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One of the main challenges for the synthesis and application of the promising hard-magnetic compound
CeFe;Ti is the formation of Laves phases that are detrimental for their thermodynamic stability and magnetic
properties. In this paper, we present an ab initio based approach to modify the stability of these phases in the
Ce-Fe-Ti system by additions of 3d and 4d elements. We combine highly accurate free-energy calculations
with an efficient screening technique to determine the critical annealing temperature for the formation of
Ce(Fe,X);; Ti. The central findings are the dominant role of the formation enthalpy at 7 = 0 K on chemical trends
and the major relevance of partial chemical decompositions. Based on these insights, promising transition metals
to promote the stability of the hard-magnetic phase, such as Zn and Tc, were predicted. The comparison with
suction casting and reactive crucible melting experiments for Ce-Fe-Ti-X (X = Cu, Ga, Co, and Cr) highlights
the relevance of additional phases and quaternary elements.
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I. INTRODUCTION

Ab initio based methods are often combined with high-
throughput screenings to design novel materials [1,2]. In these
studies, the focus is usually on the optimization of the materi-
als’ properties at 7 = 0 K. The finite-temperature stability of
the predicted compounds is, however, often a bottleneck for
their synthesis, for the comparison with established experi-
mental high-throughput screening methods, and eventually for
applications. Thermodynamic databases for phase diagrams
based on the CALPHAD method are usually not designed for
novel material classes, whereas ab initio calculations of phase
diagrams are usually limited to unary and binary systems. In
the present paper, we therefore provide an ab initio based
screening approach to improve the phase stability of multi-
component compounds with respect to competing phases in
the phase diagram by alloying.

The study is performed for permanent magnets, which
are considered as key enablers for net-zero CO, emissions
scenarios in the coming decades [3]. Here, materials design
strategies are urgently needed since high-performance can-
didate materials such as Nd-Fe-B magnets [4,5] do strongly
depend on chemical elements such as Nd, Dy, and Tb that are
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rather critical and limited in availability [6,7]. This has stim-
ulated efforts, both theoretically [8—10] and experimentally
[11,12], to design new and alternative rare-earth (RE)-lean or
RE-free hard magnetic materials, which will not be affected
by the global supply monopoly and limited resources of RE
elements.

One of the alternative elements that can replace critical
REs like Nd, Dy, and Tb is the inexpensive [13] and abundant
[14] element Ce. Similar to Nd- and Sm-based counterparts,
Ce-based systems also form ThMn,-type structures. The Nd-
and Sm-based systems have similar intrinsic hard magnetic
properties in comparison to the ternary benchmark Nd,Fe 4B
systems [15-18]. However, the application of Ce in hard mag-
netic materials is connected with some challenges. The first
challenge is the mixed valence state of Ce’* and Ce**, which
is the coexistence of trivalent 4f! and tetravalent 4 f°, being
harmful for hard magnetic properties. As an example, the Ce
valency was reported [19] to be 3.44 for Ce,Fe 4B. Due to
the mixed valence state of Ce, its compounds yield a lower
magnetocrystalline anisotropy and Curie temperature com-
pared to other RE-based magnets [20,21]. Nevertheless, the
Ce valency is steric volume dependent [22,23], therefore, this
feature can be beneficial to stabilize the Ce** configuration,
which is desired for higher intrinsic magnetic properties via
volume expansion. The Ce valency reduction by increasing
volume suggests a substitutional doping. There are several
experimental works that achieved the valency tailoring. For
instance, the volume expansion is achieved by hydriding Ce-
Fe-B-H alloys and it is seen that the Ce valency changed to
Ce’t [23,24].
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The second challenge of Ce-based hard magnetic materials
is the formation of the technologically less interesting CeFe,
phase, which is actually highly detrimental for hard magnetic
properties, in the microstructure [25,26]. It suppresses the
crystallization of the desired hard magnetic CeFe Ti yielding
a crucially reduced coercivity of these alloys and compounds
[27-29]. The observations and effects of CeFe, were in-
vestigated previously [27,29-35] for corresponding Ce-based
alloys. In our previous work, the formation of secondary
CeFe, phase and its effect on the hard magnetic CeFe;;Ti
phase stability was reported [36].

To overcome this challenge, we developed an ab initio
based temperature-dependent screening approach for tailoring
the phase stability of Ce-Fe-Ti-X (X = 3d and 4d elements)
alloys. Cu is frequently used in RE-based permanent magnets
to improve its magnetic properties [37-39]. Hence, we started
with Cu substitution as a quaternary element and calculated
the finite-temperature free energies. To further explore the
applied methodology, we considered Ga as another substitu-
tion. Then, fundamental understanding achieved from these
calculations is extrapolated to a large-scale screening to iden-
tify suitable elements X. This screening procedure provides
a guideline for promising substitutional elements, which pro-
mote the formation of CeFe;;Ti and suppress the formation
of secondary phases. Once we had the candidates for suc-
cessful quaternary elements, we performed ab initio based
finite-temperature free-energy calculations and compared our
results with the ones obtained by the extrapolated screening.
To our knowledge, there are no experimental efforts in the
literature to stabilize ternary Ce-Fe-Ti hard magnetic phase
by substitutional doping. Therefore, to be able to further com-
pare the theoretical findings, we performed a high-throughput
screening by using the reactive crucible melting (RCM) ap-
proach with theory-suggested elements. To complement the
outcome of the RCM studies, a series of additional exper-
iments were carried out by using the suction casting (SC)
method. This method defers from the RCM as the solidfication
rates are faster, which gives the possibility to scan also the
metastable states of the materials. Additionally, SC leads to
a compositionally more restricted phase space as the overall
composition of the samples are predefined nominally.

The paper is organized as follows. In Sec. II, we explain
the technical aspects of our computational and experimental
methods. In Sec. III, the effects of Cu and Ga substitutions
are investigated based on ab initio calculations. In Sec. IV, the
findings from Cu and Ga cases, implemented to the large-scale
screening for 3d and 4d elements and promising quaternary
elements are investigated. Furthermore, the verification of the
screening approach is identified. In Sec. V, experimental find-
ings are summarized with the comparison of theoretical work.
We finally conclude the paper with remarks and discussions
in Sec. VL.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS
A. Computational methodology

All first-principles calculations are based on density func-
tional theory (DFT) as implemented in the Vienna ab initio
simulation package VASP [40,41]. The ion-electron interac-

tions are treated by the projector-augmented wave (PAW) [42]
method and the wave functions of valence electrons were
expanded in a plane-wave basis set with a cutoff energy of up
to 550 eV. In particular, the plane-wave basis was generated
with the valence configuration of Ce-55s%5p%4 f!5d'6s%, where
the single f-electron is treated explicitly as a valence state.
The exchange-correlation is treated within the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [43]. The treatment of correlated f-electrons in DFT
is not straightforward and requires a Hubbard U correction.
However, Ce-Fe compounds show a different behavior due
to the hybridization of Ce-4f with Fe-3d electrons. Test cal-
culations for the density states of CeFe, and the magnetic
moments of CeCos with U values up to 5 eV resulted into
insignificant changes of the results. Therefore, in our calcu-
lations no Hubbard U correction scheme is applied (for more
detailed discussions we refer Sec. 1.1 and Figs. S1-3 in the
Supplemental Material [44]).

To calculate the phase stabilities of Ce-Fe-Ti-X alloys,
DFT is not only applied to ground-state energies, but also
to finite-temperature excitations [45]. We applied finite-
temperature DFT calculations for the Ce-Fe-Ti ternary and
for systems with Cu and Ga additions. For this purpose,
Helmbholtz free energies are considered as a function of crystal
volume V and temperature 7" within the adiabatic approxima-
tion [46], therewith decoupling the degrees of freedom

F(T,V)=Ey(V)+FUT,V)+ F“®(T, V) + F™(T, V),
ey
which treats the zero-temperature total energy E, electronic
F¢, vibrational F'', and magnetic F™¢ contributions of the
free energy.

The electronic contribution to the free energy F* has its
physical origin of the thermodynamic excitations of electrons
close to the Fermi energy and was calculated employing the
finite-temperature formulation of DFT by Mermin [47]

FNT,V)=E“NT,V)—EyV)—TS%, (2)

where E™ is the total electronic free energy (including the
binding energies at 0 K). We used the Monkhorst-Pack [48]
scheme to sample the Brillouin zone. A dense mesh of
k-points (kp) corresponding to ~32 x 10> kp - atom satis-
fies the F¢' below 1 meV/atom for considered alloys. S¢
is the electronic entropy obtained from Fermi occupation
numbers f;

S = 2kg Z[ﬁlnﬁ+(1 — fln(1 — f)], 3)

with kg the Boltzmann constant.

The physical origins of the vibrational contribution F"i®
are the phonons and they are computed with the direct
force constant method [49,50]. This approach is based on
the calculation of the Hellmann-Feynman forces for super-
cells containing several small atomic displacements (such as
~0.02 A) according to the symmetry and number of different
atom types. The convergence criteria to stop the electronic
loop is also set to be 10~ eV for all considered alloys. The
eigenvalues of the Fourier transformed dynamical matrix w;
enter the free-energy expression in harmonic approximation
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where 7 is the reduced Planck constant. The summation in
Eq. (4) runs over all 3N phonon states, where N is the number
of atoms in the unit cell. In the quasiharmonic approxima-
tion considered here, the volume dependence of the phonon
frequencies w; is additionally taken into account. Explicit
anharmonic contributions are not considered.

The magnetic part of the total free energy F™? is treated
with an empirical formula proposed by Inden [51,52]. In this

Tc, despite the different physical origin for the magnetic en-
tropy. This formula works with three input parameters, which
are Curie temperature, the mean magnetic moment, and the
magnetic enthalpy ratio of short- to long-range order. Chen
and Sundman [53] modified the heat capacity expression to
handle the phase transformation between the bcc and fcc
phases of pure Fe. Xiong et al. [54] made another refinement
to consider an effective magnetic moment rather than the
mean magnetic moment to be able to take antiferromagnetic
interactions into account. According to this work, the mag-
netic free energy in an ordered state as a function of relative
temperature T = T /T¢ is given as

formulation, the mathematical expression for the magnetic Gmag = TS™8g(1), 4)
heat capacity Cp,, is similar for temperatures below and above
J
0 7 <0,
1 -1 1 3 9 15 21
g(r) = { 1 — 5[0.38438376 7~ +0.63570895(7 — 1) (5 + 55 + ¢ + 1417)] 0 <7 <L, (6)
1 ‘L'_7 'L'_Zl T—35 T—49
—5(5 + & + 5w + i) t>1
1
D = 0.33471979 + 0.49649686(— — l). @)
p

The optimized structural parameter p is 0.37 for bec and
0.25 for non-bcc crystal structures. Since the notion of ef-
fective magnetic moments is most suitable for the material
systems discussed in this work, we employ this approach.
In this context, the magnetic entropy in the high-temperature

limit Spa is written as

Smig = kg Y x;In(B; + 1), @)

where x is the composition and 8 is the local magnetic mo-
ment. We used ab initio magnetic moments in the Inden model
as an input.

However, the total magnetic free energy F'™* is the sum
of ordered [as given in Eq. (5)] and disordered state contri-
butions. The free-energy contribution from the paramagnetic
disordering formally at infinitely high temperatures is consid-
ered by the expression

G™ (T) =RTIn(B + 1), 9)

mag

where R is the gas constant. Further details of the model can be
found in Ref. [54]. In addition to this, we investigated different
recently proposed magnetic models based on Monte Carlo
(MC) approaches. In a previous study [55], it was observed
that the Inden model yields better agreement for heat capacity
calculations of various alloys compared to experiments. More
importantly, the MC models and the Inden model give con-
sistent competition energies as defined in Eq. (10). No matter
which method is chosen, a stabilization of the CeFe;; Ti phase
is only obtained at reasonable temperatures if the magnetic
entropy contribution is taken into account [55].

(
B. Experimental details

To confirm the theoretical predictions, we carried out stud-
ies to screen the phase diagrams experimentally. For a broader
screening of the phase diagram two different experimental
approaches were used: (i) suction casting (SC) and (ii) re-
active crucible melting (RCM). The SC method is a rapid
solidification method which allows stabilization of possible
metastable structures due to rapid cooling. In addition, as a
result of rapid solidification, the obtained microstructure is
composed of small grains (size below 10 um) as reported
elsewhere [17]. Another feature of the SC is the limitation
of the compositional space as the starting composition is
well defined. Further, the RCM method is a high-throughput
screening method where the obtained phases are generally
limited to the equilibrium conditions. The RCM method was
already applied to a broad range of material systems [56—58].

The SC experiments were carried out by using an arc-
melting-setup-equipped actively cooled plate cavity to form
bulk rectangular ingots of 0.5-mm thickness. During the SC
process, the material is made molten by an electrical arc
and the material in the molten state is sucked to a cavity
with chamber over pressure. Prior to the casting the alloys
were prepared by using an induction melter. For the in-
vestigation, as suggested by the theoretical predictions, the
Ce4Fe;Ti;3X3 composition is selected for X = Cu, Ga,
Co, and Cr. As a reference a Ce4FesTijuX sample was
also prepared. After suction casting, the resulting plates were
annealed at 1000 °C (1273 K) for 12 hours to ensure homo-
geneity.

The RCM experiments were carried out in iron crucibles
filled with the powders of Ce, Ti elemental powder. For the
observation of the effect of the X element on the phase
stability different crucibles were prepared with additional el-
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emental powders of X = Cu, Ga, Co, and Cr. Powder-filled
crucibles were sealed under Ar atmosphere, then sealed in a
quartz tube and annealed for 96 hours at 850 °C (1123 K) and
1000 °C (1273 K) to ensure proper diffusion and equilibrium
condition. The crucibles were quenched into water, cut into
halves, and polished for characterization. Phase distribution
analysis and chemical compositional determination were done
by using a TESCAN scanning electron microscopy (SEM)
in backscattered electron (BSE) contrast mode using energy
dispersive x-ray (EDX) analysis. To obtain a good statistical
distribution and reduce the error, the measurements were car-
ried out at multiple points and at different locations of the
crucibles.

III. IMPACT OF THE SUBSTITUTIONS
X = {Cu,Ga} IN Ce-Fe-Ti-X

To computationally predict the critical temperature for the
thermodynamic stability of the hard magnetic CeFe;; Ti phase,
we determine the competition energy

F™ — (F[CeFe,] + F[Fe,Ti] + 7F [Fe]) — F[CeFe,,Ti]
= F%° _ F[CeFe;Ti]. (10)

It considers the free-energy differences between the desired
hard magnetic phase and the three competing phases CeFe,,
Fe,Ti, and Fe. Opposite to our previous work [36], the phase
CeFeTi is taken as a reference. It is stable if F™P is
positive, while a negative energy value indicates that the
decomposition (decomp) is energetically favorable and in par-
ticular the Laves phase CeFe, will form.

The lower part of Fig. 1 illustrates the finite-temperature
dependence of the competition energy for the Ce-Fe-Ti
ternary to compare it with the impact of Cu and Ga sub-
stitutions. It can be seen that, in the ternary case, without
substitutional element (labeled “Full decomp wo subs.”), there
is a driving force on CeFe;Ti (which will be referred to
as 1:12) for decomposition of 174 meV /f.u. at O K. There-
fore, the 1:12 phase is unstable below 710 K, as compared
to the formation of the considered competing phases. This
observation is decisive for the design and sustainability of the
promising hard magnetic phase CeFeTi.

The inclusion of quaternary alloying elements, such as Cu
and Ga, yields a modification of the different free-energy
terms in the competition energy in Eq. (10). Since the con-
centrations of the solutes cic in the employed supercells do
not match the concentrations in the real materials, linear com-
binations such as

cCeFeg
F[CeFe;] — F[CeFer]( 1 — 2

X

1 CeFe,
Cx

+ S F[CegFeisX] =g (11)
8 cx
are considered.

The actual concentrations of the solute will not be the same
in the different intermetallic phases and, therefore, need to be
determined in several steps. First, the solution enthaply E*°!
at 0 K is determined for all the sublattices of the individual
phases to analyze their occupation. In the case of the Fe

100
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FIG. 1. Calculated finite-temperature competition energy with-
out the alloying element (lower part) and with substitutions of 3 at. %
Ga and Cu. The zero energy reference is, in all cases, the free energy
of the 1:12 phase without substitution. Different volume fractions
n of the decomposed phases (designated with cyan: 20 decomp.;
orange: 50% decomp.; and green: 80% decomp.) are considered
where 100% corresponds to a full decomposition blue line. The
color coding indicates the stability regions for such a partial (full)
decomposition below (above) the zero line, respectively. The dashed
line indicates the change of the result if configurational entropy were
not considered. Note the different sign convention as compared to
Ref. [36].

sublattices, the corresponding expressions are

E&ke, 1 = E[CesFey TinX] — pux + pre — E[CesFenTis],
E&k,, = E[CegFesX] — pux + jure — E[CesFeyq],
E];gl'ﬁ = E[Fe7TigX] — ux + pre — E[FegTi4],
ES = E[Fes3X] — px + pre — E[Fesal. (12)

Here, the subindices in the squared brackets correspond to
the atoms per supercell used in the DFT calculations. In each
phase, a single solute atom X is added, which gives rise to the
following supercell concentrations c§(c: 3.8 at.% for CeFe;; Ti,
4.2 at.% for CeFe,, 8.3 at.% for Fe,Ti, and 1.8 at.% for Fes,.

At this step the exchange of atoms is described with respect
to a chemical reservoir ux [59] that is determined by the
ground-state energies of the substituted elements. up. is the
chemical potential for ferromagnetic bcc Fe. We conclude
from this analysis that Cu and Ga (as well as for the majority
of the solute atoms studied below) prefer the Fe sublattices.
Therefore, we restrict the following considerations to substi-
tutions of Fe atoms only, i.e., the solute X does not replace
a Ce and Ti atom in any of the phases in F°°™. In addition,
the substitution of the solute X in grain boundaries, surface
oxides, or other microstructure features is excluded, while the
potential formation of new phases is briefly discussed in a
separate section. The complexity connected with the stability
analysis of the quaternary system makes these simplifications
necessary.
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A. Chemical potential for full decomposition

Once we identified the preferential Fe sublattice sites
for the quaternary alloying elements, the finite-temperature
formation free energy is calculated in each considered phase.
For example,

AFER, = F[CesFeisX] — F[CesFerg] — Au. (13)

This provides access to the substutional concentrations [60] in
the different phases

form
E(AW) = freexp <‘i¢;) (14)
B
—A form
S (AW) = feere, €Xp (TCTF) (15)
) _ form
EET(AR) = freymi exp (ﬁ) (16)

where f, is the fraction of the atoms that belong to the
relevant sublattice in phase o, i.e., fre = 1 and fcere, = 2/3
(16a sublattice). For Fe,Ti the fraction is fr.,ti = 1/2 (6h
sublattice), 1/6 (2a sublattice), or 2/3 (if the solution enthalpy
for 6h and 2a is almost degenerate). The concentrations are
determined at a fixed temperature close to the critical tem-
perature for decomposition since the exchange of the solutes
between the phases is kinetically suppressed at lower tempera-
tures. Nevertheless, possible implications of a thermodynamic
equilibrization throughout a larger temperature interval are
discussed in the Supplemental Material (see Fig. S4-S6).

In Eq. (13), the difference of the chemical potential of the
solute X and the host atom Fe

Ap = px — UFe; a7

can now be chosen such that the total atomic concentration
of the substitutional element distributed in the decomposed
phases

3 3 ; 7
K (AR) = T A + AT (AR) + A (AR)
(18)

is identical to the nominal concentration of the solute, i.e.,
3 at.%. Here, an equal chemical potential throughout all three
competing phases after the decomposition is assumed and
the reservoir is no longer defined by the ground state of the
pure elements. The prefactors in Eq. (18) are determined by
Eq. (10). The same kind of canonical constrain determines
also the chemical potential in the 1:12 phase

ng(eFe“Ti(Al'L(I:IZ)) — 3 at% (19)

The consequence of these concentrations on the free ener-
gies that form the competition energy in Eq. (10) can be seen
in the upper parts of Fig. 1. Here the red lines (labeled “1:12
phase w subs.”) provide the impact of the solutes on the tem-
perature dependence of F [Ce,Fe;  Tip X]. Its value at T = 0 K
is again taken as a reference. According to Eq. (10) this phase
is in competition with the free energy F9°(c$¢ = 3%) of the
other three phases, given by the blue solid lines (labeled “full
decomp w subs.”). The shading above the zero lines highlights
the respective stability regions.

The main message of Fig. 1 is a substantial shift of
the intersection of the full decomposition free energies and
the free energies of the 1:12 phase due to the impact of the
solutes on the different phases. In the case of Cu substitution,
the formation temperature of the 1:12 phase increases from
710 K to 1050 K. This is because it is energetically most
favorable for Cu atoms to substitute the Fe atoms in the CeFe,
phase, both due to the solubility at 7 = 0 K and due to the
increased vibrational entropy of CeFe, (vibrational entropy of
CeFe,; Ti is hardly changed by Cu). The resulting stabilization
of the CeFe, phase causes the decrease in the competition
energy and the destabilization of the ternary phase.

In the case of Ga substitution, the critical formation tem-
perature of the CeFe,;Ti phase decreases to 610 K. This is
due to the fact that Ga is stabilizing the 1:12 phase more than
the competing phases. Therefore, Ga can be considered as
a suitable candidate to improve the thermodynamic stability
of the desired hard magnetic phase in the Ce-Fe-Ti system,
whereas Cu seems to be detrimental.

We note that the chemical potentials should also carry a
temperature dependence given by the configurational entropy
related to the fraction of symmetrically equivalent sites of a
given sublattice. We combine these contributions to an addi-
tional entropy contribution to the free energy of each phase

o
ce-ual2)2 (- )05
A R W R U L G
(20)

where f, is again the sublattice fraction in this phase. To
highlight the contribution of this term, the blue dashed line
in Fig. 1 provides the free energies if there were no configu-
rational entropy. It can be seen that this term does not change
the trends qualitatively.

B. Chemical potential for partial decomposition

The full decomposition of the 1:12 phase discussed so
far will yield a jump in the chemical potential at the phase
transformation. This is because the two conditions (19) and
(18), before and after the decomposition, respectively, usually
give rise to different chemical potentials. In a more general ap-
proach, therefore, only a certain volume fraction 7 is assumed
to decompose, while the remaining volume fraction (1 — n)
is still in the CeFe;;Ti phase. In such a scenario, a chemical
equilibrium between all four phases should be ensured such
that

N (Ap) + (1= e (Ap) = 3at%. (21

This represents the case that an increased concentration of
the solute X changes the stability of the decomposed phases
relative to the 1:12 phase, but the limited total amount of
the solute (i.e., 3 at.% in our case) only allows such an in-
crease for a certain volume fraction. In the case of Cu, for
example, the solubility in the CeFe, phase is comparatively
high. As a consequence, if only n = 20% of the CeFe;;Ti
phase were decomposed, then the expression (21) would
yield a Cu concentration of 40 at.% in the CeFe, phase.
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Since this is energetically highly favorable, the modified free
energy

F" = nF% () + (1 — n)F[CeFey Ti, ] (22)

is well below the free energy F[CeFe,;Ti, 3% Cul], as can be
seen in Fig. 1. In contrast to this, a full decomposition for
the same total amount of Cu yields a Cu concentration of
13 at.% in the CeFe, phase and the volume fractions of the
Fe phase and the Fe, Ti phase gets a much larger weight when
determining the free energy. Similarly to the Cu-free case, this
suppresses the decomposition at high temperatures.

Using this methodology, we learn in the case of Cu addition
that, even at high temperatures, the 1:12 phase is not fully
stable. Instead a certain volume fraction of the Laves phase
CeFe, will always form, which accommodates most of the
Cu. On the other hand, a partial decomposition is also energet-
ically more favorable than the full decomposition. Therefore,
an increasingly large volume fraction of the 1:12 phase can
also be observed at temperatures between 710 K and 1050 K,
where this phase was predicted to be unstable in full decompo-
sition. This fraction decreases when approaching the critical
temperature for the solute-free case, but remains finite before
a complete decomposition into Fe and the Laves phases is
observed at about 710 K. Overall, the addition of Cu does not
improve the stability of the 1:12 phase, but stabilizes a certain
volume fraction of the CeFe, phase in temperature regions
where otherwise the pure 1:12 phase could be expected.

The often-reported improvement of hard-magnetic prop-
erties by Cu [37-39] is, therefore, not connected to phase
stabilities. Indeed, experiments indicate a segregation of Cu
to intergranular regions (i.e., grain boundaries and triple junc-
tions) of conventional Nd-Fe-B magnets and the formation of
a nonmagnetic layer that improves the coercivity. It was also
reported in another ab initio study [61] that Cu tends to avoid
substituting atoms in the grain interiors of Nd,Fe4B.

The situation is opposite in the Ga case. Here the T = 0 K
energies yield a strong preference for an incorporation of the
solute in the 1:12 phase. There is also a noticeable increase
of the entropy of the Laves phases, but this is partly compen-
sated by the changes in the vibrational entropy of CeFe;;Ti.
This yields the extended stability region of the pure 1:12
phase already described above. Still one observes also in this
case a temperature regime in which a partial decomposition
takes already place though the full decomposition is not yet
favorable. Highly interesting is the fact that, even down to
low temperatures, a small volume fraction (20%) of CeFe, Ti
that accommodates almost all the Ga atoms benefits from
the strongly increased Ga concentration (=13 at.% in this
case) and becomes more stable than the competing phases.
This volume fraction of the 1:12 phase cannot increase at low
temperatures because the Ga content then becomes too dilute
to ensure such a stabilization.

We note that the solute concentrations in partially decom-
posed phases can be well beyond the dilute limit (e.g., n =
20% yields 60 at.% Cu on the 6a sublattice), and therefore the
linear interpolation (11) and, therewith, the predictive power
of our approach can be questionable.

IV. SCREENING THE IMPACT OF SUBSTITUTIONS
IN Ce-Fe-Ti-X

The examples of small additions of Cu and Ga have al-
ready demonstrated that chemical alloying has a considerable
impact on the critical formation temperature of CeFe;Ti.
To improve the impact, we systematically investigate the
effect on phase stabilities caused by an additional solute
from the 3d and 4d transition metals. These alloying ele-
ments were already previously considered for improving hard
magnetic materials by high-throughput screening calculations
[8,9,62,63]. However, these efforts were limited to intrinsic
magnetic properties and the thermodynamic stability of the
suggested alloys was not considered.

To close this gap, thermodynamic calculations as intro-
duced for Cu and Ga can be done, but are computationally
too demanding to be performed for a large number of solutes.
We, therefore, employ an efficient screening scheme instead
that reduces the number of demanding calculations to a few
selected cases. To this end, we benefit from our observation
that the impact of the added solutes is to a large extent cap-
tured by the energetics at the ground state.

A. Focus on the energetics at 7 = 0 K

At T =0 K, the driving force of decomposition accord-
ing to Eq. (10) is for the ternary system without solutes
174 meV /f.u. This number is substantially (i.e., in the order of
100 meV /f.u.) changed by substituting only 3 at.% of the Fe
atoms. It increases to 315 meV /f.u. if Cu is added, implying
an (at least partial) decomposition of the 1:12 phase over a
much larger temperature range than without Cu. In the case
of Ga it decreases to 63 meV/f.u., resulting in temperature
ranges that are only partially decomposed or completely free
of Laves phases, while a full decompositions is expected with-
out Ga.

These changes at 7 = 0 K need to be compared with the
impact of the solutes on the free energies contributing to the
competition energy in Eq. (10). To this end, we concentrate on
the results for the full decomposition shown in Fig. 1 and note
a strong similarity between the temperature dependence in the
ternary Ce-Fe-Ti and the Cu and Ga containing cases. In Fig. 2
the competition energies F“°™P for different compositions are
aligned at 7 = 0 K. Comparing the free energies of alloys
with Cu and Ga additions, the difference is negligible. The
small concentration (3 at. %) of alloying elements apparently
has a similar and small impact on the lattice vibrations and the
magnetic moments. The qualitatively different impact of Cu
and Ga on the phase stability is therefore clearly determined
by the the ground-state energetics.

A closer inspection reveals that the perfect agreement at
finite temperatures for Cu and Ga additions is coincidence
(see Fig. S4). The solutes have different impacts on the in-
dividual free-energy contributions of F“°™P. The free energy
of individual phases can, by some solutes, be changed by up
to 80 meV/f.u. at 1500 K. However, the qualitative trend is
in particular for the 1:12 phase and the CeFe, Laves simi-
lar, leading to compensation effects. One can conclude from
Fig. 2 that the deviations caused by the solutes are below
50 meV/fu. at 1000 K and below 20 meV /f.u. at 500 K.

014410-6



COMBINED AB INITIO AND EXPERIMENTAL ...

PHYSICAL REVIEW MATERIALS 7, 014410 (2023)

T T T T

— — pure 1:12 phase

— Cu

— Zn
Ga

— Nb

F— Tc

W

(=3

(=}
T

N

(=3

[=}
T

(%)

(=3

(=}
T

—

(=3

[=}
T

(=

== ) |
500 1000
Temperature (K)

AF difference from 1:12 with subs. (meV)
S
S
T

=)

1500

FIG. 2. Competition free energy F°™ as calculated by Eq. (10).
The results for the ternary Ce-Fe-Ti case (black dashed line) and for
different solute additions (colored solid lines) are aligned at 7 = 0 K.
The impact of the solute species on the competition free energies is
visible.

This is still substantially less than the changes in the formation
enthalpies at 7 = 0 K.

The working assumption for the following screening of
various transition metals is, therefore, that the qualitative im-
pact of these solutes on the phase stability of CeFe;;_,TiX, is
determined by the energetics at T = 0 K. As a consequence,
the computational less expensive ground-state energies can
be used for selecting potential candidates that improve this
stability.

We note, however, that finite-temperature entropy contri-
butions enter the thermodynamics not only in the free energy
terms in Eq. (10), but they also modify the free energies of for-
mation that determine the distribution of elements among the
differences in chemical equilibrium, as described by Eqs. (14)
to (16). Also in this case the impact of the alloying elements is
largely described by the energetics at 7 = 0 K (see Fig. S7).

The explicit temperature in the Boltzmann coefficients in
Egs. (14) to (16) can, of course, not be set to zero since
this would suppress a distribution of the alloying elements
among the different phases. Here we stick to the assumption
that a temperature close to the onset of the formation of the
Laves phases should be chosen since solute redistribution at
lower temperatures is kinetically suppressed. According to
our analysis, the actual choice of this temperature (700 K and
1200 K are compared in Fig. S4) is of secondary importance.

B. Sublattice preference at 0 K

The first set of calculations in our screening scheme is
devoted to the solution enthalpies according to Eq. (12),
including the possible substitution of Ti and Ce sites. The
ab initio data for the ground states of the considered sub-
stitutional elements, which determine wy, are given in the
Supplemental Material Table S2 (see also Refs. [64—79]).

The energetic preference for the substitution of atoms at
the different Wyckoff positions can be obtained from Fig. 3.
CeFe Ti consists of four sublattices, but we distinguish be-
tween the substitution of an Fe atom and a Ti atom at the

o—@ Ce(2a)
8 00 Ti(8i)
N o—@ Fe(8i)
B Fe(8))
A—A Fe(8F)

/" 0—@ Cc(8b)
i @—@ Fe(16a)

A—A Fe(18h)
v—v Fe(18f)

0-0 Ti(4f)
@@ Fe(6h)
B Fe(2a)

Substitution formation enthalpy (eV)

el

Mo Tc RuRh Pd Ag Cd

V Cr Mn Co Ni Cu Zn

FIG. 3. Formation enthalpies to substitute 3d and 4d elements
at different Wyckoff positions in CeFe,;Ti, CeFe,, Ce,Fe,7, Fe,Ti,
and Fe, respectively. In the majority of the cases Fe sublattices are
preferred, but Sc, Ti, Y, Zr, and Nb are exceptions that yield, in
some phases, lower energies for Ce and Ti sublattices (brown labels
and arrows). In these cases, we still consider Fe sublattice formation
energies only.

Fe(8i) site. Although Ce,Fe7 is not considered as a com-
peting phase in Eq. (10), we also determined the preferential
sites for this phase to interpret the RCM experimental results
and to extend the considerations on substitutional partitioning.
In fact, both the rhombohedral 2:17 phase and the tetragonal
1:12 phase can be derived from the 1:5 structure by replacing
different fractions of the RE atoms with pairs of TM elements
(see Ref. [80] for details). We observe for all phases an en-
ergetically preferred substitution of the Fe sublattices, which
fits to the consideration of the phase diagram in Eq. (10) and
supports our approach in Egs. (13) and (17) to focus on the Fe
sublattice.

More precisely, in the case of CeFe;Ti, substitutional ele-
ments with a 3d or 4d shell that is less than half filled, prefer
to occupy the Fe(8i) site, while for the more than half-filled
elements the Fe(8)) site is more favorable. In general, the
substitution on the Ce site yields largely positive formation
enthalpies, which excludes a substitution of this site by 3d
and 4d elements. The only exceptions are Sc, Y, and Zr. Due
to the structural similarities of the two phases, the formation
enthalpies in Ce,Fe;; are in good agreement with those in
CCFC] |Ti.

In the case of CeFe, less than half-filled 3d and 4d ele-
ments, which are Sc, Ti, Y, Zr, and Nb, tend to substitute the
Ce site. For the Fe,Ti case, both 6/ and 2a Fe sublattices show
similar formation enthalpies. Here, Sc, Y, Zr, and Nb are again
exceptions preferring to occupy the Ti site. Since a Ce or Ti
substitution would require to handle a more complex interplay
of chemical potentials A u than that used in Eq. (17), we chose
the energetically favorable Fe sites for those elements. In this
way, a systematic trend study for the energetics for 3d and 4d
elements is possible. For instance, Sc prefers to be substituted
at a Ti(4f) site in the Fe,Ti phase, but we assume that Sc is
placed in Fe(2a).
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FIG. 4. Compositional distribution of the considered 3d and 4d
elements among the competing phases, using the ground-state for-
mation energies in Fig. 3 and assuming a Boltzmann statistics at
1200 K. The total concentration of substitutional elements that are
distributed over the three phases is 3 at. % as a dilute limit, see
Eq. (18). It is assumed that full decomposition takes place and that
solutes substitute Fe atoms only.

C. Chemical equilibrium at 1200 K

After the preferred lattice sites of each phase are identified,
the finite-temperature distribution of the alloying elements can
be calculated according to Eqgs. (14) to (16). To this end, the
ground-state formation energies are used in the exponent and
only the explicit temperature dependence kg7 is considered
at 1200 K. A detailed evaluation documented in the Supple-
mental Material (Fig. S4) justifies this approximation. The
difference to a full treatment of the temperature dependence
is negligible for Cu, while for Zn the relative solubility in
the CeFe, phase decreases by 30% and for Ga it increases
by 50%. Nevertheless, the critical temperature for full decom-
position does not change by more than 50 K.

The results shown in Fig. 4 indicate that the 3d and 4d ele-
ments with less than half-filled d shells will mainly enter the
pure Fe phase. Only Y enters CeFe, and Fe simultaneously.
For the case of half-filled d-shells (i.e., both for Mn and Tc),
we do not see a clear preference for a specific phase but a
distribution over all three competing phases. In the case of
elements with more than half-filled d shells, we see a strong
preference of the CeFe, phase. The only exception is Co that
prefers the substitution of Fe, which may be caused by mag-
netic interaction energies. While we consider the distribution
of alloying elements over competing phases, in the case of the
hard magnetic CeFe;;Ti phase we always assume that all the
alloying elements (3 at. %) are substituted at the energetically
most favorable site.

D. Competition energies

Once the distribution of the considered solute elements
among the competing phases is known, the competition en-
ergy is for each solute calculated at 7 = 0 K. As can be seen
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FIG. 5. Competition energies of phases alloyed with 3d and 4d
elements at 0 K. The horizontal dashed lines show the competition
energy in the case of the Ce-Fe-Ti ternary.

in Fig. 5, Cu shows among the 3d elements the strongest driv-
ing force for a decomposition. In this case, the competition
energy at 0 K increases from 174 meV for the ternary alloy
to 322 meV. The other elements with a more than half-filled
3d shell perform better than the 3d elements with less than
half-filled shells. In particular, Zn shows a competition energy
as low as 97 meV at 0 K, followed by Co and Ni. The low
competition energy in the case of Sc substitution is artificial
because Sc is one of the exceptional elements that does not
prefer Fe sites and the underlying calculations for the binary
phases are not considering the energetically most favorable
site. Only if the chemical potentials of Ce and Ti were indeed
such that Sc prefers the solution into pure Fe, a strong prefer-
ence of the CeFe;; Ti would be observed.

In the case of the 4d elements the situation is opposite to
the 3d elements in the sense that substitutional elements with
less than half-filled 4d shells yield a lower driving force for
decomposition than those with more than half-filled shells.
In the case of alloying with Tc, the competition energy is
found to be 156 meV, which appears to be the best candidate
among the 4d elements. The second candidate is Mo with a
competition energy of 207 meV, which is already above the
ternary case. The situation of Y, Zr, and Nb is similar to that
of Sc as the substitution is not considered at the energetically
most favorable Ti or Ce sites. The corresponding competition
energies are artificially low, unless the Ti or Ce chemical po-
tentials are indeed high enough to drive the alloying elements
after decomposition into pure Fe.

Following the discussion in the context of Fig. 2, we can
use the 0 K competition energies for all solutes and the en-
tropy contributions of the ternary Ce-Fe-Ti system to estimate
the critical temperature for full phase decomposition. As can
be seen in Fig. 6(a), the formation temperature is reduced
to 610 K in the case of Zn alloying and to 680 K in the
case of Tc.
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FIG. 6. (a) Competition energies of phases alloyed with 3d (solid
lines) and 4 elements (dashed lines) at finite temperatures. Finite-
temperature effects are added from the ternary Ce-Fe-Ti case and
configurational entropies are included. (b) Comparison of the compe-
tition energies of the explicitly calculated finite-temperature entropy
terms (blue lines) and the screening method based on 0 K enthalpies
(red lines) for alloying with Zn (solid lines) and Tc (dashed lines).
The difference in the critical formation temperature is highlighted by
arrows.

While this screening of critical temperatures is based on
the energetics at 7 = 0 K, a more accurate free-energy calcu-
lation for the most promising alloying elements Zn and Tc
is required. Similar to the results shown for Cu and Ga in
Sec. III this includes the ab initio calculation of vibrational,
electronic, and magnetic free-energy contributions. The re-
sults in Fig. 6(b) show that the difference between explicitly
calculated finite-temperature entropy terms and the screening
based on 7 = 0 K energies is 40 K for Zn and 85 K for Tc.
The difference in the competition energies at 0 K arises due to
the zero point vibrations as compared to the estimates based
on 0 K calculations. For both alloying elements, the required
corrections for the formation temperature and competition
energy are sufficiently small to justify the screening strat-
egy. Furthermore, the analysis in the Supplemental Material
demonstrates that the correction from a full decomposition to
a partial decomposition is in the case of Zn very similar to
that in the Ga case. Hence, the partial decomposition of the
the CeFe ;Ti phase sets in at higher temperatures than 620 K,
but remains even at very low temperatures incomplete.

V. IMPACT OF ADDITIONAL PHASES IN Ce-Fe-Ti-X

Comparing the ab initio predictions with experiments for
a high-throughput screening of phase stabilities reveals that
the number of phases considered in the previous section is
incomplete. More precisely, we performed SC and RCM ex-
periments to know which additional phases need to be taken
into account. The RCM method has proved its value as a
high-throughput screening technique for the search of new
permanent magnetic phases in complex alloy systems with
and without RE elements [56,81] (schematic explanation of
the method has been given in Fig. S8). Therefore, we previ-
ously used it to benchmark our theoretical findings for phase
stabilities in the case of the ternary Ce-Fe-Ti system [36].
We now extended the evaluation to the quaternary Ce-Fe-Ti-X
(X = Cu, Ga, Co and Cr) system at two different temperatures
(T = 1123 K and 1273 K).

For the ternary system [36], we already noticed that the
quantitative value of the critical temperature for the 1:12
phase is higher in the RCM experiment than in theory, which
might be an effect of the limited diffusion kinetics [82] in the
RCM samples. Therefore, we compare in the present work
the RCM findings against conventional SC, mostly provided
in the Supplemental Material (see Fig. S9). The fact that the
observed phases are almost the same gives further confidence
in the experimental results.

We start the comparison of the RCM and SC results for
Ce-Fe-Ti at 1273 K, from which the phase diagrams, Fig. 7,
are obtained. Additionally, the RCM results at 850°C are
also shown for comparison [Fig. 7(a)]. Both phase diagrams
consistently indicate the formation of the Fe,Ti and CeFe,
Laves phases and the 1:12 phase, confirming our selection of
relevant phases in the competition energy model in Eq. (10).
In the case of the RCM method, however, the Th,Zn;7-type
(referred to as 2:17) and/or the Ces(Fe,Ti)y9-type (referred to
as 3:29) phases are observed, which are missing in SC. The
main reason for the observation of the RE-richer compositions
(2:17 and 3:29) in the phase diagrams obtained from the RCM
studies can be explained as in the following: In the case of
RCM, the diffusion is in between the pure elements which
leads to different compositional gradients than the SC method,
where the chemical composition is strictly restricted. Due to
the diffusion pairs between the pure elements the observed
gradients in the RCM leads to the formation of RE-lean and
RE-rich versions of the possible equilibrium phases. In the
case of suction casting, the overall composition of the sample
is fixed, which leads to the observation of limited phases
in the phase diagram. As the selected composition of the
investigated sample lays in the mixed phase region of the
phase diagram we observed the 1:12, Fe,Ti, and CeFe,-Laves
phases.

The 3:29 phase is stable at high temperatures and is also
interesting for room-temperature magnetic applications [84].
However, it was reported in the literature [85] that it is difficult
to synthesize the RE3(Fe,Ti),9 phase (RE = Ce, Pr, Nd, and
Sm) at room temperature, as it is metastable and can only
be formed if the equilibrium room-temperature phase has
the rhombohedral structure of 2:17. Therefore, we focus on
the 2:17 phase in the upcoming considerations, though an
integration into a competition formalism similar to Eq. (10)
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FIG. 7. Fe-rich region of the ternary phase diagram of Ce-Fe-Ti
obtained by reactive crucible melting [RCM, (a), (b)] and the suction
casting [SC, (c)] at 1123 K and 1273 K. The gray lines represent the
Fe contents of the 1:12 (highest), 3:29, and 2:17 phases, respectively.
The composition regions for Ti are determined similarly to Margar-
ian et al. [83].

is beyond the scope of this work. In particular, we carefully
studied in our ab initio approach the stabilization of the 2:17
phase by Ti substitution.

S
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FIG. 8. Calculated Ti solution enthalpies in rhombohedral
Ce,Fe; according to the Egs. (25), (26), and (28). Ti atoms are
substituted at energetically favorable 6c¢ sites. Once that site is
filled the second energetically favorable 18f site is considered in a
CegFes;_,Ti, supercell. In all cases, the energetically most favor-
able configuration is considered. The xE(FeTi) line is included for
comparison.

The structural parameters of Ce,Fe; are obtained from
x-ray diffraction by Buschow et al. [86]. The rhombohedral
Ce,Fe;7 has five sublattices, Fe atoms distributed over 6c¢, 9d,
18f, and 184 sites and Ce atoms occupy the 6¢ site. To inves-
tigate the effect of Ti solubility on the 2:17 phase stability,
we start substituting a single Ti atom in a 57 (3 f.u.) atom
supercell, corresponding to 1.75 at. % Ti and evaluate the
solution enthalpy for all the possible sites. The lowest energy
is found for Ti at the 6¢ site with —1.07 eV. The solution
enthalpies for the 9d, 18f, and 184 sites are 14.6 meV /atom,
8.3 meV/atom, and 12.8 meV/atom higher, respectively.
The Ce 6c¢ is the energetically least feasible site with 27.2
meV /atom. This strong preference of the 6¢ site among the
Fe sublattices can be due to the large Wigner-Seitz radius
compared to other Fe sites [87].

Once the 6¢ site is found to be energetically favorable, the
rest of the 5 Ti atoms are only substituted at this site and the
energies are compared in Fig. 8. Since the sixth Ti substitution
has slightly positive solution enthalpies, we need to further
check its solubility. Once the 6¢ site is filled, we substitute
two more Ti atoms to the second energetically favorable site,
namely, 18f. The resulting solution enthalpies are also shown
in Fig. 8. We note that for a given Ti concentration, all the
possible configurations of 6¢ and 18f'sites are investigated and
the energetically most favorable configuration is taken into
account. To calculate the solution enthalpies, various kinds of
reference alloys are considered. First, the solution enthalpy of
a phase can be calculated from unary references

E'(CegFes;_Tiy) = E(CegFesi—,Tiy) — 6/ice
—(51 = xX)upe — Xpti (23)
= 3E/(CeyFey7) + ES. (24)

In the second equation, the same result is expressed in terms of
the formation energy of the unstable 2:17 phase E/ (Ce,Fe;7).
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The correction is provided by the Ti solution enthalpy for
the considered phase, for which different formulations can be
used. The natural references are also in this case the unary
elements

E;* (x) = E(CegFes) Ti,) — 3E/ (CeyFer7) + x(ptre — i)
(25)

As shown in Fig. 8, ES"I has a convex negative curvature for
the considered number of Ti substitutions. Therefore, taking
the unstable positive value of E(Ce,Fe;7) in Eq. (23), all
x values result into compositions that are relevant for the
discussion of phase stabilities.

There are also different possibilities to incorporate the
Ti atom into the microstructure, which are FeTi and Fe,Ti
phases. Those are the thermodynamically stable Fe-Ti alloys,
which have negative formation energies compared to unary
Fe and Ti and investigated in our previous work [36]. There
is a strong chemical driving force for this scenario that is
represented by the xEf(FeTi) line in Fig. 8. In this way, the
effective solution enthalpy of the Ti atom in the Ce,Fe; phase
is given with respect to the chemical potential of Ti in FeTi (or
FCzTi)I

E{°'(x) = E(CegFes;_,Ti,) — 3E/ (Ce,Fe;7)
—xE (FeTi) + 2xitre (26)

= E°(x) — xE/ (FeTi). 27

By using this definition, it can be seen in Fig. 8 that the
substitution of three Ti atoms into the 57 atom supercell of
Ce,Fei7 (5.26 at. % Ti) yields an energetically global min-
imum for the system and results in positive enthalpy values
beyond five Ti atoms (8.77 at. % Ti).

One can further modify the way of expression by consid-
ering FeTi (or Fe,Ti) and a Ce,Fe ;7 structure with lower Ti
content as a reference

E5*'(x) = E(CegFes;_Tiy) — E(CegFesi 41 Tix_1)
—E (FeTi) + 2xpipe. (28)

As shown in Fig. 8, the global minima of the solution
enthalpy is obtained for the second Ti atom (3.50 at. %) and
yields positive energies beyond third Ti atom. This indicates
that a 2:17 structure with three Ti atoms and the formation of
FeTi (or Fe,Ti) is energetically more favorable. The system-
atic study of solubility energies shows promising agreement
with RCM experiments. As seen in the RCM diagram (Fig. 7),
the 2:17 phase observed with an off-stoichiometric compo-
sition of two to three at. % Ti corresponds to 1.5 atoms in
the 57 atom supercell, which is slightly lower than the E5°!
formulation results. A similar strategy was applied to the 1:12
phase in our previous work [36] and Ti solubility was found
as 7.7 at.%. This prediction compares also well against the
experimental data given a Ti solubility in the 1:12 phase at
~9 at.% (see Fig. 7). In this way, the higher Ti solubility of
the 1:12 phase compared to the 2:17 one is also proven.

The RCM studies on Ce-Fe-Ti alloys that contain differ-
ent alloying elements are for the two different temperatures
1123 K and 1273 K given in Fig. 9. While the measurement

points are indicated by circles, the gray lines represent the
composition regions of the 1:12, 2:17, and 3:29 phases as
extracted from the work of Margarian et al. [83], similar to
Fig. 7. The axes of the quaternary phase diagrams corresponds
to Ce, Ti, and the summation of the Fe and the added element
X. To be able to present a quaternary phase stability on a
ternary phase diagram, we use different color codes for the
composition of the added fourth element. The corresponding
value of the compositions of X is given in the color scale.

The observed phase distribution in the RCM phase diagram
of the Ce-Fe-Ti-Cu system is different from that of the ternary
Ce-Fe-Ti system [see Figs. 7(a) and 7(b)]. The Cu addition
suppresses the formation of the 1:12-type phase at 1123 K and
assists the formation of the binary B2-FeTi as well as Ce-Cu
binary phases (not shown in the diagram, full-scale phase dia-
grams are given in the Supplemental Material, see Fig. S9). As
revealed by RCM in Fig. 9, the Cu solubilities in the 1:12 and
the Fe, Ti phases are nearly zero and is very limited in CeFe,,
which is consistent with our formation enthalpy calculations
given in Fig. 3.

Therefore, instead of substituting any of the considered
competing phases, it is energetically more favorable for the
excess amount of Cu to form new Ce-Cu binaries. The
formation energies of the possible Ce-Cu compounds were
investigated computationally, shown in Fig. 10 (top). It can be
seen that the orthorombic CeCu, phase (space group Imma)
has the lowest formation energy. Apparently, the fact that we
did not consider the formation of Ce-Cu binaries and the
B2-FeTi phase in our competition energy formalism drives
an artificially high amount of Cu into the CeFe, phase (as
indicated in Fig. 4) and destabilizes the 1:12 phase more than
observed in experiment (see Fig. 1).

The observed phase distribution after adding Ga is show-
ing the formation of Ce-Ga binary phases more clearly,
with composition ranges varying from CegsoGaszyg to
Cesg gFe77Tij sGasgg. Again, there are no indications in the
RCM measurements that a 1:12 phase is stable at 1123 K. It
is only observed once the temperature increases to 1273 K.
In comparison to Fig. 10, this can be interpreted such that
Ga substitution destabilizes the desired hard magnetic phase,
seemingly in conflict with our theoretical results (see Fig. 1).

However, also in the case of Ga, the RCM as well as
the SC studies indicate the formation of Ce-(Ga,Fe) RE-rich
phases such as CeGa. The investigations of formation energies
given in Fig. 10 indicates substantially larger absolute values
than in the case of Cu. The hexagonal CeGa, phase (space
group P6/mmm) has the lowest formation energy. Therefore,
Ga does not tend to substitute one of the considered com-
peting phases but forms new binaries. Furthermore, the SC
results indicate a substantial solubility of the Ga in both Laves
phases with more complex compositions like (Fe,Ga,Ce),Ti
and Ce(Fe,Ti,Ga),. Therefore, the observed differences might
be explained by the fact that the theoretical predictions were
only done for ternary and not for quaternary compositions of
the Laves phases. The SC results for Cu additions do not show
such a Cu substitution in the Ce(Fe,Cu), Laves phase.

In the case of Co and Cr substituted quaternary RCM
diagrams, the observed phases are similar to the Ce-Fe-Ti
ternary and an increasing temperature has no significant im-
pact on the stability of phases. For both substitutions, the 1:12
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FIG. 9. RCM diagrams of the Ce-
Fe-Ti-X (X = Cu, Ga, Co, and Cr) qua-
ternary systems processed at 1123 K
and 1273 K. Each symbol indicates a
measurement point obtained from the
reactive crucible. The chemical com-
position of the X element is given by
the color scales up to 8 at.%. The val-
ues above 8 at.% are indicated by the
black color in the graphs. The gray
lines represent the composition regions
of the 1:12, 3:29, and 2:17 phases as
described in the caption of Fig. 7. The
diagrams show Fe-rich regions, for the
full scale RCM phase diagrams see
Fig. S10.
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FIG. 10. Calculated formation energies for Ce-Cu (top) and Ce-
Ga binaries (bottom).

phase exists and this can be interpreted such that Co and Cr
substitutions have no hazardous effect on the stability of the
desired phase. This is also predicted in our screening calcu-
lations, where the formation temperature of the 1:12 phase is
calculated to be 744 and 905 K for Co and Cr substitutions,
respectively. There are remarkable differences for the distri-
bution of Co and Cr over the different phases. According to
the theoretical prediction of Fig. 4, Cr is not expected in any
of the Laves phases. Instead a Cr incorporation into «-Fe is
expected due to the very low formation enthalpy shown in
Fig. 3. In contrast to this, a substantial Co content is expected
in the CeFe, phase as shown in Fig. 4. These predictions are
confirmed by the RCM results.

For the 1:12 phase, the negative enthalpies for the substi-
tution of Co and Cr provided in Fig. 3 are consistent with the
observation of a noticable atomic fraction of these elements
in the RCM measurements. For example, the Cr content in
the 1:12 is about 3 at.%, substantially larger then Cr content
of 1 at.% in the Fe,Ti phase, for example. It is interesting
to note a clear temperature dependence of the substitutional
concentration in the 1:12 phase. To explain this theoretically,
the full formalism of partial decomposition would need to be
applied to Co and Cr. By comparing the solution enthalpies in
Fig. 3, we would expect that Cr behaves similarly to Ga, for
which the substitutional content in the 1:12 should decrease

with temperature. The behavior of Co should be closer to
that of Cu, for which we expect an enrichment of the solute
in the competing phases with increasing temperature. The
incomplete matching of theory and experiment in this case
indicates that the RCM measurements are not representing
thermodynamic equilibrium.

VI. DISCUSSION AND CONCLUSION

By using a combination of ab initio calculations and ex-
perimental methods, we analyzed the impact of substitutional
alloying elements on the thermodynamic stability of structural
phases in the Ce-Fe-Ti-X system. Our free-energy calcula-
tions contain all relevant entropy contributions, of which the
magnetic entropy turns out to be particularly important. The
calculations reveal that the critical temperature for the for-
mation of the hard-magnetic phases CeFe;;Ti in the ternary
Ce-Fe-Ti system is 710 K. Below this temperature, it decom-
poses into the energetically more favorable competing Laves
phases CeFe, and Fe,Ti as well as pure Fe.

To reduce this temperature of formation, alloy substitutions
of up to 3 at.% are applied. The examples of Cu and Ga are
used to provide some fundamental methodological insights.
One of them is the concept of a partial decomposition, which
considers the enrichment of the added solutes in phases that
would, at the considered temperature, not be stable in a full
decomposition. In the case of Cu, this effect suppresses the
formation of phase pure CeFe;;Ti even at temperatures well
above 1500 K, whereas in the case of Ga this ensures the
presence of a small phase fraction of CeFe;;Ti even below
the critical temperature.

The other conclusion derived from study on Cu and
Ga is the dominant impact of 0 K formation enthalpies
on the solute-enhanced phase stability compared to finite-
temperature entropy terms. Based on this insight, a screening
approach, considering the substitution of all 3d and 4d ele-
ments, is performed in which the energies of formation at 0 K
are taken as the most important selection criterion. For most
of the transition metals we observe a preference of substitut-
ing Fe sites in CeFe;;Ti and the Laves phases. Only a few
transition metals were not considered further because their
preference of the Ce or Ti sites additionally complicates the
determination of a consistent set of chemical potentials. We
show that substituted elements with more than a half-filled
3d-shell (except Cu) or with less than a half-filled 4d-shell
mainly reduce the formation temperature of the 1:12 phase.
According to these thermodynamic considerations, especially
Zn and Tc turn out to be promising substitution candidates.
Therefore, more detailed finite temperature ab initio evalua-
tions of the free energies were performed for these elements.
The difference between the approximate determination of the
critical temperature for the formation of the CeFe;;Ti based
on 0 K energies and a fully temperature-dependent determi-
nation of free energies is within the error bar of the other
approximations. This demonstrates the robustness and effi-
ciency of our screening approach.

In addition to this, the partitioning of the considered
substitutional elements among the competing phases is also
predicted correctly for many cases. Nevertheless, the compari-
son with experimental data from reactive crucible melting and
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suction casting reveals that the number of competing phases
that entered our theoretical model is insufficient for many of
the substitutions by transition metals. Instead, a number of
additional phases are observed in these experiments, which
increases the complexity of the thermodynamic equilibrium.
An extension of the thermodynamic phase stability analysis
to the full quaternary phase diagram of Ce-Fe-Ti-X, including
the impact of solubility ranges in the relevant phases, needs to
be subject to further studies.
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