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Ce substitution level in Nd-Fe-B magnets has been signiﬁcantly increased via the binary main phase
(BMP) approach, i.e. sintering the mixture of Ce-free and Ce-containing RE2Fe14B (RE, rare earth) powders. REFe2 phase that forms in the high Ce-containing Nd-Ce-Fe-B magnets has been considered to be
harmful to magnetic performance due to its soft magnetism. In this work, we found that REFe2 phase
with lower melting point than the 2:14:1 phase plays positive role on optimizing the microstructure and
retaining magnetic performance of the Nd-Ce-Fe-B BMP magnets. The wettability of 2:14:1 phase can be
improved by sintering above the melting point of REFe2 phase, which promotes densiﬁcation of the
magnet and the formation of continuous and smooth grain boundary (GB) phases. This contributes to the
weakened short-range exchange coupling between adjacent grains, hence ensures superior magnetic
performance of BMP magnets to the single main phase (SMP) ones with the same average composition.
As a result, magnetic properties of Br ¼ 12.4 kG, Hcj ¼ 9.0 kOe and (BH)max ¼ 36.7 MGOe can be obtained
even when 45 wt % Ce substitutes for Nd in the BMP magnets.
© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords:
Nd-Fe-B
Highly abundant rare earth
Microstructure
Magnetic properties

1. Introduction
Incorporation of Ce, the most abundant and cheapest rare earth
(RE) element, into the Nd2Fe14B-type sintered magnets has drawn
considerable interest recently from an economic point of view
[1e10]. Although Nd can be substituted by Ce in the tetragonal
Nd2Fe14B phase, inferior intrinsic magnetic properties of Ce2Fe14B
compound (saturation magnetic polarization Js, anisotropy ﬁeld HA,
and Curie temperature TC for Ce2Fe14B are 11.7 kG, 26 kOe, 151  C,
respectively) to Nd2Fe14B (Js ¼ 16.0 kG, HA ¼ 73 kOe, and
TC ¼ 312  C) [11] pose a big challenge to fabricate high-performance
Nd-Ce-Fe-B magnets with high Ce substitution. Early studies have
shown that homogeneous Ce substitution for Nd in the 2:14:1
phase lattice deteriorates the magnetic properties seriously
[12e14]. For instance, the magnetic properties degrade drastically
with Br of 13.2 kG, Hcj of 10.2 kOe and (BH)max of 40 MGOe with only
5 wt % Ce substitution for Nd [14]. Recently, the addition of Ce has
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been pushed to a higher level with much weakened magnetic
dilution effect by the binary main phase (BMP) approach, i.e. sintering the mixture of Ce-free and Ce-containing powders with both
compositions close to the stoichiometric 2:14:1 [7e9]. Magnetic
properties of (BH)max ¼ 43.3 MGOe, Br ¼ 13.6 kG, and Hcj ¼ 9.26 kOe
have been obtained when 30 wt % of Nd is replaced by Ce in the
(Nd0.7Ce0.3)30(Fe,M)balB1 sintered magnets [7]. Consequently, the
BMP approach is appealing for developing permanent magnets
with high Ce content and low cost.
Analogous to the magnets fabricated by the conventional single
main phase (SMP) approach, the BMP magnets are also composed
of 2:14:1 matrix phase and intergranular RE-rich phase [7e9].
While the BMP magnets show distinctly difference of elemental
distributions compared with the SMP ones. The inter-diffusions of
RE atoms between the Ce-free and Ce-containing components
result in inhomogeneous elemental distributions either within an
individual grain or across grains, forming a multi-main-phase
microstructure [9]. Such composition ﬂuctuation results in localized intrinsic magnetic properties of BMP magnets. Consequently,
three types of magnetic interactions exist, i) short-range exchange
coupling within an individual grain, ii) long-range magnetostatic
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interactions across isolated grains with different mean Ce contents,
and iii) short-range exchange coupling between adjacent grains
that are not well isolated by intergranular RE-rich phase. The ﬁrst
type of magnetic interaction, as discussed in our recent work [9], is
beneﬁcial to retain the remanence. The second type plays an
essential role on the achievement of superior coercivity to the SMP
magnet with the same average composition as the magnetically
“harder” Ce-lean grains tend to impede the propagation of reversed
domains from the adjacent magnetically “softer” Ce-rich grains.
The third type is usually undesired in the conventional SMP magnets as it deteriorates the coercivity [15,16], but how does it affect
the coercivity of BMP magnets remains a fundamental question. It
is important because one can enhance greatly the coercivity by
forming nonferromagnetic grain boundary (GB) layers through
incorporating intergranular additives like that for the SMP magnets
[17e20].
In addition, to further improve the substitution level of Ce in the
ﬁnal BMP magnets, the Ce content in the initial Ce-rich component
should be designed as high as possible. While high Ce content may
result in the formation of additional phases in the Ce-rich component, and their contents and distributions strongly affect the
macroscopic magnetic properties, especially the coercivity. An early
work by Herbst et al. [3] has shown that the melt-spun Ce17Fe78B6
alloy contains up to 12 wt % CeFe2 in addition to the Ce2Fe14B matrix
phase. Other studies have also shown that REFe2 phase forms when
Ce content in Nd-Ce-Fe-B exceeds the critical values, for instance,
32 at. % in La2.50Ce4.72Pr1.55Nd5.65Dy0.29Cu0.09Al0.10Nb0.09Co0.74B6.09Febal (at.%) alloy [8] and 24 wt % in (Di0.76Ce0.24)27.5Dy3Al0.1Cu0.1FebalB1 (wt. %) alloy [21]. Consequently, it has been
considered that the REFe2 phase inevitably forms in the Nd-Ce-Fe-B
component with high Ce content. Its existence has been thought to
be harmful to magnetic performance of the magnets because of its
lower intrinsic magnetic parameters than the 2:14:1 phase. CeFe2 is
paramagnetic at room temperature and magnetically soft even
below its TC [22]. Considering that the CeFe2 has a lower melting
point (925  C) than that of the sintering temperature for 2:14:1
magnets [8,23], it is inspiring to understand how the REFe2 phase
affect the liquid-phase sintering process and the microstructure of
the ﬁnal BMP magnets. If it works like the low melting point alloys
of Nd-Cu, Pr-Cu, Dy-Fe, Al-Cu etc. in the intergranular region for NdFe-B magnets [24e28], the exchange coupling between adjacent
grains could be signiﬁcantly weakened due to the improved
wettability of main phase and the formation of continuous and
smooth RE-rich GB phases. The correlation between microstructure
and coercivity of BMP magnets can then be well understood.
In this work, a Ce-free component and a Ce-containing
component (Ce in the total RE is 50 wt %) that contains REFe2
phase are designed to fabricate the BMP magnets. The distribution
of REFe2 phase and its inﬂuences on both microstructure and
magnetic properties of the magnets have been investigated.
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of 1.5 T followed by isostatic pressing under ~200 MPa. Final
magnets were prepared by sintering at 1030  C for 4 h, followed by
a two-step annealing treatment at 890e920  C for 2 h and
460e520  C for 4.5 h. For comparison, Ce-27 SMP magnets with the
nominal composition of [(Pr,Nd)0.73Ce0.27]30.5 FebalM1.0B1.0 were
also prepared using the same procedures.
To identify the phase constituents, step-scanned X-ray diffraction (XRD) was performed on the powder samples for the Ce-50
component, Ce-27 SMP, Ce-27 BMP and Ce-45 BMP magnets.
Rietveld reﬁnements of the XRD patterns were carried out by a
Rietica software [29]. To determine the melting point of constituting phases in the Ce-50 component, differential scanning calorimetry (DSC) curve was obtained upon heating to 1200  C at 10  C/
min under Ar ﬂow using a differential thermal analysis device (DTA,
Netzsch 449F3 Jupiter). Demagnetization curves of the sintered
magnets were measured using an AMT-4 magnetometer at room
temperature. Density (r) of the magnet was determined according
to the Archimedes principle. Micro-morphology observations of the
polished sample surfaces were carried out using a Hitachi S-3400I
scanning electron microscopy (SEM). Elemental distribution mappings were obtained using a JXA 8230 WD spectrometer. Specimen
for transmission electron microscope (TEM) observation was prepared utilizing the standard techniques of grinding, dimpling and
argon ion-beam thinning. Ion-beam thinning was carried out on
both sides of the specimen at an inclination angle of 8 for the ionbeam with respect to the specimen surface. TEM characterization
was performed using a JEOL-2100F microscope equipped with a
GATAN CCD slow scan camera. The magnetic domain structure was
observed using JEOL2100F L-TEM (Fresnel method).
3. Results and discussion
Magnetic measurements show that the Nd-Ce-Fe-B BMP magnets have superior performance to the SMP ones at the same
average composition. Fig. 1 shows the room temperature demagnetization curves of the Ce-0, Ce-27 SMP, Ce-27 BMP, Ce-36 BMP
and Ce-45 BMP magnets. The derived coercivity Hcj, remanence Br,
energy product (BH)max and squareness factor Hk/Hcj are summarized in Table 1. Compared to the Ce-free (Ce-0) magnet with Hcj of
13.8 kOe, Br of 14.1 kG and (BH)max of 48.7 MGOe, the magnetic
properties of Ce-27 SMP magnet deteriorate drastically to Hcj of

2. Experimental
A Ce-containing component [(Pr,Nd)0.5Ce0.5]30.5FebalM1.0B1.0,
M ¼ Al, Cu, Ga, Zr, in wt. %) (hereafter named as Ce-50) and a Ce-free
component (Pr,Nd)30.5FebalM1.0B1.0 (hereafter named as Ce-0) have
been designed. Each component was subjected to induction
melting, strip-casting, hydrogen decrepitation and jet milling.
Mean particle size of the ﬁnal powders is 3.0e3.5 mm. After
blending the powders of Ce-50 and Ce-0 with the mass ratios of 54:
46, 72: 28 and 90: 10, green compacts with nominal composition of
[(Pr,Nd)0.73Ce0.27]30.5FebalM1.0B1.0,
[(Pr,Nd)0.64Ce0.36]30.5FebalM1.0B1.0, and [(Pr,Nd)0.55Ce0.45]30.5FebalM1.0B1.0 (hereafter named
as Ce-27, Ce-36 and Ce-45, respectively) were obtained under a
compressive pressure of 5.5 MPa in a perpendicular magnetic ﬁeld

Fig. 1. Room temperature demagnetization curves for the Ce-0 and Ce-27 magnets
prepared by single main phase (SMP) approach, the Ce-27, Ce-36 and Ce-45 magnets
prepared by binary main phase (BMP) approach.
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Table 1
Nominal composition, room temperature coercivity (Hcj), energy product ((BH)max), remanence (Br), squareness factor (Hk/Hcj) and density (r) for the Ce-0, Ce-27, Ce-36, Ce-45
sintered magnets prepared by different approaches.
Magnet

Composition (wt. %)

Approach

Hcj (kOe)

Br (kG)

(BH)max (MGOe)

Hk/Hcj (%)

r (g/cm3)

Ce-0
Ce-27
Ce-27
Ce-36
Ce-45

(Pr,Nd)30.5FebalM1.0B1.0
[(Pr,Nd)0.73Ce0.27]30.5 FebalM1.0B1.0
[(Pr,Nd)0.73Ce0.27]30.5 FebalM1.0B1.0
[(Pr,Nd)0.64Ce0.36]30.5 FebalM1.0B1.0
[(Pr,Nd)0.55Ce0.45]30.5 FebalM1.0B1.0

SMP
SMP
BMP
BMP
BMP

13.8
10.4
11.4
10.3
9.0

14.1
12.8
13.0
12.7
12.4

48.7
39.0
41.1
38.8
36.7

97.4
94.3
97.7
96.4
94.2

7.55
7.56
7.57
7.57
7.57

10.4 kOe, Br of 12.8 kG and (BH)max of 39.0 MGOe. It is due to the
magnetic dilution effect that Ce substituting for Nd in the 2:14:1
phase lattice decreases the intrinsic magnetic properties [30]. The
BMP approach, however, is effective to weaken the magnetic dilution effect. With the same average composition, the Ce-27 BMP
magnet shows better magnetic properties of Hcj ¼ 11.4 kOe,
Br ¼ 13.0 kG, and (BH)max ¼ 41.1 MGOe than the SMP one. As the Ce
content is increased to 36 wt %, magnetic properties of the Ce-36
BMP magnet are comparable to the Ce-27 SMP one. When the Ce
content is further increased to 45 wt % (the Ce-45 BMP magnet),
preferable magnetic performance of Br ¼ 12.4 kG, Hcj ¼ 9.0 kOe and
(BH)max ¼ 36.7 MGOe can be obtained.
The superior magnetic performance of the BMP magnet is
ascribed to the chemical heterogeneity of the main phase, where Ce
and Pr/Nd are distributed inhomogeneously either within an individual grain or across grains. As shown by the elemental mapping
analysis in Fig. 2, the Ce-45 BMP magnet in which the mass ratio of
Ce-50 to Ce-0 component is 9:1, exhibits obvious chemical heterogeneity within the matrix phase grains, where both Ce-lean and
Ce-rich grains can be distinguished. Due to the initial chemical
gradient between the Ce-50 and Ce-0 components, RE atoms interdiffused during liquid-phase sintering and post annealing. The local
chemistry for an individual grain of the 2:14:1 matrix phase can be
roughly clariﬁed into two types, i) Ce concentration gradually decreases from the GB towards a Pr/Nd-rich grain core (close to the
initial Ce-0 component) and ii) Pr/Nd concentrations gradually
decrease from the GB towards a Ce-rich core (close to the initial Ce50 component). Additionally, these two types of grains are
randomly distributed within the whole magnet, i.e. the mean Cecontent inside 2:14:1 matrix phase grains is inhomogeneous.
Consequently, the resultant long-range magnetostatic interactions
among the 2:14:1 phase grains result in single-phase like demagnetization behaviors [9], as no apparent kink or step is observed in
the demagnetization curves in Fig. 1. All the BMP magnets possess
high squareness factors with Hk/Hcj > 94%.
More importantly, the distributions of RE elements in the
intergranular regions are also inhomogeneous. As indicated by arrows with different colors, some local triple junctions (white arrows) consist mainly of Pr/Nd/Ce (>70 wt %) and a small amount of
Fe (~20 wt %), and others (black arrows) contain ~50 wt % Pr/Nd/Ce
and ~40 wt % Fe. The former ones are the conventional RE-enriched
phases, which are commonly observed in Ce-free magnets [31e33].
The latter ones, however, are usually unavailable within the Ce-free
magnets, which are completely different from the triple junctions
composed mainly of REs or oxygen with much lower Fe content.
The atomic ratio of RE to Fe in such regions was evaluated to be
~1:2, which is in good agreement with the stoichiometric composition of REFe2 phase. To clarify whether they are REFe2 phase or
not, TEM characterizations were carried out, as shown in Figs. 3 and
4.
Fig. 3a shows a low magniﬁcation bright ﬁeld image (BFI) of the
Ce-45 BMP magnet. Grain 1 and grain 2 with larger size are the
2:14:1 matrix phase, as identiﬁed by the SAED patterns in Fig. 3b
and c, taken along the [001] and [211] zone axes, respectively.

Crystal structure of the triple junction region has also been identiﬁed by SAED patterns using a smaller aperture as indicated by the
red dashed circle. The SAED patterns in Fig. 3d and e were taken
from RE-rich triple junction region with two different orientations
which can be indexed as a diamond cubic structure with zone axes
of [211] and [321], respectively. The d-spacings for the planes (111)
and (022) in Fig. 3d are 0.422 nm and 0.261 nm with the calculated
lattice parameter of a ¼ 0.737 nm which agrees well with REFe2
phase (Table 2). Besides, the obtained d-spacing of
dð133Þ ¼ 0.168 nm is also consistent with the REFe2 phase (Fig. 3e).
TEM characterizations conducted for another region of the Ce-45
BMP magnet are also shown in Fig. 4. The BFI picture (Fig. 4a)
shows two matrix phase grains and a typical triple junction region.
The SAED patterns (Fig. 4b and c) of the triple junction region are
also obtained with two orientations. Again, it is proved to be the
cubic REFe2 phase with zone axes of [211] and [310], respectively.
Furthermore, the REFe2 phase and 2:14:1 matrix phase grains are
well combined with smooth interface as shown in Fig. 4d and e.
The above characterizations conﬁrm the existence of REFe2
phase in the intergranular regions in BMP magnets, being consistent with the EPMA results in Fig. 2. The following questions then
arise, how does the REFe2 phase form and how does it affect the
microstructure and the magnetic properties of BMP magnets? To
answer these questions, we have investigated the phase constituents and the microstructural evolutions as follows.
Firstly, we investigated the initial phase constituents of the Ce50 component powders by Rietveld XRD analysis, as shown in
Fig. 5. The strongest reﬂections correspond to the 2:14:1 tetragonal
phase (space group P42/mnm). Further reﬁnement reveals that the
REFe2 phase (space group Fd3m) and a small amount of RE-rich
phase (space group P63/mmc) coexist with the 2:14:1 matrix
phase. The lattice parameters and mass fraction for each phase are
listed in Table 2. Besides the overlapped reﬂections, the individual
ones (111), (022) and (113) at the Bragg angles 2q of 21.0 , 34.6 and
40.8 correspond to the REFe2 phase. The mass fraction of REFe2
phase was evaluated to be 6.85 wt %, which is lower than the
ternary Ce-Fe-B system [3]. The lattice parameter of REFe2 phase is
a ¼ 0.7346 nm, which is consistent with the calculated value from
SAED patterns. In addition, the calculated lattice parameters of
2:14:1 phase (a ¼ 0.8788 nm, and c ¼ 1.2182 nm as in Table 2) are
slightly smaller than the reported data for Nd2Fe14B (a ¼ 0.880 nm
and c ¼ 1.220 nm) since the Ce2Fe14B possesses smaller lattice
parameters (a ¼ 0.876 nm and c ¼ 1.211 nm) than those of the
Nd2Fe14B [11]. It also conﬁrms that Ce substitutes for partial Pr/Nd
in the 2:14:1 phase.
After sintering and post annealing, the REFe2 phase is inherited
from the Ce-50 component to the BMP magnets. In Fig. 6a and b, the
step-scanned XRD patterns for the Ce-45 and Ce-27 BMP magnets
in powder form shows that (111), (022) and (113) reﬂections of the
REFe2 phase still exist in addition to the matrix 2:14:1 tetragonal
phase, as indicated by the “7” symbols. The typical diffraction
reﬂections of REFe2 phase show higher intensity in the Ce-45
magnet due to the increased Ce-50 component. Considering that
both Ce-27 BMP and Ce-45 BMP magnets were prepared by the Ce-
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Fig. 2. (a) Back-scattered SEM image and the corresponding elemental concentration distribution mappings of (b) Fe, (c) Ce, (d) Nd and (e) Pr. The brighter contrast in (a) is the RErich phase, and the darker contrast reﬂects the 2:14:1 matrix phase. The white dashed lines illustrate the GBs and are guide for eyes. The black arrows in (b) and (c) indicate the Ce
concentrated RE-rich triple junctions with relatively higher Fe content, while the white arrows indicate Pr/Nd/Ce concentrated RE-rich triple junctions with lower Fe content.

free component and the Ce-50 component with initial mass ratio of
46: 54 and 10: 90, the mass fraction of REFe2 phase in Ce-27 BMP
and Ce-45 BMP magnets should be 3.70 wt % and 6.17 wt %. The
calculated mass fraction of REFe2 phase from Fig. 6a and b (2.27 wt
% and 5.60 wt %) are slightly smaller than the initial values. It
suggests that partial REFe2 phase reacts with the RE-rich phase
during sintering and post annealing. For comparison, such representative diffraction reﬂections were not detected in the Ce-27 SMP
magnet (Fig. 6c), indicating that the REFe2 phase is absent or its
amount is too small to be detected by XRD.
Role of REFe2 phase on the microstructure of BMP magnets has
also been investigated. Fig. 7 shows the DSC curve of the Ce-50
component upon heating to 1200  C at 10  C/min. Two obvious
endothermic peaks are observed. The endothermic reaction at
1142  C corresponds to the melting of the 2:14:1 matrix phase.
Considering that the alloy contains 50 wt % of Ce in the total RE
content, the melting point of 2:14:1 phase is decreased compared
to Nd2Fe14B (1155  C) [34]. The other endothermic reaction at
978  C can be attributed to the melting of REFe2 phase which has a
higher melting point than CeFe2 (925  C) [8,23]. As the sintering
temperature of 1030  C is much higher than the melting point of
the REFe2 phase, REFe2 phase melts during high-temperature sintering, which provides additional liquid phase in addition to the
conventional RE-rich phase.
Nd2Fe14B-type sintered magnets possess a liquid phase sintering process and the wettability between the matrix 2:14:1 phase

and liquid phase plays an important role on the microstructure and
magnetic properties [35]. The volume fraction of liquid phase
strongly affects the sintering process, which is essential for densiﬁcation of the magnet. As schematically described for the SMP
magnets (Fig. 8a), the RE-rich phase primarily melts upon heating,
ﬂows and penetrates into the interspace of the 2:14:1 phase particles by further sintering, leading to rearrangement and displacement of matrix particles due to capillary suction. Finally, dense
sintered magnets can be obtained. For the BMP magnets (Fig. 8b),
the RE-rich phase can also gradually wet the 2:14:1 phase grains
similarly. However, the additional REFe2 phase melts and increases
the volume fraction of the liquid phase, which is beneﬁcial to
enlarge the direct contact areas between liquid GB phase and the
2:14:1 grains during the high-temperature sintering. Better
wettability contributes to magnet densiﬁcation as well as the formation of continuous GB phase. Consequently, high density could
be obtained for the BMP magnets (Table 1).
Fig. 9 shows the back-scattered SEM images for the Ce-27 SMP,
Ce-27 BMP, Ce-36 BMP and Ce-45 BMP magnets. The Ce-27 SMP
magnet possesses discontinuous GBs which means the neighboring
ferromagnetic grains are not well isolated (Fig. 9a). Note that, for
the BMP magnets, the higher Ce content, the larger volume fraction
of the REFe2 phase. Fig. 9bed shows obvious change of the GBs in
the BMP magnets. In comparison with the Ce-27 SMP magnet,
continuous intergranular RE-rich phases are formed in the Ce-27
BMP magnet with the same average composition (Fig. 9b). As the
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Fig. 3. TEM characterizations for the Ce-45 BMP magnet. (a) Bright ﬁeld image taken
along the [001] zone axis of grain 1 (G1). (b) SAED pattern taken in the region of grain
1. (c) SAED pattern taken in the region of grain 2 (G2). (d) and (e) SAED patterns taken
in the region indicated by red dashed circle in (a) by tilting it to different zone axes,
revealing a cubic structure (space group Fd3m). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Ce amount increases, the contrast of intergranular phases becomes
clearer and more continuous, isolating well the 2:14:1 phase grains
(Fig. 9c and d). It is clear that the increased REFe2 phase promotes
the formation of continuous intergranular phases along the GBs.
Thin GB layer is observed for the Ce-27 SMP magnet (Fig. 10a),
which appears discontinuous in the back-scattered SEM image.
Such thin GB phase is not sufﬁcient to isolate adjacent grains, which
is one important reason for its low coercivity. For the BMP magnet,
the GB layer is much thicker (~23.5 nm, Fig. 10b). It is beneﬁcial to
isolate neighboring 2:14: 1 phase grains and to decouple them
during magnetization reversal. Fig. 11 shows the L-TEM images
(Fresnel mode). Since the samples were prepared with the c-axis in
plane, the opposite magnetizations produce the dark and bright
contrasts at the magnetic domain walls. These images were
observed with the sample in zero magnetic ﬁeld. For the Ce-27 SMP
sample (Fig. 11a), the conﬁguration shows that the triple junction

Fig. 4. TEM characterizations for another typical region of the Ce-45 BMP magnet. (a)
Bright ﬁeld image taken along the [211] zone axis of REFe2 phase (triple junction). (b)
and (c) are SAED patterns for the triple junction region as indicated by the red dashed
circle in (a) along two different zone axes. (d) and (e) are TEM images with a high
magniﬁcation taken from the regions indicated by the red squares I and II in (a). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

with three 2:14:1 hard magnetic grains isolated by the thin intergranular phase. Note that the domain walls are continuous across
the GBs (indicated by the red dashed rectangle), which indicates
short-range exchange coupling between adjacent hard magnetic
grains. Such kind of continuous domain walls are quite common in
the Ce-27 SMP sample, but are rare in the Ce-45 BMP magnet. The
L-TEM image of the Ce-45 BMP sample (Fig. 11b) shows that the
magnetic domains are interrupted by the thick GB phase. The
discontinuous magnetic domain walls suggest the magnetic
decoupling of the adjacent grains. The magnetization reversal will
not be cascaded across the GBs even if nucleation occurs at the
weakest point in the bulk magnet, as each 2:14:1 grain is
magnetically decoupled. Thus, the unique structural and chemical
feature of the GB phase in Ce-substituted BMP magnets may also
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Table 2
Space group, crystal structure, lattice parameters and mass fraction of the phases in the Ce-50 component evaluated by Rietveld analysis (Fig. 5).
Phase

Space group

Structure

Lattice parameters (nm)

Mass fraction (%)

RE2Fe14B
REFe2

P42/mnm

Tetragonal
Cubic

a ¼ 0.8788; c ¼ 1.2182
a ¼ 0.7346

89.49
6.85

Hexagonal

a ¼ 0.3828; c ¼ 0.6737

3.66

Fd3m
RE-rich
P63/mmc
Reﬁne proﬁle Rp ¼ 4.69, Rw ¼ 5.96, Rexp ¼ 2.57, c2 ¼ 5.40

play an important role on enhanced coercivity.
The above results demonstrate that REFe2 phase exerts important effects on the microstructure of Nd-Ce-Fe-B sintered magnets
by changing the distribution of the GB phase. It may lead to
important consequences. Firstly, it brings new insights into the
demagnetization mechanism of BMP magnets. The superior magnetic performance of the BMP magnets to the SMP ones has been
attributed to the chemical heterogeneity of the matrix phase [9]. An

individual grain has locally different Ce and Pr/Nd concentration,
which means the local regions have different intrinsic magnetic
properties accordingly. The exchange coupling between Ce-lean
local region (magnetically harder) and the Ce-rich region
(magnetically softer) inside an individual grain is beneﬁcial to the
magnetic properties, especially for retaining Br and (BH)max. In
addition, the magnetostatic interactions across grains at microscale
impede the magnetization reversals. Once reverse domains
nucleate in deteriorated regions (close to the GB), the neighboring
regions/grains with higher HA impedes its quick immigration.

Fig. 5. XRD pattern for the Ce-50 component in powder form. The black dots show the
observed experimental data and the red full line represents the calculated ﬁts to the
experimental data. Green line shows the difference between the ﬁtted and observed
results. The Bragg positions of RE2Fe14B, REFe2 and RE-rich phases are indicated by the
short vertical bars in blue, red and olive, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
Fig. 7. DSC curve for the Ce-50 component upon heating to 1200  C at 10  C/min.

Fig. 6. XRD patterns for the powder samples of (a) Ce-45 BMP, (b) Ce-27 BMP and (c)
Ce-27 SMP sintered magnets. The black dots show the observed experimental data and
the red full line represents the calculated ﬁts to the experimental data. Green line
shows the difference between the ﬁtted and observed results. The Bragg positions of
RE2Fe14B, REFe2 and RE-rich phases are indicated by vertical bars in blue, red and olive,
respectively. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig. 8. Schematic illustrations for the evolution of microstructure for (a) SMP and (b)
BMP magnets during sintering.
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Fig. 9. Back-scattered SEM images of the magnets. (a) Ce-27 SMP, (b) Ce-27 BMP, Ce-36 (c) BMP and (d) Ce-45 BMP. The dark contrast corresponds to 2:14:1 matrix phase and the
bright contrast corresponds to the RE-rich intergranular phases, respectively.

Consequently, it takes a relatively long progress to achieve complete domain reversals within the whole magnet, producing a
larger coercivity than the SMP magnets. The present work further
reveals that the weakened exchange coupling effect between
adjacent grains is also essential to obtain a higher coercivity, like
that for the SMP magnets, as supported by the direct evidence of
magnetic isolation (L-TEM characterizations in Fig. 11b). This implies a feasible principal to further enhance the coercivity of BMP
magnets, via forming continuous GB phase (thicker than the exchange length Lex) surrounding each matrix phase grain to
decouple them.

Secondly, the existence of REFe2 phase helps to optimize the
microstructure of BMP magnets. Previous literature [8] has also
revealed the existence of minor REFe2 phase as independent grains
in the high-Ce containing Nd-Ce-Fe-B magnets. Since the CeFe2 is
paramagnetic at room temperature (Curie temperature TC of 227 K
[36]), its existence decreases the remanence of Nd-Ce-Fe-B magnets. Although the TC of present REFe2 phase (containing Pr and Nd)
could be different from CeFe2, it is usually deemed as a soft magnet
below TC, being harmful to the hard magnetism. Its existence,
however, is beneﬁcial to optimize the microstructure and hence to
enhance the coercivity. As revealed in Fig. 7, the melting point of

Fig. 10. TEM images for the GBs between adjacent RE2Fe14B matrix phase grains. (a) Ce-27 SMP and (b) Ce-45 BMP magnets.
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can be raised by increasing its content in the Ce-containing
component. Although the volume fraction of REFe2 phase increases with raised Ce content, which may deteriorate the remanence, the beneﬁts it brings to the coercivity enhancement can
balance the degradation of energy product. Despite the deteriorated intrinsic magnetic properties of the Ce-rich magnets, the BMP
approach allows us to fabricate Ce-based permanent magnets with
magnetic properties fulﬁlling the large gap between hard ferrites
and current commercial Nd-Fe-B magnets [37]. In the present work,
even when 45 wt % Nd is substituted by Ce, preferable energy
product (BH)max of 36.7 MGOe can still be obtained for the BMP
magnet.
4. Conclusions
Effects of the REFe2 phase on microstructure and magnetic
properties of Ce-substituted Nd-Ce-Fe-B sintered magnets prepared by BMP approach have been investigated.
1) The REFe2 phase forms spontaneously in the initial Ce-50
component and inherits into the ﬁnal BMP magnets. The
REFe2 phase is mainly located in the intergranular regions,
which distinctly differs from the conventional RE-rich phases in
the Nd-Fe-B sintered magnets.
2) REFe2 phase melts during sintering due to its lower melting
point than the matrix 2:14:1 phase, which enlarges the volume
fraction of the liquid phase. It improves the wettability of matrix
phase grains and promotes the formation of continuous grain
boundary phases.
3) The formation of continuous grain boundary layers is beneﬁcial
to isolate the adjacent matrix grains, i.e. to weaken the shortrange exchange coupling between them, which is also an
important reason for retained coercivity for the BMP magnets in
addition to the long-range magnetostatic interactions among
grains with different mean compositions.
4) The positive role played of the REFe2 phase on microstructure
suggests that Ce substitution level in Nd-Ce-Fe-B sintered
magnets can be further increased, enabling the fabrication of
low-cost rare earth permanent magnets with magnetic properties fulﬁlling the gap between hard ferrites and commercial
Nd-Fe-B magnets.
Acknowledgements

Fig. 11. L-TEM Fresnel images of (a) Ce-27 SMP and (b) Ce-45 BMP magnets with the caxis in plane and observed in the zero applied magnetic ﬁeld. Red dashed rectangles in
(a) and (b) highlight the domain walls. Blue rectangle in (a) indicates the magnetic
domain across three different grains. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

REFe2 phase is lower than that of the 2:14:1 phase. Sintering above
its melting point enlarges the volume fraction of liquid phase and
promotes the formation of continuous GB phases (Figs. 9 and 10),
which in turn weakens the exchange coupling effect between
adjacent hard magnetic grains. In addition, it is spontaneously
formed in the initial Ce-containing component, which facilitates
the improvement of wettability between GBs and matrix phase
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Finally, our work suggests that the Ce substitution level in NdCe-Fe-B permanent magnets can be further increased. Taking
advantage of the BMP approach, the Ce content in the ﬁnal magnet
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