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Mischmetal of Bayan Obo ore was utilized to prepare the high performance (Pr;34,Nd,; s6)1xMMFegs7Aly -
Cuy.12C003sB ribbons using melt-spinning method. Phase composition and magnetic properties were investi-
gated at room temperature. The ribbons mainly consist of R,Fe 4B phase in isotropic nanostructure. Both
coercivity and maximum energy product decrease with the increase of MM content. The magnetic parameters
of the ribbons with MM =20 % in mass are B, =7.38 kGs, H,; = 13.66 kOe, (BH),.x = 11.81 MGOQOe. Henkel
plots were applied to demonstrate the exchange coupling interaction between grains.
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1. Introduction

(PrNd)-Fe-B magnet is widely used and rapidly develop-
ed due to its outstanding magnetic performance among
various permanent magnets [1-4]. However, Pr and Nd
elements are less abundant in the natural rare earth
resources, comparing with La and Ce [5]. Developing the
high abundant rare earth permanent magnets is requisite
for both cost reduction and efficient utilization of rare
earth resource. Thus, the research on substitution of Pr-
Nd by Ce or mischmetal alloy has been paid much
attention [6-19]. Recently, Pathak ef al. [13] reported that
the maximum energy product of the hot pressed and die
upset (NdysCe»)4Fe;2Co,B alloy was 31 MGOe. Zhu et
al. [14] investigated the influence of Ce content on the
rectangularity of demagnetization curves and characteriz-
ed the magnetic properties of (Nd;Ce,)so(Fe,TM)p,B;
sintered magnet prepared by the double main phase alloy
method. They found that the maximum energy product of
the sintered magnet was still higher than 43 MGOe when
the Ce content reached 30 % of the total amount of the
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rare earth metals. However, the raw materials mentioned
above were pure elements separated and purified from the
rare earth ore, thus it brought environmental pollution and
couldn’t achieve comprehensive utilization of the resources.

Instead of the PrNd alloy, the use of mischmetal (MM)
of Bayan Obo ore to prepare R-Fe-B magnets is a valu-
able way for not only environmental protection but also
the utilization of rare earth resource. Niu et al. [15] pre-
pared the sintered R-Fe-B magnets containing MM by
dual alloy method, and they found that for the atomic
ratio MM/R < 21.5 % the magnetic properties reached a
practical level of B, ~12.1 kGs, H; ~10.7 kOe, and (BH)max
~34.0 MGOe. But till now, the magnetic properties
and microstructures of MM substituted for PrNd in PrNd-
Fe-B have not been studied in details. In this paper,
rapidly quenched ribbons with nominal compositions of
(Pr7.34Nds1.86)1.MM,Fegg 7Alp 1Cup.12C0p.8sB  (x =0, 0.05,
0.1, 0.15, 0.2, 0.25 and 0.5) were prepared, and the effects
of the MM substitution for PrNd on the microstructures
and the magnetic properties were investigated.

2. Experimental

The (Pr734Ndy; s6)1.xMM,Fegs 7Aly1Cug 12Co085B ingots
with x=0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.5 were pre-
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pared by arc melting in an argon atmosphere with high
purity. The purities of the starting materials are 99.99 %
for Fe, 99.23 % for Fe-B alloy and 99.72 % for PrNd
alloy. The mischmetal (purity about 99.5 %) containing
about 28.63 wt.% La, 50.13 wt.% Ce, 4.81 wt.% Pr and
16.38 wt.% Nd was used in this experiment. Each ingot
was re-melted three times to promote the compositional
homogeneity. The ribbons were obtained directly by
induction melting the ingot in a quartz tube under an
argon atmosphere and then ejecting molten alloy through
the orifice in quartz crucible onto the edge of a rotating
copper wheel. The surface velocity of copper wheel was
set in the range of 10-30 m/s in order to optimize the
magnetic properties. For easy identification, the samples
with different MM contents and wheel velocities were
named as A,,,, where the subscripts m and v denote the
MM content and wheel velocity, respectively. For instance,
As o represents the sample with 5 wt.% of MM prepared
using the wheel velocity of 20 m/s. The phase composition
of the ribbons was examined by X-ray diffraction (XRD)
using Cu Ko radiation. Transmission electron microscope
(TEM) measurement was carried out in a JEOL, Model
JEM-2010. Magnetic measurements were carried out using
Qantum Design vibrating sample magnetometer (VSM) at
300 K with the maximum field of 30 kOe.

3. Results and Discussion

The hysteresis loops of Ag,, As,, Ajpyand Asg, ribbons
prepared with different wheel velocities are showed in
Fig. 1. One can see that the shapes of the hysteresis loops
of the ribbons prepared by melt-spinning technique are
strongly dependent on the wheel velocity, especially for
the ribbons without MM addition. Namely, the magnetic
properties of the studied ribbons can be optimized by
adjusting the wheel velocity in sample preparation. On
one hand, the ribbons prepared with low wheel velocity
(such as 10 m/s) show small values of coercivity and
remanence due to the excessive growth of crystalline
grains. On the other hand, the ribbons prepared with high
wheel velocity (such as 30 m/s) exhibit even character-
istics of a soft magnet with high magnetization. Nona-
crystalline grains and even amorphous phase could form
in the fast cooling process, which results in the dis-
appearance of hard magnetic properties in the ribbons.
The wheel velocity has similar effects on the magnetic
properties in the ribbons with MM addition. However,
one can find that this kind of influences becomes insigni-
ficant as the MM content increases. The hysteresis loops
almost overlap for different wheel velocities when the
MM content is higher than 10 wt.%. It indicates that the
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Fig. 1. (Color online) The hysteresis loops of ribbons prepared

with different wheel velocities. (a) for Ay,; (b) for As,; (c) for
Aoy (d) for As,.

MM doped ribbons with similar and high magnetic
properties can be obtained in the fast cooling processes
with different cooling rates. This is quite valuable and
meaningful for fabricating magnets in industry.

In order to determine the optimal wheel velocity for the
studied ribbons, we have plotted the curves of coercivity
H,j, the maximum magnetic energy product (BH),,, and
remanent magnetizaiton M, as functions of the wheel
velocity (v) for Agy, As., Ajgyand Asg,, as shown in Fig.
2. As the wheel velocity increases, both H j and (BH),ax
exhibit peaks in the curves, but the M, shows an nearly
increasing trend except for few points. We still conclude
that the optimum wheel velocities are 24 m/s for the MM
free ribbons and 22 m/s for the MM doped ribbons. The
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Fig. 2. Magnetic properties including coercivity H,j, the max-
imum magnetic energy product (BH),,,, and remanent magne-
tization M, as functions of wheel velocity for Ag,, As,, Aoy
and Asg,.



Effects of the Substitution of Mischmetal for PrNd on the Microstructures and Magnetic Properties--- — Zeng-ru Zhao et al.

Table 1. Crystal lattice constants and room temperature mag-
netic properties of ribbons prepared with the optimum velocity.
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Fig. 3. (Color online) XRD patterns of the optimum wheel
VClOCity of (PI'7.34Nd21.36)1_XNH\/IXFC63_7A10_ICUO.12C00.33B ribbons.

optimum wheel velocity of the MM free ribbons is slight-
ly higher than that of the MM doped ribbons, which
should be attributed to the higher tolerance process para-
meters of the MM doped ribbons, as reported in Ref. [18].

The coercivity and the remanence of magnet have close
relationship with microstructure, such as the grain size
and phase structure which could be partially characterized
by XRD. The XRD diffraction patterns of optimally melt-
spun ribbons are displayed in Fig. 3. All of the samples
contain the isotropic R,Fe 4B structure phases. It is shown
in the XRD patterns that the diffraction peaks are not
smooth and there are some weak peaks besides the peaks
of the main phase, indicating a small amount of meta-
stable phase and amorphous phase at the intergranular
interface in these MM-doped ribbons, which is similar to

et T

Sample a c B, H,; (BH)
No. A A kGs kOe MGOe
Ao 8.8165 12.2436 7.70 17.98 12.74
Asxn 8.7882 12.2090 7.33 16.93 11.92
Ao 8.7871 12.2012 7.28 15.42 11.49
Aisz 8.7846 12.1934 7.30 14.96 11.47
Ao 8.7786 12.1930 7.38 13.66 11.81
Ass 8.7784 12.1878 7.34 12.76 11.64
Asox 8.7546 12.1701 7.36 11.61 11.22

the results in Ref. [18]. On the basis of the strong Bragg
reflection peaks for 30° < 26 < 45°, we estimate the
average grain sizes of the studied ribbons using Scherrer
equation and find that the values are in the range of 20-30
nm. The observation of nanocrystals in the ribbons
implies excellent magnetic properties of the magnets. In
addition, with the increase of MM content, most of
diffraction peaks shift to high angle, and result in a slight
decrease of lattice constant for the Ce substitution for Nd
in RoFe 4B [5]. The obtained lattice constants using Jade
software are listed in Table 1.

The TEM images of (Pr734Ndy; 86)0.8sMMgoFess Al 1-
Cuy 12CoygsB are shown in Fig. 4. The average grain size
is about 30 nm, which coincides with XRD result. Rare-
earth-rich phase exists in the form of thin layer in Fig.
4(b) and its thickness is about 4 nm. It is well known that
the fine microstructure is beneficial to enhancing the
exchange interaction between hard magnetic grains.
Therefore, a strong exchange coupling interaction may
exist in the studied ribbons.

The hysteresis loops of (Pr;34Nda; g6)1.xMMyFegg 7Alg 1~

Fig. 4. (Color online) TEM images of (Pr;34Ndy; g6)0.8sMMg2Fess 7Aly1Cug 12C0g 8B ribbon.
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Fig. 5. (Color online) The hysteresis loops of the optimum
wheel VelOCity of (Pr7.34Nd21'86)1_XMMXF668'7A10AICUOAIQCOOIgsB
ribbons.

Cuy 12Cog 3B prepared with the corresponding optimum
wheel velocities are displayed in Fig. 5. The values of B,,
H, (BH)pax fOr Ag 24, As2z, Avo22, Atsnz, Ao, Asspy and
Aspxp are listed in Table 1. For all the samples, the
coercivity decreases with increasing MM content. This is
due to the fact that the substitution of Ce elements for Nd
in R,Fe4B. Besides, the observation of amorphous phase
and metastable phase in the MM-doped magnets are also
responsible for the deterioration of the magnetic pro-
perties. Overall, the performance of the ribbon is excellent
when the content of the MM is 20 wt.% with B,=7.38
kGs, H;=13.66 kOe, (BH)ma. = 11.81 MGOe. This con-
clusion provides a reference for reducing the cost of
preparation of permanent magnets and the achievement
comprehensive utilization of the resources.

The magnetization reversal process of the magnet is
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Fig. 6. (Color online) The Henkel plots of (Pr;3Nd,;g6)1x-
MM, Fegs7Alp 1 Cug 1Coy 3B ribbons with the optimum mag-
netic properties at room temperature.
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strongly dependent on the intergranular exchange coupling.
For isotropic magnet quenching, the remanence ratio
M,/M; > 0.5 (M, is the magnetization at the field of 30
kOe) indicates the existence of exchange coupling bet-
ween the grains. Henkel plots (om vs. H) may be used to
examine the exchange coupling. The expression of om is
defined as om=[2M.(H) + My(H)]/M, -1 according to
Ref. [5], where M/(H) is the initial remanent magneti-
zation obtained by applying a field of H, and My(H) is the
remanent magnetization obtained by applying a reversal
field of H. The competition between exchange coupling
interaction and dipolar interaction can be indicated by the
values of om. The om curve with a positive peak reveals
the existence of strong intergranular exchange coupling in
isotropic samples, and the dm curve with a negative peak
implies that magnetostatic interaction is dominant.

The Henkel plots of (Pr;34Nda;s6)1.xMMyFess7Alg -
Cuy12CoggsB with the optimum magnet properties at
room temperature are shown in Fig. 6. Each plot shows a
strong positive peak at a field close to the coercivity and
subsequent a weak negative peak, indicating that the
strong intergranular exchange coupling takes place in our
samples. That is in agreement with the TEM results. The
peak values of the Henkel plots decrease with the addition
of MM content, while the peaks reduce obviously for
As 2, A10.22, Ars o and slightly for Asg o, Ass 2, Ason. For
the samples containing MM, the A, exhibits the highest
peak value of Jm. It means that strong intergranular
exchange coupling exists in Ayg,. The exchange coupling
effect is not only dependent on the composition of the
main phase in the magnet, but also affected by the inter-
grain phase. The decrease of dm peak probably results
from the changes of the main phase and homogeneity
breaking of grain boundary in ribbons. Adding a small
amount of MM, a part of Ce elements substitute PrNd in
the main phase, and the rest exists in the grain boundary
phase. This causes the change of the main phase and the
non-uniform of the grain boundary phase, which leads to
the rapid decrease of the peak value. The intergrain
phases improve when MM content is over 15 wt.%
because La element is more likely to exist in the grain
boundary [20]. Hence, a thin layer of rare-earth-phase
may form between the main phase grains and the grain
boundary becomes smooth, hence the maximum value of
om increases due to the improvement of the grain
boundary [18].

4. Conclusions

In summary, we have studied the magnetic properties of
(Pr7.34Nd51 86)1.MM,Fegg 7Alp,1Cup,12C00.8B  ribbons  pre-
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pared with different wheel velocities. It was found that
the optimized wheel speed of the ribbons contained MM
was about 22 m/s. With the increase of the amount of
MM, the coercivity, maximum energy product and re-
manence decreased. The intergranular exchange coupling
was influenced by the addition of MM. The magnet with
15 wt.% of MM exhibited the weakest coupling inter-
action. The intergranular exchange coupling was improved
when the MM content is higher than 15 wt.%. The pre-
sent study could be helpful for preparing new permanent
magnets with MM resource.
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