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Abstract: In this study, the microstructural evolution of an Fe-Cr-Al system was simulated in two-
dimensional (2D) and three-dimensional (3D) systems using the phase-field method. We investigated
the effect of Al concentration on the microstructural evolution of the systems, with a focus on the
nucleation and growth of the Cr-rich α′ phase. In addition, we quantitatively analyzed the mechanism
of the effect of Al concentration on the microstructural characteristics of the 2D and 3D systems,
such as the number of precipitates, average precipitate area (volume), and α′ phase fraction. In
particular, we analyzed the effect of Al concentration and the dimensions of the system cell on the
formation of the interconnected structure at high Cr concentrations, such as 35 Crat% and 40 Crat%.
To enhance the performance of the simulations, we applied a semi-implicit Fourier spectral method
for the ternary system and a parallel graphics processing unit computing technique. The results
revealed that the initiation of phase separation in the 2D and 3D simulations was enhanced with an
increase in the average Al concentration in the system. In addition, with an increase in the average
Al concentration in both systems, the α′ phase fraction increased, while the change in the phase
fraction decreased.

Keywords: Fe-Cr-Al system; phase-field method; spinodal decomposition

1. Introduction

Fe-Cr-based alloys are widely used in various fields, owing to their excellent corrosion
resistance and high temperature strength [1–4]. Fe-Cr-based alloys are used as structural
materials under extreme conditions, such as nuclear reactors [3–5]. The addition of Al to
Fe-Cr alloys has been considered as an effective method to improve the mechanical proper-
ties of Fe-Cr-Al systems, owing to their effects on the behaviors of microstructures [5–9].
Therefore, it is important to extensively study the effects of Al on Fe-Cr-Al systems to
optimize their microstructures.

Fe-Cr-Al alloys have received extensive attention in various fields, owing to their
excellent radiation tolerance [9–11] and corrosion resistance at high temperatures [6,12–15].
An increase in the Cr concentration in Fe-Cr-Al systems improves the oxidation and
corrosion resistance of the systems at high temperatures [1,2]; however, a high Cr con-
centration leads to the formation of the α′ phase, which generates embrittlement in the
system [16–21]. In contrast, an increase in the Al concentration in an Fe-Cr-Al system
improves the mechanical properties of the system while suppressing the formation of
the α′ phase; however, an increase in the Al concentration makes the fabrication process
of Fe-Cr-Al alloys difficult [22–24]. Therefore, it is important to determine the optimal
compositions of Fe-Cr-Al alloys.

Several studies have investigated the microstructural behavior of the Fe-Cr-Al sys-
tem using the phase-field method [25]. In addition, previous studies have quantitatively
assessed the free energy of Fe-Cr-Al systems through the calculation of phase diagrams
(CALPHAD) approach [26–28]. Furthermore, previous studies have reported that embrit-
tlement is caused by the spinodal decomposition in Fe-Cr-Al ternary systems [25,29,30].

Metals 2021, 11, 4. https://dx.doi.org/10.3390/met11010004 https://www.mdpi.com/journal/metals

https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-6176-8748
https://www.mdpi.com/2075-4701/11/1/4?type=check_update&version=1
https://dx.doi.org/10.3390/met11010004
https://dx.doi.org/10.3390/met11010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/met11010004
https://www.mdpi.com/journal/metals


Metals 2021, 11, 4 2 of 16

However, the effect of Al on the microstructural evolution of Fe-Cr-Al systems is not clearly
understood. Therefore, in this study, we simulated the spinodal decomposition in an
Fe-Cr-Al system using the phase-field method and CALPHAD approach to quantitatively
evaluate the effect of Al in Fe-Cr-Al systems.

The semi-implicit Fourier spectral (SIFS) method is known to efficiently solve the Cahn–
Hilliard equation with a high numerical stability [20,21,31–33]. Therefore, in this study, we
present a strategy for solving the Cahn–Hilliard equation for ternary systems using the SIFS
method. Recently, the CUDA(Compute Unified Device Architecture) parallel computing
technique has been developing at a remarkable speed. With the cuFFT library, a discrete fast
Fourier transform can be performed at a much faster speed than CPU parallelization [34],
and we actively utilize this library to perform the existing technique. Microstructure change
modeling for a ternary system, which has not yet been performed, was performed here
in 3D. In addition, in order to solve a ternary system, more than twice the computational
load is needed compared to the binary system. We applied the implicit method, which
has much higher computational stability than the explicit method [35], with a cutting-edge
parallel computing technology; with this, we could perform 2563 3D grid simulations
within five days, which took more than two months until 10 years ago. Thus, in this study,
the quantitative differences between the microstructures of 2D and 3D multicomponent
systems, which were not systematically studied in the past, could be evaluated.

All codes used in this study were executed as sets of in-house code written by the
authors using CUDA-Fortran and provided by Nvidia HPC SDK, and the microstructures
were visualized using the Paraview software. In this study, parallel computation was
performed using different GPUs, such as the NVidia V100 or RTX 2080Ti.

2. CALPHAD-Based Phase-Field Method

2.1. Phase-Field Modeling Applied Using the Cahn–Hilliard Equation

Herein, we simulated the evolution of the Cr and Al concentration fields in an Fe-Cr-Al
system by solving the following Cahn–Hilliard equation [25,36]:

∂cA(r, t)
∂t

= Vm∇ ·
[

MA,A∇
δF(r, t)

δcA
+ MA,B∇

δF(r, t)
δcB

]
(1)

where MA,B is the chemical mobility of the A, B components, which are pure Cr and Al,
respectively), cA is the concentration of the A component, and Vm is the molar volume.
MA,B is given as [37,38]:

MCr,Cr(cFe, cCr, cAl) = cCr[(1− cCr)
2MCr + cCrcAl MAl + cCrcFe MFe]

MAl,Al(cFe, cCr, cAl) = cAl [(1− cAl)
2MAl + cCrcAl MCr + cAlcFe MFe]

MCr,Al(cFe, cCr, cAl) = MAl,Cr = cCrcAl [cFe MFe − (1− cCr)MCr − (1− cAl)MAl ]

(2)

where Mγ is the mobility of the γ elements (Fe, Cr, and Al). The diffusivity and mobility
are related by Einstein’s relation, Mγ = Dγ/RT. The diffusivity of the solute DFe, DCr, DAl
is given (in units of m2/s) as [39]:

DFe = 2.8× 10−4exp
(
−251(kJ/mol)

RT

)
DCr = 3.7× 10−3exp

(
−267(kJ/mol)

RT

)
DAl = 5.2× 10−4exp

(
−246(kJ/mol)

RT

)
,

(3)
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where T is the absolute temperature and R(=8.3144/mol· K) is the gas constant. In addition,
the total free energy in the ternary system can be expressed as [40–42]:

F(r, t) =
∫

V

{
1

Vm
[ f (cFe, cCr, cAl) +

1
2

κ(∇cFe)
2 +

1
2

κ(∇cCr)
2 +

1
2

κ(∇cAl)
2]

}
dV, (4)

where f (cFe, cCr, cAl) is the chemical free energy in the ternary system. We assumed that
the gradient coefficient, κ, for all components can be given as:

κ =
1
6

a2
0LFeCr. (5)

We assumed that a0(=
1
3 (aFe + aCr + aAl)), where aFe, aCr, and aAl are the lattice

parameters of the pure elements and LFeCr is the regular solution interaction parameter. In
addition, the local chemical potential δF

δcA
is the variational derivative. Therefore, it can be

expressed as:
δF(r, t)

δcA
=

∂ f (cFe, cCr, cAl)

∂cA
− 2κ∇2cA − κ∇2cB. (6)

We solved two sets of Cahn–Hilliard equations to simulate a ternary Fe-Cr-Al system;
for (1), A is Cr and B is Al, and for (2), A is Al and B is Cr in Equation (6), respectively.

2.2. Semi-Implicit Fourier Spectral Method with Variable Mobility

To improve the numerical stability, we employed the SIFS method for solving the
Cahn–Hilliard equation [31,32]. In the Fourier space, Equation (1) is given as:

∂c̃A(k, t)
∂t

= ik · {MA,A

[
ik′
({

∂ f (cFe, cCr, cAl)

∂cA

}
k′
+ 2κk′2 c̃A + κk′2 c̃B

)]
r

+MA,B

[
ik′
({

∂ f (cFe, cCr, cAl)

∂cB

}
k′
+ 2κk′2 c̃B + κk′2 c̃A

)]
r
}k,

(7)

where k = (k1, k2) is the reciprocal vector in the Fourier space. The ˜cA(k, t) and the { ∂ f
∂cA
}′k

are the Fourier transforms of cA(r, t) and ∂ f
∂cA

, respectively. Therefore, the explicit Euler
Fourier spectral scheme can be given as:

c̃n+1
A (k, t) = c̃n

A(k, t) + ∆tik · {MA,A

[
ik′
({

∂ f
∂cA

}n

k′
+ 2κk′2 c̃n

A + κk′2 c̃n
B

)]
r

+MA,B

[
ik′
({

∂ f
∂cB

}n

k′
+ 2κk′2 c̃n

B + κk′2 c̃n
A

)]
r
}k.

(8)

We applied two suitable constants (SA, SB) to Equation (8) [31]. To calculate the c̃n+1
A ,

c̃n+1
A ∆tκk4 and c̃n

A∆tκk4 terms were added to the left side and the right side of the equation,
respectively. In addition, we used the factor SA to calculate the c̃n+1

A . Therefore, Equation (8)
can be rearranged using factor SA as:

c̃n+1
A (k, t) = c̃n

A(k, t) +
∆tik

1 + SA∆tκk4 · {MA,A

[
ik′
({

∂ f
∂cA

}n

k′
+ 2κk′2 c̃n

A + κk′2 c̃n
B

)]
r

+MA,B

[
ik′
({

∂ f
∂cB

}n

k′
+ 2κk′2 c̃n

B + κk′2 c̃n
A

)]
r
}k

(9)

SA =
1
2
[max(MA,A(r, t)) + min(MA,A(r, t))], (10)

where max(MA,A(r, t)) and min(MA,A(r, t)) are the maximum and minimum values of
MA,A, respectively. Similarly, we calculated the SB by the max(MB,B(r, t)) and min(MB,B(r, t)).
In addition, we used the semi-implicit factor SB to calculate the c̃n+1

B .
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2.3. CALPHAD-Type Free Energy

The molar chemical free energy f (cFe, cCr, cAl) in Equation (4) is given as: [28,43]

f (cFe, cCr, cAl) = cFeG◦Fe + cCrG◦Cr + cAlG◦Al + LFeCrcFecCr + LCrAlcCrcAl

+ LFeAlcFecAl + RT ln(cFe ln cFe + cCr ln cCr + cAl ln cAl),
(11)

where G◦Fe, G◦Cr, and G◦Al are the molar Gibbs free energies of pure Fe, Cr, and Al, re-
spectively, and LFeCr, LCrAl , and LFeAl are the interaction parameters between the pure
elements [28,44]. We simulated the microstructural evolution at a temperature of T = 710 K.

G◦Fe =+ 1225.7 + 124.134× T − 23.5143× T × ln T − 0.00439752× T2

− 5.89269× 10−8 × T3 + 77358.5× T−1

G◦Cr =− 8856.94 + 157.48× T − 26.908× T × ln T + 0.00189435× T2

− 1.47721× 10−6 × T3 + 139250× T−1

G◦Al =− 1193.24 + 218.235446× T − 38.5844296× T × ln T + 0.018531982× T2

− 5.764227× 10−6 × T3 + 74092× T−1

LFeCr =+ 20, 500− 9.68T

LCrAl =− 54, 900 + 10.0T

LFeAl =− 12, 2452.9 + 31.6455T.

(12)

To increase the computational efficiency, we used dimensionless values. Particularly,
our simulations used the normalized values: r∗ = r/l,∇∗ = ∂/∂(r/l), t∗ = tD/l2, M∗A,B =

RT∗MA,B/D, f ∗ = f /(RT∗), and κ∗ = κ/(RT∗l2) with D = DAl , critical temperature
T∗ = 875K, and lattice parameter l of a0 in Equation (5). The initial Cr concentration was in
the range of –0.005∼0.005. The time step was ∆t∗ = 0.001 and the simulation cell size was
512∆x∗ × 512∆y∗, wherein the ∆x∗ and the ∆y∗ were 1.0. In addition, we simulated the
3D microstructural evolution using the phase-field method. The initial Cr concentration
variation and ∆t∗ value were equal to those of the 2D simulation, and the system cell size
was 256∆x∗ × 256∆y∗ × 256 ∆z∗, wherein the ∆z∗ was also 1.0.

In addition, the parallelization technique using CUDA was used to increase the
computational efficiency when solving the Cahn–Hilliard equation [20].

To investigate the effect of Al concentration on the microstructural evolution of the
Fe-Cr-Al system, we simulated 30 sets for the 2D system and 21 sets for the 3D system.
In this study, the % concentration means atomic percent. The average Cr concentration was
set at 30%, 35%, and 40% at various average Al concentrations (0.1%–9%) in the 2D system.
In the 3D system, the average Al concentration range was set between 0.1% and 10%.

3. Simulation Results and Analyses

3.1. Two-Dimensional Simulation of the Microstructural Evolution

As shown in Figures 1 and 2, at an average Cr concentration of 30%, the phase
separation occurred when the average Al concentration was between 0.9% and 9%, which
means that the concentration is placed outside the spinodal region. In addition, phase
separation was not observed when the average Al concentration was between 0.1% and
0.7%. Furthermore, with an increase in the average Al concentration, the initiation of phase
separation occurred earlier, and the α′ phase fraction increased, as shown in Figure 2. The
discrepancy in the initial times for the occurrence of α′ can be largely divided into two
groups in Figure 1: the high Al concentration group (3–9%) and the low Al concentration
group (0.9–1%).
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Figure 1. Average α′ precipitate area of the 2D simulation at an average Cr concentration of 30%
when the average Al concentration was (a) 9%, (b) 7%, (c) 5%, (d) 3%, (e) 1%, and (f) 0.9%.
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Figure 2. α′ phase fraction of the 2D simulation at an average Cr concentration of 30% when the
average Al concentration was (a) 9%, (b) 7%, (c) 5%, (d) 3%, (e) 1%, and (f) 0.9%.

For convenience, the spot with the maximum number of precipitates in Figure 3 is
named the initial peak of the system. As the average Al concentration increased, the
amplitude of the initial peak increased with Fe-30%Cr, as shown in Figure 3. In addition,
after the initial peak, the number of the α′ precipitate decreased significantly in the high Al
concentration group in comparison to that of the low Al concentration group, according to
Figure 3. In addition, we obtained the microstructure when the average Cr concentration
was 30%, as shown in Figure 4.

According to Figure 5, at the Cr concentration of 35%, the initiation of phase separation
occurred when the average Al concentration was between 0.1% and 9%, which is a wider
range than that of 30 Cr%. In addition, when the average Cr concentration was 35%,
the initiation of phase separation increased with an increase in the average Al concentration,
which is consistent with that of 30 Cr%. When the average Al concentration was between
3% and 9%, the initiation of phase separation occurred at a faster rate compared to that
when the Al concentrations were between 0.1% and 1%.
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Figure 3. Number density of the α′ precipitates per cell size of the 2D simulation at an average Cr
concentration of 30% when the average Al concentration was (a) 9%, (b) 7%, (c) 5%, (d) 3%, (e) 1%,
and (f) 0.9%. Overshooting was observed before t∗ = 1.0× 106 in (a–d).

Figure 4. Plots of the Cr or Al concentration at t∗ = 5.0× 106 when the average Cr concentration was 30% and the average
Al concentration was (a,d) 0.1%, (b,e) 1%, and (c,f) 9%. Cases (a–c) are plots of the Cr concentration field and cases (d–f) are
plots of the Al concentration field.

With an increase in the average Al concentration, the peak of the α′ phase number
density increased, as shown in Figure 6. In addition, after the initial peak, when the
average Al concentration was between 3% and 9%, the number of the α′ phase precipitates
decreased significantly. Furthermore, as shown in Figures 7 and 8, with an increase in the
average Al concentration, the α′ phase fraction increased, which is consistent with that
of 30 Cr%.
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Figure 6. Number of the α′ precipitates of the 2D simulation when the average Cr concentration was
35% at various average Al concentrations. Overshooting was observed before the t∗ = 5.0× 105

when the average Al concentration was above 4%.
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Figure 8. Plots of the Cr or Al concentration at t∗ = 5.0× 106 when the average Cr concentration was 35% and the average
Al concentration was (a,d) 0.1%, (b,e) 1%, and (c,f) 9%. Cases (a–c) are plots of the Cr concentration field and cases (d–f) are
plots of the Al concentration field.

When the average Cr concentration was 40%, at any given Al concentration, the initia-
tion of phase separation occurred faster in comparison to that when the Cr concentrations
were 30% and 35%, as shown in Figure 9. In addition, the initial peak of the α′ phase
number density shifted to the left compared to those of the 30% and 35% Cr concentrations.
Furthermore, for 30 Cr% and 35 Cr%, the phase fractions increased with an increase in the
average Al concentration, as shown in Figure 10.
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Figure 9. Number of α′ precipitates of the 2D simulation when the average Cr concentration was 40%
at various average Al concentrations. A clear overshooting was observed before the t∗ = 5.0× 105

when the average Al concentration was above 0.7%.
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Figure 10. Plots of the Cr or Al concentration at t∗ = 5.0× 106 when the average Cr concentration was 40% and the average
Al concentration was (a,d) 0.1%, (b,e) 1%, and (c,f) 9%. Cases (a–c) are plots of the Cr concentration field and cases (d–f) are
plots of the Al concentration field.

We predicted the α′ phase fraction using the FactSage thermochemical software and
FactSage steel (FSstel) alloy databases [45]. As shown in Figure 11, the α′ phase fraction
increased with an increase in the average Al concentration when the average Cr concentra-
tions were 30%, 35%, and 40%. This trend is consistent with that of the thermodynamic
modeling in Figure 11. In addition, we employed a non-dimensional parameter, χ, as in
Equation (13), to quantify the relationship between the Al concentration and α′ phase
fraction. The χ decreased and converged to 0 with an increase in the Al concentration
(>∼ 5at%Cr), as shown in Figure 11. This tendency was generally observed for all 2D and
3D simulations.

χ =
Changes of phase fraction(%)

Changes of average Al concentration(%)
(13)

3.2. Three-Dimensional Simulation of Microstructural Evolution

We simulated the microstructural evolution of the Fe-Cr-Al system until t∗ = 2.5× 106

and analyzed the microstructure at t∗ = 2.5× 106.
As shown in Figure 12, at an average Cr concentration of 30%, the phase separation

occurred when the average Al concentration was between 4% and 10%. In contrast,
phase separation was not observed when the Al concentration was between 0.1% and 1%.
In addition, with an increase in the Al concentration from 4% to 10%, the initiation of phase
separation occurred at a faster rate.

Similarly to the 2D simulation, with an increase in the Al concentration in the 3D
simulation, the amplitude of the initial peak in Figure 13 increased. In addition, in the 2D
simulation, the phase fraction of α′ increased with an increase in the Al concentration when
the average Cr concentration was 30%.
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As shown in Figure 14, when the average Al concentration was between 4% and 10%,
the average α′ precipitate volume was larger than that when the average Al concentration
was between 0.4% and 1% at an average Cr concentration of 35%. In addition, the phase
separation did not occur when the average Al concentration was 0.1%.

 0

 2

 4

 6

 8

 10

 12

 14

0.0 0.5 1.0 1.5 2.0 2.5

Av
er

ag
e 

 α
' p

ha
se

 p
re

ci
pi

ta
te

 a
re

a 
(×

10
4 )

Time Step(×106)

  

35Cr-0.4Al
35Cr-0.7Al
35Cr-1Al
35Cr-4Al
35Cr-7Al
35Cr-10Al

Figure 14. Average α′ precipitate volume of the 3D simulation when the average Cr concentration
was 35% at various average Al concentrations.

Similarly, with an increase in the average Al concentration, the amplitude of the initial
peak increased, as shown in Figure 15. This trend is consistent with the results of the 2D
simulation when the average concentration was 35%. Particularly, the initial peak was
higher when the average Al concentration was 4% or above than that when the average Al
concentration was between 0.4% and 1%. In addition, when the average Al concentration
was 4% or more, the α′ phase number density after the peak decreased faster than that
when the average Al concentration was between 0.4% and 1%. When the average Cr
concentration was 35% and the average Al concentration was above 4%, we observed that
the morphology of the α′ phase precipitate exhibited an interconnected microstructure,
wherein the number of precipitates was less than 10, as shown in Figures 14 and 15.
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Figure 15. Number of α′ precipitates of the 3D simulation when the average Cr concentration was
35% at various average Al concentrations. Overshooting was observed before the t∗ = 5.0× 105

when the average Al concentration was above 4%.

When the Cr concentration was 40%, with an increase in the average Al concentration,
the amplitude of the initial peak increased and the initiation of phase separation was
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accelerated, as shown in Figure 16, which is consistent with the observation of the 30 Cr%
case in the 2D simulation. In addition, when the average Cr concentration was between 35%
and 40%, the phase fraction increased with an increase in the average Al concentration. The
α′ phase formed the interconnected structures for the 40 Cr% case in the whole simulated
range of Al concentrations. We obtained the morphology of the α′ phase precipitate, as
shown in Figures 17 and 18.
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Figure 16. Numbers of α′ precipitates of the 3D simulation when the initial Cr concentration was
40% at various interval of Al concentration: when the initial Al concentration was less than 1% and
11%, and when the interval of Al concentration was 0.3% and 3%.

Figure 17. Cr concentrations at t∗ = 2.5× 106. The system size is 256∆x × 256∆y × 256∆z: (a) 35Cr-1Al, (b) 35Cr-10Al,
(c) 40Cr-1Al, and (d) 40Cr-10Al.
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Figure 18. Al concentration at t∗ = 2.5× 106. The system size is 256∆x × 256∆y × 256∆z (a) 35Cr-1Al, (b) 35Cr-10Al, and
(c) 40Cr-1Al, (d) 40Cr-10Al.

In the 3D simulation, an interconnected structure was clearly observed, as shown
in Figures 15 and 16, wherein the number of precipitates was less than 10. In addition,
the formation of the interconnected two-phase structure was promoted with an increase in
the Al concentration. In contrast, interconnected structures were not observed in the 2D
simulation at similar Cr and Al concentrations. This is because the voxel-based microstruc-
ture of the 2D simulation [46] comprised the four nearest neighboring voxels for the voxel
allocated to the α′ phase (voxel A), whereas the 3D simulation comprised six. When only
one of the nearest neighboring voxels is assigned by the α′ phase (voxel B), the A and B
voxels are included in a connected α′ region. Therefore, when the fraction of the α′ phase is
fα′ , the tendency of a Pi voxel of the α′ phase forming an interconnected structure in the 2D
simulation can be estimated as follows:

P2D
i = 1.0− (1− fα′)

4. (14)

In 3D, we have
P3D

i = 1.0− (1− fα′)
6. (15)

For example, when fα′ = 0.2, the P2D
i is 0.590 and the P3D

i is 0.738. This indicates that
the tendency of the 3D simulation to form an interconnected structure is higher than that
of the 2D simulation.

According to previous experimental studies, the formation of the α′ phase is sup-
pressed with an increase in the Al concentration [22–24]. Our simulation demonstrates that
the number of precipitates decreases with an increase in the Al concentration, as shown
in Figure 13, after the initial peak (after ∼1.0× 106 time steps). This indicates that the
precipitate number density decreases with an increase in the Al concentration in Fe-30Cr%,
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indicating that an increase in the Al concentration suppresses the precipitation of the
α′ phase.

4. Conclusions and Future Work

In this study, the effect of Al concentration on the microstructural evolution of an
Fe-Cr-Al system was investigated using the phase-field method. In both the 2D and 3D
simulations, an increase in the average Al concentration enhanced the initiation of phase
separation. In addition, in terms of the precipitate number density, the amplitude of the
initial peak increased with an increase in the average Al concentration. Furthermore, with
an increase in the average Al concentration, the phase fraction increased, while the change
in the phase fraction decreased, which is consistent with the thermodynamic results. In
addition, at 35 and 40 Cr%, the formation of an interconnected structure of the α′ phase
was observed in the 3D simulation, whereas the interconnected structure was not formed
at the same chemical composition in the 2D simulation. In an Fe-Cr-Al system, the atomic
sizes of Fe and Cr are relatively similar, but since the Al atom is considerably smaller than
that of Fe or Cr, the elastic effect due to the concentration of inhomogeneity cannot be
ignored. Therefore, we are currently conducting a set of simulations to incorporate the
inhomogeneous elasticity of the alloy due to the concentration inhomogeneity. Moreover,
to incorporate the effect of neutron irradiation on the microstructural evolution of Fe-Cr-Al
systems, we are conducting sets of simulations to evaluate the effect of a dislocation loop
on the spatial distributions of solutes. If this simulation and analysis are performed as
intended, it is expected that the combined effects of elasticities due to solute inhomogene-
ity and dislocation loops, which are normally nucleated by neutron irradiation, can be
quantitatively evaluated. The research results are expected to be useful as basic data for
microstructure optimization of Fe-Cr-Al-based accident-tolerant fuel cladding.
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