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Abstract

In this study, the effects of Dy,03/WS, co-doping on magnetic properties and microstructure of Nd-Fe-B—sintered magnets were
investigated. With WS, addition, microstructure regulation and coercivity improvement were achieved in the Dy-containing
magnets. The optimal magnetic performance was obtained in the 2 wt% Dy,03/0.4 wt% WS, co-doped magnets. The coercivity,
remanence, and maximum energy product were 1727.1 kA/m, 1.211 T, and 286.5 kJ/m’, respectively. The coercivity was 10.5%
higher than the WS,-free magnets, while there was no obvious change in the remanence and the maximum energy product.
Relatively clear grain boundary phases were observed with smaller grain size. The average grain size of the co-doped magnets
was 6.4 um, which was about 1.6 um smaller than the WS,-free magnets. More uniform Dy distribution was also obtained with
the Nd,O,S phase formation. Besides, the W element likely precipitated at the grain boundaries.
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1 Introduction

Due to their excellent energy products, Nd-Fe-B—sintered mag-
nets are widely used in the new energy field, including hybrid
electric vehicles, wind turbines, and wind power generators [1,
2]. Moreover, there is an increasing demand for their further
applications at elevated temperatures (above 200 °C), which
requires that the room temperature coercivity should be higher
than 1600 kA/m [3, 4]. Although the remanence and the max-
imum energy product of the Nd-Fe-B—sintered magnets are
close to their theoretical values, the coercivity only reaches ~
30% of the anisotropy field of the Nd,Fe 4B phase [5].
Generally, rare earth Dy element is introduced into the magnets
to significantly enhance the coercivity due to the higher anisot-
ropy field of the Dy,Fe 4B phase. In such a case, the ideal
scenario is when Dy atoms only precipitate in the outer regions
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of the Nd,Fe 4B phase forming a Dy-rich shell [6, 7]. Due to
the remanence decrease and resource scarcity, along with high
cost, there is a trend to reduce the usage of the Dy element
without sacrificing the coercivity.

Among all technologies of introducing the Dy element
into magnets, the methods based on grain boundary dif-
fusion have attracted much attention, where the Dy atoms
only diffuse into the outer region of the 2:14:1 phase. As
a drawback, it is only suitable for the magnets with a
limited thickness [8, 9]. Without the restriction on the size
of the magnets, multiple efforts on the Dy compounds
powder doping prior to sintering have been reported [10,
11]. Thereinto, Dy,0Os5 is the most commercial additive for
the Nd-Fe-B—sintered magnets. However, inhomogeneous
Dy distribution has been found in the magnets with
Dy,0; addition [12—14]. Most of the Dy atoms are
enriched in the triple junction regions of the Nd-rich
phases due to their higher affinity to O atoms [15]. To
solve this problem, Dy,S; instead of Dy,O; has been
introduced into the magnets [16]. Dy saving and coerciv-
ity improvement have been achieved with the formation
of the Nd-O-S phase. Dy atoms have been found to avoid
the Nd-O-S phase, resulting in more available Dy atoms
diffusing into the main phases [16, 17]. Besides, in our
previous studies, the sulfur element would significantly
decrease the melting temperature, thus optimizing the
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microstructure [18, 19]. Furthermore, in Bae et al.’s study,
WS, has been proven to effectively inhibit grain growth.
The interactions between W and Al elements have been
systematically studied [20]. However, the S effect in WS,-
containing magnets has not been studied.

In this study, we investigated the effects of Dy,03/WS, co-
doping on the microstructure and magnetic performance of the
Nd-Fe-B-sintered magnets. The relationships between W, S,
and Dy elements were evaluated. Besides, the microstructure
changes, element distribution and phase transformations were
systematically discussed.

2 Experimental Procedure
2.1 Preparation

The Nd-Fe-B powder (3—5 um, purchased from the
Tianjin Sanhuan Lucky New Materials Inc.), the Dy,0;
powder (1-3 pum, purchased from the China Grirem
Advanced Materials Co., Ltd), and the WS, powder (1-
3 um, Sinopharm Chemical Reagent Co., Ltd) were cho-
sen as the raw materials. First, the Nd-Fe-B powders of
32.5Re (Re-Nd, Pr, Gd)-bal. Fe-1.0B-1.54M (wt%, M-Al,
Co, Cr, Cu) were mixed with Dy,O5 (2 wt%) and WS, (0,
0.2, 0.4, and 0.6 wt.%) powders by the V-type mixer for
2 h. Then, the mixed powders were compacted in
1352 kA/m magnetic field. Subsequently, the green com-
pacts were vacuum-sintered at 1045 °C for 6 h with a
heating rate of 4 °C/min. After sintering, the magnets
were furnace-cooled to 930 °C for 2 h followed by
argon-cooling to room temperature. Finally, the annealing
treatment was carried out at 510 °C for 5 h.

2.2 Tests and Characterization

Four samples were prepared for each test to confirm repeat-
ability. The sintered density was measured according to the
Archimedes’ method. The room temperature magnetic perfor-
mance was determined by a magnetic measurement device
(NIM-200C). The microstructure observations were carried
out using field emission scanning microscopy (FESEM,
Zeiss SupraS5). The grain size distribution was analyzed by
an image analyzer (UTHSCSA Image Tool). Elemental distri-
bution was conducted by electron probe microanalysis
(EPMA, JEOL, JXA-8230) combined with energy dispersive
spectroscopy (EDS). Phase characterization was performed
using transmission electron microscopy (TEM, Tecnai G2
F30 S-TWIN) combined with selected area electron diffrac-
tion (SAED). An ion milling system was employed to prepare
a thin foil sample for TEM analysis.
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3 Results and Discussion

After sintering, all magnets were nearly completely dense, as
shown in Table 1. The density was above 7.55 g/cm>.
Although the volume percent of the Nd,Fe 4B phase de-
creased with Dy,0O; and WS, addition, the decrease of
sintered density was not obvious. The density of Dy,0; was
7.81 g/cm3, while that of WS, was 7.5 g/cm3, which were
close to the density of the Nd-Fe-B magnets. This was the
reason why the decrease in density was not obvious with the
Dy,05 and WS, co-doping. Figures 1 and 2 present the mag-
netic performance of the co-doped magnets. For the magnets
containing 2 wt% Dy,0s3, the corresponding coercivity (),
remanence (B,), and maximum energy product (BH),,,,x were
1.219 T, 1563.2 kA/m, and 288.2 kJ/m°, respectively. With
increasing WS, content, the H,; increased before decreasing,
while B, and (BH),,,.x continuously decreased. The maximum
H_; value was obtained in the 2 wt% Dy,03/0.4 wt% WS, co-
doped magnets. Correspondingly, the H . value was
1727.1 kA/m, which was 10.5% higher than the WS,-free
magnets. The values of B, and (BH),,x were 1.211 T and
286.5 kJ/m’, respectively. It is worth noting that there was
no obvious decrease in B, and (BH),,,x with the 0.4 wt%
WS, addition. With excess WS, addition, the H,; reduced.
Therefore, the optimal WS, content for the co-doped magnets
was 0.4 wt%.

The coercivity change was closely related to the micro-
structure. Therefore, the microstructure and grain size distri-
bution were characterized, as shown in Fig. 3. Typical micro-
structure of Nd-Fe-B—sintered magnets was observed, which
mainly consisted of the Nd,Fe 4B phase and the Nd-rich
phase. The dark region is the main phase, while the bright
region is the Nd-rich phase. As shown in Fig. 3(a), no obvious
grain boundary phase (GBP) was observed. In theory, thin and
continuous GBP should be distributed along the Nd,Fe 4B
phase to weaken the magnetic exchange interaction between
adjacent grains. The average grain size of the WS,-free mag-
nets was about 8 um. In contrast, thin and obvious GBP was
obtained in the co-doped magnets with 0.4 wt% WS, addition,
as shown in Fig. 3(b). With WS, addition, grain refinement
and more uniform grain size distribution were achieved. The
average grain size of the co-doped magnets was about
6.44 pum, which was approximately 1.6 pm smaller than the
WS,-free magnets. Therefore, the coercivity improvement of
the co-doped magnets was attributed to grain refinement and
GBP optimization. Refractory metal (RM), such as W, was an
effective additive to inhibit the grain growth by grain bound-
ary pinning [21]. As for the S element, it also helped to refine
the grain due to the decrease of melting temperature of the Nd-
rich phase [18, 19].

To evaluate the relationships between W, S, and Dy atoms,
the elemental distribution analysis was carried out. As shown
in Fig. 4, the Nd-rich phases mainly consisted of Nd and O
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Table 1 Density of the co-doped
magnets with different WS, WS, content (wt%) 0 0.2 0.4 0.6
contents
Density (g/cm®) 7.59 +£0.01 7.59 £ 0.01. 7.58 £ 0.01. 7.56 +0.01.

elements. The distribution of the Dy element was nonuniform,
just as the marked white circle. Part of the Dy atoms were
enriched in the Nd-rich phases at the triple junction regions
due to their high affinity to O atoms. This result was consistent
with the literature [12—14]. Compared with the WS,-free mag-
nets, the distribution of the Dy element in the co-doped mag-
nets was more uniform, as shown in Fig. 5. No Dy clusters
were observed in the triple junction regions. The Nd-rich
phases were mainly composed of Nd, O, and S elements. It
can be inferred that the S-rich phase should be neodymium
(oxy)sulfide. As reported in the studies [16, 17], with the S
element introduction, the Nd,O,S phase was formed instead
of Nd,O, phase, and Dy atoms were excluded by the Nd>O,S
phase, resulting in more Dy atoms diffusing into the
Nd,Fe 4B phase and coercivity improvement. It was worth
noting that although W element was also introduced into the
magnets, the distribution of W was not obvious without W-
rich phase being detected.
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Fig. 1 The changes of a H, b B, and ¢ (BH)sx for Dy,03/WS, co-
doped magnets with different WS, contents

Correspondingly, the EPMA-EDS line scans were per-
formed to analyze the change of elemental distribution in dif-
ferent phases, as shown in Fig. 6. In the WS,-free magnets,
Nd, O, and Dy elements were detected in the Nd-rich phase,
and the result was consistent with Fig. 4. In contrast, no obvi-
ous peaks of Dy element were observed in the Nd-rich phase
of the co-doped magnets, as shown in Fig. 6(b). Interestingly,
the S element was found in the Nd-rich phase instead of the
Dy element. However, the distribution of S element was not
uniform. It can be inferred that the Nd-rich phases at the triple
junction regions were mainly composed of the Nd-O and Nd-
O-S phases in the co-doped magnets. It was worth noting that
there was one peak of W element, although the peak was not
obvious. To further confirm the existence of the W element,
the marked rectangle was magnified, shown as the purple EDS
pattern. One peak of the W element was observed at the grain
boundary. Therefore, the W element potentially precipitated at
the grain boundary.

The phases’ identification was carried out, as shown in
Fig. 7. According to EDS analysis, region “A” was corre-
sponding to the S-rich phase, which was enriched in the triple
junction regions. Two sets of SAED patterns of the region “A”
are presented in Figs. 7(b, ¢). The zone axis in Fig. 7(b) was
corresponding to [211], while in Fig. 7(c) it was analyzed as
[100]. In terms of the SAED analysis, the S-rich phase was
identified as hexagonal Nd,O,S phase with lattice parameters
a=0.395 nm, ¢=0.679 nm. The HRTEM image and corre-
sponding FFT image in Fig. 7(f) were characterized to further
demonstrate the crystal structure of the S-rich phase. The ob-
vious interface was observed, which was corresponding to the
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Fig. 2 The corresponding demagnetization curves of Dy,O3/WS, co-
doped magnets
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Fig. 3 Microstructure and grain size distribution of a 2 wt% Dy,03-doped and b 2 wt% Dy,05/0.4 wt% WS, co-doped magnets

grain boundary phase. It has been reported that the W element
was found at the grain boundary phase-forming WFeB phase
[20, 21]. Fine WFeB phase was effective to inhibit grain
growth under the action of grain boundary pinning.
However, there was no any W-rich phase found in the
Dy,03/WS, co-doped magnets by using TEM. In all regions,
including the Nd-rich phase, the main phase, and the grain

Fig. 4 Dy, Nd, and O elements
distribution of WS,-free magnets
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boundary phase, no such phase was detected. It might be
related to the limited regions checked by the TEM analysis.
Combined with the EPMA-EDS analysis in Fig. 6(b) and the
reported studies [20, 21], it can be speculated that the W-rich
phase precipitated at the grain boundary was the WFeB phase.

Therefore, the WS, addition can significantly increase the
coercivity of the Dy-containing Nd-Fe-B—sintered magnets.
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Fig. 5 Dy, Nd, O, S, and W elements distribution of 0.4 wt% WS, containing magnets

First, with the W introduction, W element would react with Fe
and B elements to form fine WFeB phase at the grain bound-
ary [20, 21]. As aresult, the grain growth was inhibited. Then,
S addition was known to decrease the melting point of the Nd-
rich eutectic phase, thus also resulting in the grain refinement
and GBP optimization. Combined with the above-mentioned
factors, the average grain size of Dy,O3/WS, co-doped mag-
nets was significantly decreased from 8 to 6.4 um compared
with the WS,-free magnets. Besides, the distribution of the Dy
element became more uniform due to the existence of the
Nd,O,S phase. It has been reported that Dy atoms avoided
the neodymium (oxy)sulfide phases [16]. This was why more
available Dy atoms diffused into the 2:14:1 phase. Overall, the
coercivity improvement of the co-doped magnets was

attributed to grain refinement, grain boundary modification,
and the optimization of Dy distribution. The optimal WS,
content was 0.4 wt% in the co-doped magnets.
Correspondingly, coercivity improvement of 10.5% was
achieved with a slight decrease of the remanence and maxi-
mum energy product. With excessive WS, addition, the coer-
civity began to decrease. In such a case, although there was no
big difference between the sintered density of the magnets, the
volume percent of the main phase decreased accordingly.
More Fe and B atoms were consumed from the main phase
to form the WFeB phase. Moreover, as reported in the litera-
ture [20], large WFeB precipitates were observed in the mag-
nets with 0.6 wt% WS, addition. These two reasons might
give rise to the lower coercivity.
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Fig. 6 EPMA-EDS line scan patterns taken from the red arrows in a Fig. 4 and b Fig. 5
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Fig.7 a TEM image of 2 wt% Dy,03/0.4 wt% WS, co-doped magnets, b, ¢ SAED patterns of region A, and corresponding HRTEM images of d, e grain

boundaries, and f S-rich phase
4 Conclusions

In summary, the magnetic performance, microstructure, el-
emental distribution, and phase transformations of Dy,03/
WS, co-doped Nd-Fe-B—sintered magnets were studied. In
the 2 wt% Dy,03-doped magnets, no clear and continuous
grain boundary phase was observed with relatively large
grain size. Besides, the distribution of Dy element was not
uniform with obvious clusters existing in the Nd-rich
phases. To regulate grain size and optimize Dy distribu-
tion, WS, was introduced into the Dy-containing magnets.
The optimal WS, content in the Dy,03/WS, co-doped
magnets was 0.4 wt%. Consequently, the average grain
size decreased from 8 to 6.4 um. Relatively obvious grain
boundary phase was obtained. Besides, the distribution of
Dy element was more uniform due to the formation of the
Nd,O,S phase. Therefore, the coercivity increased from
1563.2 to 1727.1 kA/m without obvious change in the
remanence and the maximum energy product.
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