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Abstract Anisotropic magnets were obtained by hot
deformation with the partial crystallized precursor prepared
via spark-plasma sintering (SPS). Amorphous powders
with the nominal composition of Ndjg72Fep.Cosee
Gagy59Boor (Wt%) were used as the starting material. The
results show that the amorphous powders would suffer
varying degrees of crystallization even below the crystal-
lization point during the SPS process under high pressure.
And the pre-crystallized grains in precursors have great
impacts on the microstructure and magnetic properties of
the hot-deformed magnets. The final obtained anisotropic
magnets exhibit homogeneous microstructure consisting of
well-aligned and platelet-shaped Nd,Fe 4B grains without
abnormal growth. It can be found that a reasonable pro-
portion of pre-crystallized gains could promote the pref-
erential orientation in the magnet, leading to the
achievement of optimal magnetic properties among the
magnets with identical composition and best magnetic
performance is achieved in the magnet hot deformed from
the 490 °C high-pressure hot-pressed precursor.
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1 Introduction

Nd-Fe-B based magnets exhibit outstanding magnetic
performance among other commonly used permanent
magnets nowadays. They also have wide applications in
traction motor for hybrid and pure electric vehicles,
speakers of mobile phone [1-5]. Anisotropic Nd-Fe-B
magnets can have excellent magnetic properties due to
high saturation magnetization of Nd,Fe 4B phase and large
magnetocrystalline anisotropy energy [6]. So far, aniso-
tropic Nd-Fe-B magnets are generally manufactured by
two different methods: one is sintering, and the other is hot
deforming. Hot-deformed anisotropic Nd—Fe—B magnets
have attracted much attention because of their excellent
magnetic performance together with desirable thermal
stability, corrosion resistance and fracture toughness [7, 8].
On the other hand, it has a simpler process than sintering
[9, 10]. The texture is formed via a stress-induced pref-
erential grain growth [11, 12], and the alignment of hard
magnetic grain (a good texture) is of utmost importance to
achieve high performance for the permanent magnet.
Traditionally, the hot-deformed anisotropic magnets are
produced by two steps: hot press followed by hot defor-
mation. Since the properties of magnetic materials are
sensitive to their microstructure, a homogeneous fine grain
structure is beneficial to the magnetic properties. Their
preparation technique, however, is still a major concern,
since their magnetic properties will dramatically deterio-
rate due to excessive grain growth during the densification
and deformation process by conventional method
[13, 14]. Based on the above consideration, a more
favorable approach should be employed to consolidate the
powders into bulk magnets to avoid substantial grain
growth for practical application.
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It is also worthy noting that the traditional method may
cause inhomogeneous microstructure in hot-pressed pre-
cursors, thus deteriorating the crystallographic alignment of
the Nd,Fe 4B phase in hot-deformed magnets [15]. Up to
now, lots of work has been carried out concerning how to
obtain a homogeneous microstructure in order to achieve
good crystallographic alignment of the Nd,Fe 4B phase
[16-18]. It is well known that the most pronounced merit of
amorphous materials is their extremely homogeneous
microstructure, which was believed as the foundation to
obtain a well alignment in hot-deformed magnet. And for
this respect, lots of researches were performed with the
employment of amorphous powders as starting material.
However, most of them were focused on the optimization of
process in high-pressure annealing [19-21]. Merely work
was conducted to probe the dependence of microstructural
evolution during hot deformation process on the precursors
with different ratios of crystallization. Moreover, the effects
of pre-crystallized grains on microstructure and magnetic
properties still remain unclear.

In this work, starting materials with different propor-
tions of amorphous precursors were designed and prepared
by hot pressing using spark-plasma sintering (SPS) and
then hot-deformed into anisotropic Nd-Fe-B magnets. The
influence of different crystallization proportions on
microstructure and magnetic properties of the hot-de-
formed magnets was investigated. Also, it was evaluated
the guiding effects of pre-crystallized grains on crystal-
lization and preferential orientation during hot
deformation.

2 Experimental

The alloy ingot with a nominal composition of Nd,g 7,
FepaCos.66Gag s0Boos (Wt%) was prepared by induction
melting under an argon atmosphere. The ingot was crushed
into small granules and then melt-spun onto a copper wheel
rotating at a surface speed of 35 m-s~' under an argon
atmosphere, and the as-spun flakes were then crushed to
150-200 pm. Then the amorphous powders were consoli-
dated into precursors with different crystallization propor-
tions by spark-plasma sintering (SPS, Dr. Sinter-1050) at
various temperatures below the crystallization point in a
tungsten carbide mold with a diameter of 10 mm. The
conditions of sintering were as follows: The hot-pressing
temperature ranged from 450 to 570 °C, the holding time
and pressure were 3 min and 1.1 GPa, respectively.
Besides, a reference precursor completely crystallized was
also prepared by the conventional method (hot pressed at
700 °C).

After the precursors were obtained, hot deformation was
carried out to prepare the anisotropic magnets. As the

Rare Met. (2017) 36(4):268-276

purpose of this study is to reveal the influence of crystal-
lization proportion in precursor on the final magnetic
properties, thus the optimal hot deformation condition
obtained from our previous study was chosen for magnets
preparation in this paper. In this process, an open graphite
die (® 30 mm) was used for hot deformation conducted at
730 °C in vacuum under the pressure of 15-40 MPa for
2 min with the height reduction of 75%.

The phase constitution of precursors and the degree of
crystal alignment of magnets were measured by X-ray
diffractometer (XRD, DX-2700) with Cu Ko radiation
operated at 30 kV and 40 mA with a scanning rate of 0.03
(°)-s~'. The morphology of the grains was analyzed by
field emission scanning electron microscope (FESEM,
JSM-7500F). A Mossbauer spectrometer (MS-500) was
used for the identification of the phase constituents in
precursors. Small specimens (® 2.5 mm x 2.5 mm) were
cut by electric spark linear cutting machine for measure-
ments of magnetic properties, which was done with a
vibrating sample magnetometer (VSM, Lake Shore 7410).

3 Results and discussion

3.1 Phase constitution and microstructure of hot-
pressed precursors

At first, four hot-pressed precursors with different crystal-
lization proportions were obtained. Figure 1 shows XRD
patterns of the hot-pressed precursors obtained at different
temperatures along with the as-spun powders. It can be
seen that the as-spun powders and the precursor hot-pres-
sed at 450 °C exhibit broad bump curves without any
characteristic peaks, indicating amorphous structure of
both samples. When hot-pressing temperature reaches
490 °C, some diffraction peaks emerge on the broad
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Fig. 1 XRD patterns of as-spun powders and hot-pressed precursors
obtained at different temperatures
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amorphous diffraction bump, suggesting the formation of
nanocrystalline particles at this temperature, namely the
beginning of crystallization. For samples prepared at tem-
peratures above 490 °C, the intensity of the crystalline
peaks significantly increases and more peaks appear,
indicating the increase of crystallization rate. For the hot-
pressed isotropic precursors, all the major peaks that appear
in XRD patterns could be indexed as the tetragonal hard
magnetic Nd,Fe 4B phase, as shown in Fig. 1. From XRD
analyses, it can be seen that the crystallization in the pre-
cursor starts at 490 °C and develops with the temperatures
approaching to crystallization point.

The above results could be further confirmed by SEM
images, as shown in Fig. 2. SEM images of precursor hot
pressed at 450 °C (Fig. 2a, e) are featureless in both low
and high magnifications, indicating its completely amor-
phous structure. In Fig. 2b, the change of morphology can
be clearly noticed in the precursor hot pressed at 490 °C
compared with that at 450 °C. Although in the low mag-
nification (Fig. 2b) the crystallization zone could hardly be
distinguished, noticeable crystallization strips (labeled by
yellow arrow in Fig. 2f) can be found in the high magni-
fication. With the increase of temperature in hot-pressing
process, crystallization strips are more noticeable and can
be easily observed in the low magnifications as shown in
Fig. 2c, d, demonstrating the highly development of the
crystallization in the hot-pressed samples. It should be
noted that the degree of crystallization could vary a lot
from region to region in the same sample, which could be
seen from the high-magnified images (Fig. 2g, h) that both
highly crystallized region and amorphous region co-exist
close to each other with an obvious boundary lying
between them. Generally, crystallization would not occur

in the isotropic precursors consolidated below the crystal-
lization temperature. However, in this study, it is found out
that under high pressure, crystallization could as well
happen even below the crystallization point, clearly
demonstrating the promotion effect of high pressure on
crystallization. The similar promotion effect of high pres-
sure was also mentioned in some previous studies [22, 23].
Specifically, in Ref. [23], it was pointed out based on an
analysis of crystallization kinetics that the high pressure
could promote the nucleation rate of nanocrystals in
amorphous alloys.

At the same time, the size of pre-crystallized grains
formed during hot-pressing process increases with the
elevation of hot-pressing temperature (Fig. 2f, g, h). Such
discrepancy of grain size in hot-pressed precursors would
considerably influence the development of the crystallo-
graphic texture in hot-deformed magnets. In fact, previous
study has pointed out that high pressure would suppress the
grain growth during fabrication in general [22]. And the
equation given by Refs [24, 25] could also support this
point of view:

(6 lan D) _ _kV_ (1)
)4 T BT

where p, D, V¥ T and kg represents the pressure, the dif-
fusion coefficient, the activation volume, the absolute
temperature and the Boltzmann’s constant, respectively.
Normally, the activation volume (V*) for atom diffusion in
amorphous alloys is positive [25]; therefore, the atomic
diffusion coefficient (D) decreases with pressure. As a
result, the grain growth of the high-pressure-induced

nanocrystals could be, on the contrary, constrained by high
pressure. Therefore, the combination of the easy nucleation

Fig. 2 SEM images of hot-pressed precursors obtained at different temperatures: a, e 450 °C, b, f 490 °C, ¢, g 530 °C, and d, h 570 °C (arrows

in b, ¢, d and f pointing to clusters of crystallization zone)
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and constrained growth behavior promotes the formation of
a fine and homogeneous microstructure. However, when
the temperature is high, it is hard to avoid the abnormal
growth which happens during the hot-pressing process.
With the variation of the temperature, more and more
grains possess enough energy that allow them surpass the
energy barrier of grain growth. Under this circumstance,
some grains grow with the temperature variation inevi-
tably. In summary, these changes of morphology verify the
crystallization occurred during the high-pressure hot-
pressing process, and the crystallization rate increases with
the increase of the temperature.

The accurate quantification of crystallization proportion
was determined according to the Mossbauer spectra
(Fig. 3). It can be seen that the relative intensity of
Nd,Fe 4B contributions increases with the increase of
temperature. The Mossbauer spectra of hot-pressed pre-
cursors obtained at 450 °C show a broadening of the six
sextet absorption lines, indicating completely amorphous
structure. Furthermore, the calculated spectra area ratio is
approximately 0%, 18.9%, 58.4% and 82.2%, corre-
sponding to Nd,Fe ;4B phase in hot-pressed sample treated
at 450, 490, 530 and 570 °C, respectively. The Mossbauer
results suggest that the content of Nd,Fe ;4B phase

a
El
&
o
2
R
£
a
g
-15 -10 -5 0 5 10 15
Velocity / (mm-s™)
¢ Amorphous , ————F————
phases {
Fer—T—T T T 1

T 1 T 116k,
s 16k,
;; Nd,Fe ,B 8, 8j,
o
2
4
E
B

1 1 1 1 1

-15 -10 -5 0 5 10 15
Velocity / (mm-s™)

increases steadily with temperature rising, providing evi-
dently proof to that the crystallization could take place
under high pressure even below the crystallization point.
Furthermore, it is noticeable that the content of Nd,Fe 4B
phase is very high in the sample hot pressed at 570 °C,
which implies that high pressure could efficiently reduce
the crystallization temperature for amorphous alloys.

3.2 Microstructure and magnetic properties of
hot-deformed magnets

Four hot-pressed precursors with crystallization propor-
tions of approximately 0%, 18.9%, 58.4% and 82.2% were
obtained along with a completely (100%) crystallized one
made by conventional method above crystallization tem-
perature. For the purpose of investigating the effects of
crystallization ratio in precursor on the microstructure and
magnetic performance in the anisotropic magnet, the same
optimal hot deformation condition was used to prepare all
the magnets. During the hot-deforming process, the pre-
cursors were subjected to a pressure, which would result in
anisotropic magnets with the c-axis alignment parallel to
the press direction. There are two main kinds of internal
microscopic processes in the hot deformation process. One

b

Amorphous { T T T
phases

Transmission (a.u.)

-15 -10 -5 0 5 10 15
Velocity / (mm-s™)

T 11 1Amorphous phases|
o-Fer—T—T7T—7

Transmission (a.u.)

-15 -10 -5 0 5 10 15
Velocity / (mm-s™)

Fig. 3 Mossbauer spectra of hot-pressed precursors obtained at different temperatures: a 450 °C, b 490 °C, ¢ 530 °C, and d 570 °C
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is the crystallization of the un-crystalized amorphous
grains in the hot-pressed precursor. The other is the
development of the texture. As it was recognized in pre-
vious study, the elastic modulus of the Nd,Fe 4B grain
along its easy magnetization axis (c-axis) is smaller than
that along the hard magnetization axis. Therefore, the grain
with its c-axis parallel to the pressing direction (favorable
grain) has lower total energy compared to the grain with its
c-axis out of the pressing direction (unfavorable grain)
[26]. Under this circumstance, those unfavorable pre-
crystallized grains are more likely to dissolve into the Nd-
rich liquid phase due to their higher energy. Thus, the
unfavorable pre-crystallized grains diminish and the
favorable ones become predominant and grow laterally to
form platelet grains. The platelet pre-crystallized favorable
grains have their easy magnetization axis (c-axis) parallel
to the pressing direction, leading to a textured grain
structure, and subsequently, post-crystallized grains inherit
a crystallographic relationship from deformed grains under
pressure.

This explanation for the texture formation can be further
verified by observing microstructure of the hot-deformed
samples. Figure 4 shows the microstructure of the hot-de-
formed samples prepared from hot-pressed precursors with
different crystallization proportions. As can be seen, the
grain morphology in hot-deformed samples has significant
difference from that in hot-pressed precursors shown in
Fig. 2. It appears that the grains are no longer equiaxial
shaped; instead, the grains are in elongated shape. The long
axis of the elongated grain is perpendicular to the pressing
direction (as shown by white arrow in Fig. 4). This
observation indicates that the change of grain morphology
and the textural development during hot-deforming process
takes place by stress-induced preferential grain growth via
dissolution and precipitation mechanism [26]. Considering
the texture formation mechanism, pre-crystallized grains in
hot-pressed precursors play an important role in hot
deformation process and are beneficial for the enhancement
of the c-axial texture parallel to the press direction.
Besides, owning to the existence of the pre-crystallized
grains, a better-orientated texture could be obtained with
the precursor containing a suitable proportion of pre-crys-
tallized grains.

The grain alignment parallel to the press direction of the
hot-deformed samples was measured using XRD, as shown
in Fig. 5. A good texture is represented by clear (00[,
I = 4, 6, 8) peaks combined with a weak (105) peak. The
degree of grain texture can be estimated by the ratio of the
peak intensity of the (006) and (105) [27]. From XRD
patterns in Fig. 5, it is observed that the peaks such as
(004), (006), (105) and (008) become dominant in all hot-
deformed magnets, indicating the marked c-axis crystal-
lographic alignment in the magnets. The intensities of

@ Springer

Fig. 4 SEM images of hot-deformed magnets prepared from hot-
pressed precursors treated at temperatures a, f 450 °C, b, g 490 °C, c,
h 530 °C, d, j 570 °C, and e, k prepared by conventional method
(white arrows indicating pressing direction)

(006) and (105) peaks of the hot-deformed magnets
increase sharply compared with those of hot-pressed pre-
cursors Fig. 1), indicating the development of a strong
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Fig. 5 XRD patterns of hot-deformed magnets prepared from hot-
pressed precursors treated at various temperatures and prepared by
conventional method

texture along press direction. The results show a better
grain alignment in the hot-deformed magnets prepared
from hot-pressed amorphous grain containing precursors
than the one prepared by conventional method.

The peak intensity of (006) gradually increases with the
rise of crystallization degree at first while slightly decrea-
ses in the end. And the calculated results of the intensity
ratio of (006)/(005) (/oeyl00s)) are shown in Fig. 5,
illustrating that it as well increases firstly and then
decreases. In other words, the crystallographic texture in
the magnets produced from a small proportion crystal-
lization precursor is better than that produced from a large
proportion crystallization one, which could be ascribed to
the suitable amount of the pre-crystallized grains. The
existence of a small amount of pre-crystallized grains is
beneficial to the nucleation as well as the growth of the
hard magnetic phase during hot deformation process for
they are relatively more active and of the biggest surface
areas which offer abundant nucleation sites for Nd,Fe ;4B
phase. And those large numbers of nucleation sites are the
sources of tiny dispersive grains to be formed in latter
process, which means that much more grains with smaller
particle size would form in one unit volume in the same
condition. This would do a great favor to the development
of grain texture in deformation process. Meanwhile, it is
quite possible that the pre-crystallized grains are deformed
first during deformation process, and subsequently, post-
crystallized grains inherit a crystallographic alignment
from the deformed grains under pressure. Considering the
textural development mechanism, two main kinds of pro-
cess could be summarized as follows; one is through grain-
boundary sliding, and the other is the process of solution-
precipitation creep. Owing to the existence of the pre-
crystallized grains, preferred orientation could be realized
in them in priority through grain-boundary sliding under a
pressure. And then the post-crystallized grains can
promptly achieve the grain alignment following the pre-
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crystallized ones; meanwhile, large population of pre-
crystallized grains might grow quickly due to the excess
heat during hot-deforming process. As a result, the pres-
ence of large grains zone is observed, which is detrimental
to the alignment of the grains. Therefore, a better grain
alignment is found in the magnets prepared from a partially
crystallized precursor than a completely crystallized one.
Hence, taking the two aspects into account, a good grain
alignment could be achieved via hot deformation using a
hot-pressed precursor with a small proportion of pre-crys-
tallized grains.

From the microstructure of the anisotropic magnets
shown in Fig. 4, this partial crystallization advantage could
be further confirmed. The grain of hot-deformed magnets is
elongated perpendicularly to the press direction and pla-
telet-shaped, indicating the desired crystalline texture
formed and developed after hot deforming. It could be
observed in Fig. 4f that the microstructure of the fine grain
zones consists of small platelet-shaped Nd,Fe 4B grains,
which could be ascribed to the deformation of the grains in
the process. For the hot-deformed magnets prepared from
hot-pressed precursors with large proportion of crystal-
lization and the one prepared by conventional method,
there is a large amount of area consisting of the round and
equiaxed grains, which is a distinct sign of poor developed
texture in those hot-deformed alloys. Beyond that, in the
coarse grain zones, as shown in Fig. 4j, k, however, the
equiaxed grains are even remained, which could be resulted
from the difficulty in deforming the large grains formed
during hot-pressing process. Furthermore, the fine grains
need a shorter diffusion distance for preferential growth of
Nd,Fe 4B grain and a high driving force exists for growth
of small grains compared to the large grains [28]. In the hot
deformation process, the shape of the finer grains would
change from equiaxial spheroid to arrays of plate-like
grains with a good crystallographic texture. The mecha-
nism for this texture development has been discussed
previously. It can be seen clearly that the grain size reaches
the minimum value when hot-pressed temperature is
490 °C and the alignment of grains could also exhibit the
best preferential orientation simultaneously. In contrast,
with the increase of the crystallization proportion, the grain
size sharply increases, while the orientation of the coarser
grains keeps the same. This indicates that the texture in the
hot-deformed magnets deteriorates with grain growth in the
hot-pressed precursor, which is rather unfavorable to the
magnetic properties. Thus, the hot-deformed magnets pre-
pared from a hot-pressed precursor with large crystalliza-
tion proportion could not obtain an excellent grain texture
due to the grain growth during hot press process.

Considering the textural formation mechanism dis-
cussed earlier in this study, it could be readily understood
the effects of grain size in hot-pressed precursor on the
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texture in the hot-deformed magnet. Large grain size in the
hot-pressed precursor would cause the incomplete disso-
lution of the unfavorable large grains in the short period of
hot deformation process. And the remaining of the undis-
solved large grains would further hinder the deformation
process and prevent the magnet, achieving a better pref-
erential orientation texture. Therefore, the higher crystal-
lization proportion in the hot-pressed precursor would
finally lead to unsatisfactory magnetic performance in hot-
deformed magnet.

The magnetic properties were investigated by preparing
samples cut from the hot-deformed cylinder. The demag-
netization curves and the variation of the coercivity (H),
remanence (B;), and maximum energy product [(BH)yax]
of the hot-deformed magnets are shown in Figs. 6 and 7.
With the increase of the crystallization proportion, the
remanence gradually increases from 1.25 to 1.33 T,
whereas in the highest crystallization proportion magnet, B,
decreases instead. Furthermore, as for the coercivity, it
drastically decreases when hot-pressing temperature
exceeds 490 °C, achieving the maximum value of
1187 kA-m™ " at 490 °C. The value of (BH)pax in a magnet
is roughly positive correlated to its B,. Therefore, (BH)yax
in anisotropic magnets prepared in the present study
increases with temperature rising first, reaches its maxi-
mum value of 271 kJ-m~—> at 490 °C and then drastically
decreases. In addition, it is found that the magnetic prop-
erties of magnets prepared from a partial crystallized pre-
cursor are better than the one produced by conventional
method B, =121T, H = 947 kA-m™ ', and
(BH)max = 244 kJ~m73), in which the completely crystal-
lized grains show larger particle size in general. This result
further corroborates the positive effects of grain refinement
and alignment in magnet.

The increase of B, in anisotropic magnets with the
increase of crystallization proportion results from an
increasing degree of grain texture. This is related to the
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Fig. 6 Demagnetization curves of hot-deformed magnets prepared

from hot-pressed precursors treated at various temperatures and
prepared by conventional method
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Fig. 7 Effect of crystallization proportion on remanence, intrinsic
coercivity and energy product of hot-deformed magnets

existence of the pre-crystallized grains in the isotropic
precursors, which may promote the c-axis crystallographic
texture. The results could be confirmed by XRD patterns of
hot-deformed magnets in Fig. 5. The rapid decrease of
coercivity in anisotropic magnets with hot-pressing tem-
perature above 490 °C results from the abnormal grain
growth during hot deformation process. The grain growth
takes place already during the densification of precursor
and keeps proceeding during hot deformation process.
There is a particular tendency for growth of the grains
located at and near the boundaries between the sintered
powder particles. The relation between grain size and H;
has been discussed elsewhere [29-31]. The value of
(BH)max in anisotropic magnets is originally proportional to
the value of its B,. Therefore, both (BH),,x and B, of
anisotropic magnets prepared in this study increase with a
developing degree of grain texture at first, nevertheless
then sharply decrease due to the repaid growth of the grain
size.
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The anisotropic magnet with optimal magnetic perfor-
mance was prepared from the precursor with ~18.9% crys-
tallization proportion among all the samples, which shows
magnetic properties of B, = 1.29 T, H,; = 1187 kA-m™ ' and
(BH)mmax = 271 kJ-m™> under the best process condition.

4 Conclusion

Anisotropic magnets were prepared by hot-deforming hot-
pressed precursors with different crystallization propor-
tions. The study reveals that the final obtained magnet
shows a strong magnetic performance depending on the
crystallization proportion in precursors. With the crystal-
lization proportion of ~ 18.9 vol% in precursor, the mag-
net exhibits the optimal properties of B, = 1.29 T,
H. = 1187 kA-m ™" and (BH)pax = 271 kJ-m > among all
the samples. Besides the influences of crystallization pro-
portion of precursor on the microstructure and magnetic
properties of the hot-deformed magnet, the function of pre-
crystallized grains in the hot-deforming process was also
investigated. It is found that the pre-crystallized grains
show a guiding effect in the hot-deforming process that
leads to the alignment inheriting of post-crystallized grain
from the pre-crystallized ones. Accordingly, a suit-
able amount of pre-crystallized grains containing precursor
would be much favorable to prepare a high-performance
hot-deformed magnet. The hot-deformed magnet would
fail to achieve the optimal magnetic properties with neither
too little nor too much pre-crystallized grains in the pre-
cursor. The precursor hot pressed at 490 °C acquires the
most suitable amount of crystallization proportion, from
which the magnet prepared shows a good crystallographic
alignment parallel to the pressing direction. Additionally,
hot-deformed magnet prepared from partial crystallized
precursor exhibits a better crystallographic alignment and
finer grain size compared with the one prepared by con-
ventional method. This result shows a novel way and an
opportunity to prepare bulk nanocomposites with homo-
geneous microstructure and enhanced magnetic properties
from partial crystallized precursors, which therefore might
be of wide interest.
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