe-N magnet after the potentio-
dynamic polarisation measurements in (a,b) 0.01 M H,SOy, (c,d) 0.1 M NaCl, and (e,f) 0.1 M NaOH
electrolytes. The corresponding EDS analyses are presented in Table 3.

Like the Nd-Fe-B magnet, the Sm—Fe-N magnet showed no signs of corrosion after
the PDP measurements in the 0.1 M NaOH (Figure 11e,f) due to passivation in a strongly
alkaline medium (Figure 10). The passivation was confirmed by the presence of O and
slightly reduced amounts of Fe and Sm (spectra 13 and 14) in the areas at the edges of
the magnetic powder, indicating the formation of Fe and/or Sm oxides/hydroxides pas-
sive films. However, oxygen was not detected in some parts of the magnetic powder be-
cause the passive film was thin, making its detection by EDS analysis difficult (spectrum
11). There were no significant changes in the structure or composition of the polymer
(spectrum 12).
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The EDS analysis showed reduced amounts of Fe and Sm in the corrosion products,
which could be attributed to the dissolution reactions of both Fe and Sm from the magnet.
Further, the EDS analysis of the Sm—Fe-N magnet in the NaCl electrolyte revealed much
higher concentrations of oxygen and chloride in the corrosion products compared to those
formed on the Nd-Fe-B magnet.

3.3.3. XPS Analysis for Sm-Fe-N

The XPS high-resolution spectra of Fe 2p, Sm 3ds/,, O 1s, and S 2p, as well as N 1s, C
1s, and CI 2p, recorded at the surface of the Sm—Fe—-N magnets after the PDP experiments
(Figure 10), are presented in Figures 12 and 13, respectively. The deconvoluted high-
resolution XPS spectra are shown in Figures 58-510. Information about the distribution
of elements within the layer, as well as the thickness of the surface layer, was obtained
from the ion sputtering (Figure 14).
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Figure 12. Comparison of the high-resolution XPS spectra of Fe 2p, Sm 3d5;, O 1s, and S 2p from
the Sm—Fe—-N polymer-bonded magnet before (reference sample) and after the potentiodynamic po-
larisation measurements in the 0.01 M HySO4, 0.1 M NaCl, and 0.1 M NaOH electrolytes at room
temperature. Vertical lines represent the positions of the reference compounds. (Fe 2p) 1, 5: Fe(0);
2, 6: Fe?*/Fe%*; 3, 4, 7, 8: satellites. (Sm 3ds)p) 1: Smp05. (O 1s) 1 02—;2: OH; 3: HyO; 4: SO42~.
(S2p) 1,2: S27; 3, 4: SO42~.
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Figure 13. Comparison of the high-resolution XPS spectra of N 1s, C 1s, and Cl 2p from the Sm—Fe-
N polymer-bonded magnet before (reference sample) and after the potentiodynamic polarisation
measurements in the 0.01 M HpSOy4, 0.1 M NaCl, and 0.1 M NaOH electrolytes at room temperature.
Vertical lines represent the positions of the reference compounds. (N 1s) 1: nitride; 2: NHj. (C 1s) 1:
C-C/C-H;2: C-5;3: C-0O. (Cl2p)1,2: ClI™.

First, we will discuss the XPS spectra of the reference sample (Figures 12, 13 and S3).
As with the Nd-Fe-B magnet, the Fe 2p peak showed the presence of FeO, Fe;O3, and
FeOOH species, suggesting an air-formed oxide film. Metallic Fe was also present on the
surface. The Sm 3ds), peak is related to SmyO3 (E, = 1083.2 eV), while the N 1s peak is
associated with nitride (Ep, = 397.2 eV). A peak at 399.9 eV was also observed, which may
correspond to NHs. Deconvolution of the C 1s peak showed the presence of C—-C/C-H, C-
S, and C-O organic species. Sulphide was detected at the S 2p peak. In the O 1s spectrum,
metal oxides, hydroxides, and H,O peaks were observed.
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Figure 14. XPS depth profiles of the Sm-Fe-N polymer-bonded magnet after the potentiodynamic

polarisation measurements in (a) 0.01 M H,SO4, (b) 0.1 M NaCl, and (c) 0.1 M NaOH electrolytes at
room temperature. The sputtering rate was 1.0 nm/min.

After the PDP measurements in the HySO4 (Figures 12, 13 and S8), the Fe 2p spectrum
contained FeO, Fe;O3, and FeSO4 components on the surface. In contrast to the Nd-Fe-B,
no peak related to metallic Fe was observed. The intensity of the Sm 3d peak was very
small. In the S 2p spectrum, both sulphide and sulphate peaks were detected, whereas in
the O 1s spectrum, oxides, hydroxides, and sulphates were noted. Further, C-C/C-H, C-
S, and C-O species were detected in the C 1s spectrum, while nitride and ammonia peaks
were present in the N 1s spectrum (Figure S8). The XPS depth profile in Figure 14a showed
that the layer formed on the Sm-Fe-N was much thicker than that formed on the Nd-Fe-B
in the HySO4, which may be the reason why the Fe(0) peak was not observed. Never-
theless, similar trends were observed within the layer as with the Nd-Fe-B (Figure 9a).
The sulphate species were present only on the surface due to the corrosion products
(Figure S511). With depth, the sulphide concentration increased due to the presence of the
polymer matrix.

The XPS analysis after the potentiodynamic polarisation measurements in NaCl
(Figures 12, 13 and S9) showed the possible existence of FeO, FeCl/FeCl;3/Fe;O3, and
FeOOH as a result of the formation of corrosion products on the surface. The intensity
of the Sm 3d peak was somewhat higher compared to that in the HySO4. The existence
of NHj3 on the surface is possible, and its concentration decreased with depth. The O 1s
spectrum showed the presence of metal oxides and hydroxides, and the CI 2p spectrum
confirmed that possible corrosion products in the NaCl electrolyte are FeCl, and FeCls.
From the C 1s peak, C-C/C-H, C-S, and C-O were detected. A minimal sulphide con-
centration, but insufficient for the deconvolution, was observed on the surface. The XPS
depth profile shown in Figure 14b is quite different from the other depth profiles. The
C concentration dropped sharply within the first 2 min of the ion sputtering to approxi-
mately 10 at. %, then increased again above 30 at. % and continued to increase. Also, the
O concentration on the surface was much higher than that of C, which was not the case in
the other electrolytes or with the Nd-Fe-B magnet. Additionally, the O profile increased
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within the first 2 min, as did the Fe and Sm concentrations, reaching a maximum of ca. 55
at. % and then decreased as the C concentration increased. Chloride was also abundant
on the surface.

The high concentrations of oxygen and chloride on the surface are consistent with
the EDS analysis (Table 3) and are attributed to the thick corrosion product layer that
forms on the surface. A decrease in O and Cl concentrations with depth was observed
as the corrosion products were sputtered away. From the Fe 2ps, peak, a reduction in
FeCl,/FeCl3/FeyO3, FeO, and FeOOH peaks (due to a decrease in corrosion products) and
a simultaneous appearance and increase in metallic Fe peak (due to the magnetic powder)
with depth were observed. The S concentration increased with depth due to the presence
of the polymer matrix. Also, an increase in nitride and samarium peaks with depth was
observed due to the magnetic material.

After the potentiodynamic polarisation measurements in the NaOH
(Figures 12, 13 and S10), the presence of FeO, Fe;O3, and FeOOH in the passive film, to-
gether with SmpO3, was observed from the Fe 2ps/, and Sm 3ds/, peaks, respectively. This
was also confirmed with the O 1s spectrum, whose deconvolution showed the presence of
metal oxides and hydroxides on the surface. Again, the C 1s peak showed the presence
of C-C/C-H, C-S, and C-O species, and sulphide was evident from the S 2p spectrum.
From the depth profile in Figure 14c, the estimated thickness of the passive film was in the
nanometric range, with trends similar to those observed in the other electrolytes. The C
concentration first decreased and then increased shortly thereafter, remaining constant at
approximately 35 at. %. The intensities of FeO, Fe;O3, and FeOOH peaks decreased with
depth, while that of the metallic Fe peak progressively appeared. The Fe concentration
increased with depth more than in the other electrolytes, reaching over 40 at. %, which
was also higher than that of the Nd-Fe-B magnet.

As in the case of the Nd-Fe-B, the Sm-Fe-N magnet exhibited high C and S concen-
trations in all investigated electrolytes due to the polymer matrix. Fe, Sm, and N concentra-
tions increased with depth because they are integral components of the magnetic powder,
but they were also present on the surface, either as corrosion products or as part of the pas-
sive film. In all electrolytes, the oxygen concentration decreased with depth, which con-
firms that an oxide layer had formed on the surface. The XPS results again showed a higher
Fe than Sm concentration in the surface oxide layers. Therefore, iron compounds preferen-
tially form on the surface, while samarium compounds are present in smaller quantities.

4. Conclusions

The electrochemical behaviour of metals (Fe, Nd, Sm), binary alloys (Nd-Fe, Sm—
Fe), and polymer-bonded magnets (Nd-Fe-B, Sm—-Fe-N) was studied using potentiody-
namic polarisation in different electrolytes, with a pH range of 1.8-12.8 (0.01 M H,SO4
(pH=1.8),0.1 M NaCl (pH=5.6), 0.001 M NaySO;4 (pH = 6.6), borate buffer (pH=9.3), 0.0001
M NaOH (pH =9.9), and 0.1 M NaOH (pH = 12.8)). Fe corrodes in acidic and near-neutral
solutions and passivates in alkaline solutions with a pH range of 9.3-12.8. Nd dissolves
more than Fe in the pH range below 10; it starts to show the tendency to passivate in 0.0001
M NaOH and fully passivates only in strongly alkaline solutions. Its tendency to passivate
is smaller than that of Fe in less alkaline solutions. The current density values for the Nd
were higher than those of all the other investigated materials in all electrolytes except in
very acidic and very alkaline media. Sm behaves similarly to Nd and reaches passivity
only in strongly alkaline solutions; however, the related current densities in near-neutral
and slightly alkaline electrolytes are lower than those of Nd.

The binary alloys and magnets showed corrosion behaviour that combined the char-
acteristics of their metal components but was closer to that of the Fe component, especially
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in acidic electrolytes, reflecting its higher content. The behaviour of Fe, Nd or Sm in the
multiple-phase microstructure, where each metal can have its electrochemical reactions
in different electrolytes, is reflected in the mixed behaviour of the individual metals. The
electrochemical measurements revealed that the Nd-Fe, Sm-Fe, Nd-Fe-B, and Sm-Fe-N
passivate in alkaline electrolytes even at pH < 10, where Nd and Sm do not passivate.

The XPS results are consistent with the electrochemical measurements and the
SEM/EDS results, indicating that the magnets corrode in acidic and near-neutral media,
whereas a thin passive film forms in alkaline media. In the HSO; electrolyte, corrosion
products may include Fe, Nd, and Sm oxides/hydroxides and sulphates. In the NaCl elec-
trolyte, corrosion products such as Fe, Nd, and Sm oxides/hydroxides and chlorides are
formed. In the NaOH electrolyte, both magnets were passivated, forming Fe, Nd, and Sm
oxides/hydroxides. Ion sputtering, in combination with XPS analysis, was used to obtain
in-depth information about the distribution of elements in the surface layers formed after
the potentiodynamic polarisation measurements in the three electrolytes. In an alkaline
medium, these materials passivate, forming layers in the nanometric range. The layers of
corrosion products formed in acidic and near-neutral sodium chloride electrolytes were
thicker, ranging from 15 nm to 30 nm, for the Nd-Fe-B and Sm-Fe-N magnets, respec-
tively. Although the jeorr values of Nd-Fe-B and Sm-Fe-N magnets are quite similar in
the H,SO4 and NaCl electrolytes, based on the SEM/EDS and XPS data, the Sm—Fe-N mag-
net appears more susceptible to corrosion, as significantly higher concentrations of oxygen
and chloride were revealed in the corrosion products. The reason may be in a different sta-
bility of corrosion products or their desorption from the magnet surface, or the effect of
the powder size, which is slightly smaller for the Sm-Fe-N magnets, thus producing more
active surface areas.

Ultimately, as Nd-Fe-B and Sm-Fe-N magnets belong to the category of rare-earth
magnets, they exhibit similar characteristics, with some differences noted regarding their
electrochemical properties and tendency to corrosion. However, differences in the be-
haviour of magnets are smaller than those of the individual metals Fe, Nd, and Sm. Both
magnets were produced using the same process (injection moulding) and contain the
same proportion of magnetic powders and polymer, making their general characteristics
quite similar.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cmd6030042/s1, Figure S1: XRD diffractograms with marked phases
for the Nd-Fe and Sm-Fe alloys, and the Sm-Fe-N polymer-bonded magnet; Figure S2: Deconvo-
luted high-resolution XPS spectra of Fe 2p3/;, Nd 3ds;, O 1s, S 2p, and C 1s from the Nd-Fe-B
polymer-bonded magnet (reference sample); Figure S3: Deconvoluted high-resolution XPS spectra
of Fe 2p3/5, Sm 3d5;, O 1s, S2p, N 1s, and C 1s from the Sm-Fe-N polymer-bonded magnet (reference
sample); Figure S4: Deconvoluted high-resolution XPS spectra of Fe 2ps/,, Nd 3ds5/,, O 1s, S 2p, and C
1s from the Nd-Fe-B polymer-bonded magnet after the potentiodynamic polarisation measurements
in the 0.01 M H,SOy electrolyte at room temperature; Figure S5: Deconvoluted high-resolution XPS
spectra of Fe 2p3/p, Nd 3d5, O 1s, C 1s, and Cl 2p from the Nd-Fe-B polymer-bonded magnet after
the potentiodynamic polarisation measurements in the 0.1 M NaCl electrolyte at room temperature;
Figure S6: Deconvoluted high-resolution XPS spectra of Fe 2p3/;, Nd 3ds5/, O 1s, S 2p, and C 1s from
the Nd-Fe-B polymer-bonded magnet after the potentiodynamic polarisation measurements in the
0.1 M NaOH electrolyte at room temperature; Figure S7: XPS high-resolution spectra of S 2p from
the Nd-Fe-B polymer-bonded magnet after the potentiodynamic polarisation measurements in the
0.01 M HpSOy4 electrolyte at room temperature, depending on the sputtering time, i.e., depth; Figure
S8: Deconvoluted high-resolution XPS spectra of Fe 2p3,;, Sm 3ds/, O 1s, S 2p, N 1s, and C 1s from
the Sm—Fe-N polymer-bonded magnet after the potentiodynamic polarisation measurements in the
0.01 M H;SOy electrolyte at room temperature; Figure S9: Deconvoluted high-resolution XPS spectra
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of Fe 2p35, Sm 3ds, O 1s, N 1s, C 1s, and Cl 2p from the Sm-Fe-N polymer-bonded magnet after
the potentiodynamic polarisation measurements in the 0.1 M NaCl electrolyte at room temperature;
Figure S10: Deconvoluted high-resolution XPS spectra of Fe 2p3/, Sm 3ds/, O 1s, S 2p, and C 1s
from the Sm—Fe-N polymer-bonded magnet after the potentiodynamic polarisation measurements
in the 0.1 M NaOH electrolyte at room temperature; Figure S11: XPS high-resolution spectra of S 2p
from the Sm—Fe-N polymer-bonded magnet after the potentiodynamic polarisation measurements
in the 0.01 M H,S5O; electrolyte at room temperature, depending on the sputtering time, i.e., depth.
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