Magnetic properties of Lutetium and Yttrium doped Ce;Fe ;B magnets
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The increasing demand for Nd-Dy and Sm-Co based permanent magnets is exacerbating the
current critical materials shortage, therefore improving and optimizing current candidate critical
element free permanent magnets is necessary to develop future clean energy technologies. In this
work, we aim to increase the thermal stability and magnetic performance of CesFe14B based perma-
nent magnets through the substitution of Ce ions with noncritical rare earth elements Lu and Y. The
substitution of Lu (x=0,0.05,0.1,0.15) for Ce ions in (LuxCez_x)Fe14B was unsuccessful, likely due
to disparities in ionic size and valencies, and failed to exhibit improved thermal stability or magnetic
performance. In contrast, Y substitution for Ce ions in (YxCes—x)Fe14sB (x= 0.1,0.2,0.3,0.4,0.5)
alloys was successful. Notably, these alloys demonstrated enhanced thermal stability, as evidenced
by an increase in the Curie temperature, reaching a peak of 443 K at x= 0.5. Y substitution also
helped to suppress the CeFes Laves phase. Without loss of the anisotropy field Y substitution
increased the saturation magnetization, Mg, peaking at Mg = 125 emu/g for a Y concentration of
x= 0.4, demonstrating (Yo.4Ce1.¢)Fe14B as a potential critical element free permanent magnet with
an energy product as high as 29 MGOe. This work is advantageous in developing low cost high

performance permanent magnets with reduced or little to no critical rare earth elements.

I. INTRODUCTION

Permanent magnets are integral components needed
for future clean energy technologies, however the grow-
ing market for Nd-Dy and Sm-Co based permanent
magnets is aggravating the scarcity of critical materi-
als[1-7]. Designing, developing, and optimizing critical
element free permanent magnets is essential for the future
economy|[8]. Based on NdyFe4B permanent magnets,
CegFe 4B permanent magnets are an attractive low-cost
alternative due to the highly abundant rare-earth Ce,
however, CesFe14B displays several drawbacks, a rather
low Curie temperature T and a low magnetocrystalline
anisotropy[5, 9]. In recent years, CesFei4B has seen a
wealth of new studies being published in an attempt to
improve these properties.

Chemical substitutions are an effective method to al-
ter the magnetic properties of a permanent magnet, as
seen in NdoFe14B magnets[5, 10-14]. Recent studies have
shown Co, La, Ni and Si substitutions in CesFe4B have
been shown to improve or increase T¢, while Al and Hf
have been shown to reduce it[15-19]. La and Co sub-
stitutions in CesFe4B have been shown to increase the
saturation magnetization, Mg[15-17], while Al, Ni, and
Si substitutions reduce Mg[18]. Hf, Ga, Ge, Ti, and Zr
substitutions have been shown to slightly improve the
magnetic properties through microstructure and grain
refinement[19-23]. Despite Zr substitutions improving
the magnetocrystalline anisotropy in other RoFe 4B com-
pounds[24, 25], Yin et al. determined Zr, as well as La,
does not enhance the anisotropy in CesFe4B[15]. Al, Ni,
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and Si substitutions have been shown to decrease mag-
netic anisotropy[18]. In a similar manner to Dy substitu-
tions in NdoFe14B magnets to improve coercivity and the
thermodynamic properties, Y substitutions in NdoFe14B
and La substitutions in CesFeq4B and YsFe 4B have both
been shown to improve the coercivity and the thermody-
namic properties[16, 17, 26-30]. These findings under-
score the potential for tailored chemical substitutions to
address specific challenges and advance the development
of permanent magnets for sustainable energy solutions.

While chemical substitutions have proven effective
in enhancing magnetic performance, the disproportion-
ate reliance on costly rare-earth elements like Dy, Tb,
Pr, and Nd contributes to price imbalances within
the Rare Earth sector. In this work, the high abun-
dant rare-earth Y and the heavier and rarer Lu are
substituted for Ce in CesFeuB in an attempt to
improve the magnetic and thermodynamic properties
similar to Dy in NdyFe;4B based permanent mag-
nets. To evaluate the performance of such substitu-
tions, a comprehensive characterization of the magnetic
properties of (LuyCes_y)Fe14B (x=0,0.05,0.1,0.15) and
(YxCes_x)Fe14B (x=0.1,0.2,0.3,0.4,0.5) alloys was car-
ried out. We confirmed the successful incorporation of Y
into the CesFei4B phase whereas the attempt to substi-
tute Lu in CesFe14B was unsuccessful, most likely, due
to the disparities in ionic size and valencies between Lu
and Ce. The efficacy of Y substitutions in CesFe14B was
evident through observed changes in lattice parameters,
Curie temperatures, and magnetization measurements.
Conversely, Lu substitutions in CesFe14B did not mani-
fest any discernible alterations in these properties.



II. EXPERIMENTAL DETAILS

The alloys with nominal compositions
of (LuxCey_x)Fe14B (x=0.05,0.1,0.15) and
(YxCeo_x)Fe14sB  (x=0.1,0.2,0.3,0.4,0.5) were syn-
thesized by conventional arc melting in an argon
atmosphere.  The starting materials are Ce (Ames
Laboratory and Thermo Scientific, 99.8%), Fe (Alfa
Aesar, 99.99%), B (Thermo Scientific, 99.4%), Y (Ames
Laboratory), and Lu (Ames Laboratory). The starting
materials in the appropriate compositions were arc
melted in an electric arc furnace and remelted at least
4 to 5 times to ensure a homogeneous ingot. The ingot
was then sealed in a quartz tube under vacuum and the
ampoule was annealed in a box furnace at 900°C for
14 days then quenched in ice water. The phase of as
melted and annealed ingots was characterized by room
temperature X-ray diffraction (XRD) using a Bruker
D8 Advance diffractometer with monochromated Cu
K1 radiation. Microstructure and surface analysis was
characterized using a Carl Zeiss Sigma VP field emission
scanning electron microscope and elemental dispersive
X-ray spectroscopy (EDS) was measured using an
Oxford Instruments X-Max 20 silicon drift detector.

The magnetic properties of the alloys were measured
by a Quantum Design Magnetic Property Measurement
System 3 (MPMS3). The anisotropic magnetization was
measured at room temperature on polycrystalline pieces
that were ground in a pestle and mortar and aligned in-
side a gel capsule using a similar procedure as described
by Sales et al.[31]. The magnetic transition tempera-
tures of the (YxCea_x)Fe14B (x=0.1,0.2,0.3,0.4,0.5) al-
loys were obtained by differential scanning calorimetry
(DSC) while the (LuyCes_x)Fe14B (x=0.05,0.1,0.15) al-
loys were obtained using a thermogravimetric analyzer
(TGA) with a strong permanent magnet positioned di-
rectly above the sample. Upon reaching the Curie tem-
perature, the force exerted on the sample by the strong
permanent magnet vanishes and a visible mass change is
observed.

III. RESULTS AND DISCUSSION

XRD on as melted and annealed (LuyCes_x)Fei4B
(x=0.05,0.1,0.15) alloys determined Lu substitution in-
creased the volume fraction of the a-Fe impurity phase
while also suppressing the CeFey Laves phase. As melted
alloys consisted primarily of CesFei4B and a-Fe phases
with an occasional small fraction of CeFey phase that
could barely be resolved by XRD measurements. Upon
annealing, stoichiometric CesFe4B and all Lu doped al-
loys except x=0.15 consisted of primarily Ce;Fe 4B phase
with a small fraction of a-Fe impurity as seen in Fig. 1,
while x=0.15 had a second impurity which consisted of a
very small amount of Ce303[32]. The lattice parameters
for CegFe14B (x=0) as determined by Rietveld refinement
are a = b = 8.75(1)A and ¢ = 12.10(2)A, as seen in the
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FIG. 1. Rietveld Refinement of room temperature XRD data
for annealed CezFe14B (top panel), (Yo.1Ce1.9)Fe14B (middle
panel), and (Lug.1Ce1.90)Fe1sB (bottom panel) alloys. All
annealed alloys plotted are composed primarily of CezFe14B
phase with small a-Fe impurities. Vertical blue ticks corre-
spond to the position of the calculated Bragg peaks of all
phases (from top to bottom, 2-14-1 and «-Fe).

middle panel of Fig. 2 and in agreement with previous
reports[15].

EDS on as melted (LuyCes_x)Fe14B (x=0.05,0.1,0.15)
alloys determined an average of 0.98(0.33)% (atomic per-
cent) Lu concentration in the CeyFe4B phase for x=
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FIG. 2. (Left Panel) Curie temperatures as determined by DSC and TGA for annealed CezFe14B , (LuxCes—x)Fe14B

(x=0.05,0.1,0.15), and (YxCez_x)Fe1sB (x=0.1,0.2,0.3,0.4,0.5) alloys.

(Middle Panel) Lattice parameters as determined

by Reitveld refinement of room temperature XRD data for annealed CezFeisB and (LuxCez—x)Fe14B (x=0.05,0.1,0.15) al-
loys. (Right panel) Isotropic magnetization vs field measurements taken at room temperature for annealed CesFei4B and

(LuxCez—_x)Fe14B (x=0.05,0.1,0.15) alloys.
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FIG. 3. (Left Panel) Raw room temperature XRD data for annealed (Y<Cez_x)Fe14B (x=0.1,0.2,0.3,0.4,0.5) alloys. (Right
Panel) Lattice parameters as determined by Reitveld refinement of room temperature XRD data for annealed CezFe14B and

YaFe14B (x=0.1,0.2,0.3,0.4,0.5) alloys.

0.15, while for x= 0.1, Lu concentration was found to
be 0.60(0.15)%, and undetectable in EDS for x= 0 (res-
olution of EDS is ~0.5% atomic percent). Upon anneal-
ing, no Lu concentration was observed in the CeyFe 4B
phase in EDS. In all annealed samples, the lack of Lu
concentration in the CesFe;4B phase was further con-
firmed through isothermal magnetization measurements,
as seen in the right panel of Fig. 2, which revealed little
to no change in saturation magnetization, Mg, and again
through TGA measurements, as seen in the left panel of
Fig. 2, showing little to no change in T regardless of Lu
concentration x.

We attributed the instability associated with Lu sub-
stitution in CesFe14B to be due to two factors, the size
of the Lu ions in comparison to Ce, as well as the
mixed valency of Ce in CeyFeyB [9]. Ce®t ion’s ra-
dius is 102 pm whereas Lu®" ion’s radius is 86 pm[33].
Alam et al. determined the instability in Ce substitu-
tion in (Ce,;Nds_,)Fe4B at concentrations larger than

x= 0.5 is due to a 15 — 20% difference in volumes be-
tween NdsFeiyuB and CesFe4B , as well as the differ-
ences in Nd and Ce valences[34]. In CegFe14B , Ce has a
mixed valence state of 3.44, a mixture of Ce3t and Ce**
states, known as the mixed valence a-state[24]. Lutetium
can be found in various oxidation states from 40 to +3,
however Lu does not form a +4 oxidation state due to
its complete 4f shell. This difference in size and oxida-
tion preference potentially lead Lu to segregate out of the
CegFeq4B phase upon heat treatment.

XRD on as melted and annealed (YyCez_x)Fe14B
(x=0.1,0.2,0.3,0.4,0.5) determined Y substitution also
increased the volume fraction of the a-Fe impurity phase
while suppressing the CeFe, Laves phase. As with
Lu substitution, as melted alloys of (YxCes_x)Fe14B
(x=0.1,0.2,0.3,0.4,0.5) consisted of primarily CesFe;4B
and a-Fe phases with an occasional small fraction of
CeFe, phase that could barely be resolved by XRD mea-
surements. Upon annealing, all Y substituted alloys con-
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FIG. 4. (Left Panel) Field dependent magnetization measurements on aligned powder with the magnetic field applied along
the easy direction for annealed CezFe1saB and (YxCea—x)Fe1sB (x=0.1,0.2,0.3,0.4,0.5) alloys. (Middle Panel) Field depen-
dent magnetization measurements on aligned powder with the magnetic field applied along the hard direction for annealed
CegFe14B and (YxCez—x)Fe1sB (x=0.1,0.2,0.3,0.4,0.5) alloys. (Right Panel) The estimated energy product of CezFe14B and
(YxCea—x)Fe14aB (x=0.1,0.2,0.3,0.4,0.5) alloys calculated using the saturation magnetization, reveals (Yo.4Ce1.6)Fe14B as a
potential critical material free permanent magnet with an energy product as high as 29 MGOe.

sisted of primarily CesFeq4B phase with a small fraction
of a-Fe impurity as seen in Fig. 1. As can be seen in the
right panel of Fig. 3, there is little to no change in the
a-axis with small concentrations of Y up to x=0.3, as ex-
pected as the a axis of YoFe 4B is very similar to that of
CegFe14B [29]. However, increasing the Y concentration
to x= 0.4 and higher, Rietveld refinements determined
a very small increase along the a-axis to 8.758(4)A at
x=0.5. Along the c-axis, we see a shrinkage with increas-
ing Y concentration to 12.083(9)A at x= 0.5 associated
with the smaller size of Y ions replacing Ce ions[33]. EDS
measurements confirmed Y substitution for Ce ions at the
appropriate concentrations in the CesFe4B phase for all
annealed alloys; for example, at x= 0.1, Y concentration
was found to be 0.68(0.04)% (atomic percent), close to
the expected percentage, 0.625%.

As can be seen in the left panel of Fig. 2, the Curie
temperature increases with increasing Y concentration
reaching a maximum of nearly 443 K at the maximum Y
concentration doped in this study, x= 0.5. At the lowest
level of Y concentration studied, x= 0.1, field depen-
dent magnetization measurements at room temperature
revealed a slight decrease in saturation magnetization,
Mg, however with increasing Y concentration, we see
an increase in Mg above that of CesFe;4B (Mg = 113
emu/g). At the highest Y concentration studied, x= 0.5,
Mg = 123 emu/g, albeit at x= 0.4, Mg peaks at the high-
est value seen in this study of 125 emu/g, as shown in the
left panel of Fig. 4. The field dependence of magnetically
aligned powder samples with the magnetic field applied
along the hard direction can be seen in the middle panel
of Fig. 4, as can be seen, we observe little to no change
with increasing Y concentration. Thus, without loss of
the anisotropy field, Y substitution improves the thermal
stability of of CesFei4B phase by increasing the Curie
temperature, while simultaneously increasing the satura-
tion magnetization, Mg. Estimating the energy product

using Mg (80% of (Mg)?/4), reveals (Yg.4Cey.¢)Fer4B as
a potential critical element free permanent magnet with
an energy product as high as 29 MGOe, as can be seen
in the right panel of Fig. 4.

IV. CONCLUSION

We synthesized and characterized (LuyCes_y)Fe4B
(x=0,0.05,0.1,0.15) and (Y«Cey_x)Fe14B
(x=0.1,0.2,0.3,0.4,0.5) to systemically evaluate their
performance as critical element free permanent magnets.
We determined Lu did not successfully substitute for
Ce ions in CesFe4B | potentially due to the difference
in ionic size and valencies between Lu and Ce, however
Y substitution was successful. ~ With increasing Y
concentration, we see a small increase along the a-axis
to 8.758(4)A and a slight shrinkage along the c—axis
12.083(9)A at x= 0.5. In addition, Y also increased
the thermal stability of CesFei4B through an increase
in Curie temperatures up to a maximum of 443 K at
x= 0.5. Without loss of the anisotropy field, at x= 0.1, Y
substitution reduced the saturation magnetization, Mg,
however with increasing Y concentration, Mg increases
and peaks at Mg = 125 emu/g for a Y concentration
of x= 0.4. Estimating the energy product using the
saturation magnetization, reveals (Y(.4Ce; ¢)Fei4B as a
potential critical element free permanent magnet with an
energy product as high as 29 MGQOe. Our experimental
results highlight the benefits of Y substitution in im-
proving the thermal stability and magnetic performance
of CesFe4B based permanent magnets.
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