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In this paper, the effects of sulfur (S) doping on microstructure and magnetic properties of Nd-Fe-B sin-
tered magnets were studied. With 0.2 wt% S doping, the melting point of the Nd-rich eutectic phases
decreased from 1038 K to 1021 K. Clear and continuous grain boundary phases were also formed with
smaller grain size. The average grain size was 7.83 um, which was approximately 1.3 pm smaller than
that of the undoped magnets. The coercivity enhancement was attributed to boundary microstructure
modification and grain size optimization. The coercivity of the 0.2 wt% S-doped magnets increased from
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1. Introduction

Due to their high energy density, Nd-Fe-B sintered magnets
have been applied in various fields [1,2]. However, the coercivity
and the Curie temperature are too low for environmentally friendly
applications in hybrid vehicles, electric vehicles, and wind power
generators, where the required operating temperature is above
473 K [3-5]. At elevated temperatures, the effects of thermal acti-
vation on the reversal process are increased, which in turn
decrease the coercivity [6,7]. Generally, partial substitution of Dy
for Nd in the Nd,Fe4B phase is effective to enhance the coercivity
of Nd-Fe-B sintered magnets. (Nd, Dy),Fe;4B has a higher magnetic
anisotropy field, so Dy-containing magnets have higher coercivity
when compared to Dy-free magnets [8]. However, there is a strong
demand to reduce the usage of Dy from the highly coercive Nd-Fe-
B sintered magnets because of high cost and the scarcity of the
heavy rare earth elements. Furthermore, the heavy rare earth sub-
stitution leads to the decrease of produced energy [9,10]. Recently,
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many efforts have been undertaken to improve the coercivity of
magnets without introducing Dy.

It is well known that coercivity is influenced not only by the
magnetic anisotropy field of the Nd,Fe;4B phase, but also by the
microstructure [11,12]. Coercivity can be enhanced by optimizing
grain boundaries, lowering the melting temperature, and reducing
the grain size [13-15]. According to previous work, the microstruc-
ture improvement can be achieved by the addition of non-rare
earth elements. The grain growth inhibition can be achieved by
the addition of Mo, W and Nb, due to the grain boundary pinning.
The grain boundaries can be promoted with Al, Cu or Ga addition,
because these elements reduce the melting point and improve
wetting between the Nd,Fe 4B and Nd-rich phases [16-19]. Gener-
ally, sulfur (S) is thought to be an impurity element in most mate-
rials. Recently, demonstrations have shown that S powder addition
is beneficial for coercivity enhancement [19-22]. Li et al. found
that the coercivity of the MoS,-added magnets was higher than
the Mo-added magnets [20]. In the Dy/S co-doping magnets, S
addition also produces a Dy-saving effect due to the suppressed
formation of (Nd, Dy)cO, phases in the triple junctions [21,22].
However, little information is available about the effects of S intro-
duction on microstructure and magnetic properties of magnets,
especially on melting point and grain size inhibition.
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In this work, we investigated the effect of S doping in Nd-Fe-B
sintered magnets with respect to the melting point, grain size, dis-
tribution of grain boundaries and magnetic properties. In addition,
the distribution of S element was systematically studied and the
mechanism of coercivity enhancement with S introduction in the
magnets was established. We compared its magnetic and
microstructural properties with those of the S-free magnets.

2. Experimental procedure

The commercial Nd-Fe-B and S powders were used as the raw
materials. The purity of the raw materials was over 99%. Nd-Fe-B
powders (~5 pm) with a nominal composition of 31.0Re(Re-Nd,
Pr)-0.5Dy-bal.Fe-1.0B-4.0M(wt%, M-Cu, Al, Co, Cr), were mixed
with various amounts of commercially available sulfur (0.0, 0.1,
0.2, 0.3, 0.5 wt%) powders. This was done by ball milling for 1 h
using SPEX-8000 mixer/mill with steel balls and a ball-to-powder
weight ratio was 5:1. The average particle size of S powder was
about 5 um. After being pressed by die-upset in a magnetic field
of 17 kOe, the green compacts were vacuum-sintered at 1323 K
for 3 h. Subsequently, the magnets were annealed at 1203 K for
3 h and subsequently annealed at 758 K for 6 h.

The magnets were cut into cylindrical shapes with a dimen-
sional size of ® 8 x 5 mm> and mechanically polished. Density of
the sintered magnets was determined by the Archimedes’ principle
measurement. The magnetic properties at room temperature of the
processed magnets were measured by a magnetic measurement
device (NIM-200C). Thermal analysis was performed using differ-
ential scanning calorimetry (DSC, NETZSCHSTA449) under protec-
tive Ar gas. Microstructural studies were conducted by field
emission scanning electron microscope (FESEM, Supra55), operat-
ing at 15 kV. Average grain sizes and grain size distribution were
evaluated by an image analyzer (UTHSCSA Image Tool). Phase com-
position and identification were performed using electron probe
microanalysis (EPMA, JEOL, JXA-8230) and transmission electron
microscopy (TEM, Tecnai G2 F30 S-TWIN) combined with energy
dispersive spectroscopy detector (EDS, GENESIS) and selected area
electron diffraction (SAED). The TEM analysis was carried out at
300 kV. In addition, thin foil specimens for the TEM analysis were
prepared using an ion milling system.

3. Results and discussion

Table 1 and Fig. 1 show the corresponding magnetic perfor-
mance for the S-free and S-doped magnets. The density of the
undoped magnets is about 7.59 g/cm?, while that of the 0.2 wt%
S-doped magnets is 7.53 g/cm>. When the S addition increased to
0.5wt%, the density decreased to 7.42g/cm>® The density
decreased with increasing S content, as summarized in Table 1.
The measured coercivity Hg, remanence B, and maximum
magnetic energy product (BH)ma.x values of the S-free magnets
are 15.54 kOe, 12.30 kGs, and 36.71 MGsOe, respectively. With
0.1 wt% S addition, the H value increased to 16.03 kOe. When
increasing the S content to 0.2 wt%, the coercivity reached its
maximum value. The coercivity increased to 16.67 kOe, and the
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Fig. 1. Demagnetization curves for the undoped and S-doped magnets.

peak value was 7.3% higher than the S-free magnets. In addition,
the Br decreased from 12.30 kGs to 11.95 kGs, and (BH),ax changed
from 36.71 MGsOe to 35.98 MGsOe. The introduction of S 0.2 wt%
resulted in a slight decrease in B, and (BH)nha.x. Upon further
increasing S content to 0.5 wt%, the magnetic performance of the
magnets significantly decreased. The coercivity decreased from
16.67 kOe to 15.12 kOe. The proper S addition is beneficial to
enhance the coercivity in the magnets. However, excessive S addi-
tion leads to the deterioration in magnet density and magnetic
properties due to pores formation.

The microstructure changes and grain size distribution in the
magnets with different S content are shown in Fig. 2. The dark gray
regions are the Nd,Fe 4B main phases, and the bright regions cor-
respond to the Nd-rich phases. The bright contrast of the grain
boundaries suggests the existence of Nd-rich phases in the grain
boundaries. The grain boundary phases (GBPs), in the undoped
magnets, are discontinuous and not clearly visible, as seen in
Fig. 2(a). This means that the Nd-rich phases are not connected
well along the grain boundaries. In addition, the distribution of
the main phase grains is not uniform. With S doping, grain bound-
aries of the magnets are changed in morphology, as seen in Fig. 2
(b) and (c). Compared to the S-free magnet, clearly visible and
more continuous GBPs are observed in the 0.2 wt% S-doped mag-
nets, isolating the Nd,Fe,4B grains. Thus, the surface defects at
grain boundaries decreased, resulting in a suppression of the rever-
sal domain nucleation at the GBPs which may deteriorate the coer-
civity. However, when increasing the S content to 0.5 wt¥%, there
are many tiny defects along the grain boundaries, as seen in
Fig. 2(c). Therefore, full densification cannot be easily achieved,
as demonstrated by its low density of 7.42 g/cm>.

In the undoped magnets, the average grain size is 9.14 pm
which is relatively large, as seen in Fig. 2(d). In contrast, the grain

Table 1

Magnetic properties of the S-doped magnets as a function of the S content.
Sample Density Hg B, (BH)max Hi/H

[g-em™3] [kOe] [kG] [MGsOe]

NdFeB 7.59+0.01 15.54 12.30 36.71 0.97
NdFeB + 0.1 wt%S 7.58+0.01 16.03 12.03 36.24 0.97
NdFeB + 0.2 wt%S 7.53+0.01 16.67 11.95 35.98 0.96
NdFeB + 0.3 wt%S 7.47+0.01 16.07 11.67 35.06 0.96
NdFeB + 0.5 wt%S 7.42+0.01 15.12 11.19 33.88 0.94
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Fig. 2. Backscatter electron images and grain size distribution of: (a), (d) S-free; (b), (e) 0.2 wt% S-doped and (c), (f) 0.5 wt% S-doped magnets.

size is relatively small and the grain size distribution is more uni-
form in the S-doped magnets, as seen in Fig. 2(e) and (f). The aver-
age grain size for the 0.2 wt% S-doped magnets is 7.83 pum, while
that for the 0.5 wt% S-doped magnets is 7.3 pum. Thus, the average
grain size for the 0.2 wt% S-doped magnets is approximately
1.3 pum smaller than that of the undoped magnets. Therefore, grain
refinement is achieved with S addition. As a result, distribution of
the GBPs and grain size are optimized in the 0.2 wt% S-doped mag-
nets, resulting in coercivity enhancement. However, there exist
obvious defects, which may work against the magnetic perfor-
mance when increasing the S content to 0.5 wt%. Excessive S dop-
ing leads to the deterioration in the magnetic properties. Most
likely, the reduction of the magnetic properties occurred due to
the decrease of the density and the decrease of the volume fraction
of the main phase.
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Fig. 3. DSC curves of Nd-Fe-B sintered magnets with different S additions.

Fig. 3 presents the DSC curves of Nd-Fe-B sintered magnets with
different S content. The DSC analysis was performed from room
temperature to 1323 K, at a constant heating rate of 0.67 K/s.
Two endothermic peaks are observed on all DSC curves. The first
endothermic peak, Ty;, corresponds to the Curie temperature of
the Nd,Fe;4B phase, while the second endothermic peak, Tx,, cor-
responds to the melting point of the Nd-rich eutectic phases. Dur-
ing sintering, the Nd-rich eutectic phases primarily precipitate in a
liquid formed at Ty,. Upon further heating, the liquid phases pene-
trate into the grain boundaries between the Nd,Fe;4B phases.
Therefore, the wettability between the main phases and the
Nd-rich phases plays an important role on the microstructure
and magnetic properties. Compared with the undoped magnets,
Tyx: remained about the same in the S-doped magnets and, the
Curie temperature was around 600 K. The melting point, Ty, for
the 0.2 wt% S-doped magnets decreased from 1038 K to 1021 K.
Upon further increasing S content to 0.5 wt%, the melting point
of the magnets can be significantly decreased. Meanwhile, the
melting point decreases to 1011 K, and the value is actually lower
than that of the S-free magnets by about 27 K. This suggests that
the melting temperature is lowered with S addition, as shown in
Fig. 3. With the addition of low melting-point elements, the
liquidus temperature was reduced, resulting in the wettability
improvement and the formation of uniform and continuous of
GBPs [23]. Therefore, the melting point reduction with S doping,
may be the main factor, which caused the optimization of the GBPs
and grain size distribution. It can be inferred that S addition pro-
motes the uniformity and continuity of GBPs because it reduces
the melting point and improves wettability.

Fig. 4 shows the BSE image and EDS patterns of the 0.2 wt%
S-doped magnets. EDS analysis presents the composition differ-
ence between the Nd-rich phases. The EDS result proved that the
dark gray region (spot “A”) corresponds to the Nd,Fe 4B phases.
Two types of Nd-rich phases can also be recognized in Fig. 4(a):
one with a uniform white contrast, and the other with a slightly
gray contrast in the triple junctions. The former (spot “B”) is found
to correspond to the NdOy oxide phase, and the latter (spot “C”) is
found to be NdO,S, oxysulfide phase. The greyly contrasted oxysul-
fide phase appears as a globular inclusion, which looks similar to
the oxide phase. The new oxysulfide phases exist in the Nd-rich
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Fig. 4. (a) SEM images and the corresponding EDS patterns: (b) for the region A; (c) for the region B and (d) for the region C.

Fig. 5. SEM image and EPMA maps of Nd, O and S elements of the magnets with 0.2 wt% S addition: (a) SEM backscattered electron image; (b) Nd element; (c) O element, and
(d) S element.

triple junction regions of the 0.2 wt% S-doped magnets. To further the essential components of the Nd-rich phases at the triple junc-
confirm the distributions of S-containing precipitates, the distribu- tions. The Nd-rich phases may be composed of several different
tion of Nd, O, and S elements was conducted by the EPMA, as phases, depending on the O content. Commonly reported phases
shown in Fig. 5. It can be observed that Nd is dominant in the inter- are dhcp-Nd, fcc-NdO,, and hcp-Nd,03 [8]. The S distribution in
granular phase, and O is also enriched. Both Nd and O elements are the magnets is not uniform, as seen in Fig. 5(d). In addition, the
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Table 2

Composition of the Nd-rich phase in Fig. 7 determined by EDS (relative at.%).
Region Fe [at.%] Nd [at.%] O [at.%] Structure
C 7.4 84.9 7.7 dhcp
D 4.0 85.8 10.2 dhcp
E 4.7 79.8 15.5 fcc
F 5.9 75.8 183 fcc
G 6.3 67.5 26.2 1a3

S-containing precipitates are formed mostly in the Nd-rich triple
junctions, completely overlapping the Nd distribution. There is
no O in parts of the S-rich regions, just like the white mark shows
in Fig. 5(d). It can be inferred that the potential phase of S element
in the S-rich region might be NdS, or NdO,S,, depending on the S
content [24].

Fig. 6 shows the TEM bright field images, SAED, and EDS pat-
terns of the S-rich phases in the 0.2 wt% S-doped magnets. Both
Nd,0,S phase “A” and NdS; phase “B” are observed in the globular
precipitates at the triple junctions. The SAED patterns revealed that
regions “A” crystallized in a hexagonal structure with a = 0.395 nm,
and c=0.679 nm [25], as shown in Fig. 6(b). The measured dis-
tances from (000) to (011), (102) are 0.195 nm and 0.244 nm,
respectively. The zone axis is identified as [211]. The hexagonal
structure is corresponding to the Nd,O,S phase, with space group
P3m1. At the same time, another SAED pattern (Fig. 6(e)) revealed
that the S-rich phase in region B is a tetragonal structure with
space group P4/nmm. The measured distances from (000) to
(110), (110) are 0.290 nm and 0.285 nm, respectively. It can be
identified as NdS, phase with lattice parameters of a = 0.402 nm,
and c=0.803 nm [26]. The EDS patterns in Fig. 6 compares two
spectra acquired in regions “A” and “B”. In the NdS, phase, the O
peak is much lower than that in the Nd,0,S phase, whereas the S
peak is much higher. Microstructural observation proves that the
S-containing precipitates can be Nd,0,S or NdS, phase in the
S-doped magnets.

Fig. 7 compares the different crystal structures of the intergran-
ular Nd-rich phases in the 0.2 wt% S-doped magnets. SAED patterns
were obtained at five locations in the intergranular phases, marked
with “C” to “G”. The results of the composition analysis for differ-
ent regions in Fig. 7 are listed in Table 2. Fig. 7(b) shows that the
regions “C” and “D” have a low O content and are identified as
dhcp-Nd phases with lattice parameters a=0.366 nm, and
c=1.180nm [27]. In addition, the measured distance from (000)
to (002) is 0.588 nm, whereas the distance from (000) to (110) is
0.183 nm. It can be inferred that the dhcp-Nd phases appear as a

slab inclusion. Region “E” consists of fcc-NdO, with space group
Fm3m with the lattice parameter a =0.554 nm, as seen in Fig. 7
(c). And, the measured distances are 0.275nm and 0.277 nm,
respectively. The zone axis is identified as [400]. At the same time,
another SAED pattern was obtained from the region “F”, with the
zone axis [224] and the corresponding distances are 0.319 nm
and 0.195 nm. It can also be indexed as the fcc-NdO, type [28].
The SAED pattern in Fig. 7(f) revealed that the Nd-rich phase in
region “G” is fcc-Nd,05 with space group la3 [29], whose O content
is about 26.2 at.%. The measured distances from (000) to (222),
(400) are 0.318 nm and 0.273 nm. It has been reported that the
presence of 1a3 phase, with the unit cell parameter a = 1.108 nm,
is a general case in Nd-Fe-B sintered magnets [4]. There exists a
significant difference in Nd and O contents between different
Nd-rich phases, as shown in Table 2. The O distribution is non-
uniform. The dhcp-Nd phase consists of low O content, which is
likely to be a solid solution of O in Nd metal. When the O content
is between 11 at.% and 43 at.%, the crystal structure of the Nd-rich
phases is found to be of the fcc type [30]. The Nd-rich phases
appear as fcc-NdO, phase with 15-18 at.% O content, as show in
Table 2.

Fig. 8 shows the TEM and HRTEM image of the GBPs in the
0.2 wt% S-doped magnets. Clearly visible and continuous GBPs
can form a thin homogeneous grain boundary layer. The corre-
sponding HRTEM images shows that the GBPs are crystalline, as
shown in Fig. 8(b). Since the grain boundary layer of the GBPs is
relatively thick (~10 nm), it was possible to determine the compo-
sition with EDS analysis. The EDS result confirmed that the GBPs in
region “H” are Nd-rich phases. No sulfur peak can be identified in
the EDS pattern. The S element is mainly enriched in the Nd-rich
phases at triple junctions, as shown in Fig. 5.

The evident coercivity enhancement of the Nd-Fe-B sintered
magnets with 0.2 wt% S addition is achieved. The melting point
of the Nd-rich eutectic phases is lowered with S doping, as shown
in Fig. 3, thus improving the wettability and fluidity of the liquid
Nd-rich phase during sintering [20]. It has been reported that the
presence of a large amount of the liquid phase increases the num-
ber of abnormal grain nuclei causing them to impinge upon each
other and inhibiting the grain growth [31]. As a result, the
microstructure of the 0.2 wt% S-doped was optimized. Clear and
continuous GBPs are observed in the S-doped magnets. The aver-
age grain size is 7.83 um, approximately 1.3 pm smaller than that
for the undoped magnets. Therefore, a coercivity enhancement of
7.3% was obtained in the 0.2 wt% S, due to the smaller grain size
and formation of the clear and continuous GBPs. Excessive S doping
causes the sharp decrease in magnetic properties. Obvious defects

o B-Fe
o-Nd
A-O
®
L
VL
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Energy, keV

Fig. 8. (a) TEM, (b) HRTEM images and (c) EDS patterns from regions H in the 0.2 wt% S-doped magnets.
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are observed along the GBPs, as shown in Fig. 2(c). In addition, the
density of the S is about 2 g/cm?, far below the density of the mag-
nets. The deterioration of the magnetic properties might correlate
with the rapid decline in density and the decrease of the volume
fraction of the main phase.

The S element is mainly enriched in Nd-rich triple junctions, as
shown in Figs. 4 and 5, forming the Nd,0,S or NdS, phase. The S
distribution is also not uniform. The Nd-rich phases play an impor-
tant role in the magnetic properties. The results show that the
crystal structure of the Nd-rich phases is different with different
Nd and O contents, as seen in Fig. 7. The slab inclusions (Fig. 7
(a)) are the dhcp-Nd phase with low O content (<11 at.%). When
increasing the O content, the Nd-rich phases display an fcc
structure. The fcc Nd-rich phases have better wettability with the
Nd,Fe14B main phase [4]. In the 0.2 wt% S-doped magnets, the
fcc Nd-rich phases can be composed of NdO, or Nd,O; phase,
depending on the O content.

4. Conclusions

We have characterized the magnetic properties and microstruc-
ture of the S-doped Nd-Fe-B sintered magnets. The liquidus tem-
perature is lowered with increasing S content, leading to the
wettability improvement and grain refinement. The average grain
size and grain size distribution are optimized in the 0.2 wt%
S-doped magnets. As a result, the coercivity of the 0.2 wt% S doping
magnets is 16.67 kOe, 7.3% higher than that of the S-free magnets.
There is no notable decrease in the remanence and the maximum
magnetic energy product. In the S-doped magnets, parts of the oxi-
des are replaced by the Nd,0,S or NdS, phase in the triple-junction
regions. A variety of chemical composition and crystal structure of
the Nd-rich oxides are observed. The Nd-rich phases consist of
dhcp-Nd, fcc-NdO; and fcc-Nd,03 phases.
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