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Magnetic properties of Ce and Co co-doped (Nd;.xCex)-Fei4.,CoyB compounds have been investigated
both in bulk polycrystalline and rapidly solidified nanostructured ribbon forms. For certain Ce concen-
trations the materials exhibit spin re-orientation transitions below 140 K. The Curie temperatures, saturation
magnetizations, and other magnetic properties relevant for applications as permanent magnets are con-
trolled by Ce and Co substitutions for Nd and Fe, respectively. Most importantly, the results show that
Ce, Co co-doped compounds are excellent replacements for several Dy-based high performance perma-
nent magnets (dysprosium is one of the critical elements and is, therefore, in short supply). The high
temperature (>375 K) magnetic properties for Nd-Ce-Fe—-Co-B based alloys show promise not only
as a replacement for Dy-doped NdFe 4B permanent magnets, but the new alloys also require
significantly lower amounts of Nd, which too is the critical element that can be replaced by a more
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abundant Ce.
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1. Introduction

The discovery of Nd,Fe 4B based permanent magnets (PMs) in
the 1980’s [1] revolutionized the permanent magnet industry, and
made it possible for crucial energy efficient technologies like wind
turbines, hybrid-vehicle-motors, and other come into existence. It
is well-known that Nd-Fe-B based PMs have excellent magnetic
properties at room temperature but exhibit poor high tempera-
ture (T > 400 K) performance. For efficient applications in
technologies like electric drive motors, and wind turbines, the mag-
netic properties must be retained at T > 400 K, and hence the addition
of significant amounts of Dy is required. Unfortunately, both Dy and
Nd are critical elements based on supply risk versus significance
to clean energy. Keeping this in mind, it is extremely important to
develop PMs that are rare earth (RE) free, or at least have reduced
amounts of the critical REs Dy and Nd, and hence there has been
an intense worldwide research effort to develop RE free (or reduced
RE) based PMs.
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It is well know that the magnetic properties of RE-Fe-B based
permanent magnets are strongly dependent on materials process-
ing, grain size distribution, and thereby their microstructure.
Among them controlling microstructure by varying the wheel
speed, quenching rate in melt spun ribbons [2], and grain bound-
ary diffusion process in sintered magnets [3]| are common practices.
It was found that addition of Ti or TiC enhances glass-forming
ability [4], reduces grain size, and produces a uniform microstruc-
ture [5]. Similarly, it was reported that substitution of Nb for Fe
increases thermal stability of melt-spun ribbons and thereby
increases the coercivity [6]. In addition, several rare earth metals,
including, La, Ce, Pr, Eu and Dy, have been substituted for Nd, and
their hard magnetic properties have been studied [7-10]. Among
the lanthanides, Ce is the most abundant RE metal and often
exhibits a mixed valency when alloyed with other elements.
Recently, various attempts have been made to prepare Ce doped
RE;Fe4sB based alloys [11-15]. Li et al. [16] reported that the
substitution of Ce for Nd in (Nd;2«Cex)Fes;Bs ribbons decreases
both intrinsic coercivity, Hci, and maximum energy product,
(BH)max. The ribbons exhibit a poor demagnetization curve in
the second quadrant for Ce concentrations in excess of 10 at.%, i.e.
when x exceeds 1.2. Another study of Ce substitution for di-
dymium (Di, which is a mixture of Pr and Nd at natural abundance)
in Di-Fe-B shows that the remanent magnetization Br, (BH)max,
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and Hci decrease linearly, except for a minor anomaly in Hci
observed at Xce = 0.24 in (Di1XCeX)27,5Dy3Alol1CuojFe13,gB, where
CeFe, phase forms for x > 0.24 [17]. Moreover, it was reported
that substitution of Co for Fe in Nd,Fei4B increases Tc [18]. Even
though the Co moment (1.6 pg) is lower than that of Fe atom
(2.2 ug), the saturation magnetization is enhanced for Co addi-
tions up to 30%, and then decreased for higher Co concentrations
in NszeM_XCOXB []8]

Recently, we showed that by simultaneous partial replace-
ments of Nd by Ce and Fe by Co in (Nd;«Cex)-Fe 4yCo,B it is possible
to develop high performance PMs [19]. The Hci values of melt spun
ribbons, hot pressed, and die upset magnets of (NdosCeo2):4Fe12Co2B
are respectively, 17.7, 13.7, and 9.4 kOe, and the corresponding
(BH)max values are 12.6, 12.8 and 31 MGOe. Although permanent
magnetic properties of some of Ce-doped Nd,Fe 4B alloys had been
reported in Refs. [11-15,19], high temperature magnetic proper-
ties of (Nd;.xCe),Fe14B including those with a high concentration of
Ce and low amounts of Co doped Nd,Fe 4B are yet to be examined.

From both scientific and application points of view it is
important to understand how the magnetic properties of
(Nd;_«xCex),Fe14.yCoyB change from bulk to nanostructured com-
pounds. In this letter, we report on an experimental study on the
magnetic properties of selected bulk polycrystalline, and rapidly so-
lidified nanostructured (Nd;_xCex),Feq4.,CoyB compounds at
temperatures up to 500 K. We show that by substituting up to 50%
Ce for Nd can result in enhanced PM properties at high tempera-
tures. The values of Hci, (BH)max at 300 K, and T¢ for
(NdosCep2)2Fe12Co,B and (NdgsCegs).Fe3CoB alloys were found to
be 7.7 kOe, 16 MGOe, 695 K, and 8 kOe, 14.6 MGOe, 590 K, respec-
tively. More interesting, the substitution of both Ce for Nd, and Co
for Fe results in the synergistic effect between Co and Ce344 in the
rapidly solidified ribbons that leads to better Hci and (BH)max values
than those of commercial Dy containing Nd-Fe-B ribbons at
T>450 K.

2. Experimental methods

Alloys (approximately 15 g each) were prepared by arc melting
followed by drop cast using through a ~9.6 mm diameter orifice at
the following stoichiometries (Nd;.xCex),Fe4B, (NdosCe,).FeisyCoyB,
(Ndo_sceo,z)zFEM,yCOyB + 2.5% ZI'C, (NdoAsceoAs)zFem.yCOyB USng hlgh
purity (99.9 + wt.%) Nd and Ce obtained from the Materials Prep-
aration Center at the Ames Laboratory. In case of the ZrC containing
alloys, Zr and C at a concentration equivalent to 2.5 wt% ZrC were
added during the melting. The drop cast alloys were annealed at
1000 °C for 3 days, and found to be ~98% Nd,Fe;4B phase with minor
o-Fe phase. The melt-spun ribbons were prepared by induction
melting ingots in a quartz crucible in 1/3 atm of high purity He gas
and then ejected at 125 torr overpressure onto a copper chill wheel
rotating at a tangential speed of ~25 m/s. The as-spun ribbons were
annealed in helium atmosphere at different temperatures, and times.
The optimum temperature and time were found to be 600 °C, and
20 min, respectively. The magnetization measurements were per-
formed in a Physical Property Measurement System (PPMS) made
by Quantum Design Inc in magnetic field up to 50 kOe and tem-
peratures up to 1000 K. Transmission electron microscopy (TEM)
samples were prepared by mechanical polishing followed by low
voltage short-time Ar ion milling with liquid nitrogen cooling. An
FEI Tecnai F20 (200 kV, FEG) TEM was used for microstructural
characterization.

3. Results and discussion
The magnetization, M, of drop cast (Nd;_xCex).Fe 4B alloys mea-

sured as a function of temperature in a 1 kOe magnetic field is
shown in Fig. 1a. Most of the compounds undergo two transi-

tions: a high temperature ferromagnetic (FM) to paramagnetic
(PM) one that occurs at Curie temperatures, Tc, exceeding 420 K
(Fig. 1a), and a low temperature spin re-orientation transition at
Tsk < 135 K (Fig. 1b, and inset in Fig. 1b). An additional anomaly at
T = 315 K is observed for 0.2 < x < 0.3. The Tc decreases with
increasing Ce concentration, and it varies from 580 K for x = 0 to
546 K for x = 0.2 to 420 K for x = 1 (inset, Fig. 1a). The Ts also
decreases with Ce concentration, and it disappears at x =1 (Fig. 1b).
The decrease in Tc with increasing Ce concentration can be attrib-
uted to the decreasing magnetic exchange interaction with Ce
substitution. An earlier report based on a scanning electron mi-
croscopy study suggests that the anomaly in M(T) for 0.2 <x<0.3
at T < Tc is associated with phase segregation i.e. with the pres-
ence of two phases both having the 2:14:1 type structure with
slightly different Ce concentrations [20], where a small anomaly
in room temperature c lattice parameter of the tetragonal phase is
also observed. The Tc also deviates from the nearly linear depen-
dence on x near this concentration (inset, Fig. 1a). The magnetization
shown for selected drop cast (Nd;.xCex),Fe4B alloys as a function
of magnetic field in Fig. 1c represents typical soft magnetic behav-
ior with negligible coercivity, compared to hard magnetism of
melt spun ribbons prepared from the same alloys [19]. The satu-
ration magnetization of the drop cast alloys is close to that of the
melt spun ribbons, and it decreases with increasing Ce concentra-
tion (Fig. 1c, inset).

The room temperature magnetic hysteresis loops for melt-
spun ribbons of Nd,Fe 4B and (NdosCeq>).Fe14B are shown in Fig. 2a,
where the intrinsic coercivity Hci increases from 8.3 for x = 0 to
10 kOe for x = 0.2. However, the maximum energy product (BH)max
decreases from 13.8 to 11 MGOe for the respective melt spun
ribbons at room temperature, which is due to poor demagnetiza-
tion curve in the second quadrant (Fig. 2a). One of the possible
reasons of the poor demagnetization curve may be due to the
non-uniform magnetization reversal in the grains of melt spun
ribbons which results from increase of soft phase with Ce substi-
tution as suggested in Ref. [21]. The magnetization as a function
of magnetic field was measured for both Nd,Fe4B, and
(NdosCep2)2Fe14B up to 500 K. The obtained values of Hci, (BH)max
and Br from M(H) measurement are plotted in Fig. 2b-d, respec-
tively. The Hci of 20% Ce substitution in Nd,Fe4B has a higher Hci
from 300 to 500 K, but both (BH)max, and Br are smaller at all
temperatures.

Typical transmission electron microscopy images of
(Nd;.xCex),Fe14B are shown in Fig. 3. The grain size (~20 nm on
average) remains unchanged from wheel side to free side for Nd,Fe4,B
(Fig. 3a-b), but there is a significant difference in the grain size for
Ce doped samples (Fig. 3c-d). The grain size near the free side is
on the order of hundreds of nanometers; but the grains near the
wheel side are only about 20-50 nm for (NdysCeq>).Fe14B (not shown
in Fig. 3). The grain size near the wheel side for (Ndo75Ceo2s5).Fe14B
is about 50-100 nm (Fig. 3¢). However, at the free side (Fig. 3d), there
is a significant increase in the grain size. Fig. 3e-g show micro-
probe WDS (wavelength dispersion spectroscopy) analysis for
(Ndo.75Ceq25).Fe14B melt spun ribbons from wheel sides (left) to free
side (right). The microprobe WDS results shows nearly constant con-
centrations of Nd, Ce and Fe throughout the cross-section of ribbons,
and the composition is very close to 2:14:1, where the ratios of Fe/
RE and Nd/Ce are about 7, and 3, respectively, for (Ndo75Ce2s).Fe14B
(Fig. 3g).

High Curie temperature is one of the desired properties for per-
manent magnet applications. Considering previous studies reporting
increased Tc by substituting Co for Fe in Nd,Fe;4B [18,22], Co was
substituted for Fe in (Nd;.«Cex)-Fei4.,Co,B compounds for x = 0.2,
0.25, 0.3, and 0.5. Here we show the data for (Nd;_«Cey),Fei4,Co,B
with x = 0.2, and 0.5, and y = 0 to 4. The magnetization as a func-
tion of temperature for (NdosCeo>).FeisyCoyB measured in 1 kOe
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Fig. 1. (a) Magnetization of drop cast (Ndi-xCex)2Fe14B alloys measured as a function of temperature in 1 kOe magnetic field. (b) Variation of spin reorientation transition
temperature, Tsg, as a function of Ce concentration in (Ndi-xCex)2Fe14B. (c) Magnetization as a function of magnetic field for (Nd;.xCex)2Fe14B drop cast alloys at 300 K. The
insets in (a), (b) and (c) show, respectively, the Curie temperature as a function of Ce concentration; low temperature magnetization of drop cast (NdosCeos)2Fe14B mea-
sured in 1 kOe magnetic field; and saturation magnetization for both ribbons and drop cast alloys as a function of Ce concentration.
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Fig. 2. (a) Magnetization of melt spun ribbons of (Ndi-xCex)2Fe14B with x = 0, and 0.2 measured at 300 K as a function of magnetic field; (b) Intrinsic coercivity Hci; (c)

maximum energy product (BH)max; and (d) remanence magnetization Br as functions of temperature for melt spun ribbons of (Ndi-xCex)2Fe14B with x = 0, and 0.2.
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the ribbons from point 1 to point 13. (f, g) Microprobe WDS (wavelength dispersion spectroscopy) analysis from the wheel side (1) to free side (13) for (Ndo.75Ceo.25)2Fe14B
melt spun ribbon shown in Fig. 3(e).
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magnetic field demonstrates that Tc increases nearly linearly with
the Co substitution (Fig. 4a and inset). For example, two Co atoms
per formula unit substituted for Fe increase T¢ by ~150 K to 695 K.
The low temperature anomaly at T~310 K disappears for y > 1
(Fig. 4a). We believe that the disappearance of the low tempera-
ture anomaly in Co-containing alloys is due to suppression of phase
separation, which was observed in Co-free (Nd,xCeyx).Fe14B with
0.20 < x £0.30 [20]. The magnetization measured as a function of
magnetic field at 300 K shows that the Co addition not only in-
creases T, but it also helps to make a nearly perfect square-
shaped demagnetization curve that ultimately enhances the other
magnetic properties such as (BH)max, and it is the best for y = 2
(Fig. 4b). Theoretical calculations have shown that the Co atoms pref-
erentially substitute for Fe in the Fe (4c) position in the Ce,Fe 4B
alloy [23]. The deterioration of the magnetic properties with more
than two Co atoms per formula unit in (NdosCeo),Fe14yCoy,B may
be due to the additional Co atoms occupying other Fe sites as sug-
gested by Mossbauer, neutron, and NMR [24-27] studies of
Nd,Fe 4.xCoxB. The anisotropy field, saturation moment, and rema-
nent magnetization are relatively constant with the substitution of
Co for Fe in (NdosCep>).Fei4yCo,B for y up to 2.5.

We have observed that Hci decreases while (BH)max remains
practically unchanged for (NdosCeo),Fe14.,Co,B with Co concen-
tration 0 <y < 1.5. For 1.5 <y < 2, both Hci and (BH)max increase,
and the maximum values are 7.8 kOe and 16 MGOe, respectively,
for Hci and (BH)max at y = 2. Both begin to decrease when Co con-
centration increases beyond 2 (not shown in Fig. 4). Interestingly,
the addition of 2.5 wt.% ZrC to the (NdosCeo2),Fe12Co,B further in-
creases the Hci by 15% (9 kOe) and (BH)max by 6% (17 MGOe) (not
shown in Fig. 4), which are higher than the 20% Dy substitution
(5.2 wt.%) (NdosDyo2)10FesaBs melt spun ribbons (Hci = 8.8 kOe,
(BH)max = 15.8 MGOe at 300 K (no high temperature data were
available) [28]. The enhanced magnetic properties with the addi-
tion of ZrC are due to the microstructure modification by enhancing
the quenchability and significantly refining the grain size [5].

We have also studied the effect of Co substitution for the higher
Ce concentration alloy: (NdosCegs).Feq4yCo,B. The magnetization as
a function of magnetic field is shown in Fig. 4c. One Co atom
per formula unit substituted for Fe significantly increases Hci and
(BH)max, and the B vs H loop is nearly square shaped compared
to the cobalt-free sample. A further increase of Co concentration
decreases Hci. The room temperature Hci, (BH)max, Br, and Tc for
(NdosCegs).Fe14B were found to be 4.9 kOe, 9.5 MGOe, 8.2 kG, and
520 K, respectively, which are lower than those of Nd,Fe 4B alloy.
The values of Hci, (BH)max, Br, and Tc increase to 8 kOe, 14.6 MGOe,
8.2 kG, 590 kOe for 1 Co atom per formula unit substituted for Fe
in (NdosCeos).Fe13Co1B. These values are close to those of Dy-free
Nd,Fe4B. Most importantly, the amount of Nd, one of the critical
elements, is reduced by ~50 wt.%, making the alloy less costly than
the parent compound. Further, considering current metal prices, the
cost of components in the Ce, Co co-doped alloys varies between
~$15 and ~$27/kg depending on composition, while the same for
Nd,Fe 4B + 2% Dy alloy is ~$33/kg. Our studies of Co substitution
in (Nd;.<Cey),Fe14yCoyB show that the critical concentration of Co
that provides the best magnetic properties depends on the amount
of Ce present in the sample.

Comparing the high temperature properties of both
(NdosCep2).Fe12Co,B and (NdgsCegs).Fe3CoB, Hci of both alloys are
close to each other, and they vary from ~8 kOe at 300 K to ~3 kOe
at 500 K with the temperature coefficient  of -0.32% K (Fig. 4d).
However, (BH)max of the former alloy (20% Ce, 2 Co atoms per
formula unit) is higher by 11%, and 44% at 300 K, and 500 K, re-
spectively, compared to that of the latter alloy (50% Ce, 1 Co atom
per formula unit). Br of (NdosCeo2).Fe12Co,B is almost identical to
that of (NdosCeos).Fe13CoB at 300 K, but the latter is lower by 25%
at 500 K. The enhanced (BH)max is likely due to a synergistic effect

between the mixed valence Ce and adjacent Co atoms [23,29], which
results in a nearly square hysteresis loop. The obtained values of
(BH)max in the Ce, Co co-doped samples are significantly higher
compared to the Dy containing [(Ndo5Yo.25DVo.25)2.2Fe14B](100-2x)
172 + TixCx ((BH)max = ~9 MGOe at 300 K and ~1 MGOe at 548 K,
for x = 2) ribbons [5].

4. Conclusions

In summary, we have investigated the permanent magnetic prop-
erties of both bulk polycrystalline drop cast alloys, and
nanocrystalline melt-spun ribbons of Ce and Co co-doped Nd-
Fe-B based alloys, which are comparable to many of the Dy doped
Nd,Fe4B-based grades of permanent magnets. The substitution of
Ce for Nd drops the Curie temperature Tc by 19% from 580 K
(Nd,Fe14B) to 472 K (Ce,Fe14B). But cobalt substituting for optimal-
ly doped with Ce in (Nd;xCex)-Fe14B alloy increases Tc. The room
temperature values of Hci, (BH)max, and Tc for (NdosCeo2).Fe12Co2B
and (NdosCeos).Fe13CoB alloys are 7.7 kOe, 16 MGOe, 695 K,
and 8 kOe, 14.6 MGOe, 590 K, respectively. The cost of Ce,
Co co-doped materials is significantly lower compared to the
Nd,Fe14B + 2%Dy, and Nd,Fe4B + 4% Dy permanent magnets. Fur-
thermore, the replacement of the Nd (also an energy critical element)
by Ce (an inexpensive, abundant, non-critical metal) also helps al-
leviate the Nd shortage.
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