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a b s t r a c t

Herein, we probed the microstructure of Tb-diffused Nd-Fe-B magnets to investigate the relationship
between Tb-diffused area and coercivity enhancement, employing prolonged stepwise heat treatment to
ensure sufficient diffusion of Tb in relatively large-size magnets and revealing that this stepwise
annealing generated core-shell structures. Quantitative compositional changes pertaining to individual
phases of the multiphase system in each heat treatment process were analyzed by constructing ternary
diagrams based on electron probe microanalysis compositional maps. During the grain boundary
diffusion process, coercivity increased from 15.28 to 24.86 kOe, while only negligible remanence and
energy product decreases were concomitantly observed. Microstructure analysis suggested that coer-
civity was closely related to the concentration and distribution of Tb; more precisely, the above-
mentioned core-shell structures successfully suppressed the nucleation of reverse domains at Nd-rich
phase/main phase interfaces and therefore enhanced magnet coercivity without decreasing remanence
and energy product.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The realization of efficient electric vehicle motors or power
generation systems for wind turbines necessitates the develop-
ment of high-performance permanent magnets, which is associ-
ated with a number of challenges. Since their discovery in 1984
[1,2], high-coercivity sintered Nd-Fe-B magnets have found
numerous practical and industrial applications, e.g., as components
of actuators, motors, and generators [3]. However, the above ap-
plications require long-term magnet operation in high-
temperature environments without any coercivity decrease,
which is a non-trivial criterion. Generally, the coercivity of Nd-Fe-B
magnets at room temperature can be enhanced by the partial
replacement of Nd by Dy, Tb, or both; however, the high cost and
scarcity of these rare earths preclude the widespread application of
young@yonsei.ac.kr (W. Lee).
ork.
this method [4e9] and necessitate the development of more
economically viable alternatives. One of such alternatives is the
reduction of heavy rare earth element (e.g., Dy and Tb) usage and
minimization of remanence and energy product loss via the utili-
zation of the grain boundary diffusion process (GBDP, developed in
2000) [10,11].

Cao et al. fabricated sintered NdeFeeB magnets containing less
than 1.44wt% Tb by grain boundary diffusion of TbF3, showing that
they exhibit a maximum coercivity of ~28.12 kOe [12] and therefore
demonstrating that the grain boundary diffusion of Dy or Tb
compounds is expected to be an effective method for enhancing
magnet coercivity [13e18]. However, most of the above studies
were carried out using small-scale magnets because of the diffi-
culty of diffusion process investigation in large-size industrial Nd-
Fe-B magnets. Moreover, different heat treatment processes are
expected to be required for optimized grain boundary diffusion in
large-size industrial magnets [14,15]. Despite the importance of
understanding the optimized heat treatment process and grain
boundary diffusion mechanism in such large magnets, no system-
atic investigations have addressed this issue so far. Herein, we
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employ consecutive heat treatmentedriven TbH diffusion to
fabricate large-size Nd-Fe-B magnets exhibiting enhanced coer-
civity without any decrease of remanence (Br) and energy product
((BH)max). Furthermore, we systemically investigate the micro-
structure of Tb-diffused Nd-Fe-B magnets, revealing the relation-
ship between Tb-diffused area and enhanced coercivity.
2. Experimental

A commercial 48M Nd-Fe-B sintered magnet (Ningbo Jinji
Strong Magnetic Materials Co., Ltd.) with a size of 12� 12� 5mm
was used as a base magnet, and its surface was etched prior to the
diffusion process to enable the efficient coating of diffusion source
materials. A terbium hydride (TbH; Lumi M Co., Ltd.) powder e

ethanol (1:1, w/w) slurry was aged for three days to remove
hydrogen gas generated during slurry production, and the aged
slurry was used as a Tb diffusion source. The sinteredmagnets were
dip-coated into the above slurry, held at 900e960 �C for 6 h in
vacuum for GBDP, and then subjected to two consecutive heat
treatments (860e960 �C for 10 h and 440e520 �C for 2 h under Ar).
After each heat treatment, the sintered magnets were quenched by
quick injection of cold Ar gas.

For GBDP and heat treatment optimization, each process was
carried out within different temperature ranges. Magnetic prop-
erties were measured using a BH hysteresis loop tracer (Perma-
graph C-300, Magnet-Physik), and microstructures were
investigated using high-resolution X-ray diffraction (HR-XRD;
SmartLab, Rigaku) and electron probe microanalysis (EPMA; JXA
8530F, JEOL).
3. Results and discussion

Fig. 1 shows the schematics of the Tb diffusion process during
stepwise annealing process. The use of stepwise annealing allowed
Fig. 1. Schematic illustration of Tb diffusion from t

Fig. 2. Optimization of (a) grain boundary diffusion, (b) first h
the diffusion of Tb through grain boundaries and further into the
lattice with excess Tb, at the GBDP stage. The conditions of GBDP
and first and second heat treatments were independently opti-
mized, as demonstrated in Fig. 2(a), (b), and (c), respectively. In
previous reports on the mechanism of diffusion in small-sized
magnets (<25mm3), the dwelling time of high-temperature heat
treatment was controlled to equal 1e7 h [17e24]. However, such
short-term heat treatment is not efficient for the diffusion of atoms
in large-volume samples, since the diffusion rate is mostly constant
within a certain temperature range. In general, these relatively
short heat treatments were not enough to induce the diffusion of Tb
or Dy into the inside of our large-sized magnets (720mm3). In
particular, when these magnets were annealed for 16 h at 940 �C,
their coercivity was measured to be as low as 23.4 kOe, which
suggested that prolonging the GBDP treatment time at constant
temperature is not an effective way of magnetic property optimi-
zation. Therefore, the first heat treatment after the GBDP was
performed at 900 �C.

Fig. 3 reveals that the coercivity of the base magnet increased by
62.7% (from 15.28 to 24.86 kOe) after the second heat treatment,
whereas Br and (BH)max concomitantly decreased by 1.66% (from
13.89 to 13.66 kG) and 1.43% (from 46.72 to 46.05 MGOe), respec-
tively, as summarized in Table 1. Since antiferromagnetic coupling
between Tb and Fe in sintered Nd-Fe-B magnets generally results in
a decrease of Br and (BH)max with increasing coercivity [5,15], the
above result shows that consecutive heat treatment can efficiently
enhance coercivity with a negligible decrease of Br and (BH)max.
Fig. 4 and Fig. S1 show the XRD patterns of the (Tb-free) base
magnet and magnets obtained after GBDP, first heat treatment, and
second heat treatment. The enlarged XRD patterns in the region of
2q¼ 25e35� clearly show peaks of a rare-earth (RE)-rich phase
(formed by the consecutive heat treatment) that partially replaced
Nd atoms in Nd2Fe14B via grain boundary diffusion of Tb atoms to
afford a Nd-rich phase at the grain boundary.
he magnet surface during stepwise annealing.

eat treatment, and (c) second heat treatment conditions.



Fig. 3. Demagnetization curves of the base magnet and magnets obtained after GBDP,
first heat treatment, and second heat treatment.

Table 1
Magnetic properties of the base magnet and magnets obtained after GBDP, first heat
treatment, and second heat treatment.

Sample Hci (kOe) Br (kG) (BH)max (MGOe)

Base magnet 15.28 13.89 46.72
GBDP 21.04 13.72 46.33
1st heat treatment 21.78 13.69 46.11
2nd heat treatment 24.86 13.66 46.05
Variance þ62.7% �1.66% �1.43%

Fig. 4. XRD patterns of the base magnet and magnets obtained after GBDP, first heat
treatment, and second heat treatment.
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The microscale distribution of the RE-rich phase after each heat
treatment was determined by EPMA. Fig. 5 shows EPMA mappings
obtained along the depth direction from the surface of each mag-
net, demonstrating that Tb started to diffuse into the grain
boundaries of the Nd2Fe14B base magnet during the GBDP
(Fig. 5(b)), reaching deeper under the surface during the first heat
treatment (Fig. 5(c)). In contrast, the behavior observed during the
second heat treatment was more complicated and featured two
unique phenomena, namely the acceleration of Tb grain boundary
diffusion and through-lattice Tb diffusion into grains, which
resulted in the formation of two types of core-shell structures
(Fig. 5(d)). Core-shell structures of the first type comprised Tb-rich
(Tb,Nd)2Fe14B grains as cores surrounded by shells with lower
concentration of Tb. These Tb-rich grains were produced by the
through-lattice diffusion of Tb, which allowed Tb to spread into the
inside of the Nd2Fe14B main phase by displacing Nd. The second
structure type featured (Tb,Nd)2Fe14B grains surrounded by shells
with a higher Tb concentration. Notably, core-shell structures of the
first type were observed at depths of up to 17 mm for the GBDP
sample (Tb mapping images of Fig. 5(b)) and up to 88 mm for the
sample obtained after the second heat treatment (Tb mapping
images of Fig. 5(d)), which suggested that grain boundary diffusion
proceeded through-lattice diffusion. In other words, the diffusion
behavior of Tb changed from grain boundary diffusion to through-
lattice diffusion, and the latter was the dominant process during
the second heat treatment. The two-step diffusion of Tb was
rationalized by the so-called Fisher model, which is commonly
used to explain diffusion kinetics in polycrystalline materials
[25,26]. In addition, after the second heat treatment, the micro-
structure of the central region of the magnet located vertically far
from the surface was investigated using EPMA. As shown in Fig. S2,
similar distributions of Nd and Tbwere obtained for regions located
at vertical distances of 1.25 and 2.50mm from the surface, which
suggested that the abovemetals sufficiently diffused into thewhole
magnet. Fig. 5(a) seems to suggest that Tb was uniformly distrib-
uted in the base magnet. However, the base magnet was a 48M
magnet and did not contain Tb. Although we could not observe any
Tb in EPMA spectra, the inevitable presence of noise during quan-
tification through EPMAmapping could result in the false detection
of Tb.

The phase changes of samples during processing were investi-
gated by examining ternary diagrams constructed based on EPMA
mapping images. The magnet subjected to the grain boundary
diffusion process was regarded as a multiphase system, and the
construction of ternary diagrams from EPMA maps allowed us to
precisely obtain quantitative compositional information on indi-
vidual phases for each heat treatment process [27]. Fig. 6 shows
ternary diagrams obtained based on EPMA mapping images in
Fig. 5. As shown in the Tb-Nd-Fe ternary diagram of Fig. 6(a), the
areas of both Tb-rich (Tb,Nd)2Fe14B grain and Nd (area 1) regions
increased with increasing heat treatment time. As shown in the Tb-
Nd-O ternary diagram of Fig. 6(b), the influx of Tb induced by heat
treatment increased the Tb content of the entire region. In addition,
Tb-replaced Nd diffused out of the grains, increasing the Nd con-
tents of other regions such as the Nd-rich phase at grain boundaries
(area 2). This result was in agreement with those of XRD analysis,
confirming that the formation of the RE-rich phase was caused by
the partial replacement of Nd atoms in Nd2Fe14B with Tb atoms
diffused from the surface and as well as by the formation of a Nd-
rich phase at grain boundaries. To examine phase changes as
functions of depth and heat treatment conditions, the distributions
of Nd and Tb were examined by EPMA at depths of 30 and 80 mm
below the surface (Fig. 7). The obtained results demonstrated that
no significant differences were observed for depths of 30 and 80 mm
after the first heat treatment (Fig. 7(a) and (b)), while the extent of
Tb diffusion into the grain inside was significantly more pro-
nounced for 30 mm than for 80 mm (Fig. 7(c) and (d)) after the
second heat treatment. This observation revealed that during the
second heat treatment, the lattice diffusion of Tb dominated over
grain boundary diffusion.



Fig. 5. EPMA profiles of (a) the base magnet and magnets obtained after (b) GBDP, (c) first heat treatment, and (d) second heat treatment.

Fig. 6. Ternary diagrams constructed based on EPMA profiles from the images of Fig. 5.
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The EPMA images of Figs. 5 and 7 were used to construct and
analyze the Tb-Nd-O ternary diagram in Fig. 8. For a depth of 30 mm,
region A in the Tb-Nd-O ternary diagram represents the area cor-
responding to Tb-rich (Tb,Nd)2Fe14B grains obtained as a result of
lattice diffusion and the grain boundary phase of core-shell struc-
tures with Tb-rich (Tb,Nd)2Fe14B shells, whereas the grain phase of
these core-shell structures appears in region B. Notably, the area
representing Tb-rich (Tb,Nd)2Fe14B grains increased after the sec-
ond heat treatment because of lattice diffusion, which was in
agreement with the results of EPMA imaging (Fig. 7(a) and (c)). For
a depth of 80 mm, core-shell structures with Tb-rich (Tb,Nd)2Fe14B
shells are represented by regions C (grains) and D (grain



Fig. 7. EPMA profiles of magnets obtained after (a, b) the first heat treatment and (c, d) the second heat treatment at depths of (a, c) 30 mm and (b, d) 80 mm.
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boundaries), with an increase of region D area observed after the
second heat treatment. The further influx of Tb during the second
heat treatment resulted in substitution of additional Nd and thus
increased the amount of the Nd-rich phase at the triple junctions of
grain boundaries (region E). The core-shell structure corresponding
to regions C and D suppressed reverse domain nucleation at Nd-
rich phase/main phase interfaces and is known to be the most
efficient microstructure for improving coercivity while minimizing
decreases of both Br and (BH)max [20,24,28,29]. Kronmüller et al.
[30] and Thompson et al. [31] reported that the crystal anisotropy of
magnetic grains in the surface region, especially at corners and
edges, is always lower than that of the grains inside, which leads to
an obvious reduction of the magnetic reversal nucleation field and
magnet coercivity. Therefore, even though the formation of Tb-rich
(Tb,Nd)2Fe14B grains (region A of Fig. 8(a) and (b)) may not be ideal
from the viewpoint of economics in view of the rather high con-
sumption of Tb, the formation of a lattice diffusion layer with
certain minimum thickness and a higher magnetocrystalline
anisotropy can provide enhanced protection against demagneti-
zation at the magnet surface. In other words, the combination of
GBDP and sequential heat treatment allows the formation of mi-
crostructures for improving coercivity while minimizing decreases
of both Br and (BH)max.

4. Conclusions

The relationship between Tb-diffused area and coercivity
enhancementwas determined by probing themicrostructure of Tb-
diffused Nd-Fe-B magnets by EPMA and analyzing the obtained
ternary diagrams. As a result, stepwise annealing was shown to
generate core-shell structures via the combined effects of Tb lattice
diffusion and grain boundary diffusion. For Nd-Fe-B sintered
magnets of relatively large size, GBDP followed by a series of heat
treatments including an additional first heat treatment at high
temperature was concluded to be an effective method of enhancing
coercivity without decreasing Br and (BH)max.



Fig. 8. Ternary diagrams obtained based on EPMA profiles in Figs. 5 and 7 for magnets after (a) the first and (b) the second heat treatment.
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