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ABSTRACT

Post modifications such as alloying element addition and/or heat treatment are
applied to improve the magnetic properties of NdFeB permanent magnets. In
this study, effects of external magnetic field and flash annealing at different
temperatures (680 °C and 710 °C) and durations of 5 and 10 min on the mag-
netic properties of relatively high Nd content (37 wt.%) NdFeB magnet alloys
were investigated. Melt spinning method was used in production of the NdFeB
magnet alloys. Heat treatment was applied to various NdFeB magnet ribbons at
680 °C and 710 °C temperatures for 5 and 10 min by the flash annealing at
heating and cooling rates of 300 K/s. In addition, before vibrating sample
magnetometer tests, various samples were magnetized under an external
magnetic field of 5 Tesla. After melt spinning, semi-amorphous structure was
obtained and Nd2Fe14B hard and a-Fe soft magnetic phases were crystallized at
nanoscale by flash annealing. These crystallizations formed between approxi-
mately 350 °C and 430 °C. After the flash annealing, residual amorphous
structures were observed without complete crystallization. The highest rema-
nence and coercivity were obtained in the sample flash annealed for 10 min at
710 °C, 57.64 emu/g and 10,419.07 Oe, respectively. The maximum energy
product improved thanks to the high remanence and coercivity, important for
the NdFeB magnets resulted in a high value of 87.79 kJ/m? in the same sample.
This flash annealing procedure provides a cost-effective and simple platform to
improve the magnetic features of NdFeB magnets.
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1 Introduction

Permanent magnets are the fundamental components
of many electrical, electronic and electro-mechanical
devices. It's widely used in today’s technologically
developed societies [1, 2]. In this materials, it is aimed
to provide large magnetic fields without consuming
electrical energy or releasing thermal energy [1-3].
The permanent magnet materials can be examined in
four different groups as AINiCo alloys, ferrites, rare
earth cobalt alloys (Sm—Co) and rare earth-iron alloys
(NdFeB) [1, 4]. Among these, NdFeB compound was
found in the 1980s and various methods have been
used to improve their physical properties such as
magnetic and thermal [1, 5-9]. NdFeB magnets have
high spontaneous polarization (J; > 1.2 T) and crys-
talline anisotropy (K1 > 106 J/m?>), all of which pro-
vide a high maximum energy product
(BHppax > 450 kJ/m® [7, 10-12]. These superior
magnetic properties make them widely used in sev-
eral commercial applications [3, 6, 13-18]. NdFeB
permanent magnets have been widely applied in
various fields, such as electronic and aerospace
industry, information and medical equipment,
hybrid electric vehicles (HEVs) and wind generators
by changing coercivity and maximum energy pro-
duct [6, 19]. In this context, NdFeB-based permanent
magnets play an important role in reducing the size
of products (motor etc.) in applications where high
efficiency is required. The global permanent magnets
market share was valued at $17.33 billion in 2018 and
is expected to reach $30.67 billion by 2025 [20].
Considering the increasing global needs, the
demand for NdFeB magnets with high energy pro-
duct and coercivity is increasing day by day. For this,
the first stage is the production method. Some of the
methods used in the production of NdFeB-based
permanent magnetic materials with hard magnetic
properties are powder metallurgical methods (sin-
tered magnets), rapid cooling methods such as melt
spinning, severe plastic deformation, mechanical
alloying, HDDR [7, 11, 18, 21-23]. Among these, the
melt spinning, which is one of the rapid solidification
methods, it is possible to obtain an amorphous and
relatively fine-grained microstructure [22] and, as a
result, superior magnetic properties at high cooling
rates [5]. As known, in the melt spinning method,
atoms crystallize in nano-size crystal order or amor-
phous depending on the cooling rate, due to the effect
of rapid solidification [24, 25]. The formation of an
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amorphous, semi-amorphous or crystalline structure
depends on the parameters, affecting the cooling rate
in the melt spinning method [26, 27]. Grains refined
with melt spinning make a significant contribution to
the magnetic properties of NdFeB magnet alloys [24].
As it is known, grain size should be below 3 pm for
high coercivity [28, 29]. These grain sizes can be
reached as follows; (i) nano-sized grains can be
formed by optimizing melt spinning parameters [26]
or (ii) obtained by flash annealing of amorphous or
semi-amorphous ribbons after melt spinning
[5, 25, 30, 31]. The temperature and durations
required for the flash annealing process can be
determined by considering atomic diffusion
[5, 25, 30]. As a result, by refining the grain size, the
coercivity and magnetic remanence, and accordingly
the energy product increases.

Moreover, the NdFeB magnets contain about 32-35
wt% rare earth elements (REEs), mainly Nd.
Depending on their application areas, as well as
heavy rare earth elements (HREEs) such as Dy, Tb
and Ga, which are small but expensive [19]. In
addition, sources of HREEs such as Dy, Tb and Ga
are both very few in the world and their reserves are
decreasing day by day [6, 32, 33]. With the expansion
of application areas of NdFeB-based magnets, the
need for continuous improvement of their magnetic
performance is increasing [7]. Therefore, many
researchers have tried to increase the magnetic
properties of NdFeB magnets without using HREEs
[34, 35]. For this purpose, first of all, it was tried to
increase the coercivity and energy product by
changing the amount of Nd [24, 29, 35]. It is known
that the coercivity and energy product improve with
the increase of Nd amount [29, 35]. Because the Nd
promotes further formation of Nd,Fe4B hard mag-
netic phase in the structure [29]. Therefore, in our
study, we chose the amount of Nd 37% by weight,
without using HRREs such as Dy, Tb and Ga. To our
best knowledge, it is the first time in the literature to
study NdFeB-based magnets with relatively high Nd
content. In addition, the melt spinning method was
used to obtain amorphous and/or semi-amorphous
structures. In order to reach nano-sized grains, flash
annealing were applied to the amorphous ribbons
under different conditions (different temperature and
durations). As it is known, heat treatments improve
magnetic properties of NdFeB magnets [28, 31, 36].
Therefore, to avoid compromising the nanoparticle
size, the samples were rapidly heated to 680 °C and
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710 °C and held for 5-10 min and then rapidly
cooled. In addition, an external magnetic field of 5
Tesla was applied to various samples. As a result of
our studies, the highest coercivity value was obtained
as 10,667.98 Oe in the sample without heat treatment
and magnetic field. The maximum energy product
was 87.79 kJ/m®, in the sample which flash annealed
at 710 °C for 10 min.

2 Experimental

NdFeB-based ingot alloys were produced in a vac-
uum induction melting (VIM) furnace under high
(104 mbar) and argon atmosphere
(500 mbar partial argon pressure), and their nominal
chemical compositions are listed in Table 1. Chemical
composition of NdFeB-based magnet alloys was
determined using a Bruker S2 PUMA X-ray fluores-
cence spectrometer (XRF). For each ingot alloy pro-
duced, the VIM process was repeated three times to
ensure homogeneity. The ingots are produced to
have a weight of 200 g. Approximately 20 g samples
were used from the ingots produced for melt spin-
ning. The liquid metal, which was remelted under
vacuum, was sprayed from a 1 x 10 mm nozzle onto
a copper wheel rotating at 25 m/s. In order to obtain
a homogeneous ribbon thickness below 50 pm, the
argon ejection pressure was 200 mbar and nozzle-
wheel gap distance was 0.5 mm [26, 27, 37, 38].
Within the scope of our study, 10 mm width and
30 pm thickness ribbons were produced.

Differential thermal analysis (DSC) analysis was
performed with Mettler Toledo brand device to
determine the crystallization temperature of rapid
solidified NdFeB alloys. In order to ensure the crys-
tallization of the amorphous structure in NdFeB-
based ribbon alloys, the flash annealing was applied
at temperatures of 680 °C and 710 °C, for 5 and
10 min and at a heating and cooling rate of 300 K/s.
In addition, an external magnetic field of 5 Tesla was
applied to some of the NdFeB alloys. The descrip-
tions of the samples produced within the scope of the

vacuum

Table 1 The chemical composition of NdFeB magnet alloy

Elements Nd B Si Al Fe

Content (Wt%) 37.12 1.08 0.11 0.05 Balance
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study are summarized in Table 2. X-ray diffraction
(XRD) analysis performed from 20° to 80° of 20 with a
speed of 2°/min with Cu-Ka radiation to determine
the crystal structure of the ribbons (PANalytical
EMPYREAN). Scherer method was used to estimate
the grain size [34, 39]. Vibrating sample magne-
tometer (VSM) analysis was performed on the
Quantum Design PPMS DynaCool-9 to examine the
magnetic properties of the NdFeB-based ribbons.

3 Results and discussion

Figure 1 shows the XRD patterns of NdFeB-based
ribbon alloys produced by melt spinning method for
the conditions melt-spun, flash annealed at 680 °C
and 710 °C for 5 and 10 min and applied external
magnetic field of 5 T. It is obvious that melt-spun
ribbon alloys show a largely amorphous structure
with trace amount crystalline phases. It is clearly seen
that amorphous structures are obtained thanks to the
rapid solidification by the melt spinning method.
With the effect of rapid solidification, most of the
structure became amorphous without forming a
crystalline order [40]. In the melt spinning method,
the rotation speed of the copper wheel, the ejection
pressure and the distance the wheel-nozzle gap are
important parameters that affect the cooling rate.
Therefore, when the XRD results in Fig. 1 are evalu-
ated; the parameters we have chosen for the pro-
duction of amorphous ribbon show a successful
result in line with the literature [26, 27]. It is clearly
seen that the external magnetic field of 5 T has no
effect on the crystal structure (AM sample). On the
other hand, traces amount of Nd,Fe;4B hard mag-
netic phase at approximately 30° 20 angle and o-Fe
phase at 20 = 44°angle are observed in melt spun
samples. Intensities of sharp peaks of Nd,Fe 4B and
a-Fe phases increase with applied flash annealing
[31, 36]. It is clearly observed that the structure
changes from amorphous characteristic to crystalline
structure with the effect of temperature [12]. In
addition, the intensity of the hard and soft magnetic
crystal peaks increases with the increase of the
duration [34, 41]. Temperature and a duration time
are required for atoms to change from amorphous
structure to a certain crystalline order [42, 43]. Due to
the high atomic mobility at high temperatures and
long duration times, atomic diffusion will become
easier and the crystal sizes will increase. Therefore,
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Table 2 Description of samples

A AM A680-5 A680M-5 A680-10 A710-5 A710-10

Melt  Melt Melt Melt Melt Melt Melt

spun  spun + magnetized  spun + flash spun + magnetized + flash spun + flash spun + flash spun + flash
annealed at annealed at 680 °C and annealed at annealed at annealed at
680 °C and 5 min 680 °C and 710 °C and 710 °C and
5 min 5 min 5 min 10 min
x T * % _ A710-10 Figure 2 shows the transformation during heating

A710-5
Ty

A
W

A A680-10
W

A

AM680-5
*
A % Nd2Fe14B

A680-5

A o-Fe
* ~
AM

Intensity (a.u.)

2 Theta (degree)

Fig. 1 XRD patterns of NdFeB alloy ribbons

flash annealing was applied to transformation from
semi-amorphous structure to nanocrystallization. As
a result, nanocrystalline grain structure was obtained
thanks to flash annealing. It is known that
nanocrystalline structures improve the magnetic
properties of NdFeB magnets [34]. In addition, the
Scherrer Equation was used to calculate the crystal
sizes of the samples from the XRD patterns. The
Scherrer Equation is expressed as [34, 44, 45]:

K2

- PcosB (1)

where K is the Scherrer constant (about 0.94 for cubic
crystal systems); f is the with of the X-ray peak,
measured as full width at half maximum (FWHM) of
respective peaks; / is the X-ray wavelength (1.5406 A
for Cu-K o) and is the Bragg angle of the X-rays.
According to the calculation, the crystalline size dis-
tribution (D) in the melt-spun alloys obtained
between 20 and 50 nm. For the A710-10 sample,
estimated average crystal size of the Nd,Fe;4B phase
at 20 = 30° was 30 nm, while the o-Fe phase at 2 0
= 44° was 50 nm.

from 200 to 400 °C at a constant heating rate of 5 °C/
min. More crystallization events are exhibited in A
and AM samples, seen from the exothermic reaction
peaks. The crystallization temperature increased by
about 15 °C with the external magnetic field. How-
ever, the external magnetic field did not have any
effect on the flash annealed samples. Small exother-
mic peaks are observed in the flash annealed samples
at 680 °C and 710 °C. Due to the short-term annealing
process, the amorphous structure did not crystallize
completely. It is clearly seen from the DSC results
that the residual amorphous phase is still present in
the structure. XRD results also support DSC results as
the phase peaks are not sharp and intense. These
results agree with many researches in the literature
[34, 46]. Hamano et al. observed residual amorphous
structures in the sample annealed at 700 °C for 3 min
[46]. It is clearly seen that the amorphous structure
present in the material is not fully crystallized by the
flash annealing process. These residual amorphous
structures are known to inhibit crystal growth
[46, 47]. Accordingly, it can be said that the crystal

35_‘ A710-10 406.3°C ~
30+
| 349.3°C
p 2 | Aros >
o 20 _. A680-10 386.8°C
g 15 - AME80-5 429.1°C
% - 2687
% 10 Ae80-5
: ] 371.2°C
5 AM \x
0_- A 354.6°C ~
'\__/\
-5 I ' I
300 400

Temperature (°C)

Fig. 2 DSC curves of melt-spun NdFeB alloys
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size remains at nanoscale. When DSC results are
interpreted together with XRD results; while o-Fe
phase formation was more with flash annealing at
680 °C, NdyFe 4B phase formation was more with
flash annealing at 710 °C. It is clearly seen that the
XRD results support the DSC results.

In Fig. 3, the magnetic hysteresis loops of the melt-
spun NdFeB-based alloys. According to magnetic
hysteresis loops, magnetic saturation of sample A
was lowest without flash annealing. As can be seen
from the XRD results, the a-Fe soft magnetic phase,
which increases the magnetic saturation in hard
magnetic materials, is quite low in the semi-amor-
phous sample A. The magnetic saturation of sample
A was found to be low due to the effect of rapid
solidification, since there was not enough crystal-
lization and the o-Fe soft magnetic phase was insuf-
ficient. In hard magnetic magnets, magnetic
saturation is related to the amount of soft magnetic
phase and the crystal size. With flash annealing
applied to semi-amorphous ribbons, atomic mobility
was increased and thus crystallization was achieved.
Therefore, magnetic saturation increases with flash
annealing process. The maximum magnetic satura-
tion was observed as 117.58 emu/g in the flash
annealed sample at 680 °C for 5 min (A680-5). As can
be seen from the XRD results, the amount of o-Fe soft
magnetic phase increased significantly in the A680-5
sample. The a-Fe soft magnetic phase is known to
increase magnetic saturation in NdFeB-based hard
magnetic magnets [48]. On the other hand, with the
extension of the time to 10 min, the amount of hard
magnetic phase increased and thus the magnetic

150

—A
1l—— am
100 4 |—— A680-5
| |—— Ame680-5
— A680-10
——A710-5
{1|—— A710-10

50

-50 4

Magnetic Moment (emu/g)
o

-100

-150

T T T T T T
-20000  -10000 0 10000 20000 30000
Magnetic Field (Oe)

T
-30000

Fig. 3 Magnetic hysteresis loops of the NdFeB samples
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saturation slightly decreased. In addition, it is clearly
seen in the XRD results that the Nd,Fe;4sB hard
magnetic phases more formed with flash annealing at
710 °C. Depending on this, the magnetic saturation of
the samples flash annealed at 710 °C is lower than
flash annealed at 680 °C.

The high coercivity of hard magnetic materials
directly affects the magnet properties [34]. In addi-
tion, the coercivity of permanent magnets is related to
the size and amount of the soft and hard magnetic
phases and the strength of the exchange coupling
between them [49]. Within the scope of our study, the
maximum coercivity was obtained in the A sample.
The closest result was obtained by flash annealing for
10 min at 710 °C. Because the hard magnetic phase,
which was more in the A and A710-10 samples
compared to the other samples, increased the coer-
civity significantly. It can be understood from the
XRD results, the soft magnetic phases could not
crystallize sufficiently due to the rapid solidification
in sample A. Therefore, the intensity of the hard
magnetic phases is higher than the soft magnetic
phase. In addition, XRD results show that both soft
and hard magnetic phases are formed in the A710-10
sample with the effect of temperature. In fact, in flash
annealing at 710 °C, it is expected that the coercivity
will decrease with the formation of the soft magnetic
phase. However, here, it is seen that the exchange
coupling mechanism between the hard magnetic
phases and the soft magnetic phases is dominant [50].
On the other hand, a significant reduction in coer-
civity was observed in flash annealed samples at
680 °C. Because the a-Fe phase intensity, which is the
soft magnetic phase, increased in A680-5 and A680-10
samples. It is known from previous researches that
soft magnetic phases reduce coercivity [49, 51].
Schrefl et al. stated that the coercivity of permanent
magnets improves as the amount and size of the soft
magnetic phase increases [49]. It was also observed
that the relatively high Nd content did not signifi-
cantly affect the coercivity [29, 35]. In this context, the
coercivity results compatible with the literature.

The exchange coupling between the hard and soft
magnetic phases causes the magnetic moment of the
soft magnetic grains to rotate throughout the hard
magnetic grain boundaries. This improves the mag-
netic permanence properties of permanent magnets
and accordingly offers better hard magnetic proper-
ties [H. and (BH).x etc.] [51]. In addition, HREEs
such as Dy and Tb used in NdFeB magnets are
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known to decrease magnetic remanence while
improving coercivity [52]. As a result, the maximum
energy product important for permanent magnet
property is reduced [52]. A relatively high magnetic
remanence was obtained within the scope of our
study. The highest magnetic remanence value in the
sample flash annealed at 710 °C for 10 min was
57.64 emu/g. Sample A is closest to this value. It can
be said that the exchange coupling mechanism
between the soft and hard magnetic phases works
effectively in the sample applied flash annealing at
710 °C for 10 min. According to the XRD results in
Fig. 1, the remanence values were lower in the A
sample due to the more hard magnetic phases and to
be predominance of the amorphous structure. On the
other hand, magnetic remanence was found to be low
in all of the samples flash annealed at 680 °C due to
the dominant soft magnetic phase. Chen et al., in
their study in 2019, noticed that the magnetic rema-
nence decreased with the increase of the soft mag-
netic phase, and a similar result was seen in our
study [53] (Fig. 4).

It can be listed in Table 3 with the magnetic satu-
ration (B,), coercivity (H.), magnetic remanance (B,),
and maximum energy product [(BH)max] for each
melt-spun alloy. According to Table 2, A710-10 alloy
presents relatively high hard magnetic properties [H,,
B, and (BH).x] depending on the flash annealing at
710 °C and 10 min. Because, it can be abovemen-
tioned, optimum soft and hard magnetic phase grain
size is achieved by the flash annealing, hence the
exchange coupling mechanism between Nd,Fe 4B

60
—A
1 —AM
| ——A680-5
504 [ AM680-5
] |—— Ae680-10
404 — A710-10

Magnetic Moment (emu/g)
N w
o o
1 1

-
o
1

-10000 -8000 -6000 -4000 -2000 0
Magnetic Field (Oe)

Fig. 4 Second-quadrant demagnetization curve of samples

22733

and a-Fe is improved [5, 54]. Although HREEs such
as Dy, Tb and Pr are not used in NdFeB magnet alloy,
magnetic remanence is improved because the Nd
ratio is high. According to Zhang, HREEs reduce the
maximum energy product as they reduce magnetic
saturation [52]. In addition, with the applied flash
annealing process, the interaction of soft and hard
magnetic phases has been improved and its coerciv-
ity increased. Thus, the maximum energy product of
the flash annealed sample at 710 °C for 10 min was
87.79 kJ/m>. This value is much better than the
(BH)jmax obtained in many studies in the literature
[55, 56]. On the other hand, due to the semi-amor-
phous structure formed by the rapid solidification in
sample A, the exchange coupling mechanism could
not work. A similar situation is observed in A680-5
and A680-10 samples, which were flash annealed at
680 °C and dominated by the soft magnetic phase.

4 Conclusion

In this study, relatively high Nd ratio NdFeB mag-
net alloys were produced with melt spinning, which
is a rapid solidification method. In addition, the effect
of flash annealing and magnetization processes
applied to various samples were investigated. Semi-
amorphous structures were obtained by melt spin-
ning method. It has been observed that most amor-
phous structures crystallize at nanoscale with flash
annealing at 680 °C and 710 °C for different dura-
tions of 5 and 10 min.

According to the XRD results, melt-spun plain
samples are in semi-amorphous structure. In addi-
tion, the average crystal size distribution in melt-
spun samples is between 20 and 50 nm. With the
flash annealing process at 680 °C, the soft magnetic a-
Fe phase became more dominant. Nd,Fe;4sB hard
magnetic phase was formed mostly with the flash
annealing process at 710 °C.

According to the DSC results, various exothermic
crystallization reaction peaks were observed between
the temperatures of 350 °C and 430 °C.

The highest magnetic saturation was obtained as
117.58 emu/g in the sample flash annealed at 680 °C
for 5 min. The best magnetic remanence value was
57.64 emu/g in the sample flash annealed at 710 °C
for 10 min. The coercivity value of the same sample
was also quite high as 10,419.07 Oe. The maximum
energy product improved thanks to the high
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Table 3 Magnetic properties of samples

J Mater Sci: Mater Electron (2022) 33:22728-22735

Melt-spun Saturation magnetization (B;), = Magnetic remanence (B,), Coercivity (H,), Maximum energy product (BH)ax,
alloy emu/g emu/g Oe kJ/m?

A 92.41 52.86 10,667.98 43.16

AM 104.59 34.019 2306.2 12.62

A680-5 117.58 54.308 1453.13 9.36

A680M-5 108.990 36.53 805.21 4.08

A680-10 107.83 15.22 591.334 28.29

A710-5 102.74 52.65 4514.75 34.11

A710-10 96.34 57.64 10,419.07 87.79

remanence and coercivity, important for NdFeB Declarations

magnets resulted in a considerably high value of
87.79 kJ]/m3 in the sample flash annealed at 710 °C
for 10 min. As a result, NdFeB melt-spun alloys
produced without using HREEs and flash annealed
at 710 °C for 10 min are candidates for many magnet
applications.
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