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The 2:14:1-type rare-earth (RE)-Fe-B permanent magnets prepared by the dual alloy method have been found to possess much
superior magnetic properties to those prepared by the single alloy method, providing an appealing route to promote the utilization
of high-abundance RE elements Ce and La and balance the use of the RE source. However, the relationship between magnetic
interactions among different 2:14:1 main phases and superior magnetic properties is still unclear. In this study, we investigated
the magnetic interactions and reversal field distribution in these magnets using first-order reversal curve (FORC) images. The
FORC images showed that (Nd, Pr)27.8(La, Ce)2.7FebalM1.4B1.0 (S-9) and (Nd, Pr)19.5(La, Ce)11.0FebalM1.4B1.0 (S-36) have the
characteristics of multiple main phases. The reverse magnetic fields corresponding to the soft and hard main phases, as well as
the associated exchange coupling, were highly dependent on the LaCe content. The higher the LaCe content, the weaker the
exchange coupling and the more asynchronous the demagnetization process. In addition, the FORC images indicated that the
magnetization reversal process also varies with LaCe content, where the nucleation and propagation of reversed domains
dominant in the S-9 magnet, while the domain propagation in the S-36 magnet is considerably suppressed. Additional micro-
magnetic simulations also revealed that the coercivity and exchange coupling of multi-main-phase magnets decrease with
increasing LaCe content, correlating well with the experimental results. These findings may not only contribute to a better
understanding of the complex magnetic interactions between the soft and hard phases and how they affect macroscopic magnetic
properties but also help in improving the magnetic performance of the RE-Fe-B magnets with high LaCe content.
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1 Introduction

Permanent magnet materials are used in almost every in-

dustry because of their high coercivity and magnetic energy
products [1-4]. As the most widely used permanent magnets,
Nd-Fe-B-based magnets are essential in motors, generators,
magnetic storage media, ore separators, and other electro-
mechanical and electronic devices. However, the rapid
consumption of the 2:14:1-type permanent magnets results in
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the overuse and soaring prices of some rare-earth (RE) ele-
ments, such as Pr, Nd, Dy, and Tb. To make better use of
resources and improve cost-effectiveness, La, Ce, Y, and
other inexpensive and abundant RE elements are used to
prepare RE2Fe14B [5-8]. As the intrinsic magnetism of
La2Fe14B or Ce2Fe14B is considerably less than that of
Nd2Fe14B or Pr2Fe14B, the substitution of Nd or Pr with La or
Ce in the 2:14:1 phase lattice will seriously affect the per-
formance of the magnet [9-11]. In general, the coercivity of
permanent magnets depends on the intrinsic properties of the
materials. However, when preparing high-abundance RE
permanent magnets, the dual alloy method of mixing the soft
and hard magnetic powders outperforms the traditional sin-
gle alloy method. A multi-main-phase (MMP) magnet ex-
hibits considerably better magnetic performance than a
single-main-phase (SMP) magnet of the same composition
[12,13]. This reveals that the deterioration in intrinsic mag-
netic properties of the RE2Fe14B matrix phase is not the only
reason for the degradation of high-abundance RE magnets.
An MMP magnet is a type of composite magnet that

contains at least two main grains of different compositions.
According to some studies, short-range exchange coupling
between the hard and soft magnetic phases is detrimental to
coercivity of sintered magnets [14,15]. In theory, however,
the exchange coupling interaction between different grains
can make the material possess the high coercivity of the hard
phase and the high saturation magnetization of the soft phase
[16]. The mixing of different powders results in a complex
microstructure, such as a core-shell structure, for magnets
sintered using the dual alloy method [17,18]. Exchange
coupling exists not only between grains but also between
cores and shells, influencing the magnetization reversal
process. Therefore, the exchange coupling mechanisms of
the MMP magnets and their influence on coercivity require
further investigation.
The first-order reversal curve (FORC) is a magnetic

measurement technique that aids the understanding of
magnet exchange coupling and coercivity mechanisms.
FORC can effectively reflect magnetization reversal process
characteristics, such as qualitative and quantitative identifi-
cation of magnetic phases, distribution of reversible and
irreversible fields, and relative strength of interactions in
magnets [19-21]. In this study, the sintered magnets of
(Nd, Pr)27.8(La, Ce)2.7FebalM1.4B1.0 and (Nd, Pr)19.5(La, Ce)11.0-
FebalM1.4B1.0 (M = Al, Cu, Ga, Zr, wt.%) were prepared using
the dual alloy method. The FORC technique was used to
evaluate the magnetic properties and reversal field distribu-

tion between different main phases of the MMP magnets,
which could provide a preliminary basis for understanding
the magnetization reversal mechanism. In addition, the ex-
change energy and domain evolution during the demagneti-
zation process were investigated in combination with the
theory of micromagnetism. The micromagnetic method can
directly observe the dynamic magnetization process of
magnet materials as a bridge connecting the microstructure
and macroscopic properties [22-24]. The exploration of the
dynamic magnetization behavior of the MMP magnets has a
substantial impact on improving magnetic performance and
developing novel permanent magnets.

2 Experimental and simulation methods

As shown in Table 1, the alloys with the nominal composi-
tions of (Nd, Pr)27.8(La, Ce)2.7FebalM1.4B1.0 (S-9) and
(Nd, Pr)19.5(La, Ce)11.0FebalM1.4B1.0 (S-36) (M = Al, Cu, Ga,
Zr, wt.%) were prepared using the dual alloy method. The
S-9 and S-36 magnets were synthesized from (Nd, Pr)30.5-
FebalM1.4B1.0 and [(Nd, Pr)0.5(La, Ce)0.5]30.5FebalM1.4B1.0 raw
powders with the mass ratios of 82:18 and 28:72, respec-
tively. Raw powders were prepared by induction melting,
strip casting, hydrogen decrepitating, and jet milling. The
powders were mixed and then pressed and aligned under
5.5 MPa pressure and 1.5 T magnetic field. Thereafter, the
isostatic compacted compacts were sintered and annealed
and a more detailed experimental procedures for the samples
are described in ref. [17]. These two magnets were made into
cuboids of 0.8 mm× 0.8 mm× 3 mm with a long geometric
axis parallel to the z-axis. The samples were exposed to a
magnetic field along its z-axis. The hysteresis loops and
FORCs were measured using a superconducting quantum
interference device vibrating sample magnetometer
(SQUID-VSM, Quantum Design MPMS-3, China) at room
temperature.
The theory of micromagnetism was used to investigate the

exchange coupling mechanism and coercivity mechanism of
permanent magnets. With the rapid development of numer-
ical methods, comprehensive analysis of theoretical and
experimental results can better reveal the relationship be-
tween the intrinsic properties and underlying mechanism of
the magnets [25,26]. The total magnetic Gibbs free energy
(Etot) of the system can be expressed using eq. (1), where Eex,
Eani, Ed, and Eext are the exchange, anisotropy, demagneti-
zation, and external field energies, respectively.

Table 1 Compositions of different samples

Multi-main-phase magnet LaCe/RE content (wt.%) Nominal composition

S-9 9 (Nd, Pr)27.8(La, Ce)2.7FebalM1.4B1.0

S-36 36 (Nd, Pr)19.5(La, Ce)11.0FebalM1.4B1.0
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where A is the exchange integral constant, K1 is the mag-
netocrystalline anisotropy constant, and V is the total volume
of magnetic material. M denotes the magnetization state as a
continuous function of position. mx = Mx/Ms, my = My/Ms,
and mz = Mz/Ms are the components of magnetization re-
lative to the field direction. By solving the minimum energy
of the three-dimensional finite element model, the de-
magnetization process and equilibrium magnetization con-
figuration of the permanent magnet can be obtained.

3 Results and discussion

The intrinsic coercivity Hcj, remanence Br, and maximum
magnetic energy product (BH)m of the S-9 and S-36 magnets
were shown in Table 2. Coercivity and magnetic energy
product decreased from 13 kOe (1 Oe = 79.5775 A/m) and
47.9 MGOe to 9.6 kOe and 42.2 MGOe, respectively, as the
LaCe content in the total RE content increased. To better
analyze the demagnetization process and interaction me-
chanism of the MMP magnets, the FORC technique was
employed [21]. Initially, the sample was magnetized to sa-
turation in a specific direction. The external magnetic field
was then decreased to a value less than the saturation field,
denoted as a reverse magnetic field (HR). A single FORC
could be obtained by measuring the change curve of mag-
netization from HR to the forward saturation field. By
changing the HR, a family of FORCs could be collected to
cover the hysteresis loop. Figure 1 shows the FORCs of the
S-9 and S-36 magnets. The curves presented in Figure 1(b)
show a small step near zero field, suggesting that there is a

small amount of soft phase (Ce-rich phase) uncoupled from
the hard phase (Nd-rich phase) inside the magnet [21,27].
While the exchange coupling between the hard and soft
phases improves as the LaCe content decreases (Figure 1(a)),
it is generally believed that the coercivity mechanism of the
RE-Fe-B magnets is mainly the nucleation and propagation
of the reversed domain [28,29]. Moreover, because of the
complex microstructure of the MMP magnet, the exchange
coupling effect on magnetic domains during the demagne-
tization process cannot be overlooked. Reduced exchange
coupling between different main phases is effective in
slowing the expansion of reversed domains as the high-
abundance RE content increases. Therefore, the combined
effect of different mechanisms should be considered to un-
derstand the magnetization reversal process of the magnet
more clearly.
Because the two-dimensional (2D) FORC distribution can

record all irreversible magnetization processes, it is better
adapted for understanding the demagnetization process and
mechanism of the MMP magnets. The mixed second-order
derivative of M (H, HR) concerning H and HR is taken to
obtain the normalized FORC distribution. Eq. (2) presents
the distribution function of M (H, HR) on the (H, HR) plane
[30-32]:
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The derivative ρ shown in Figure 2 is distributed on a 2D
contour map with (H, HR) as the coordinates. The external
field is represented by the abscissa, while the reverse tran-

Figure 1 (Color online) First-order reversal curves (FORCs) of (a) S-9 and (b) S-36 at 300 K. A single FORC is obtained by measuring the change curve of
magnetization from the reverse magnetic field to the forward saturation field. The orange arrow in (b) marks the location of the small step.

Table 2 Intrinsic coercivity Hcj, remanence Br, and maximum magnetic
energy product (BH)m of the S-9 and S-36 magnets

Multi-main-phase magnet Hcj (kOe) Br (kGs) (BH)m (MGOe)

S-9 13.0 14.0 47.9
S-36 9.6 13.4 42.2
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sition field is represented by the ordinate. When ρ is not zero,
the mixed second-order derivative can remove all the com-
pletely reversible components of the magnetization reversal
process, implying that the magnetization reversal is irrever-
sible [33].
In contrast to the SMP magnet, where the RE elements are

uniformly distributed in the 2:14:1 phase, the RE elements’
concentration in the MMP magnet varies greatly even within
the same main phase. Both S-9 and S-36 magnets exhibit the
characteristics of multiple main phases, as shown in Figure 2,
which are consistent with the electron probe microanalyzer
(EPMA) results [17]. No obvious peak in the FORC dis-
tribution near the zero field shows that there is no completely
decoupled soft magnetic phase in S-9. By contrast, there is a
small amount of completely decoupled soft phase in S-36.
This implies that the step shown in Figure 1(b) is primarily
caused by decoupled grains with low anisotropy, which
generally refers to surface grains, inhomogeneous grains,
oxidized grains, and so on. Except for the zero field, there are
two peaks in Figure 2(a) and (b) corresponding to different
magnetization components. One peak located at the lower H
corresponds to the irreversible magnetization of the soft
phase, while the other peak corresponds to the irreversible
magnetization of the hard phase. The reverse magnetic fields
of these two peaks are 4.31 and 13.50 kOe for S-9 and 7.77

and 11.87 kOe for S-36, respectively.
The corresponding reverse transition field is close to

coercivity when the contour line is parallel to the H-axis, as
shown by the FORC distribution for S-9 (dashed blue line).
When the contour line is perpendicular to the H-axis, the
corresponding external field approaches coercivity (dashed
red line). This characteristic of FORC suggests that the nu-
cleation and expansion of reversed domains are the main
mechanisms controlling the demagnetization process
[20,34]. The exchange coupling inside the MMP magnet
enhances the reverse transition fields of most Ce-rich grains,
making the magnetization reversal process of the Ce- and
Nd-rich grains more synchronous. With an increase in the
LaCe content, the contour lines inside the red circle are in-
clined, indicating that the magnetization reversal of different
grains becomes inconsistent. The completely uncoupled hard
phase, depicted by the solid dotted circle on the lower right,
is also increased, demonstrating that the exchange coupling
between two phases is unsatisfactory. Furthermore, the dis-
tribution along the left diagonal direction in Figure 2(b) is
more obvious than that in Figure 2(a), which shows the
weakening of the exchange coupling effect within the S-36
magnet.
The 2D FORC contour map is a useful tool for recording

the irreversible magnetization reversal in the (H, HR) co-

Figure 2 (Color online) Two-dimensional first-order reversal curve (FORC) distribution of (a) S-9 and (b) S-36. The corresponding FORC distributions are
shown as contour plots after demagnetization correction, where the smoothing factor is 4. The arrows indicate the peaks corresponding to the magnetization
reversals in the majority of Ce- and Nd-rich phases. The contour lines parallel and perpendicular to the H-axis are identified by the blue and red straight lines,
respectively. The reverse field distribution of the soft and hard magnetic phases can be represented by the one-dimensional irreversibility distribution at the
two dashed yellow lines (Figure 3).
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ordinates. While the distribution of one-dimensional irre-
versibility aids in gaining a more intuitive understanding of
the demagnetization inversion process, the integral of the
derivative ρ concerning the external magnetic field H is also
known as FORC-switching field distribution (SFD) [35]:
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Figure 3 presents the effect of exchange coupling between
the two main phases on magnetization reversal. The fluc-
tuation of the curve near the high field indicates that the
magnetization reversal of grains becomes inconsistent be-
cause of the change in internal interaction. The FORC-SFD
is axisymmetric along the coercivity for a typical single-
phase magnet [36]. However, the FORC-SFDs of S-9 and S-
36 are not symmetrical and gradually deviate from the
Gaussian symmetrical distribution along the direction of the
small field. Magnetization reversal of the Ce-rich phase with
low anisotropy occurs earlier in the demagnetization process,
which is more visible in the S-36 magnet. The small protu-
berance near the zero field indicates that the S-36 magnet
contains few uncoupled soft magnetic phases, corresponding
to the small step on the demagnetization curve. While the
peak at the zero magnetic field in the S-9 magnet is so weak
that it is almost negligible, the two peaks near the coercivity
shown in the inset of Figure 3(b) represent the inconsistency
of the demagnetization process of different main phases.

Backscattered scanning electron microscopy (BSE-SEM)
micrographs presented in Figure 3(c) and (d) show that the
grain boundary (GB) phases in the magnet increase as the
LaCe content increases, reducing the exchange coupling
between the grains. Because of the weakening of the inter-
action within the magnet, the demagnetization of soft and
hard magnetic phases is asynchronous, which supports the
analysis of the FORC distribution.
The nucleation and propagation of reversed domains dur-

ing demagnetization are further revealed via micromagnetic
simulation. Centroidal Voronoi tessellation is used to model
the multi-grain microstructure, which can well reflect the
actual particle shape [37-39]. The model was meshed using
the tetrahedral adaptive meshing method based on Delaunay
algorithm. The model’s macroscopic shape is a cube with a
length of 3000 nm and 100 irregular grains, as shown in
Figure 4(a). To simplify the model, Nd2Fe14B and (Nd0.5-
Ce0.5)2Fe14B were selected to represent the Nd- and Ce-rich
grains, respectively. The ratios of these two grains in the S-9
and S-36 magnets are 82:18 and 28:72, respectively, which
are consistent with the experiment. According to the BSE-
SEM micrographs and corresponding elemental mappings of
the MMP magnet sintered using the dual alloy method [17],
the diffusion between grains cannot be ignored. Figure 4(b)
presents a heterogeneous microstructure comprising the
grains of varying compositions. There are two types of grains
in the magnets: a soft (Nd0.5Ce0.5)2Fe14B core covered with a

Figure 3 (Color online) First-order reversal curve-switching field distribution (FORC-SFD) of (a) S-9 and (b) S-36. The red- and blue-dotted plots are the
reverse field distribution curves of the hard and soft magnetic phases at the dashed yellow lines shown in Figure 2. The total distribution curve is represented
by the green line in the illustration. Backscattered scanning electron microscopy micrographs of the (c) S-9 and (d) S-36 magnets, with the bright and gray
contrasts indicating the rare-earth-rich and matrix phases, respectively.
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hard Nd2Fe14B shell and a hard Nd2Fe14B core covered with a
soft (Nd0.5Ce0.5)2Fe14B shell. The thickness of an Nd- or a
Ce-rich shell is defined as the shell width to grain-size ratio.
For instance, a shell proportion of 0.03 indicates that the
shell thickness is 3% that of the grain-size. The material
parameters of Nd2Fe14B and (Nd0.5Ce0.5)2Fe14B are presented
in Table 3 [40,41].
Since it is difficult to observe the nucleation site experi-

mentally, time-resolved simulations are used to resolve this
issue. The simulated pattern sequence shown in Figure 5
presents the magnetization reversal process of S-9 and S-36
over time. The light colors (light red and light blue) represent
the soft phase (Nd0.5Ce0.5)2Fe14B with different magnetiza-
tion directions, while the dark colors (dark red and dark blue)

represent the hard phase Nd2Fe14B. On the right side of
Figure 5, the corresponding demagnetization curves are
presented. The calculated coercivity based on the two-phase
model is usually greater than the experimental results be-
cause, from a micromagnetic standpoint, the artificially
fabricated two-phase magnetic material comprises multiple
phases. According to the comparison of Figure 5(a) and (b),
the increase of Ce-rich grains in S-36 will affect its coer-
civity; however, S-36’s coercivity is only 7% lower than that
of S-9. This implies the decrease in coercivity can be pre-
vented by optimizing grain microstructure. Magnetization
reversal occurs preferably inside the (Nd0.5Ce0.5)2Fe14B
grains rather than the Nd2Fe14B grains. Then, the reversed
domains propagate from one grain to another. As shown in
Figure 5(a3) and (b2), some grains contain a portion of the
reversed domain. Because of the differences in the chemical
compositions between the core and shell regions, the mag-
netization reversal within a single grain is a gradual propa-
gation process rather than a coherent rotation. Under a strong
exchange coupling, the magnetic moments next to the soft
phase in S-9 get reversed. In S-36, with weak exchange
coupling, domain propagation between phases is inhibited,
causing reversed domains to nucleate primarily at the soft
magnetic phase and boundaries.
Moreover, it is discovered that the collective orientation of

magnetic moments and the relative strength of energies are
highly sensitive to magnet microstructure. Figure 6 presents
the variation of coercivity and exchange coupling energy of
S-9 and S-36 with a shell proportion and volume fraction of

Figure 4 (Color online) (a) Polycrystalline model of multi-main-phase
magnets created using the Voronoi tessellation method. (b) Schematic of
the composition distribution of two types of grains with core-shell dis-
tributions. The overall size of the model is 3000 nm× 3000 nm× 3000 nm,
and the model contains 100 irregularly shaped grains.

Table 3 Magnetic properties of the Nd- and Ce-rich phases used in the simulation

Magnetic phase Anisotropy constant K1 (MJ/m3) Saturation magnetization μ0Ms (T) Exchange stiffness A (pJ/m)

Nd2Fe14B 4.3 1.61 7.7
(Nd0.5Ce0.5)2Fe14B 2.9 1.39 6.35

Figure 5 (Color online) Magnetization reversal patterns and corresponding demagnetization curves of the (a) S-9 and (b) S-36 magnets during the
demagnetization process. The magnetization in the z-direction is represented by the regions in red (+z) and blue (−z). The thickness of the Nd- or Ce-rich
2:14:1 shell is ~10 nm, which is 3% that of the average grain size.
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the GB phase. Eex is the exchange energy of the system near
the coercive field. The GB phase was considered as an
amorphous soft material characterized by K1 = 0 MJ/m3,
μ0Ms = 0.16 T and A = 6.0 pJ/m. As can be seen from Figure
6 that the variation trends of Hc and Eex in different magnets
are similar, which increase first and then decrease with in-
creasing shell thickness or GB phase. This suggests that a
moderate exchange coupling between grains is critical for
improving magnetic performance.
The exchange coupling between the soft and hard phases is

relatively weak in the absence of grain interdiffusion. At the
beginning of the reversal processes, nucleation occurs in the
soft magnetic phase and is then diffused to the hard magnetic
phase. The exchange coupling and demagnetization of the
magnets changed considerably when the grains transformed
into a core-shell structure after diffusion. The core-shell
structure plays three roles: (i) increasing the coercivity of the
Ce-rich grains by improving the exchange interaction be-
tween different phases, (ii) using the structural advantage of
a highly anisotropic shell surrounding a low anisotropic core
to inhibit the reduction of coercivity, and (iii) weaken the
effect of GB pinning, which poses a competitive relationship
with (i). As reported, the high-performance high-abundance
RE magnets can be obtained through structural optimization
or ground boundary diffusion [42-44]. The grain micro-
structure changes to a core-shell structure when the bound-
aries between different main phases penetrate each other.
However, deep diffusion may not be necessary for a core-
shell structure owing to the gradual homogenization caused

by the overthick shell [18,45]. The diffusion processes of real
magnets are considerably dependent on the surface quality
and nature of the contact between the diffusion source and
magnet and the core-shell structures should be formed while
ensuring chemical heterogeneity.

4 Conclusions

The RE-Fe-B magnets with a high abundance of RE ele-
ments, such as Ce and La, have attracted attention owing to
their role in promoting the balanced utilization of the RE
resources. However, the exchange coupling mechanism and
magnetization reversal process in magnets sintered using the
dual alloy method need to be investigated further. FORC is
used in this study to investigate the magnetic interactions and
reversal field distribution in the MMP magnets. This shows
that both S-9 and S-36 have the characteristics of multiple
main phases, which is consistent with the EPMA results. The
FORC image of S-9 shows that the nucleation and propa-
gation of reversed domains are the primary mechanisms
controlling the magnetization reversal process. Because of
the weak exchange coupling, domain propagation is con-
siderably suppressed in the S-36 magnet. In addition, the
micromagnetic simulation results indicate that the coercivity
and exchange coupling of the MMP magnets have a strong
dependence on the LaCe content. Under strong exchange
coupling, the magnetic moments next to the soft magnetic
phase inside S-9 can be reversed, and the reversed domains

Figure 6 (Color online) Coercivity Hc and the corresponding exchange energy Eex of (a) S-9 and (b) S-36 with different shell proportions. The shell
proportion refers to the ratio of shell width to the average grain size. The effects of grain boundaries on the coercivity Hc and exchange energy Eex of S-9 and
S-36 are shown in (c) and (d), respectively.
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in S-36 are primarily nucleated at the soft magnetic phase
and outer boundaries. Understanding the magnetic interac-
tion between the soft and hard magnetic phases, as well as its
impact on macroscopic magnetic properties, is crucial for
improving the magnetic properties of the high-abundance RE
magnets.
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