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Nd content was varied in Ndy3 2 Fegpg+xBg (x =0, 0.5, 1, and 1.5) to optimize the magnetic properties of sintered
Nd-Fe-B/Tb-Fe-B composite magnets, which were prepared by mixing 9 g of Nd-Fe-B with 1 g of Tb;;Fe;5Bg powder.
In conventional magnets, by reducing Nd content, the coercivity of 10.4 kOe in Nd;3 ;Fegy §B¢ decreases to 7.2 kOe in
Nd, 2 Feg; sBg; meanwhile, in Nd—Fe—B/Tb—Fe—B magnets the coercivity does not decrease when reducing Nd content.
In the intergranular phase, the Tb content increases owing to the reducing Nd content of the Nd—Fe—B alloy in the sintered
composite magnets. Therefore, the excess Tb in Tb;7Fe75Bg enters the intergranular phase, and more Tb atoms can substi-
tute for Nd at the grain boundary of the Nd-Fe-B phase, leading to a more significant increase in coercivity. The remanence
increases with reducing Nd content, and the energy product of 39.1 MGOe with a high coercivity of 21.0 kOe is obtained
in Nd; oFeg; gB¢/Tb17Fe75Bg magnets. These investigations show that magnetic properties can be further improved by
regulating the element distribution in sintered composite magnets.
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1. Introduction

Nd-Fe-B magnets are essential components in many
technology fields owing to their high energy product,!'=3! but
their coercivity is relatively low and far less than the theo-
retical value.!! For meeting the technology demand of hy-
brid/electric vehicles, it is necessary to improve the coerciv-
ity and thermal stability of Nd-Fe—B-based magnets. The
grain boundary diffusion of Dy/Tb alloys could significantly

[5-8

improve the coercivity; 1 however, this is only suitable for

small magnets. Recently, it was found that the coercivity
could be enhanced and the behaviors of magnetization rever-
sal are uniform in resource-saving magnets with dual main
phases.”~14 The coercivity also increases in sintered mag-
nets prepared by the addition of Tb-Fe-B powders to Nd-
Fe-B,!!> and the increase has a nearly linear relationship
with the added amount of Tb—Fe-B. This effect is better than
that of conventional dual-alloy methods, in which the coer-
civity increases very slowly and even decreases for a large
amount of DyH, added to Nd—Fe-B powders.['®! Both the ul-
trahigh magnetocrystalline anisotropy of the TboFe 4B phase
and Tb atomic diffusion possibly contribute to the improve-
ment of coercivity.['> It is noted that Nd atoms also diffuse
via the intergranular phase during high-temperature sintering,
and therefore Nd would substitute for Tb in the TbyFe 4B
phase, thus reducing its magnetocrystalline anisotropy. Pro-
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vided that the diffusion of Nd could be suppressed and more
Tb atoms substitute for Nd at the Nd-Fe-B grain boundary,
as well as the ultrahigh magnetocrystalline anisotropy remain-
ing in the Tb-Fe-B main phase, the coercivity may increase
more greatly. In this paper, the content of Nd of the Nd-Fe—
B alloy was varied, and the Tb content was increased in the
Tb-Fe-B alloy. These are expected to regulate the element
distribution for optimizing the magnetic properties in sintered
Nd-Fe-B/Tb-Fe-B magnets.

2. Experiment

Ndj32-yFegog+xBs (x = 0, 0.5, 1, and 1.5) powders,
in which the content of Nd was reduced from 13.2 at.% to
11.7 at.%, were prepared by the induction melting of Nd, Fe,
and Fe—B alloys, followed by hydrogen decrepitation and jet-
milling. Tby7Fe;5sBg powders were prepared through induc-
tion melting, hydrogen decrepitation, and ball-milling, and the
Tb atomic percent, 17 at.%, was much higher than the Tb stoi-
chiometry of 11.7 at.% in Tb,Fe 4B. Nine grams of Nd—Fe-B
powder was mixed with 1 g of Tbj;Fe;5sBg powder, and then
blended for 10 min to ensure compositional uniformity. Nd—
Fe-B powder and the mixture of Nd—Fe—B/Tb-Fe-B (mass
ratio of 9 : 1) were compressed, separately, after alignment un-
der a 2 T pulsed magnetic field. The compacts were sintered
in a vacuum at 1050-1060 °C for 2 h, followed by anneal-
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ing at 510 °C for 2 h. The demagnetization curves were mea-
sured using an NIM-200 C loop tracer. X-ray diffraction mea-
surement was performed using Co K¢ radiation to check the
phase constitution. The microstructure and chemical composi-
tion were observed by a scanning electron microscope (SEM)
with backscattered electrons (BSE) and an energy dispersive
spectrometer (EDS), respectively.

3. Results and discussion

X-ray diffraction patterns confirm that all of the samples
contain the RyFe 4B main phase (shown in Fig. 1), and the
unidentified phase should be the intergranular phase.!'”! There
is a small amount of ¢-Fe phases in Nd;; 7Fes, 3Bg, and the
rather low content of Nd and high content of Fe are ascribed to
the existence of the minor phase of a-Fe. Figure 2 shows the
surface micromorphology of the magnets observed by SEM
with BSE. The brighter regions correspond to the intergranu-
lar phase, and the dark regions correspond to the main phase
of RyFe4B. The size of some intergranular phases is larger
in the magnets with the higher Nd content, and the amount of
intergranular phases decreases with the reduction in Nd con-
tent. The element distribution was inspected by EDS (shown
in Fig. 3). The left panel is Nd mapping, and the right is Tb
mapping. The color is brighter in regions with a high con-
tent of the corresponding element. In Nd mapping, the inter-
granular phase is brighter, which is consistent with the micro-
morphology presented in Fig. 2, thus confirming the Nd-rich
characteristics of the intergranular phase. The darker regions
labeled by the dotted boxes are Nd-lean regions, and these re-
gions are brighter in the Tb mapping, thus indicating that the
magnets consist of Tb-rich main phases of RyFe4B. The area
with the most Tb-rich main phases decreases with reducing
Nd content. With the reduction in Nd content, the regions of
the intergranular phase become a little brighter, implying an
increase in Tb content in the intergranular phase.
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Fig. 1. XRD patterns using Co K« radiation for the sintered magnets
of Nd-Fe-B and Nd-Fe-B/Tb-Fe-B.
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Fig. 2. The surface micromorphology of the sintered magnets
of (a) Ndj32Feg)sBe/Tbi7FessBs, (b) Ndi27Fesi 3B¢/Tbi7FessBs,
(¢) Ndj2.oFeg) §B¢/Tbi7Fe75Bg, and (d) Ndj 7Fes 3B/Tbi7Fe75Bs.
The element contents were checked by EDS in the dual-
main-phase magnets. In Figs. 2 and 3, spots 1-3 are in the
main phase, and spot 4 is in the intergranular phase, near
which is spot 5 in the Nd-rich main phase. The contents of
Nd, Tb, and Fe are listed in Table 1. In Fig. 3(a), the content
of Tbis 10.67 at.% for spot 1, less than 13.2 at.% in the master
alloy, and the content of Nd is 2.23 at.%. For spot 3, the con-
tent of Tb is 2.28 at.% in the Nd-rich main phase. Although
there are two main phases in the magnets, the chemical com-
positions are very different from those of the master alloy due
to the atomic interdiffusion.!'8 In the intergranular phase, the
atomic ratio of Tb and Nd is 2.86 : 44.77 for spot 4 (shown in
Fig. 3(a)), and that increases to 4.02 : 38.52 for the magnets
with a Nd content of 12.2 at.% (shown in Fig. 3(d)). This fact
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verifies the increase in Tb content and the decrease in Nd con-
tent in the intergranular phase when reducing the Nd content
of Nd-Fe-B.

Table 1. The atomic percents of elements for spots 1-5 shown in Fig. 3.

1 2 3 4 5

(6] 20.42

3(a) Fe 87.10 87.26 87.33 31.95 86.98
Nd 223 6.83 10.39 44.71 11.45
Tb 10.67 591 2.28 2.86 1.57
(6] 20.17

3(b) Fe 87.46 86.98 87.23 45.82 86.98
Nd 1.24 6.94 10.84 32.20 11.96
Tb 11.30 6.08 1.93 1.81 1.06
(6] 49.29

3(0) Fe 86.96 87.12 86.63 8.35 87.06
Nd 4.54 7.49 10.22 38.41 11.71
Tb 8.50 5.39 3.15 3.95 1.23
(6] 45.16

3(d) Fe 87.27 87.31 87.33 12.30 87.33
Nd 2.46 10.45 11.69 38.52 10.69

Tb 10.27 2.24 0.98 4.02 1.98
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Fig. 3. Element mappings of Nd and Tb for magnets of
(a) Ndj32FesosBe/Tbi7Fe75Bs,  (b) Ndjz7Fes; 3Bs/Tbi7Fes5Bs,
(c) Ndj22Feg) §B6/Tbi7Fe75Bs, and (d) Nd;.7Fesz 3B6/Tbi7Fe75Bs.

The change in element distributions of Tb and Nd may
affect the magnetic properties of the composite magnets.
Figure 4 shows the demagnetization curves of all samples,
and the magnetic properties are listed in Table 2. For the
Nd;32Fego g§Bg magnet, the coercivity is 10.4 kOe. With the
reduction in Nd content, the coercivity decreases (to 7.2 kOe
in Ndj;,Feg; sBg). The magnetic properties deteriorate for
Nd;; 7Feg>3Bg. The decrease in coercivity may result from
the increase in defects at the grain boundary due to the reduc-
tion in rare-earth content; furthermore, due to the weak mag-
netic properties and the dipolar interaction, there is no demag-
netization curve in the second quadrant for Nd;; 7Feg, 3B¢. [19]
In the Nd-Fe-B/Tb-Fe-B composite magnets, the coercivi-
ties are 21.7 kOe, 21.8 kOe, 21.0 kOe, and 21.8 kOe, respec-
tively, for Nd contents of 13.2 at.%, 12.7 at.%, 12.2 at.%, and
11.7 at.%. The addition of 1 g of Tbj7Fe;sBg powder to 9 g
of Nd-Fe-B powder leads to a large increase in coercivity. It
is noted that unlike the effect in the conventional sintered Nd—
Fe—B magnets, the reduction in Nd content does not result in
a decrease in coercivity in the Nd—-Fe-B/Tb-Fe—B composite
magnets.
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Fig. 4. The demagnetization curves for the sintered Nd—Fe-B and Nd-
Fe-B/Tb-Fe-B magnets.

Table 2. Magnetic properties of the sintered magnets at room tempera-
ture.

Composition M;/Gs  H./kOe  (BH)max/MGOe
Nd13.2FCgoAgB6 12.4 10.4 34.6
Nd12_7F631_3B6 12.7 8.9 39.9
Ndj»»Fes; 3Bg 13.6 7.2 43.0
Ndy; 7Feg23Bg - - -

Ndj32Fes03Be/Tbi7FessBg  11.7 217 33.6
Nd12'7F63143B6/Tb17F675B8 12.3 21.8 37.2
Nd12'2F681A3B5/Tb17Fe75B3 12.6 21.0 39.1
Nd]]_7Fegz_3B6/Tb17Fe75Bg 110 218 219

During the high-temperature sintering, the main phase of
RyFe4B is in the solid phase, and the intergranular phase is
in the liquid phase due to its low melting point, which is the
main path for atomic diffusion. For decreasing Nd content
of Nd-Fe-B, the amount of free Nd atoms decreases, giv-
ing rise to an increase in the active energy for Nd diffusion.
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Therefore, Nd atomic diffusion is weakened, and the excess
Tb atoms in Tby7Fe;sBg diffuse into the intergranular liquid
phase. The increase in Tb content in the intergranular phase
would promote the substitution for Nd at the grain boundary
to form the (Nd,Tb),Fe 4B phase, ! leading to an increase
in the magnetocrystalline anisotropy at the grain outer-layer;
therefore, the nucleation of the reversed domain is improved

(211 This may be the main reason why

in the sintered magnets.
the coercivity is significantly more enhanced in the sintered
Nd-Fe-B/Tb-Fe-B magnets for reducing Nd content. For
a rather low Nd content in Nd;; 7Feg; 3B¢/Tb7Fe;5Bg, the
squareness of the demagnetization curve decreases. With the
reduction in Nd content from 13.2 at.% to 12.2 at.%, both the
remanence and the maximum energy product increase. The
increase in remanence should result from the enhanced sat-
uration magnetization due to the increase in Fe content in
the alloys with low Nd. Furthermore, the energy product of
39.1 MGOe is the largest in Ndj, »Feg; sB¢/Tbj7Fe75Bg mag-
nets with a coercivity of 21.0 kOe. The increase in coerciv-
ity of 13.8 kOe in Nd, »Feg; sB¢/Tb17Fe75sBg (Tb content of
about 1.5 at%) is much larger than the increase of 4.1 kOe
in conventional R13 5Tb; sFe;gB7 magnets prepared by adding
1.5 at% Tb directly into Nd—Fe—B;[??! it is also larger than the
increase of 8.2 kOe for 4 wt.% Tb addition in (Nd,Pr)-Fe—
B.[23] As nanocomposite magnets,[>*! the sintered dual-main-
phase magnets bear better magnetic properties than the con-
ventional sintered (Nd,Tb)-Fe—B magnets.
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Fig. 5. The magnetization curves in the directions of easy and hard
magnetization axes, and the linear extension of the experimental data
up to the intersection.

The coercivity originates from the magnetocrystalline
anisotropy in RyFe 4B permanent magnets. Figure 5 shows the
magnetization curves measured along the hard and easy mag-
netization axes, respectively, for these sintered Nd—Fe—B/Tb—
Fe—B magnets. The magnetocrystalline anisotropy could be
obtained by the intersection of the extension lines of experi-
mental data;[?! they are 91.1 kOe, 89.2 kOe, 87.3 kOe, and
83.9 kOe, respectively, for the magnets with Nd contents of
13.2 at.%, 12.7% at.%, 12.2% at.%, and 11.7% at.%. The

anisotropy field should be the average value, since the mi-
crostructure is inhomogeneous and the magnetic properties are
different in different regions in the sintered magnets. Although
the average anisotropy decreases with the reduction in Nd con-
tent, the coercivity does not decrease in the sintered Nd—Fe—
B/Tb-Fe-B magnets. This result verifies that the larger in-
crease in coercivity originates from the change in anisotropy
in the local region. Magnetic properties could be enhanced

[26

by tuning the interfacial chemistry.!?®! In this paper, the ap-

proach to improve the coercivity is made more practical by

regulating the composition and the atomic diffusion. By mod-

e, 127,28

ifying the microstructur I further improvement of coer-

civity and energy product could be anticipated in the sintered
composite magnets.

4. Conclusion

In summary, the high coercivity is obtained in Nd—Fe—
B/Tb—Fe-B composite magnets, and the Nd content in the Nd—
Fe—B alloy is varied to regulate the element distribution. For
reducing Nd content of the Nd-Fe—B alloy, the content of Tb
increases in the intergranular phase, which may promote Tb
substitution for Nd, thus leading to a larger increase in the
anisotropy at the grain boundary. Therefore, with reducing
Nd content, the coercivity, despite decreasing in the conven-
tional Nd-Fe—B magnets, does not decrease in the sintered
Nd-Fe-B/Tb-Fe-B composite magnets, and both the rema-
nence and energy product increase. The magnetic properties in
the magnets prepared by mixing Nd—Fe-B and Tb—Fe-B pow-
ders are better than those of conventional sintered (Nd,Tb)—
Fe-B magnets. Further improvement of magnetic properties
could be expected in sintered composite magnets by optimiz-
ing the atomic diffusion and the microstructure.
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