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Abstract An understanding of the reaction phases formed during the high-
temperature oxidation of rare earth permanent magnets is vital for developing appro-
priate strategies for their pyrometallurgy-based recycling processes aimed at the
concentration andpotential recovery of the rare earth elements. The current studyuses
in-situ high-temperature optical microscopy combined with ex-situ scanning elec-
tron microscopy to analyze oxide growth on the surface of an end-of-life Ni/Cu/Ni-
coated NdFeB permanent magnet oxidized at 900 and 1100 °C for up to 4 h under
ambient air conditions. Distinct oxide morphologies were observed at the two oxida-
tion temperatures over time ranging from blister- and spike-like structures. At the
longest oxidation times, visible cracking of the surface of the magnet and protrusion
of Fe2O3 phase were observed. The presence of a Ni/Cu/Ni coating on the magnets
was found to significantly affect the oxidation growth; a nickel ferrite phase was
formed at 1100 °C after 4 h while at 900 °C, there was still discrete NiO and Fe2O3.
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Introduction

Neodymium-iron-boron (NdFeB) rare earth permanentmagnets (REPM) have awide
range of applications including in electric vehicles [1], wind power turbines [2],
and computer hard disk drives [3]. Typical NdFeB magnets contain up to 32 wt%
of rare earth elements (REEs) which is dominated by the light REE, neodymium
(Nd) [4]), but with minor praseodymium (Pr) and dysprosium (Dy) also present.
Recycling of end-of-life (EOL) NdFeB permanent magnets will be vital to support
the expected growth in global demand for Nd and Dy, due to the fact that these metals
had significant supply shortfalls in the recent past. In addition, direct mining of REEs
from ores generates many issues with regard to the environment as their minerals
commonly contain trace to minor radioactive elements such as uranium and thorium
[5].

The recycling of NdFeB magnets can be carried out through pyrometallurgy,
hydrometallurgy, and their combined routes [6–8]. Despite the challenges associ-
ated with its high-temperature requirement, the pyrometallurgy route offers some
advantages especially when renewable energy sources such as concentrated solar
energy are applied to supply the heat. In the pyrometallurgy approach, the oxidation
behavior of the EOL NdFeB magnet at high temperatures will govern how the mate-
rials will be processed in the subsequent steps, as well as its overall recycling process.
The aim of this oxidation step is to transform the REEs form into REE-oxides where
further processing would more easily take place.

In the context of recycling, there have been several studies regarding the high-
temperature oxidation of NdFeB magnets available in the literature. Firdaus et al.
[9–12] conducted oxidation studies in the range of 700–1200 °C. using new uncoated
magnets as the starting samples, observed the formation of Fe2O3 on the outer oxide
layer while the Nd was concentrated mainly in the form of NdFeO3 underneath,
particularly during the oxidation at the range of 1000–1200 °C. Using the same
temperature range, a similar pattern was also observed by Nababan et al. [5, 13]
which used Ni/Cu/Ni-coated EOL NdFeB magnets. This suggested that the Fe was
diffused outward while the Ni and Cu diffused inward and reacted with the formed
Fe2O3. The formation of Fe2O3 on the surface was a significant finding which has
an important implication on the general mechanism of concentrating both Fe and
REEs.

More detailed mechanistic studies of the oxide growth on the surface of NdFeB
magnets are still limited. This current study is focused on directly observing the
growth of oxide(s) on the surface of Ni/Cu/Ni-coated EOL NdFeB magnets in
the early stage of oxidation at 900 and 1100 °C. In-situ high-temperature optical
microscopy combinedwith ex-situ scanning electronmicroscopywas used to analyze
the oxide growth on the surface for an oxidation period of four hours under ambient
air conditions.
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Table 1 Chemical composition of typical REPM samples (wt%)

Item Element

Nd Pr Dy Fe B Nb Co Al Ni Cu

EOL NdFeB magnet used in this
work

17.0 5.4 4.51 68.43 1.0 0.16 0.93 1.0 0.85 0.72

Methodology

Sample Preparation

TheEOLNdFeBmagnet samples used in this studywere obtained fromNote Printing
Australia Ltd., Australia, and were previously used in banknote machine printing.
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used
to determine the chemical composition of the magnets, and the results are shown in
Table 1.

The samples were firstly cleaned in an ultrasonic cleaner in acetone medium
to ensure any contaminants were removed from the surface. This was followed by
thermally demagnetization of the samples at 300 °C for 30 min in an oven. This step
was not found to oxidize the samples or change their microstructure.

Sample Characterization

The microstructure observation and surface analysis of the original magnet and the
oxidized EOL NdFeB magnet samples were carried out using Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray (EDX) spectroscopy
(for generating elemental distribution maps and providing semi-quantitative chem-
ical composition analyses). Figure 1 shows the cross-sectional microstructure of the
original NdFeBmagnet used in this study. It shows the Ni/Cu/Ni coating layer on the
surface of the magnet with a thickness of approximately 20 µm as well as the two
main matrix phases in the magnet, i.e. the � phase (Nd2Fe14B) as the main matrix
phase and an Nd-rich phase typically at grain boundaries.

Experimental Techniques

The oxidation experiment was conducted using Linkam Scientific hot-stage coupled
with an optical microscope (Olympus). The experiments were conducted at 900 and
1100 °C with the longest duration heating experiment being four hours. The setup
can be seen in Fig. 2. The sample was placed under a lens in the hot stage surrounded
by heating elements. Two flanges were kept open to allow the ambient air to circulate.
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Fig. 1 SEM back-scattered image showing the typical microstructure of the EOL NdFeB magnet
used in this study. The image shows the Ni/Cu/Ni coating layer, the intergranular Nd-rich phase,
and the main � matrix phase (Nd2Fe14B). Also included are corresponding EDX elemental maps
showing the distribution of the elements Fe, Cu, Ni, and Nd

A lid with a water-cooling system was installed to protect the direct exposure of the
heat on the lens. The heating rate on each experiment was set to 150 °C/min.

Fig. 2 Hot-stage microscopy apparatus used in this study
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Results and Discussion

Previous works by the authors [5, 13] studied the high-temperature oxidation of
the EOL NdFeB magnet through microstructural observations of cross-sections of
oxidized-samples. This current work aims to carry out a complementary, but more
detailed observation of magnet’s oxidation behavior by focusing on the oxide growth
on the surface in the early stages. Two oxidation temperatures, 900 and 1100 °C,were
selected in the current study.

Oxide Growth Observation During the High-Temperature
Oxidation of NdFeB Permanent Magnets at 900 °C

Figure 3 shows the optical images obtained from oxidation of a NdFeB magnet at
900 °C. The heating time to reach the target temperature was approximately six
minutes. It is important to note that the untreated surface of the magnet had some
surface imperfections (valleys) formed during its manufacturing process. Once the
temperature reached 900 °C, the surface was already fully covered by NiO which
formed due to the oxidation of the 1st Ni layer on the coating surface according to
Reactions (1) and (2) below:

Ni(s) + 1/
2O2(g) → NiO(s) �G

◦ = −135kJmol−1
(
900

◦
C

)
(1)

Ni(s) + 1/
2O2(g) → NiO(s) �G

◦ = −118kJmol−1
(
1100

◦
C

)
(2)

As the oxidation proceeded, after about 13 min, another oxide (predicted to be
Fe2O3) was observed to begin growing on the surface. The former nickel oxide
continued to grow bigger while some Fe2O3 was formed at other locations. A crack
on the NiO surface was observed after 50 min while at the same time, a distending
surface was observed. The crack continued to form and grow larger, particularly
on the distending surface. As clearly indicated in Fig. 3 at 170 and 240 min, the
NiO surface was cracked and significantly distended caused by the growth of Fe2O3

underneath.
The ex-situ SEM examination of the surface of the oxidized NdFeB magnet after

240min of heating at 900 °C is shown in Fig. 4a. Also shown are results fromwith the
EDXmapping from a smaller region in Fig. 4d. Results show the surface was covered
by a NiO layer with some cracks present. Figure 4c shows spiky Fe2O3 growing out
from underneath the NiO, thereby generating further cracks on the surface. The
growth of spiky Fe2O3 phase is shown in Fig. 4e where the Fe2O3 continued to grow
outward and to the side. Figure 4b, d shows the Fe2O3 that has grown along, and
penetrated through, the surface cracks.



336 D. C. Nababan et al.

Fig. 3 Hot-stage microscope images of EOL NdFeB magnet’s surface oxidized at 900 °C for 4 h
in air. The heating rate is 150 °C/min

Fig. 4 SEM secondary electron images showing the surface of EOL NdFeB magnet sample
oxidized at 900 °C for 4 h in air. Also included are EDX element distribution map results showing
the distribution of O, Fe, Ni, and Nd across a selected imaged area (shown in Fig. 4d)

Oxide Growth Observation During the High-Temperature
Oxidation of NdFeB Permanent Magnets at 1100 °C

Figure 5 shows the transformation over time of the surfacemorphology of the NdFeB
magnet during the oxidation heating process up to 1100 °C under air atmosphere. The
hot-stage microscopy images were taken in one heating sequence with one sample.
The SEM images, however, were taken separately following a discontinued heating
process, i.e. one representative image was taken from each sample after heating to a
particular temperature.

Similar to the observations at 900 °C, the untreated surface of themagnet had some
surface imperfections (valleys) formed during its manufacturing process. At the early
oxidation stages, up to 500 °C, reflections with distinct colors were captured which
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Fig. 5 Hot-stage microscopy coupled with SEM images of EOL NdFeB magnet’s surface heated-
oxidized at 350–1100 °C in air. The heating rate was 150 °C/min

might indicate changes in the surface’s morphology and/or chemical composition.
The SEM images indicated significant grain growth (fine-grained) on the surface,
and the EDX analysis confirmed an increase of oxygen concentration. It is plausible
to suggest that the NiOwas already formed during the heating stage. At temperatures
higher than 600 °C, the surface reflections showed a relatively homogeneous color
which might indicate that the whole surface was fully covered by the NiO. As the
heating and oxidation continued to proceed, the oxygen concentration was increased
up to 47 wt.% at 1100 °C where NiO grain growth was pronounced.

Figure 6 shows the microscopy images during the oxidation of NdFeBmagnets at
1100 °C for 4 h, a continuation of the experiment presented in Fig. 5. It can be seen
that another oxide (indicated by arrows) grew immediately after 1 min oxidation.
The previous study [5] observed that the NiO layer on the surface was dissolved
and reacted with Fe2O3 as the oxidation proceeded which grew outward to form the
spinel phase NiFe2O4. For simplification, this study assumed that the formed oxide
was NiFe2O4 whereas the EDX result presented in Table 2 shows the approximate
composition of the oxide as, 36 wt.% O, 52 wt.% Fe, and 11 wt.% Ni. The reaction
might follow the Reaction (3):

NiO(s) + Fe2O3(s) → NiFe2O4(s) (3)

The nucleation of NiFe2O4 occurred in several different locations after a certain
period of time (e.g. 5 min), and the NiFe2O4 continued to grow and merge with the
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Fig. 6 Hot-stage microscope images of EOL NdFeB magnet’s surface oxidized at 1100 °C for 4 h

Table 2 EDX semi-quantitative composition analysis including the deduced phase from points 1–4
in Fig. 7

Element (wt%) Point

1 2 3 4

O 28.88 36.09 30.92 30.06

Fe 12.62 52.72 10.69 21.74

Ni 58.50 11.19 58.39 48.20

Deduced main phase NiO NiFe2O4 NiO –

Table 3 EDX semi-quantitative composition analysis including the deduced phase from points
1–10 in Fig. 9

Element (wt%) Point

1 2 3 4

O 27.42 32.16 27.70 30.25

Fe 5.23 66.80 27.70 4.96

Ni 67.35 1.04 5.12 64.79

Deduced main phase NiO NiFe2O4 Fe2O3 NiO



In-Situ Microscopy Observations of Oxide Phases Formation During … 339

other surrounding NiFe2O4. The NiFe2O4 layer almost fully covered the surface of
the magnet after 60 min of reaction time.

Figure 7 showsSEM images of the surface of aNdFeBmagnet oxidized at 1100 °C
for 1min, using SE and back-scattered (BSE)modes andwith semi-quantitative EDX
point analysis. The locations of the EDX point analyses are also given in Fig. 7,
and the results are presented in Table 2. Figure 7b–e illustrates the early stage of
NiFe2O4 formation. In Fig. 7d, Point 1 shows that the surface is dominated by Ni,
58.5 wt% with the Fe being 11.19 wt.% whereas Point 3 has a similar composition.
For simplicity, this phase was called NiO (with Fe in solution). It is interesting to see
another phase, with black color, formed on the NiO phase, marked by Point 4 with
a higher amount of Fe, 21.74 wt.%. This might indicate the outward diffusion of
Fe to react with NiO. As the Fe continued to diffuse outwardly and react with NiO,
the NiFe2O4 formed bigger sized crystals and distended in shape (particle labelled
as 2 in Fig. 7d). EDX analysis confirmed an increasing amount of Fe up to 52.72
wt.% was associated with this phase. Furthermore, Fig. 7e shows that some blisters
coalesced with their surroundings. Figure 8 shows the surface of an oxidized NdFeB
magnet at 1100 °C for 5 min where it shows that the NiFe2O4 blisters were formed
at different spots and with the former blisters continuing to grow over time as shown
in Fig. 8b.

The microscopy images provided in Fig. 6 show that after being oxidized for
4 h, the formed oxides, which are dominated by NiFe2O4, had partially covered the
surface. Figures 9a, b show the SE/BSE SEM observation of the sample’s surface.
Figure 9a shows a layer of spiky oxide covering some area on the surface of the
magnet with Fig. 9c showing a bigger magnification of a specific area in Fig. 9a.
Based on the EDX result, the outer oxide layer was dominated by Fe, marked by
Point 2, with a composition of Fe up to 66.80 wt% whereas the surface area covered

Fig. 7 SEM secondary electron and back-scattered electron images showing the surface of EOL
NdFeB magnet sample oxidized at 1100 °C for 1 min. Also included are EDX element distribution
maps for O, Fe, Ni, and Nd across the selected imaged area
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Fig. 8 SEM secondary electron and back-scattered electron images showing the surface of EOL
NdFeB magnet sample oxidized at 1100 °C for 5 min. Also included are EDX element distribution
maps for O, Fe, Ni, and Nd across the selected imaged area

by NiO was still present, marked by number 1, with a composition of Ni up to 67.35
wt%. The other area provided in Fig. 9b shows a similar observation to the oxidation
at 900 °C. Instead of reacting with the NiO, the Fe2O3 cleaved the NiO to grow with
a spiky shape. This might occur due to the spalling of NiO which allowed the Fe2O3

to grow outward directly instead of reacting with the NiO.
The previous works [5, 13] showed that at higher temperatures (900–1200 °C),

the Cu and Ni (from the 2nd Ni layer), as the components of the coating, diffused
inward through the Nd-rich matrix phase in the substrate where the 1st Ni layer
on the surface was oxidized immediately to NiO. With longer oxidation time at
900 °C, the thin dense layer of NiO still remained on the surface. The observation

Fig. 9 SEM secondary electron images showing the surface of EOL NdFeB magnet sample
oxidized at 1100 °C for 4 h. Also included are EDX element distribution maps for O, Fe, Ni,
and Nd across the selected imaged area
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in the current study is in line with these, where at 900 °C, the outer surface was, in
general, homogenous with NiO but with some spiky Fe2O3 grown outward breaking
the NiO layer. Furthermore, with longer oxidation time at 1100 °C, the NiO layer
was diminished as it reacted with the Fe2O3 to form the spinel phase NiFe2O4 as its
reaction is more thermodynamically favorable at higher temperatures.

Conclusion

The growth of oxides on the surface of the EOLNdFeB permanent magnet during the
high-temperature oxidation at 900 and 1100 °C was investigated using in-situ hot-
stage microscopy. Ex-situ scanning electron microscopy was utilized to supplement
the analysis and to characterize the oxides. It was observed that at a lower temperature
of 900 °C, the surface was covered by a NiO layer with some growth of a spiky Fe2O3

from insidewhich penetrated theNiO layer. This observation indicated that at 900 °C,
the reaction between NiO and Fe2O3 was minimal. After four hours of oxidation,
the NiO layer remained while the Fe2O3 continued to grow outward. At a higher
temperature of 1100 °C, the Fe2O3 also grew from inside but at this temperature
it immediately reacted with the NiO layer resulting in the formation of a NiFe2O4

layer. A longer period of oxidation at this temperature led to the NiFe2O4 entirely
covering the surface. Both NiO at 900 °C and NiFe2O4 at 1100 °C, once covered the
surface, appeared to significantly reduce further oxidation.
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