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An accurate and transferable cluster-expansion model for complex quinary alloys is developed. Lattice
Monte Carlo simulation enabled by this cluster-expansion model is used to investigate temperature-
dependent atomic structure of alnico alloys, which are considered as promising high-performance non-rare-
earth permanent-magnet materials for high-temperature applications. The results of the Monte Carlo
simulations are consistent with available experimental data and provide useful insights into phase
decomposition, selection, and chemical ordering in alnico. The simulations also reveal a previously
unrecognized DO; alloy phase. This phase is very rich in Ni and exhibits very weak magnetization.
Manipulating the size and location of this phase provides a possible route to improve the magnetic

properties of alnico, especially coercivity.
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I. INTRODUCTION

An accurate and efficient configurational exploration
scheme for complex multicomponent alloys has been con-
sidered as a difficult, long-standing problem in the design of
complex alloys at finite temperature. Monte Carlo simulation
[1] can be used to investigate the alloys at finite temperatures.
However, an efficient and accurate method for energy
calculation of large-size systems is a bottleneck. First-
principles density-functional-theory (DFT) [2] calculations
can give accurate energy, but the computational demand is
too heavy to be feasible for practicing Monte Carlo simu-
lation for complex alloys. Cluster expansion (CE) [3.4],
which mimics the well-known spin Ising model with spin
eigenvalues at each lattice site replaced by chemical occu-
pations of the alloy constituents, offers a possible way to
address this challenge for alloys having a defined underlying
lattice. The model parameters called cluster-expansion coef-
ficients are determined by fitting to the energies resulted from
accurate calculations (e.g., DFT) of a set of training struc-
tures. Using the CE model, the energy of an alloy supercell
containing thousands of lattice sites can be calculated within
subseconds, making Monte Carlo simulation for complex
multicomponent alloys feasible.

In principle, the CE model can be applied to alloys with
any number of chemical elements as long as the underlying
lattice is defined. In practice, the complexity of the method
increases rapidly with the number of chemical elements in
multicomponent alloys [4]. Most of the work with CE so far
has been for binary and ternary systems [5-8] and far less
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has been for more components’ alloy systems. There have
been a few papers employing CE for quaternary and
quinary alloys published so far [9-12].

Alnico alloys were the permanent-magnet (PM) materials
of choice prior to the discovery of rare-earth (RE)-based alloys
in the 1960s. Recently, alnico has received much attention
because it is a promising candidate for further development of
magnets for elevated- and high-temperature applications
[13,14]. Alnico magnets have a very small temperature
dependence for their magnetic properties [14], which is
highly desirable for some applications such as traction motors
used in electric vehicles where the working conditions include
elevated temperatures of 420480 K. Alnico 8 and 9 have
coercivity Hg; = 1900 and 1375 Oe and remanence B, = 7.4
and 11.2 kG, respectively, and can be further enhanced by
modifying the microstructure or alloying [13-15] or via
magnetothermal treatment processes. A redesign of the PM
motor, specifically for using alnico together with an enhance-
ment of alnico coercivity, can make non-rare-earth PM vehicle
motors possible in the near future. Comprehensive knowledge
about the structure changes at the atomic scale with the
annealing temperature of alnico is essential for optimizing
processing to control the microstructure of alnico and,
thereby, to enhance its magnetic properties.

The general understanding of alnico is that the system
consists of two primary alloy phases: the ferromagnetic
(namely, a;) phase rich in Fe and Co and the “nonmagnetic”
matrix (namely, a,) phase with Al, Ni, Co, and some Fe
with minor alloying elements such as Ti. Both phases have a
coherent body-centered-cubic (bcc) underlying lattice (the
a, forms the L2, order, which can be considered as a
supercell of eight bee units). The segregation of the alnico
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master alloy into the «; and a, phases arises from spinodal
decomposition occurring during the cooling and quenching
from a solid solution (bcc or B2) phase at very high
temperature (approximately 1523 K). The best-performing
alnico alloys require annealing with a magnetic field near
their Curie temperature (approximately 1113 K for approx-
imately 10 min) followed by a series of lower-temperature
anneals (e.g., 883 or 863 K for a few hours) [16-18] where
details vary based on composition. The subsequent mor-
phology of the spinodal varies with composition. While
alnico 5 and 5-7 show a “brick-and-mortar” pattern, alnico 8
and 9 show a “mosaic tile” pattern in the microstructures in a
transverse section [15,19]. The purpose of the magnetic field
annealing is to bias the growth of the spinodal phases along
the applied field direction. The magnetic «; phase will form
long needles separated by the matrix a, phase in those
crystals whose [001] axis is well aligned to the magnetic
field. It is the magnetic shape anisotropy of the a; phase that
is responsible for the enhanced magnetism in these alloys.
The a, phase is believed to be a nonmagnetic or weakly
magnetic phase which decouples the interactions between
the a; phase needles to enhance the shape anisotropy of the
a; needles and, hence, the coercivity of alnico.

In this work, we develop a cluster-expansion model
for bce quinary alnico alloys consisting of Al, Ni, Co, Fe,
and Ti based on a DFT structure database. The cluster-
expansion model is intensively and extensively validated for
temperature-dependent phase separation and chemical order-
ing of known ternary alloys. We use lattice Monte Carlo
simulation to study the phase selection and chemical ordering
in alnico 8 and 9. The decomposition into @; magnetic and a,
matrix phases is more complete at lower annealing temper-
ature. We show that there is an additional third alloy phase,
which is rich in Ni. Our prediction of the third alloy phase is
fully supported by experimental observation with high-
resolution TEM. The chemical orderings and magnetic
properties of all alloy phases are also investigated. The
details of the computational methods and model are given in
the Supplemental Material [20].

II. RESULTS AND DISCUSSIONS

We fit the CE coefficients for bce quinary Al-Ni-Co-Fe-
Ti alloy up to the third nearest-neighbor (NN) pair and
triplet clusters by ATAT code [4,21] to a data set from DFT
calculations [22-26]. Figure 1 shows the formation ener-
gies of the reference structures calculated by the CE model
versus DFT. We can see that the CE energies are very well
fitted to the DFT energies. The root-mean-square error
of this fitting is very small, 12.9 meV/atom. The cross-
validation score, which measures the error in predicting
energies of a set of new structures that are not included in
the reference database [4], is an important indicator of the
accuracy and transferability of CE coefficients. As one can
see from Fig. 1, the cross-validation score is also very small
(17.2 meV /atom) in our CE model. We also show in Fig. 1
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FIG. 1. CE vs DFT formation energies of database structures is
shown in (a), and the values of the ECIs of first, second, and third
NN pair and second and third NN triplet clusters are shown in (b).
The horizontal x axis stands for different clusters having different
chemical decorations.

the values of effective cluster interactions (ECIs) of the pair
and triplet clusters obtained from our CE fitting. We can see
that the first and second NN pair interactions are the most
significant, whereas the ECIs of the third NN pair inter-
actions and the triplet interactions are much smaller. This
indicates that further increasing the number of clusters may
not be needed.

We further validate our quinary CE model by describing
the phase selection and decomposition in complex alloys
by performing MC simulations for a wide range of temper-
atures for known bcce-based ternary alloys of Al, Ni, Co, Fe,
and Ti: AlNiFe,, AlCo,Ti, and AINi,Ti ternary alloys.
AlNiFe, is in a B2 (AlFe, NiFe) single phase at high
temperature and is decomposed into bcc Fe-rich and B2
NiAl-rich phases at low temperature [27]. AlCo,Ti and
AINi,Ti are in the L2, phase for a wide range of temper-
atures [28-30]. We show in Fig. 2 the calculated composi-
tional contour histograms calculated from 1000 converged
configurations of AINiFe, ternary alloy at different temper-
atures, 773, 1173, and 1973 K, respectively. We can see
clearly that the AINiFe, alloy is in a single phase at high
temperature (1973 K) and is decomposed into two phases,
NiAl-rich and Fe-rich phases, at lower temperature (1173
and 773 K). From the neighbor correlation tables of the
AlNiFe, alloy at high (1973 K) and low (773 K) temper-
ature (Tables S.1 and S.2 in the Supplemental Material
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FIG. 2. Compositional contour histograms showing relative composition probabilities of AINiFe, ternary alloy at different annealing
temperatures obtained from MC simulation. Histograms are calculated from 1000 converged configurations.

[20]), we find that at high temperature, the AINiFe, is in a
B2 order with almost all Al atoms sitting on the « site and
almost all Ni atoms sitting on the f site. At low temper-
ature, the AINi-rich phase is in B2 order with the a site
occupied mostly by Al and the f site occupied mostly by
Ni. These observations of temperature-dependent phase
separation, phase selection, and phase ordering from our
MC simulations are consistent with the experimental phase
diagram [27]. However, there is an overestimation of the
transition temperature from two phases to a single phase of
AlNiFe, alloy. The transition temperature is about 1873 K
in our MC simulation, while it is about 1273 K from the
phase diagram. This overestimation of phase-transition
temperature can be traced back to several factors including
the truncation of CE coefficients, the systematic error in
DFT calculations, and the contribution of vibrational
entropy to free energy. We do not discuss this overestima-
tion here in detail since previous works already discussed
this overestimation of the transition temperature quite
clearly [8,10]. Monte Carlo simulations for AlCo,Ti and
AlINi, Ti ternary alloys (see the Supplemental Material [20])
show that both phases are in an L2; order phase for a
wide range of temperatures, which is also consistent with
experimental results [28-30]. Therefore, apart from an
offset in transition temperature, the MC simulation based
on the CE method can describe the phase selection and
decomposition of complex alloys accurately. These results
also validate the accuracy and transferability of our
developed CE model for the quinary alloy.

The chemical composition of commercial alnico 8
(without Cu), ie., Alg49Nig117C00350 Feos12Tigo72, 18
used in our simulations for alnico. Figure 3 shows the
compositions of the phases of alnico as a function of the
annealing temperature between 773 and 1773 K. First, let
us discuss the right part of the plot with temperature higher
than 973 K. For temperature higher than 1573 K, the alnico
master alloy is in a homogenized phase with the compo-
sition of each element as that of the overall composition.
For temperature lower than 1573 K, the alnico master alloy

decomposes into two phases. It is interesting that the
decompositions of constituent elements start at different
temperatures: Al, Fe, and Ti start to split their compositions
first between 1473 and 1573 K then Co and Ni start to split
their compositions between 1273 and 1373 K. The late
decomposition of Co was also observed in MC simulations
for alnico 5-7 [10].

The two decomposed phases are the magnetic @; and
matrix @, phases, respectively. From Fig. 3, we can see
that the compositions of Al, Ni, and Ti in the a; phase and
those of Fe and Co in the a, phase are decreasing as the
annealing temperature decreases. At lower temperature
(1073 or 973 K), the compositions of Al and Ni in the
a; phase are very small, and there is almost no Ti in the a4
phase. In the a, phase, the compositions of Co are less but
still considerable, and the Fe drops off more but goes to
about half the starting level. These results are consistent
with the experimental results for alnico 8 and 9: Ti is mostly
residing in the a, phase with very small or almost no Ti in
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FIG. 3. Composition of each element in alnico 8 as a function
of annealing temperature obtained from MC simulations. Circle,
square, and up triangle symbols are for compositions of the «;,
a,, and a3 phases.
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the oy phase; the a; phase consists mainly of Fe and Co
with small amounts of Ni and Al; the concentration of Fe
and Co in the a, phase is still significant, with Co only
slightly less than in the @; phase. Because Ni is a very weak
magnetic element, the magnetism of the magnetic @; phase
is enhanced if the concentration of Ni is low. On the other
hand, the coercivity of alnico 8 and 9 is enhanced if the a,
matrix phase is less magnetic or nonmagnetic to properly
decouple the interactions between the magnetic a; phase
needles. The results shown in Fig. 3 imply that lowering the
annealing temperature can improve the magnetic properties
of alnico by enhancing the magnetism of the a; phase via
increasing the magnetic elements’ concentrations while
diminishing the magnetism of the @, phase via decreasing
the magnetic elements’ concentrations at the same time.

The compositions of the a; and a, phases obtained from
MC simulations between 973 and 1173 K are quite close
to the experimental observations for alnico 8 [15], espe-
cially the a; phase. There is an overestimation of the Fe
composition and an underestimation of the Ni composition
in the @, phase. The differences can be attributed to two
main factors. First, our MC simulation is for the equilib-
rium state, meaning that the observed compositions from
simulation are at the boundaries of the spinodal decom-
position domain. Heat treatment in an experiment is only
for a short time so that the measured compositions of
decomposed phases diverge to points along the horizontal
line connecting the two end (equilibrium) points of the
spinodal decomposition domain at the given temperature
and not the end points. Second, although DFT is currently
one of the state-of-the-art first-principles methods, it can
have a systematic error in the relative stabilities of different
alloy phases. For a quinary alloy, there are too many
possible suballoy phases so that it is not feasible to trace
back for the DFT systematic error, and a small under-
estimation or overestimation of the compositions of con-
stituent elements in the a; and @, phases is understandable
and actually expected in our simulations. We also like to
note that we observe a temperature offset, in comparison
with experiment, in the MC simulation for the ternary
discussed above. A temperature offset should be also
expected for alnico alloys. Since the current work focuses
on the trend of the phase decomposition and ordering in
alnico 8 and 9 as a function of the annealing temperature
rather than the exact compositions of each separated phase
at a given temperature, the results obtained from our MC
simulations provide very valuable information on the
relative order of reactions for designing optimal heat
treatment processes in experiment.

Commercial alnico 8 and 9 magnets achieve their current
reproducible properties through the above-mentioned com-
plex processes that include quenching and annealing (with
and without external field) at different temperatures for
different periods of time [18]. This complicated process
scheme came from experimental experiences accumulating

over a long period of time, essentially for 70-80 years.
However, the urgent need for improvement of the magnetic
properties of alnico alloys for use in compact electric drive
motors needs a better approach than the time-consuming
blind trial-and-error experimentation efforts. A better
understanding of the physics behind the current multistep
annealing processing should be the first move forward to
speed up the cycle for improved magnetic properties of
alnico. The results in Fig. 3 give us some key information
for better understanding of the dependence of structures
and magnetic properties of the synthesis processes. As
shown in Fig. 3, the spinodal decomposition can involve
very significant compositional shifts, but the extent of this
transformation that takes place during fast quenching and
high-temperature annealing depends on atomic mobility
to establish the overall microstructure of the mosaic tile
pattern. The spinodal decomposition evolves faster at
higher temperature so that the first magnetic annealing
step needs to be at a high temperature (just below the
spinodal onset and the Curie temperature of the a; phase) to
rapidly generate the mosaic microstructure. Unfortunately,
the Co (Ni) composition is the same or very close in the o
and a, phases at high temperature, meaning that the Co (Ni)
concentration is too high in the a, (o) phases. A high Co
concentration in the a, phase can induce magnetism in the
a, phase and, hence, lower the coercivity due to poor
magnetic isolation between the a; phase needles. At the
same time, high Ni concentration in the «; phase will lower
the magnetic moment of the @; phase. As a result, the
magnetization and coercivity of alnico 8 and 9 right after
high-temperature magnetic annealing are low. The lower-
temperature annealing (draw process) has the effect of
altering the Ni and Co compositions in the @; and a,
phases. It is desirable that these annealing steps significantly
lower the unwanted high Co concentration in the a, phase
and the overall Ni content in the a; phase to enhance the
magnetic properties of alnico 8 and 9. However, the spinodal
decomposition evolves much slower at lower temperature so
that a very long time of annealing is needed to obtain the
desired microstructure for good magnetic properties.

We also find that if the annealing temperature is
further lowered to below 973 K (left part of Fig. 3), there
is a third alloy phase appearing in the alnico system.
We refer to this apparently distinct phase as the a3 phase.
This a3 phase consists of mainly Ni and Al with very low
concentrations of other transition-metal elements [e.g.,
Nig 73Aly 25 (FeCoTi)y, at 773 K]. In Fig. 4, we show
the composition profiles of each element along the z
direction of the simulation supercell obtained from MC
simulations at 973 and 823 K. The compositions of each
element at a given z value is calculated as the average of the
composition of that element on all sites at that z value. It is
interesting that the concentration of Al is almost constant
crossing the @, and a3 phases, indicating that the concen-
tration of Al may be possible to manipulate the volume
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FIG. 4. Composition profile of alnico 8 along the z direction
and the corresponding real-space atomic structure obtained from
MC simulations at (top) 973 K and (bottom) 823 K. The silver,
light green, blue, gold, and red balls in the crystal structure (band
beneath each composition profile) indicate the Al, Ni, Co, Fe, and
Ti atoms.

fraction of the a; magnetic phase in alnico. There could be
several reasons why a3 phase was not recognized. First, the
a3 phase appears only at quite low annealing temperature in
our MC simulations, meaning that it may need a very long
annealing at a low temperature in an experiment to grow to a
large enough size to be detectable. The typical time for each
step of the low-temperature draw process is from several
hours to half a day [18], which may not be long enough.
Second, there can be a high kinetic barrier blocking the
formation of the a3 phase, although it is thermodynamically
stable. Annealing at low temperature does not provide
enough kinetics to overcome the barrier. Therefore, the oz
phase can be quite small in size in comparison to the a; and
a, phases so that it cannot be seen clearly in the charac-
terization experiment that focuses on the micron-scale
structure of alnico 8 and 9 [15,19]. The identification of
the a3 phase in alnico is possible only when all five chemical
elements are taken into account, showing that quinary CE is
indeed needed to study alnico 8 and 9.

We perform kinetically limited Monte Carlo simulations
to understand the effects of short annealing time and slow
kinetics at low annealing temperature on the morphology of
the structures. Starting with the equilibrium configuration
of a high-temperature MC simulation (1473 K) as the initial

configuration (Fig. S.2 [20]), we swap only two randomly
picked atoms separated by a distance smaller than 5 or 10
times the lattice constant of a bec unit cell. These limited
swapping ranges are used to mimic the slow diffusion of
atoms in alnico during low-temperature annealing. With
such simulations, we indeed observe the a3 phase, which
has an Al-to—transition-metal (Fe, Co, and Ti together)
composition ratio of 1:3, and Ni is richer than all other
transition metals. The concentration of Ni increases with
the number of MC steps until reaching the saturated
concentration. The concentration for Ni in the a3 phase
varies from approximately 30% to approximately 75%,
depending on the simulation, and the a3 phase is usually
quite small along the z direction of a simulation supercell.
If we release the constraint on swapping distance, we can
obtain the results that we discuss above, where there is
almost no Fe, Co, and Ti in the a3 phase. These results
show that the Ni-rich a3 phase in real alnico samples has a
general TM-to-Al ratio of 3:1 and is small in size, which is
consistent with the observation of a Ni-enriched rod-shaped
phase in commercial alnico 9 [31]. Cu-rich and Ni-rich
bridges were also observed in lab alnico samples with
composition close to those of commercial alnico 8 and 9
[32], and our results should also be noted for commercial
alnico 8 showing Ni-rich clusters or phases (see the
Supplemental Material [20]). More studies may be needed
to clarify the relationship between observed Ni-enriched
clusters or phases with the a3 phase. The success of
predicting an alloy phase in a complicated multicomponent
alloy at finite temperature in this work is a significant
achievement for theoretical materials prediction and
design. Most of the theoretical predicted and designed
materials so far are binary or ternary alloys stabilized at
zero temperature.

Now let us consider the chemical ordering of five
constituent elements in the a;, a,, and a3 phases of alnico
8 and 9 based on the Bragg-William definition of the degree
of order [33]. We consider the ordering of the a; phase first.
From the obtained correlation table (Table S.5 [20]), we
observe that the local environment of Fe and Al (Co and Ni)
are very similar, as both of them have very similar numbers
of first NN and second NN to other elements, suggesting
that if the a; phase is in B2 or D05 order, Fe and Al (Co and
Ni) will be in the same sublattice. Most of the Ti first NNs
are Ni and Co (7.50 out of 8.00) so that Ti should be on the
same sublattice with Fe and Al. Therefore, we consider
Fe, Al, and Ti (Co and Ni) identical in estimating the
ordering of the a; phase. From our occupation scanning,
the a; phase has B2 order with a degree of order of 77.9%
at 773 K, and it decreases with the temperature, e.g., 52.8%
at 973 K and 43.8% at 1173 K.

From the correlation table of the a, phase at 973 K
(Table S.6 [20]), we can find that there is no Al-Al and
Al-Ti first NN or almost no Al-Al second NN, meaning that
the @, phase is not in the disordered bcc structure. If the a,
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phase is in B2 order, all Al and Ti should be in the same
sublattice because there is no Al-Al and Al-Ti first NN.
Then, Al and Ti should be the second NN to themselves and
to each other. But there is almost no Al-Al and Ti-Ti second
NN, indicating that the a, phase is not in the B2 order. The
fact that there is no Al-Al and AI-Ti first NN, that there is
almost no Al-Al and Ti-Ti second NN, that almost all
second NNs of Al are Fe and Ti (5.64 out of 6.00), and that
almost all third NNs of Al are Al (10.93 out of 12.00)
suggest that the a, should be in an L2, order with all Al on
the 4a site and Fe and Ti on the 4b site. There can be some
antisite defects, and the composition of the a, phase is not
L2, stoichiometry [i.e., (NiCo):(FeTi):Al is not a 2:1:1
ratio] so that there are some small Al-Ni and Al-Co second
NNs, or the number of Al-Al third NN is not exactly 12.0.
Therefore, we can group the five elements into three groups
Ni + Co, Fe + Ti, and Al to calculate the correlation table
of the “pseudoternary.” Because there are absolutely no
Al-Al first NNs and a very small number of Al-Al second
NNs, we can assume (in order to make the estimation of
degree of order easier) that all Al of the pseudoternary is on
the 4a site of L2, order if the concentration of Al is less
than or equal to 0.25. We then vary the occupations of the
other two groups on the rest of the three sites, i.e., 4a, 4b,
and 8c sites, to find the best matching correlation table to
the target table calculated for the pseudoternary. The degree
of order is then estimated as the degree of order of
(Ni + Co) and (Fe + Ti) on the 8c and 4b sites. Our
calculation shows that the degree of order of the L2; a,
phase is very high, and it is decreasing with the temper-
ature, e.g., 99.2% at 773 K, 92.8% at 973 K, and 84.8% at
1173 K. The decrease of the degrees of order of the «; and
a, phases is coming directly from the increasing of antisite
defects with the temperature. Our simulation results related
to ordering of the @; and a, phases are in agreement with
recent experiments using advanced atomic scale energy-
dispersive x-ray-spectra mapping techniques [34].

Letus now consider the ordering of the identified a5 phase.
The correlation table at 773 K shows clearly that the a3 phase
is not in the disordered bcc phase as there is absolutely no
Al-Al first NN. Thus, the a3 phase should be in a B2 or D03
order. The number of first NNs of Fe and Ti to Al is almost
zero so that we can place Co in the same group with Ni and
Fe, and that Ti is in the same group with Al for the a; phase
case. The correlation table of pseudobinary Ni-Al is shown
in Table S.7 of Ref. [20]. Our occupation scanning shows
that the a3 phase is in a D03 order with a very high degree
of order for both temperatures where we observe the as
phase, i.e., 99.5% at 773 K and 99.0% at 873 K.

The magnetic moment per lattice site from the DFT
calculation within coherent-potential approximation [35-37]
as a function of the annealing temperature for the @; and a,
phases is shown in Fig. 5(a). We can see that the magnetic
moment of the «; phase is decreasing with the annealing
temperature. In contrast, the magnetic moment of the a,
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FIG. 5. Magnetic moments of the (a) @; and a, phases as a
function of annealing the temperature and (b) that of the a; phase
as a function of TM content in the Ni site.

phase is increasing with the annealing temperature. This
variation of the magnetic moment of the @; (a,) phase comes
directly from the decrease (increase) of the magnetic element
(Fe and Co) concentrations in the a; (@) phase with the
annealing temperature. In both phases, the magnetic
moments of Fe, Co, and Ni are ferromagnetically coupled,
while coupling between Ti and other magnetic elements is
antiferromagnetic. The magnetic moments of Fe and Co
are dominant, and they are almost constant in each phase,
e.g., approximately 2.75 (approximately 2.50) pp/atom and
approximately 1.82 (approximately 1.74) up/atom for Fe
and Co on the a(f) site in the a; phase and approximately
2.85 pp/atom for Fe on the 4b site and approximately 0.84
for Co on the 8c site in the a, phase. The magnetic moment
of Ti is approximately —0.50 yp/atom in the @, phase. The
magnetic moment of Ni is approximately 0.62 yp/atom in
the @; phase and approximately 0.20 up/atom in the a,
phase. These results are similar to those of alnico 5-7 [9].
However, the concentration of Co in alnico 5-7 is much
smaller than that in alnico 8, making a much smaller
magnetic moment for the a, phase in alnico 5-7, about half
of that in alnico 8, which is considered here. Figure 5(b)
shows the magnetic moment of the a; phase with Ni
substituted for other TMs: D03 (Ni;_3,Fe Co,Ti,);Al with
0 < x £0.2. For simplicity, we assume the same concen-
trations for Fe, Co, and Ti. The magnetic moment of the a3
phase increases monotonically with the concentration of
other TMs on the Ni sites. For x > 0, Fe, Co, and Ni also
exhibit ferromagnetic coupling among themselves and anti-
ferromagnetically coupled with Ti. The magnetic moment of
Fe and Co is dominant, i.e., at x = 0.20 the magnetic
moments of Fe, Co, Ni, and Ti are 1.92, 0.87, 0.12, and
—0.21 ug/atom, respectively. At very high substitution
concentration (x = 0.20), the magnetic moment of the a3
phases is still small (0.41 up/site), which is much smaller
than that of the a; phase and about two-thirds that of the a,
phase at 773 K.
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The above MC simulations and magnetic calculations
show that magnetism in the @, phase is inevitable due to high
Co concentration in the a, phase. The magnetism of the a,
phase lessens the magnetic isolation between needles of the
a; phase and lowers the coercivity of alnico, as we mention
above. The identified a3 phase appearing at low annealing
temperature provides a clue for a possible way to overcome
the magnetism issue in the a, phase. If we can achieve the
enrichment of Niin the a3 phase precipitating at the boundary
of the a; and @, phases during low-temperature annealing, a
very weak magnetic “skin layer” will be developed to wrap
the @; needles. Hence, the @; magnetic needles will be
magnetically well decoupled from each other, then the
coercivity of alnico will be enhanced. Recent experimental
work on alnico showed the signal of this skin layer [32]. Our
results suggest that the substitution of Co by Ni or cosub-
stitution of Co by Ni-Fe or Ni-Al pairs, a similar concept of
codoing in semiconductors, to lower the Co concentration
and provide more Ni for the a3 phase to develop, together
with a redesign of the draw process to include lower-
temperature annealing will enhance the formation of the
a3 phase. This substitution can reduce unwanted Co in the a,
phase and also lower the cost of alnico, as Co is more costly
than other metals like Fe, Al, and Ni in alnico.

III. SUMMARY

In summary, we develop an accurate and transferable
quinary alloy cluster-expansion model. Monte Carlo simu-
lations are performed to study the atomic structures of
alnico 8 and 9 at atomistic and nanoscales as a function
of the annealing temperature. The simulation results of phase
separation and phase selection are in agreement with experi-
ment. More details on the ordering in each separated phase of
alnico are provided: the @; phase is in B2 order with Ni and
Co preferring the same sublattice site; the a, phase is in L2
order with Ni and Co preferring the 8¢ site and Al occupying
the 4a site. A third alloy phase is predicted by Monte Carlo
simulations and confirmed by experiment. The alloy phase is
rich in Ni, has a TM:Al ratio of 3:1 in general, is in D05
TM;Al order, and exhibits very weak magnetization. The
identification of the a3 phase gives a possible route to enhance
magnetic properties of alnico by controlling the processing
conditions to manipulate the size and locations of the
a3 phase.
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