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Nanoscale permanent magnetic materials, which possess excellent magnetic and mechanical properties,
thermal stability, and corrosion resistance, have become a research hotspot for permanent magnets. In
reality, however, the obtained maximum energy product, (BH)max, is not satisfactory in comparison with
the theory limit, especially for exchange-coupled nanocomposite magnets. The construction of an ideal
microstructure still remains a challenge in the synthesis and preparation of nanoscale permanent
magnets. This work reported the impact of rapid thermal process (RTP) with electron-beam heating on
the microstructures of Nd12.5-xFe80.8+xB6.2Nb0.2Ga0.3 (x = 0, 2.5) nanocomposites. It was found that the
crystallization time was greatly reduced, from 15 min under the conventional annealing conditions to
0.1 s under the RTP. For Nd2Fe14B single-phase materials, the crystallization temperature of the RTP
ribbons decreased by about 248 �C compared with that of the ribbons produced by the conventional
annealing method. A synergetic crystallization of the Nd2Fe14B and a-Fe phases was observed under
the RTP, which restrained not only the shape, size distribution, and compositions of the hard and the soft
phases, but also the interface between them. This modification effect became more obvious as the
fraction of Fe increased. Due to the improvement in the uniformity of the Nd2Fe14B and a-Fe phases,
and their grain size distribution, better magnetic properties were achieved using RTP in comparison with
the conventional annealing method.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Permanent magnets are one of the most important materials in
modern technology and are widely used in both industrial systems
and daily life. For example, permanent magnets are extensively
used in electric vehicles and wind turbines in the field of renew-
able energy, and are used to achieve the miniaturization, light-
weight, and energy efficiency required in electronic devices in
emerging green-energy-related applications [1,2]. In 1984, Sagawa
et al. [3,4] and Croat et al. [5,6] prepared ternary iron-based
Nd2Fe14B magnets with a high maximum energy product, which
exhibited excellent performance around room temperature.
However, in practical applications, due to the low Curie tempera-
ture (~300 �C) of Nd2Fe14B, a large quantity of heavy rare earth
elements such as dysprosium (Dy) and terbium (Tb) is required
to compensate for the temperature effect on the coercivity, so that
doped Nd2Fe14B can be used at a temperature higher than 100 �C
[7–21]. Since heavy rare earth resources are very scarce, great
efforts have been made to reduce the doping amount of heavy rare
earth elements in Nd–Fe–B permanent magnets [22–24].
Therefore, the innovative design and development of new types
of permanent magnets with good performance—especially at high
temperatures without (or with a smaller amount of) heavy rare
earth elements—has become a top priority.

Nanostructured permanent magnets, and particularly
exchange-coupled nanocomposite magnets [25–29], have a very
high theoretical maximum energy product and good temperature
stability with a reduced ratio of rare earth to transitional elements,
and are thus a possible direction in the development of high-
performance permanent magnets. In 1989, Coehoorn et al. [25]
first prepared Nd2Fe14B/Fe3B nanocomposite magnets by rapidly
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quenching Nd4Fe78B18 alloy, and identified the remanence
enhancement effect. Subsequently, Kneller and Hawig [26]
theoretically analyzed this material and reported that the
microstructure is an important factor affecting the magnetic
properties of this two-phase system. Exchange-coupled nanocom-
posite magnets with an appropriate microstructure combine the
advantages of the hard magnetic phase (R2Fe14B, R: rare earth)
and the soft magnetic phase (a-Fe, Fe3B, etc.) to obtain better mag-
netic performance than single-phase materials. In order to obtain
the appropriate microstructure, especially in bulk exchange-
coupled materials, in addition to directly quenching the alloy into
the exchange-coupled magnet, the alloys may be first quenched
into an amorphous state, and then subjected to annealing to
prepare the magnets [30,31]. In single-phase R2Fe14B materials,
the microstructure and magnetic properties of samples prepared
by annealing in the amorphous state are similar to those resulting
from the direct quenching method [32]. However, for amorphous
iron (Fe)-rich R–Fe–B materials (R < 11.7 at%), the a-Fe phase is
normally nucleated first, and grows quickly during the conven-
tional annealing process [33–35], causing the a-Fe grains to reach
a size of 80–100 nm [36–38]. The overgrown a-Fe grains cause
degradation of the magnetic properties due to the weak exchange
coupling between the hard and soft phases. In Nd–Fe–B-based
[38–40] or Pr–Fe–B-based [36,41–43] exchange-coupled magnets,
the addition of a small amount of zirconium (Zr) or niobium (Nb)
can effectively control grain sizes of 2:14:1 phase and the a-Fe
phase in the traditional annealing process, thus improving the
magnetic properties [44–47]. An energy product of (BH)max =
178 kJ�m�3 was reported for Pr–Fe–B-based exchange-coupled
isotropic nanocomposite powder [48].

To prepare nanocomposite magnets, an annealing process is
normally required in order to crystallize the amorphous precur-
sors. Desirable phases and microstructures need to be obtained
since the magnetic properties of the materials are closely related
to the phases and their microstructural properties. Therefore,
appropriate annealing conditions, including heating and cooling
rates, temperature, and time are essential in order to achieve good
magnetic properties. The conventional annealing method typically
has the characteristics of low heating and cooling rates (generally
below 1 K�s�1). Since slow heating and cooling rates extend the
annealing time, grain growth is very common during traditional
annealing methods. On the other hand, the rapid thermal process
(RTP) permits high heating and cooling rates, which can effectively
inhibit the growth of crystal grains; thus, RTP is beneficial for
regulating the crystallization, phase compositions, grain size, and
morphology [46–69].

Wu et al. [61] studied the effect of a heating rate of up to 5 K�s�1

on the crystallization of Nd4.5Fe73B18.5Co2Cr2 amorphous ribbon.
The grain size was 30 nm at a lower heating rate, while the grain
size was only 15 nm at a higher heating rate, leading to higher
remanence, higher coercivity, and a higher maximum energy prod-
uct. Chromium (Cr)-doped Nd2Fe14B/Fe3B nanocomposite magnets
have been prepared by means of rapid heat treatment with a heat-
ing rate of 5.3 K�s�1 [68,69]. In these experiments, the heating rate
was not particularly fast (1–6 K�s�1), and the correspondence
between the grain size and the rate of temperature increase was
not well understood. (Nd,Tb)2Fe14B/Fe3B exchange-coupled mag-
nets were prepared by quenching and rapid annealing with a much
higher heating rate of 15–25 K�s�1 [70–72]. Better magnetic prop-
erties were achieved using faster heating rates. Chu et al. [67] used
iodine–tungsten lamps with a heating rate of about 200 K�s�1 and a
cooling rate of about 150 K�s�1 to synthesize Nd–Fe–B exchange-
coupled magnets, demonstrating that the crystallization process
of Nd–Fe–B magnets could be completed in very short time of
1 s. The coercivity of the sample obtained under the conditions of
the rapid heat treatment was 10.2 kOe (1 Oe = 79.6 A�m�1), which
was higher than the coercivity of the sample obtained through the
conventional annealing method (9.5 kOe). For an iodine–tungsten
lamp system, the shortest time interval is about 1 s. A faster
heating rate can suppress the growth of the soft magnetic phase,
allowing better magnetic properties to be obtained. Jin et al. [72]
prepared Pr2Fe14B/a-Fe nanocomposite magnets by using a joule
heating treatment on Pr7Tb1Fe85Nb0.5Zr0.5B6 amorphous ribbon
with a heating rate higher than 350 K�s�1. They found that the
magnetic performance was 30% higher than the values obtained
through conventional furnace heating.

As an RTP method, electron-beam heating has very high energy
and can generate a very high heating rate (> 1000 K�s�1). At the
same time, precise computer control can be used to set the anneal-
ing time to 0.1 s, which is very suitable for studying the annealing
effect on amorphous Nd–Fe–B ribbons [73]. Therefore, we chose to
prepare single-phase Nd2Fe14B and two-phase Nd2Fe14B/a-Fe
exchange-coupled magnets by means of the electron-beam heating
method. Regulation of the grain size, shape, distribution, structure,
and composition of the hard and soft magnetic phases was realized
in the experiments by means of electron-beam heating with an
extremely fast heating rate and a short annealing time. The crystal-
lization process under the conditions of electron-beam heating has
been described using the framework of the Landau model and
Langevin dynamics simulation, and will be compared with the
crystallization process under conventional annealing conditions.
2. Material and methods

Amorphous Nd12.5-xFe80.8+xB6.2Nb0.2Ga0.3 (x = 0, 2.5) ribbons
were prepared by quenching melted ingots with a speed of
45 m�s�1 under an argon (Ar) atmosphere. Two different methods
were used for annealing these ribbons: ① In the conventional
annealing method, some of the ribbons were annealed with
different temperatures and times in an Ar atmosphere using a
conventional tube furnace. ② In the RTP method, the as-prepared
ribbons were put onto a tungsten plate with water cooling in the
vacuum chamber of an electron-beam heating system. The
annealing conditions were controlled by adjusting the electron-
beam current and the accelerating voltage under a pressure
below 5 � 10–3 Pa. The ramping time was 0.1 s, and the annealing
time was controlled to within 0.1 s using a computer. Magnetic
measurements were performed using an alternating gradient
magnetometer (AGM) and a vibrating-sample magnetometer
(VSM) at room temperature (RT). A Henkel plot dM was obtained
by measuring a series of magnetic hysteresis loops and was
calculated as dM = [2Mr(H) + Md(H)]/Mr(H) � 1, where Mr(H) is the
remanence obtained after the application and subsequent removal
of the applied field H on the thermally demagnetized samples.
Md(H) is obtained after magnetic saturation in one direction and
the subsequent application and removal of a field H in the reverse
direction. The crystal structure and microstructural measurements
were obtained using X-ray diffraction (XRD, X’Pert Pro) with Cu-Ka
radiation and transmission electron microscopy (TEM, JEM-2010F).
The surface morphology and magnetic domains of the sample were
observed using an atomic force microscope (AFM) and a magnetic
force microscope (MFM).
3. Results and discussion

The XRD patterns of the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons pre-
pared before and after electron-beam heating are shown in Fig. 1.
As shown in Fig. 1(a), the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbon was
amorphous before electron-beam heating, which is verified by
the soft magnetic characteristics shown in Fig. 1(c). Broadening
diffraction peaks corresponding to the tetragonal Nd2Fe14B phase



Fig. 1. XRD patterns of the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons prepared (a) before and (b) after electron-beam heating; (c) hysteresis loop of the amorphous
Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons at RT. M(H): the measured magnetization under applied field H; Ms: the saturation magnetization.
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can be seen (Fig. 1(a)), indicating that an amorphous to nanocrys-
talline state transition was achieved in 0.1 s. This transition was
very quick, as diffusion and crystallization processes are normally
very slow in solid-state bulk materials. During the RTP with
electron-beam heating, localized high-energy electrons collide
intensely with the surface and diffuse into the thin ribbon, which
transforms their kinetic energy into heat very quickly. The electron
beam is focused onto a small diameter (D = 2 mm) on the ribbon
surface, and the penetration depth of the electrons in the target
can reach several micrometers. Consequently, the heating rate for
this volume can reach 104 K�s�1 (in our case, 512 �C over 0.1 s). Dri-
ven by the large thermal gradient and the very high heating rate,
the annealing time can be significantly decreased to 0.1 s under
the electron-beam heating conditions.

The optimal conventional annealing conditions for the
Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons were 760 �C for 15 min, and the
optimal electron-beam heating conditions were an accelera-
ting voltage of 10 kV, a electron-beam current of 1.8 mA, and a
time of 0.1 s. Fig. 2 shows the magnetic properties of
Nd12.5Fe80.8B6.2Nb0.2Ga0.3 under the optimal electron-beam heating
Fig. 2. (a) Hysteresis loops of Nd12.5Fe80.8B6.2Nb0.2Ga0.3 under optimal electron-beam he
Nd12.5Fe80.8B6.2Nb0.2Ga0.3 under (b) optimal electron-beam heating conditions and (c) op
initial magnetization curve, and the line of solid dots is the first derivative of the initial
conditions and optimal conventional annealing conditions. It can
be seen that the coercivity of the sample increased from
10.6 kOe for conventional annealing to 12.6 kOe for electron-beam
heating. The initial magnetization curves and their corresponding
first derivate are plotted in Figs. 2(b) and (c) under different anneal-
ing conditions. The maximum values of the first derivative were 10.0
and 6.1 kOe for the electron-beam heating sample and conventional
annealing sample, respectively, indicating that a stronger pinning
effect was caused by the rapid heating rate in the case of electron-
beam heating. Localized damage or defect might have occurred
due to the microstrain induced in the grains as a result of the extre-
mely fast heating rate. This is consistent with the high coercivity of
the sample under the electron-beam heating conditions, in compar-
ison with the sample under the conventional annealing conditions.
Fig. 3 shows the magnetic domains and surface morphology of the
demagnetized Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons after the different
annealing processes. The average magnetic domain size of the sam-
ples produced by electron-beam heating was significantly smaller
than those produced by the conventional annealing method. The
actual grain size was about 80 nm for electron-beam heating and
ating and optimal conventional annealing conditions. Initial magnetization curve of
timal conventional annealing conditions. In (b) and (c), the line of hollow dots is the
magnetization curve.



Fig. 3. MFM and AFM images of the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons produced by different annealing methods: Magnetic domain under (a) electron-beam heating
conditions and (b) conventional annealing conditions; surface morphology under (c) electron-beam heating conditions and (d) conventional annealing conditions.
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about 90 nm for conventional annealing (see later). The samples
from both treatments were composed of equiaxed crystals, and the
microscopic morphology did not differ significantly. In both cases,
the magnetic domain sizes were clearly much larger than the corre-
sponding grain sizes, indicating that typically exchanged domains
were formed due to the strong exchange interactions among the
grains.

Since the single-domain particle size of the Nd–Fe–B was
around 300 nm, the average grain sizes of the annealed ribbons
were much smaller than the single-domain size. The intergranular
interactions become very important in the determination of the
final hard magnetic properties. Therefore, the Henkel plot of the
ribbons was obtained to investigate the exchange coupling
between the grains. Fig. 4 shows the Henkel plot (dM) of the sam-
ples under optimal electron-beam heating conditions and optimal
conventional annealing conditions, respectively. The maximums of
Fig. 4. (a) Henkel plot dM of Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons at RT under optimal el
demagnetization loops and recoil loops under (b) optimal electron-beam heating condit
the dM curves are positive, indicating that intergranular exchange
coupling is dominant in these ribbons. The value of the sample
produced by electron-beam heating is higher than that of the
sample produced by conventional annealing, indicating that the
exchange coupling between the sample grains is stronger under
electron-beam heating. This result may be due to smaller grains
with homogeneous size distribution and stronger pinning effects
being generated by defects or microstrain (as shown in Fig. 5)
under the electron-beam heating conditions, resulting in stronger
exchange coupling between the grains.

Fig. 5 shows typical TEM images of the samples under different
annealing conditions. The average grain size of the electron-beam
heating sample is about 80 nm (Fig. 5(b)), and the grains all show
a regular equiaxed morphology. For the sample from the conven-
tional annealing method, the average grain size is about 90 nm
(Fig. 5(a)). It can be seen that there is not much difference in the
ectron-beam heating and optimal conventional annealing conditions. The original
ions and (c) optimal conventional annealing conditions.



Fig. 5. TEM images of the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons under (a) conventional annealing conditions at 760 �C for 15 min, and (b) electron-beam heating conditions with
an accelerating voltage of 10 kV and a current of 1.8 mA for 0.1 s [73].

136 J. Yang et al. / Engineering 6 (2020) 132–140
micro-morphology of the samples produced by the different meth-
ods, except that the grain size was reduced so that the coercivity of
the sample produced by the electron-beam heating method was
improved. Electron-beam heating can provide sufficient energy
for the occurrence and maintenance of the crystallization process
of Nd2Fe14B grains through the extremely high beam energy. The
annealing time was significantly reduced, from 15 min for the
conventional annealing method to 0.1 s for electron-beam heating,
which can inhibit the growth of grains and refine the grains.
However, we found that the inhibition of grain growth during
the crystallization of Nd12.5Fe80.8B6.2Nb0.2Ga0.3 was also greatly
reduced by decreasing the annealing time, as shown in Fig. 5.

The crystallization process of the Nd2Fe14B phase can be
explained using the theoretical framework of the Landau model
and Langevin dynamics simulation [73]. For the annealed
Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons, the final state contains mainly
the Nd2Fe14B phase, which is a polycrystalline system. During the
annealing process, the grains interact with each other because of
the mismatch produced by different crystal orientations. The
crystallization energy of each grain is slightly different, and
the exothermal peak of the Nd2Fe14B phase will become broad in
the differential scanning calorimetry (DSC) curve [74]. This energy
difference can be compensated by the low heating rate of conven-
tional annealing. Thus, under conventional annealing, the grains of
single-phase Nd2Fe14B could be crystallized synergistically. The
equiaxial grains (Fig. 5(a)) are formed due to the interactions among
the grains during the synergetic crystallization process. Synergetic
crystallization was observed for single-phase Nd2Fe14B under both
Fig. 6. (a) Hysteresis loops of Nd10Fe83.3B6.2Nb0.2Ga0.3 under optimal electron-beam hea
Nd10Fe83.3B6.2Nb0.2Ga0.3 alloy under (b) optimal electron-beam heating conditions and (
dots is the initial magnetization curve, and the line of solid dots is the first derivative o
the electron-beam heating and conventional annealing conditions.
However, the interactions among the grains becamemuch stronger
under the electron-beam heating conditions because of the greater
uniformity of the synergetic crystallization of the Nd2Fe14B grains
under the extremely high heating rate, which may help to confine
the grain size at 80 nm (see Fig. 5(b)) in additional to the short
annealing time. Normally, the effect of interactions on the grain size
in a single-phase material is rather small in comparison with the
effect of grain growth, so modification of the grain size and mor-
phology is limited. Therefore, we further investigated a systemwith
higher Fe content, Nd10Fe83.3B6.2Nb0.2Ga0.3, in which a multi-phase
composite can be more easily formed.

For the Nd10Fe83.3B6.2Nb0.2Ga0.3 ribbons, the optimal annealing
conditions were 730 �C for 15 min for conventional annealing,
and an accelerating voltage of 10 kV, a beam current of 2.3 mA,
and a time of 0.1 s for electron-beam heating. After electron-
beam heating, the coercivity increased by 48%, from 4.56 to
6.73 kOe, and the M(H)/M(15 kOe) also increased. Therefore, from
the enhancement of the remanence, it can be concluded that the
exchange-coupling effect is much stronger in the electron-beam
heating sample. The initial magnetization curves and their
corresponding first derivate are plotted in Figs. 6(b) and (c) under
different annealing conditions. The maximum values of the first
derivative were 5.76 and 4.24 kOe for the electron-beam heating
sample and conventional annealing sample, respectively, indicat-
ing a stronger exchange-coupling effect in the electron-beam
heating sample. This result is consistent with the high coercivity
of the sample under electron-beam heating in comparison with
ting and optimal conventional annealing conditions. Initial magnetization curve of
c) optimal conventional annealing conditions [73]. In (b) and (c), the line of hollow
f the initial magnetization curve.
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the sample under conventional annealing. Fig. 7 shows the Henkel
plot for the Nd10Fe83.3B6.2Nb0.2Ga0.3 sample under different anneal-
ing conditions. Similar to the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 ribbons, a
much stronger intergranular exchange-coupling effect was
observed for the electron-beam heating method, as shown in Fig. 7.

Fig. 8 shows the magnetic domains and surface morphology of
the Nd10Fe83.3B6.2Nb0.2Ga0.3 ribbons under the optimal electron-
beam heating and optimal conventional annealing conditions.
The size of the magnetic domain under electron-beam heating is
larger than that under conventional annealing. A very large domain
with a length greater than several micrometers can be observed
under the optimal electron-beam heating conditions (Fig. 8(a)).
The domain sizes are much larger than the grain size, indicating
the characteristic of exchanged magnetic domains in these
nanocomposite magnets. Fig. 9 provides TEM images of the Nd10-
Fe83.3B6.2Nb0.2Ga0.3 ribbons produced by electron-beam heating
Fig. 7. (a) Henkel plot dM of Nd10Fe83.3B6.2Nb0.2Ga0.3 ribbons at RT under optimal ele
demagnetization loops and recoil loops under (b) optimal electron-beam heating condit

Fig. 8. MFM and AFM images of the Nd10Fe83.3B6.2Nb0.2Ga0.3 ribbons under different anne
(b) conventional annealing conditions; surface morphology under (c) electron-beam hea
and conventional annealing. As shown in Fig. 9, the microscopic
morphology of the samples differs greatly for these two treatment
methods. Under electron-beam heating, the a-Fe phase exhibits
two forms: elongated grains and equiaxed grains. Under the tradi-
tional annealing methods, the morphology of the a-Fe phase is
mainly composed of equiaxed grains. It can be concluded that soft
magnetic grains with the elongated shape having a critical size of
10nm, partially surrounding the hard magnetic phase, could
induce a sufficiently strong exchange interaction [73]. It is the dif-
ference in the final microstructure of the system that causes the
coupling between the hard magnetic phase and the soft magnetic
phase to be different so that the magnetic properties of the
electron-beam heating sample are much better than those of the
sample produced by the conventional annealing method.

In comparison with the Nd12.5Fe80.8B6.2Nb0.2Ga0.3 compound,
the Nd10Fe83.3B6.2Nb0.2Ga0.3 compound has much higher Fe
ctron-beam heating and optimal conventional annealing conditions. The original
ions and (c) optimal conventional annealing conditions.

aling conditions: Magnetic domain under (a) electron-beam heating conditions and
ting conditions and (d) conventional annealing conditions.



Fig. 9. TEM images of the Nd10Fe83.3B6.2Nb0.2Ga0.3 ribbons: (a) Using the electron-beam heating method with an electron-beam current at 2.3 mA and an accelerating voltage
at 10 kV for 0.1 s; (b) using the conventional annealing method at 730 �C for 15 min; (c) high resolution TEM (HRTEM) images of the dotted rectangular region in (a); (d) ratio
(wt%) of Fe to Nd along the dotted line in (a) [73].
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content. Therefore, under the conventional annealing conditions,
the grains of the a-Fe phase will crystallize and grow first, leading
to weak interactions between the a-Fe and Nd2Fe14B phases, and
weak interactions among the grains. As for the electron-beam
heating method, due to the synergetic crystallization of the a-Fe
and Nd2Fe14B phases, the increase of Fe content leads to much
more intense interactions between the a-Fe and Nd2Fe14B
phases. This interaction keeps the grains in a regular shape (i.e.,
equiaxial-like). In the meantime, there are some elongated a-Fe
and Nd2Fe14B nano-grains, which may facilitate strong exchange
coupling between the hard and soft phases in the compounds, as
shown in Fig. 9(a); therefore, better coercivity and squareness in
the hysteresis loop can be achieved due to effective exchange
coupling between the hard and soft phases.

4. Conclusions

The magnetic properties and crystallization behavior of the
Nd2Fe14B single-phase and Nd2Fe14B/a-Fe two-phase nanocom-
posite magnets prepared using electron-beam heating and conven-
tional annealing methods were studied systematically. It was
found that the RTP with electron-beam heating can greatly reduce
the crystallization time of the amorphous ribbons from about
15 min under the conventional annealing conditions to 0.1 s, due
to the extremely high heating rate. For the Nd2Fe14B single-phase
material, the crystallization temperature of the amorphous ribbon
can be greatly reduced from 760 �C under the conventional anneal-
ing conditions to 512 �C under the electron-beam heating condi-
tions. A strong synergistic crystallization effect of the Nd2Fe14B
and a-Fe phases in the Nd2Fe14B/a-Fe two-phase magnets was
observed under electron-beam heating conditions. The amorphous
crystallization process can be controlled by the extremely fast
heating rate and extremely short annealing time during
electron-beam heating, so as to further regulate the grain size,
grain shape, and distribution of hard and soft magnetic phases,
as well as the structure and composition on the sample and on
the interface. The higher the Fe content is, the more obvious this
regulation effect is. It was found that the interactions between
the Nd2Fe14B grains, the Nd2Fe14B, and the a-Fe grains during the
amorphous crystallization process allow the grains to maintain a
regular shape and result in uniform distribution of the crystal
grain size. At the same time, the interactions between the
Nd2Fe14B phase and the a-Fe phase grains change the grain shape
of the soft magnetic phase and the hard magnetic phase, and cause
the Fe to enter between the Nd2Fe14B phase grains to induce strong
exchange coupling. The uniformity of the phase distribution and
the smaller grain size can improve the exchange coupling
between the hard and soft phases, thereby resulting in better
magnetic properties. We propose that the performance of
Nd2Fe14B/a-Fe nanocomposite magnets will be further improved
if a soft magnetic phase with a width in the critical dimension
range can be formed to continuously surround the hard magnetic
phase.
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