Chin. Phys. B  Vol. 25, No. 5 (2016) 057502

Abnormal variation of magnetic properties with Ce content in
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Resource-saving (PrNdCe),Fe 4B sintered magnets with nominal composition (PrNd);s_,Ce,Fe77Bg (x = 0-10)
were prepared using a dual alloy method by mixing (PrNd)s;Ce;gFe77Bg with (PrNd);sFe;7Bg powders. For Ce atomic
percent of 1% and 2%, coercivity decreases dramatically. With further increase of Ce atomic percent, the coercivity in-
creases, peaks at 6.38 kOe in (PrNd);;Ce4Fe77Bg, and then declines gradually. The abnormal dependence of coercivity is
likely related to the inhomogeneity of rare earth chemical composition in the intergranular phase, where PrNd concentration
is strongly dependent on the additive amount of (PrNd);Ce;gFe77Bg powders. In addition, for Ce atomic percent of 8%,
7%, and 6% the coercivity is higher than that of magnets prepared by the conventional method, which shows the advantage
of the dual alloy method in preparing high abundant rare earth magnets.
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1. Introduction

(PrNd),Fe 4B permanent magnets are a high energy prod-
uct and are widely used in numerous devices, promoting the
technology development in the areas of computers, motors,
miniature speakers, and wind turbines, etc.!!=3! However, their
mass production and wide application give rise to the un-
balanced use of rare earth and the backlog of Ce.[*!!l Ce
ion is in a strongly mixed-valent a-like state rather than the
trivalent Y state, so it is nonmagnetic and the magnetocrys-

12,131 Furthermore, the

talline anisotropy is low in CeyFe 4B.!
phase diagram and phase constitution of Ce—Fe-B are differ-
ent from those of Nd—Fe-B,[!*15] and the minor phases pos-
sibly lead to a large variation of magnetic properties. It is a
big challenge to obtain relatively high magnetic properties in
the resource-saving and low cost Ce,Fe 4B magnets using the
conventional sintered method.!'-!1 The rare earth substitu-
tion could optimize the phase constitution and thus enhance
the coercivity in (PrNdCe),Fe 4B magnets,lzo‘22J and the dual
alloy method is a feasible way to improve the magnetic prop-
erties by mixing (NdCe),Fe 4B with Nd,Fe 4B powders. >
For reducing the cost of this type of magnet, the amount of Ce
should be further increased in the resource-saving permanent
magnets, therefore, it is necessary to probe how the Ce ele-
ment affects the magnetic properties in (PrNdCe),Fe 4B mag-
nets. In this paper, we investigate the magnetic properties of

(PrNdCe),Fe 4B sintered magnets prepared by mixing Ce-rich
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powders of (PrNd);Ce;oFe77Bg (the atomic ratio of Pr/Nd is
0.8) with (PrNd);sFe;7Bg powders. It is found that the co-
ercivity is abnormally dependent on the Ce content, and that
in high Ce content magnets prepared by the dual alloy method
the coercivity is higher than that of conventional sintered mag-
nets. It is expected that these investigations could serve as a
reference for optimizing the composition designing in prepar-
ing high abundant rare earth magnets.

2. Experiment

Two kinds of ingots with nominal compositions
(PrNd)sCejgFe7;7Bg and (PrNd);sFe;;Bg  were prepared,
respectively, by induction melting of PrNd, Ce, Fe and
FeB under the protection of high-purity argon. The
1 wt% excessive of rare earth elements was used to com-
pensate the weight loss in the induction melting pro-
cess. The ingots were broken to small pieces and then
(PrNd);CegFe77Bg and
(PrNd);sFe77Bg powders were mixed in molar ratios of 0,
1/10, 1/5, 3/10, 2/5, 1/2, 3/5, 7/10, 4/5, 9/10, and 1, re-
spectively, corresponding to the nominal compositions of
(PrNd)15F677Bg, (PrNd)14C61Fe77Bg, (PI‘Nd)13CezFe77Bg,
(PrNd)12C63Fe77B3, (PI‘Nd)11CG4Fe77Bg, (PrNd)10Ce5Fe77Bg,
(PrNd)9CecFe77Bg, (PrNd)gCe;Fes7Bg, (PrNd);CegFe;7Bg,
(PrNd)¢CegFe77Bg, and (PrNd)sCe;oFe77Bs.
was performed in petroleum ether for 45 min and the particle

crushed to powders in a grinder.

Ball milling
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size were decreased to 3—5 pum. The fine mixed powders were
compacted to green pellets after alignment under a 2 T pulsed
magnetic field and then cold isostatic pressed at 300 MPa.
The vacuum sintering was carried out at 1040-1080 °C for
2 h, and then the as-sintered magnets were annealed at 900 °C
and 600 °C for 2—4 h, respectively. With the increase of Ce
content, the sintering temperature was decreased correspond-
ingly for optimizing the coercivity. Magnetic properties were
measured using a NIM-200C hysteresis graph. The phase
constitution, microstructure and chemical composition of the
intergranular phase were observed by x-ray diffraction (XRD)
spectrum, backscattered electron (BSE) of a scanning electron
microscope (SEM), and an energy dispersive spectrometer
(EDS), respectively.

3. Results and discussion

XRD patterns show that Re,Fe4B is the main phase for
these sintered magnets. Figure 1(a) displays the demagne-
tization loops for these sintered magnets, which were pre-
pared by the dual alloy method except (PrNd);sFe77Bg and
(PrNd)sCejoFe77Bg magnets.
and energy product with the Ce atomic percent are shown
in Fig. 1(b).
of (PrNd)5;Ce oFe77Bg powders results in a dramatic drop of

The variations of coercivity

It can be seen that a little additive amount

coercivity H,. While, with the further increase of additive
amount, the coercivity increases firstly, peaks at 6.38 kOe in
(PrNd);1CesFe77Bg magnets, and then decreases gradually.
The variation of energy product (BHpax) follows that of co-
ercivity with Ce content.
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Fig. 1. (color online) (a) The demagnetization loops for the sintered
magnets prepared by the dual alloy method, and (b) the variations of
coercivity H. and energy product BHp.x with the Ce atomic percent.

in the de-

crease of magnetocrystalline anisotropy and coercivity in

Ce element substitution would result

(NdCe),Fe 4B magnets,>*! but among these sintered mag-
nets, the coercivity is abnormally dependent on the Ce
content.  Similar experiments on the coercivity varia-
tion were observed in Refs. [20], [25], and [26]. Co-
ercivity is dependent not only on the intrinsic magnetic
properties, but also on the microstructure.  Figure 2
shows the surface micromorphology investigated by BSE for
the (PI‘Nd)15FC77Bg, (PI‘Nd)11CC4FC77Bg, (PrNd)9Ce5Fe77Bg,
and (PrNd)sCejoFe7;7Bg magnets, respectively.  For the
(PrNd)sFe77Bg and (PrNd);;CesFe;7Bg, there are some
darker pores on the surface, but less amount of pores present
in the (PrNd)oCegFe77Bg and (PrNd);CeoFe77Bg magnets.
Possibly, the Ce element lowers the melting point of the in-
tergranular phase and improves the wetting characteristics of
the liquid phase in the sinter process,!?”-?8] enhancing the in-
terfacial bond strength at the grain boundary. It can be seen
that in (PrNd)9CesFe;7Bg and (PrNd)sCejgFe;7Bg magnets
there exist two regions in the intergranular phase. As shown
by the arrows in Fig. 2(c), one is gray black and the other is
a little brighter enveloping the gray region. Figure 3 shows
the EDS intensities of Pr, Nd, Ce, and Fe for the main ma-
trix, intergranular gray, and bright regions, respectively, in the
(PrNd)9CecFe77Bg magnet. The intensities of Fe are strongest
in the main matrix, indicating a high content of Fe, which is
well consistent with the chemical composition of main phase
(PrNdCe),Fe4B. The intensities of rare earth elements in-
crease in the intergranular phase, but the intensities of Pr, Nd,
Ce, and Fe are different between intergranular gray and bright
regions. This fact suggests that Pr, Nd, and Ce cannot be com-
pletely dissolved with each other and the chemical composi-
tion is inhomogeneous in the intergranular phase.

The nucleation of reversed domain and coercivity are
related to the intergranular rare earth-rich phase and grain

29301 In order to explore the relationship between

boundary. !
the coercivity and the intergranular phase, the element distri-
bution was investigated near the grain boundary by line scan-
ning using EDS. The intergranular phase of (PrNd);sFe;7Bg
magnets is rich in Pr and Nd elements (shown in Fig. 4(a)). As
shown in Fig. 4(b), even for the addition of a little amount of
(PrNd)sCe;ogFe77Bg powders, the Ce element is evident in the
intergranular phase in the (PrNd);3Ce,Fe;7Bg magnet. It is
noted that the element segregation and phase separation were
observed near the grain boundary in the (PrNd);;CesFe77Bg
magnet, in which the intergranular phase is rich in Ce but poor
in Pr and Nd (shown in Fig. 4(c)). For further increase of the
additive amount, the contents of Pr and Nd increase in the in-
tergranular phase, and all of the Pr, Nd and Ce contents are
high in the intergranular phase of the (PrNd);CegFe;7Bg mag-
net (shown in Fig. 4(d)).
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Fig. 2.
(PrNd)9CegFe77Bg (c), and (PrNd)sCejoFe77Bg (d), respectively.
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Fig. 3. (color online) The EDS intensities of Pr, Nd, Ce, and Fe for the
(PrNd)9CesFe77Bg magnet in the main matrix, intergranular gray, and
brighter regions, respectively.

In the (Nd;_,Ce,)2Fe;4B (x < 0.3) magnets, Ce is
predicted to have limited alloying with a preference for
larger R(4g) sites due to the atomic size effect, result-
ing in weak partial ordering.®!! This is consistent with
Ce segregation near the grain boundary in this experiment
for (PrNd);s_,Ce,Fe79Bg (x < 4). The high c-axis mane-
tocrystalline anisotropy originates from the R(4g) site in the
Nd;,Fe 4B lattice.3?! Ce element aggregation in the intergran-
ular phase and the substitution for R(4g) sites may heavily
ruin the magnetocrystalline anisotropy at the grain boundary
and decrease the nucleation field,*3 which is likely to re-
sult in the dramatic drop of coercivity in (PrNd);4Ce;Fe;7B
and (PrNd);3Ce,Fe;7Bg magnets.  The further increase

(color online) The surface micromorphology investigated by BSE for the (PrNd);sFe;7Bg (a), (PrNd);;Ce4Fe77Bg (b),

of Ce content leads to an increase of coercivity in the
(PrNd){,CesFe77Bg and (PrNd);; CesFe77Bg magnets, but the
underlying mechanism remains unclear. Similar results were
reported in (Re;_,Cey )2(FeCo)14B magnets as x is in the range
of 0.20-0.30,20:25:261 and it proposed that the anomaly was
possibly related to the phase separation.!?”! Magnetization
reversal and coercivity are strongly dependent on the self-
interaction between perfect and defect regions at the grain
outer layer.**! As shown in Fig. 4(c), Ce enrichment whereas
a lack of PrNd in the intergranular phase implies the in-
homogeneous distribution of rare earth elements near the
grain boundary, which possibly leads to an abrupt change in
anisotropy and may vary the characteristics of self-interaction
at the grain outer layer. Further research is being planned to
investigate the abnormal dependence of coercivity on Ce con-
tent by checking the phase separation near the grain boundary
and the variation in anisotropy. For further increase of the
(PrNd);CegFe77Bg additive amount, the Ce content increases
in the magnets, and the homogeneity of chemical composi-
tion near the grain boundary is improved, but the coercivity
decreases gradually.

For comparasion, the (PrNdCe),Fe 4B magnets were pre-
pared by the conventional powder metallurgy method using
the same sintering and annealing process. Figure 5 shows
the demagnetization loops for two types of magnets with
the same nominal compositions of the (PrNd)oCecFe;7Bg,
(PrNd)sCesFe;7Bg, and (PrNd);CegFe;7Bg magnets, re-
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spectively. The suffix (S) denotes the magnets prepared
by the conventional method. It can be seen that the co-
ercivity of the magnets prepared by the dual alloy method
is higher than that of corresponding conventional magnets.
In addition, compared with that in (PrNd)s;Ce;oFe;7Bs,
the coecivity improves largely in (PrNd);CegFes7Bg and
(PrNd)gCesFe;7Bg magnets (shown in Fig. 1). These facts
indicate the advantage of the dual alloy approach for im-
proving the magnetic properties in Ce-rich (PrNdCe),Fe 4B
magnets.>) It is noted that the remanence of the sin-
tered magnets is low due to the high rare earth content.

Fig. 4. (color online) The element distribution near the grain boundary
for (PrNd)15Fe77B3 (a), (PrNd)13CezFe77Bg (b), (PI‘Nd)11C€4FC77Bg
(c), and (PrNd);CegFe77Bg (d) magnets, respectively.
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Fig. 5. (color online) The demagnetization loops for the two

types of magnets with nominal compositions, (PrNd)9CesFe77Bg,
(PrNd)gCesFe77Bg, and (PrNd);CegFe77Bg, and the suffix (S) denotes
the magnets prepared by the conventional method.

Properly reducing the rare earth amount in (PrNdCe)-Fe-B
could improve saturation magnetization, and doping Cu, Al,
and/or Zn is a feasible way to enhance the coercivity, so it has
much room to improve the energy product in this type of mag-
nets prepared by the dual alloy method.

4. Conclusions

In summary, (PrNdCe);5Fe;7Bg
were prepared using the dual alloy method by mixing
(PI'Nd)5C€10Fe77B8 with (PrNd)15F677Bg powders. The
magnetic properties is abnormally dependent on the Ce
atomic percent, and the corecivity peak at 6.38 kOe in
(PrNd);1Ce4Fe77Bg magnets. In Ce-rich magnets prepared

by the dual alloy method, coercivity is higher than that of

sintered magnets

corresponding magnets prepared by the conventional method.
It is expected that these investigations could serve as a refer-
ence for optimizing the composition design in preparing high
abundant rare earth magnets.
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