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ARTICLE INFO ABSTRACT

Keywords: In bonded NdFeB magnets, the fillers’ adhesion in the polymer matrix of composites is often insufficient,
Bonded magnets necessitating filler wettability modification before mixing with liquid polymers. Inductively coupled radio-
NdFeB . frequency oxygen plasma was used to modify the surface wettability of commercial NdFeB flakes. A pronounced
‘(I)V:;;Tl;l};sma minimum in water contact angle (WCA) was observed after approximately 100 ms of treatment in plasma (50 Pa,
Oxidation 500 W). A deeper minimum was observed upon treatment in the flowing afterglow. The flux of oxygen atoms on

the NdFeB flakes’ surface was ~3 x 10%> m™2 57!, and the WCA below 20° was observed after treating the
samples in the afterglow for 0.05-0.5 s; corresponding O-atom doses 1022-10%® m™2. Larger doses caused a
gradual loss of hydrophilicity, and an initial WCA of ~75° was established after treating the samples in the
afterglow for ~40 s. This was attributed to the segregation and oxidation of iron on the NdFeB surface. Thorough
XPS depth profiling revealed oxidation kinetics. The treatment in the glowing plasma caused a similar evolution,
except that hydrophobicity was re-established after 1-s plasma treatment. The segregation of iron on the surface
caused the formation of Fe3O3, and the intermediate layer toward the bulk consisted of Nd2O3 dispersed in the Fe

Phase formation

matrix.

1. Introduction

Joining different materials with adhesive liquids is a standard tech-
nique for the synthesis of plastics with properties superior to bare
polymers. The adhesive may be liquid at ambient conditions (such as
glues before curing) or elevated temperatures (like molten polymers).
The adhesion between the liquid and the solid material depends on
various parameters, and the most important is wettability. The wetta-
bility stands for the ability of the liquid to penetrate pores, gaps, etc.,
between neighboring surfaces of the solid material. If the surface tension
of the liquid is larger than the surface energy of the solid, the liquid will
not interact with the entire surface of the solid material but only with
segments stretching from the surface. This is known as the lotus leaf
effect: a liquid droplet (water) slides from the tilted surface rather than
wets it because of the highly hydrophobic surface. The hydrophobic
surfaces are desired in many applications because they promote the self-
cleaning effect, but are a drawback in other applications because they
prevent adhesion or even mixing dispersion of a hydrophobic powder in
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liquids with moderately large polar component of the surface energy.
The wettability could be increased by several techniques, and probably
the most widely used is plasma treatment. The basic principle is
explained in literature, and most authors report a severalfold increase in
the adhesion force after plasma treatment [1].

Since the discovery of permanent magnets based on the grains of
NdyFe14B with a tetragonal crystalline structure [2,3], these materials
have attracted significant attention from the scientific community due to
their broad applications. Powdered magnetic materials can be sintered
[4] or mixed with molten polymers to obtain bonded magnets [5]. An
alternative approach for printing magnetic materials onto various sub-
strates is the mixing of NdyFe;4B powders with liquid metals [6]. When
magnetic powder is mixed with molten materials, the adhesion between
magnetic grains is often inadequate [7]. The problem of poor adhesion
remains an issue that has recently seen some novel solutions [8]. Poor
wettability prevents optimal wetting of the magnetic powder with
molten materials; therefore, the adhesion between the magnetic powder
and the matrix is not adequate [9].
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The wettability of any material depends on its surface composition
and structure, which are likely to deviate from that of the bulk material
[10]. The magnetic flakes of commercial NdFeB magnets consist of
NdyFe;4B grains with grain boundaries and triple joints between grains
that are enriched in rare-earth compounds. Mazilkin et al. [11] reported
the ratio between Nd and Fe in a typical grain boundary film of
approximately 0.4, while the concentration of Fe in the triple joints
between grains was below the detection limit. Electron energy loss
spectroscopy (EELS) revealed that the concentration of metallic Nd in
the triple junction was higher than that of Nd oxides. Similar results
have been reported by Zhou et al. [12]. The high surface energy of
commercial NdFeB magnets is likely the reason for the formation of
quasi-periodic coarse-grained regions in hot-deformed NdFeB magnets,
as recently shown by Chen et al. [13]. Uehara et al. [14] mentioned the
possibility that the surface energy of Nd,FeB grains depends on the
crystallographic planes, while Hrkac et al. mentioned that the surface
energy at the interface causes the rearrangement of the atoms close to
the grain boundary [15].

The wettability of a solid material is often determined by measuring
the contact angle formed after the deposition of a water droplet onto the
surface of a solid material. The water droplet contact angle (WCA) in-
dicates the macroscopic wettability, which is often a consequence of the
surface structure and composition on a microscopic scale. This also
depends on the morphology at the sub-micrometer scale. The surface of
metallic samples is likely to be contaminated with organic impurities,
which may dictate the WCA. The wettability is thus usually determined
after cleaning the samples.

Xu et al. [16] measured the wettability of NdFeB magnets. The
magnets were cut and polished with SiC papers of different grades from
100 to 1200. Next, they were ultrasonically cleaned in acetone and
distilled water, dipped in a 5 % nitric acid solution for approximately 30
s at room temperature, and rinsed with distilled water. The polished and
cleaned samples exhibited a WCA of 92°, indicating a moderately hy-
drophobic surface character.

Chen et al. studied the wettability of commercially available sintered
NdFeB magnets [17]. The substrates were first degreased in 2.0 % NaOH
solution for 120 s and then immersed in 5 % HNO3 solution at room
temperature for 90 s to remove rust. The samples were ultrasonically
cleaned in acetone and rinsed with distilled water. The wettability was
measured, and the WCA was approximately 45°. This value is signifi-
cantly different from that reported by Xu et al. [16], and the reasons for
this discrepancy cannot be evaluated because no additional data
regarding the surface composition, structure, and morphology were
provided.

The samples prepared by Chen et al. [17] were successfully hydro-
philized by micro-arc oxidation. The treatment resulted in a super-
hydrophilic surface finish. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) revealed the formation of
porous alumina on the magnet’s surface, so the super-hydrophilic finish
was due to the deposition of porous alumina film upon micro-arc
oxidation rather than any modification of the surface properties of the
NdFeB material. A hydrophobic coating was deposited after micro-arc
oxidation, and the magnetic materials coated with porous alumina
and a composite of poly(dimethylsiloxane) with embedded zinc oxide
nanoparticles caused a superhydrophobic surface finish. The results
reported by Chen et al. [17] clearly show that the wettability can be
tailored by depositing either a porous hydrophilic coating (to obtain
super-hydrophilicity) or a hydrophobic coating of rich morphology on
the micrometer and nanometer scales (to obtain super-hydrophobicity).

Doping with low-melting-point metals improves the wettability of
NdFeB magnets. Luo et al. [18] doped the magnetic material with Al, Sn,
and Zn at a concentration well below 1 wt% and reported the formation
of new alloys at grain boundaries. This phase promotes liquid-phase
sintering to improve magnet density, wettability, and fluidity. Other
methods for increasing the wettability of NdFeB materials include
doping with nickel [19], lanthanum, yttrium [20], or gallium [21,22].
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In this study, we investigated plasma treatment as a method for
tailoring the wettability of magnetic powder to increase its adhesion to
the molten polymer. Compared to the methods mentioned above,
plasma allows easy manipulation of surface wettability and does not
require additional rare-earth elements or coatings. Oxygen plasma is a
source of radiation and reactive species such as positively charged ions,
neutral atoms in the ground and excited states, and neutral molecules in
metastable states, and the fluxes of these species onto a sample depend
enormously on the discharge configuration, pressure, power, etc. We
used two extreme cases: treatment in glowing plasma rich in all species,
and in the flowing afterglow, where only long-living species are present.
We used magnetic flakes rather than powder (the latter is usually used
for the synthesis of bonded magnets) because the flakes enable hassle-
free measurements of the wettability and surface and thin film
composition.

2. Experimental details
2.1. Magnetic flakes

Commercially available NdFeB magnetic material was obtained from
the Kolektor company (Idrija, Slovenia). They were in the form of flakes
with a thickness of approximately 0.1 mm and an area of a few 10 mm?.
These flakes are used for further grinding to obtain the desired powder
for the synthesis of the composite. The flakes are obtained by crushing
the raw material synthesized by melt spinning a thin ribbon of the
NdFeB alloy. The flakes are supposed to be free from lubricants or any
other organics, and only the native oxide film should be on the surface.
The flakes are visually smooth and their lateral dimension vary because
of the crushing. The flakes with an almost rectangular shape and a
lateral dimension of over 10 mm were selected for plasma treatments.
Such a rather large surface of selected samples ensured that a deposited
water droplet remained on the surface regardless of the wettability of
the substrates.

Some plasma-treated samples were stored in the lab and probed for
the wettability after different storage times ranging from.

2.2. X-ray photoelectron spectroscopy

The samples were characterized by X-ray photoelectron spectroscopy
(XPS). An XPS instrument model PHI Genesis, from ULVAC-PHI (Phys-
ical Electronics Ltd., Munich, Germany), was used. The base pressure in
the XPS analysis chamber was 5 x 10”7 Pa. The samples were excited
with X-rays over a 100 pm? spot area with monochromatic Al Kay o ra-
diation with a photon energy of 1486.6 eV. Photoelectrons were
detected using a hemispherical analyzer positioned at an angle of 45°
with respect to the normal of the sample’s surface. Survey scan spectra
were acquired at a pass energy of 280 eV and an energy step of 0.5 eV.
High-resolution (HR) C 1s, O 1s, B 1s, Fe 2p, and Nd 3d spectra were
acquired at a pass energy of 55 eV and 0.1 eV energy step. The mea-
surement was on two different spots on the surface of each sample. The
spectra were evaluated using the Multipak software (version 9.9.1.1)
from Ulvac (Kanagawa, Japan). A Shirley-type background subtraction
was used. The measured high-resolution XPS spectra were evaluated
based on the binding-energy positions of the main peaks and charac-
teristic satellite features.

XPS depth profiling of the samples was performed to remove the
contaminated surface layer and determine the thickness of the oxide film
formed during plasma treatment. Depth profiling was performed using
an Ar' ion beam with the energy of 3 keV at an incidence angle of 45°,
and a raster of 3 mm x 3 mm. This resulted in a sputtering rate of
approximately 3 nm/min. A sputter rate of 3.0 nm/min was determined
on the reference layer SiO, on Si, of a known thickness of 100 nm. The
sputtering rate of the NdFeB material and thin films of oxides probably
differ from that measured on SiO, due to different sputtering yields of
elements and compounds, but the difference is expected to be lower than
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30 %, which is the relative error for the determined depth scale in XPS
depth profile.

During depth profiling, C 1s, O 1s, B 1s, Fe 2p, Nd 3d, and Nd 4d
spectra were acquired at a pass energy of 140 eV and an energy step of
0.25 eV. The sputtering interval was set to 1 min. Because the Nd 3d
peak overlapped with the O KLL Auger electron peak, an additional Nd
4d peak was measured as well to be able to calculate Nd concentration.
The following sensitivity factors were used: C 1s (0.314), O 1s (0.733),
Bls (0.171), Fe 2p3/5 (1.964), and Nd 4d (2.708). After depth profiling,
the HR spectra of C 1s, O 1s, B 1s, Fe 2p, and Nd 3d were measured using
the same parameters as before etching to reveal changes in the chemical
state of these elements in more detail.

2.3. Water contact angle

Wettability was determined by measuring the contact angle of a
water droplet deposited on the sample’s surface. A Drop Analyzer
DSA100E (KRUSS Scientific, Hamburg, Germany) was used, and the
sessile drop method was employed. The surface was monitored with a
camera during the deposition of the water droplet, and the WCA was
determined. The volume of the water droplets was always 2 pl. Three
repetitions of each measurement were performed to ensure the consis-
tency of the results. The analyzer was in the same laboratory as the
plasma reactor, so the time between the plasma treatment and the
deposition of the water droplet was less than a minute. The ambient
temperature in the laboratory was about 24 °C, and the relative hu-
midity was about 70 %. All samples were visually very smooth (free from
asperities), and a water droplet was deposited at the center of the flake
to ensure it remained on the flake, even for most wettable surfaces where
the water droplet spread significantly on the surface.

Samples with the highest wettability were stored in the laboratory
and probed for hydrophobic recovery. A sample was placed into a
covered Petri dish and removed from the dish occasionally to measure
the water contact angle. The water was removed after measurement
with a paper, and the sample was returned to the Petri dish. The tem-
perature in the lab was between 23 and 26 °C and the relative humidity
also varied during storage.

sample in the
afterglow region

|

quartz sample
holder /

to pump

Applied Surface Science 713 (2025) 164339
2.4. Atomic force microscopy

The surface morphology of the received NdFeB samples was
measured using atomic force microscopy (AFM) with an NT-MDT in-
strument (Moscow, Russia). The measurements were performed in semi-
contact mode using NT-MDT silicon tips. The AFM images were acquired
over an area of 2 ym x 2 um.

2.5. Plasma treatment

The NdFeB magnetic samples were exposed to oxygen plasma, which
was sustained in the experimental system shown in Fig. 1. The magnetic
samples were placed on a quartz glass holder, which was inserted into a
long borosilicate glass tube with an inner diameter of 3.6 cm and a
length of 80 cm. The system was pumped on one side using a two-stage
rotary pump at a nominal pumping speed of 80 m3/h to achieve an ul-
timate pressure of approximately 1 Pa. On the other side of the tube,
oxygen with 99.999 %+ purity was introduced into the system via a
precise needle valve. The pressure was measured using a capacitive
absolute pressure gauge Baratron Pressure Transducer 722A (MKS,
USA). Plasma was ignited using a CESAR Radiofrequency (RF) Power
generator 1310 (Advanced Energy, USA) connected with a 6-turn water-
cooled coil enveloping a part of the plasma tube. The RF generator
operated at a frequency of 13.56 MHz and a power of 500 W, resulting in
H-mode plasma inside the coil-covered volume. When 300 sccm of ox-
ygen was introduced to the experimental system, the pressure was 50 Pa.
The RF generator was controlled using a computer, allowing us to vary
the power of the generator and discharge duration.

The samples were treated either in the glowing plasma inside the coil
or in the oxygen plasma flowing afterglow, 20 cm away from the coil in
the pumping direction, as shown in Fig. 1. The difference between the
plasma and afterglow is in the concentration of various reactive oxygen
species. In the plasma itself, the samples are subjected to both long- and
short-lived species, whereas in the afterglow, only long-lived species are
present. The short-lived species are charged particles (electrons, posi-
tively and negatively charged ions), metastables of high potential en-
ergy, and photons in the vacuum ultraviolet and visible ranges [23]. This
causes the samples to heat up rapidly, as demonstrated in Fig. 2. A
magnetic flake was connected to the thermocouple wires by spot
welding and exposed either to the glowing plasma inside the coil or the

RF
generator

RF matching
network

plasma glow

RF coil region

oxygen gas

‘ flow via precise
needele valve
« pressure
gauge

N —

borosilicate
vacuum
chamber

20 cm

sample in the
glowing plasma region

Fig. 1. Schematic of the experimental system. Plasma was ignited inside the RF coil, with O, entering the system at one end of the glass tube, passing through the coil
(glow region) and towards the pump, passing through the afterglow region. The catalytic probe used to measure the density of neutral O atoms was placed at the

exact same position as the sample in the afterglow region.
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Fig. 2. Heating of magnetic samples in the glow (a) and afterglow (b) region of plasma.

flowing afterglow. The temperature of a sample placed into glowing
plasma is shown in Fig. 2 (a). The discharge was turned on at a time of
0.15 s. The initial temperature rise is roughly 600 K/s. Some samples
were mounted in the afterglow region, and the temperature is shown in
Fig. 2 (b). The heating in the afterglow is not as pronounced as in the
glow region, but the initial rise is at about 40 K/s. In both cases, the
sample heats up to a certain point, after which the temperature remains
fairly constant for the remainder of the plasma treatment. The pre-
dominant long-lived reactive plasma species in both the glowing plasma
and the flowing afterglow are neutral oxygen atoms in the ground
electronic state [24]. The concentration of O atoms in plasma and
afterglow is similar and depends on the discharge parameters[25]. The
density of the O atoms in the glowing plasma and afterglow was
measured with a cobalt catalytic probe and was 5 x 10! and 2 x 10%

m 3, respectively.

3. Results and discussion

Several NdFeB samples were treated in the experimental system, as
shown in Fig. 1. Systematic measurements were performed using WCA
and XPS to reveal the evolution of the surface wettability as well as
changes in the surface and thin film composition and structure.

3.1. AFM analysis of as-received magnetic flakes

AFM analyses were performed on the as-received NdFeB magnetic
flakes to determine their surface morphology; a typical image is shown
in Fig. 3. The samples were reasonably smooth with no distinct
morphological features.

3.2. Wettability of the plasma-treated magnetic flakes

Several untreated samples were probed for wettability to determine
variations between the samples. The untreated samples were hydro-
phobic and exhibited a WCA of between approximately 70° and 80°. The
values were between those reported by Xu et al. [16] (92°) and Chen
et al. [17] (45°). Both authors thoroughly cleaned the samples
(degreasing and rust removal), and Xu et al. [16] also polished them. We
measured the WCA of the as-received samples, i.e., without any pol-
ishing or cleaning. The reasons for the rather large differences between
our results (70-80°), Xu et al. [16] (92°), and Chen et al. [17] (45°) are
difficult to explain. This might be due to small differences in the
manufacturing procedure. Unfortunately, the details are not available.
In any case, the WCA was rather large, so the wettability of the as-
received magnetic flakes was quite low.

Fig. 4 reveals the evolution of NdFeB wettability versus treatment
time. The x-axis scale is logarithmic, which enables the visibility of
wettability changes even for very short treatment times. Fig. 4a shows
the evolution of the water contact angle for samples treated in the
afterglow, and Fig. 4b for samples treated in glowing plasma. There are 2
x-axis scales in Fig. 4. The lower one is the treatment time, and the upper
one is the fluence (dose) of neutral oxygen atoms.

For the samples treated with oxygen atoms in the flowing afterglow
(Fig. 4a), the WCA initially decreased with the treatment time. Even a
very short treatment time of 10 ms caused a significant decrease in WCA
to approximately 30°. The error bar is rather large, which indicates that
the hydrophilicity evolution is laterally inhomogeneous. Still, no out-
liers (values deviating unreasonably largely from the average value)
were observed when measuring the water contact angles. Further
treatment caused a gradual decrease in the WCA, and a minimum was

<)
27.10m
25.0

Fig. 3. An AFM image of the (a) as-received sample, (b) sample treated for 0.3 s in the afterglow, and (c) sample treated for 0.1 s in the glow region of plasma. The
scanned area is 2 ym x 2 um. Mean roughness R; is 0.91 nm and RMS roughness Rq is 1.26 nm for the untreated sample, R, = 1.62 nm and Rq = 2.25 nm for the
sample treated in the afterglow, and R, = 0.87 nm and Rq = 1.22 nm for the sample treated in the glow of plasma.
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Fig. 4. Water contact angle (WCA) of samples treated in (a) O, flowing afterglow and (b) glowing plasma versus treatment time (t) and the fluence of oxygen atoms
(F). In both cases, the pressure in the system was 50 Pa, and the forward power of the RF generator was 500 W. Fluence is calculated as the flux of atoms impinging on
the sample multiplied by the exposure time. The symbols represent averaged measurements after selected treatment times, with the error bars representing the

standard deviation.

observed (Fig. 4a) after approximately 0.3 s of treatment in the after-
glow. The minimal WCA is below 20°, indicating a very wettable sur-
face. Prolonged treatment times caused an increase in the WCA, and the
surface returned to a hydrophobic state after treating the magnetic
samples for several 10 s.

A similar wetting behavior, with the occurrence of a minimum, was
also observed during the treatment of magnetic samples in the glowing
plasma (Fig. 4b). The difference is that the minimum already occurs at a
very short treatment time of the order of several 10 ms. The 10 ms
treatment time (this is the minimal discharge duration supported by our
RF generator) in the glowing oxygen plasma causes a significant drop in
the WCA, and the error bars are rather large. For three identical samples,
the WCA was either 62, 48, or 33° at the treatment time of 10 ms. The
scattering of the measured values is usually explained by the small dif-
ferences between virtually identical samples. In any case, the faster
hydrophilization in Fig. 4b than in Fig. 4a can be explained by fluxes of
various reactive oxygen species (ions, metastables, photons) to the
sample’s surface when exposed to the glowing plasma, in contrast to the
flowing afterglow, where only oxygen atoms are present.

Another difference between Fig. 4 (a) and (b) is the wettability at the
minimum. While the afterglow treatment enables the WCA below 20°,
the treatment in the glowing plasma only enables WCAs down to about
45°, at least in the range of treatment times used in our experiments.
Chemical analyses were performed to explain the appearance of a
minimum in WCA and, thus, a maximum in surface wettability.

3.3. XPS analysis of the plasma-treated magnetic flakes

When exposed to oxygen plasma, a metallic sample is likely to be
oxidized, even at low temperatures [26]. However, because every ma-
terial contains a surface layer of impurities (i.e., adventitious carbon),
the first effect of plasma is to clean the surface and remove organic
impurities [27,28]. Typically, organic impurities are moderately hy-
drophobic [29]. Both the removal of the organic impurities and the
formation of oxides are likely to influence the surface wettability. The
oxidation kinetics were studied using XPS.

3.3.1. Modification of samples treated with oxygen plasma afterglow

The composition of the surface film of magnetic samples before and
after treatment in oxygen plasma or its flowing afterglow was studied by
XPS. XPS is a surface-sensitive technique that reveals the composition of
the surface layer, the thickness of which is roughly the size of the escape
depth of photoelectrons, that is, a few nanometers. Thicker films are
characterized by depth profiling, i.e., acquiring XPS spectra after etching
the surface film with energetic ions.

The surface compositions, calculated using the sensitivity factors, are
listed in Table 1. The survey spectra were acquired on two measured
points (spots) of each sample, so the numbers in Table 1 are average
values over 2 spots. The theoretical values, taking into account the
stoichiometric Nd;Fe;4B composition, are added to Table 1 (first row). A
column indicating the ratio of iron to neodymium was added to the last
column of Table 1. Oxygen and carbon prevailed in the XPS spectra
acquired before the depth profiling of all samples. These elements are
absent in stoichiometric materials; therefore, the surface is contami-
nated by impurities. The surface contamination with adventitious car-
bon is usually observed by XPS for most materials. The origin of such
carbon is the adsorption of organic impurities from the air. A thorough
study of the nature of such a contamination was performed by Gray et al.
[30]. They identified about 20 organic molecules, including hydrocar-
bons, alcohols, ethers, ketones/aldehydes, and esters/acids, capable of
adsorbing on the surfaces of solid materials. They also provided simu-
lated adventitious C1s carbon spectra for various oxygen functionalities.
In practice, the concentration of such adsorbed organic impurities var-
ies, so it is not feasible to distinguish between all these adsorbed
molecules.

Fig. 5 shows the XPS depth profiles of the untreated and afterglow-
treated samples as a function of sputtering time. The depth profiles in
Fig. 5 show carbon contamination only on the top of the samples,
whereas oxygen persisted deeper in the investigated materials.

The untreated sample (Fig. 5a) contains a layer of native oxide. The
oxygen concentration in the top surface layer, i.e., up to 2 min of
sputtering with Ar™ ions, was large, indicating complete oxidation of the
metals in the uppermost surface film of the untreated samples. Beneath
this very thin layer is another, thicker layer in which the oxygen content

Table 1
XPS surface compositions of Nd,Fe; 4B samples.
Sample C o Fe Nd B Fe/
(at. %) (at. %) (at. %) (at. %) (at. %) Nd
Theoretical 82.4 11.8 5.9 7.0
Untreated 26.7 £ 53.5 + 59+ 10.5 + 3.6 + 0.56
4.0 1.2 0.5 0.7 1.7
Afterglow 1 s 16.9 + 59.7 + 7.5+ 12.4 + 3.6 + 0.61
7.5 4.3 2.1 1.2 1.8
Afterglow 5s 12,7 + 64.8 = 179 + 4.7 £ 0 3.8
2.8 2.0 0.4 0.3
Afterglow 30 149 + 64.8 + 18.7 + 0.7 + 0.8 + 26.7
N 3.8 2.1 1.7 0.6 0.8
Glow 0.1 s 19.0 + 56.7 + 6.3 + 14.7 £ 3.3+ 0.43
1.3 1.0 0.8 1.4 1.7
Glow 1s 189 + 62.1 + 17.5 + 0.6 + 0.9 + 29.2
5.2 4.5 5.8 0.6 0.2
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Fig. 5. XPS depth profiles of the (a) as-received samples, and samples treated in oxygen plasma afterglow (b) for 1 s, (¢) for 5 s, and (d) for 30 s. The pressure was

(50 Pa), and the discharge power was 500 W.

is only about half of the surface value. A thicker layer containing
approximately 25-30 at.% oxygen (i.e., sputter times between 2 and
about 7 min in Fig. 5a) could be attributed either to incomplete oxida-
tion of metals in the film or to the artifact of the XPS depth profiling.
Fig. 3 shows the morphological features that stretch up to approximately
10 nm from the average value. Such roughness is reflected in the pref-
erential sputtering of bumps when Ar" ions are used for depth-profile
etching. If the oxide film has a homogeneous thickness, the oxide film
on the bumps is etched, but the oxide film in the valleys between the
bumps persists. This effect is reflected in the broad interface in the XPS
depth profiles. However, the depth profile in Fig. 5a does not reveal a
broad interface with gradually decreasing oxygen concentration but
rather a plateau between 2 and about 7 min of sputtering time. A gradual
decrease in the oxygen concentration was only observed between
sputtering times of 7 and 15 min. These rather unexpected results will be
discussed below with reference to other depth profiles and high-
resolution XPS spectra.

For the samples treated in the oxygen plasma afterglow, the thick-
ness of the oxide layer (and oxygen concentration) depended on the
treatment time. Fig. 5b shows the depth profile of a sample treated in
oxygen plasma afterglow for 1 s. This treatment time resulted in a highly
hydrophilic surface finish, as shown in Fig. 4a. The oxygen concentra-
tion on the very surface (Table 1) increases, and the carbon concentra-
tion decreases. The thickness of the oxide film on the sample treated in
the afterglow for 1 s (Fig. 5b) was practically the same as that of the
untreated sample (Fig. 5a). Therefore, the short treatment in the oxygen
plasma afterglow causes significant hydrophilization of the magnetic
material (Fig. 4a), but practically no oxidation as long as the thickness of
the film containing 25-30 at.% oxygen is the merit. (Fig. 5b). Such a
treatment time is therefore preferred if good surface wettability without

oxidation is the priority. Namely, the WCA below 30° indicates good
wettability. Still, one may speculate that the uppermost surface film
with about 60 at.% oxygen is thicker after treatment in the afterglow for
1 s (Fig. 5a) than for an untreated sample (Fig. 5b).

Increasing the treatment time in the oxygen plasma afterglow
resulted in the formation of thicker oxide films. Fig. 5c reveals a thick
film with an oxygen concentration of approximately 25-30 %
throughout the investigated depth, i.e., up to an ion sputtering time of
30 min, for the sample treated in oxygen plasma afterglow for 5 s. Ac-
cording to Fig. 4a, this treatment time already causes a loss of hydro-
philicity because the WCA increases with increasing treatment time
between 1 and 100 s. Fig. 5c reveals the segregation of Fe on the surface
of the sample treated in the afterglow for 5 s, because the uppermost
surface film contains little neodymium (Table 1). Below this iron-rich
very thin surface film (after a sputtering time of 2 min), is a rather
thick film with an almost perfectly constant composition. The oxygen
concentration in this film (sputtering time between a few min and 30
min) is far below the value typical for fully oxidized metals. This
observation suggests partial oxidation throughout the thick oxide film,
which is explained below by referring to the high-resolution XPS
spectra.

Surface segregation of iron is more obvious for longer treatment
times. Fig. 5d shows the depth profile of a sample treated in afterglow
for 30 s. Only iron and oxygen are observed up to the sputtering time of
about 10 min. As shown in Fig. 5d, the concentration of oxygen is
approximately 60 at.%, indicating the formation of Fe;O3. The oxygen
concentration started to decrease when the concentration of Nd became
measurable. Therefore, it can be concluded that prolonged treatment
with oxygen-plasma afterglow causes the growth of a rather thick film of
iron oxide on the surface of the NdFeB magnetic material. The whole
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depth profile of the sample treated for 30 s (up to 150 min of sputtering)
is shown in Supplemental (Fig. S1).

Such segregation of iron upon treatment with oxygen plasma or its
afterglow has also been observed for other iron-containing alloys, such
as stainless steel [31] and even Inconel (which contains a minor Fe
concentration) [32]. The modification of the surface composition and
structure led to significant changes in the surface wettability, as shown
in Fig. 4a. Iron oxide is a hydrophobic material [33,34], so the growth of
a rather thick film of this material on the surface may explain the
monotonous increase in the WCA for prolonged treatment times in ox-
ygen plasma afterglow.

3.3.2. Modification of samples with glowing oxygen plasma

As already mentioned, glowing oxygen plasma contains a consider-
able concentration of charged and metastable particles, and the surface
reactions that lead to the neutralization of charged particles and relax-
ation of metastables are highly exothermic. Furthermore, the density of
O atoms, which are likely to recombine on the surface and thus dissipate
the dissociation energy, is more than twice as high as that in the after-
glow, so the samples should heat up significantly in the glowing plasma.
Therefore, the surface reactions that lead to the evolution of wettability
should occur faster in the glowing plasma than in the afterglow. The
evolution of the wettability, as shown in Fig. 4b, confirms this hypoth-
esis. The minimal WCA was observed after about 0.1 s of treatment in
the glowing plasma (Fig. 4b). On the other hand, the WCA at the min-
imum is larger than for samples treated in the afterglow. Taking into
account the hydrophobic character of iron oxides [33], one may spec-
ulate that the formation of Fe;Og film screens the beneficial effect, such
as the removal of hydrophobic surface impurities.

The depth profiles of samples treated in the glowing plasma for 0.1
and 1 s are shown in Fig. 6a and 6b, respectively. The profile shown in
Fig. 6a is almost identical to that shown in Fig. 5b. No significant
oxidation was observed compared with the untreated sample (Fig. 5a).
In fact, the oxygen concentration on the very surface (as determined
from the XPS survey spectrum before sputtering with Ar ions) is even
smaller than for the untreated sample (Table 1), but that might well be
due to a localized deviation in the surface structure and composition.
The depth profile shown in Fig. 6a corresponds to the minimum in the
WCA (Fig. 4b), so it is possible to conclude again (as in Subsection 3.3.1)
that the improved wettability is not attributed to the change in the
surface composition of the magnetic material, but rather to the removal
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of the film of organic impurities (which are hydrophobic). The neo-
dymium surface concentration (Table 1) remains rather large in the
minima in WCA (Fig. 4), indicating little migration of Fe or B from the
bulk NdFeB.

Fig. 6b shows the depth profile of a sample treated with a glowing
oxygen plasma for 1 s. The surface film with a thickness corresponding
to a sputtering time of 30 min contains only iron and oxygen, and the
concentrations are constant, so it can be concluded that such treatment
causes segregation of iron on the surface and its oxidation, so it is
probably almost stoichiometric Fe;Os.

The depth profile of a sample treated in glowing plasma for 1 s up to
150 min of sputtering with Ar ions is shown in the Supplementary
(Fig. S2). A similar composition was observed in Fig. 5d. There was a
thick layer of FeoO3 on the surface, followed by a layer containing O, Fe,
Nd, and B, whereas the oxygen concentration in this layer was approx-
imately 30 at.%. The thickness of the Fe;O3 film formed in the glowing
plasma after treatment for 1 s was approximately 0.2 um, as estimated
from the sputtering rate (3 nm/min).

For all samples, the surface carbon contamination was reduced after
only a minute of sputtering, which indicates that carbon was only pre-
sent as adventitious carbon and not as an element from the bulk. Carbon
might have adsorbed on the surface between the plasma treatment and
the XPS characterization.

3.3.3. Survey spectra for untreated and treated samples

Fig. 7 shows the survey XPS spectra recorded on the surface before
and after depth profiling of the samples. Peaks associated with Nd, Fe, B,
C, and O are observed in the spectra before sputtering. The intensities of
Fe and B were very low, whereas peaks C, O, and Nd predominated in the
as-received sample (Fig. 7a). This observation is consistent with that of
Mazilkin et al. [11], who reported triple joints between grains on the
surface of magnetic materials, which are enriched in rare-earth
compounds.

Significant changes can be observed after 30 min of sputtering of an
untreated sample: the iron peak prevails as expected for stoichiometric
NdyFe14B, the carbon peak disappears, and oxygen is present only in
traces, indicating the removal of the surface layer of carbon and oxygen.
In addition, small peaks related to niobium (Nb) appeared, but the in-
tensity was close to the detection limit. Similar spectra were also
observed for samples treated for 1 s in the afterglow (Fig. 7b), or 0.1 s in
the glowing plasma (Fig. 7d). Prolonged plasma or afterglow treatment
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Fig. 6. XPS depth profiles of the samples treated in glowing oxygen plasma. (a) treated for 0.1 s, and (b) treated for 1 s. The pressure was (50 Pa) and the discharge

power was 500 W.
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caused the persistence of an intensive oxygen peak also in spectra ac-
quired after sputtering for 30 min (Fig. 7c and 7e, which is sound with
the depth profiles shown in Figs. 5 and 6.

3.3.4. Evolution of high-resolution spectra

The survey spectra and the corresponding depth profiles enable the
calculation of the composition, but do not reveal the oxidation states.
The latter can only be deduced from the HR spectra of iron and neo-
dymium. Figs. 8 and 9 show the HR spectra of Fe 2p and Nd 3d,
respectively, for all treated samples. The set of curves in each figure was
recorded after different sputtering times during depth profiling, with the
bottom curve showing the initial spectrum before sputtering and the
topmost curve showing the final spectrum after depth profiling. The
parameter in these diagrams is the Ar" ion sputtering time.

The evolution of the HR-Fe spectra of the untreated sample is shown
in Fig. 8a. The spectrum before sputtering (marked as 0 min) was
significantly different from the other spectra because of the different
surface compositions. The main peak of Fe 2ps,, before sputtering is
located at a binding energy of approximately 710.6 eV. This peak is
related to iron from the native oxide layer (i.e., chemically bonded to
oxygen or hydroxides; XPS does not distinguish between oxides and
hydroxides). The presence of an additional satellite peak at 719 eV in-
dicates that iron on the surface of an untreated sample was present in the
Fe®' oxidation state [35-37]. There is another small Fe 2p3/2 peak at
706.5 eV corresponding to bulk metallic iron Fe®, which proves that the
thickness of the native oxide layer is less than the detection depth of
XPS, which is a few nanometers. This is consistent with the estimated
oxide thickness in the depth profile shown in Fig. 5a. After removing the
native layer of iron oxide, only the metal iron peak at 706.5 eV was
observed in all spectra (except the bottom one), as shown in Fig. 8a.

The iron peak Fe3" was also observed in the spectra acquired before
Ar™ ion sputtering for the samples treated with oxygen plasma afterglow
or glowing plasma (Fig. 8b—f). This can be explained by the formation of
the most stable iron oxide (Fe;O3) on the surface of the plasma-treated
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samples. For the samples treated for a short time (Fig. 8b, c, and e), the
satellite peak at 719 eV quickly disappeared during depth profiling, even
though the survey spectra (Figs. 5 and 6) showed a significant oxygen
concentration.

The satellite peak at 719 eV persists in samples treated with larger
doses of O atoms (treated in afterglow for 30 s — Fig. 8d, and treated in
glowing plasma for 1 s — Fig. 8f). Those samples exhibited a thick oxide
layer (Fig. 5d and Fig. 6b). The peak at 710.6 eV, belonging to the iron
oxide, persists for quite a long time during Ar" ion sputtering and dis-
appears only after prolonged sputtering time. It is worth mentioning that
during the etching of iron oxide, a shift in the oxidation state of iron
from Fe®" toward a lower oxidation state (Fe2) is observed, which can
be explained as a consequence of etching. This effect was well studied
and reported in the literature for various metal oxides as well as for iron
oxides, where it was found that preferential sputtering of oxygen leads to
chemical reduction of iron oxides [38-40]. Moreover, as the intensity of
the Fe oxide peak in Fig. 8 decreased, the peak corresponding to the Fe
metal (at 706.5 eV) increased, indicating the presence of metallic iron
below the surface layer enriched with iron oxide.

Here, an important observation should be noted. When the Fe 2p3,»
peak belonging to iron oxide disappears in the HR spectra shown in
Fig. 8, oxygen is still present in the depth profiles shown in Figs. 5 and 6.
This paradox can only be explained by considering that the oxygen in the
subsurface film (where its concentration is 25-30 at.%) is not bound to
iron but must be bound to neodymium (as shown in Fig. 9).

In contrast to iron, where the iron oxide peak quickly diminishes and
transforms into pure iron metal, the HR neodymium spectra exhibit
different behaviors. For the untreated sample (Fig. 9a), the Nd 3ds/»
peak is shifted during the sputtering from 982.6 + 0.2 eV, which is ac-
cording to the literature (see Table 2) characteristic of neodymium oxide
in the Nd>* state, to 980.8 + 0.2 eV, which is characteristic of the metal
Nd°. Also, the shape of the peak is changed. The peak belonging to Nd
oxide is highly asymmetric on its right side due to the overlap with the
oxygen O KLL peak, whereas this is not observed for the Nd metal peak.
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Table 2
Binding energies of the Nd 3ds,» peak as reported in the literature.
Binding energy of Nd 3ds,> Reference

Nd metal 980.7 eV-980.9 eV [41]
Nd metal/Cu 981.6 eV [42]
Nd metal 980.5-981 eV [42]
Nd,03 981.7-982.3 eV [42]
Nd,O3 982.2 eV [43]
Nd;03 983.1 eV [44]
Nd,03 981.7 eV [45]
Nd,053 983 eV [46]
Nd metal 980.8 eV our study
Nd,03 982.6 eV our study

The untreated sample thus has a thin Nd oxide layer just on the surface,
as expected. Unlike the HR Fe spectra for the untreated sample (Fig. 8a),
the Nd3* component persists in Fig. 9a up to a sputtering time of
approximately 10 min. The oxide film on the surface of the untreated
sample shown in Fig. 5a (depth profile up to a sputtering time of 10 min)
is thus attributed to niobium oxide. This is reasonable because the ab-
solute value of the enthalpy of formation is much larger for neodymium
than for iron oxide.

A similar shift of Nd from its oxide state to Nd metal was also
observed for the samples treated for a short time (Fig. 9b and e). How-
ever, for the samples treated for a long time (Fig. 9¢, d, f), the position of
the Nd peak did not change; therefore, Nd remained oxidized
throughout the entire etched layer, which was not observed for Fe
(Fig. 8). Films containing 25-30 at.% oxygen in Figs. 5 and 6, therefore,
consist of oxidized neodymium in metallic iron.

The wettability, as observed in Fig. 4, can be explained as follows:
the untreated samples were moderately hydrophobic because of the
presence of adsorbed impurities. These impurities were quickly removed
by treatment with oxidizing species in the oxygen plasma or its flowing
afterglow. The polar component of the surface energy of neodymium
oxide is rather large; therefore, the minimum water contact angle in
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Fig. 4 is explained by the removal of surface impurities. Once the surface
film of iron oxide starts forming, the wettability starts decreasing (WCA
increases) until a hydrophobic surface finish typical for almost pure iron
oxide is established.

Interestingly enough, the WCA keeps increasing with increasing
treatment times despite the fact that the (almost complete) surface
coverage with iron oxide (probably Fe,O3) has been observed already
after 1 s of treatment in the glowing plasma or a few s in the flowing
afterglow. Obviously, the wettability of our samples does not depend
only on the surface composition. The wettability may also depend on the
thickness of the iron oxide film in analogy to some other thin films [47].
Recently, the orientation of active surface sites on the hematite surface
was found to influence the wettability significantly [48]. The detailed
explanation of the effect observed in Fig. 4 is, thus, yet to be formulated.

Here, we should also note that overlapping Nd with O KLL causes
complications in interpreting the XPS spectra when the oxygen con-
centration is high. Because the samples treated for a long time had a
thick iron oxide layer on the surface and a very low Nd concentration,
the O KLL peak from iron oxide prevailed directly on the surface (e.g.,
the black curve in Fig. 9d, f). However, when iron oxide vanished, which
led to a decrease in the oxygen concentration, the Nd peak became
clearly visible. Its position is still at 982.8 eV, corresponding to the Nd>*
oxide, whereas there are no signs of a shift to lower binding energies
typical for Nd metal. A detailed analysis and interpretation of the XPS
spectra indicate that the treatment of NdFeB materials with reactive
species from oxygen plasma or its flowing afterglow causes surface
segregation and oxidation of iron, and beneath is a layer of oxidized
neodymium in the matrix of metallic iron.

Additionally, the hydrophobic recovery of the samples was studied.
It is an inescapable reality for highly wettable materials because a large
polar component of the surface energy is thermodynamically unfavor-
able. The best treatment parameters were selected to study the hydro-
phobic recovery. A sample treated in the oxygen plasma afterglow for
0.3 s exhibited a WCA of around 16°, measured immediately after the
treatment (Fig. 4a). The evolution of WCA upon storage at ambient
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conditions for this sample is shown in Fig. 10. The hydrophobic recovery
is moderate, because the WCA around 45° was determined after storing
the treated sample at ambient conditions for two hours (increase of 250
%). This WCA is still less than the WCA for the untreated sample (about
75°, Fig. 4), so the increased wettability persists for several hours after
treating the samples in oxygen plasma. Fig. 10 reveals that the hydro-
phobic recovery follows a fairly linear behavior in the lin-log scale, so
the increase is logarithmic.

Here, it is worth mentioning that the hydrophobic recovery may not
be an obstacle in any industrial application because the plasma-treated
material is supposed to be used for the synthesis of composites soon after
the plasma treatment. Preferably, the plasma-treated magnetic and
polymer powder are mixed, and the composite is synthesized by
extrusion.

4. Conclusions

Reactive species from oxygen plasma enabled rapid hydrophilization
of NdFeB materials without any precleaning or other treatments.
Treatment in the oxygen plasma afterglow resulted in a water contact
angle of approximately 20°, which is typical for highly hydrophilic
materials. The range of doses of O atoms useful for optimal hydro-
philization by treatment in the afterglow is between about 0.5 and 30 x
10%2 m™2, preferably between 1 and 6 x 10?2 m™2. This range of doses
enabled surface activation and did not cause significant diffusion of Fe
on the surface, where it was transformed into hydrophobic FesOs.
Hydrophilization is not as effective upon exposure of NdFeB materials to
glowing oxygen plasma because the minimal achievable WCA is be-
tween 40 and 50°. The glowing oxygen plasma causes significant heating
of NdFeB materials, which stimulates the diffusion of Fe onto the sur-
face. The recommended dose of O atoms when using direct treatment in
the glowing plasma is up to 1 x 10%® m™2 Larger doses should be
avoided because they stimulate the diffusion of iron onto the surface as
well as oxygen toward the bulk material, and the latter effect causes the
formation of an intermediate film rich in metallic iron and oxidized
neodymium. The formation of the thick oxide film will probably sup-
press the magnetic properties so large doses of O atoms should be
avoided at any practical application.

The recommended doses are achievable in low-pressure reactors in a
reasonable time (around a second), provided the O-atom density is large
enough. The density depends enormously on the discharge parameters,
including the power density and the type of material the reactor is made
from. O-atom densities of the order of 10%° are achieved in an industrial-
size low-pressure reactor at a power density as low as about 10 W/litre,
provided the reactor is made from (or coated with) a material which
exhibits a low coefficient for the surface recombination, such as smooth
glasses or ceramics. However, a user should be aware of the gradients in
the O-atom density next to the magnetic material because it represents a
sink for O-atoms. The requirement for a vacuum system will add to the
costs of the production line, but it is unavoidable wherever numerous
objects with a complex geometry are to be uniformly treated with
gaseous plasma.

In our experimental systems, the samples were always kept at the
floating potential, so the kinetic energy of ions is not large. In the
collisionless-sheath approximation, the positively charged ions bombard
the surface of the samples perpendicularly with the kinetic energy,
which corresponds to the voltage drop between the plasma and floating
potential, which should roughly be about 10 V.
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