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To achieve high-coercivity in Nd-Fe-B-sintered magnets without relying on the use of heavy rare-earth (HRE),
developing an HRE-free grain-boundary-diffusion-process (GBDP) using the light rare-earth, Pr, is highly desired.
The key factor for achieving high-coercivity via Pr-GBDP is to increase the Pr-concentration of Pr-rich shell by
reducing its thickness, and this can be realized by inhibiting the chemically induced liquid film migration
(CILFM) that occurs to form the shell. Herein, for the first time, we report achievement of high-coercivity of 2.35
T without using HRE by developing CILFM-inhibited two-step GBDP that uses TaFs to form a intergranular
precipitate (PPT) and Pr7oCu;sAl;oGas to form a Pr-rich shell in the 1st- and 2nd-steps, respectively. Due to the
formation of hexagonal-TaB; intergranular PPT during the 1st-GBDP, the CILFM is inhibited during the 2nd-
GBDP, thereby reducing the grain size and forming the thinner shell with higher Pr-concentration in the mag-
nets. As a result, the poH, of two-step GBDP magnets (2.35 T) is considerably higher than that of magnets GBD-
treated with Pr;oCu;sAl;oGas alone (1.85 T). A micromagnetic simulation shows that the nucleation field at the
interface between the 2-14-1 grain and Nd-rich phase in two-step GBDP magnets increases by such a thinner and
higher Pr-concentration shell. Furthermore, due to the CILFM inhibition, the number of Pr atoms consumed for
the shell formation near the magnet surface reduces in the two-step GBDP magnets, resulting in an increased
GBD-depth of Pr, and this is another contributor for realizing a high-coercivity in magnets via the HRE-free two-
step GBDP.

1. Introduction because the anisotropy field, jpoHa, of the NdoFe 4B (2-14-1) main phase

increases by substitution of HRE with Nd [3-6]. However, this leads to a

Nd-Fe-B sintered magnets have become an indispensable material for
the traction motor of electric or hybrid electric vehicle because their
coercivity (poHc), remanence (poM;), and maximum energy product
[(BH)max], critical factors for determining the efficiency of motor, are
superior to those of other hard magnetic materials [1,2]. For the traction
motor to operate stably at its operation temperature (~200 °C), the poH.
of Nd-Fe-B magnets at room temperature is required to be above 2.5 T
[3]. To meet this requirement, heavy rare-earth (HRE) elements, such as
Dy or Tb, are alloyed into Nd-Fe-B-sintered magnets [3-6]. The poH, of
(Nd; . HRE,)-Fe-B magnets undoubtedly improves with increasing x
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significant reduction in the poM; and (BH)nyax of magnets owing to the
anti-ferromagnetic coupling between Fe and HRE atoms in the 2-14-1
phase [3-6]. Moreover, the HRE addition deteriorates the cost
competitiveness of magnets because of the scarcity of HRE resources
[3-8]. To address the limitation of using HREs in high-poH. magnet
fabrication, Nakamura and Hirota et al. proposed the grain boundary
diffusion process (GBDP) using the HRE [9,10]. The HRE-GBDP signif-
icantly increases the poH, of Nd-Fe-B sintered magnets with minimal
HRE usage because the grain boundary diffused HRE atoms dissolve only
into the surface region of 2-14-1 grains, forming a high-puoH, (Nd,
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HRE),Fe; 4B shell (HRE-rich shell) that can suppress the reverse domain
nucleation at the interface between the 2-14-1 grain and Nd-rich grain
boundary phase (GBP) [6,9-14]. Since the HRE atoms that
anti-ferromagnetically couple with Fe are localized in the HRE-rich shell
region, the poM; and (BH)pax of the HRE-GBDP magnets are also much
higher than those of the HRE-alloyed magnets [6,9-14]. However, the
problem of HRE resource shortage has become more serious recently,
and this has attracted great interest into realizing high-poH. in Nd-Fe-B
sintered magnets via HRE-free GBDP [15-17].

The light rare-earth (LRE) element Pr seems to be the most suitable
diffusion source for the HRE-free GBDP because the Pr-GBDP also forms
a Pr-rich (Nd, Pr)yFe;4B shell with a higher poH, compared with that of
Nd2F614B (HOHa of Pr2F614B2 ~8.5 T, |J.0Ha of Nd2F614BI ~7.0 T) [1 5*38].
In addition, because of the slightly less negative formation enthalpy of
ProFe4B (-0.04 eV/atoms) than that of NdyFe;4B (-0.06 eV/atoms)
[10], some of the grain boundary diffused Pr atoms dissolve into the
Nd-rich GBP rather than the 2-14-1 grain, thereby increasing the
thickness and Pr concentration of the GBP after the Pr-GBDP [15-38]. As
a result, the exchange coupling between neighboring 2-14-1 grains is
weakened by the Pr-dissolved thick GBP, and the nucleation field at the
2-14-1//GBP interface is increased by the high-poH, Pr-rich shell,
which leads to improvement in poH. of magnets after the Pr-GBDP
[15-38]. However, the poH. gain by Pr-GBDP is only 0.2-0.3 T
[18-20], which is insufficient to realize a high-poH, above 2.5 T that can
be achieved in HRE-free magnets by the HRE-GBDP [39,40]. In addition,
due to an increase in the volume fraction of the non-ferromagnetic
Nd-rich GBP, poM;, which is defined as fe(1-Vyon-ferro)opoMs, (f:
[001]-texture, Vpon-ferro: Volume fraction of non-ferromagnetic phases),
noticeably decreases after the Pr-GBDP [4]. Thus, in the case of the
Pr-GBDP, oM, of base magnets is required to be high to compensate for
poM; reduction after the GBDP. Considering that poH. of commercial
HRE-free magnets with high-joM; above 1.4 T is in the range of 1.3-1.8
T [41], the poH. gain by the Pr-GBDP should be at least 0.7-1.2 T to
obtain a poH. of 2.5 T in HRE-free magnets with the Pr-GBDP. To achieve
this, considerable effort has been made to increase the GBD-depth of Pr
and modify the microstructure of the Nd-rich GBP by alloying the Pr
with non-ferromagnetic metals, such as Al, Cu, Ga etc., which can lower
the melting point of Pr [15-17,21-38,42-44]; however, the poH, gain
achieved with the Pr-alloy-GBDP has so far been ~0.6 T [15-17,21-38],
which is still not large enough to replace the HRE-GBDP. To break-
through such a limitation in poH. of Pr-GBDP magnets, a new guide for
developing a highly efficient Pr-GBDP should be provided.

A recent report by Kim et al. provides a novel insight into increasing
both the GBD-depth of Pr and Pr-concentration of the Pr-rich shell,
which are critical factors for achieving a high-poH. with the Pr-GBDP
[14]. They found that shell formation induces undesirable grain
growth during the GBDP because a unique grain boundary migration
phenomenon, termed chemically induced liquid film migration (CILFM),
is dominantly involved in the shell formation [14]. By the CILFM,
Nd-rich GBP migrates while consuming the GBD source, leaving the shell
behind [14,45,46]. As a result, the size of 2-14-1 grains increases in
proportion to the thickness of the shell formed during the GBDP [14,45,
46]. For this reason, the 2-14-1 grains observed in the
thick-shell-forming region (e.g., near surface region of GBDP magnets)
are always larger than those observed in the thin-shell-forming region (e.
g., central region of GBDP magnets) [14,24]. Based on the results from a
detailed microstructure analytical works on the GBDP magnets, the
CILFM can be defined as i) GBD source consuming and ii) grain coars-
ening phenomenon [14,40]. This directly indicates that if the CILFM is
hindered during the Pr-GBDP, the GBD-depth of Pr can be increased and
undesirable grain growth occurred during the Pr-GBDP can be sup-
pressed, thereby improving the poH. of Pr-GBDP magnets further. An
important point to note here is that inhibiting the CILFM can also reduce
the thickness of the Pr-rich shell, which could lead to an increase in the
Pr-concentration of the Pr-rich shell as reported by Kim et al. and
Oikawa et al. [14,47]. According to a previous micromagnetic
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simulation [47], the critical determinant for poH. of GBDP magnets is
not the thickness of the shell but the poH, of shell [47]. This indicates
that controlling the thickness and Pr-concentration of the Pr-rich shell to
be thinner and higher, respectively, is favorable for achieving a higher
poH, with the Pr-GBDP, and this microstructurally optimized shell can
be obtained by inhibiting CILFM. Thus, to breakthrough the limit of the
poH. gain by the Pr-GBDP, a CILFM-inhibited GBDP should be
developed.

Forming the intergranular precipitate (PPT) in the magnets prior to
the Pr-GBDP is one of the effective ways to develop the CILFM-inhibited
Pr-GBDP. According to the previous investigations [54-61], the inter-
granular PPT can be easily formed in the Nd-Fe-B magnets by alloying
refractory metals (RM), such as Ta, Ti, Zr, Nb, Mo, W, etc [48-53].
However, in this case, an RM-containing PPT is formed not only along
the Nd-rich GBP but also within the 2-14-1 grains, and such an intra-
granular PPT acts as a nucleation site of the reverse domain [51,53]. In
addition, in the RM-alloyed magnets, the PPT is formed at center region
of the magnet as well as surface region [51,53]. Since CILFM occurs
more actively in the area closer to the magnet surface, such a PPT
formed at the center part of magnets is not necessary to inhibit the
CILFM effectively. From this viewpoint, the utilization of RM as a GBD
source is crucial for developing a CILFM-inhibited GBDP, i.e., two-step
GBDP consisting of the 1st-GBDP using RM and the 2nd-GBDP using
Pr can be a novel method for obtaining a high-poH. in Nd-Fe-B magnets
by inhibiting the CILFM during the Pr-GBDP. Considering that the GBD
coefficient (Dp) of the GBD source increases as its melting temperature
decreases, both the melting point of RM for 1st-GBDP and Pr for
2nd-GBDP should be reduced. It has been reported that RM-fluorides,
such as TaFs (T, 96.8 °C), NbFs5 (Tpy,: 72 °C), and MoFs (Ty,: 45.7 °C)
have a very low melting temperature of less than 100 °C [54,55]. In
addition, it is well known that the melting point of Pr is effectively
reduced by alloying with non-ferromagnetic Al, Cu, or Ga as described
above [15-17,21-38,42-44]. Thus, in this work, we developed a
CILFM-inhibited two-step GBDP consisting of TaFsGBDP (1st-GBDP) for
forming a Ta-containing intergranular PPT and the PryoCujsAlyg.
Gas-GBDP (2nd-GBDP) for forming Pr-rich shell with a high-poH, and
modifying microstructure of the Nd-rich GBP. By the two-step GBDP
developed in this work, for the first time, the poH. gain of 0.91 T [1.44 T
(annealed base magnets) - 2.35 T (two-step GBDP magnets)] was
achieved without using the HRE. To explain the microstructural supe-
riority of the two-step GBDP magnets in terms of the CILFM inhibition,
the grain size, GBD-depth of Pr, and thickness/Pr-concentration of the
Pr-rich shell in the two-step GBDP magnets were intensively investi-
gated in comparison with those in the magnets produced via GBDP with
Pr7oCu;sAl;0Gas alone. We also conducted a micromagnetic simulation
to explain how such a large poH, gain could be achieved by the two-step
GBDP. Based on the microstructure analysis and micromagnetic simu-
lation results, a guide for developing a high-efficiency HRE-free GBDP to
produce high-poH. Nd-Fe-B magnets is proposed.

2. Experimental
2.1. Preparation and characterization of samples

The as-sintered HRE-free magnets with a nominal composition of
Nd]o_ﬁprg_1Fe79.535.4M1.3 (at.%) or 23.3Nd-6.7Pr-68.0Fe-0.9B-1.1M
(wt.%), where M = Al, Co, Cu, and Ga, were used as base magnets. The
dimensions of the base magnets prepared for GBDP were 12.5 mm (a) x
12.5 mm (b) x 3.7 (c, easy-axis) mm. The Pry(Cu;sAl;0Gas (at.%) or
86.3Pr-8.3Cu-2.4A1-3.0Ga (wt.%) alloy powders for the GBDP were
fabricated by melt-spinning with a Cu wheel at a speed of approximately
26 m/s. Hereafter, the Pr-Cu-Al-Ga alloy is denoted as PCAG. To
diffuse TaFs into the base magnets prior to the PCAG-GBDP, 1.0 wt.% of
TaFs with a melting point of 96.8 °C was uniformly coated on the a-b
planes of the base magnets. The low melting point of TaF5 allowed it to
easily adhere to the magnet surfaces by heating at 90 °C in an oven for
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Table 1

Characteristics of Pr-rich shells for micromagnetic simulation.
Thickness Volumetric Pr-substitution M Ku
(cells) fraction (%) rate (%) a1o°as 0%y

m) m®)

2 13.56 86.62 1.2467 5.3662
4 25.89 62.04 1.2565 5.1204
6 37.06 53.89 1.2598 5.0389
8 47.10 49.86 1.2614 4.9986
10 56.05 47.49 1.2623 4.9749

10 min. Then, the TaFs-coated magnets were heat-treated at 900 °C for 1
h. for the GBD of low-melting TaFs into the base magnets (1st-step
GBDP). The 8.0 wt.% of PCAG was then coated on the a-b planes of TaFs-
GBDP magnets using PVA and ethanol solutions, and the magnets were
heat-treated at 970 °C for 15 h. for the GBD of PCAG into the TaFs-GBDP
magnets (2nd-step GBDP). Subsequently, the samples were annealed at
550 °C for 2 h. Hereafter, the two-step GBDP magnets are denoted as T-
PCAG magnets. For comparison, magnets GBD treated with PCAG alone
(PCAG magnets) were also prepared.

The magnetic properties of the samples were measured using a BH-
hysteresis loop tracer (PERMAGRAPH C300, MAGNET-PHYSIK). To
ensure that the melt-spun ribbons were in a suitable condition for the
GBDP, their melting temperature was evaluated using a differential
scanning calorimeter (DSC, LabsysTMTG, SETARAM Instrumentation)
under an Ar atmosphere at a heating rate of 10 °C/min. The melting
point of PCAG was determined to be approximately 710 °C, which was
considerably lower than that of pure Pr (Tp: ~930 °C). An overall
microstructure observation was performed using field emission scanning
electron microscopy (FE-SEM) and an electron probe microanalyzer (FE-
EPMA, JXA8530F, JEOL). The structure and chemistry of the inter-
granular PPT, Pr-rich shell, and Nd-rich GBPs were examined using
scanning transmission electron microscopy (FE-STEM, Talos F200X,
Thermo Fisher Scientific) combined with an energy-dispersive X-ray
spectrometry (EDS) and a selected area diffraction pattern (SADP). The
STEM specimens were prepared using lift-out and Ga ion-thinning
methods using a focused ion beam (FIB, Scios2, Thermo Fisher
Scientific).

2.2. Micromagnetic simulation

To elucidate the relationship between the microstructure and poH. of
the magnets, micromagnetic simulations were performed. The simula-
tion calculates the variation of the magnetization structure by solving
the precession-less Landau-Lifshitz-Gilbert (LLG) equation based on the
finite difference method (FDM) [56,57], using MuMax3 [58]. The
smallest unit of the system was a 2.0 nm x 2.0 nm x 2.0 nm cubic cell,
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and the system was composed of 256 x 256 x 256 cells. The entire
system was divided into 64 grains with 120 nm average diameter based
on Voronoi tessellation, and each grain was separated by a GBP with the
thickness of 5 nm. The thin parts of the grain near the GBP were sepa-
rately designated as a different region from the inner grain to construct
the core-shell structure. The shell thickness varied from 5.0 nm to 25.0
nm. The entire system was uniformly magnetized in the +z-direction,
and an external magnetic field was applied in the —z-direction from poH,
= —1.0 T to —3.0 T, with an intervals of 0.01 T.

The chemical compositions of the core and shell were determined
based on the compositions estimated by a TEM-EDS elemental map. The
core was fixed as (NdggsPrg.35)2Fe14B for all simulation cases. The
composition of the shell was set to two different cases. The first case was
adjusted to emulate the effect of CILFM inhibition on the thickness and
Pr-concentration of the shell. The average Pr-substitution rate of the
entire system was fixed at 42 %, thus the Pr-concentration of the shell
was inversely proportional to the shell thickness. The detailed compo-
sitions of the shells used in the simulations are listed in Table 1. The
volumetric fraction of the shell was 13.56 % when the shell thickness
was 5 nm, hence Pr-substitution rate of shell was 86.62 %. As the shell
thickened, the volumetric fraction of the shell increased, and the sub-
stitution rate of shell decreased to 47.49 % when the shell thickness was
25 nm. The second case ignored the effect of CILFM, i.e., the Pr-
composition of the shell was independent of the thickness. The Pr-
substitution rate was fixed at 86.62%, which was the same as the 2
nm-thickness shell of the first case.

For NdyFei4B, the saturation magnetization, Mg, = 1281.2 x 10° A/
m, uniaxial anisotropy constant, Ky;, = 4500 x 10° J/m3, and for
ProFe;4B, the M = 1241.4 x 10° A/m, and Ky; = 5500 x 10° J/m® [4].
The exchange stiffnesses (Acx) of both the core and shell were 8.0 x
1072 J/m [59]. The magnetic properties of the core and shell were
estimated by the linear interpolation of the Pr-substitution rate [47].
The parameters of the GBP were M = 397.9 x 10° A/ m, Ky1 = 0.0 J/1 m3,
and Agy = 6.0 x 10712 J/m [60,61]. The direction of the easy-axis for
each grain was defined by a normalized vector, and its polar angle fol-
lowed a Gaussian distribution so that the average value of the
z-component of the easy-axis vector was 0.8.

3. Results and discussion

Fig. 1(a) shows the demagnetization curves for as-sintered HRE-free
base magnets (grey line), PCAG magnets (blue line, one-step GBD
treated with Pr;oCu;sAl;0Gas), and T-PCAG magnets [red line, two-step
GBD treated with TaFs (1st-GBD) and Pr;oCu;sAl;oGas (2nd-GBD)],
respectively. The demagnetization curve for optimally annealed base
magnets is also displayed as a dark grey line. The poH. of base magnets
was 1.29 T, which increased to 1.44 T by annealing, as shown in Fig. 1
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Fig. 1. (a) Demagnetization curves for as-sintered base magnets (grey line), optimally annealed base magnets (dark grey line), PCAG magnets (blue line), and T-
PCAG magnets (red line). (b) Effect of GBDP with TaFs alone on magnetic properties of as-sintered base magnets.
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RHAADR

Fig. 2. (a) HAADF-STEM image of Nd-rich GBP located at a ~100 pm depth of TaFs-GBDP magnets. The formation of intergranular PPTs with sizes of 10-30 nm is
clearly observed as indicated by triangles. (b) HAADF-STEM image and EDS elemental maps for Ta and B of intergranular PPT shown in (a). The high-resolution BF-
TEM image and its fast Fourier transformed image are also shown. Based on the results, the intergranular PPTs formed in TaFs-GBDP magnets is clearly identified as

polycrystalline hexagonal-TaB,.

(a). The poM; of base magnets (1.43 T) remained unchanged after
annealing. After undergoing the PCAG-GBDP, the poH, of the magnets
increased to 1.85 T, while the poM; decreased to 1.35 T. The poH. gain
(0.41 T) and poM; loss (0.08 T) by the PCAG-GBDP shown in Fig. 1(a) are
comparable to those reported elsewhere [15-38]. It should be noted that
the poH. of magnets dramatically increased to 2.35 T by the two-step
T-PCAG-GBDP, resulting in a very large poH. gain of 0.91 T without
using HRE, as shown in Fig. 1(a). According to previous results [15-38],
the poH, gain achievable with the Pr-GBDP is limited to ~0.6 T, thus
there has been no options other than use of expensive HRE-GBDP to
obtain such a large poH, gain of 0.91 T, as shown in Fig. 1(a). This in-
dicates that the two-step T-PCAG-GBDP developed in this work is a
promising method that can replace the HRE-GBDP for producing
high-poH, Nd-Fe-B sintered magnets. Interestingly, as shown in Fig. 1(b),
the poH, of magnets slightly decreased by the TaF5-GBDP alone. In order
to clarify the role of the 1st-GBDP with TaFs, which appeared to be a
core step of the two-step T-PCAG-GBDP, the microstructure observation
of TaFs-GBDP magnets was carried out first, as shown in Fig. 2. Fig. 2(a)
shows a high-angle annular dark-field (HAADF)-STEM image of the
Nd-rich GBP located at a depth of ~100 pm of the TaF5-GBDP magnets.
It was clearly seen that very fine PPTs with sizes of 10-30 nm were
formed along the Nd-rich GBP as indicated by the triangles in Fig. 2(a).

Fig. 2(b) shows the HAADF-STEM, bright-field (BF)-TEM, fast Fourier
transformed (FFT), and EDS mapping images taken from the inter-
granular PPT shown in Fig. 2(a). The PPT was clearly identified as the
polycrystalline hexagonal-TaB; phase. According to the previous reports
[51,53], such an intergranular PPT in the magnets could act as a
nucleation site of the reverse domain [51,53], which implies that the
slight reduction in the poH. of magnets after the TaFs5-GBDP shown in
Fig. 1(b) is attributed to the formation of a hexagonal-TaB; intergranular
PPT.

Now, the question is why the poH, of TaF5-GBDP magnets containing
a TaBy PPT improved more significantly with the PCAG-GBDP compared
to as-sintered magnets containing no PPT, as shown in Fig. 1(a). To
answer the question, the microstructure of T-PCAG and PCAG magnets
were comparatively studied, specifically focusing on the influence of the
TaB, intergranular PPT on the thickness and chemistry of the Pr-rich
shell formed by the chemically induced liquid film migration (CILFM)
[14], as follows.

3.1. Microstructural differences between T-PCAG and PCAG magnets as a
function of magnet depth

Fig. 3(a) and (b) show the BSE-SEM images and EPMA elemental

Fig. 3. BSE-SEM and EPMA elemental mapping images taken at a ~20 pm depth of (a) T-PCAG and (b) PCAG magnets. The GBD direction of the PCAG sources is
from top to bottom of images. The uniform distribution of Pr within 2-14-1 grain observed in the top of the images is due to the lattice diffusion of Pr that commonly
occurs on the magnet surface during the GBDP. The black contrast in the BSE images correspond to the area damaged by the mechanical polishing.
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Fig. 4. (a) BSE images and EPMA maps for Pr of T-PCAG and PCAG magnets taken at ~50 pm, ~150 pm, and center (~1850 pm) of samples. The GBD direction of
the PCAG source is parallel to the c-axis of samples, which is indicated by arrows in the schematic illustration in the middle of panel (a). (b) Schematic illustration
tracing Nd-rich GBP and measured grain size obtained from BSE images taken at various depths of samples.

maps taken near the surface (~20 pm depth) of T-PCAG and PCAG
magnets, respectively. Grey and bright contrasts in the BSE images
correspond to the 2-14-1 grain and Nd-rich GBP, respectively. As shown
in the BSE images and Pr maps in Fig. 3(a) and (b), the Pr-enrichment in
the outer region of the 2-14-1 grain (i.e., formation of Pr-rich shell) was
clearly observed in both samples. A uniform distribution of Pr within the
2-14-1 grain was also observed in the upper part of the images, which
corresponds to the surface of the samples, because of the lattice diffusion
of Pr that commonly occurs on the magnet surface during the GBDP [13,
39,62]. The Cu, Al, and Ga of the PCAG GBDP source, minor elements for
reducing the melting point of Pr, were preferentially dissolved into the
Nd-rich GBP, as reported elsewhere [15-38,43,44]. In the case of
T-PCAG magnets, the formation of very large Ta-containing PPTs with
sizes of 0.7-1 pm was observed, as shown in the Ta-map of Fig. 3(a).
Such massive PPTs were observed only in the surface region of the
magnets, and very fine intergranular PPTs described in Fig. 2 were not

detected at the EPMA magnification. As shown in the BSE images of
Fig. 3, the morphology of the Nd-rich GBP in the PCAG magnets was
curved, while that in the T-PCAG magnets was comparatively flat. The
measured average curvature of the GBP in the PCAG magnets is 4.7
times larger than that in the T-PCAG magnets. In addition, the grain size
of the PCAG magnets (8.24 + 2.26 pym) was also much larger than that of
the T-PCAG magnets (5.74 + 2.01 pm). This directly indicates that the
CILFM occurred more actively in the PCAG samples than in the T-PCAG
samples because one of the strongest pieces of evidence for CILFM is the
growth of grain accompanied by GBP bending [14,45,46]. From the
viewpoint of grain size and GBP morphology, it is concluded that the
CILFM was effectively inhibited in the T-PCAG magnets, and the main
factor for their CILFM inhibition was expected to be the formation of the
TaBy intergranular PPT formed by the 1st-GBD with TaFs as shown in
Fig. 2 and Ta-map of Fig. 3(a). According to the previous investigation
[14], the thickness of the shell becomes thinner if CILFM is inhibited
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B

Fig. 5. (a) BF-TEM and EDS mapping images of Nd-rich TJP formed with intergranular PPT taken at a ~150 pm depth of T-PCAG magnets. The FFT image obtained
from the PPT is also shown below the BF-TEM image. (b) BF-TEM image of Nd-rich GBP formed with TaB, PPT. The migration of the GBP and PPT induced by CILFM

and Solute drag effect is schematically illustrated on the image.

[14]; however, as shown in Fig. 3(a) and (b), there is no significant
difference in the shell thickness of the T-PCAG and PCAG magnets, even
if the CILFM seems to be inhibited in the T-PCAG magnets. This
discrepancy would be attributed to the slightly less negative formation
enthalpy of PryFe 4B compared with that of NdyFe;4B, which will be
discussed in detail later on a microstructural basis.

Fig. 4(a) shows the BSE and Pr mapping images at depths of ~50 pm,
~150 pm, and center (~1850 pm) of the T-PCAG and PCAG magnets.
The measured grain sizes and schematic illustrations tracing the GBP,
obtained based on the BSE images taken at various depths of the sam-
ples, are also shown in Fig. 4(b). As shown in the Pr maps of Fig. 4(a), a
gradual decrease in the thickness of the Pr-rich shell as a function of the
magnet depth was commonly observed in the T-PCAG and PCAG sam-
ples. As shown in Fig. 4(a) and (b), in the case of the PCAG magnets, the
size of the 2-14-1 grain was also gradually reduced depending on the
magnet depth. It seems that the grain size of the PCAG magnets is a
function of the thickness of the Pr-rich shell, and this relationship be-
tween the grain size and shell thickness is well consistent with a recent
report on the microstructure of Tb-GBDP magnets, in which the CILFM
occurs [14]. In contrast to the PCAG magnets, a noticeable change in the
grain size depending on the shell thickness (i.e., magnet depth) was not
observed in the T-PCAG magnets, as shown in Fig. 4(a) and (b). In
addition, compared to the PCAG magnets, much smaller 2-14-1 grain

Initial GBP
position

with a comparatively straight Nd-rich GBP was observed in the 20-1250
pm depth region of the T-PCAG magnets. This indicates that the CILFM
was effectively inhibited at the entire region of T-PCAG magnets. To
confirm the main contributor for the inhibition of CILFM in the T-PCAG
magnets, TEM analysis of the Nd-rich triple junction phase (TJP) and
GBP regions in the T-PCAG magnets were carried out as shown in Fig. 5.
Fig. 5(a) shows the BF-TEM and EDS mapping images of the Nd-rich TJP
formed with the intergranular PPT taken at a depth of ~150 pum of the
T-PCAG magnets. The FFT image obtained from the PPT is also shown in
the 1st-column and 2nd-row of the Fig. 5(a). It can be clearly seen that
the ~180 nm sized PPT enriched with Ta and B was formed within the
Nd-rich TJP surrounded by the Pr-rich shell. The chemical composition
of the PPT was analyzed as Tas3 42Be6 58 (at.%), and its crystal structure
was clearly identified as the single crystalline hexagonal-TaB,, as shown
in the SADP and EDS maps of Fig. 5(a), which is well agreed with the
results shown in Fig. 2(b). The morphology of the Nd-rich GBP formed
with the TaBy PPT is also shown in Fig. 5(b). Note that a thin Pr-rich
shell with a thickness of ~160 nm was formed only on the right-side
of the GBP, as schematically illustrated in Fig. 5(b). Considering the
microstructure of TaFs-GBDP magnets shown in Fig. 2 and the
phenomenological feature of CILFM reported in previous investigations
[14,45,46], the microstructure shown in Fig. 5(b) indicates that both the
GBP and TaB; PPT initially located at the core/shell interface migrated

(C) Nd consumption Pr consumption
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Fig. 6. (a) HAADF-STEM image and EDS elemental maps of Pr-rich shell and Nd-rich GBP in PCAG magnets. The trace of initial GBP located near the core/shell
interface and the final migrated GBP is clearly shown as indicated by black and white triangles, respectively. Based on the microstructure shown in panel (a), the
direction of the CILFM is predicted as indicated by the black dashed arrow. (b) Microstructure and chemistry of initial GBP trace shown in (a). (c) Line scan profile
across initial GBP trace, Pr-rich shell, and final migrated GBP along dashed white arrow in Pr map shown in panel (a). The CILFM zone was found to be divided into

Nd consumption and Pr consumption zones.
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Fig. 7. HAADF-STEM and EDS mapping images of Pr-rich shell and Nd-rich GBP formed at a ~150 pm depth of (a) T-PCAG and (b) PCAG magnets. The c-axis of
2-14-1 main phase is in-plane of the images as indicated by the white arrows. The line scan profiles across the shell and GBP along the dotted arrows in the HAADF-
STEM images are also shown in the 2nd-row of the figure. The shell region is highlighted in light blue in the line scan profiles.

together by CILFM and the Solute drag effect [63] from the right to the
left side of the figure as indicated by dotted arrows, while leaving the
Pr-rich shell behind, but GBP migration was restricted by the drag force
of the TaBy PPT [63], resulting in the formation of a thin shell [14].
Based on the results shown in Figs. 2-5, it can be concluded that the
TaBy PPT formed during the 1st-GBDP with TaFs is a crucial factor for
inhibition of the CILFM occurred to form the Pr-rich shell during the
2nd-GBDP with PCAG.

If the CILFM is inhibited by the TaBy PPT as described above, the
thickness of the Pr-rich shell should be thinner as observed by Kim et al.
[14], because the migration distance of the GBP by CILFM, which is a
determinant of the shell thickness, becomes shorten owing to the GBP
pinning by the TaB, PPT. However, as shown in Figs. 2-4, there was no
distinct difference in the shell thickness between the T-PCAG and PCAG
samples. The Pr-rich shell of the PCAG magnets was thinner than ex-
pected. Fig. 6 provides a clue that can elucidate why the thickness of
Pr-rich shell was observed to be thinner in PCAG magnets in which the
CILFM occurred actively. Fig. 6(a) shows the HAADF-STEM and EDS
mapping images of the Pr-rich shell and Nd-rich GBP in the PCAG
magnets. The asymmetric formation of the Pr-rich shell along the GBP
enriched with Nd and Pr (white triangle) was clearly observed. Inter-
estingly, another Nd/Pr-enriched phase with a platelet shape was also
observed near the core/shell interface as indicated by a black triangle in
Fig. 6(a). Fig. 6(b) shows the TEM micrographs and elemental maps of

the Nd/Pr-enriched platelet shown in Fig. 6(a). The composition of the
platelet was analyzed as Ndg Prjg sFegs cAl25C036Cus 4Gay o (at.%),
and its thickness was measured to be approximately 5 nm. The micro-
structure and chemistry of the platelet were very similar to those of the
GBP commonly observed in the sintered magnets [43,64,65]. According
to the previous investigation [14], such trace of the initial Nd-rich GBP
that presented before the CILFM occurrence could remain inside the
2-14-1 grain of the GBDP magnets, and its position exactly matches that
of the core/shell interface [14]. Thus, the starting position of the CILFM
occurrence can be easily predicted by observing the position of the
initial GBP trace [14]. Therefore, as schematically illustrated in the
HAADF-STEM image of Fig. 6(a), it can be expected that the CILFM
started at the position of the Nd/Pr-enriched platelet (i.e., initial GBP
position) and it completed at the position of the final migrated GBP,
leaving the Pr-rich shell. However, as shown in the Pr map of Fig. 6(a),
the position of the initial GBP did not well match that of the core/shell
interface. According to the line scan profile taken across the region
where the CILFM occurred shown in Fig. 6(c), the CILFM zone can be
divided into Nd consumption zone and Pr consumption zone as marked
in red and yellow respectively. Considering that the CILFM direction is
from the left to right side of Fig. 6(c) as indicated by a blue arrow, it can
be expected from Fig. 6(c) that Nd was consumed first to form the shell
during the CILFM, and this is probably due to the slightly less negative
formation enthalpy of ProFe;4B (-0.04 eV/atoms) compared with that of
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Fig. 8. Microstructure and elemental distribution in Pr-rich shell and Nd-rich GBP formed at a ~1850 pm depth (center) of (a) T-PCAG and (b) PCAG magnets. The
line scan profiles shown in the 2nd-row of the figure was obtained along the dotted black arrows in the HAADF-STEM images.

NdyFe 4B (-0.06 eV/atoms) [10]. Thereby, in the PCAG magnets, the
thickness of the Pr-rich shell was not consistent with the migration
distance of the GBP by CILFM as shown in Fig. 6(a) and (c), resulting in
the formation of a thinner Pr-rich shell than expected based on the grain
size changes shown in Fig. 4(b). This is why a noticeable difference in
the thickness of the Pr-rich shell between the T-PCAG and PCAG mag-
nets was not observed, even though grain growth by CILFM occurred
more actively in PCAG magnets than in T-PCAG magnets, as shown in
Figs. 3 and 4.

When the CILFM is inhibited as described above, the grain boundary
diffused Pr could be accumulated into the thin Pr-rich shell or further
diffused toward the magnet center, resulting in increasing Pr-
concentration of the shell or GBD-depth of Pr. According to the EPMA
results shown in Fig. 4(a), the Pr-concentration of the shell and GBD-
depth of Pr in the T-PCAG magnets (CILFM-inhibited magnets) seem
to be higher and deeper, respectively, than those in the PCAG magnets
(CILFM-occurred magnets). These microstructural benefits, which could
be a key factor for the large poH. gain of 0.9 T by the T-PCAG-GBDP
shown in Fig. 1, were investigated in detail using TEM as follows.

3.2. Influence of CILFM inhibition on microstructure of Pr-rich shell and
GBD-depth of Pr

Fig. 7 shows the HAADF-STEM and EDS mapping images of the Pr-
rich shell and Nd-rich GBP formed at a ~150 pm depth of (a) T-PCAG
and (b) PCAG magnets. The line scan profiles across the shell and GBP
along the dotted arrows in the HAADF-STEM images are also shown in
the 2nd-row of the figure. In the case of the PCAG magnets, a slightly
curved Nd-rich GBP surrounded by the Pr-rich shell was formed as
shown in the HAADF-STEM image and Pr map of Fig. 7(b), and this
microstructural character of PCAG magnets is well consistent with the
results described in Figs. 3, 4, and 6. The thickness and Pr-concentration
of the Pr-rich shell formed on the left side of the GBP were estimated to
be ~450 nm and ~5.7 at.%, respectively, and those of the shell formed
on the right side of the GBP were estimated to be ~270 nm and ~4.8 at.
%, respectively, as shown in Fig. 7(b). For T-PCAG magnets, a straight
GBP surrounded by the ~7.9 at.% Pr-containing shell with a ~310 nm
thick (left side of GBP) and the ~5.1 at.% Pr-containing shell with a 50
nm thick (right side of GBP), was observed as shown in Fig. 7(a). A
slightly thinner Pr-rich shell with a higher Pr-concentration was formed
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The insets in panel (b) and (c) show enlarged demagnetization curves around the nucleation points.

in the T-PCAG magnets compared with that formed in the PCAG mag-
nets. These results demonstrate that CILFM occurred during the Pr-rich
shell formation was effectively inhibited in the T-PCAG magnets and this
led to an increase in Pr-concentration of the shell. According to the
micromagnetic simulation on the Dy-GBDP magnets [47], the most
effective way to achieve a high poH, in Nd-Fe-B magnets by the GBDP is
to increase the poH, of the shell by controlling its Dy-concentration to be
higher, and this can be obtained by reducing the shell thickness so that
the grain boundary diffused Dy atoms are accumulated and concen-
trated in the thin shell [47]. Such an ideal shell microstructure in the
GBDP magnets was realized by inhibiting the CILFM via the two-step
T-PCAG-GBDP developed in this work as shown in Fig. 7, thereby
obtaining a very large poH, gain of 0.9 T by the HRE-free GBDP as shown
in Fig. 1.

Considering the difference in thicknesses and Pr-concentrations of
the shells between the T-PCAG and PCAG samples observed in Fig. 7, the
number of Pr atoms involved in the shell formation of the T-PCAG and
PCAG magnets is also expected to differ, which could also affect the Pr
GBD-depth of the samples, as shown in Fig. 4(a). In order to estimate
how many grain boundary diffused Pr atoms dissolved in the shell of the
T-PCAG and PCAG magnets, the area under the Pr-concentration curves
of the shell region shown in Fig. 7 was integrated. The initially alloyed
Pr atoms in the shell were excluded from the integration of the shell
region. In the case of PCAG magnets, the area under the Pr-
concentration curve of the left side shell region was 1080 and that for
the right side shell was 365. Interestingly, in the case of T-PCAG mag-
nets, it was appeared that the area under the Pr-concentration curve of
the shell region was much smaller (750 for left side shell and 30 for right
side shell), which indicates that less Pr atoms were involved in the Pr-
rich shell formation, and thus, more Pr atoms diffused toward the

magnet center, resulting in increasing Pr GBD-depth of the T-PCAG
magnets, as shown in Fig. 4(a). Such an increased GBD-depth of Pr in the
T-PCAG magnets was further clearly observed by TEM observation at the
center part of the samples, as shown in Fig. 8. Fig. 8 shows the HAADF-
STEM micrographs, EDS elemental maps, and line scan profiles along the
dotted lines in the HAADF-STEM images taken at the center part of the
(a) T-PCAG and (b) PCAG magnets. The Pr-concentration of the shell in
the T-PCAG magnets was higher (~5.6 at.%) than that in the PCAG
magnets (~4.4 at.%). Furthermore, the thickness and Pr-concentration
of the GBP in the T-PCAG magnets were also thicker and higher than
those in the PCAG magnets. Due to an increase in the Pr GBD-depth by
the T-PCAG-GBDP, more grain boundary diffused Pr atoms reached the
center of the samples, thereby increasing the Pr-concentration of the
shell and GBP formed at their center region as shown in Fig. 8, resulting
in increasing nucleation field by higher poH, shell and weakening ex-
change coupling by the thick and non-ferromagnetic GBP. Therefore, the
increased GBD-depth of Pr due to the CILFM inhibition by the T-PCAG-
GBDP can be another factor for achieving higher poH, in the T-PCAG
magnets.

According to numerous previous reports on the GBDP magnets, the
poH. enhancement by increasing the GBD-depth of Pr is beyond a doubt
[12-40], but the relationship between the poH. and
thickness/Pr-concentration of the shell described in Fig. 7 remains un-
clear. In order to clarify how the microstructural changes of the Pr-rich
shell induced by the CILFM inhibition affected the poH. of magnets, a
micromagnetic simulation was conducted based on the microstructural
data obtained from Fig. 7.
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3.3. Microstructure of shell-coercivity relationship

Fig. 9(a) depicts a schematic of the micromagnetic simulation system
designed to assess the impact of shell property adjustment by CILFM
inhibition. Since the shell is formed by the CILFM mechanism, the Pr-
substitution rate of the shell would be lower for a shell thickness (ts,)
of 25.0 nm than that for tg, = 5.0 nm. The graph in Fig. 9(b) shows the
results of simulation emulating CILFM inhibition. As listed in Table 1,
the Pr-substitution rate of the shell (p) decreased from p = 86.6 % with
tsh = 5.0 nm to p = 47.5 % with tg, = 25.0 nm. Note that the poH, of the
system decreased from poH. = 1.84 T with tg, = 5.0 nm to 1.63 T with
25.0 nm. The graph in Fig. 9(c) depicts the results of the simulation at a
fixed p of 86.6% and magnetic properties. Contrary to the results shown
in Fig. 9(b), only a slight increase in the poH. from poH, = 1.84 T with tg,
= 5.0 nm to 1.87 T with 25.0 nm was observed as shown in Fig. 9(c).
This directly indicates that the poH. of the GBDP magnets was domi-
nantly determined by the poH, of the shell not the thickness of the shell
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as reported by Oikawa et al. [47], and this optimal shell microstructure
could be obtained via the CILFM inhibition as shown in Fig. 7, thereby
obtaining a large poH, gain after the GBDP, as shown in Fig. 1.

The origin of the high-poH, of T-PCAG magnets containing thin but
high Pr-substitution rate shell was confirmed from the intermediate
magnetization structures of the demagnetization process. Fig. 10(a)
shows the magnetization reversal process under the applied field from
poHz, = —1.0 T to —3.0 T. In the case of tg, = 5.0 nm and p = 86.6 %, the
reversed domain was pinned on the GBP area under poH, = —1.85 T and
—2.11 T. For the tg, = 25.0 nm and p = 47.5 %, the domain was pinned
under a poH, = —1.64 T. The domain walls were pinned only on the GBP,
not the core-shell boundary; therefore, shell formation did not offer new
pinning sites but reinforced existing poH. enhancement factors. The
detailed domain expansion process from state (i) to (ii) in Fig. 10(a) is
illustrated in Fig. 10(b). The magnetization structure of three grains near
the nucleation site is drawn. Under a poH, = —1.80 T, the reversed
domain was nucleated at a TJP among the grains. The domain slightly
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The hard magnetic properties for commercial base magnets and HRE-GBD treated magnets are also displayed [41].

enlarged until a poH, = —1.84 T, and it expanded to dozens of grain sizes
under —1.85 T. The reversed domain nucleated at the interface between
the shell and GBP and expanded to the core; hence, the high Pr-
substitution rate shell effectively prevented the nucleation of the
reversed domain owing to its high Ky;. The density of the magnetic
Gibbs-free-energy in Fig. 10(c) proves the energy vulnerability of the
TJP regions. The core was unstable than the shell, but the most unstable
point was on the shell because the demagnetization field arises strongly
on the TJP regions. If the Pr-concentration of the shell is increased, the
energy barrier in the shell region that needs to be overcome for
demagnetization under the reversed magnetic field is increased due to
increase in Ky; of the shell, hence, the instability caused by the
demagnetization field will be offset. This suggests that even if the shell is
thin, a high Pr-concentration can effectively enhance the stability of the
nucleation point and increase the poH, as shown in Figs. 1(a) and 7. The
positive effect of the high substitution rate of shell on the poH, offsets the
negative effects of the thin shell.

Fig. 11(a) shows the poH, gain by the Pr-GBDP or Pr-doping as a
function of the Pr usage, which was reported in the literature [21,24,25,
28-30,35-37,66-70]. As described above, in the case of sintered mag-
nets (blue circles), the poH, gain by the Pr-GBDP is limited to ~0.6 T,
even when the Pr usage increases to ~8.5 wt.%. In the case of
hot-deformed magnets, the poH. gain linearly increases from ~0.6 to
~1.3 T with increasing the Pr usage from ~2 to ~9.5 wt.%, as shown by
the yellow triangles in Fig. 11(a). Such a large poH. gain by the GBDP
with light rare-earth elements (Nd or Pr), which is commonly observed
in hot-deformed magnets, is accompanied by a considerable reduction in
the poM; as reported by Seelam et al [71]. The linear relationship be-
tween the poH. gain and Pr usage is also observed in the Pr-doped
magnets (green squares), but the efficiency of Pr usage in the poH.
improvement is poorer than that for the Pr-GBDP. It can be clearly seen
in Fig. 11(a) that the two-step GBDP with TaFs and PryoCu;5Al; oGas (red
circle) is a promising method that can breakthrough the limit of the poH,
gain of sintered magnets with the Pr-GBDP. The poH, and poM; of
Pr-GBD treated (blue circles), Pr-doped (green squares), and Pr-Fe-B
(white circles) sintered magnets are summarized in Fig. 11(b) [8,20,
24,26-29,35,66,72-76]. The magnetic properties of commercial sin-
tered and HRE-GBD treated magnets are also displayed [41]. The limit of
poHc achievable with the Pr-GBDP is ~2.2 T, and their magnetic prop-
erties are comparable to those of commercial Dy-containing sintered
magnets, as shown in Fig. 11(b). Surprisingly, by the HRE-free two-step
GBDP developed in this work, the poH, limit of Pr-GBDP magnets was
overcome, thereby achieving the excellent hard magnetic properties that
correspond to the commercial HRE-GBD treated Dy-containing sintered
magnets, as shown in Fig. 11(b).
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4. Conclusions

We have successfully developed a novel CILFM-inhibited GBDP to
achieve high-poH, in Nd-Fe-B sintered magnets without using HRE. In
order to inhibit CILFM that inevitably occurs during the Pr-GBDP, the
two-step GBDP consisting of TaFs-GBDP (1st-GBDP) for forming the
intergranular PPTs and Pr;oCujsAl; 0Gas-GBDP (2nd-GBDP) for forming
the high-poH, Pr-rich shell was applied to the HRE-free sintered mag-
nets. Surprisingly, by the two-step GBDP, a large poH, gain of 0.91 T was
achieved, thereby obtaining poH, of 2.35 T in the magnets without using
HRE. In the magnets 1st-GBD treated with TaFs, the hexagonal-TaBy
PPTs with sizes of 10-30 nm are formed along the Nd-rich GBP. Due to
this, CILFM occurred to form the Pr-rich shell during the 2nd-GBDP with
Pr;oCuysAl10Gas was effectively inhibited, thereby decreasing the grain
size and forming a thinner Pr-rich shell with a higher Pr-concentration
compared to the one-step Pr;oCu;sAl;gGas-GBDP magnets in which
the CILFM actively occurred. The micromagnetic simulation proved that
the nucleation field at the interface between the 2-14-1 grain and Nd-
rich phase increased when the thickness and Pr-concentration of the
shell became thinner and higher, thereby increasing the poH,. of the
magnets. The GBD-depth of Pr also increased in the two-step GBDP
magnets because the number of Pr atoms involved in the shell formation
near the magnet surface decreased by the CILFM inhibition. This is
another contributor for obtaining a high-pgH, by the two-step GBDP. We
believe that the CILFM-inhibited GBDP is a promising method that can
eliminate the need for HRE in obtaining high-pigH,. in Nd-Fe-B sintered
magnets.
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