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This study addressed the long-standing challenge of determining the growth kinetic of Antiphase Domains
(APDs) with DOs-ordered structure in FegAl by the combination of phase-field (PF) simulations and transmission
electron microscopy (TEM) observation. The “shape coefficient” which correlates the growth rate of APD with 3-
dimensional intricate shape and the shrinking rate of 2-dimensional circular antiphase boundaries (APBs) in thin
film was assessed through a comparative analysis of PF simulations involving the shrinking of 2D circular APBs
and the growth of 3D APDs emerged from a disordered state. Simultaneously, the increase rate in APD size in
bulk samples after heat treatment was measured using TEM. By incorporating the calculated shape coefficient
and experimental data on APD growth rates, we successfully derived accurate values of mobility for forming DO3
type ordered structure. The ordering mobilities evaluated by this approach align more closely with those ob-
tained through traditional X-ray powder diffraction of order-order relaxation rather than those obtained through
in-situ TEM observation. This finding lays the foundation for optimizing heat treatment conditions to regulate
APD structure and enhance the superelasticity of FesAl primarily due to the interaction between dislocation and

APBs. This methodology can be extended to estimate the ordering mobility of other intermetallic.

1. Introduction

Intermetallic compounds possessing ordered structures find appli-
cations as specialized structural or functional materials due to their
unique mechanical [1], chemical [2], electrical [3], and magnetic
properties [4]. In the early stages of developing ordered structures, re-
gions containing atoms arranged in an ordered way with the same
crystallographic orientation, known as ordered domains or antiphase
domains (APDs), are initially formed. When multiple APDs expand and
intersect with adjacent ones, they merge if their orientations are
consistent. However, if the orientations differ, a less regular boundary
known as the antiphase boundary (APB) is formed. The characteristic
properties of the ordered intermetallic are closely linked to the size of
the APD or the density of the APBs [5-11]. For instance, the critical
resolved shear stress (CRSS) for prism slips in D0;g-ordered TisAl with
fine APDs of approximately 30 nm is approximately six times larger than
that of single-domain crystals [5]. Another example is the superelasticity
of FesAl [7,9]. FesAl alloys with DOs-ordered structures have been

* Corresponding authors.

developed as an alternative to stainless steel [12], and superelasticity
[13,14] due to the interaction between APB and dislocations has been
reported in ordered FesAl single crystals [7,9]. The temperature range
for superelasticity in FesAl alloys is approximately 250 K (from —50 °C
to 200 °C), broader than that observed in superelasticity originating
from the martensitic transformation which is typically 50 K [13].
Furthermore, the range of recovery strain is as high as 5 % and it makes
FesAl a potential shock-absorbing material. It should be noted that the
superelasticity in FegAl is strongly influenced by the density and dis-
tribution of APBs, i.e. the size and shape of APDs [7,9,15], as well as the
aluminum concentration [16,17] (see Fig. 1). To date, considerable
research has been conducted on the growth kinetics of APD in FegAl
alloys [18-33]. However, there is a significant difference between the
mobility for DOs-type ordering in FesAl determined by Oki et al. [18]
using X-ray diffraction (XRD) and that evaluated from the data of in-situ
transmission electron microscopy (TEM) observation by Park [19].
Conversely, phase-field (PF) simulation [22-25] has been proven a
powerful tool in investigating the migration of APBs and the kinetics of
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Fig. 1. Fe-Al phase diagram in the vicinity of 25 at.% Al [17]. The filled tri-
angles represent the disorder annealing temperatures, while the open circles
indicate the order annealing temperatures for Fe-28 at.% Al bulk alloys. Also,
the unit cells of the ordered Fe-Al intermetallic compounds with B2 and D03
structures are shown.

microstructure evolution, especially in the initial stages of the devel-
oping process of ordered structure, which are very challenging to
address experimentally. There have been reports on studies of the
ordering kinetics in FesAl alloys using PF simulations [26-33]. How-
ever, the ordering mobility for developing DOs-structured FesAl, or the
growth kinetics for DOs-type APD, which is indispensable for PF simu-
lation, has not been investigated comprehensively. Therefore, in the
present study, we tackle the issue of determining the ordering mobilities
of the DOs-type ordered structure in FesAl by the combination of PF
simulations and experimental observations. Moreover, the validity of
this approach is confirmed by comparing the obtained ordering mobil-
ities with literature data, and the results are discussed in the context of
the effects of excess vacancy concentration, which is dependent on the
thermal history.

2. Method

The methods used to determine the ordering mobility for the
development of the DOs-ordered structure in this study are illustrated in
the flowchart presented in Fig. 2. Initially, the evolution kinetics of APD
size following ex-situ aging using bulk samples is assessed through TEM
observation. Subsequently, PF simulations are employed to imitate the
process of circular APB shrinking in 2-dimensional (2D) space and APD
growth in 3-dimensional (3D) space. These simulations provide the basis
for estimating the shape coefficient governing the development of the
DO0s-type ordering structure between the 2D and 3D models. Finally, by
combining the experimental APD growth rate data with the shape co-
efficient determined through PF simulation, it becomes possible to
evaluate the mobilities for DO3-type APB migration and APD growth.
The specific research methods are elaborated as follows:

2.1. Experimental procedure

In the present study, our initial focus was on investigating the evo-
lution kinetics of the DOs-type APD size in FesAl through ex-situ heat
treatment and TEM observation using bulk samples. As illustrated in
Fig. 1, the Fe—Al binary phase diagram reveals the extensive formation
of the BCC-based disordered A2 phase, as well as the ordered B2 and D03
phases in the vicinity of 25 at.% Al. Alloy with the concentration of 28
at.% Al was chosen for our study because it consistently resides in single-
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Fig. 2. Flowchart for determining the boundary mobility and ordering mobility
of DOs-type structure in FesAl in the present study and previous studies using X-
ray powder diffraction [18] and in-situ heating TEM observation [19].

phase regions during temperature fluctuations, as depicted in Fig. 1. The
preparation of bulk samples involved arc melting of pure elements,
followed by annealing at 1523 K for 3.6 x 10° s for homogenization.
Subsequently, small pieces measuring 3 x 3 x 1 mm were cut for heat
treatment. Disordering heat treatment was carried out at 873 K for 3.6 x
10° s, and ordering annealing was performed at 673 K, 723 K, and 773 K,
followed by quenching in iced water. It is worth noting that the tem-
perature for the disordering heat treatment falls within the B2-ordered
phase region, yet it is referred to as disordering heat treatment in the
present study, as our primary focus is to investigate the ordering
mobility of the DOs-ordered structure. Additionally, to mitigate the in-
fluence of B2-type APBs, the samples were annealed at 1073 K for 3.6 x
10° s before the disorder annealing at 873 K. Following the ordering
annealing, the bulk samples were ground using dry emery paper and
subjected to electro-polishing at —25 °C and 5 V. The APD size of the
bulk samples annealed at various temperatures for various durations
was subsequently measured via TEM, utilizing an acceleration voltage of
200 kV. According to Smoluchowski [34], Cupschalk [35], and Allen
[36], the relationship between the APD size in 3D space and annealing
time conforms to the parabolic law represented by the following
equation:

12 - lé = k3D.Expt (1)

where [ and [ are the APD size at annealing time t and the initial state,
respectively; and ksp gyp is the kinetic coefficient determined from the
experimental results.

2.2. Phase-field model

Although TEM observation allows us to determine the evolution ki-
netics of DO3-APD size in 3D space, it is not feasible to directly derive the
mobility of APBs migration in a 2D context or the mobility for DOs3-type
ordered structure development in 3D space from experimental obser-
vation. This limitation arises because the curvature of APBs in bulk
samples varies with annealing time. To address this challenge, our study
introduces a novel approach for evaluating ordering mobility through
the integration of PF simulation and experimental observation. More
specifically, the shape coefficient, which characterizes the influence of
APD shape on APD growth rate, and establishes the connection between
the APD growth rate and APB migration rate for a given driving force, is
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derived through PF simulations. Subsequently, by combining the shape
coefficient with the experimentally determined 3D APD growth data
using bulk samples, we can assess the mobilities for DOs-type boundary

Ny
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relationship between free energy, degree of order, and solute concen-
tration easily, is utilized to calculate the free energy of the system with
the expression of

AF = > {V(O)xAl(l — xa1) + V(?l)ngz + v<?2> nf,oj} + kgT Z {yadnyy, + (1 —yi)In(1 =)} 6)

s=apy.6

migration and the development of DOs-type ordering structures in the
Fe3Al.

The PF simulation methods used in the present study have been
documented in previous studies [31,32,37,38]. Koizumi et al. [31-33]
investigated the migration mobilities of B2- and DOs-type APBs in nearly
stoichiometric FeszAl at constant temperatures using the PF simulation
and predicted the segregation of Fe atoms into the APBs, which was later
confirmed experimentally by Murakami et al. [10] through transmission
electron microscopy-electron energy loss spectroscopy (TEM-EELS)
measurements. However, in these simulations, the values for the
ordering energy were calculated using a constant derived from the
stoichiometric composition, neglecting the concentration dependence of
the gradient energy coefficient for simplicity in Koizumi et al.’s study
[32]. In the present study, a PF model considering the concentration
dependence of the gradient energy coefficient for DOs-type APB migra-
tion and APD growth in Fe3Al has been developed. The overall free
energy of the system Ggys, which encompasses the gradient energy, is
expressed as:

Gy = /{f(CAh Cy, Mgy '70(1;) + KAI(VCAI)2 + KB2(V’732)2 + Kpo, (vﬂn(u)z}dvv

(2)

where f is the chemical Gibbs free energy, cs and c, are the concen-
tration of Al and vacancy, 1, and 7, are long-range order parameters
of the B2 and DOj3 structures. kaj, kg2, and kpo, are the gradient energy
coefficients of the Al concentration, B2-type order parameter, and D0Os-
type order parameter, respectively.

Considering there are four kinds of atom occupation sites in the DOs-
ordered structure [31,32], four sublattices were used to describe the
structure of the DO3-ordered phase. The long-range order parameter of
the B2 structure is defined as:

Yt YA Ya
n82:<A12 Al_Al2 A fo—p 3)

where y}, (s = a, f5, 7, 5) represents the occupation probabilities of Al
atoms on each sublattice. When 7, > 0, the long-range order parameter
of the D03 structure can be defined as:

Ya —a
Npo, = Al 5 A= Naps (4-1)
when 7, < 0, the long-range order parameter of the D03 structure can
be defined as:

Y~ Ya (4-2)

Mpo, = ) =1y -

The atomic fraction of Al x4 can be given by

1 .
Xar =g O+ Yar +Ya +3%)- ()

By combing Egs. (3)—(5), the occupation probabilities of Al atoms on
each sublattice yj, can be calculated using the atomic fraction of Al
atoms and long-range order parameters of B2 and D03 structures.

The Bragg-Williams approximation [19], which can elucidate the

where Nj is the number of atoms in the system and kg is Boltzmann
—
constant; V( k ;) are the Fourier transforms of real space pair-interaction

energies, v(7), and are given by:

where ?i is a reciprocal lattice vector and v(7) is defined by:

v(r) = Erere T Ealal — 2€Feal ®

r r r 1 3
where &}z, €41a1> and e, are bonding energies of Fe-Fe, Al-Al, and

Fe-Al bonds of distance r, respectively. The values of V(?i) used for

simulations are the same as those determined by Park [19] considering

the composition dependence. The first, second, and third nearest
—
neighbor interaction energies vi, v, and vs are calculated from V( k),

and are expressed as follows and summarized in Supplemental Table S1
and Fig. S1:

Z—‘ = 19070ca> — 23467 cp> + 9423.8c4 — 480.62 (9-1)

B

Z—z = —80870ca> + 68900c s> — 20242¢4, + 2305.8 (9-2)
B

1:—3 = 25285ca> — 16767ca> 4 3279c, — 298.74 (9-3)
B

Hence, the gradient energy coefficients used in the present study in Eq.
(2) are calculated using the concentration-dependent interaction en-
ergies 1, V2, V3, and the separation between adjacent atomic planes Ax
as shown in Eq. (10), which are the same as those derived by Park [19].

N 2
Kal :70(—\)1 — vy — dy3) AR (10-1)
N,
K2 = 7“ (vi — vy — 4v3)Ax° (10-2)
N, (1
Kpo; = > (Evz - 2113) Ax? (10-3)

The time evolution of the conservative order parameter c;(p, t) (i =Al
or Va (vacancy)) was obtained by solving the Cahn-Hilliard equation
[37]:

ac,»(p,t) -
o 7

v 0

) 11
- Sci(p, 1) an

where p is the vector of the position and g is the mobility of the solute
[39]. As per Koizumi et al. [32,40], the assessed boundary mobility
obtained through PF simulation considering solute segregation is
significantly lower than the intrinsic boundary mobility, which is pri-
marily due to the solute drag effect of Al atoms. In light of this, to
investigate the ideal boundary mobility of DOs-type APB without the
influence of solute drag effect resulting from solute segregation, f,; is
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Fig. 3. (a—d) Darkfield images of Fe-28 at.% Al alloys quenched from 873 K and
annealed at various temperatures for different periods: (a) as quenched, (b) 673
K for 2 x 10° s, (¢) 673 K for 1 x 10° s, and (d) 723 K for 1 x 10%s. All images
are captured with {111} superlattice reflection. (e) Average DOs-type APD size
as functions of annealing time determined using the bulk samples and the
parabolic law fitted after the experimental results, as well as the calculated APD
size considering variation of dynamic coefficient.

assumed to be 0 in the simulation to assess the correlation between the
3D APD growth rate and the 2D APB migration mobility.

Conversely, the time evolution of the non-conservative order
parameter n;(p,t) (i = B2 or DO3) was obtained by solving the
Allen-Cahn equation [38,41]:

anp,1) 0Giys
TRy ry 12

where @ is the ordering mobility. In the present study, the value of g is
taken from the evaluated results after Koizumi et al. [32] based on the
experimental results of Oki [18].

The influence of vacancy concentration was also considered in this

Table 1
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study. Therefore, the time evolutions of the conservative and non-
conservative order parameters in Eqgs. (11) and (12) are changed into
the following expressions considering the solute mobility g,; and
ordering mobilities ¢; as a function of vacancy concentration c,, that is,
Pai(cy) and ai(cy):

deai(p,1) 0G| 5 [(0Gsys 0Gyys
o = V-9 Bule)V sea | Pu(c)V Scar + VBuley)V Scar’
13)
onp,t) 6Gys
o~ )

Using Egs. (2)-(14) to describe free energies and time evolution, we
conducted 2D-PF simulations to replicate the shrinking of circular APBs
and 3D-PF simulations to model the APD growth originating from the
disordered state in Fe-28 at.% Al alloys. The annealing conditions for
these PF simulations correspond to those employed in the experimental
study.

2.3. Simulation conditions

The simulation box in the 2D-PF model is a square with a side length
of 15 nm and is divided into a grid of 128 x 128 cells. Plane symmetry
serves as the boundary condition for the PF simulation. Initially, a
quarter-circle APB with a radius of 10 nm is established as the initial
condition. This APB represents the DO3-type APB in equilibrium at each
annealing temperature. When the circular APB vanishes in the 2D
simulation, the migration velocity V of the APB is calculated using Eq.
(15) [32,38], where r signifies the APB radius at time ¢, and M denotes
the boundary migration mobility. By taking ro as the initial radius, Eq.
(16) can be derived from Eq. (15). This reveals that the relationship
between the APD radius and annealing time adheres to a parabolic law.
M

==, s
.

dr
dr

P — 2= —2Mi. (16

By treating 2M as kap, Eq. (16) can be transformed into the following
equation.

7 — 15 = —kpt. an

In the case of the 3D-PF model, the simulation box takes the form of a
cube with a side length of 15 nm, containing a grid with dimensions of
64 x 64 x 64. Periodic boundary conditions are applied as the boundary
conditions. The initial condition entails a B2-type order structure that is
in equilibrium at each temperature. Subsequently, a minor perturbation
is introduced in the DO3-type order parameter. In the context of the 3D
simulation, the relationship between APD size and annealing time also
conforms to the parabolic law, as follows:

P~ = kapt. (18)
3. Results
Fig. 3a-d display dark-field images of the Fe-28 at.% Al alloys

annealed at 673 and 723 K for varying durations after quenching from
873 K. All images were captured using {111} superlattice reflections. In

Experimental determined kinetic coefficients and mobilities evaluated using shape coefficients determined by phase-field simulations.

Temperature [K] k3D,EXp [mz/s] kop,Est [mz/s]

Boundary mobility, M [m?/s] Order mobility of D03, apo, [m3/(J 5)]

673 9.20 x 1072 1.11 x 1072
723 3.10 x 1071° 3.76 x 10720
773 2.27 x 10718 2.98 x 1071°

5.54 x 10722 1.41 x 107!
1.88 x 1072° 4,78 x 10710
1.49 x 10712 3.79 x 107°
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Fig. 3a, there is no distinct APB visible in the as-quenched samples.
However, upon annealing at 673 K for 2 x 10° s, as illustrated in Fig. 3b,
APBs emerge as black lines in the dark-field image. With increased
annealing time, the APB density decreases, resulting in APD growth, as
seen in Fig. 3c. When the sample is annealed at a higher temperature for
the same duration, a larger APD size is observed, as depicted in Fig. 3d.

The size of DOs-type APD in bulk Fe-28 at.% Al alloys after aging are
determined using linear intercepts through TEM observation, and the
average results evaluated over varying annealing time are plotted in
Fig. 3e. The kinetic coefficients for APD growth, denoted as ksp gxp, at
different temperatures are derived by fitting these experimental data
using the parabolic law in Eq. (1), with the results summarized in
Table 1. As expected, the APD growth rate is higher at elevated tem-
peratures. However, it is worth noting that the APD growth rate at the
initial stage of 673 K exhibits a relatively substantial value and does not
fully conform to the parabolic law. The cause of this deviation is
believed to be due to the acceleration effect of the excess atomic va-
cancies introduced during the quenching process.

The parabolic law of APD growth, which is expressed by Eqs. (1) and
(18), is derived from the following equation with assumptions that the
growth rate (dl/dt) is proportional to the inverse of the APD size [ and
the coefficient k (i.e., kap gxp in Eq. (1), and ksp in Eq. (18)) is constant (i.
e. independent of annealing time t) with the initial APD size of I,

dl &
ity (19)

However, the coefficient k can vary with time when the vacancy
concentration varies with time. As pointed out by Sakai and Mikkola
[42], the growth of APD is diffusion-controlled process. Diffusion for
APD growth is considered to be caused by vacacy mechanism, and the
diffusivity by single vacancy mechanism is proportional to vacancy
concentration. This is because the migration of APB is caused by the
migration of constituent atoms which shifts the "phase" of ordered
arrangement of two different atom species by exchanging their mutual
location via vacancy. Therefore, Eq. (19) can be transformed into the
following equation:

dl  keey  pocy
dr 20 2

D()Pm}’(t). (20)

where ko and y, are constants, Dy is frequency factor, and ¢, is vacancy
concentration. P, is the jump probability of vacancy and y is APB en-
ergy.

The equilibrium vacancy concentration at temperature T in the
general bulk samples can be calculated using the following equation:

Or
AT = ¢ =) 21

(1) = aexp (). @
where Q; is the formation energy of vacancy, R is gas constant. After
disordering annealing, the samples are quenched and then annealed at a
lower temperature for ordering. The time evolution of the vacancy

concentration in the samples during ordering annealing is calculated
using the following equation:

t
e(t) =+ (cf,‘_*q — cj‘_’ﬂ)exp (_Z)
= ex A + ng ex H? ex
OV TR T P\ TRy, TP
H; t
- —, 22
) o) @

where c,(t) is the vacancy concentration at time t. c;% and c}% are

equilibrium vacancy concentrations at the quenching temperature and
ordering annealing temperature, respectively. Hy and H{ are the for-
mation enthalpy of vacancy at annealing temperature and quenching
temperature, respectively. 7, is the relaxation time for the excess va-
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cancies to disappear, which is given by:

Ty = ToveXp <§—}> (23)

On the other hand, the jump probability of vacancy P, is calculated

by:
Hm
Pn= ) 2
(12, @

where H,, is the enthalpy of vacancy migration. The experimental data
used for calculation are available in the literature [43-47] and are
summarized in Table S2 in the supplemental materials.

In contrast, the time variation of APB energy during annealing is also
evaluated. The APB energy and the LRO hold the following relationship:

r(1) = yon(t)’, (25)

where y, is constant, and # during annealing can be expressed as:

dp 1 3
a _ . 26
@ =l =) (26)
where 7 is the equilibrated LRO at each annealing temperature, and 7,
is the relaxation time for ordering. 7z, in Eq. (26) hold the Arrhenius
relationship as shown in the following equation:

Ts = TosCXp (%)7 27)

where 7o, and Qs are a time constant and the activation energy for the
developlment of LRO (i.e. ordering), respectively. The parameters are
used as fitting parameters to reproduce the experimentally measured
change in the APD growth qualitativiely in this study.

By combining Eqs. (21)-(27), the evolution of APD size along with
the annealing time is calculated using Eq. (20) and is plotted in Fig. 3e
for comparison. It is noteworthy that the calculated APD size increases
rapidly at the initial stage of annealing. Then the growth rates exhibit a
relatively steady flat stage, followed by a constant growth rate which
conforms to the parabolic law. As mentioned previously, the experi-
mentally determined APD sizes at the initial stage of annealing is rela-
tively large values and deviate from the parabolic law. However, as can
be seen in Fig. 3e, the calculated APD size agrees well with the experi-
mentally measured data, confirming the promotion effect of the excess
atomic vacancy on the APD growth during the initial stage of annealing.

Fig. 4 presents the simulated results of 2D circular APB shrinking
(Fig. 4al-a4) and 3D APD growth (Fig. 4b1-b4) after annealing at 673
K, by way of example. In the 2D simulation result, which is colored by
the degree of the DO3 order parameter in Fig. 4al-a4, the APB is iden-
tifiable as the black diffuse interface between the blue quarter-circle
area where 75,53 < 0 and the surrounding red area where 7,3 > 0.
The APD shrinks with annealing time, and the boundary migration
mobility can be determined from the relationship involving the rate of
APB migration, as previously mentioned. Conversely, in the 3D simu-
lation results (Fig. 4b1-b4), the DO3-type APBs are visualized as a red
iso-surface of #py3 > 0. In the 3D APD growth simulation, the APBs
display irregular curvatures across the entire simulation box. With
increasing annealing time, the density of APBs decreases, leading to an
increase in APD size. Linear intercepts of APB (I) are calculated as a
measure of APD size and plotted against annealing time, as shown in
Fig. 4d. The simulation results for 3D APD growth are in agreement with
the experimental results depicted in Fig. 3. The radius of D0O3-APB and
size of D03-APD, as functions of annealing time, are presented in Fig. 4c
and d, respectively. According to the simulation results, the kinetic co-
efficients in the 2D and 3D PF simulations, denoted as kyp and ksp, were
evaluated using line fitting with the parabolic law outlined in Egs. (17)
and (18). The values of the obtained kinetic coefficients for each
annealing temperature are listed in Table 2.
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Fig. 4. Phase-field simulation results of Fe-28 at.% Al alloy quenched from 873 K: (al-a4) snapshots of 2D shrinking circular D03-APBs at 673 K for 1.18 s, 5.89 x
1025, 9.43 x 10%s, and 1.41 x 10% s, respectively. (b1-b4) snapshots of 3D D03-APD growth at 673 K for 3.12 x 1072, 1.56 x 107's,3.12 x 107! 5, and 3.12 s,
respectively. (c) APB radius in the 2D PF simulations and (d) average APD size in the 3D PF simulations changing with annealing time at different temperatures.

Table 2

Kinetic coefficients and shape coefficients evaluated by phase-field simulations.

Temperature [K] kap [m?/s] k3p [m?/s] Shape coefficient, ¢ (= ksp/kap)
673 6.63 x 10720 5.50 x 1071° 8.30
723 6.69 x 10712 5.51 x 10718 8.23
773 5.01 x 10718 3.82 x 107V 7.62
According to Allen and Cahn [38], the time evolution of APD size ) )
during coarsening can be expressed by the following equation with the Ko =9S, 29

assumption that the general morphological features of the APD remain
unchanged:

[Se(5)] 2 = [5,(0)] * = 2¢M1 (28)

where S, (t) and S, (0) are the surface area in a unit volume of specimen
at time ¢ and at the initial state, respectively; and S, is related to the
mean linear intercept [ by S, = 2/L

In Eq. (28), ¢ is a geometrical factor given by:

where K2 is the averaged square mean curvature of the APBs [38]
defined by

K§1 = <(K1 +Kz)2> = é/(Kl Jer)zdS (30)

where S is the experimentally measurable total surface area of the
specimen. K; and Kj are the principal curvatures of the isosurfaces of the
APBs. However, the values of ¢ have not yet been determined theoret-
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ically or experimentally due to the complexity of the curvatures of the
three-dimensional APBs.

In the present study, the influence of APD morphology on APB
migration mobility is examined based on the 2D- and 3D-PF simulation
results. The shape coefficient ¢, with the same conceptual basis as the
geometrical factor in Eq. (28), is suggested to correspond to the ratio
between the coefficients of the parabolic law in 3D APD growth from the
disordered state and those in 2D circular APB shrinking. Specifically, the
shape coefficient ¢ is calculated using the kinetic coefficients derived
from the 2D- and 3D- PF simulations as presented in Eqgs. (17) and (18),
thus, ksp /kop. The values of the shape coefficient are also documented in
Table 2. They are all around 8 and remain nearly identical across all
three temperatures examined. As anticipated, this finding aligns with
expectations dating back to 1979 by Allen and Cahn [38], demonstrating
its temperature independence and establishing an approximate value of
8. This determined value provides a basis for further analysis.

Assuming that the shape coefficient holds consistent between the
experiment and PF simulation, and with the aid of the experimentally
determined ksp gxp, it becomes possible to estimate the kinetic coeffi-
cient of 2D APB migration kop g5t This estimation, which is particularly
challenging to ascertain experimentally, can be calculated using the
following equation:

k3D k3D,Exp
¢ B kZD B kZD.Est ' (31)

The experimental boundary mobility M can then be obtained using

the following equation:

1

M
2

kop gt - (32)
Moreover, Allen and Cahn [38] indicated that the ordering mobility
a and boundary mobility M have the following relationship when using

the gradient energy coefficient x:

M

a:ﬂ . (33)

The value of  is evaluated as 1.97 x 107! J/m, according to the
Bragg-Williams approximation [32], and then, the ordering mobility for
the developing of DOs-ordered structure, apo,, can be derived. The
evaluated values of kop g, M, and apo, using Eqs. (31)-(33) are listed in
Table 1.

(a) —@— Bulk (this study)
—&— Powder XRDI"8l
. —— Thin film in-situ TEM['9)
- -18 |
w 10
N
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.é‘ 107
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The obtained mobilities of boundary migration and DOs-type
ordering in this study are presented in Fig. 5a and b, respectively.
Additionally, the previously reported mobilities, as assessed through the
kinetics of powder XRD analysis [18] and thin-film in-situ heating TEM
observations [19], are included in Fig. 5 for comparison. As depicted in
Fig. 5, the results obtained in the present study closely approximate
those derived from powder XRD. However, the results from thin-film
TEM observations indicate a significantly higher value. Specifically,
the ordering mobility determined from TEM observations using thin film
at 673 K (arpm, 673 = 8.18 x 1071° m®/(J 5)) is nearly 25 and 58 times
higher than that calculated from the results of powder XRD (axrp,
673x=3.27 x 1071 m3/(J s)) and the present study (@present, 673k = 1.41
x 1071 m3/(J s)), respectively.

4. Discussion
4.1. Shape coefficient

Since the 1930s, a considerable volume of experimental research has
been dedicated to exploring the ordering kinetics of intermetallic com-
pounds using techniques such as X-ray diffraction (XRD), electrical re-
sistivity measurement, and direct in-situ TEM observation [48-55].
However, the specimens utilized in these investigations have been
powders or thin films. The investigation of ordering kinetics in bulk
materials has remained elusive owing to the spatial and temporal vari-
ations in the curvatures of APBs during APD growth in 3D space. This
complexity has made the determination of ordering mobility a formi-
dable challenge. In the 1970s, the ordering kinetics of the development
of a DO3-type ordered structure in FesAl were studied by Oki [18] using
powder subjected to ordering heat treatment followed by XRD. Park
[19] measured the kinetics by in-situ TEM observation in the 1980s.
However, the consistency between the values of ordering kinetics ob-
tained from these separate studies has never been examined. In the
present study, the flow chart for determining the ordering mobilities in
these two studies is also illustrated in Fig. 2. Oki et al. [18] explored the
time-dependent changes in the degrees of order in B2- and DOs-type
ordered structures using XRD with Fe-26 at.% Al powders and calculated
the ordering mobility based on experimental results. Conversely, Park
[19] measured the radius of DOs-type APB as it shrank using TEM in an
in-situ heated Fe-26 at.% Al thin film. The APB migration mobility M
was calculated using the same equation as described in Eq. (16), and

~~

O

N
4

-7 | —@— Bulk (this study)
01 —¢— Powder XRDI'8l
—a&— Thin film in-situ TEM['9]

DO, ordering mobility, a (m3 J-1s1)

10 LU SLEL L UL LA B BB WL R L UL B
660 680 700 720 740 760 780 800

Temperature, T (K)

Fig. 5. Comparison of (a) boundary mobility of DO3-APBs and (b) ordering mobility of DOs-type structures in Fe3Al evaluated using various methods, including
powder X-ray diffraction and heat treatment [18], in-situ TEM observation of shrinking APD [19], and the combination of heat treatment of bulk samples and

subsequent TEM observation associated with PF simulations (this study).
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then the mobility of the DOs-type ordering, denoted as apo,, was eval-
uated using Eq. (33). However, the ordering mobilities obtained from
these two studies exhibit significant differences, as evident in Fig. 5.
Furthermore, the size and shape of the samples used in these two studies
(powders and thin film) differ significantly from those intended for
practical applications, potentially affecting the kinetics of relaxation of
quenched lattice defects, particularly the excess atomic vacancies.

The growth kinetics of APDs in bulk intermetallic have long posed a
challenge because of the variations in curvatures in 3D space. Allen and
Cahn [38] have developed an APD coarsening equation relating the
averages of curvature to APB migration velocity as shown in Egs. (28)—
(30), involving the geometrical factor ¢ and the averaged square mean
curvature K2,. However, the values of ¢ have not been determined due to
the complexity of the APB morphology in 3D space.

In the present study, the shape coefficient, serving as the link be-
tween boundary mobility in 2D and APD growth rate in 3D, is evaluated
using the ratio between the coefficients of the parabolic law in 3D APD
growth from the disordered state and those in 2D circular APB shrinking.
Through the integration of PF simulations involving 2D circular APB
shrinkage and 3D APD growth, the coefficients of the parabolic law
(specifically ksp and kyp) were estimated. Subsequently, the shape co-
efficient was calculated using the ratio ksp/kap, which demonstrates a
temperature-independent value of approximately 8. Conversely, the
kinetic coefficient of parabolic law in APD size evolution in bulk samples
(ksp exp) Were determined experimentally. Based on the primary hy-
pothesis that the shape coefficient is equivalent in the simulations and in
the experiment, the boundary mobility and ordering mobility of DO3-
type ordered structure in bulk FesAl can be evaluated using the shape
coefficient obtained from PF simulations.

Based on the 3D-PF simulation results conducted by this study, the
value of ¢ is also assessed using the original expression proposed by
Allen and Cahn [38] in Eq. (29). S, is calculated from the mean linear
intercepts of the simulated D03 APD by S, = 2/I, and the averaged
square mean curvature K2 is evaluated by analyzing the curvatures of
the iso-surface of DOs-type APBs in 3D PF simulations, e.g., the snapshots
in Fig. 4bl-b4. The obtained shape coefficients using Eq. (29) are
plotted in Fig. S2 as functions of the linear intercepts of the simulated
D03 APD, which also demonstrate nearly identical values around 8 when
the APD size is smaller than 5 nm (which consist with the range of APD
size used for parabolic law fitting as denoted in Fig. 4d). When the APD
size is larger than 5 nm, the values of the shape coefficient decrease
abnormally and the reason is thought to be the deviations of the eval-
uated curvatures of the APBs due to the influences of the size of the
simulation box. From these results, we can see that the shape coefficient
in this study is the same as the geometrical factor introduced by Allen
and Cahn [38]. Moreover, in this study, the shape coefficient is deter-
mined by comparing the coefficients of the parabolic law obtained from
3D and 2D PF simulations. Consequently, only the dynamic coefficients
were utilized in the calculation to decrease inaccuracies in APD size and
other potential influences.

4.2. Effect of specimen size

The ordering mobilities of DOs-type structure in Fe3Al, as evaluated
by different research groups and presented in Fig. 5, exhibit significant
disparities. The samples used in these experiments differ significantly in
size and shape, which is considered to have a profound effect on the
obtained ordering mobilities. In Oki’s study [18], powders with di-
ameters of approximately 70 pm were employed for order-order relax-
ation analysis using XRD. In this case, the ordering mobility was assessed
by monitoring changes in the crystal structure. The size of powders is
considered to be sufficiently large compared to the size of APDs (smaller
than 1 pm) and the effect of size was considered to be negligible.
Conversely, thin film with an average thickness of around 100 nm was
used in the in-situ TEM observation of APB migration by Park [19]. It is
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widely recognized that atomic diffusion occurs more readily on the
sample surface than in the bulk, owing to the reduced constraints from
surrounding atoms on the sample surface in comparison to those inside
the bulk [56]. The presence of defects near the sample surface increases
the feasibility of atom diffusion, primarily through the vacancy mech-
anism [57-59]. The specific surface area of the film used in Park’s
experiment is significantly greater than that of bulk samples, which
enhanced atom diffusion due to the thin-film effect [60,61], ultimately
leading to the observed higher value of ordering mobility (as seen in
Fig. 5).

In the present research, to gain insights into the ordering mobilities
of DOs-type structure in FegAl intended for practical applications, plate-
shaped bulk samples with dimensions of 3 x 3 x 1 mm were employed
for ex-situ heat treatment and TEM observation. Additionally, PF sim-
ulations were conducted to estimate the shape coefficient for APD
growth. By integrating the experimental data obtained from bulk sam-
ples with the calculated shape coefficient, the ordering mobilities of DO3-
type structure in FegAl were determined. These findings align closely
with the values evaluated through powder XRD by Oki et al. [18].

4.3. Role of atomic vacancies on ordering mobility

In addition to the effect of specimen size, the excess vacancies
introduced by quenching are also believed to play a role in accounting
for the discrepancy in ordering mobility. Fig. 6 provides a schematic
illustration of the transfer of atoms and vacancies that accompany the
migration of APB on the {110} plane in DOs-ordered FesAl. In the

Fe Al Vacancy

o o O
4 4 ¥

[001]

(1101 [170] Moving direction

Fig. 6. Schematic illustrations showing the motions of atoms and vacancies
during APB migration on {110} plane in FezAl with DOs-ordered structure.
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Fig. 7. Arrhenius plot of boundary mobility of DOs-type APB in FesAl evaluated from the experimental data of 3D APD growth in the bulk in the present study.

illustration, black and red balls represent Fe and Al atoms, respectively.
The adjacent domains, separated by the APB, exhibit different atom
arrangements. In the context of bulk diffusion of minority atoms in A3B-
type compounds, the formation of anti-site atoms is required [62].
However, this is not a necessity for the diffusion of Al atoms on the APB
because anti-site atoms are already formed in proximity to the APB.
Furthermore, the diffusion of both Al and Fe atoms near the APB can be
facilitated by the presence of atomic vacancies, represented by green
squares in Fig. 6. This figure illustrates that the APB moves by an
interatomic distance due to the motion of vacancies and atoms on the
right side of the APB, indicated by the vertical arrows. Consequently, the
migration of the APB is driven by the movement of atoms along the APB
through a vacancy mechanism, involving the exchange of sites between
substitutional minor solute atoms (i.e., Al in FesAl) and atomic va-
cancies. Therefore, a higher vacancy concentration is beneficial for APB
migration.

The equilibrium vacancy concentration at temperature T in the
general bulk samples can be calculated using Eq. (22). After disordering
annealing, the samples are quenched and then annealed at a lower
temperature for ordering. The vacancy concentration in the equilibrium
state at the high disordering annealing temperature is maintained within
the samples at the initial period of ordering annealing, resulting in the
presence of excess vacancies. Therefore, samples quenched from a
higher temperature, in this case, the thin film used in Park’s [19] study,
will have higher excess vacancy concentration, resulting in the promo-
tion effect on the ordering kinetic, which is consistent with the results
shown in Fig. 5.

Furthermore, the activation energy for the diffusion of Al atoms in
the FesAl alloys can be expressed as:

Al(Fe,

Va(Al
Obitt = Eg

)+ BV LB (34)

where E’;‘“Fe) is the formation energy of the Al atom at the anti-site (the

Fessite); E\F/a(Al) is the formation energy of vacancy at the Al site, and E,,, is

the migration energy of atoms. In the case of vacancy-induced diffusion,
E,, is equivalent to the migration energy of vacancy.

In contrast, as mentioned previously, there is no need to form anti-
site Al atoms in the migration of APB. Also, the Al-site and Fe-site
cannot be distinguished. Subsequently, the activation energies for
atom diffusion on APB can be expressed as:

O = B¢ + By, 35)
which is smaller than the activation energy for Al diffusion in Fe3Al bulk,
and essentially the same as that for Fe diffusion. Therefore, atom
diffusion is easier to occur on APB than inside of the bulk.

The experimentally determined formation energy (EY?) and migra-
tion energy (E,,) of vacancy in DOs-structured FesAl alloys are 1.18 eV
and 1.31 eV [63], respectively. Therefore, the activation energy for the
migration of DOs-type APB in Fe3Al alloys can be calculated to be 2.49
eV, i.e., 240.22 kJ/mol using Eq. (35). On the other hand, the Arrhenius
equation can be expressed as follows:

—E,
k= Aexp( RTa> ,

where k is the rate constant, A is the Arrhenius factor, R is the universal
gas constant, T is the absolute temperature, and E, is the activation
energy. Taking the natural logarithm of the Arrhenius equation, Eq. (36)
can be translated to the next equation:

(36)

E, 1
Ink =1nA — — —

RT 37

from which we can see that, the activation energy can be evaluated
using the slope of Eq. (37). Hence, an Arrhenius plot for the migration
mobility of DO3-type APB using the boundary mobilities evaluated in the
present study is shown in Fig. 7, and the dashed line represents the fit of
the Arrhenius equation to the data points. Hence, the activation energy
for DOs-type APB migration is evaluated to be 242.92 kJ/mol, the value
of which is very close to the experimental results obtained using Eq.
(35).

In contrast to the abnormally high values obtained from thin-film in-
situ TEM observations, the boundary and ordering mobilities based on
powder XRD and those determined in the present study are more reliable
[18]. Furthermore, the time evolution of APD structures in bulk samples
holds greater practical significance. Therefore, the method for deter-
mining the boundary and ordering mobilities of APD through the com-
bination of PF simulation and TEM observation using bulk samples, as
demonstrated in the present study, has proven to be an efficient and
dependable approach. Furthermore, the methodology developed in this
study has the potential to be extended to other alloy systems such as
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Heusler alloys with L2; structures [64,65], which also feature
BCC-based ordered structures and are currently garnering substantial
attention as materials for spintronics and shape memory alloys (e.g.,
CoaMnAl and NioMnGa).

5. Conclusions

The ordering mobilities of the DOs-type structure in FegAl were
assessed by integrating experimental observations using bulk samples
and phase-field simulations. The following conclusions can be drawn:

¢ Innovative integration of experimental and simulation methodolo-
gies has led to a significant advancement in understanding the
ordering mobility of DOs-type FesAl structures. The quantification of
the elusive shape coefficient validates the effectiveness of the com-
bination of 2D- and 3D- phase field (PF) simulations.

The shape coefficient plays a pivotal role in the precise correlation
between boundary mobility and ordering mobilities, informed by
APD growth kinetics, thereby overcoming traditional experimental
limitations. Our results align with those from classical order-order
relaxation experiments and X-ray diffraction (XRD) analyses of
heat-treated powders, confirming our approach and providing new
insights into APD growth and ordering kinetics.

The synergy between PF simulations and experimental methods
emerges as a powerful strategy for managing superelasticity influ-
enced by the interaction between superdislocations and APD
boundaries. Additionally, the resemblance of the DOs- structure of
FesAl to the L2;-structure opens new paths for exploring ordering
mechanisms that are anticipated to improve the properties of Heusler
alloys, which are essential in the realm of spintronics.
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