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In this study, commercial sintered Nd-Fe-B magnets were coated with a grain-boundary-diffusion HRE source
(TbHy) using two different approaches, and the resulting variations in the magnetic properties were systemati-
cally investigated. The coercivity increased significantly from 12.8 to 24.4 kOe and to 26.8 kOe by enabling TbHx
diffusion through dip and spray coating, respectively. Slight diffusion-induced decreases in remanence were
observed for the dip- and spray-coated magnets, from 14.5 to 14.0 kG and to 14.3 kG, respectively. Micro-

structural analysis indicated that the spray-coated magnet exhibited performance superior to that of its dip-
coated counterpart; this was likely due to the mitigation of the low-efficiency diffusion from the side-wall
coating, in which the direction of diffusion—which was perpendicular to the alignment orientation of the
magnet—promoted diffusion through the grain interior rather than along the grain boundaries.

1. Introduction

The growth of environmentally friendly mobility systems, including
electric vehicles, robots, and drones, has accelerated the demand for
high-performance Nd-Fe-B permanent magnets. These magnets must
exhibit high coercivity to operate reliably at the working temperatures
of driving motors, that is, 150-200 °C [1]. However, the coercivity of
these systems typically decreases at such high temperatures; neverthe-
less, to overcome this issue, heavy rare earth (HRE) elements such as Tb
and Dy have been added to the NdyFe;4B main phase to exploit the high
anisotropy field of the HREyFe 4B phase [2]. However, the addition of
Tb or Dy leads to a decrease in remanence owing to the antiferromag-
netic coupling between the HREs and Fe [3,4].

Grain boundary diffusion (GBD) treatment was developed to
enhance the coercivity of sintered Nd-Fe-B magnets without causing a
considerable decrease in remanence [5,6]. In this heat-treatment
method, the HRE diffusion source is coated onto the surfaces of the
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magnet, enabling HRE diffusion along the grain boundaries and for-
mation of (Nd, HRE);Fe;4B shell structures on the surface of grains by
replacing Nd in the main phase. The formation of core-shell structures
not only preserves the remanence, but also dramatically reduces the
HRE consumption for enhancing coercivity via HRE addition [7-10].

The GBD treatment performed to comprehensively infiltrate diffu-
sion materials into the matrix through grain boundaries begins with
uniformly positioning the HRE diffusion source on the magnet surface
[11]. The simplest method involves attaching a metal sheet directly to
the magnet surface, which provides straightforward control over the
direction of diffusion as well as enables the use of diffusion materials
that are difficult to employ powder processing [12-14]. However, this
method consumes a substantial amount of the diffusing HRE source
owing to the post-diffusion production of residues; moreover, it is not
suitable for the continuous mass production of magnets.

The residues on the magnet surface appearing after diffusion can be
minimized using vapor deposition processes enabling precise control of
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the HRE source coating, such as evaporation [15], sputtering [16,17],
and ion plating [11]. These vacuum-based methods guarantee a
high-purity diffusion source for GBD, and they are sustainable
liquid-waste-free processes; however, they are expensive and not
amenable to mass production [18,19].

To make GBD compliant with the mass production of sintered mag-
nets, continuous coating techniques—such as dipping and spraying with
slurry-type HRE sources—are the most effective [20,21]. In these
methods, the diffusion materials synthesized by powder processing are
mixed with alcohol, coated onto the magnet surface, and then dried.
This wet process is suitable for large-scale magnets, and the magnitude
of the HRE source coating can be easily controlled by adjusting the
slurry concentration [22]. Recently, a simpler and more convenient
technique has been reported for applying dried powder; however, it has
limitations in terms of ensuring uniform application and adequate
adhesion between the diffusion material and the magnet surface [23,
24].

In this study, the ways in which the magnetic performance of GBD-
processed sintered Nd-Fe-B magnets depended on the coating method
were systematically investigated using TbHy-based dip and spray
coating. For identical amounts of the HRE source, the spray-coated
magnet subjected to HRE GBD showed a greater increase in coercivity
than that of its dip-coated counterpart. Moreover, the remanence
reduction caused by the HRE GBD was slightly less in spray coating than
in dip coating. Microstructural and elemental distribution analyses
indicated that these coating-method-related differences were due to
anisotropic diffusion in the crystallographically aligned magnet. Over-
all, this study offers a mass-production-enabling coating method that
can reduce the HRE source consumption and HRE utilization.

2. Experimental

Commercial N52-grade Tb-free sintered magnets with dimensions of
12 x 12 x 5 mm? were used as the original magnets. The HRE diffusion
source was prepared by induction melting Tb granules in vacuum and
then hydrogenating the product at 600 °C for 6 h. The obtained TbHy
compounds were pulverized by ball milling and then mixed with ethanol
in a mass ratio of 1:4 to prepare a slurry. Basket milling was conducted
thereafter at 850 rpm for 3 h to yield fine 1-10-pm-sized particles. The
original magnets were coated with the TbHy slurry (0.2-0.7 wt%) on all
surfaces and on the top and bottom surfaces normal to the aligned di-
rection of magnet through dip and spray coating, respectively (Fig. 1).
TbHy less than 0.8 wt% was used in both coating methods to exclude the
effects of agglomeration of the diffusion source. GBD treatment was
performed in vacuum (10~® Torr) at 800 °C for 6 h and then at 900 °C for
14 h using a custom-made vacuum furnace, and the GBD-processed
magnets were annealed at 450 °C for 3 h. The magnetic properties of
the resulting systems were measured using a BH tracer (Permagraph C-
300, Magnet-Physik), whereas microstructure and elemental distribu-
tion analyses were conducted by scanning electron microscopy (SEM;
SU8220, Hitachi), field-emission electron probe microanalysis (FE-
EPMA; JAX8530F, JEOL), and energy-dispersive spectrometry (EDS;
JSM7800F).
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3. Result and discussion

Demagnetization curves were acquired for the original magnet,
magnet heat-treated in the absence of TbHy, and TbHy (0.7 wt
%)-diffused magnets subjected to dip and spray coating (Fig. 2(a)). The
room-temperature coercivity H¢; increased from 12.79 kOe (for the
pristine specimen) to 24.35 and 26.84 kOe (for the dip- and spray-
coated magnets, respectively; Fig. 2(b)). Notably, a value of 15.25 kOe
was obtained for the magnet that underwent the same heat-treatment
protocol without TbHy, which indicated that the significant increase in
the coercivity of the Tb-diffused magnets was due to the Tb-diffusion-
induced formation of a (Nd, Tb);Fe;4B phase with a high anisotropy
field [25]. In particular, the spray-coated magnet showed a noticeably
higher enhancement in coercivity than that of its dip-coated counterpart
(AHg; = 14.05 and 11.56 kOe, respectively), indicating that the
GBD-induced improvement in the magnetic properties varied with the
coating method. The remanence of the magnets (B;) decreased slightly
from the original value of 14.51 kG to 14.48, 14.03, and 14.25 kG for
the Tb-free, dip-coated, and spray-coated samples, respectively.
Notably, spray coating achieved a smaller Tb-diffusion-induced reduc-
tion in remanence than that of dip coating.

The magnetic properties of the original, Tb-free, and Tb-diffused
magnets prepared by dip and spray coating were assessed based on
their thermal stability at 25-200 °C (Fig. 2(c) and (d)). The remanence
and coercivity decreased gradually with increasing temperature, as
observed in typical Nd-Fe-B magnets; however, the temperature co-
efficients of remanence and coercivity (@ and p, respectively) were
improved by the heat treatment and Tb diffusion [26,27]. In particular,
the 8 values of the diffused magnets showed remarkable improvements,
presumably owing to the enhanced anisotropy field generated by the
formation of the (Nd, Tb),Fe 4B phase at the surface of grains [28].
Furthermore, the thermal stability of the original specimen (a and p:
-0.216 and -0.531 %/°C, respectively) improved to a greater extent
upon spray coating (« and f: —0.209 and -0.477 %/°C, respectively) than
upon dip coating (@ and #: -0.211 and -0.482 %/°C, respectively).

For the original, Tb-free, and TbHy (0.7 wt%)-diffused magnets ob-
tained by dip and spray coating, SEM images were acquired in back-
scattered electron (BSE) mode and the corresponding EPMA-derived Fe,
Nd, O, and Tb distributions were determined at a depth of 100 um from
the magnet surface (Fig. 3). In the original magnet, boundaries between
the <10-pm-diameter grains were not clearly observed, and the matrix
comprised NdoFe;4B main phases (dark regions) and Nd-rich phases at
triple junctions (bright regions), according to the elemental mapping
(Fig. 3(a)). It is worth noting that the residual oxygen introduced during
sintered magnet processes is present predominantly in the Nd-rich phase
[29,30], with the heat treatment enabling the distribution of the
low-melting-point Nd-rich phase on the grain boundaries [31]. The
separation of grains, including those with extremely thin boundaries
having an Nd-rich phase, was observed in the magnet heat-treated in the
absence of TbHy (Fig. 3(b)). The continuous distribution of the
nonmagnetic Nd-rich phase diminished the magnetization coupling ef-
fect between the grains by isolating the Nd-Fe-B phase, leading to an
increase in coercivity, as shown in Fig. 2 [32]. In this heat-treatment

(b)

Spray
7 coating

Fig. 1. Schematic illustrations of (a) dip and (b) spray coating processes and the coating features.
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Fig. 2. (a) Demagnetization curves of the original magnets, magnets heat-treated without TbHy, and magnets dip- and spray-coated with 0.7 wt% TbH, at room
temperature. (b) Variations in the coercivity and remanence of the magnets induced by the heat treatment and GBD. Temperature-dependent (c) remanence and (d)

coercivity of the magnets.
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Fig. 3. BSE-SEM and EPMA images showing the distributions of Fe, Nd, O, and Tb in the (a) original, (b) TbHy-free heat-treated, (c) dip-coated, and (d) spray-coated

magnets at a depth of 100 um from the magnet surface.

method, the grain size of the original magnet was maintained without
leading to unintended grain coarsening.

SEM images of the TbHy-diffused magnets showed even more distinct
and continuous grain boundaries compared with those in the original

and Tb-free heat-treated magnets (Fig. 3(c) and (d)). The corresponding
elemental distributions revealed a thick (Nd, Tb);Fe;4B shell (gray re-
gions), which was formed by the GBD of Tb, around the Nd-Fe-B core.
The unambiguous core-shell structures effectively inhibited the
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nucleation of the reversed domain on the grain surface, dramatically
enhancing the coercivity of the diffused magnets, along with the mag-
netic decoupling effect of the continuous Nd-rich grain boundaries, as
shown in Fig. 2 [33-35].

Notably, the spray-coated Tb-diffused magnet had a thicker shell
than that of its dip-coated counterpart, despite the identical amounts of
the HRE source coating (~0.7 wt%). This was presumably due to the
asymmetric coating produced during spraying. In contrast to dip
coating, in which a uniform amount per unit area was coated on all sides
of the magnet (Fig. 1(a)), spray coating predominantly applied the
diffusion source to the upper and lower surfaces perpendicular to the c-
axis, thereby facilitating GBD (Fig. 1(b)). This advantage, which further
enhanced the coercivity through spraying, was confirmed by the
dependence of the magnetic properties on the amount of coating.

The magnetic properties of the Tb-diffused magnets obtained by dip
and spray coating were investigated with respect to the amount of the
diffusion source (Fig. 4). For both Tb-diffused magnets, the coercivity
gradually increased from the value of the Tb-free magnet with
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Fig. 4. Variations in the (a) coercivity, (b) remanence, and (c) maximum en-
ergy product ((BH)max) values of the Tb-diffused magnets obtained by dip and
spray coating with respect to the amount of the diffusing source being coated.
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increasing TbHy amount from 0 to 0.7 wt% (Fig. 4(a)). In particular, the
coercivity of the spray-coated magnet was higher than that of its dip-
coated equivalent throughout the investigated coating amount range.
Considering the enhancement in coercivity due to the formation of the
(Nd, Tb)sFe 4B phase with a high anisotropy field, this result indicated
that spray coating led to greater Tb infiltration of the magnet matrix
than that achieved by dip coating. This is consistent agreement with the
Tb mapping results (Fig. 3(c) and (d)).

Notably, the Tb-diffusion-induced formation of the (Nd, Tb),Fe;4B
phase is accompanied by a decrease in remanence owing to the anti-
ferromagnetic coupling between the Tb and Fe [3,4]. Therefore, the
remanence values of the Tb-diffused magnets obtained using both
coating methods decreased with increasing coating amount (Fig. 4(b)).
However, the remanence values of the spray-coated magnets with
greater Tb infiltration were noticeably higher than those of the
dip-coated magnets over the entire coating amount range. This suggests
that the superior enhancement of magnetic properties for the
spray-coated magnet originated not only in the asymmetric coating
produced by the spraying, but also in the different diffusion mechanisms
that depended on the magnet surface. The dependences of the diffusion
mechanism and efficiency on the diffusion-initiating plane are discussed
comprehensively in the subsequent section (see the Fig. 5 discussion).

The maximum energy product ((BH)max) of the Tb-diffused magnets
was subsequently examined (Fig. 4(c)). Although, the (BH)max values
decreased gradually from 51.13 MGOe (for the Tb-free system) to 49.06
and 49.96 MGOe (for the dip- and spray-coated magnets, respectively)
with increasing coating amount, the reduction in (BH)pyax for the magnet
spray-coated with 0.7 wt% TbHy,—which exhibited the highest coer-
civity among the specimens—was less than that of the original magnet
(50.41 MGOe) by only 0.5 MGOe. Furthermore, similar to the coercivity
and remanence results, the (BH)pmax values of the spray-coated magnets
were higher than those of the dip-coated magnets across the entire
coating amount range.

The distributions and concentrations of Tb were analyzed at depths
of 50, 100, and 150 pum with respect to the diffusion-initiating surface of
the dip- and spray-coated magnets (Fig. 5). According to the results
(Fig. 5(a) and (b)), the thickness of the (Nd, Tb)sFe;4B shell decreased
with increasing distance from the magnet surface. In the case of diffu-
sion from the upper and lower surfaces normal to the c-axis of the
magnet matrix, the spray-coated magnet had thicker shell structures
than those of the dip-coated magnet, which was also evident in the Tb
concentration vs. depth profiles (Fig. 5(c)). This was presumably due to
the greater application of the TbHy onto the upper and lower surfaces
through the asymmetric spraying, despite the use of an identical amount
of the diffusion source in the dip coating. Similarly, the shell formed by
diffusion initiated from the side surface was thinner for spray coating
than for dip coating due to the less TbHy application, which was clearly
confirmed by the depth-dependent Tb concentration (Fig. 5(d)).

The HRE GBD—in which HRE atoms infiltrate the magnet matrix,
diffuse through the Nd-rich grain boundary phase, and replace Nd atoms
of the NdyFe 4B main phase—can occur through two distinct mecha-
nisms: diffusion through grain boundary and lattice. The lattice diffu-
sion that enables the (Nd, HRE);Fe;4B shell formation is strongly
dependent on the orientation of the anisotropic NdoFe;4B crystal
structure. The distance between adjacent Nd atoms in the plane normal
to the c-axis was considerably less than that along the c-axis, which
determines the diffusion length required for Tb to substitute for Nd.
Moreover, the energy barrier enabling diffusion normal to the c-axis was
found to be smaller than that in the parallel direction. T. Kim et al.
calculated the direction-dependent energy barrier of Dy diffusion rela-
tively simply by using a harmonic spring model with a spring constant
(k) [36]. For Tb diffusion, the energy barrier perpendicular to the c-axis
(1/2k0.0023) was found to be about 5 times less than that in the parallel
direction (k0.0058). Therefore, the Tb infiltration from the side surfaces
of the c-axis-aligned magnet promotes lattice diffusion, which consumes
Tb and thereby reduces the GBD efficiency. Consequently, in the
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dip-coated magnet with symmetrically covered entire surfaces, the (Nd,
Tb)oFe14B shell formed by diffusion from the side surface was thicker
than that formed by the top-surface coating (Fig. 5(a)); this was quan-
titatively confirmed by comparing the analyzed Tb concentrations
(Fig. 5(c) and (d)).

Finally, to confirm the excessive lattice diffusion originating from the
side-surface coating, the (Nd, Tb);Fe 4B shell structures were investi-
gated according to the diffusion-initiating surfaces for the dip-coated
magnet with symmetric coverage. BSE-SEM images of a representative
core-shell-structured grain in the dip-coated magnet were acquired at a
depth of 50 ym from the top and side surfaces (Fig. 6(a) and (b),
respectively). In the case of diffusion from the top surface, a relatively
thin and uniform shell was observed, whereas side-surface diffusion
showed dominant shell growth on the plane parallel to the c-axis owing
to anisotropic lattice diffusion. The corresponding line distributions of
Fe, Nd, and Tb were determined for the top- and side-surface diffusion
(Fig. 6(c) and (d), respectively). The line-scan directions were slightly
tilted with respect to the diffusion trajectory to investigate the shell/
grain-boundary/shell structures. The increase and decrease in Tb and
Nd concentrations, respectively, indicated that Tb atoms diffused along
the grain boundaries and substituted Nd atoms in the main phase.
Moreover, a Tb-rich/Nd-rich/Tb-rich structure was clearly observed in
the case of side-surface diffusion (Fig. 6(d)). Furthermore, the line-scan
results suggested that the shell formed near the side surface was not only
thicker (~3 um) than that near the top surface (<2 um), but also
exhibited a higher Tb concentration (Figs. 6(c) and 5(d)).

This excessive lattice diffusion of Tb caused by side-surface coating
aggravated the remanence deterioration owing to the antiferromagnetic
coupling [37-39]. Therefore, the Tb-diffused magnets with asymmetric
spray-coated surfaces, which were predominantly coated on the top and
bottom surfaces normal to the c-axis, exhibited higher remanence as
well as coercivity values than those of the dip-coated magnets for the
same amount of the diffusion source (Fig. 4(a) and (b)). Additionally,
more than 1 wt% TbH, was required in dip coating to achieve the
coercivity of the magnet spray-coated with 0.7 wt% TbH,, which also
led to a further decrease in remanence. The coercivity of the magnet was
found to be 26.60 kOe for the 1.05 wt% TbHy in this overcoating test
based on dipping, which indicated a ~30% reduction in HRE utilization
compared to that of the spray-coated magnet (26.84 kOe) with 0.73 wt
% TbHx.

4. Conclusion

In this study, the manner in which the magnetic properties of sin-
tered Nd-Fe-B magnets were influenced by the HRE-source-coating
method conducted to enable HRE GBD was systematically investi-
gated, and the advantages of the widely used spray-coating process for
mass production of these magnets were clearly revealed. While dip
coating led to the HRE source being uniformly coated on all surfaces of
the original magnet, asymmetric spraying resulted in a predominant
coating on the target surface with high GBD efficiency. This technical
advantage led to an additional increase in coercivity for the same
diffusion source. Moreover, the asymmetric coating minimized HRE
diffusion in the direction perpendicular to the c-axis of the magnet
matrix, restricting the deterioration of remanence caused by excessive
lattice diffusion. Consequently, the magnets spray-coated with TbHy
exhibited coercivity, remanence, and maximum energy product values
superior to those of magnets dip-coated with the same amount of TbHy,
leading to a 30 % reduction in HRE utilization for achieving the same
coercivity enhancement. Consequently, the asymmetric spray-coating
amplified the HRE-GBD-induced coercivity enhancement and effec-
tively inhibited the accompanying remanence reduction.
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