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a b s t r a c t

We investigate the magnetic properties and thermal stability of Tb-diffused NdeFeeB magnets prepared
at various grain-boundary diffusion temperatures and additional heat-treatment temperatures. These
heat-treatment processes improved the coercivity of Tb-diffused NdeFeeB magnets than that of the base
magnets. The diffusion temperature was found to play a key role in controlling the magnetic thermal
stability; temperature variations induced precise changes in the decoupled Tb-diffused microstructures
in the magnets. The magnet fabricated at a high diffusion temperature showed the best coercivity at
room temperature but poor thermal stability. This was due to the formation of Tb-rich (Tb, Nd)2Fe14B
phases with high magnetocrystalline anisotropy produced inside the grains and less coreeshell struc-
tures during diffusion at a higher temperature. The best thermal stability was observed for the magnet
prepared at a lower diffusion temperature. This magnet had more well-formed coreeshell structures
than the remaining magnets. By analyzing its microstructure, using electron microscopy and a micro-
magnetic equation, it was found that a decoupled microstructure with diffused Tb atoms was mainly
responsible for the better thermal magnetic stability. Results obtained herein suggest that an optimized
diffusion temperature can provide a magnet with good thermal stability.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The finite availability of fossil fuels and severity of environ-
mental pollution has hastened the development of wind power
generation systems and eco-friendly vehicles, such as hybrid or
fully electric vehicles [1,2]. Therefore, high-performance NdeFeeB
rare-earth permanent magnets with high coercivity, which are
essential in high-temperature applications such as electric motors
and generators, have attracted considerable attention in both aca-
demic and industrial fields. To enhance the coercivity of NdeFeeB
permanent magnets for use at high operating temperatures, high-
cost heavy rare-earth elements, such as Dy and Tb, have been
young@yonsei.ac.kr (W. Lee).
added. For this, the grain-boundary diffusion process (GBDP) [3e6]
has been studied extensively. As another approach to improve
coercivity, the grain refinement method [7e9] has been applied. In
particular, GBDP is an effective and simple method for reducing the
use of these expensive additives. It enhances coercivity while
minimizing the reduction of remanence. The increased coercivity
allows the application of NdeFeeB permanent magnets in motors
for eco-friendly vehicles and actuators. However, in most motor
and actuator applications, NdeFeeB permanent magnets are often
exposed to temperatures above room temperature. Thus, when
designing permanent magnets for industrial applications, a range
of operating temperatures must be considered because of the
temperature dependence of magnetic properties.

Magnetic materials show changes in magnetic properties with
an increase or decrease in the temperatures. Permanent magnets
lose some proportion of their magnetic performance for every
degree of temperature increase. Generally, as the coercivity at room
temperature is increased through GBDP and grain refinement, the
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Fig. 1. (a) Coercivity at room temperature and (b) flux loss at 180 �C for the Tb-diffused
NdeFeeB magnets (12 mm � 12 mm � 5 mm) prepared at different heat-treatment
temperatures (820, 920, and 940 �C) after GBDP in the temperature range 620e940 �C.
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coercivity at higher temperatures is correspondingly increased.
However, the increment of room-temperature coercivity does not
ensure thermal stability, i.e., retention of coercivity, at higher
temperatures. Therefore, coercivity and thermal stability are
equally important for magnets in high-temperature applications.
Consequently, significant work has been conducted to increase the
coercivity and thermal stability of NdeFeeB permanent magnets
by applying various metal additives [10e13] and low-melting alloys
[3e6,14,15]. It is known that the coercivity increment and tem-
perature stability gradually decrease with increasing diffusion
depth, due to the influence of microstructures at different depths
[15]. Therefore, it is important to analyze the microstructures of
magnets along these depths, from the surface, to understand the
mechanism of enhanced coercivity and thermal stability.

In this study, we attempted to improve the thermal stability of
NdeFeeB sintered magnets by simply varying the temperatures of
GBDP and additional heat-treatment for Tb diffusion, without any
metal and alloy additives. We investigated the magnetic properties
and thermal stabilities of Tb-diffused NdeFeeB magnets
(12 mm � 12 mm � 5 mm) heated at different temperatures, after
GBDP had been carried out at various temperatures. The major
factor affecting thermal stability was determined by analyzing 1)
the microstructure images of the magnets at different depths using
electron microscopy and 2) the microstructure-dependent param-
eters using a micromagnetic equation. Our study confirmed that
the decoupled Tb microstructure can be controlled by adjusting the
GBDP temperature.

2. Experimental

Before the Tb diffusion process, the surface of a base commercial
48H NdeFeeB sintered magnet (12 mm � 12 mm � 5 mm)
(Advanced Technology & Materials Co., Ltd.) was carefully etched
by ultrasonication for 20 s with a 2% nitric acid solution to improve
the coating efficiency of the Tb source materials. A slurry of terbium
hydride powder (TbH2; Lumi M Co., Ltd.) mixed with ethanol (1:1,
w/w) was aged for three days to ensure complete extraction of H2
gas, and this slurry was used as a Tb diffusion source. The sintered
magnets were dip-coated in the Tb slurry at 620e940 �C for 6 h in a
vacuum of 10�6 Torr for GBDP. Then, the sintered magnets were
annealed at 820, 920, or 940 �C for 10 h. After the first annealing
process, a second heat treatment was performed at 470 �C for 2 h
under Ar. The magnets were quenched by a quick injection of cold
Ar gas after each heat treatment.

Demagnetization curves were measured by a BeH hysteresis
loop tracer (Permagraph C-300, Magnet-Physik), and temperature-
dependent magnetic properties were measured by a magnetic
property measurement system (MPMS3-Evercool, QuantumDesign
Inc.). The irreversible magnetic flux loss was estimated by
measuring the flux difference with a Helmholtz coil on the sintered
magnets after exposure for 2 h at 180 �C using an electronic flux-
meter (EF5, Magnet-Physik). The microstructures of the magnets
and distributions of diffused Tb were observed using spherical
aberration-corrected scanning transmission electron microscopy
(STEM, Titan Themis Z, FEI Corp.) and electron probe microanalysis
(EPMA; JXA 8530F, JEOL).

3. Results and discussion

Fig. 1(a) and (b) show the coercivity at room temperature and
irreversible flux loss at 180 �C, respectively, for the large-scale
NdeFeeB sintered magnets (12 mm � 12 mm � 5 mm) prepared
at different heat-treatment temperatures of 820, 920, and 940 �C
after GBDP in the temperature range of 620e940 �C. As shown in
Fig. 1(a), coercivity of all the samples shows an increasing tendency
2

with an increase in the diffusion temperature of GBDP from 620 to
940 �C. The maximum coercivity, i.e., 31.67 kOe, is observed in the
sample heat-treated at 920 �C after GBDP at 940 �C.

When permanent magnets are heated above their maximum
operating temperatures but below their Curie temperatures, they
experience irreversible losses in magnetic performance. In other
words, permanent magnets cooled after heating show decreased
performance than that shown before heating. This irreversible loss
can theoretically be recovered by remagnetization. However,
remagnetization of magnets already positioned in motors or actu-
ators is practically impossible. Therefore, the irreversible flux loss,
hirr, is calculated using the following equation [13]:

hirr ¼
F0ðT0Þ � FðT0Þ

FðT0Þ
� 100% (1)

where Ф(T0) and Ф0(T0) are the flux values at room temperature
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before and after exposure to a certain high temperature, respec-
tively. Fig. 1(b) shows hirr for the prepared magnets after 2 h
exposure to 180 �C, a harsh environmental condition, with varied
diffusion temperatures. As seen in Fig. 1(b), the minimum flux loss
(�1.03%) is observed in the sample prepared with the first heat-
treatment temperature of 920 �C after GBDP at 820 �C.

Therefore, at the same first heat-treatment temperature of 920 �C,
the diffusion temperatures yielding the lowest hirr at 180 �C (820 �C)
Fig. 2. Demagnetization curves of the base, DT820, and DT940 magnets measured at
25 �C (solid lines) and 90 �C (dotted lines).

Table 1
Magnetic properties, flux loss at 180 �C, temperature coefficients of Br (a) and Hcj (b), a

DT* (�C) HT** (�C) 25 �C

Hcj (kOe) Br (kG) (BH)max (MGOe) Hcj (kOe

Base magnet - - 17.92 13.78 46.95 -
DT 820 820 920 30.44 13.62 46.26 19.81
DT 940 940 920 31.67 13.65 46.36 19.22

*DT: Diffusion temperature.
**HT: Heat-treatment temperature.

Fig. 3. Cross-sectional EPMA profiles of (a) DT820 and
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and highest coercivity (940 �C) differ. This shows that the magnetic
properties, which depend on the real operating temperatures of the
magnet, are strongly affected by the diffusion temperature. Hereafter,
we refer to themagnetwith diffusion at 940 �C and heat treatment at
920 �C as the DT940magnet and themagnet with diffusion at 820 �C
and heat treatment at 920 �C as the DT820 magnet.

Fig. 2 shows the demagnetization curves of the DT820, DT940,
and base magnets measured at 25 and 90 �C. From these curves, we
obtain the magnetic properties of intrinsic coercivity (Hcj), rema-
nence (Br), andmaximum energy product ((BH)max) of the prepared
magnets, measured at different temperatures of 25 and 90 �C.
These values are listed in Table 1. As shown, Hcj of the DT820
(30.44 kOe) and DT940 (31.67 kOe) magnets at 25 �C are signifi-
cantly improved than that of the base magnet (17.92 kOe), whereas
Br and (BH)max are slightly reduced. As the working temperature is
increased from 25 to 90 �C, the coercivity of bothmagnets decrease.
In particular, the decrease in Hcj of DT940 (19.22 kOe) is larger than
that of DT820 (19.81 kOe).

In addition, the magnetic properties of Hcj, Br, and (BH)max are
decreased as the temperature is increased from 25 to 90 �C.
Therefore, we estimated the loss of thermal stability of the magnets
by calculating the temperature coefficients of Br (a) and Hcj (b)
according to the following equations [16,17]:

a¼ BrðT2Þ � BrðT1Þ
BrðT1ÞðT2 � T1Þ

� 100ð%Þ (2)

b¼HcjðT2Þ � HcjðT1Þ
HcjðT1ÞðT2 � T1Þ

� 100ð%Þ (3)

The temperature coefficients a and b were estimated for the
DT820 and DT940 magnets using the temperature dependence of
Br and Hcj measured in the temperature range of 25e180 �C (See
Figs. S1 and S2 in Supplementary Material). The a and b coefficients
nd squareness factor (SF) for the base, DT820, and Dt 940 magnets.

90 �C Flux loss (%) a (%/�C) b (%/�C) Squareness
factor (SF)

) Br (kG) (BH)max (MGOe)
25 �C 90 �C

- - - - - 0.98 -
12.75 39.26 �1.03 �0.098 �0.537 0.81 0.91
12.74 39.17 �3.61 �0.103 �0.602 0.78 0.88

(b) DT940 magnets at depths from 0 to 275 mm.
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for the DT820 and DT940 magnets are also listed in Table 1. Both
absolute values are higher for the DT940 magnet, which shows the
maximum coercivity, than those for the DT820 magnet, which
shows the minimum flux loss. This means that the thermal stabil-
ities of Br and Hcj are better for the DT820magnet than those for the
DT940 magnet.

We estimated a squareness factor (SF), which can be quantified
by the second quadrant of the hysteresis loop (demagnetization
curve) according to the following equation [18e20]:

SF ¼ m0Hk

m0Hcj
(4)

where m0Hk is the knee field strength, corresponding to the field at
90% of Br. SF is associatedwith tolerances for Br and Hcj values and for
the homogeneity of these properties [20]. Thus, the SF values refer to
the microstructural homogeneity of the magnet materials [20]. As
shown in Table 1, the SF values of the curves in the DT820 magnet
(0.81 at 25 �C and 0.91 at 90 �C) are higher than those in the DT940
magnet (0.78 at 25 �C and 0.90 at 90 �C). The SFs of the DT820 and
DT940 magnets are increased with increasing temperature. This
Fig. 4. (a) Tb elemental mapping images and (b) Tb concentration profile along the d
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result indicates that the microstructural homogeneity is improved at
higher temperatures. The microstructure of magnets also affects the
thermal stability of the magnetic properties. From this viewpoint,
microstructural investigation of the magnet along different depths
from the surface can help to understand the causes of change in the
squareness and magnetic stability in a permanent magnet.

The cross-sectional elemental distributions of the magnets were
analyzed using EPMA. Fig. 3 shows the two-dimensional EPMA
mapping images of the DT820 and DT940 magnets obtained at the
depth of 275 mm from the surface of each magnet. For both the
magnets, Nd and Fe show homogeneous distributions. Although
both DT820 and DT940 contain O, which seriously promotes the
deterioration of magnetic properties, degradation by O is negligible
in these samples because of the low concentration and uniform
distribution of the element. Significant differences in elemental
distribution are observed in the Tb maps. Tb is concentrated within
the depth of 100 mm from the surfaces of both magnets, but its
detailed distribution differs between the two.

Fig. 4 shows the Tb cross-sectional elemental mapping images
and Tb concentration profiles from the surface to the depth of
1300 mm in the DT820 and DT940 magnets. Both the magnets
istance from 0 to 1300 mm from the surface for the DT820 and DT940 magnets.



Fig. 5. Dependence of Hcj(T)/MS(T) on HA(T)/MS(T) of the as-prepared DT820 and
DT940 magnets.

S. Kim, H.-S. Lee, W.H. Nam et al. Journal of Alloys and Compounds 855 (2021) 157478
exhibit similar Tb contents and distributions in the depth range of
500e800 mm and 1000e1300 mm. However, a remarkable differ-
ence in the elemental distributions of Tb is observed in the
0e300 mm region. Both the magnets have the highest Tb concen-
trations at depths of ~25 mm from the surface. The concentration of
the peak is higher in DT820 (~8.7%) than that in DT940 (~7.6%). At
depths beneath the peaks, shoulders continue till the depth of
100 mm. The shoulder of DT820 is lower than that of DT940. The
differences in Tb distribution between DT820 and DT940 arise from
the different microstructures of the two samples. As shown in
Fig. 4, Tb is mainly distributed at the grain boundaries in the DT820
magnet, whereas Tb is located in both the grain boundaries and
within grains in DT940. This result indicates that (1) coreeshell
structures are well formed near the surface of the DT820 magnet
by the grain-boundary diffusion of Tb; (2) Tb atoms diffuse into the
main phase of Nd2Fe14B by displacing Nd in the DT940 magnet,
generating Tb-rich (Tb, Nd)2Fe14B grains by Tb through-lattice
diffusion under the higher diffusion temperature. Therefore, the
higher Hc of DT820 than that of the base magnet at 25 �C could be
attributed to the suppressed nucleation of reverse magnetic do-
mains by the coreeshell structure. The higherHc of DT940 than that
of the DT820 may be caused by the combined effects of the higher
magnetocrystalline anisotropy of (Tb, Nd)2Fe14B grains and
coreeshell structure. Additionally, the microstructural distribution
of Tb concentrated on the magnet surface can give rise to the tails
observed in the demagnetization curves of both magnets at 25 �C,
as shown in Fig. 2. In comparisonwith DT820, DT940 shows a lower
SF, which can be attributed to the relatively inhomogeneous dis-
tribution of Tb in DT940.

To understand the experimentally observed reverse change in
the coercivity of the prepared magnets with increasing tempera-
ture, the relationship between coercivity and magnet microstruc-
ture was analyzed using a micromagnetic equation based on the
nucleation model. The temperature-dependent coercivity can be
expressed as follows [3,17,21e23]:

HcjðTÞ¼ cHAðTÞ � Neff MsðTÞ (5)

where HA and Ms are the anisotropy field and saturation
5

magnetization, respectively, and c and Neff are microstructure-
dependent parameters reflecting the effects of microstructure on
coercivity. The parameter c represents the influence of crystallo-
graphic defects in the magnetically inhomogeneous region on the
grain surface and grain misalignment, whereas Neff describes an
effective demagnetization factor related to the stray field at the
edges and corners of grains; this stray field assists nucleation of
reversed domains. By plotting Hcj/Ms vs. HA/Ms for different tem-
peratures and applying a linear fit to the data, the values of c and
Neff are determined for the magnets with different diffusion tem-
peratures (Fig. 5). The obtained values of c and Neff for DT820 and
DT940 are given in the inset of Fig. 5.

For DT820, c ¼ 0.74, which is lower than that for DT940
(c ¼ 0.81), indicating that more crystallographic defects exist at the
grain surfaces in DT820. TEM analysis was conducted to investigate
the detailed crystallographic structures of the magnets. Fig. 6
shows the results of TEM analysis of DT820. Fig. 6(a) shows a
bright-field TEM image of a grain surface comprising Tb-rich (Nd,
Tb)2Fe14B phases, which are generated by replacing Nd with Tb in
the main Nd2Fe14B phase during GBDP and secondary heat treat-
ment. The Tb-rich (Nd, Tb)2Fe14B phases are inferred from chemical
composition analysis via energy-dispersive X-ray spectroscopy line
scans (Figs. S3 and S4 in Supplementary Material). Fig. 6(b) and (c)
show high-resolution TEM images obtained from the correspond-
ing areas marked b and c in Fig. 6(a). Fast Fourier transform was
applied in the areas indicated by A to F shown in Fig. 6(b) and (c).
The corresponding electron diffraction patterns in the selected
areas for the [�101] beam direction are shown in the column of
Fig. 6(d). The patterns clearly show that the crystals in areas b and c
comprise the tetragonal Nd2Fe14B phase. However, the orientations
of the crystals are slightly rotated relative to each other, as shown in
Fig. 6(e). This defect is more prominent in DT820 than that in
DT940. This demonstrates that the low c value in DT820 can be
attributed to the higher density of crystallographic detects at the
grain surfaces, as mentioned above.

A larger difference in Neff than that in c is observed in the
microstructure-dependent parameters. Therefore, Neff is consid-
ered responsible for the main effect on the coercivity in the pre-
pared magnets. The Neff value is mainly governed by factors
including grain shape, presence of non-ferromagnetic phases, and
intergranular exchange interactions, which affect the dependence
of stray fields on neighboring grains [24,25]. Therefore, we per-
formed a more detailed microstructural analysis using sub-
microscale EPMA at depths of 80 and 300 mm below the magnet
surfaces. Fig. 7 reveals a significant difference in the Tb distribu-
tions of DT820 and DT940. The sizes and shapes of the grains are
similar in both magnets, as shown in the backscattered electron
(BSE) images in Fig. 7. The densities and distributions of non-
ferromagnetic phases are also similar, as shown in the Nd, Fe, and
O maps in Fig. 7. However, in comparison with the DT940 magnet,
the DT820 magnet exhibits a higher density of well-formed
coreeshell structures at depths of both 80 and 300 mm, as shown
in the Tb mapping images of Fig. 7. Less lattice diffusion occurs in
the DT820 magnet than that in the DT940 magnet, as seen in Figs. 3
and 4. Therefore, the Tb atoms not consumed by lattice diffusion
contributed to the formation of the coreeshell structures in rela-
tively deep areas within the magnet. The results suggest sufficient
isolation between the grains (cores) by the grain boundaries
(shells) in DT820. As a result, the exchange decoupling of the
magnetic domains of the grains is enhanced in DT820. Therefore,
the low Neff value of the DT820 (3.85) than that of the DT940 (4.37)
is due to the stronger decoupling effect. The stronger decoupling
interaction in DT820 than that in DT940 may be responsible for the
better thermal magnetic stability (flux loss and b) of DT820 (See
Table 1). Accordingly, the reverse change in coercivity with



Fig. 6. (a) Bright-field TEM image of grain surface composed of Tb-rich (Nd, Tb)2Fe14B phases, (b) and (c) high-resolution TEM images obtained from the areas marked with b and c
shown in (a), (d) electron diffraction patterns in the selected areas shown in (b) and (c) for the [�101] beam direction, and (e) summary of crystal orientations shown in (d).
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increasing working temperature is explained, which is that a sig-
nificant reduction in coercivity of DT940 at 90 �C is caused by its
lower thermal stability.

We further analyzed the microstructure of the magnet with the
high flux loss of �5.95% and high coercivity of 31.59 kOe, as shown
in Fig. 1(b). This magnet was prepared by GBDP at 940 �C and heat
treatment at 940 �C. The BSE and EPMA mapping images at depths
of 80 and 300 mmbelow the surface are shown in Fig. 8. The Tbmap
reveals that the coreeshell structures are not well formed because
of the large amounts of thick Tb-rich shells. With the formation of
these thick Tb shells, residual Nd atoms after Tb replacement pro-
duces an Nd-rich phase adjacent to the thick Tb-rich shell. This
inhomogeneous microstructure weakens the exchange decoupling.
In addition, large amounts of Nd-rich phase exist at the edges and
corners of grains. Therefore, it can be inferred that this magnet has
significant nucleation of reverse domains due to the exchanged
coupling of grains, deteriorating its thermal stability. These exper-
iments confirmed that the diffusion temperature is critical in con-
trolling the magnetic thermal stability of the magnet by precisely
tuning the magnet’s microstructure.
6

4. Conclusions

Herein, we investigated the magnetic properties and thermal
stability of Tb-diffused NdeFeeB magnets. The process to improve
the magnetic properties at high working temperatures was carried
out by simply adding two annealing processes after GBDP had
taken place, and by changing the heat-treatment temperatures,
without any metal or alloy additives. The GBDP and additional heat
treatment improved the magnetic properties of the Tb-diffused
NdeFeeB magnets than those of base magnet. Notably, the
change in diffusion temperatures clearly changed details in the
microstructure of the magnet, from the surface to the inside. This
resulted in different behaviors, in terms of thermal stability, of the
magnetic properties. As a result, a lower diffusion temperature
produced more well-formed coreeshell structures, yielding
enhanced exchange decoupling, which is responsible for better
thermal stability. From this investigation, it was determined that
the decoupled microstructure can be controlled by adjusting the
GBDP and additional heat-treatment temperatures. This study
proposes a new manufacturing method for producing thermally
stable magnets, which is a challenging issue in industrial fields.



Fig. 7. Cross-sectional EPMA profiles of (a, b) DT820 and (c, d) DT940 magnets at the depths of 80 and 300 mm.

Fig. 8. Cross-sectional EPMA profiles of the magnet obtained after GBDP at 920 �C and additional heat treatment at 820 �C at the depth of 80 and 300 mm.
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