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We studied the magnetic properties and domain evolution of annealed and TbF3-diffused sintered Nd—Fe—B magnets
using the electrophoretic deposition method. After TbF3 diffusion, the coercivity increased significantly by 9.9 kOe and
microstructural analysis suggested that Tb favored the formation of the (Nd, Tb),Fe 4B shell phase in the outer region of
the matrix grains. The first magnetization reversal and the dynamic successive domain propagation process were detected
with a magneto-optical Kerr microscope. For the TbF3-diffused magnet, the magnetization reversal appeared at a larger
applied field and the degree of simultaneous magnetization reversal decreased compared with an annealed magnet. During
demagnetization after full magnetization, the occurrence of domain wall motion (DWM) in the reproduced multi-domain
regions was observed by the step method. The maximum polarization change resulting from the reproduced DWM was
inversely related to the coercivity. The increased coercivity for the diffused magnet was mainly attributed to the more
difficult nucleation of the magnetic reversed region owing to the improved magneto-crystalline anisotropy field as a result

of Tb diffusion.
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1. Introduction

Popularizing energy-saving rare earth permanent mag-
net motors and developing renewable wind power genera-
tion are effective ways to realize green and sustainable de-
velopment. Nd-Fe-B permanent magnets are extensively ap-
plied in traction motors and wind power turbines owing to
their excellent intrinsic magnetic properties, such as a high
magneto-crystalline anisotropy field and maximum magnetic
energy product.!l:?) The addition of heavy rare earth (HRE)
elements (Dy and Tb) is a useful method to achieve high co-
ercivity, which can meet the requirements of high-temperature
applications. 34!

The nucleation mechanism of reverse domains was
thought to be the predominant mechanism of magnetiza-
tion reversal for sintered Nd-Fe-B magnets. The nucle-
ation sites are usually the grain boundaries and the surface
of Nd;Fe4B grains, regions where the localized magneto-
crystalline anisotropy field (H, ) is much lower.>®! Therefore,
it is expected that substitution of HRE elements mainly oc-
curs at grain boundaries and the outer region of Nd,Fe 4B
grains. The grain boundary diffusion method has been widely
reported: HRE elements diffuse from the surface to the inte-
rior of magnets primarily through grain boundaries, and then
substitute for Nd in the outer region of matrix grains in this
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s.I791 Therefore, HRE elements introduced by grain

proces
boundary diffusion treatment can effectively harden the lower-
Hy regions and substantially reduce the content of HRE ele-
ments in the preparation of high-coercivity magnets, but with
a slight decrease in the remanence.!!%-13]

It is well known that the coercivity of Nd—-Fe-B perma-
nent magnets is a parameter that is sensitive to microstruc-
ture. The relationship between the microstructure and the co-
ercivity of sintered Nd-Fe—B magnets has been experimen-
tally clarified. According to Refs. [16,17], both the higher Hx
of a HRE-rich core—shell structure and the continuous Nd-rich
grain boundary phase are conducive to improved coercivity.
Furthermore, micromagnetic simulation indicated that the co-
ercivity of grain boundary diffusion-processed sintered Nd—
Fe—B magnets was not influenced by the HRE concentration
in the core region when the thickness of the HRE-rich shell
was more than about 15 nm, but only the Ha of the HRE-rich
shell determined the coercivity of the diffused magnets.[!®)

Magnetic domain observation is helpful for understand-
ing the magnetization reversal mechanism of sintered Nd—Fe—
B magnets. The observation of domains with applied mag-
netic fields at elevated temperature indicated a decrease in the
coercivity of sintered Nd—Fe—-B magnets at high temperature,

attributed to the reduction of Ha.['®! There has been much re-
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search on Tb diffusion in different forms, such as inorganic
Tb compounds, Tb metals and Tb-containing alloys. [!0-20-23]
However, under an applied magnetic field, how magnetization
reversal and its propagation process occur and the impact of
Tb diffusion on the magnetization reversal process have not
yet been sufficiently discussed. Therefore, it would be worth-
while to intensively research the demagnetization mechanism
of annealed and TbF3-diffused sintered Nd—Fe—-B magnets in
order to fully understand the coercivity mechanism and max-
imize the coercivity. In this paper, using a magneto-optical
Kerr microscope and the step method, we systematically in-
vestigate the influence of Tb diffusion on the dynamic domain
evolution and demagnetization behavior of sintered Nd—Fe—
B magnets, further illuminating the correlation between mi-
crostructure and magnetic properties and leading to a full un-
derstanding of the mechanism of coercivity enhancement.

2. Experimental details

Sintered Nd—Fe—B magnets without added HRE elements
of composition (Pr, Nd)3oM; 25FepB1 (M = Al, Cu or Co,
wt.%) were prepared using the powder metallurgical method.
The as-sintered magnets without any post-sintering heat treat-
ment were cut into small pieces with a thickness of 3 mm.
The magnets as the anode and steel plates as the cathode were
both immersed in an ethanol-based TbF3 suspension. Elec-
trophoretic deposition (EPD) was carried out at a DC volt-
age of 30 V=100 V for different times to control the thick-
ness of the TbF3 coating. After the EPD process, even TbF;
coatings covered the whole surface of the as-sintered magnets.
For comparison, the TbF3-coated magnets and the as-sintered
magnets were all treated at 900 °C for 10 h and subsequently
annealed at 490 °C for 2 h in a vacuum; these are called the
TbF3-diffused samples and the annealed samples, respectively.

The magnetic properties were measured by a NIM-500C
magnetic measuring device and the minor loops under various
applied fields were obtained using a physical properties mea-
surement system (PPMS-9, Quantum Design). Backscattered
electron images and elemental distributions were acquired us-
ing a scanning electron microscope (SEM) (Quanta FEG 250)
equipped with an energy dispersive x-ray spectrometer (EDS)
(Oxford INCA system). Magnetic domain observations in ex-
actly the same area were done using a magneto-optic Kerr mi-
croscope (Evico Magnetics GmbH). The range of the applied
magnetic field in the horizontal direction was from 1300 mT
to —1300 mT.

3. Results and discussion

Figure 1 shows the demagnetization curves of the an-
nealed sample and the TbF3-diffused sample at room temper-
ature. It is clear that the coercivity of the annealed magnet

is 15.3 kOe, while the TbF3-diffused magnet shows a much
higher coercivity of 25.2 kOe. Compared with the annealed
sample, the increase in coercivity is 9.9 kOe and the reduc-
tion in the remanence after TbF3 diffusion is about 0.8 kGs.
During diffusion, Tb atoms substituted for Nd in the matrix
grains, resulting in a reduction in the remanence due to antifer-
romagnetic coupling between Fe and Tb. The remanence was
measured when the surface layer had not been removed. The
squareness value of the TbF3-diffused sample decreased due
to the inhomogeneous distribution of Tb element. The demag-
netization curves indicate that the coercivity can be enhanced
efficiently using TbF3 diffusion by the EPD method.
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Fig. 1. Demagnetization curves of the annealed sample and the TbF3-
diffused sample.

Figure 2 shows cross-sectional SEM images and the EDS
concentration line profiles of Pr, Nd, Tb and Fe across the ma-
trix grain of the TbF3-diffused magnet. We can see that the
Tb-rich core—shell structure, which was clearly visible in the
back-scattered image as a gray reaction phase surrounding the
dark Nd,Fe4B grains, is well developed after TbF3 diffusion.
The thickness of the Tb-rich shell near the surface is about
1.9 pm, as shown in Fig. 2(a). Because of the Tb element gra-
dient diffusion, the size of the Tb-rich core—shell structure in-
side the magnet is dependent on the distance from the surface.
The thickness of the Tb-rich shell gradually becomes thinner
with increasing depth. The Tb-rich core-shell distribution in
the TbF3-diffused magnet was maintained to a depth greater
than 500 pm.

From the Tb concentration line profile across the whole
grain, we find that there are strong Tb M peaks in the outer
region of the matrix grain (Fig. 2(b)). This indicates that Tb
diffused into the magnet and formed a Tb-rich (Nd, Tb),Fe 4B
core—shell phase. To detect the distribution of Tb in the grains,
the EDS results from the outer region to the core region of the
matrix grain are shown in Fig. 2(c). The Tb concentration
presents a gradient distribution, and gradually decreases from
the shell to the core areas of the grain, ranging from 4.73 wt%
to 0.08 wt%. That is to say, Tb element hardly entered the
center of the main phase and was not uniformly distributed in
the grain, which can effectively reduce the amount of HRE el-
ements. The higher Hy of the Tb-rich shell may impede the
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nucleation of reverse magnetic domains in the matrix grains,
[4.6]

promoting the increase in coercivity.

(c) Element (wt%)
Position
Pr Nd Th Fe Al Co F o
1 8.00 13.29 4.73 70.32 0.61 0.99 1.03 1.03
2 10.21 15.54 0.08 70.21 0.58 0.92 1.16 1.30
3 27.85 30.63 1.24 15.49 0.37 0.57 18.73 5.12

Fig. 2. (a) Cross-sectional SEM image of the TbF3-diffused sample. (b)
The EDS concentration line profiles of Pr, Nd, Tb and Fe taken from the
red line in part (a). (c) The EDS element analysis results for the selected
areas in part (a).

To further study the magnetization reversal process in sin-
tered Nd-Fe-B magnets, the domain evolution of the in situ
Kerr domain images with different applied magnetic fields
for the annealed sample and the TbF3-diffused sample was
observed using a magneto-optical Kerr microscope. The c-
axis of the annealed sample and the TbF;-diffused sample was
both in-plane. During observation, the applied magnetic field
was ramped manually from 41300 mT to —1300 mT. Fig-
ure 3 shows the SEM image and the in sifu Kerr domain im-
ages of the annealed magnet at different applied fields. As
shown in Fig. 3(a), in the annealed magnet, the grain bound-
ary phase is not continuous, and many adjacent hard mag-
netic grains have direct contact with each other. In the Kerr
domain images, the direction of the external magnetic field
applied on the sample is antiparallel to the magnetization di-
rection of the magnet. Before observation with the magneto-
optical Kerr microscope, the sample was first magnetized with
a 5 T applied magnetic field using a pulse magnetizer. After
magnetization by a 5 T external field, almost all grains ex-
hibit single-domain state. However, there are still a few grains
with multi-domain structure, mainly because of the absence
of the grain boundary phase in the polished grains near the
surface. During demagnetization, while the applied magnetic
field changed to 4700 mT nucleation of the first reversed do-
main was observed, and then the domain state in one grain
transformed from the single-domain state to the multi-domain
state, as shown in Fig. 3(c). In the magnetization reversal pro-
cess, these low-coercivity multi-domain grains had a higher
potential to act as initiators, where the reversed domains would
prefer to form. The reversed domains grew and spread through
many adjacent grains when the applied field was further de-
creased to —150 mT, as indicated by the dashed-line ellipses in
Fig. 3(f). Cascade-type domain propagation was observed and

the degree of simultaneous magnetization reversal increased as
the applied field was lowered. At an applied field of —300 mT,
some grains were inversely saturated. All grains were in-
versely saturated upon subjecting the sample to a field value
of —1200 mT (Fig. 3()).

@) (b) +1300 mT  (c) +700 mT

il et

(€) -50 mT

0150 mT (h)-500mT  ()-800mT (j)-1200 mT

Fig. 3. The annealed sample: (a) cross-sectional SEM image and (b)—(j)
in situ Kerr domain images at different applied fields.

As shown in Fig. 4(a), in the TbF3-diffused sample, the
Tb-rich (Nd, Tb),Fe 4B shell structure is well developed in the
outer region of the hard magnetic grains. Furthermore, the Nd-
rich grain boundary phase is more continuous and thicker than
that of the annealed sample. During the substitution of Tb for
Nd in the Nd;Fe 4B grain to form the Tb-rich (Nd, Tb),Fe 4B
phase, excess Nd was ejected from the matrix grains and pre-
ferred to move to the grain boundaries. As a result, the ejected
Nd made the grain boundary phase become more continuous
and thicker during the TbF; diffusion process. However, in
the in situ Kerr domain images there is no significant differ-
ence between the core and shell areas in a single grain dis-
tinguished from the domain contrast because of the low sen-
sitivity of the magneto-optic Kerr microscope.?®! The TbF;-
diffused magnet showed a distinct difference in the magne-
tization reversal and domain propagation process compared
with the annealed magnet. In the remanent state, no forma-
tion of reversed domains was observed (Fig. 4(c)). Unlike the
case of the annealed magnet, the first magnetization reversal
in the TbFs3-diffused magnet appeared at a field of —200 mT,
and the magnetic domain state in one grain changed from
the single-domain state to the multi-domain state, as marked
with dashed-line ellipses in Fig. 4(d). This reversal occurred
at a larger field than for the annealed magnet. The reverse
grains were weak points, from where the magnetization re-
versal propagated to their adjacent grains. While the applied
field further changed to —450 mT, the reverse magnetic do-
mains gradually spread inside the same grains, and the number
of grains with reversed domains increased. The reversed do-
mains continued to expand and spread to the adjacent grains
at a larger applied field, i.e., —550 mT (Fig. 4(f)), the field
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at which some grains were reversely saturated compared with
the annealed sample. At higher applied fields, cascade do-
main propagation is observed in a few grains (Figs. 4(g) and
4(h)). At the same time, the number of neighboring grains
influenced by the simultaneous magnetization reversal in the
TbF;-diffused sample was smaller than in the annealed mag-
net, indicating that the degree of simultaneous magnetization
reversal was reduced for the TbF3-diffused magnet with high
coercivity. Under the maximum applied magnetic field of the
magneto-optic Kerr microscope, all grains were saturated in-
versely (Fig. 4(j)). Compared with Figs. 3(a) and 4(a), the
microstructure of the magnets changes obviously after TbF3
diffusion, therefore, the external field at which the first magne-
tization reversal and simultaneous magnetization reversal oc-
curred is dependent on the microstructure of the magnets. The
Tb-rich (Nd, Tb),Fe 4B shell with a much higher magneto-
crystalline anisotropy field formed in the outer region of the
hard magnetic grain after diffusion prevented the nucleation
and propagation of the reversed domain in the Nd,Fe4B
grains. The external magnetic field applied during demagneti-
zation for the TbF3-diffused sample was much larger than that
for the annealed magnet, leading to a higher coercivity.

(@) (b) +1300 mT
f K B o T

"

(¢) 0mT (d) -200 mT

(€) -450 mT

LA

(8)-750 mT O90mr
Fig. 4. The TbF3-diffused sample: (a) cross-sectional SEM image and
(b)—(j) in situ Kerr domain images at different applied fields.

Figure 5 shows the minor loops during demagnetization
of (a) the annealed and (b) the TbF3-diffused magnets mea-
sured by the step method. The samples were first fully mag-
netized with an applied magnetic field of 5 T before the de-
magnetization measurements. In the annealed magnet, when
the external magnetic field was near 0 T or the field was less
than —1.6 T, the minor loops under each applied field show
a similar shape. In these loops, the values of the polarization
J(Happi) and the remanence J;(Hypp) in the same cycle un-
der the magnetic field (Hypp1) are almost the same. The same
polarization indicates that once the magnetization reversal oc-
curred at the applied field Hypp it retains the magnetic structure
even if the external field drops to zero. However, under an ap-
plied field of —1.0 T to —1.6 T, the shape of the loops changes
slightly. When the polarization decreased to J(Hyppl) With an
applied field Hyppl, the polarization obviously increases to the
remanence at J(Happ1). The physical explanation for this in-
crease in polarization is that it stemmed from the reproduced

domain wall motion (RDWM), Jrpwwm, in accordance with the

[271 Some regions re-

results of susceptibility measurements.
turned to multi-domain state while the external field was lower
than the demagnetizing field. The reproduced multi-domain
regions (RMDR) was generated by nucleation of the magne-
tization reversal center and the continuous propagation of the
reversed region to their neighboring area. In contrast, the mi-
nor loops of the TbFz-diffused sample in Fig. 5(b) only had
small RDWM, especially under an applied field of —2.2 T to
—3.0 T, and the increases in Jrpwwm were different from those

of the annealed sample.

1.5 1.5

() (b)

E 1.0 E 1.0
= 0.5 = 0.5
) )
= =
R E
5 _os 5 _osl
< —0. < —05
A [

—-1.0 —1.0f

L83 —2 -1 0 “MTIETTE ST o3 -2 -1 o

Applied field (T) Applied field (T)
1.5 1.5
(c) — (d)

o 10 J(H ) o Lof J(Happ)) —p—
= 0.5 JrRDOWM = 0.5F Jrpwm
) 2
ge} =
N .
=4 =4
£ -0.5 = —0.5F
g £

~1.0 —1.0f

_ —1.5k

L5 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0

Applied field (T) Applied field (T)

Fig. 5. Results of step method measurements in (a) the annealed sample
and (b) the TbF3-diffused sample, as well as the separated RDWM using
the equation Jrpwm = Jr(Happl) — J (Hagpt) for (c) the annealed sample
and (d) the TbF3-diffused sample.

Figures 5(c) and 5(d) show the Jrpwm values calculated
from Jrpwm = Jr(Happt) — J(Happ1) in the measured loops,
shown in Figs. 5(a) and 5(b) for the annealed and TbFs-
diffused magnets. The Jrpwwm values exactly correspond to
the polarization change caused by RDWM as indicated in the
minor loops. The results show clearly different behavior in
the RDWM between the annealed and TbF3-diffused magnets.
In the annealed sample, JRpwm Was very small for applied
fields from O T to —1.0 T, but increased in applied fields below
—1.0 T and showed a large JrRpwm. The Jrpwm gradually de-
creased when the applied field reduced from —1.4 T to about
—1.6 T. In contrast to the annealed sample, Jrpwwm of the dif-
fused sample was small during demagnetization. The maxi-
mum Jrpwm decreased with increasing coercivity in the an-
nealed sample (Jrpwm = 0.29 T) and the TbF3-diffused sam-
ple (JRpowm = 0.13 T). The fraction of the maximum Jrpwm
to the saturation polarization (J5), JRowm/Js, was utilized for
defining the maximum volume fraction of the regions where
the multi-domain structure returned during demagnetization.
The sample which had a big RMDR volume ratio presented
a relatively large JrpwMm and small coercivity. This was be-
cause when the value of Jrpwm/Js in the sample was large,
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the volume ratio of the reproduced multi-domain regions was
large; therefore the process of expansion to the surrounding
area from the magnetization reversal region was easy. The in-
creased coercivity in the TbF3-diffused magnet can be mainly
attributed to the more difficult nucleation of magnetic reversed
portions due to the increased Hp.

4. Conclusion

The magnetic properties, microstructure and domain
structure of sintered Nd—Fe—B magnets with and without TbF3
diffusion by electrophoretic deposition technology were stud-
ied. After TbF3 diffusion, the coercivity was significantly
enhanced from 15.3 kOe to 25.2 kOe. The Tb-rich (Nd,
Tb),Fe 4B shell phase in the outer region of the matrix grains
was well developed in the TbFs-diffused sample. The first
magnetization reversal and the dynamic successive domain
propagation process were found using a magneto-optical Kerr
microscope. In the annealed magnet, cascade propagation of
the reversed domain throughout many neighboring grains was
observed. In contrast, the magnetization reversal appeared at
a larger applied field and the degree of simultaneous magneti-
zation reversal decreased in the TbF3-diffused magnet. By the
step method, domain wall motion was observed, and domain
wall motion was generated in the RMDR during demagnetiza-
tion after full magnetization. The maximum Jrpwwm decreased
with increasing coercivity, and varied from Jrpwym = 0.29 T
for the annealed sample to Jrpwm = 0.13 T for the TbF3-
diffused sample. The increased coercivity in the diffused sam-
ple is mainly attributed to the more difficult nucleation of the
magnetic reversed region owing to the enhancement of the
magneto-crystalline anisotropy field by Tb diffusion.
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