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Abstract

The effects of Dyg,Fe,, (Wt%) powder doping on the magnetic properties and thermal stability of the hot-deformed (HD)
Nd-Fe-B magnets are studied. The coercivity (H,;) greatly increases from 12.55 kOe for the original magnet to 18.23 kOe by
doping 2 wt% Dyg,Fe,, powder, which shows an increase of 45.3%. Interdiffusion occurs between the Dyyg,Fe, additive and
matrix phase. Dy diffuses from the DygFe,, additive to the matrix phase and replaces Nd around the Nd,Fe ,B grains. Nd
migrates into the grain boundary (GB) phase. The formation of (Nd, Dy),Fe ,B regions improves the magnetic anisotropy
field (H,) and effectively suppresses the nucleation of reverse magnetic domains. The magnetic isolation is strengthened
by the improved GB phase. This explains the H ; enhancement of the Dyg,Fe,, doped magnet. The thermal stability of the
Dyg,Fe,, doped magnet is improved due to the high Curie temperature (7) of (Nd, Dy),Fe,B hard magnetic phase. The
relationship between recoil loops and demagnetization of the HD magnets is also discussed.
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1 Introduction

Electric vehicles with energy-saving and emission reduction
are developing rapidly due to the severe challenges posed by
oil shortages in many countries. Permanent magnet motor
with the characteristics of high-energy conversion efficiency
and energy-saving is used as the motor for new energy vehi-
cles [1]. Nd-Fe-B magnets are required to possess high H,;
at extreme working temperature (above 100 °C) [2, 3]. An
effective way to improve the H,; at high temperature of the
magnet is to increase the H, of Nd,Fe,,B phase by partially
substituting Nd by heavy rare earth (HRE) Dy/Tb [4]. How-
ever, excessive HRE elements infiltrating into the interior of
main phase grains dilute J, due to the antiparallel coupling of
magnetic moments between HRE and Fe [5]. Grain bound-
ary diffusion (GBD) and intergranular addition have been
proposed to improve the H,; of the Nd-Fe-B magnet. For the
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GBD process, the HRE diffuses from the surface to the inner
of the magnet after heat treatment. According to the previ-
ous reports [6—8], the formation of (Nd, HRE),Fe,,B shells
after GBD increases the H, of the magnet and suppresses
the nucleation of reverse magnetic domains. The HD mag-
net, first reported by Lee [9], composed of hot-pressing and
hot-deformation process, which is expected to obtain high-
coercivity Nd-Fe-B magnets. The GBD process has been
applied in HD magnets by coating low-melting-point alloy
to improve the H ; in recent years [10, 11]. However, a high
treatment temperature (about 900 °C) in sintered magnet is
required for GBD. The grains of the HD magnet grow drasti-
cally at a high temperature. Furthermore, diffusion depth is
limited and only thin magnets can be developed by applying
GBD process [12].

A reliable and promising way to break the limitation of
temperature and diffusion depth, intergranular addition,
was proposed. Anisotropy HD magnet is prepared by mix-
ing Nd-Fe-B magnetic powder and RE-M (M =Ga, Fe,
and Cu) additive [13—-15]. During the deformation process,
interdiffusion occurs between powder flakes and additives.
The HRE atoms diffuse from the additives to powder flakes
forming (Nd, HRE),Fe ,B shells, which increases the H,
of the HD magnet. Furthermore, the magnetic isolation is
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strengthened by the formation of continuous GB phases.
Tang et al. reported that the H ; of HD magnet increases
from the original 2.07 to 13.99 kOe by mixing MQP mag-
netic powder with Nd-Cu powder [16]. Sawatzki et al. found
that the H,; increases to 22.4 kOe with an increase of 1.7
kOe by doping DyF; powder [17]. It has been proved that
Fe with high intrinsic saturation magnetization has positive
effects on J, [13, 18]. Therefore, in this work, we prepare
anisotropic Nd-Fe-B magnet by mixing MQU-M magnetic
powder with DygFe,, powder. It is desired to obtain higher
H_; with less Dy addition. The magnetic properties, thermal
stability, and the mechanism of H o enhancement have been
studied.

2 Experimental

Commercial MQU-M magnetic powder with the nominal
composition of Nd,, sPr; sFe,,/Cos sGag 46B 90 (Wt%) was
used as the starting materials. Dyg,Fe,, (Wt%) powder (parti-
cle size of approximately 200 pm) was prepared by induction
melting, melt spinning, and grinding. Dyg,Fe,, powder was
mixed evenly with MQU-M powder with varying amounts
(0, 0.5, 1.0, 1.5, and 2.0 wt%) and marked as DyFe-0.5,
DyFe-1, DyFe-1.5, and DyFe-2, respectively. The mixed
magnetic powder was hot-pressed at 650 °C under 250 MPa
to prepare a fully dense isotropic magnet. Then the precur-
sor was hot-deformed at 820 °C to obtain an anisotropic
magnet with the dimension of ® 24 X3 mm. The degree of
deformation ¢ = (Apegin — feng) / fpegin 1S @pproximately 73%
(Myegin and hepq refer to the height of the sample before and
after HD, respectively). The magnetic properties and recoil
loops of HD magnets were measured by Physical Property
Measurement System (PPMS, DynaCool, Quantum Design).
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The orientation degree of the HD magnets was studied by
X-ray diffraction (XRD-Panalytical Empyrean). The micro-
structure and element distribution of the HD magnets were
analyzed by scanning electron microscope (SEM-MIRA3
LMH) with an energy dispersive X-ray spectrometer (EDS).

3 Results and Discussion

Figure 1(a) shows the demagnetization curves of the origi-
nal and DyFe doped magnets. The magnet prepared with
pure MQU-M powder shows good magnetic properties of
H;=12.55kOe, J,=14.0 kG, and (BH),,,, =46.5 MGOe.
The H; of the DyFe doped magnets significantly improved
to 14.25-18.23 kOe by doping 0.5 to 2.0 wt% DyFe. The
increment of H,; in the DyFe-2 doped magnet is 5.68 kOe,
which shows an increase of 45.3%.

Figure 1(b) shows the initial magnetization curves and
corresponding first derivative curves of HD magnets. In
the initial stage of magnetization, the magnetization rises
sharply because of the movement of magnetic domain walls
within the plate-like grains. Then, the magnetic domain
walls are pinned by the intergranular RE-rich phase with the
increase of the magnetic field, resulting in a slow increase
in magnetization [19]. When the force exerted by the mag-
netic field on the magnetic domain wall is greater than the
pinning force, the magnetic domain wall escapes from the
intergranular RE-rich phase, which leads to a sharp increase
in magnetization [19, 20]. Subsequently, the magnetiza-
tion gradually increases to saturation. The corresponding
first derivative curves of all HD magnets show high initial
susceptibility at low magnetic field, and the pinning field

is very close to the H;, which indicates that the magnetic
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Fig. 1 (a) Demagnetization curves of the original and DyFe doped magnets. (b) Initial magnetization curves and the corresponding first deriva-

tive curves of the original and DyFe doped magnets
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hardening mechanism of HD magnets is dominated by the
domain wall pinning [21].

In order to study the thermal stability of the HD magnets
doped with and without Dyg,Fe,,, we calculated the tem-
perature coefficients of J, (@) and H,; (f) between 300 and
398 K according to the following equations [22]:

JAT,) —J (T,
a= M % 100% 1)
J(To)(T, —Ty)
_ Hy(Ty) = Hy(Ty)
T Hy(T)(T, = Ty)

x 100% )

where T and T}, refer to high temperature and room tempera-
ture, respectively. Figure 2(a) and (b) show the temperature
dependence of J, and H,; of the original and DyFe-2 doped
magnets. The H,; and J, of DyFe-2 doped magnet are higher
than those of the original magnet at different temperatures.
The results show that the value of f increases from the
original —0.6319 to — 0.5290%/K, and the value of a also
improves from —0.1268 to —0.1063%/K. The above results
show that the DyFe addition has a positive effect on the ther-
mal stability. The exchange coupling between grains, grain
size, and the H, of Nd,Fe ,B main phase play an important
role for the improvement of the temperature coefficient of
H ;. In this work, the improvement of the temperature coef-
ficient of H,; is owing to the formation of (Nd, Dy),Fe ,B
around the main phase grains.

Figure 3 shows the M-T and corresponding first derivative
curves of the original and DyFe-2 doped magnets. The T,
of the original and the DyFe-2 doped magnet is 621 K and
633 K, respectively. The thermal stability is improved due

to the higher 7. of the DyFe-2 doped magnet. Dy diffuses
into Nd,Fe,,B main phases and partially substitutes Nd sites
to form (Nd, Dy),Fe,,B, increasing the T [23]. The T, of
Nd,Fe ,B is mainly determined by the exchange interac-
tion between Fe—Fe. Yang et al. indicated that the exchange
interaction between Fe—Fe atoms is improved by doping Dy,
increasing the 7~ of Nd-Fe-B magnets [24].

Figure 4 shows the XRD patterns on the surface perpen-
dicular to the pressure direction of original and DyFe doped
magnets. The texture of HD magnets is characterized by
the value of /g1 (105)- A higher value of Is/1,0s) repre-
sents stronger texture [20, 25]. The orientation of texture is
closely related to the J, and (BH),,,,. Note that the intensity
of peak (006) is stronger than that of (105) in all HD mag-
nets, indicating that all HD magnets have a good orientation
degree. But, the orientation degree of the DygFe,, doped
magnets deteriorates gradually with the increasing content of
DygqFe,, and the J, and (BH),,,, decrease accordingly. The
increase of liquid phase in the DyFe doped magnets leads
to smaller deformation stresses, which causes the reduction
of energy available during the solution-precipitation pro-
cess [26]. As a result, there is no enough compressive stress
to form the platelet-shaped Nd,Fe,,B grains. Furthermore,
the reduction of viscosity of the GB phases deteriorates the
texture due to the increasing liquid phase [27]. Therefore,
the orientation degree of DyFe doped magnets become weak
compared with the original magnet.

Figure 5(al) and (bl) show the SEM micrographs of the
original and DyFe-2 doped magnets. The microstructure of
the HD magnets is composed of two regions: large grain
layers with no orientation and fine grain layers with orienta-
tion. The distribution of large grain layers is periodic, and
the total period of these layers is about 10-30 pm in the
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Fig.2 Temperature dependence of H; (a) and J, (b) of the original and DyFe-2 doped magnets at different temperature
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original magnet. In contrary, there are no obvious periodic
large grain layers in the DyFe-2 doped magnet, as shown
in Fig. 5(b1) and (b2). The DyFe-2 doped magnet has an
ultra-large grain layer with a thickness about 10-20 pm and
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a large grain layer with a thickness of 0.84 pm. During the
heat treatment process, the increased RE-rich liquid phases
in the DyFe-2 doped magnet accelerate the dissolution and
migration of atoms. The non-oriented grains wrapped by the
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Fig.5 The fracture SEM images of original (al-a3) and DyFe-2 doped (b1-b3) magnets

liquid phase grow freely during precipitation, which forms
the ultra-large grain layer at the ribbon interfaces of DyFe-2
doped magnet [28]. The fine grain layers consist of platelet-
shaped Nd,Fe,B grains with good orientation, as shown
in Fig. 5(a3) and (b3). The unoriented Nd,Fe,B grains in
ultra-large grains layers affect the degree of texture of the

DyFe-2 doped magnet, which is consistent with the decrease
of J. and (BH) .

Figure 6(a) and (b) show the cross-sectional SEM
images of original and DyFe-2 doped magnets. The bright
and black contrasts refer to the RE-rich phases and powder
flakes, respectively. The fraction of periodic RE-rich phases
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Fig.6 (a) The cross-sectional SEM images of original magnet. (b—f) The cross-sectional SEM images and corresponding EDS analysis of

DyFe-2 doped magnet
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increases obviously and surrounds the powder flakes after
doping 2% DyggFe,,. As shown in Fig. 6(c), the DygFe,,
additive easily squeezes into the gaps between powder flakes
to form a diffusion layer. The corresponding EDS line scan
in Fig. 6(d) shows that the Dyg,Fe,, additive is surrounded
by Nd-rich phase in the diffusion layer. During the ther-
mal diffusion process, interdiffusion occurs between the
DygoFe,, additive and matrix phase. The Dy diffuses from
the Dyqg,Fe,, additive to the matrix phase and replaces Nd
to form (Nd, Dy),Fe,,B around the Nd,Fe ,B grains. Part
of Nd atoms diffuses into the GB to form the RE-rich phase.
The magnetic hardening is strengthened by the substitution
of Dy for Nd, which greatly improves the H,; of the DyFe-2
doped magnet. EDS point scans were performed to analyze
the distribution of Dy, Pr, Nd, and Fe elements, as shown in
Fig. 6(e) and (f). From points 1 to 5, the concentration of Dy
decreases gradually, while the concentrations of Fe, Nd, and
Pr increase gradually. The concentration gradients of Dy, Pr,
Nd, and Fe indicate that the Dy continuously diffuses from
the Dyg,Fe,, additive to the matrix phase.

The recoil loops are used to simulate the change of mag-
netic properties in practical application [15]. The magnet-
izing and demagnetizing parts do not overlap in open recoil
loops indicating energy loss of the magnet [29]. Figure 7(a,
b) and (c, d) show the recoil loops and the local amplified
regions of original and DyFe-2 doped magnets. The recoil
loops are slightly open in the original magnet. While, the
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recoil loops of the DyFe-2 doped magnet are largely open,
indicating an energy loss in the reverse magnetic field [29].
As shown in Fig. 6(a) and (b), there is almost no aggrega-
tion of RE-rich phases in the original magnet. While, the
uneven RE-rich phases are aggregated between the powder
flakes, causing uneven magnetic anisotropy and affecting the
magnetic reversal mechanism of the DyFe-2 doped magnet.
Therefore, the openness of the recoil loops is affected by the
non-uniformly distributed RE-rich phases.

4 Conclusions

The magnetic properties, thermal stability, and microstruc-
tural features of the original and DyFe-2 doped magnet are
studied. The conclusions are as follows:

(1) The Hcj of the DyFe-2 doped magnets greatly increased
from the original 12.55 to 18.23 kOe, which shows an
improvement of 5.68 kOe.

(2) The thermal stability of DyFe-2 doped magnet is
improved. The temperature coefficient of Jr increases
from —0.1268 to—0.1063%/K and that of Hcj increases
from —0.6319 to —0.5290%/K. The T of DyFe-2
doped magnet increases from the original 621 to 633 K.

(3) Microstructural features showed that the better mag-
netic isolation by the RE-rich phase and the magnetic
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hardening by (Nd, Dy),Fe,B around the main grains
are the main reasons for the enhancement of Hcj of the
DyFe-2 doped magnet. The magnetic reversal mecha-
nism is affected by the uneven aggregation of RE-rich
phases, which causes the large openness of the recoil
loops.
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