
Magnetic properties of melt-spun MM–Fe–B ribbons with
different wheel speeds and mischmetal contents

Xue-Feng Zhang, Wen-Kai Zhang, Yong-Feng Li* , Yan-Li Liu,

Zhu-Bai Li, Qiang Ma, Meng-Fei Shi, Fei Liu

Received: 17 March 2015 / Revised: 22 July 2015 /Accepted: 24 April 2016 / Published online: 6 June 2016

� The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2016

Abstract In this study, the effect of wheel speed and

mischmetal (MM) content on the magnetic properties of

MMFeB ribbons was investigated. The samples were pre-

pared via direct solidification technique. The nominal

composition of the alloy ingots is MMxFe92-xB8 with

x varying from 9 to 15 in steps of 2. Experimental results

show the overall magnetic properties of the ribbons.

Analysis of the results shows that the magnetic properties

first improve and then degrade with the wheel speed and

MM content increasing. Increase in MM content leads to

better formation of crystal texture in the ribbons, indicating

that the a-Fe phase might undermine the formation of

crystal texture. Magnetic properties results show that the

coercivity of the ribbons rises with an appropriate increase

in both MM content and wheel speed during melt-spun

process. The strongest magnetic properties of the ribbons

(remanence of Mr = 0.72 T, intrinsic coercivity of

Hcj = 352.58 kA�m-1, and maximum energy product of

(BH)max = 72.14 kJ�m-3) are obtained for compositions

where x = 13 and a wheel speed of v = 20 m�s-1.
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1 Introduction

Since its discovery in 1983 [1], sintered NdFeB perma-

nent magnets have become the fastest growing and most

widely used rare earth permanent magnetic material

because of its excellent comprehensive magnetic perfor-

mance. This performance continues to improve through

advancements in preparative techniques and composition

optimization [2–5]. At present, the need of sintered rare

earth permanent magnets material has been increasing in

the market [6]. In recent years, raw materials such as the

metals Nd and Pr used in preparing NdFeB materials have

become scarcer, which results in a sharp rise in the price

of materials for sintered NdFeB permanent magnets and

creates enormous challenges for the sintered NdFeB

industry. Because of the cost pressure of PrNd and Dy

metals, the issue on substitution of PrNd by mischmetal

(MM) alloys attracted renewed attention [7] and another

issue is that both Nd and Pr are extracted from mixed

accretive rare earth mines, which are typically also rich in

La and Ce [8, 9], and the cost of separating the rare earths

is very high. On the other hand, La, Ce, Pr, and Nd are all

4f atom elements with a hexagonal close-packed (hcp)

structure, so they can form chemical compounds of

MM2Fe14B with MM, Fe, and B [10]. Furthermore, La

and Ce are effective in refining the grain size of these

ribbons [11], and MMFeB is possible to be a potential

nanocomposite magnetic material [12]. Therefore, it is

possible to adjust the components used to create rare earth

magnets so that they can better meet the available

resource conditions in order to reduce costs and optimize

resources [13]. In previous work, the common mixed rare

earth metal MM which consists of large amounts of La

and Ce and a small amount of Pr and Nd was used to

prepare MM–Fe–B melt-spun ribbons.
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In this paper, it is focused on how MM content (x) and

quenching wheel speed (v) influence the microstructure and

magnetic properties of the material, with the purpose of

developing better magnetic properties in MMFeB magnets.

2 Experimental

In this experiment, MM is a very common mischmetal from

Bayan Obo mine in Baotou, China, and it consists of La

28.63 wt%, Ce 50.13 wt%, Pr 4.81 wt%, Nd 16.38 wt%, and

a few other impurities. Alloy ingots with a nominal com-

position of MMxFe92-xB8 (x = 9, 11, 13, 15) were prepared

using a high-frequency melting furnace with MM, Fe, and

FeB components under high-purity Ar atmosphere. The

ingots were melted three times and thermally treated for

120 min to ensure homogeneity of the ingots. The arc-melt

ingots were broken into small pieces and crushed into quartz

tubes, and then melt-spun onto a copper wheel in argon

atmosphere under different wheel speeds of 10, 15, 20, 25,

30, 40, and 50 m�s-1. The phases and grain sizes of the

samples were characterized using X-ray diffraction (XRD,

D8 ADVANCE) with Cu Ka radiation. The magnetic hys-

teresis loops of the ribbons were measured using a vibrating

sample magnetometer (VSM, Quantum Design VersaLab)

with an applied field up to 3 T. The microstructure of the

MM13Fe79B8 alloy ingots was characterized by scanning

electron microscope (SEM, QUANTA 400) equipped with

energy-dispersive spectroscopy (EDS).

3 Results and discussion

3.1 Structure and magnetic properties of melt-spun

ribbons at different wheel speeds

Figure 1 shows the XRD patterns of melt-spun ribbons

with different compositions at wheel speeds of 10, 15, 20,

25, 30, 40, and 50 m�s-1. As shown, the diffraction peak of

the a-Fe phase disappears and the peak intensity of

MM2Fe14B gradually strengthens as the MM content

increases, which indicates that the number of MM2Fe14B

phases in the sample increases as MM content increases. In

addition, it is obvious that the diffraction pattern of the

ribbons gradually widens with wheel speed increasing [14],

suggesting that the average grain size decreases.

Table 1 shows the average grain size of the melt-spun

ribbons with different compositions at wheel speeds of 10,

15, 20, 25, 30, 40, and 50 m�s-1. Zhao et al. [15] reported

that the relationship between remanence enhancement and

grain size can be written as:

Mr=Ms ¼ 0:5þ 1:8D0=L ð1Þ

where Mr, Ms, D0, and L are the remanence, saturation

magnetization, exchange length, and average grain size,

respectively. At x = 13 and v = 20 m�s-1, the ribbons

have properties of Ms = 1.23 T, Mr = 0.72 T, and D0 = 4/

p. The result of Mr/Ms is 0.585 and 0.5 ? 1.8D0/L is 0.548,

which are in good agreement with the model of remanence

enhancement.

Fig. 1 XRD patterns of MMxFe92-xB8 melt-spun ribbons under different wheel speeds: a x = 9, b x = 11, and c x = 13

Table 1 Average grain size of MMxFe92-xB8 (x = 9, 11, 13, 15) melt-spun ribbons at wheel speeds of 10, 20, 25, 30, 40, and 50 m�s-1 (nm)

MMxFe92-xB8 10 m�s-1 15 m�s-1 20 m�s-1 25 m�s-1 30 m�s-1 40 m�s-1 50 m�s-1

x = 9 61.6 57.9 50.9 38.1 32.1 20.9 10.5

x = 11 59.2 55.2 50.2 39.5 30.9 23.8 9.6

x = 13 60.4 57.1 49.1 39.4 31.8 230.0 11.5

x = 15 59.8 55.7 49.9 38.4 29.3 21.7 10.2
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Figure 2 presents the magnetic hysteresis loops of the

MM13Fe79B8 melted ribbons melt spun at wheel speeds of

10, 15, 20, 25, 30, 40, and 50 m�s-1. Note that the

squareness of the hysteresis loop is poor at very low and

very high wheel speeds, while the demagnetization curves

at wheel speeds of 15 and 20 m�s-1 are very smooth.

Figure 3 shows the variation in maximum Mr, coercivity

(Hcj), and maximum energy product ((BH)max) values as a

function of wheel speed for the MM13Fe79B8 melt-spun

ribbons. All of the ribbons’ magnetic properties (Mr, Hcj,

and (BH)max) first increase as the wheel speed increases up

to 20 m�s-1 and then decrease. The best magnetic prop-

erties are obtained at a wheel speed of 20 m�s-1, achieving

Fig. 2 Hysteresis loop of MM13Fe79B8 melt-spun ribbons produced

under different wheel speeds

Fig. 3 Variation in maximum values for Mr, Hcj, and (BH)max of

MM13Fe79B8 melt-spun ribbons as a function of wheel speed

Fig. 4 SEM–BSE image of MM13Fe79B8 alloy ingot and elemental EDS line scan maps across matrix phase and rare earth phase regions:

a SEM–BSE image, b Pr, c Nd, d Fe, e La, and f Ce

994 X.-F. Zhang et al.

123 Rare Met. (2017) 36(12):992–996



an Mr value of 0.72 T, an Hcj value of 352.58 kA�m-1, and

a (BH)max value of 72.14 kJ�m-3.

3.2 Rare earth and Fe distribution in melt-spun ribbons

From the backscattered electron (BSE) map of the

MM13Fe79B8 ingot in Fig. 4, the compositional variation

that occurs across the region in the EDS intensity profiles

can be clearly seen. The scanned region can be divided into

a Re-rich phase in which Fe content is low, and a matrix

phase in which Fe content is high. This suggests that Ce has

a stronger affinity with Nd, while La has a stronger affinity

with Pr. Thus, La, Pr, Fe, and B preferentially form

(PrLa)2Fe14B as a metallic phase. Furthermore, when Pr,

Nd, and La contents are lower, Ce content is spiked,

indicating that the excess Ce, Fe, and B form Ce2Fe14B

phase in these ribbons instead.

3.3 Magnetic properties of melt-spun ribbons

with different MM contents

The magnetic properties of MMxFe92-xB8 (x = 9, 11, 13,

15) melt-spun ribbons prepared at wheel speeds of 10, 15,

20, 25, 30, 40, and 50 m�s-1 were measured by VSM, with

the results shown in Table 2. The data in Table 2 show that

the magnetic properties of the ribbons all first increase as

the MM content increases at wheel speeds of 10, 15, 20, 25,

30, 40, and 50 m�s-1. This result indicates that increasing

the MM content leads to the production of a harder mag-

netic phase MM2Fe14B alloy with a corresponding

decrease in the a-Fe phase, resulting in the enhancement of

the remanence and coercivity of the ribbons. Therefore, the

remanence, coercivity, and maximum energy product all

correspondingly increase.

Furthermore, it can be seen that all of the magnetic

properties (Mr, Hcj, and (BH)max) also first increase as the

wheel speed increases for a given composition. In this

scenario, the average grain size of the ribbon decreases as

the wheel speed increases, and this gradually enhances the

coercivity of the ribbon. Therefore, the coercivity and the

maximum energy product increase together. However, it is

worth noting that the coercivity of the ribbons drops pre-

cipitously beyond a wheel speed of 20 m�s-1. Meanwhile,

for the ribbons with the same composition, the relative

intensity and the quantity of diffraction peaks for

MM2Fe14B phase decrease with wheel speed increasing,

indicating that the amount of MM2Fe14B phase decreases

and that of amorphous increases with wheel speed

increasing [16].

4 Conclusion

MMxFe92-xB8 (x = 9, 11, 13, 15) magnetic ribbons were

prepared by direct solidification, and the effect of MM

content and wheel speed on the microstructure and the

magnetic properties of the melt-spun ribbons was investi-

gated. X-ray analysis shows that increasing MM content

and wheel speed cause the a-Fe phase to disappear and the

peak intensity of the MM2Fe14B phase to gradually

strengthen, indicating that increasing MM content leads to

a beneficial formation of the MM2Fe14B phase in the rib-

bon. VSM results show that Mr, Hcj, and (BH)max of the

optimally processed MMxFe92-xB8 ribbons first increase

Table 2 Magnetic properties of MMxFe92-xB8 (x = 9, 11, 13, 15)

melt-spun ribbons with different wheel speeds (v) and MM content (x)

MMxFe92-xB8 v/(m�s-1) Mr/T Hcj/(kA�m-1) (BH)max/

(kJ�m-3)

x = 9 10 0.26 60.59 3.43

15 0.50 105.43 14.66

20 0.52 140.52 18.45

25 0.38 107.64 8.14

30 0.31 67.04 4.87

40 0.25 55.44 2.88

50 0.14 30.63 0.20

x = 11 10 0.17 41.89 1.33

15 0.49 118.34 13.48

20 0.51 151.29 21.52

25 0.41 117.32 13.37

30 0.38 85.57 7.30

40 0.30 55.44 3.57

50 0.27 48.99 2.32

x = 13 10 0.37 17.32 11.21

15 0.67 349.36 66.36

20 0.72 352.58 72.14

25 0.54 240.37 33.84

30 0.51 239.80 32.22

40 0.33 95.40 6.87

50 0.25 49.01 2.91

x = 15 10 0.50 203.02 25.33

15 0.51 265.55 38.28

20 0.55 316.18 44.21

25 0.50 237.69 28.01

30 0.46 212.50 22.63

40 0.45 207.48 21.57

50 0.45 188.07 19.56
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with the increase in wheel speed, reaching maximum val-

ues at v = 20 m�s-1, and then decrease with further

increase in wheel speed. The results also show that the

magnetic properties of the ribbons first increase with MM

content increasing, reaching their maximum values at

x = 13. Beyond this MM content, however, these proper-

ties decrease. In conclusion, it is able to produce melt-spun

ribbons with excellent magnetic properties: Ms = 1.23 T,

Mr = 0.72 T, Hcj = 352.58 kA�m-1, and (BH)max =

72.14 kJ�m-3, using an MM content of x = 13 (i.e.,

MM13Fe79B8) and a wheel speed v = 20 m�s-1.
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