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The mischmetal-based sintered magnets were prepared by mixing MM8.8Nd3.4Fe81.8B6 (MM denotes mis-

chmetal) with Nd15Fe79B6 alloys. The magnet consist of two main phases i.e., (La,Ce)-rich main phase and Nd-

rich main phase. For the mass ratio of 8:2 of MM8.8Nd3.4Fe81.8B6 and Nd15Fe79B6, many grains of La-Ce-rich

main phase are interconnected and the effect of enhancing the coercivity is weak in the sintered magnets. While

for the mass ratio of 6:4 most grains of (La,Ce)-rich main phase are nearly separated and covered by the Nd-

rich main phase and intergranular phase, and the coercivity increases significantly to 7.70 kOe. Compared with

(MM0.3Nd0.7)30.3FebalB0.96Cu0.1Al0.11 magnets prepared by the conventional method, the coercivity doesn’t

decrease in the sintered composite magnets of MM8.8Nd3.4Fe81.8B6/Nd15Fe79B6 though the MM content of 40

wt.% is higher. The optimization of Nd-rich-main-phase distribution as well as Nd substitution for La-Ce

should be responsible for the significant increase of coercivity.
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1. Introduction

The composite technology is beneficial to enhance the

magnetic properties in the hybrid magnets [1-5]. The

mischmetal (MM) is the unseparated rare-earth and

contains about 75 wt.% of La-Ce [6, 7], and the coercivity

could be improved in the sintered magnets of MM2Fe14B/

Nd2Fe14B [8, 9], though the magnetocrystalline anisotropy

is much lower and the coercivity is very weak in

MM2Fe14B [10-12]. This gives a way to utilize La-Ce

elements more efficiently for decreasing the consumption

of Nd and reducing the purification cost. It is noted that

different from that in the nanocomposite magnets the

grain size is in micrometer scale in the sintered composite

magnets [13, 14]. The underline mechanism of magnetic

properties enhancement remains unclear in MM2Fe14B/

Nd2Fe14B magnets with the hybrid structure. It also has

received the increasing attention what the phase di-

stribution is and how the microstructure affects the

coercivity in the sintered magnets with the grain size in

micrometer scale [15]. In this paper, the influences of Nd-

Fe-B addition into MM8.8Nd3.4Fe81.8B6 were investigated

in the sintered magnets, which is helpful to understand

fully the relationship between the phase distribution in

microstructure and the coercivity enhancement in the

dual-main-phase mischmetal-based magnets.

2. Experimental

MM8.8Nd3.4Fe81.8B6 and Nd15Fe79B6 powders with the

averaged size of about 3 μm were prepared, respectively,

by the induction melting, hydrogen decrepitation and jet-

milling. The mischmetal was purified from Bayan Obo

Mine in Baotou of China. The content is same with that

in Ref. 5, and the weight percentage of La-Ce is 78.76 %.

The two types of powders were mixed according to the

mass ratios (MR) of 10:0, 9:1, 8:2, 7:3 and 6:4, respec-

tively, and then aligned and compacted to a green cylinder.

The vacuum sintering was performed at the temperatures

of 1030 ºC to 1040 ºC for 2 hours and annealed at 510 ºC

for 2 hours to optimize the coercivity. X-ray Diffraction

(XRD) was carried out to check the phase structure using

Co Kα radiation. The scanning electron microscope

(SEM) and electron probe microanalyzer (EPMA) were
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used, respectively, to observe the surface topography and

the elemental distribution. The magnetic properties were

recorded using NIM-200C Loop Tracer at room temper-

ature. The magnetization reversal of thermal activation

was recorded using QD Versalab at temperature of 300 K.

3. Results and Discussion

The XRD patterns of the powders are illustrated in Fig.

1, and the pattern of the aligned magnet for mass ratio of

6:4 is also shown in Fig. 1. The diffraction peaks are

strong for the crystal planes of (105) and (006), indicating

the alignment and anisotropic nature for the mangnts.

According to the analysis using Jade software, the main

phase is R2Fe14B phase in these sintered magnets, but

there exist the minor phases of the rare-earth-rich oxide,

RFe2 and RFe4B4 [16, 17]. The minor phases with para-

magnetism at the grain boundary are necessary to decouple

the interaction for enhancing the coercivity. The demag-

netization curves and the variations of the magnetic

properties are shown in Fig. 2(a) and (b), respectively.

Even with nearly the same phase constitution, the mag-

netic properties are much different among these magnets.

In MM8.8Nd3.4Fe81.8B6, the coercivity Hc of 2.39 kOe is

rather low due to the high content of La-Ce in the

magnets. The coercivity increases with the addition of

Nd15Fe79B6 powders, and especially for the mass ratio of

6:4 it increases significantly. The addition of Nd15Fe79B6

also gives rise to the improvements in both the remanence

Br and the energy product (BH)max. The coercive field of

7.70 kOe were acquired with the maximum energy product

of 33.67 MGOe in the magnet of MM8.8Nd3.4Fe81.8B6/

Nd15Fe79B6 for the mass ratio of 6:4, and about 40 wt.%

Nd is substituted by MM. In magnet of (MM0.3Nd0.7)30.3-

FebalB0.96Cu0.1Al0.11 prepared by the conventional method,

the coercivity was 7.60 kOe and the substitution amount

of MM was about 30 wt.% [18]. By comparison, in the

sintered composite magnets of MM8.8Nd3.4Fe81.8B6/Nd15Fe79B6,

the MM substitution amount of 40 wt.% is greater and the

coercivity doesn’t decrease.

In nanocomposite magnets the coercivity enhancement

is attributed to the grain size in nanometer scale and

intergranular exchange coupling [19], but in the sintered

composite magnets the grain size is in micrometer scale.

Fig. 3 displays the SEM images of polished surfaces in

the magnets with the mass ratio of 10:0, 8:2 and 6:4. The

intergranular rare-earth-rich phases are mainly distributed

at the grain triple-junction, and their color is brighter. The

color of main phase R2Fe14B is deeper, and the grain size

is almost in the range between 1 and 5 μm. For observing

the difference in microstructure among these magnets, the

element distributions were investigated and shown in Fig.

4, and left, middle and right are La, Ce and Nd mappings,

respectively. The chemical composition could be identi-

fied according to the colors of blue, green, yellow and red

Fig. 1. (Color online) XRD patterns of the sintered magnets

measurement by Co Kα radiation for the mass ratios (MR) of

10:0, 9:1, 8:2, 7:3 and 6:4, respectively.

Fig. 2. (Color online) The demagnetization curves (a), and the

dependences of remanence, coercive field and energy product

(b) on the mass ratio of Nd15Fe79B6 powders.
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on the right label. The intergranular phase is rich in rare-

earth and curved by deep-red circles. The main phases of

R2Fe14B contains lower content of rare-earth, which can

be divided into two classes, i.e., (La,Ce)-rich main phase

curved by white circles and Nd-rich main phase curved

by red circles.

Note that in the grains of the main phase the chemical

compositions are not the same. As shown in Ce mapping

of Fig. 4(a), in MM8.8Nd3.4Fe81.8B6 magnets without the

addition of Nd15Fe79B6 powders there exist the grains of

Nd-rich main phase, some of which are indicated by the

white arrows. The structure stability of (La,Ce)2Fe14B

crystal is different from that of Nd2Fe14B [20, 21]. La and

Ce are more probably expelled from the R2Fe14B crystal,

while Nd atoms are more easily enter into R2Fe14B crystal

and replace La-Ce due to the different diffusion thermo-

dynamics for La, Ce and Nd [18]. Bearing this in mind, it

is reasonable to infer that the anisotropy is improved in

(La,Ce)-rich main phase owing to the entrance and

substitution of Nd atoms [22, 23].

Fig. 3. The surface micromorphology in the sintered magnets for the mass ratios of MM8.8Nd3.4Fe81.8B6 and Nd15Fe79B6 of 10:0 (a),

8:2 (b) and 6:4 (c).

Fig. 4. (Color online) The elemental distributions of La, Ce and Nd in the sintered magnets with the mass ratios of 10:0 (a), 8:2 (b)

and 6:4 (c).
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The addition of Nd15Fe79B6 powders results in the

increase in the region area of Nd-rich main phase. For the

mass ratio of 8:2, many grains of La-Ce-rich main phase,

e.g., the grains marked 1, 2, and 3 are interconnected in

the sintered composite magnets (shown in Ce mapping of

Fig. 4(b)). While for the mass ratio of 6:4, the grains of

(La,Ce)-rich main phase are nearly separated and covered

by the Nd-rich main phase and intergranular phase, and

this high coverage and optimization of Nd-rich main

phase distribution may be the main reason why the

coercivity increases significantly.

For checking the magnetization reversal and the origin

of coercivity enhancement, the thermal activation and the

aftereffect were investigated, since thermal activation is

the nonreversible magnetization reversal by passing over

an activation volume due to thermal fluctuation [24]. As

illustrated in Fig. 5, on the sample magnetized to the

saturation state, a negative field was applied close to the

coercive field and held for 1200 sec, followed by a rise at

the rate of 10 Oe/sec. The aftereffect field of thermal

activation, acquired via fitting the tangents of magneti-

zation curve to the point of intersection, is actually the

fluctuation field Hf [25]. The activation sizes dactive is

related to the fluctuation field. According to the equations

of dactive =  and  (v is the activation

volume, kB = 1.38 × 10-23 J/K, T = 300 K, and Ms = 1.4 T)

[26, 27], the obtained activation sizes are several nano-

meters (shown in the inset of Fig. 5), nearly the same

with the theoretical domain wall size m of R2Fe14B

magnets [24]. It suggests that the domain wall nucleation

is undergone in low anisotropy phase of (La,Ce)-rich

main phase in the magnetization reversal of thermal

activation [25].

In the magnets with the mass ratio of 6:4, the degree of

Nd atoms diffusing into (La,Ce)-rich main phase could be

better owing to the optimization of Nd-rich main phase

distribution, and so the nucleation field of reversed

domain enhances in (La,Ce)-rich main phase, leading to

the significant increase of coercivity. The inset of Fig. 5

shows that the activation size dactive reduces with the

increase in the addition amount of Nd15Fe79B6, This fact

verifies the increase of the anisotropy at grain outer-layer,

because the increase of anisotropy leads to the reduction

of the domain wall size based on the formula of m =

 (A is the exchange coefficient and K is magneto-

crystalline anisotropy) [28].

In the sintered magnets with dual-main-phase the

magnetization reversal may not occur independently in

(La,Ce)-rich main phase due to the exiting of high

anisotropy phase of Nd-rich main phase. For check the

magnetocrystalline anisotropy the magnetizing curve were

recorded and extended to the intersection in the orienta-

tion of easy and hard magnetization axes, respectively, to

estimate the anisotropy (shown in Fig. 6) [29], which are

5.8 T, 6.0 T, 6.5 T and 6.6 T, respectively for the mass

ratios of 10:0, 9:1, 7:3, and 6:4. Due to the inhomo-

geneous microstructure the anisotropy value is a mean

value in the sintered composite magnets. The increase

ratio of coercivity is greater than that of magnetocrystal-

line anisotropy, implying that the coercivity enhancement

does not entirely originate from the mean value of

anisotropy. Both the diffusion of Nd into the grain outer-

layer of La-Ce-rich main phase and the local regions of

Nd-rich main phase should contribute to improve the

coercivity. Optimizing the distribution of main phases and

regulating the elemental diffusion are necessary to further

v3 v = kBT/Hf Ms

 A/K

Fig. 5. (Color online) The demagnetization curves for rising

the field at a rate of 10 Oe/sec following the magnetization

reversal of thermal activation, and the inset shows the depen-

dence of activation size dactive on the mass ratio of Nd15Fe79B6.

Fig. 6. (Color online) The magnetizing curves and their

extended lines in the orientations of easy and hard magnetiz-

ing axes.
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enhance magnetic properties in the sintered composite

magnets.

4. Conclusions

In summary, the coercivity and phase distribution were

investigated in the sintered composite magnets prepared

by blending (MM,Nd)-Fe-B with Nd-Fe-B. The effect of

enhancing the coercivity is weak in the magnets with the

mass ratio 8:2 of (MM,Nd)-Fe-B and Nd-Fe-B. With the

increase of Nd-Fe-B addition amount the size of reversed

domain wall is reduced in the magnetization reversal,

implying an increase of anisotropy at the grain outer-layer

in (La,Ce)-rich main phase. For the mass ratio of 6:4 the

coercivity increases significantly, and the coercive field of

7.70 kOe with the energy product of 33.67 MGOe was

acquired in the magnet of MM8.8Nd3.4Fe81.8B6/Nd15Fe79B6.

Most grains of (La,Ce) main phase are nearly surrounded

by the Nd-rich main phase and the intergranular phase,

which could promote the diffusion of Nd into (MM,Nd)-

Fe-B alloy. Both the optimization of Nd-rich main phase

distribution and Nd substituting for La-Ce are responsible

for the significant increase of coercivity in the sintered

composite magnets.
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