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Cerium: An Unlikely Replacement of Dysprosium in High
Performance Nd-Fe-B Permanent Magnets
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Lin Zhou, Kewei Sun, Kevin W. Dennis, Chen Zhou, Frederick E. Pinkerton,

Matthew J. Kramer, and Vitalij K. Pecharsky

Permanent magnets are critical components for numerous
devices ranging from electric motors to miniature speakers to
disk drives to traction motors for hybrid vehicles to wind gen-
erators.!l The strongest permanent magnets that exist today
are based on Nd,Fe;,B, which is a complex metallic system. It
crystallize in the P4,/mnm tetragonal crystal structure, where
the Nd atoms occupy the 4f and 4g sites, Fe occupies six dif-
ferent atomic sites (16k,, 16k, 8j;, 8j,, 4¢, 4c), and B occupies
only 4g site.>3] Nd,Fe;,B has excellent magnetic properties at
room temperature, but poor high temperature performance,
and the addition of Dy - a highly critical element!* — is required
for above room temperature applications.>® Rapidly increasing
demand for permanent magnets coupled with supply restric-
tions and the potential for the ever rising costs of critical
elements makes a strong economic case for developing compet-
itive magnets that do not rely on critical elements like Dy. Here
we report the results of an experimental study performed on
Ce (the most abundant and low cost rare-earth element) based
(Nd,..Ce,),Fe14,Co,B nanostructured magnets. The intrinsic
coercivity (Hci) and maximum energy product ((BH)max)
were found to be 17.7 kOe and 12.6 MGOe, respectively for
(NdysCeq),.4Fe1,Co,B melt-spun ribbons at T = 300 K. The
respective values for hot pressed and die upset magnets of
same composition were found to be Hci = 13.7 kOe, (BH)max =
12.8 MGOe, and Hci = 9.4 kOe and (BH)max = 31 MGOe at
T = 300 K, respectively. Most importantly, the intrinsic
coercivity of (NdygCey,);4Fe;,Co,B melt spun ribbon and hot
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pressed magnets is higher than that of 5.9 wt% Dy containing
{INdo.45(Yo.66DY0.33)055]22C01 5Fe125B)s s+ TiCp,  ribbonl’]
(Hci = 11.8 kOe) at 300 K. The value of Hci for
(NdyCeq),.4Fe1,Co,B melt spun ribbon and hot pressed
magnets at T = 453 K (7.6 kOe for ribbon and 6.9 kOe for hot
pressed) is also 49% and 35%, respectively, higher compared
to 4 wt% Dy-doped Nd,Fe 4B sintered magnet at T > 450 K
(5.1 kOe at T = 453 K).®l Our co-doped with Ce and Co
Nd,Fe,B alloy has the highest reported to date intrinsic coer-
civity at 450 K and above when compared with other Nd-Fe-B
based magnets.

Although Nd,Fe,B and Ce,Fe;,B adopt the same crystal
structure, their magnetism is quite different. In Nd,Fe;,B, Nd
is trivalent, whereas Ce in Ce,Fe 4B is in a homogeneous mixed
valence state of 3.44,1% where the valence fluctuates from +3 to
+4 at a frequency =103 Hz.'% From empirical alloying theory,
a complete solid solution between Nd,Fe 4B and Ce,Fe 4B is
expected due to a cell volume difference of only 2.5%. However,
as a result of the differences in the Nd and Ce valences, the ter-
minal solid solubility region may end and phase segregation is
also possible in (Nd;.,Ce,),Fe;,B.1

The saturation magnetization of Ce,Fe;,B (30.2 pp fu.™})
is about 15% lower than that of the corresponding Nd,Fe;,B
phase (34.8 pp fu.™l), while the Fe moment is only lowered
by 2.8% in Ce,Fe;,B.'"” The reduction of the Fe moment in
Ce,Fe 4B can be ascribed to the hybridization of the Ce 4f and
Fe 3d electrons. In absence of such hybridization (i.e., if Ce is
strictly 4" and nonmagnetic) we would expect the Fe moment
of Ce,Fe 4B to be same as those of the R,Fe;,B (R = La, and Y)
compounds where the Fe moments are higher.' 1t is therefore
hard to draw a conclusion about the effect of the apparent mixed
valence of Ce on the anisotropy and associated permanent mag-
netic properties of (Nd;.,Ce,),Fe;,B. Our experimental inves-
tigation revealed that the anisotropy and permanent magnetic
properties of (Nd;..Ce,);Fe;4,Co,B are significantly enhanced
but only for a critical concentration of Ce and Co.

The room temperature magnetic hysteresis loop for melt-
spun ribbons of pure Nd,Fe 4B is shown in Figure 1a, where
the intrinsic coercivity (Hci) of 8.4 kOe is observed. As shown
in Figure 1b, Hci increases to 10 kOe when 20% of the Nd is
replaced by Ce in (Nd;,Ce,),Fe,B (x = 0.2). With a further
increase of the Ce concentration Hci decreases. In addition, the
shape of the demagnetization curve in the 2nd quadrant is unfa-
vorably affected (Figure 1c) in the alloys with 0.20 < x < 0.30.
Although not shown here, the squareness of the hyster-
esis loops (B-H) is regained in the alloys with x > 0.3. The
dependence of Hci, maximum energy product ((BH)max) and
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magnetization with respect to temperature
(d) measured in a 1 kOe magnetic field, is also
lowered from 580 K for Nd,Fe;4,B to 548 K
for (NdogCe,),Fe4B. But since the Hci is
enhanced for 0.20 < x < 0.30 alloys, Co was
substituted for Fe to raise the T¢ in the opti-
mally doped compound: (NdggCe;),Feqs
,Co,B.  The maximum energy product

(BH)max increases by 50% from 10.6 to
(e) 16.0 MGOe for two Co atoms per for-
mula unit substituted for Fe, in addition to

\’ increasing T¢ by =150 to 695 K. The coercivity,

which dropped =22% from 10 to 7.8 kOe,
and the other properties such as anisotropy
\ field, saturation moment, and remanent
magnetization remained about the same as

By (kG)

6l

the sample without Co addition. A further
U increase of the Co concentration resulted in
. a lower (BH)max and Hdi, an increased T,
\. and essentially no changes in anisotropy field
H, and saturation magnetization Mg. Theo-

\ retical calculations have shown that the Co
atoms prefer to substituted for Fe in the most
favorable Fe(4c) position in the Nd,Fe;,B

30 20 -10 0 10 20 30

H (kOe)

Figure 1. Magnetization measurements of (Nd;,Ce,),Fe;4B melt spun ribbons at 300 K. Mag-
netization versus magnetic field for a) x = 0; b) x = 0.2; and c) x = 0.25 and 0.3. d) Intrinsic
coercivity, Hci; €) maximum energy product, (BH)max; f) remanent magnetization, B, as a

function of Ce concentration (x).

remanence (B,) on the Ce concentration is shown in Figures 1d,
le and 1f, respectively. Clearly, Hci is anomalously high, while
(BH)max and B, are anomalously low for the range of concen-
trations 0.20 < x < 0.30, all of them contradicting the expected
(based on the empirical alloying theory and the rule of mix-
tures) gradual decreasing trends. (Nd;.Ce,),Fe,B crystallizes
in the P4,/mnm tetragonal crystal structure, and Nd,Fe,B and
Ce,Fe 4B form extensive terminal solid solution regions from
x =0 to =0.15, and from =0.4 to 1 with a phase separated state
between x = =0.15 and 0.4. The lattice parameters as a function
of Ce concentration revealed an anomaly in the tetragonal c lat-
tice parameter for the samples with x in the vicinity x = 0.25.113]
This anomaly is likely to be related to phase separation in the
samples with x in the range of 0.20 < x < 0.30, as suggested by
the results of the theoretical investigations.!'!] The phase sepa-
ration in this region is also suggested by the scanning electron
microscope (SEM) images and from the energy-dispersive X-ray
spectroscopy (EDX) analysis, coexistence of R,Fe;4,B (R = Nd,
Ce) phases that have different concentration ratios of Nd and
Ce is evident.'’] We note that our magnetization data for pure
Nd,Fe,B are consistent with that reported in literature.] The
earlier reported values for pure Ce,Fe,B are Hci = 5.4 kOe,
(BH)max = 4.6 MGOe, B, = 5.3 kG115

The results depicted in Figure 1 show that the melt-spun
ribbons of the Ce doped (Nd,.,Ce,),Fe,B alloys have dimin-
ished B, and (BH)max values. The Curie temperature T which
was determined from the minima in the first derivative of

00 02 04 06 08
Ce Concentration (x)
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type structure.’® The deterioration of the
magnetic properties with more than two Co
atoms per formula unit in (NdygCeq,),Feqs.
,Co,B may be due to the additional Co atoms
occupying other Fe sites.

Figure 2a shows room temperature B-H
curves for three differently processed forms
of the (NdysCey,);.4(Fei,Co,)B alloy: rapidly
solidified ribbons (sample #1), hot pressed crushed ribbons
(sample #2), and die-upset (sample #3). The samples 1 and 2
are isotropic magnets and sample 3 is an anisotropic magnet.
At T = 300 K, Hci for samples #1, #2, #3 are 17.7, 13.7, and
9.4 kOe, respectively. Similarly, (BH)max for samples 1 and
2 was found to be almost same =12.6 and 12.8 kOe, respectively,
and (BH)max for sample 3 was found to be =31.2 MGOe at
300 K, which is comparable to recently reported values of
(BH)max in sintered magnets that are either more complex than
reported here (i.e., contain Ce, Pr, Nd, and Dy),l'”) or have an
unspecified alloying replacement for Fe.l'®l Although, the Hci (at
T = 300 K) is the lowest for the die-upset sample (#3), its (BH)
max is the largest. This landmark (BH)max value indicates a
strong potential for the Nd-Ce—Fe—Co-B alloy to replace many
commercial Nd-Dy—Fe-B magnets. We note that following a typ-
ical practice in commercially manufactured Nd—Fe-B magnets,
an excess of the rare earths has been added to samples #1—#3.

The temperature dependences of Hci (Figure 2b) and
(BH)max (Figure 2c) exhibit good high temperature proper-
ties. For example, at T = 453 K, the Hci of samples 1 and 2 are
7.6 and 6.9 kOe, respectively, which is higher than 5.1 kOe of
4% Dy doped Nd-Fe-B sintered magnet at the same tempera-
ture.l® Similarly, the (BH)max for samples 1 and 2 are 8.52, and
5 MGOe, respectively at T = 450 K. The Hci and (BH)max for
die-upset magnet at T = 450 K are 2.3 kOe and 7.02 MGOe,
respectively. It is worthwhile mentioning that the synergistic
interactions between Co and Ce**** in the rapidly solidified
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Figure 2. Magnetic properties of (NdggCeq ), 4Fe1,C0,B for melt-spun ribbons (#1), hot pressed magnet (#2), and die upset magnet (#3). a) Magneti-
zation versus magnetic field at 300 K; (b) intrinsic coercivity, Hci versus temperature; and (c) maximum energy product, (BH)max versus temperature

for melt spun ribbons (#1), hot pressed magnet (#2), and die upset magnet (#3).

ribbons result in smaller slope of the temperature dependence
of Hci of the Ce and Co-doped alloy than that Hci of both Dy-Y
co-doped NdFeB ribbons,? and a Dy, Y, and Co containing
NdFeB ribbons.”! This is important for electric motors used in
automotive and other high temperature applications, since Dy
is an energy critical element in very short supply.

The high-angle-annular-dark-field (HAADF) scanning trans-
mission electron (STEM) images (Figure 3a—c) for samples
#1, #2, #3 show brighter contrast along the grain boundaries,
indicating segregation of heavy elements. Energy dispersive
x-ray spectroscopy (EDS) analysis of sample #2 shows higher
amounts of Nd, Ce, and Co on the grain boundary (shown by
arrows in Figure 3b), which probably accounts for the excel-
lent magnetic properties shown in Figure 2a—c. Bright-field

transmission electron microscopy images show regular equi-
axed grains for the isotropic magnet (Figure 3d) and rod-like
elongated grains for the die upset specimen (Figure 3e), which
is an anisotropic magnet.

We have established that Hci of the rapidly solidify rib-
bons can be controlled by modifying the chemistry by keeping
(BH)max relatively constant. The magnetization measurements
for (Nd;.x+-Ce.)o4yFe12C0B + 2.5% ZrC (x = 0.2, y = 0.4, z =
0.16) yield Hci = 18.9 kOe ((BH)max = 15 MGOe) at 300 K;
both quantities decrease with increasing temperature to Hci =
6 kOe ((BH)max = 7 MGOe) at 500 K (Figure 4a). Hci increases
with an increase of excess rare earth up to Ce = 0.48 (i.e., y =
0.4) in (NdosCey;),Fe12CoB + 2.5% ZrC, and it decreases
with a further increase in the Ce concentration (Figure 4b).

Figure 3. Scanning transmission electron microscopy photomicrographs of (NdggCey,),4Fe1,C0,B for melt spun ribbons (#1), hot pressed magnet
(#2), and die upset magnet (#3). a,b) High-angle-annular-dark-field (HAADF) scanning transmission electron microscopy (STEM) images for samples
#1 and #2 showing bright contrast along the grain boundaries, indicating heavy elements segregation. c) HAADF STEM image for die-upset magnet
(#3) showing segregation of Nd and Ce at triple junction (shown by arrow). d) Low magnification bright field transmission electron microscopy (TEM)
image of sample #2 showing isotropic grains. e) Bright-field TEM image showing elongated grains for die upset magnet (#3).
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Figure 4. Magnetization measurements of (Nd ;.4 Ceq.2)2:yFe12C0,B +2.5% ZrC melt spun ribbons. a) Magnetization as a function of magnetic field at

various temperatures for (Nd .4, Ceq )24y Fe1,C0,B +2.5% ZrC (x=0.2,y =

0.4, z=0.16) melt spun ribbon. b) Intrinsic coercivity (Hci) as a function of

cerium concentration for (Ndos,,Ce )2+ Fe12C0,B +2.5% ZrC at 300 K. Inset in b) shows Hci as a function of temperature for x=0.2, y=0.4, z=0.16.

The coercivity can be further enhanced by adding extra Nd
and making a (Nd1.;.Ce,),,,Fe1,Co,B + 2.5% ZrC alloy where
x=0.2,y20, and z > 0. As shown in Figure 4b, Hci can be
enhanced in two different ways: (i) adding more Nd while
keeping other constituent elements constant (vertical dashed
line), (ii) adding more Ce and Nd to (Nd,sCey),.,Fei,Co,B +
2.5% ZrC (solid circles), and (Ndg6Ceq )2+yFe1,Co,B + 2.5%
ZrC (solid diamonds). In both cases, the (BH)max varies from
17.7 MGOe for (1 — x) + z = 0.96 and y = 0 to 15 MGOe for
(1—x) +z=0.8, and y> 0. These values are higher compared to
Hci=11.7kOe, (BH)max=11.3 MGOe for 5.9 wt% Dy containing
{[(Ndo.45(Y0.66DY0.33)0.55]2.2C01 5Fe12 5B} s ss+Ti,C,  ribbon  at
300 K. The temperature coefficient of the coercivity, S
(Figure 4b, inset), for (Nd1..Ce,)siyFe12,Co,B + 2.5% ZrC is
~—0.3% °CL.

Recently, various attempts have been made to reduce the
amount of Dy in Nd,Fe;,B magnets. Liu et al.'”) reported that
substitution of Y for Dy in [Ndyg(Dy1.Yx)o2]10FessBs melt-spun
alloys decreases Hci and increases (BH)max. The value of Hci and
(BH)max for x = 0.5 are 7.2 kOe and 17.5 MGOe at 300 K, respec-
tively. The temperature coefficient of Hci (f) for this alloy is
—0.394% °C~L. Furthermore, Ce was also substituted for didymium
(Di) in (Diy,Ce,);75DysAly;CugFepyB sintered magnet.?” The
magnetic properties (BH)max, Br and Hci decrease. The f3 varies
from —0.64% °C™! for x = 0 to —0.55% °C"! for x = 0.32, and is
nearly twice as large compared to our value of =—0.3% °C7L
Overall, the magnetic properties of our best alloys, including f3, are
substantially better compared to the two alloys noted above.[%%%

The attractive magnetic properties observed in the
(Ndg 5Ceq.5)24yFe12Co,B alloys with and without 2.5% ZrC are
attributed to a combined effect of Ce and Co. Theoretical calcu-
lations show that the Ce*" and Ce*" atoms occupy the Nd(4g),
and Nd(4f) sites, respectively'"'®l and the most favored site
for Co atom to occupy in the Fe(4c) site.' Since the two sites
((Nd(4f) and Fe(4c)) are adjacent to each other, this may account
for the synergism between mixed valent Ce and Co, and the
enhanced permanent magnet properties. The addition of 2.5%
ZrC improves the microstructure of the alloys by enhancing
the quenchability while significantly refining the grain size.!

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

These microstructural modifications result in even better mag-
netic properties of the ZrC containing materials.

In conclusion, our study shows that partial co-doping Ce for
Nd and Co for Fe results in high strength permanent magnets
which are comparable to many of the Dy doped Nd,Fe;,B-base
grades of permanent magnets. Utilization of these Ce, Co co-
doped alloys helps reduce the criticality of Dy-doped alloys!* by
eliminating the need for Dy alloys at least for the lower strength
grades, and for high temperatures applications (>450 K), such
as the automobile engine compartment and wind turbines.
Furthermore, the replacement of 17% to 20% of the Nd (also
an energy critical element* by Ce (an inexpensive, abundant,
noncritical metal) also helps alleviate the Nd shortage. The
cost of the components (as of November 2014) of the Ce, Co-
doped alloys versus those of Dy based alloys are lower by about
22% to 40%, e.g., $25.70 per kg for (NdgCe,);4Fe;,Co,B
versus $33.03 per kg for Nd,Fe;,B + 2%Dy, and $42.53 per
kg for Nd,Fe4B + 4% Dy. Furthermore, the processing costs
of making the sintered Nd,Fe;,B + 4% Dy magnet is much
higher than for the die upset (NdyCe ), 4Fe;,Co,B materials,
which is significantly higher than the ribbon material of the
same composition. Although in the bonded magnets the energy
product is reduced to almost 75% of that of the pure unbonded
ribbons, the coercivity remains unchanged. Thus, in addition
to reducing the criticality of Dy-doped Nd,Fe;,B permanent
magnet, the cost of producing Ce, Co-doped alloys is much
lower. We do, however, recognize that the new permanent
magnet chemistry(ies) reported here will not displace all of the
Dy-doped magnets; there are still applications that require very
high strength of Nd—Dy—Fe—B magnets.

Experimental Section

Approximately 15 g of stoichiometric (Nd;,Ce,),Fe;4B  and
(Ndo.gCep2)2+yFe12C0,B and (Nd(1.:,Cey)24yFe12C0,B + 2.5% ZrC alloys
were prepared by arc melting using Ames Laboratory high purity Nd
and Ce. The hot pressed and die upset alloys were made by using
commercial grade Ce, Nd metals.?'l In case of the ZrC containing alloys,
Zr and C at a concentration equivalent to 2.5 wt% ZrC was added during

Adv. Mater. 2015, 27, 2663-2667
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the arc melting. The arc melted buttons were then drop-cast into a
=1 cm diameter ingot for a fine grain size and homogeneous
solidification structure throughout the ingot. The melt-spun ribbons were
prepared by induction melting the drop-cast alloys in a quartz crucible in
1/3 atm of high purity He gas and then ejected at 125 torr overpressure
onto a copper chilled wheel rotating at a tangential speed of
19-25 m s7'. The as-spun ribbons were annealed in He at 600 °C for
20 min (the 600 °C temperature was found to be optimal for the majority
of alloy compositions studied). The magnetization measurements were
performed using a Quantum Design Inc Physical Property Measurement
System (PPMS). Transmission electron microscopy (TEM) samples were
prepared by mechanical polishing followed by low voltage short-time
Ar ion milling with liquid nitrogen cooling. A FEI Tecnai F20 (200 kV,
FEG) TEM was used for microstructural characterization. Six samples,
specifically (NdggCeqg,),0Fer4B, (NdgsCegy),oFe1,CoB + 2.5% ZrC,
(Ndg sCeq2)24Fe12Co,B and (NdggCepy),4FerCoB + 2.5% ZrC have
been prepared in duplicate to verify reproducibility. The measured
magnetic properties (Hci, (BH)max, and Br) are reproducible, with less
than 2% difference in all six cases. For example, Hci, (BH)max, and Br
for two different samples prepared nominally at the same composition
— (NdggCeq,),Fe1,Co,B — are: Hci = 7.83 and 7.84 kOe, (BH)max =
15.10 and 14.82 MGOe (a 2% difference), Br = 8.94 and 8.86 kG (a 1%
difference), respectively.
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