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Abstract. Substitution of Nd element with misch metal (MM) element in the RE–Fe–B magnets has been set off as an

effective method to decrease the cost of RE–Fe–B materials and ensure a more balanced utilization of rare-earth elements.

In the present work, the composition of MMxFe94-xB6 (x = 14 and 16) alloys are fabricated by the melt-spinning method

with wheel speeds of 20 and 25 m s-1, respectively. It is demonstrated that with increasing wheel speed and MM content,

can effectively suppress the formation of a-Fe soft phase and refine grain size. The maximum energy product (BH)max of

10.03 MGOe is obtained for the MM16-V25 alloy, which is a result of its higher intrinsic coercivity Hcj (Hcj: 9.15 kOe)

and squareness Hk/Hcj (Hk/Hcj: 0.49). Meanwhile, the analysis of Henkel plots dM(H) and microstructure show that the

MM16-V25 alloy obtains the strongest exchange coupling effect and more uniform microstructure with fine grain size. In

addition, the compositions of 2:14:1 grain and grain boundary from energy dispersive spectroscopy for the MM16-V25

alloy are also discussed in detail.
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1. Introduction

Re–Fe–B permanent magnet materials are widely used in

the domains of network communication, aerospace, trans-

portation, office automation, etc., due to their high maxi-

mum energy product, and have become one of the important

material foundations for high-tech emerging industries and

social progress [1–3]. Meanwhile, the extensive use of

Re–Fe–B permanent magnet has led to excessive con-

sumption of rare-earth elements Dy/Tb/Nd, as well as a

large backlog of high abundance and low-cost rare-earth

elements La/Ce/Y. This not only imbalances the utilization

of rare-earth resources, but also increases the price of

Re–Fe–B-based permanent magnets [4–6]. Therefore, the

use of high abundance elements La/Ce instead of heavy

rare-earth elements Dy/Tb/Nd to manufacture high-perfor-

mance Re–Fe–B permanent magnet materials has become a

hot research topic. So, if misch metal (MM) can be directly

used to prepare high-performance Re–Fe–B magnets, it can

effectively avoid the separation process of heavy rare-earth

elements and greatly solve the problems of unbalanced

rare-earth use and environmental pollution, which will have

great practical significance [7–10].

For Re–Fe–B magnetic materials based on MM, through

the optimization of the composition and microstructure of

MM–Fe–B, the performance of Re–Fe–B magnetic mate-

rials can be improved. Yu et al. [11] reported that the

aggregation behaviour of La–Ce in the RE-rich grain

boundary phase is beneficial to enhance the magnetic

properties with high Curie temperature of Tc = 502.9 K.

Zuo et al. [12] ultimately obtained 12 MGOe isotropic

magnets in MM13Fe81B6 alloys. Furthermore, Zhang et al.
[13] demonstrated that optimizing melt-spinning cooling

rates could control the grain size and finally enhance the

magnetic properties of (La, Ce)–Fe–B ribbons. Therefore, it

is desirable that the magnetic properties of MM–Fe–B

magnets can be further enhanced by optimizing the alloy

composition and manufacturing process.

In the present paper, the composition of MMxFe94-xB6

(x = 14 and 16) alloys with different wheel speeds (20 and

25 m s-1) are fabricated by the melt-spinning method. The

phase constituent, microstructure, magnetic properties and
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Curie temperature of all the alloys are systematically

investigated. Additionally, the relationships between the

magnetic properties, demagnetization reversal behaviour,

microstructure and exchange coupling interaction for the

MMxFe94-xB6 alloys are discussed in detail.

2. Experimental

The ribbons with the nominal composition of MMxFe94-xB6

(x = 14 and 16) were fabricated by melt spinning under an

Ar atmosphere. In the experiment, the purity information of

raw materials includes Fe (C 99.9%) and Fe–B (the content

of B element is 20 wt%), while the MM with a purity of

about 99.8 wt% from Bayan Obo mine. Then, the ribbon

samples were produced by melt spinning with wheel speeds

of 20 and 25 m s-1, respectively. Meanwhile, the content of

MM (x = 14) with wheel speed of 20 and 25 m s-1,

hereafter named as MM14-V20 and MM14-V25, respec-

tively, while the content of MM (x = 16) with wheel speed

of 20 and 25 m s-1 were marked as MM16-V20 and

MM16-V25, respectively. X-ray diffraction (XRD) patterns

of all the samples with the wheel surface were determined

by the Empyrean S2 diffractometer (PANalytical Corpora-

tion, The Netherlands) by using the CuKa radiation. Mag-

netic properties of the ribbons were obtained via the Lake

Shore 7407 vibrating sample magnetometer (VSM) with a

maximum applied filed of 2 T. The magnetization–

temperature (M–T) curves with the temperature range of

300–600 K under 1 T magnetic field and Henkel plots

dM(H) were also obtained via the VSM. The microstructure

and microchemistry analyses of the ribbons were observed

via the transmission electron microscope (TEM, Fei Techni

F20) equipped with energy dispersive spectroscopy (EDS).

3. Results and discussion

XRD patterns of MM14-V20–MM16-V25 ribbons are pre-

sented in figure 1. The hard magnetic 2:14:1 phase (H) and

the soft a-Fe phase (S) are observed in all the ribbons. The

diffraction intensity of (110) plane of the soft a-Fe phase

and the (214) plane of the hard 2:14:1 phase are marked as

I(110)S and I(214)H, respectively. According to the semi-

quantitative technique, the peak intensity ratio of

I(110)S/I(214)H can estimate the relative volume fraction of

the soft a-Fe phase and hard 2:14:1 phase in the alloys, and

the calculation results of the peak intensity ratios

I(110)S/I(214)H are listed in table 1. It shows that the value of

I(110)S/I(214)H decreases gradually from 1.29 (MM14-V20)

to 0.99 (MM16-V25), suggesting that the content of a-Fe

phase decreases. Meanwhile, based on the data of XRD,

table 1 provides refinement XRD data that displays the

volume fraction and grain size of the MM14-V20–MM16-

V25 alloys. It is found that the MM16-V25 alloy with a

higher wheel speed and higher concentration of MM obtains

less volume fraction of the a-Fe phase (Va-Fe: 9.9 ± 0.3%)

and smaller grain size (D2:14:1: 22 ± 1 nm, Da-Fe: 11 ± 2 nm),

compared with MM14-V20 alloy (Va-Fe: 24.5 ± 0.3%,

D2:14:1: 35 ± 2 nm, Da-Fe: 15 ± 1 nm). All the above results

show that increasing wheel speed and MM content can

effectively suppress the formation of the soft a-Fe phase and

refine grain size. A similar result is also reported in the Nd–

Fe-B alloys [14].

Figure 2 displays hysteresis loops of the MM14-V20–

MM16-V25 ribbons at room temperature. The hysteresis

loops of all the alloys display a single hard magnetic

behaviour. Furthermore, the remanence Mr, intrinsic coer-

civity Hcj, squareness Hk/Hcj and the maximum energy

product (BH)max of the MM14-V20MM16-V25 alloys are

also illustrated in table 2. It shows that the remanence (Mr)

of MMxFe94-xB6 alloys decreases gradually from 79.5

(MM14-V20) to 64.4 emu g-1 (MM16-V25), which is

mainly caused by the reduction of soft a-Fe magnetic phase.

In addition, the magnetic parameters of the squareness

Hk/Hcj and the maximum energy product (BH)max present a

similar tendency that increase gradually. In conclusion, the

optimal magnetic properties are obtained for the MM16-

V25 alloy: Mr = 64.4 emu g-1, Hcj = 9.15 kOe,

Hk/Hcj = 0.49 and (BH)max = 10.03 MGOe. The enhanced

(BH)max value of the MM16-V25 alloy is a result of its

higher intrinsic coercivity (Hcj) and squareness (Hk/Hcj) in

the demagnetization curve, which can be attributed to its

more refined microstructure. Furthermore, the Curie tem-

perature Tc for the MM14-V20 and MM16-V25 samples is

measured in the temperature range of 300–600 K under 1 T

magnetic field (figure 3). It shows that the Curie tempera-

ture Tc of the MM14-V20 alloy is 495 K, which is close to

the Tc of MM16-V25 (Tc: 500 K), indicating that the vari-

ation in MM rare-earth content has no significant effect on

the Curie temperature of MMxFe94-xB6 alloys.

According to the above results, to further interpret the

reason that the MMxFe94-xB6 alloys have higher magnetic

properties, the Henkel plots, which are defined as follows

Figure 1. XRD patterns of the MM14-V20–MM16-V25 ribbons.
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[15]: dMðHÞ ¼ ½MdðHÞ �Mr þ 2MrðHÞ�=Mr, is an effec-

tive approach to analyse the exchange coupling among the

hard magnetic 2:14:1 phase and the soft a-Fe phase. Here,

Mr(H) is the residual magnetism of a thermally demagne-

tized magnet after removing the external field under the

action of a positive external magnetic field H. Md(H) is the

residual magnetism of the sample after reaching saturation

magnetization in the forward direction with the addition of a

reverse field H and then removing the external field [16]. It

is generally believed that positive value of dM(H) charac-

terizes the intergranular exchange coupling within the soft

and hard magnetic phases, while negative value of dM(H) is

caused by dipole interaction [17]. As the grain size

decreases to \ 40 nm, an enhanced strong exchange cou-

pling behaviour is observed among the soft and hard

magnetic grains [18,19]. Figure 4 shows the variation of

dM(H) curves with applied magnetic field for the MM14-

V20–MM16-V25 ribbons. It shows that all the samples

obtain one positive peak height value of dM at the reverse

field, closely to the values of coercivity for each sample,

suggesting that the existence of exchange coupled among

soft and hard magnetic grains and a homogeneous

magnetization reversal behaviour is acquired for the

MMxFe94-xB6 alloys. Evidently, the positive peak of the

dM(H) corresponding to MM16-V25 alloy is the highest,

suggesting that this sample obtains stronger exchange

coupling effect between the hard magnetic 2:14:1 phase and

the soft a-Fe phase, and resulting in the highest maximum

energy product.
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Figure 2. Hysteresis loops of the MM14-V20–MM16-V25

ribbons at room temperature.

Table 2. Remanence Mr, intrinsic coercivity Hcj, squareness Hk/Hcj and maximum energy product (BH)max of the MM14-V20–MM16-

V25 alloys.

Alloys Mr (emu g-1) Hcj (kOe) Hk/Hcj (BH)max (MGOe)

MM14-V20 79.5 7.52 0.36 7.12

MM14-V25 75.1 7.28 0.42 8.36

MM16-V20 68.9 8.81 0.45 9.39

MM16-V25 64.4 9.15 0.49 10.03

Table 1. Volume fraction and mean grain size of the MM14-V20–MM16-V25 alloys.

Alloys Intensity ratio (I(110)S/I(214)H)

Volume fraction (%) Mean grain size (nm)

2:14:1 a-Fe 2:14:1 a-Fe

MM14-V20 1.29 75.5 ± 0.4 24.5 ± 0.3 35 ± 2 15 ± 1

MM14-V25 1.15 85.5 ± 0.3 14.5 ± 0.3 27 ± 1 12 ± 2

MM16-V20 1.02 84.8 ± 0.2 15.2 ± 0.4 29 ± 2 13 ± 1

MM16-V25 0.99 90.1 ± 0.2 9.9 ± 0.3 22 ± 1 11 ± 2
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Figure 3. M–T curves in the temperature range of 300–600 K

under 1 T magnetic field for the MM14-V20 and MM16-V25

alloys.
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To further obtain the detailed nature of the structure, the

TEM micrographs of the MM14-V20 and MM16-V25 alloys

are performed in figure 5. One can see from figure 5a and b

that a typical nanocrystalline structure can be observed.

From figure 5a-1 and b-1 of the HRTEM images corre-

sponding to red dotted line and the FFT diffraction pattern, it

confirms that this grain (white regions) is corresponding to

the 2:14:1 phase, while the white regions corresponding to

yellow-dotted is a-Fe phase (figure 5a-2, b-2 and FFT

diffraction pattern). Apparently, a-Fe grains for the two

samples are both distributed between the 2:14:1 grains,

suggesting the existence of exchange coupling interaction.

Meanwhile, up to 40 grains are used to determine the

average grain size, which is 36 nm for the MM14-V20 alloy,

while the average grain size is reduced to 24 nm for the

MM16-V25 alloy. These grain size results are compiled well

with the estimates from previous XRD patterns, concluding

that the MM16-V25 alloy with a higher wheel speed and
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Figure 4. Variation of dM with applied magnetic field for the

MM14-V20–MM16-V25 ribbons.

Figure 5. TEM micrographs of the MM14-V20 and MM16-V25 alloys. Bright-field images: (a) MM14-V20,

(b) MM16-V25; HRTEM images of the 2:14:1 phase (a-1) and a-Fe phase (a-2) for the corresponding areas in (a).

HRTEM images of the 2:14:1 phase (b-1) and a-Fe phase (b-2) for the corresponding areas in (b). The third column is

the fast Fourier transform (FFT) diffraction patterns of the corresponding areas in (a-1), (a-2), (b-1) and (b-2).

    5 Page 4 of 5 Bull. Mater. Sci.            (2024) 47:5 



higher concentration of MM obtains smaller grain size.

Therefore, compared with MM14-V20 sample, a more uni-

form microstructure and fine grain size are obtained for the

MM16-V25 alloy with a higher wheel speed and higher

concentration of MM, which is the reason for the enhanced

magnetic properties in MMxFe94-xB6 alloys.

To gain a further insight into the reason for the higher

value of magnetic properties in the MM16-V25 alloy, the

compositions of 2:14:1 grain (see the location of EDS 1 for

figure 5b) and grain boundary (see the location of EDS 2 for

figure 5b) from EDS for the MM16-V25 alloy are listed in

table 3. It can be seen that La element is uniformly dis-

tributed and the composition of Pr and Nd elements is

higher in the 2:14:1 grain, indicating that the Pr and Nd

elements are more inclined to enter the 2:14:1 phase, while

the Ce element is enriched in the grain boundary. Thus, the

non-uniform distribution enables redundant Ce element to

be enriched in grain boundary, resulting in a more favour-

able microstructure and enhanced magnetic properties.

Similar element distribution characteristics have also been

reported in Nd–La–Fe–B alloys [20].

4. Conclusion

In summary, the composition of MMxFe94-xB6 (x = 14 and

16) alloys with different wheel speeds (20 and 25 m s-1)

are successfully prepared by melt-spinning technique.

Meanwhile, the phase constituent, microstructure, magnetic

properties and Curie temperature of all the alloys are sys-

tematically studied. The results indicate that the optimal

magnetic characteristics are achieved in the MM16-V25

alloy: Mr = 64.4 emu g-1, Hcj = 9.15 kOe, Hk/Hcj = 0.49

and (BH)max = 10.03 MGOe. The enhanced magnetic per-

formance in the MMxFe94-xB6 alloy may be attributed to

the stronger exchange coupling effect and more uniform

microstructure with fine grain size.
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