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The fluorine salt oxide molten-salt electrolytic Dy-Cu alloy was used as a grain boundary diffusion source
instead of the doped Dy-Cu alloy. The microstructure and coercivity of the GBDPed magnets with the different
diffusion times were studied. The results show that the coercivity increased with the increase in the GBDP time.
The ability of the electrolytic Dy-Cu alloy to improve the coercivity of Nd-Fe-B is more advantageous than that
of the doped Dy-Cu alloy. Microstructure analysis shows that the segregation and metal inclusion, a small
amount of Dy,03, and the poor synergy diffusion between Dy and Cu lead to the unsatisfactory performance of
the doped Dy-Cu alloy to improve the coercivity. The diffusion rate and depth of the GBD source improved by

replacing the doped alloy with an electrolytic alloy.
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1. Introduction

Among the existing magnetic materials, sintered NdFeB
magnets show the highest magnetic energy product, which
arises from the excellent intrinsic magnetic properties of
Nd2Fe14B unit cells [1-4]. To ensure sintered NdFeB has
enough coercivity at the target working temperature. In
the production of sintered NdFeB, the preferred additives
are Dy [5-8] and Dy-based [9-15] alloys. The industrial
application of the grain boundary diffusion process (GBDP)
not only significantly improves the coercive force of the
magnet but also sharply reduces the amount of Heavy
Rare Earth, which is cost-effective for the process.
However, the diffusion depth of Heavy Rare Earth along
the thickness direction of the magnet is limited, and how
to improve its diffusion rate is a critical problem [15].

Compared with the doped alloys, the low melting point
Dy alloys prepared by molten salt electrolysis are mainly
single-phase master alloys [16]. It can more effectively
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sintered Nd-Fe-B magnets, molten salt electrolysis, grain boundary diffusion, heat treatment time,

reduce the self-diffusion activation energy of the diffusing
agent, provide a smoother diffusion channel, increase the
diffusion rate [15] and supply a more cost-effective
diffusion process for the actual demand. With the help of
molten salt electrolysis, the process of "REO/CI/F - RE
metal - RE alloy - Diffusion treatment" would simply to
"REO/CI/F - RE alloy - Diffusion treatment."

Based on the above considerations, the Dy-Cu alloy
prepared by molten salt electrolysis replaces the doped
Dy-Cu alloy for grain boundary diffusion research in this
paper. The morphology and chemical composition along
the magnet thickness direction and the diffusion behavior
of Dy and Cu in the magnet were characterized to clarify
the influence of the electrolytic Dy-Cu alloy in the
sintered Nd-Fe-B magnet.

2. Materials and Methods

Commercial sintered Nd-Fe-B magnets purchased from
Ganzhou FORTUNE Electronics Co., Ltd. machined into
a 10 mm x 10 mm x 5 mm cube. The electrolytic Dy-Cu
alloy made from LiF-DyF;-Dy,0;(2 wt.%)-Cu,O(1 wt%)
molten-salt system. Electrolysis was carried out at 950 °C
for 4 hours with a constant current of 20 A. In this work,
the graphite crucible was used as the anode, and a

© 2022 Journal of Magnetics
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Fig. 1. (Color online) (a) Alloy thin strip; (b) A diffusion cou-
ple formed by covering a magnet with an alloy thin strip.

tungsten rod as the cathode. The tungsten crucible was
selected as the receiving crucible, and placed in the boron
nitride crucible to prevent the tungsten crucible from
contacting the graphite crucible. In this study, pure metal
Dy and Cu were used as raw materials, vacuumed to
below 5.0 x 10° Pa, melting in an argon atmosphere to
produce the doped Dy-Cu alloy. Subsequently, the Dy-Cu
alloy thin strips made by the melt rapid quenching
technique respectively marked as M1 and M2. As shown
in Fig. 1(a), the Dy-Cu alloy M1 was made by molten-
salt electrolysis. The magnet and alloy strips were
polished with sandpaper, cleaned with ethanol, and dried
in a vacuum oven before use. The upper and lower
surfaces of the magnet were covered with an alloy strip to
form a diffusion couple. The diffusion source penetrated
in a direction parallel to the C-axis, as shown in Fig. 1(b).

The alloy samples were analyzed by X-ray diffractometer
(XRD). The melting points of the alloy samples were
determined from differential thermal gravimetry (DTG).
The magnetic properties were measured using a high-
temperature permanent magnet measuring instrument
(NIM-500C type). The surface and cross of the magnet
were imaged after the GBDP using a scanning electron
microscope (SEM) with energy dispersive spectroscopy
(EDS) to characterize the morphology and chemical
distribution.

3. Results and Discussion

3.1. Grain boundary diffusion source

M1 and M2 are composed of an intermetallic compound
DyCu and solid solution f-Dy at room temperature.
Compared with M1, M2 has solid solution $-Dy as the
majority diffraction peaks, and several diffraction peaks
of Dy,0; are observed, as shown in Fig. 2. Owing to the
segregation phenomenon of M2, a few Dy which did not
alloy with Cu were oxidized to Dy,0;. The analysis of X-
ray diffraction patterns shows that M1 has a uniform
alloying, and there may be synergistic diffusion between
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Fig. 2. (Color online) XRD pattern of Dy-Cu binary alloy dif-
fusion source.

Dy and Cu, which is conducive to reducing the activation
energy of self-diffusion.

ICP-MS analysis shows that the composition of M1 is
Dyg,Cusz (at.%), and that of M2 is Dy,,Cus (at.%). As
shown in Fig. 3, the melting point of M1 is 796.5 °C
higher than 791.1 °C because Dy;,Cus (at.%) is a binary
eutectic point. Therefore, M1 and M2 can melt at the
diffusion temperature of 950 °C. Low melting point
eutectic alloys are the most common choice. Thus, we
chose Dy7,Cusg as the component for the doped alloy. It’s
easier to control the alloy composition when preparing
Dy-based alloys from pure metal elements. In contrast,
preparing Dy-Cu alloys with a content of 70:30 by
molten-salt electrolysis is hard to control. For practical
application, we prepared Dyg;Cus; by molten-salt electrolysis
with the composition closest to Dy7oCus.

3.2. Magnetic properties

Fig. 4 shows the variation curve of magnetic properties
of the magnet diffused at different times (1, 2, 4, 6 hours)
at 950 °C and annealing 3 hours at 550 °C. Within 4-6
hours of GBDP time, the coercivity of the GBDPed
magnets with M1 increased significantly, while the
coercivity of the GBDPed magnets with M2 did not
change. Combined with XRD analysis, it is deduced that
the undiffused f-Dy phase accounts for the majority
during the M2 diffusion process. Before the f-Dy phase
replaced Nd atoms and diffused into the magnet, there
was a process of forming low melting point compounds
with Nd and Cu in the grain boundary phase. In contrast,
the f-Dy of M1 had little effect on the diffusion process.

The demagnetization curves and magnetic performance
parameters of the corresponding magnets show in Fig. 5
and Table 1. The coercivity of the GBDPed magnets with
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Fig. 3. (Color online) DTG curve of Dy-Cu alloys strip heated
to 1000 °C at room temperature by 10 °C/min.

M1 and M2 increased to 19.0 kOe and 18.3 kOe,
respectively. M2 contains a few O, which would deteriorate
the coercivity [17]. Therefore, compared with the
GBDPed magnet with M2, the GBDPed magnets with
M1 performed with high coercivity.

The variation of remanence shows the differences
between the GBDPed magnet with M1 and the GBDPed
magnet with M2. Table 1 shows the remanence of the
GBDPed magnet with M1 decreased significantly with
the increase in GBDP time, reduced from 14.2 kGs to
13.4 kGs. Based on the above speculation, the content of
Dy in the surface grains of the magnet is higher, leading
to the remanence decrease. The remanence of the GBDPed
magnet with M2 was significantly reduced, compared
with that of the original magnet, but it hardly changed
with increasing diffusion time. As reported, the amount of
Dy in M2 infiltrated into the magnet is limited [18],
which makes the remanence almost unchanged. The
surface of the magnet was slightly polished to remove the
deteriorated surface layer [19], which also affected the
remanence.

After the GBDP with M1, the squareness degraded to
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Fig. 4. (Color online) Variation curve of magnetic properties
of Dy-Cu alloy diffusion treated magnets with the heat treat-
ment time.

poor 84.9 %. A non-uniform distribution of the HRE is a
characteristic of the patch GBDP [15]. Highlight that the
squareness of the GBDPed magnet with M2 is worse,
only 77.9 %. With the extension of the GBDP time,
changes in the microstructure of magnets and the diffusion
path of Dy occurred in the diffusion region [20]. With the
increase in GBDP times, the squareness difference
between the M1 diffusion magnet and the M2 diffusion
magnet is more significant. The distributions of Dy and
Cu along diffusion depth are analyzed below to clarify the
difference in magnetic properties.

3.3. Microstructure

There are three main diffusion behaviors of Dy in the
GBDP. Firstly, Dy diffuses from the diffusion source
body to the intergranular phase, then from the grain
boundary phase to the matrix phase epitaxial layer to
form the Dy-rich shell phase [5, 21]. With the extension
of heat treatment time, Dy will diffuse from the Dy-rich
shell phase to the Nd-Fe-B matrix phase [10, 22]. To
explore the diffusion behavior of M1 and M2 at the initial
stage of the GBDP and to clarify the reason for the
different diffusion rates caused by this difference, the
diffusion surface of the GBDPed magnets at 950 °C - 1 h
+ 550 °C - 3 h as for morphology characterization and

Table 1. The room temperature coercivity /j, remanence B,, variation of coercivity and remanence of the GBDPed magnet with

M1 (M2) at 950 °C for 1 - 6 h + 550 °C for 3 h.

Sample Original lh 2h 4h 6h
H (kOe) 12.1 15.6 (15.9) 16.7 (16.6) 18.3 (18.3) 19.0 (18.3)
B, (kGs) 14.2 13.8 (13.7) 13.5(13.8) 13.6 (13.9) 13.4(13.9)
AH/H; (Y0) - 289 (31.4) 38.0(37.2) 512(51.2) 57.0(51.2)
AB,/B, (%) - -2.8(-3.5) -4.9 (-2.8) -42(-2.1) -5.6 (-2.1)
Squareness (%) 97.6 86.1 (84.0) 85.3(82.2) 86.7 (81.7) 84.9 (77.9)

(*) The data in brackets represent /1 and AH/H,; of the GBDPed magnets with M2
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Fig. 5. (Color online) Demagnetization curve of the GBDPed magnet (a) GBDP with M1; (b) GBDP with M2.
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Fig. 6. SEM image of the diffusion surface of the GBDPed magnet at 950 °C - 1 h + 550 °C - 3 h, with the diffusion direction
perpendicular to the paper face inward (a) GBDP with M1; (b) GBDP with M2.

composition analysis.

It can be seen from Fig. 6(a) that there are three areas:
the large bright areas, the dark matrix areas, and the
bright areas between dark particles at 950 °C - 1 h + 550
°C - 3 h. The volume fraction of RE-rich phases occupies
more in the GBDP magnets with M2. The remanence
comparison results correspond with Table 1. The remanence
of the magnet treated with M1 is lower than that with M2.
To compare the differences between M1 and M2 in
different diffusion stages of Dy, using the GBDPed
magnet at 950 °C - 6 h + 550 °C - 3 h as samples. The
microstructures at 100 um, 200 um, and 400 pm away
from the diffusion surface were characterized as shown in
Fig. 7.

In Fig. 7(a), the Nd-rich phase further aggregated in the
triple junction region, even inside the matrix phase. The
aggregated Nd comes from the layered grain boundary
phase between NdFeB grains [17, 23], and the Nd
originates from the substitution of Dy [24-26]. In Fig.
7(b), the core-shell structure is visible, and the bright
color region mainly exists in the intergranular phase. Fig.

7(a) and Fig. 7(b) show that the diffusion of Dy was in
different stages at 100 um from the diffusion surface. The
core-shell structure is observed in both Fig. 7(c) and Fig.
7(d), but it is worth noting that the Nd-rich phase in Fig.
7(c) more evenly distributes around the matrix grains and
the boundary between the matrix phase is clearer. It
indicates that M1 diffused more fully at 200 pm from the
diffusion surface. Only slight shell phases exist in the
grains on the left side of Fig. 7(e), while no core-shell
structure is observed in Fig. 7(f). For the GBDPed magnet
with M2, the microstructure at 400 um is similar to the
original magnet.

The microstructure analysis of the magnet shows that
the diffusion degrees of M1 and M2 are different along
the diffusion depths. The GBDPed magnet with Ml
achieved a higher diffusion uniformity at 950 °C - 6 h +
550 °C - 3 h, consistent with its coercivity enhancement
and squareness in Table 1, but difficult to intuitively
determine which is better. Therefore, in the circular
regions selected in Fig. 7, we chose three points from the
grain boundary phase, the shell phase, and the matrix
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Fig. 7. SEM diagram of the GBDPed magnet along the thickness direction of the magnet (a), (b): 100 pum; (c), (d): 200 pm: (e), (f):
400 um; the diffusion direction is from left to right, GBDP with M1 in the left column and GBDP with M2 in the right column.

phase, respectively. The average value of each sample
was calculated, as shown in Fig. 8 and Fig. 9, and the
changes in Dy and Cu content at 100 pm, 200 pum, and
400 pm from the diffusion surface were studied (the
original magnet doesn’t contain Dy and Cu).

As shown in Fig. 8(a), for the GBDPed magnet with
M1, the diffusion of Dy from the shell to the main phase
grain was dominant at 100 pm; at 200 um, the content of
Dy in the Dy-rich shell is the highest, and the formation
of Dy-rich shell phase was dominant. Meanwhile, the
content of Dy in the matrix phase is 0.10, meaning Dy
had begun to diffuse into the matrix phase; at 400 um, the
formation of the Dy-rich shell phase dominated in the
GBDP. As Fig. 8(b) shows, for the GBDPed magnet with
M2, under different diffusion depths, Dy content decreases
with the increase of diffusion depth, and 400 um is the

diffusion limit of Dy. From the analysis of Fig. 6 and Fig.
7, Dy concentrated in the Nd-rich intergranular corner
phase, and the Nd-O compound would hinder the diffusion
of Dy [6, 27]. XRD shows the presence of oxygen in M2,
which is bound to deepen this effect. The result indicates
that the diffusion rate and depth increased by replacing
the doped alloy with the electrolytic alloy. Corresponding
to Fig. 4, the improvement of coercivity by M1 is
significantly better than that by M2.

RE-Cu alloys permeate into the grain boundary, forming
low melting point intergranular phases such as Nd-Cu
[28], Pr-Cu [29], (Nd, Dy)-Cu [11], and so on. The
distribution of Cu in intergranular phases with different
diffusion depths was studied. As shown in Fig. 9, the
content of Cu in the intergranular phase decreased with
increasing diffusion depth. It is worth noting that with the
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Fig. 8. (Color online) Distribution of Dy at different diffusion depths of magnets (a) GBDP with M1; (b) GBDP with M2.
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Fig. 9. (Color online) Distribution of Cu at different diffusion
depths of the GBDPed magnet.

increase of diffusion depth, the difference in Cu content
increased, indicating that the diffusion ability of Cu in M1
is superior. Dy and Cu in the electrolytic alloy are more
effectively alloyed to form a single intermediate alloy
phase, and the synergistic effect is intenser. Cu is easy to
diffuse, which drives the diffusion of Dy. At 400 pm,
about 15 % Cu was detected in the intergranular phase. It
formed the low-melting-point grain boundary phase with
Nd and provided the channel for Dy to diffuse to the deep
of the magnet. Therefore, increasing the diffusion time is
expected to further improve the diffusion depth of Dy
along the thickness direction of the magnet, to prepare
high-coercivity permanent magnets.

At the same GBDP time, the diffusion rate and depth of
the electrolytic Dy-Cu alloy are better than those of the

doped Dy-Cu alloy. In subsequent work, two-step eutectic
GBDP with low eutectic alloys made by molten-salt
electrolysis will be used to achieve higher remanence and
squareness.

4. Conclusions

The results show that it is a feasible way to prepare
high-performance sintered Nd-Fe-B by the GBDP with
the electrolytic Dy-Cu alloy instead of the doped Dy-Cu
alloy, and the following conclusions were obtained:

When the GBDP time is in the range of 4 to 6 h, the
improvement of the coercivity of the magnet by the
electrolytic alloy is more advantageous. Therefore, replacing
the doped Dy-Cu alloy with an electrolytic Dy-Cu alloy
can further improve the coercivity of the sintered Nd-Fe-
B magnet.

The diffusion degree of the electrolytic alloy at different
depths is better than that of the doped alloy, and the Dy in
the electrolytic alloy diffuses deeper. Therefore, the
electrolytic Dy-Cu alloy can increase the diffusion rate of
the diffusion source to improve the diffusion depth.

Dy and Cu in the electrolytic alloy are more effectively
alloyed to form a single intermediate alloy phase, and the
synergistic effect is intenser. Cu is easy to diffuse, which
drives the diffusion of Dy.
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