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a b s t r a c t

A series of misch-metal (MM ¼ 28.27 wt % La, 50.46 wt % Ce, 5.22 wt % Pr, 15.66 wt % Nd)-iron-boron
isotropic ribbons with atomic formula (MM)12þxFe82-x-yB6þy (x ¼ 0, 1, 2, 3, 4, y ¼ 0, 0.5, 1, 1.5, 2) are
prepared by melt spinning technique. A large energy product (BH)max of 12 MGOe is obtained with the
composition of MM13Fe81B6 at optimized processing. The ribbons with both coercivity larger than 10 kOe
and (BH)max larger than 10 MGOe are achieved in a wide composition range. All the samples exhibit the
tetragonal crystal structure. The magnetization and Henkel plot (dM) measurements indicate that the
ribbons have a relatively homogeneous microstructure and strong exchange-coupling interactions. The
average grain size of the ribbons is around 30 nm determined via Scherrer's formula. Meanwhile, the
transmission electron microscope (TEM) image also verifies that the ribbons have a homogeneous
nanoscale microstructure. In addition, the spin reorientation temperature Tsr is investigated by ac sus-
ceptibility cac measurement.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Permanent magnets are critical for many applications in tech-
nology [1,2]. There are two large families on permanent magnet
market. One is the ferrite family with low energy product (not over
38 kJm�3) and low price (less than $5 kg�1), another is the rare-
earth permanent magnets Nd-Fe-B with energy product as high
as 470 kJm�3 and price exceeding $100 kg�1 [1,2]. Therefore,
searching for new hard magnetic material with low cost and suit-
able performance for plugging the gap between the Nd-Fe-B and
ferrite magnets becomes important [2]. In fact, “rare-earth” is not
really rare in nature, the main problem is the imbalanced use of the
elements (the most abundant element Ce is overstock while Nd, Pr
and most of the heavy rare-earth elements are understock). On the
other hand, environment pollution from extraction process of rare-
earths is severe [3,4]. Misch-metal (MM) with the nature ratio
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(25e35 wt % La, 45e55 wt % Ce, 4e10 wt % Pr, 14e18 wt % Nd) is a
typical representative of the mixed rare-earth elements coexisted
in the mines. If Nd can be replaced by MM, the imbalanced use and
the environment pollutionwill be reduced. As a matter of fact, MM-
Fe-B material has been studied many years ago, which exhibits
excellent intrinsic magnetic properties with larger magneto-
crystalline anisotropy field Ha (40 kOe) and saturated magnetiza-
tionMs (1.26 T) [5e8]. Meanwhile, the magnet of MM based 2:14:1
phase with 8 MGOe energy product has also been prepared [6].
While the sintered magnets exhibit low performance due to the
difficulty in obtaining the designed microstructure [9e13]. In
addition, because the environment problem has not drawn much
attention and the price of rare-earth Nd was not very high before
2011, work on MM-Fe-B materials was suspended. Recently, with
the gradually increasing demands of permanent magnets and the
pressure from environment protection and the cost of Nd, MM (or
Ce)-Fe-B based permanent materials have attracted renewed
attention due to the low price and environment-friendly feature
[1,3,4,9,13e18]. In this paper, the phase structure, magnetic prop-
erties and coercivity mechanism of MM12þxFe82-x-yB6þy (x ¼ 0, 1, 2,
3, 4, y ¼ 0, 0.5, 1, 1.5, 2) ingots and ribbons have been systematic
studied, A large energy product (BH)max of 12 MGOe is obtained.
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Fig. 1. The measured and refined XRD patterns of heat-treated MM12þxFe82-x-yB6þy

(x ¼ 0, 1, 2, 4, y ¼ 0, 1, 2) ingots.

Table 1
The refined parameters of MM-Fe-B ingots (x ¼ 0, 1, 2, 4, y ¼ 0, 1, 2) at room
temperature.

samples a ¼ b (Å) c(Å) Rwp (%) c2 r (g/cm3)

MM12Fe82B6 8.7763 12.2110 13.0 0.99 7.583
MM13Fe81B6 8.7786 12.2049 14.3 0.94 7.574
MM14Fe80B6 8.7799 12.1847 11.1 1.05 7.589
MM16Fe78B6 8.7796 12.1804 13.6 1.42 7.573
MM13Fe80B7 8.7825 12.1911 11.9 1.79 7.576
MM13Fe79B8 8.7840 12.1912 11.4 1.18 7.574
MM14Fe78B8 8.7823 12.1929 11.6 1.29 7.575
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The ribbons with both coercivity larger than 10 kOe and (BH)max
larger than 10MGOe are also achieved in awide composition range.
Meanwhile, the lattice parameters, density and spin reorientation
temperature Tsr have also been studied. The MM-Fe-B ribbons with
high performance not only can be used as the raw materials of
bondedmagnets but also can be used for plugging the gap between
the Nd-Fe-B and the ferrite magnets.

2. Experimentals

MM12þxFe82-x-yB6þy (x ¼ 0, 1, 2, 4, y ¼ 0, 1, 2) compound ingots
were prepared by arc-melting in a high purity argon atmosphere.
The purity of starting materials is 99% for Fe and 97% for FeB alloys.
MM contains about 28.27 wt % La, 50.46 wt % Ce, 5.22 wt % Pr,
15.66 wt % Nd and �1 wt % others. The ingots were melted five
times to ensure homogeneity and then annealed at 1173 K for 10
days under vacuum and then rapidly quenched to room tempera-
ture. Then a part of the ingots were ground down to less than
150 mm for measure the phase structure and crystal lattice pa-
rameters by X-ray powder diffraction (XRD) with Cu Ka radiation.
Meanwhile, another part of the ingots was used for preparing the
ribbons, which were prepared by induction melting the ingot (the
weight is about 2 g) in a quartz tube and then ejected onto the
surface of a copper wheel with a surface velocity in the range of
20e30 m/s, every sample was prepared with different wheel sur-
face velocity until the preparation condition was optimal (the
maximal coercivity is achieved). For MM12þxFe82-xB6 (x ¼ 0, 1, 2, 4)
ribbons, the optimal wheel surface velocity is about 29 m/s, and for
MM12þxFe82-x-yB6þy (x ¼ 1, 2, y ¼ 1, 2) ribbons, the optimal wheel
surface velocity is about 30 m/s. The difference of pressure be-
tween inside and outside is about 0.6 MPa. The aligned MM-Fe-B
resin composite was prepared by mixing the ground MM-Fe-B
powders (less than 150 mm) with epoxy resin and placing them
into a 20 kOe magnetic field until the epoxy resin solidifies.
Morphology was analyzed by transmission electron microscope
(TEM). Magnetic properties were measured by an MPMS with the
maximum field of 70 kOe and temperature range of 2e380 K.

3. Results and discussion

Fig. 1 shows the measured and refined XRD patterns of heat-
treated MM12þxFe82-x-yB6þy (x ¼ 0, 1, 2, 4, y ¼ 0, 1, 2) ingots at
room temperature. All the samples crystallize primarily in the
tetragonal crystal structure with space group P42/mnm. For y � 1,
the samples show minor impurity of B-rich phase (R1þxFe4B4). The
refined lattice parameters and density are shown in Table 1. It can
be seen that the lattice parameters have a little difference with the
changed element composition. With the gradually increased MM,
the lattice parameter c shows a slight decline while a and b almost
keep constant. However, with the gradually increased element B,
the lattice parameters a and b show a slight enlargement while c
almost keeps constant. It is known that when the R2Fe14B (R¼ rare-
earth) compounds deviate its stoichiometric composition, espe-
cially for more R or B, the R and B will be located in the grain
boundary regions to form the grain boundary phase [9,19,20]. After
a long time heat treatment, the element of MM (contain La, Ce, Pr,
Nd) will take replacement reaction (or interdiffusion) each other,
the mechanism is similar to grain boundary diffusion process
[19,20], this phenomenon is universal especially for sintered
magnets with mixed rare-earth [16,18]. Which leads to the element
ratio of main phase grains (or crystal cell) slightly deviation its
original ratio, and further results in the slight difference of lattice
parameters. This agrees with the results of different Tc and Ha of
MM-Fe-Bmagnets with different composition [7]. However, further
studies are needed to understand the complex diffusion process.
Fig. 2(a) shows the demagnetization curves of MM12þxFe82-xB6
(x ¼ 0) ribbons measured at different temperature. Samples with
x ¼ 1, 2, 3, 4 have a similar variation trend of demagnetization



Fig. 2. (a) The demagnetization curves of MM12Fe82B6 ribbons measured at different temperature, (b) the demagnetization curves of MM12þxFe82-xB6 (x ¼ 2, 4) ribbons at second
quadrant with temperature of 60 and 120 K, (c) the temperature dependence of coercivity; squareness and maximum energy product at 295 K.

Table 2
The grain size and parameters of magnetic property for MM-Fe-B ribbons (x¼ 0,1, 2,
4, y ¼ 0, 1, 2) at 295 K.

samples Hc (kOe) (BH)max (MGOe) Grain size (nm) Squareness

MM12Fe82B6 4.6 11.5 29 ± 2 0.82
MM13Fe81B6 6.0 12.2 31 ± 1 0.83
MM14Fe80B6 6.9 11.9 32 ± 1 0.82
MM15Fe79B6 7.9 11.7 27 ± 3 0.82
MM16Fe78B6 8.7 9.9 33 ± 1 0.80
MM13Fe80.5B6.5 7.8 11.6 36 ± 4 0.79
MM13Fe80B7 8.5 11.9 34 ± 3 0.75
MM13Fe79.5B7.5 9.1 11.8 35 ± 3 0.75
MM13Fe79B8 10.0 11.9 30 ± 2 0.76
MM14Fe79.2B6.8 8.5 10.8 e 0.76
MM14Fe79B7 8.7 10.8 e 0.75
MM14Fe78.4B7.6 10.1 10.7 e 0.73
MM14Fe78B8 10.1 10.8 e 0.75
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curves, thus are not shown here. We only show the difference of
demagnetization curves at 60 and 120 K for MM12þxFe82-xB6 (x ¼ 2,
4) ribbons at the second quadrant (see Fig. 2(b)). The squareness (at
295 K), maximum energy product (BH)max (at 295 K) and temper-
ature dependence of coercivity are exhibited in Fig. 2(c). The pa-
rameters of magnetic properties at 295 K are summarized in
Table 2. Firstly, for all the samples, the coercivity shows an almost
linear increase with decreasing temperature, due to the gradually
increasing magnetocrystalline anisotropy Ha [7]. In addition, for the
samples of MM12þxFe82-xB6 (x � 1), the phenomenon of shoulder is
observed in the curves of demagnetization at the low temperature
(it is obvious at 60 K, shown in Fig. 2(b)). Furthermore, this phe-
nomenon becomes more and more obvious with the gradually
increasing MM due to the gradually reduced exchange-coupling
interaction between the MM-Fe-B grains. It is known that the
domain wall width is inversely proportional to the Ha [21]. There-
fore, with decreasing temperature (the gradually increasingHa), the
domainwall width will decrease, and the effective coupling domain
volume will diminish, and the shoulder will be observed and
become obvious [21]. Meanwhile, with gradually increasing MM,
the grain boundary phase concentration will increase, which
reduces the exchange-coupling of MM-Fe-B grains, leading to
decoupling evidented by the shoulder. Here it should emphasize
that there is not the phenomenon of shoulder even at the low
temperature for the completely homogeneous single phase



Fig. 3. (a) The XRD patterns of MM12þxFe82-xB6 (x ¼ 0, 1, 2, 3, 4) ribbons, (b) the TEM
image of MM14Fe80B6 ribbon.
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materials. Therefore, the appearance of shoulder at low tempera-
ture also indicates that the MM-Fe-B ribbons do not have the
completely homogeneous nano-size microstructure, this inhomo-
geneous microstructure could come from both the inhomogeneous
grain size and inhomogeneous grain composition (due to interdif-
fusion), which will be demonstrated in the next section. Moreover,
the coercivity shows an almost linear increase with the increasing
MM content (x� 1), which is mainly due to the effect of decoupling
due to grain boundary separation [20]. The more interesting phe-
nomenon is that a more obvious increase is observed with
increasing MM from 12 to 13. The reason for this increase is com-
plex and could be a multi-factor effect. Firstly, for the sample of
MM12Fe82B6, it only has very little grain boundary phase in the
ribbon, therefore, it is hardly possible for the diffusion to take grain
boundary path (relatively low Ha). Secondly, because of lack of the
grain boundary phase, the effect of decoupling is very weak in this
condition. In addition, La and Ce are not easy to form the 2:14:1
phase at the condition of the low rare-earth region [17,22,23], more
defects could exist in the MM12Fe82B6 ribbons. From Table 1 it can
be seen that a large energy products (BH)max of 12 MGOe is ob-
tained (density r ¼ 7.58 g/cm3), it is the highest value reported of
MM-Fe-B magnets. More importantly, this results imply that the
(BH)max could exceed 20 MGOe for the anisotropic MM-Fe-B mag-
net, offering a good possibility for plugging the gap between the
Nd-Fe-B and the ferrite magnets. The squareness is obtained by the

ratio of the integral
Z �Hc

0
MdH toMr�Hc in the second quadrant of

the curve of demagnetization. Which often reflects the uniformity
of magnetization reversal, and is also relative to the conditions of
exchange-coupling for nanostructuredmaterials. It can be seen that
all the samples show the large values of squareness (about 0.8),
which indicates that all the samples have a relatively (not
completely) homogeneous microstructure and the strong
exchange-coupling interaction between the grains. In addition, the
squareness increases with increasing x from 0 to 1 and then de-
creases when x � 1. The increase is mainly due to the larger Ha and
less defect, and the later decrease is because of the decoupling
effect.

In order to further verify the conclusions mentioned above, the
XRD of MM12þxFe82-xB6 (x ¼ 0, 1, 2, 4) ribbons and TEM image of
MM14Fe80B6 ribbon are shown in Fig. 3(a) and (b), respectively.
Herewe only show the TEM image of MM14Fe80B6 ribbon, (the TEM
image of MM15Fe81B6 is almost the same as MM14Fe80B6). From
Fig. 3(a) it can be seen that all the samples show the tetragonal
2:14:1 phase structure. The average grain size calculated via
Scherrer's formula is 29 nm, 31 nm, 32 nm, 27 nm and 33 nm for
x ¼ 0, 1, 2, 3, 4, respectively. The TEM image verifies that the MM-
Fe-B ribbons have a relatively homogeneous nanoscale micro-
structure with average grain size around 30 nm.

As we have declared that all the samples have a relatively ho-
mogeneous microstructure and strong exchange-coupling interac-
tion, and it is also known that Henkel plot (dM) is important and
useful in checking the magnetization reversal mechanism and in-
teractions of grains. Therefore, the curves of Henkel plot, which is
defined as: dM¼Md(H) � [1� 2Mr(H)] [24e27], are shown in Fig. 4,
Here Mr(H) is the isothermal remanence (normalizing to Mr(H)/
Mr(∞)) acquired after the application and subsequent removal of a
field H, Md(H) is dc demagnetizing remanence (normalizing to
Md(H)/Mr(∞)) acquired after saturation in one direction and then
application and removal of a direct field H in the reverse direction.
The positive dM implies that the interactions of grains support the
magnetized state and exchange-coupling interaction is dominant,
while negative dM means that the interactions promote demagne-
tized state and the magnetostatic (dipolar) interaction is dominant.
Therefore, the shape of dM often is the results of competition be-
tween exchange coupling and magnetostatic (dipolar) interaction.
As shown in Fig. 4, all the samples show a positive peak at the field
around coercivity, which demonstrates that the exchange-coupling
interaction is dominant in the samples. In addition, an increase with
increasing MM from 12 to 13 is observed, which agrees with the
experiment results of high Ce content ribbons [28,29]. The main
reason may be for the fact that the MM facilitates the formation of
the 2:14:1 phase, which results in less defects in the MM13Fe81B6
ribbons [22,23]. And the later decline of dMwith x� 1 is mainly due



Fig. 4. The Henkel plots (dM) of MM12þxFe82-xB6 (x ¼ 0, 1, 2, 3, 4) ribbons.
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to the decoupling caused by grain boundary phase, is consistent
with the results of the squareness.

The XRD patterns of MM13Fe81-yB6þy (y ¼ 0.5, 1, 1.5, 2) ribbons
are shown in Fig. 5. Compared with Fig. 1, it is found that the B-rich
phase or impurity peaks (R1þxFe4B4) disappeared in the ribbons,
which could be due to the fast cooling process that impedes the
formation of impurity of B-rich phase (R1þxFe4B4) (amorphous), or
the content of impurity is too less to be checked by the XRD. The
average grain size calculated via Scherrer's formula is 36 nm,
34 nm, 35 nm, 30 nm for x ¼ 0.5, 1, 1.5, 2, respectively. Which in-
dicates that MM-Fe-B ribbons with B-rich content also have the
nanoscale microstructure.
Fig. 5. The XRD patterns of MM13Fe81-yBy (y ¼ 0.5, 1, 1.5, 2) ribbons.
Fig. 6(a) shows the demagnetization curves of MM13Fe81-yB6þy
(y ¼ 0, 1, 2) ribbons at the second quadrant with temperature of 60
and 120 K (the demagnetization curves of other samples have the
similar variation trend compared with MM12Fe82B6 (see Fig. 2(a)),
are not shown here). Meanwhile, the squareness (at 295 K),
maximum energy product (BH)max (at 295 K) and temperature
dependence of coercivity of MM13Fe81-yB6þy (y¼ 0, 0.5,1, 1.5, 2) and
MM14Fe80-yB6þy (y ¼ 0, 0.8, 1, 1.6, 2) ribbons are shown in Fig. 6(b)
and (c), respectively. The parameters of magnetic properties at
295 K are summarized in Table 2. Firstly, as expected, the coercivity
shows an increase with increasing Boron content (both for x ¼ 1
and 2), which is mainly due to the effect of decoupling from grain
boundary [12], and the coercivity also shows an almost linear in-
crease with decreasing temperature due to the gradually increasing
magnetocrystalline anisotropy Ha [7]. It is interesting to note that
the coercivity larger than 10 kOe is observed for the samples of
MM13Fe79B8, MM14Fe78.4B7.6 and MM14Fe78B8. Furthermore, the
Fig. 6. (a) The demagnetization curves of MM13Fe81-yB6þy (y ¼ 0, 1, 2) ribbons at the
second quadrant with temperature of 60 and 120 K, (b) the temperature dependence
of coercivity, squareness and maximum energy product at 295 K of MM13Fe81-yB6þy

(y ¼ 0, 0.5, 1, 1.5, 2) ribbons, (c) the coercivity, squareness and maximum energy
product of MM14Fe80-yB6þy (y ¼ 0, 0.8, 1, 1.6, 2) ribbons at 295 K.
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energy products (BH)max of all the samples larger than 10MGOe are
obtained for the B-rich MM12þxFe82-x-yB6þy (x ¼ 1, 2, 1 � y � 2)
ribbons (density r ¼ 7.58 g/cm3). The excellent permanent mag-
netic performance appeared in a wide composition range is
important for practiced applications, and is a good candidate for
plugging the gap between the Nd-Fe-B and the ferrite. Compared
with MM-rich MM-Fe-B ribbons, the B-rich ribbons exhibit the
relatively poor squareness. The nonuniform reverse magnetization
process reveal the relatively weaker exchange-coupling interaction
in those samples, leading to the higher coercivity of B-rich MM-Fe-
B ribbons. In addition, the more obvious phenomenon of shoulder
also verifies the weaker exchange-coupling interaction (see
Fig. 6(a)). Here it should be mentioned that the coercivity could not
continuously increase for the MM12þxFe82-x-yB6þy (x ¼ 1, 2) ribbons
when y � 2 even for x� 2, while the highest coercivity is still about
10 kOe. The detailed magnetic properties of other samples are not
shown in the paper.

Fig. 7 shows the temperature dependence on ac susceptibility
cac of the MM13Fe80B7 compound. In order to study the spin reor-
ientation temperature Tsr in detail, the cac curves of aligned
MM13Fe80B7 resin composites are also shown. Generally, the Tsr is
reflected by the peak in the cac curve [7,30]. It can be seen that a
broad peak is observed for the isotropic MM13Fe80B7 ingot and
alignedMM13Fe80B7 resin composite perpendicular c-axis direction
(⊥ c-axis), while an inflexion is found for the aligned MM13Fe80B7

resin composite parallel c-axis direction (jj c-axis). It is known that
the position of the peak of cac represents the temperature at which
themagnetocrystalline anisotropy of the sample is the smallest. It is
thus often used for detection the temperature change of easy-
magnetization direction (also called spin reorientation). For MM-
Fe-B magnets, the element ratio is little different in the grains
because of the replacement reaction (or interdiffusion), therefor,
the Tsr should also be different for different grains, which leads to a
broad peak appearing in the curve due to the inhomogeneity
magnetocrystalline anisotropy of the grains, thus the Tsr for
MM13Fe80B7 ingot is an average result (about 40 K). For different
composition, the average Tsr should be different, thus Tsr is around
45, 48, 50 and 51 K for MM12Fe82B6, MM14Fe80B6, MM15Fe79B6,
MM16Fe78B6 compounds, respectively. For the aligned sample,
because of the effect of the crystal alignment, the anisotropy field of
MM13Fe80B7 resin composite has been changed compared with the
isotropic sample, thus the peak also shows a little difference (⊥ c-
axis, about 50 K). In fact, the temperature of practical applications
Fig. 7. The temperature dependence on ac susceptibility cac of the MM13Fe80B7

compound.
could be more important for permanent magnetic materials, as it is
the on-set temperature from easy magnetization c-axis (uniaxial
anisotropy) to another type of magnetocrystalline anisotropy,
which is indicated by the inflexion of cac (jj c-axis). And this tem-
perature can also be reflected in the cac curves of isotropic and
aligned MM13Fe80B7 resin composite (⊥ c-axis), it is just the end of
peaks (around 100 K) which also represents the end temperature
from other type of magnetocrystalline anisotropy to uniaxial
anisotropy. Therefore, in this paper, the Tsr-end is defined as the end
temperature from other type of magnetocrystalline anisotropy to
uniaxial anisotropy (from low temperature to high temperature) or
the start temperature from uniaxial anisotropy change to other
type of magnetocrystalline anisotropy (from high temperature to
low temperature). Although the magnetocrystalline anisotropy
fields have a little difference between the grains for the MM-Fe-B
materials, the Tsr-end reflects the highest transition temperature of
those grains, thus for MM-Fe-B (MM12Fe82B6, MM14Fe80B6,
MM15Fe79B6, MM16Fe78B6, MM13Fe80B7) compounds, all the Tsr-end
are around 100 K.

4. Conclusions

Isotropic MM-Fe-B magnets made from melt spinning with
large energy product (BH)max up to 12 MGOe have been obtained,
which is the highest value reported for the MM-Fe-B magnets.
More importantly, the ribbons with both high coercivity (larger
than 10 kOe) and high (BH)max (larger than 10 MGOe) are also
achieved in a wide composition range, which demonstrates that
MM-Fe-B is a good candidate for plugging the gap between the Nd-
Fe-B and the ferrite. Furthermore, it implies that the (BH)max of
anisotropy MM-Fe-B magnets could exceed 20 MGOe, which offers
promise for developing anisotropic MM-Fe-B based permanent
magnets with high performance at low cost. In addition, compared
with the traditional Nd-Fe-B, the lower Tsr is also beneficial for
practice applications.
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