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ABSTRACT

The phase structure, microstructure, magnetic and thermomagnetic properties of nanostructured Nd-Fe-B melt-spun ribbons were investi-
gated. The melt-spun ribbons have been prepared at different wheel speeds varying from 17 to 25 m/s. The hard magnetic Nd,Fe 4B phase
with (001) texture, indicating preferred crystallographic orientation, was observed in all the ribbons with some a-Fe(Co) as the minor phase.
Nd,Fe4B grains are uniformly distributed with grain sizes ranging from 50 to 150 nm. A decrease in the average grain size of Nd,Fe 4B and
fading away of texture formation in the ribbons were found with the increase in the wheel speeds. The best combination of magnetic proper-
ties with a coercivity of 14.5 kOe, the saturation magnetization of 132 emu/g, and the energy product of 16 MGOe was achieved at 23 m/s and
these ribbons are suitable for the fabrication of hot deformation Nd-Fe-B magnets.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000524

. INTRODUCTION

Nd-Fe-B magnets have been widely used in wind turbines,
electric vehicles (EVs), and electronic devices in the civilian and
defense sectors because of their high magnetic performance. In
these magnets, costly and scarce heavy rare-earth elements (HRE),
such as Dy or Tb, are added in the sintering route to improve the
coercivity. ® Alternate to the sintering route; the hot-deformation
route requires very less HRE and is a promising route to produce
these magnets at a low cost. Hot deformed magnets are produced
through rapid solidification and hot pressing/deformation tech-
niques.” Nd-Fe-B powder, processed through rapidly solidified
ribbons and subsequently crushed, is used as precursors in the hot
deformation magnets.” '’ Therefore, optimizing rapid solidification
parameters is crucial to obtain Nd-Fe-B ribbons with the required
grain size, microstructure and desirable hard magnetic properties.'!

In the process of producing hot deformed Nd-Fe-B mag-
nets, melt spinning and deformation processes are considered

important steps as the former produces the precursor melt-spun
ribbon having the nanograins of Nd;Fe;4B phase with Nd rich
phase at the grain boundaries and the later produces the tex-
ture resulting in higher coercivity and remanence respectively.” "
As the initial phase structure and grain sizes influence the final
product’s magnetic properties, the melt spinning parameters need
to be optimized to get the same."”'* In the melt spinning pro-
cess, many parameters, such as melt temperature, ejection pressure,
wheel speed, nozzle-wheel gap, and nozzle diameter influence the
ribbon characteristics.'””'* As all parameters affect the dimensions,
phases and grain size of the ribbon, wheel speed is the most effec-
tive parameter used by most researchers to get the required structure
and grain size in the Nd-Fe-B system.'"'”'®'¥ The composition
also plays an important role in the hot deformation process. The
composition should not only give the required properties but also
have the right phase combination to make it deformable. Literature
reports that Ndi35(Feo.975C00.025)80Ga0.5Bs alloy yields the highest
magnetic properties obtained in the hot deformation process.”” In
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this study, an effort is made to prepare a precursor melt-spun rib-
bon of Ndi36Fe73.6Cos6GaosBs.s alloy with the right combination of
phases and nano grains through wheel speed variation.

Il. METHODS

The nominal composition of Ndi3¢Fe736Co66GagsBse (at. %)
alloy was prepared in a vacuum induction furnace using high purity
raw materials (99.9%). The alloy was solidified rapidly to the thin
ribbons by a single roller melt spinning unit under an Ar atmo-
sphere in a vacuum chamber with a base pressure of 107> mbar.
Alloy pieces weighing 20 g were kept in the quartz crucible with an
internal diameter of 20 mm and an orifice diameter of 0.7 mm. The
nozzle tip was positioned 3 mm above the copper wheel with a dia-
meter of 30 cm. The ingot alloy was melted by induction heating
using a power of ~5-10 kW for 60 seconds, and was then ejected
onto the rapidly rotating copper wheel at an ejection temperature of
1400 °C. Keeping all the other parameters the same throughout the
experiment, only wheel speeds, typically 17-25 m/s, were varied to
produce the ribbons having 2-3 mm width with varying thickness.
The structure of all the ribbons was analyzed using X-ray diffraction
(XRD) using Co-K, radiation. The diffraction peaks were analyzed
and indexed by comparing the JCPDS data of Nd,Fe14B and the a-
iron phase. Scherrer’s Equation was used to determine the crystallite
size in all ribbons. The microstructure of all the ribbons was stud-
ied by transmission electron microscope (TEM). The hard magnetic
properties were obtained by a superconducting quantum interfer-
ence device (SQUID) and thermomagnetic properties were obtained
using a vibrating sample magnetometer (VSM).

lll. RESULTS AND DISCUSSION
A. Structure and phase analysis of ribbons

The ribbon thickness was found to be 30-50 ym and decrease
with the increasing wheel speed. As the flow of the molten alloy
through an orifice of quartz crucible is constant due to constant
ejection pressure of 2 psi in the melt spinning process, increasing
wheel speed causes the molten alloy dragging rate along the copper
wheel to increase, thus resulting decrease in thickness. This phe-
nomenon brings about a considerable change in the cooling rate
of the molten alloy. As reduced thickness will have low heat con-
tent to cool, increasing wheel speed causes an increase in the cooling
rate, which may result in reduced grain size expected in this study.
Figure 1 shows the XRD pattern of Ndi3¢Fe36Co66GaoeBss rib-
bons with different wheel speeds, which show that all ribbons exhibit
tetragonal Nd,Fe14B phase (space group P4,mnm) as a major phase
and a-Fe(Co) phase as a minor phase. It is found that the(001)family
planes show increased intensity as compared to other peaks of
Nd,Fe14B phase, which signifies a strong texture formation along
(001) direction in all ribbons. Note here that the texture formation
is more prominent on the exposed side of the ribbon as compared to
the wheel side. The increase in wheel speed reduces the intensity of
texture, as can be seen from the reduced relative intensity of (001)
family plane peaks as compared to other peaks of Nd,Fe 4B phase.
The texture formation in the melt-spun ribbon is due to the cool-
ing rate gradient achieved along the thickness of the ribbon during
the melt-spinning process. In melt spinning during the ribbon for-
mation, the heat is extracted mainly into the copper wheel through
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FIG. 1. XRD pattern of the Nd-Fe-B melt-spun ribbons produced at different wheel
speeds.

the ribbon side touching the wheel and the on the other opposite
side, the heat loss is only due to convection which is very mini-
mal considering the partial Ar atmosphere equipment chamber, and
this results in cooling rate gradient along the thickness of the rib-
bon. Hence, nucleation starts at the point of highest cooling rate, i.e.,
at the wheel side of the ribbon, and grows along the direction per-
pendicular to the thickness as the grains, generally, grow along the
minimum energy direction, i.e., the (001) crystallographic direction
which is in the opposite direction of the heat extraction. The mean
crystallite size of the Nd,Fe14B phase, calculated using the Scherer
formula, is ~30-50 nm for all the ribbons while increasing the wheel
speed decreases the mean crystallite size. The crystallite sizes at the
wheel sides are less than that of the air sides.

B. Microstructure

The cross-sectional microstructures of ribbons obtained
through a scanning electron microscope (SEM) (not shown here)
show that all ribbons show columnar grains. As discussed earlier,
the columnar grains result from the texture formation happening
due to the thermal gradient along the thickness during the melt
spinning experiment. Figures 2(a)-2(e) shows the TEM bright field
(BF) micrographs of melt-spun ribbons processed at different wheel
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100 nm

100 nm

speeds, and (f) corresponds to the selected area electron diffraction
(SAED) pattern of ribbon processed at 21 m/s. TEM BF micrographs
reveal that the grains are equiaxed in nature with the grain size rang-
ing from 50 to 150 nm. Since the grains are in the nano range, the
SAED pattern could not be taken; hence, identifying grains cor-
responding to Nd,Fei4B phase and a-Fe(Co) phase through the
SAED pattern was not possible. However, the ring SAED pattern
obtained from the 21 m/s wheel speed ribbon showed the existence
of both phases. A careful examination of the grain boundary in many
grains shows a different contrast compared to the grains, which sig-
nifies the formation of Nd rich phase as reported in many of the

] (b
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FIG. 2. TEM Image of melt-spun rib-
bons produced at a wheel speed of (a)
17 m/s (b) 19 m/s (c) 21 m/s (d) 23 m/s
(e) 25 m/s and (f) SAED pattern of melt
spun-ribbon produced at a wheel speed
of 21 m/s.

10 1/nm

previous reports.””*' Note that the Nd-rich phase has a low melting

point and plays an important role in the hot deformation process
by melting and assisting the texture formation. However, this phase
fraction is extremely low, which will form in high fractions during
further processing, such as hot compression and hot deformation.

C. Magnetic properties

Figure 3(a) shows the magnetization vs temperature (M vs T)
plots of all the ribbons obtained at the applied field (H) of 500
Oe. There is a sharp drop in magnetization values at two temper-
atures around 380 °C and 770-800 °C in the M vs T curves for all
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FIG. 3. MT curves (a) and Hystere-
sis loop (b) of the Nd-Fe-B melt-
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the ribbons, which can be assigned to ferromagnetic to paramag-
netic transition (Curie temperature, Tc) of Nd,Fe;4B and a-Fe(Co)
phases, respectively. The magnetization shows an increasing trend
at around 400 °C-550 °C in all the ribbons. This may correspond
to either precipitation of the a-iron phase during the heating of the
sample or the rejection of the other elements, such as Nd, B and Ga,
from the a-Fe(Co) phase. In addition to the drop in magnetization
around Tc, a sharp increase in magnetization before the drop can
be observed in ribbons, which is related to the strong anisotropy
of Nd,Fe14B phase. As only minor loops could be obtained using
the VSM, the M-H loops were obtained using SQUID-VSM at the
maximum applied field of 50 kOe. Figure 3(b) shows the hystere-
sis loop of all the melt-spun ribbons. It is found that the ribbons
are well saturated, and the hysteresis loops show two-step behavior
except for the ribbon prepared at 23 m/s wheel speed. This behav-
ior can be attributed to the presence of two phases. i.e., Nd,Fe4B
and the a-Fe(Co) phases. It is to note that the step is observed
near the y-axis, which means the step arises from the low coercivity
phase, i.e., a-Fe(Co) phase, which is a soft magnetic phase. The step
height decreases as the wheel speed increases and finally vanishes at
23 m/s, which means that the volume fraction of the a-Fe(Co) phase
decreases continuously and finally vanishes at 23 m/s. The step again
re-appears with a further increase in wheel speed to 25 m/s, which
signifies the contribution of the a-Fe(Co) phase. The coercivity (Hc)
of as-melt-spun ribbons varies from 12.8 to 14.5 kOe. It shows an
increasing trend with wheel speed and peaks at 23 m/s and then
decreases at higher wheel speed, i.e., 25 m/s. Regarding the two-step
behavior of the M—H loops, the coercivity of the melt-spun ribbons
is influenced by the presence of the a-Fe(Co) phase and its volume
fraction. The maximum coercivity is observed at 23 m/s wheel speed;
coincidentally, the two-step behavior vanishes at this wheel speed.
This both signifies the presence of a very low volume fraction or
almost nil fraction of the a-Fe(Co) phase in 23 m/s wheel speed, and
it also suggests the importance of phase control during the melt spin-
ning process. The grain size influence on the coercivity also cannot
be ruled out as the grain size decreases with increasing wheel speed
which we have also observed. The change in volume fraction of the
a-Fe(Co) phase can be explained in terms of the Nd content which
is slightly above the line composition of the Nd,Fe14B phase and it
leads to a peritectic reaction when the liquid alloy is solidified dur-
ing melt spinning. In this peritectic reaction, the molten liquid (L)
is transformed into L + a-Fe(Co) and the liquid thus formed further
gets transformed into 0-Nd,Fe14B, n-Ndi .1 Fe4B4 and Nd-rich phases
through further peritectic and eutectic reactions. Depending on the
cooling rate, the volume fraction of the a-Fe(Co) phase changes and,
in particular, an increase in the cooling rate leads to the reduced frac-
tion of the a—e(Co) phase because of the quick passing over of the
solidifying alloy through the peritectic region. In the present study
too increasing wheel speed (increasing cooling rate), led to the for-
mation of a reduced a-Fe(Co) phase with complete suppression of
the a-Fe(Co) phase at 23 m/s wheel speed. The re-appearance of
the a-Fe(Co) phase at higher wheel speeds may be caused by the
decreasing cooling rate because of the low residing time of the melt-
spun ribbon on the Cu wheel due to high centrifugal force at high
wheel speeds. The volume fraction of the a-Fe(Co) phase could not
be estimated due to the nano size of the grains and overlapping XRD
peaks. The present study suggests that the melt-spun ribbon pro-
cessed at 23 m/s with the coercivity (Hc) of 14.5 kOe, saturation
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magnetization (Ms) of 132 emu/g, and maximum energy product
(BH)max of 16 MGOe will be a suitable precursor ribbon for further
processing of hot press and hot deformation.

IV. CONCLUSIONS

In the present study, an effort was made to prepare
precursor melt-spun Nd-Fe-B ribbons which will be further
used to prepare hot deformed Nd-Fe-B magnets. Initially,
Ndi36Fe736Co66GaosBse ribbons were prepared by melt spinning
technique at different wheel speeds ranging from 17 to 25 m/s. Melt-
spun ribbons form Nd,Fe;4B and a-Fe(Co) phases with grain sizes
varying from 50 to 150 nm. All ribbons are found to show two
transitions corresponding to Curie temperatures of Nd,Fe;4B and
a-Fe(Co) phases. The presence of the a-Fe(Co) phase influences
the hysteresis loop to exhibit two-step behavior and coercivity. This
study suggests that the ribbon prepared at the wheel speed of 23 m/s
with the coercivity of 14.5 kOe, the saturation magnetization of 132
emu/g, and the maximum energy product (BH)max of 16 MGOe will
be a suitable precursor ribbon for further processing of hot press and
hot deformation.
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