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Phase separation of the Cr-enriched nanoscale α′ phase in the Fe-38 at.% Cr-10 at.% Al alloy is studied by utilizing phase-field
simulation. The partition of elements in the α and α′ phases is clarified with the composition evolution through the α/α′ phase
interface, and the separation kinetics is quantitatively investigated by the temporal evolution of the size and volume fraction of
the α′ phase. Aluminum partitions into the Fe-enriched α phase and depletes in the α′ phase, and the partition coefficient
decreases as the temperature changes from 720K to 760K for the steady-state coarsening stage. As the temperature increases,
the initial change rate of the volume fraction of the α′ phase is faster, indicating an accelerated phase separation. At the
coarsening stage, the average particle distance and coarsening rate constant of the α′ phase increase with increased temperature,
and the ratio of the Ostwald ripening is dominating compared with coalescence coarsening. The element partition and kinetics
evolution of the α′ phase with temperature are helpful for the morphology and property predication of nanoscale precipitates.

1. Introduction

Fe-Cr-Al alloys have good corrosion resistance, radiation
resistance, and mechanical strength, and they are being
developed as structural materials for the next generation of
nuclear reactors, such as fusion reactors, sodium fast reac-
tors, lead-cooled fast reactors, and supercritical water reac-
tors [1–5]. Also, because of the comprehensive performance
of Fe-Cr-Al alloys in steam environments, these alloys are
under consideration for accident-tolerant fuel-cladding
applications [6–8].

However, when the Cr concentration in Fe-Cr-based
alloys is greater than 15 at.% and alloys are heated or slowly
cooled at 300-500°C, embrittlement of the alloys will
increase, which is harmful to the mechanical properties.
The embrittlement is caused by the decomposition of the fer-
rite phase into Fe-enriched α and Cr-enriched α′phases in
Fe-Cr-based alloys [9–11]. The separation of the nanoscale
α′ phase can happen via spinodal decomposition or nucle-
ation and growth, which depends on the concentration of
Cr and the aging temperature of the alloys [12, 13]. However,

studies show that additional Al (≥2.5 at.%) provides a benefit
in suppressing the α′ phase separation [14, 15].

In the past few decades, more attention has been paid to
Fe-Cr binary alloys to understand phase decomposition by
experiments and computer simulations [16–21]. As a new
potential alloy in nuclear plants, Fe-Cr-Al alloys attracted
much attention and were studied by utilizing the computer
coupling of phase diagrams and thermochemistry formula-
tion. For example, the miscibility gap of the PM 2000™
ODS alloy (Fe-20 at.% Cr-10 at.% Al) was studied by Capde-
vila et al. [22]. Comparing with the Fe-20 at.% Cr alloy, the
critical temperature is reduced and the miscibility gap is nar-
rowed. Composition difference was found to increase by
approximately following the time exponent of 1/3 for aging
to 3600 h. Also, they observed that Al partitions preferentially
into the α phase rather than the α′ phase. Kobayashi and
Takasugi studied the effect of Al on the embrittlement of
Fe-(10-30) at.% Cr-(0-20) at.% Al alloys [15]. The results
showed that embrittlement will be induced when the concen-
tration of Al is less than 2 at.%, while a large amount of Al
restrains embrittlement. In addition, the effect of Al on the
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formation energies and interfacial energy was studied by
using the first-principles theory [23]. It showed that the sup-
pression of embrittlement by adding Al in Fe-Cr alloys could
be attributed to the effect of Al on the formation energies
rather than on the interfacial energy. Ejenstam et al. found
that the Fe-21wt.% Cr-5wt.% Al alloy is readily embrittled
at 475 and 500°C rather than at 550°C. Furthermore, the
tendency of Cr clustering is more obvious with the atom
probe tomography (APT) analysis when the alloy is aged at
the lower temperature [3]. In addition, the effects of other
elements on the phase separation in Fe-Cr alloys were
studied. Suwa et al. studied the effect of Mo on phase sep-
aration in the Fe-40 at.% Cr alloy with numerical simula-
tion based on the Cahn-Hilliard equation [24, 25]. Lv et al.
studied the microstructure evolution in Fe-Cr-Co alloys
during thermal magnetic treatment and step aging with
phase-field simulation [26].

However, the quantitative separation kinetics of the
nanoscale α′ phase and composition partition in Fe-Cr-Al
alloys are not clearly studied, which are important for the
morphology evolution of long aging time and predication
of the mechanical properties of these alloys. The volume frac-
tion and average particle radius of the α′ phase will be chan-
ged with the composition and temperature change, and the
morphology of the α′ phase affects the hardness and embrit-
tlement directly in Fe-Cr-Al alloys, so the evolution kinetics
combined with the change of mechanical properties will be
helpful in predicating the longtime variation of the functional
properties of Fe-Cr-Al alloys. In this work, we investigate the
composition partitions in the α and α′ phases and the evolu-
tion kinetics of the α′ phase in the Fe-38 at.% Cr-10 at.% Al
alloy aged at 720, 740, and 760K by utilizing phase-field sim-
ulation [27]. The selected temperatures are located in the
region of spinodal decomposition [22], and the effect of aging
temperature on the separation behavior of the nanoscale
phase in the ternary Fe-Cr-Al alloy will be clarified.

2. Model and Methods

2.1. Phase-Field Model. The microstructure evolution of the
Cr-enriched α′ phase in Fe-Cr-Al alloys can be described
by the composition evolution of Cr and Al with the compo-
sition conservation condition cFe = 1 − cCr − cAl, which is
controlled by the Cahn-Hilliard nonlinear diffusion equa-
tion [28]:

∂cCr r, t
∂t

= Vm∇ MCr,Cr∇
δF
δcCr

+MCr,Al∇
δF
δcAl

,

∂cAl r, t
∂t

=Vm∇ MAl,Cr∇
δF
δcCr

+MAl,Al∇
δF
δcAl

,
1

where cCr and cAl are the nominal compositions of Cr
and Al, respectively, Vm is the molar volume of the alloy,
and r = r1, r2, r3 and t are the spatial coordinates and
time, respectively.

Mij is the Onsager coefficient and determined by the
atomic mobility [29–31]:

MCr,Cr = cFecCrMFe + 1 − cCr
2MCr + cCrcAlMAl cCr,

MAl,Al = cFecAlMFe + cCrcAlMCr + 1 − cAl
2MAl cAl,

MCr,Al =MAl,Cr = cFeMFe − 1 − cCr MCr − 1 − cAl MAl cCrcAl,
2

whereMFe,MCr, andMAl are the atomic mobilities of Fe, Cr,
and Al, respectively. They are expressed by Mi =Di/RT ,
where i denotes the element Fe, Cr, or Al, R is the gas
constant, T is the absolute temperature, and Di is the
diffusion coefficient and chosen as [32–35] DFe = 1 0 ×
10−4 exp −294 kJmol‐1/RT , DCr = 2 0 × 10−5 exp −308 kJ
mol‐1/RT , and DAl = 1 1 × 10−4 exp −218 kJmol−1/RT .

The total free energy F of Fe-Cr-Al alloys includes the
Gibbs energy and interfacial energy. For the small lattice mis-
match between the α and α′ phases, the elastic strain energy
is ignored. The free energy is expressed as [36, 37]

F =
V

1
Vm

G + κFe ∇cFe
2 + κCr ∇cCr

2 + κAl ∇cAl
2 dV ,

3

where κFe, κCr, and κAl are the gradient energy coefficient of
Fe, Cr, and Al, respectively. G is the molar Gibbs energy
and written as [38, 39]

G = cFeG
0
Fe + cCrG

0
Cr + cAlG

0
Al + LFeCrcFecCr

+ LFeAlcFecAl + LCrAlcCrcAl
+ RT cFe ln cFe + cCr ln cCr + cAl ln cAl +Gm,

4

where G0
Fe, G

0
Cr, and G0

Al are the molar Gibbs free energy
of pure Fe, Cr, and Al, and their expressions are given
by [40]. Lij is the interaction parameter between elements
i and j, and it is given by LFeCr = 20500 − 9 68T , LFeAl =
−122452 9 + 31 6455T , and LCrAl = −54900 + 10T [41, 42].
Gm is the magnetic ordering contribution to the Gibbs
energy, which is expressed by Gm = RT ln β + 1 f τ [41–
43], where β is the atomic magnetic moment and expressed
by β = 2 22cFe − 0 008cCr − 0 85cFecCr. The function f τ is
referred in the literature [41–43].

For simplicity, the gradient coefficients κFe, κCr, and κAl
are assumed the same, κFe = κCr = κAl = 1/6r20LFeCr, where r0
is the interatomic distance at the stress-free state and changes
with composition by obeying Vergard’s law [32]. It should be
noted that the composition effects are neglected in the gradi-
ent coefficient, which may have an influence on the interface
width [28, 44].
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2.2. Numerical Methods. By transforming equations into the
dimensionless form for the numerical calculation, we have

∂cCr r∗, t∗
∂t∗

= ∇∗ M∗
Cr,Cr∇

∗ ∂G∗

∂cCr
− 4κ∗c ∇∗ 2cCr

− 2κ∗c ∇∗ 2cAl +M∗
Cr,Al∇

∗ ∂G∗

∂cAl

− 4κ∗c ∇∗ 2cAl − 2κ∗c ∇∗ 2cCr ,

∂cAl r∗, t∗
∂t∗

= ∇∗ M∗
Al,Cr∇

∗ ∂G∗

∂cCr
− 4κ∗c ∇∗ 2cCr

− 2κ∗c ∇∗ 2cAl +M∗
Al,Al∇

∗ ∂G∗

∂cAl

− 4κ∗c ∇∗ 2cAl − 2κ∗c ∇∗ 2cCr

,

5

where r∗ = r/l, t∗ = tD/l2, M∗
ij = RT0Mij/D, G∗ =G/RT0,

κ∗c = κc/RT0l
2, l is the grid length and chosen as the average

lattice constant a0, a0 = aFecFe + aCrcCr + aAlcAl, and the lat-
tice parameters are aFe = 2 866 × 10−10 m, aCr = 2 882 ×
10−10 m, and aAl = 4 050 × 10−10 m [45]. The lattice parame-
ters will be affected by composition and temperatures, while
the lattice mismatch in the alloy is small enough; we assume
the lattice parameters as constants. D = 10−25 m2s−1 is

adopted as the normalization factor. T0 = 875 K is the critical
temperature of phase separation of the Fe-38 at.% Cr-10 at.%
Al alloy. The grid size is chosen as Δx = Δy = l; thus, the
dimensionless grid size is 1.0, which is convenient for calcu-
lating. The grid number of the simulation cell is 256 × 256,
and the dimensionless time step is 0.001 for insuring
the accuracy in solving the partial differential equation. To
induce the phase separation, a random thermal fluctuation
with magnitude –0 002, 0 002 was introduced into the
initial composition. It should be noted that the thermal fluc-
tuation should have a minimummagnitude for triggering the
phase separation, as a large fluctuation may affect the initial
particle number and particles’ radii. The semi-implicit
Fourier spectral method was adopted to solve the Cahn-
Hilliard equation with a variable coefficient [46].

3. Results and Discussion

3.1. Morphology and Composition Evolution of α′ Phase.
Figure 1 shows the morphology evolution of the Cr-
enriched α′ phase in the Fe-38 at.% Cr-10 at.% Al alloy aged
at 720, 740, and 760K, where the blue regions represent the
Fe-enriched α phase and the red regions represent the Cr-
enriched α′ phase. It can be seen from Figures 1(a), 1(d),
and 1(g) that the separated α′ phase becomes obvious and
the particle number increases with increasing temperature.
For the aging temperature of 740K, there are some separated
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Figure 1: Morphology evolution of the α′ phase in the Fe-38 at.% Cr-10 at.% Al alloy aged at 720, 740, and 760K.
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α′ phases (Figure 1(d)). At the same time, only composition
clustering can be observed in Figure 1(a), while the α′ phase
has separated completely at 760K (Figure 1(g)). This is
because the difference of free energy between the α phase
and the α′ phase increases with increased temperature, which
leads to the accelerated phase separation. In addition, the
particle size of the α′ phase is larger at 760K than that of
the other temperatures for the same aging time. From
Figures 1(b) and 1(c), it can be found that coalescence coars-
ening of some α′ phases happens via the interconnection of
neighboring particles and forms a worm shape or elliptical
shape, such as the particles in the circles. However, as the
temperature increases, the particles’ distance is enlarged
and the Ostwald ripening becomes obvious, as shown in the
two particles labelled with circles in Figures 1(h) and 1(i).

Capdevila et al. showed, using APT, that the isocon-
centration surfaces of the α′ phases are isolated in the
Fe-20 at.% Cr-10 at.% Al alloy aged at 748K for 3600 h,
while at the lower temperature of 673K, an interconnected
network of the Cr-enriched phase is observed [22, 47].
Because the α′ phase is shown in the two-dimensional
morphology and the temperature is not low enough, the
interconnected network is not observed; however, for the
three-dimensional morphology in the Fe-35 at.% alloy aged
at 700-750K, an interconnected network of the α′ phase is
observed [48]. Kobayashi and Takasugi observed spherical-
like particles in the Fe-17 at.% Cr-8 at.% Al alloy [15]. In
addition, the separated particles and the worm shaped α′
phase are similar to the high resolution transmission electron
microscopy (HR-TEM) micrographs of the Fe-40 at.% Cr
alloy aged at 773K for 750 h [49, 50]. Therefore, the simu-
lated morphology of the α′ phase in the Fe-38 at.% Cr-
10 at.% Al alloy is reasonable.

Figure 2 shows the evolution of the composition in the α′
phase as a function of time for the Fe-38 at.% Cr-10 at.% Al
alloy at 720, 740, and 760K. It can be clearly seen that as

aging goes on, the concentrations of Fe and Al decrease from
the initial nominal compositions of 52 at.% and 10 at.% to
about 8 at.% and 1 at.% in the α′ phase at the three tempera-
tures, while the Cr concentration increases from 38 at.% to
about 90 at.% in the α′ phase. The concentrations of the ele-
ments begin to change from the initial average values to the
composition of the α′ phase at t∗ = 242, 82, and 22 for the
aging temperatures of 720, 740, and 760K, respectively, as
shown by the crossover points of Cr and Fe in Figures 2(a),
2(b), and 2(c). The results indicate that the change of compo-
sition in the α′ phase is faster with the increased aging tem-
perature, which is similar to Capdevila’s APT results [22].

Table 1 shows the composition values of Fe, Cr, and Al in

the α′ phase for the Fe-38 at.% Cr-10 at.% Al alloy aged at
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Figure 2: Variations of the composition in the α′ phase as a function of time in the Fe-38 at.% Cr-10 at.% Al alloy aged at 720, 740, and 760K.

Table 1: Composition variations of the α′ phase for the different
aging temperatures and times.

T (K) t∗ α′ composition (at.%) CαAl/CαAl′Fe Cr Al

720

0.5 51.92 38.07 10.01 1.00

282 41.79 50.59 7.62 1.45

322 20.37 76.49 3.14 3.87

402 7.49 91.66 0.85 17.36

1982 6.90 92.30 0.80 18.88

740

0.5 51.97 38.03 10.00 1.00

102 38.94 54.06 7.00 1.54

122 10.69 87.79 1.52 8.36

142 8.48 90.48 1.04 13.97

1982 8.16 90.87 0.97 14.83

760

0.5 51.96 38.05 9.99 1.00

42 40.41 52.25 7.34 1.50

62 9.85 88.89 1.26 11.44

1982 9.50 89.27 1.23 11.76
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different times and temperatures. We define the equilibrium
composition of the α′ phase with ct1 − ct /ct ≤ 1 0%, where
ct and ct1 denote the compositions at a time and at a long
enough time, respectively. If the composition difference
between the two times is less than 1.0%, the composition ct
can be regarded as the equilibrium composition. Therefore,
the equilibrium compositions of the α′ phase are reached at
t∗ = 402, 142, and 62 for 720, 740, and 760K, respectively,
as can be seen in Figure 2. It indicates that the α′ phase
reaches the equilibrium composition earlier with increased
aging temperature. The APT results also showed that the
equilibrium composition of the α′ phase is reached earlier
with the temperature increasing [22].

The equilibrium concentrations of Cr in the α′ phase at
720, 740, and 760K are 91.7 at.%, 90.5 at.%, and 88.9 at.%,
respectively. The equilibrium concentrations of Fe and
Al in the α′ phase are 7.49 at.% and 0.85 at.% at 720K,
8.48 at.% and 1.04 at.% at 740K, and 9.85 at.% and 1.26 at.%
at 760K, respectively. Read and Hono calculated that the
equilibrium Cr concentration is 91.3 at.% in the α′ phase
for the Fe-20.2 at.% Cr-8.8 at.% Al alloy aged at 748K [51].
For the Fe-20 at.% Cr-10 at.% Al alloy aged at 708K for
3600 h, the Cr concentration in the α′ phase is 84.8 at.%
[52]. The partition coefficients of Al in the α and α′ phases,
CαAl/Cα′Al, were calculated, as shown in Table 1. It was
found that Al strongly partitions into the α phase with
increased aging time. There is no doubt that the equilibrium
concentration of the α′ phase can be given in the thermody-
namic phase diagram; however, the concentration and mor-
phology evolution of the α′ phase cannot be shown by the
thermodynamic calculation, which is why the phase-field
simulation is attractive for studying the temporal morphol-
ogy and composition evolution.

In order to study the elements’ partitioning in the α and
α′ phases, Figure 3 displays the concentration distributions

of Fe, Cr, and Al across the interface of the α/α′ phase in
the Fe-38 at.% Cr-10 at.% Al alloy aged at 720, 740, and
760K for t∗ = 1982. At this time, the composition of the α′
phase has reached the equilibrium values, as shown in
Table 1. The concentration is calculated from x∗ = 101 to
109, 155 to 163, and 187 to 195 for 720, 740, and 760K,
respectively. It can be seen that Al depletes in the Cr-
enriched α′ phase, i.e., Al strongly partitions into the Fe-
enriched α phase. Previous studies demonstrated that if there
is a sufficient chemical potential gradient, the partitioning of
Al will begin [53]. It is thought that at the early stage of phase
separation, the composition difference between the α phase
and the α′ phase is small and the difference of the Al chem-
ical potential in the two phases is likewise small, which is why
Al does not show a clear partition. After a long aging time,
the chemical potentials of Al in the two phases have a suf-
ficient difference due to the composition difference and
the partition of Al into the α phase happens [47, 53, 54],
which can also be distinguished in Figure 2. Capdevila
et al. found the partitioning of Al into the α phase by uti-
lizing APT [55]. In the α phase, the concentration of Al is
higher than Cr at 720K, and the Al concentration has almost
no change as the temperature increases to 760K, which is
similar with the increased Cr concentration at 760K as indi-
cated by the dotted circles in Figures 3(a) and 3(c). The
results show that the partitioning of Al into the α phase has
no obvious change as the temperature increases, while the
partitioning of Cr into the α phase is enhanced. Furthermore,
the concentration of Fe in the α phase decreases as the aging
temperature increases.

3.2. Phase Separation Kinetics of α′ Phase. The variations of
the volume fraction of the α′ phase as a function of time in
the Fe-38 at.% Cr-10 at.% Al alloy aged at different tempera-
tures are shown in Figure 4. It is obvious that the volume
fraction is near zero at the beginning, which indicates that
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Figure 3: The concentration distributions of Fe, Cr, and Al through the interface of the α/α′ phase in the Fe-38 at.% Cr-10 at.% Al alloy aged
at 720, 740, and 760K for t∗ = 1982.
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the α′ phase has not yet formed. The volume fraction starts
to increase at t∗ = 42 for 760K, which means that the α′
phase begins to separate. In comparison, the starting times
for the separation of the α′ phase are t∗ = 102 and 282 at
740 and 720K, respectively. Therefore, the higher the tem-
perature is, the earlier the Cr-enriched phase appears, which
indicates that the diffusion promotes the phase separation at
high temperature, even if the supercooling is small, so the
phase separation is a diffusion-controlled process in the
range of 720K to 760K in the Fe-38 at.% Cr-10 at.% Al alloy.

At the stage of initial phase separation, the volume frac-
tion increases quickly and the slopes k of the volume fraction
are 0.27, 0.70, and 1.52 for the aging temperatures of 720,
740, and 760K, respectively. This demonstrates again that
the initial phase separation is faster for higher temperatures.
The equilibrium value of 33% for the volume fraction is sim-
ilar for different aging temperatures. However, the volume
fraction in the low-Cr-concentration alloy, Fe-20 at.% Cr-
10 at.% Al, aged at 748K for 3600 h, does not reach equilib-
rium still, so an overlap of nucleation, growth, and coarsen-
ing is observed [22]. In the present Fe-38 at.% Cr-10 at.% Al
alloy, a high Cr concentration enables achieving the equilib-
rium volume fraction early.

Figure 5 shows the evolution of the average particle
radius r of the α′ phase at a later coarsening stage in the
Fe-38 at.% Cr-10 at.% Al alloy. Here, the average particle
radius is calculated by r = S/πN , where S is the total area
of the α′ phase in two dimensions and N is the particle num-
ber of the α′ phase. The average particle radius of the α′
phase increases from 1.25 nm to 2.28 nm at t∗ = 1982 for a
temperature increasing from 720K to 760K. The size of the
α′ particles in the aged Fe-38 at.% Cr-10 at.% Al alloy is sim-
ilar to that in binary Fe-Cr alloys. For example, Xu et al.
showed that the radius of the α′ particles are 0.96 nm and

2.04 nm after aging for 10 h and 100h in the Fe-35wt.% Cr
alloy aged at 773K [56]. The particle radius in the Fe-
32 at.% Cr alloy aged at 743K for 192-10000h increases from
1.5 nm to 3.0 nm [57], and the average particle radius of the
α′ phase ranges from 0.95 nm to 2.53 nm in the Fe-20 at.%
Cr alloy aged at 773K for 50-1067 h [58].

At a later coarsening stage, the volume fractions reach
equilibrium values, which means that the α′ phase enters into
the steady-state coarsening stage. The time exponents n of
r ∼ t∗ n for temperatures 720, 740, and 760K at the coars-
ening stage are 0.25, 0.22, and 0.17, respectively. It should be
noted that the time exponents are less than 1/3 predicated by
the Lifshitz-Slyozov-Wagner (LSW) theory, in which a dilute
solution without elastic interactions and with a very small
volume fraction is assumed [59, 60]. Experimental results
showed a time exponent of 0.25 in the Fe-30 at.% Cr alloy
aged at 773K [18], while the time exponent is 0.17 for the
Fe-32 at.% Cr alloy aged at 773K for 50h [49]. In addition,
there are some other experimental results showing that the
coarsening time exponents are less than 1/3 [57, 61].

In order to show the changes in the coarsening rate of
the α′ phase with temperature, the cube of the average parti-
cle radius r 3 and time t are fitted with the linear function
for the Fe-38 at.% Cr-10 at.% Al alloy at the coarsening
stage. The coarsening rate constants at 720, 740, and 760K
are kc = 8 06 × 10−4, kc = 1 91 × 10−3, and kc = 3 47 × 10−3,
respectively. It indicates that the coarsening rate con-
stant increases with the increased aging temperature, which
is attributed to the accelerated atomic mobility at high tem-
perature [62].

As has been discussed in Figure 1, the coarsening of
the α′ phase can happen through the Ostwald ripening
and coalescence coarsening of neighboring particles which
are affected by the particles’ distance. Therefore, the coarsen-
ing rate will be affected by the coarsening mechanism and
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the particles’ distance. We calculated the average interparticle
distance dav of the α′ phase in the Fe-38 at.% Cr-10 at.%
Al alloy aged at 720, 740, and 760K, as shown in Figure 6. dav
is calculated as the average center-to-center distance of the
two neighboring particles, dav = A/N − d , where A is
the total measured area and r is the average particle
diameter of the α′ phase. It is shown that the average inter-
particle distance increases with aging time and increasing
temperature.

Then, the ratio of the Ostwald ripening and coalescence
coarsening is calculated at the coarsening stage in the Fe-
38 at.% Cr-10 at.% Al alloy, as shown in Figure 7. The average
interparticle distance of the α′phase is the smallest for the
aging temperature of 720K, in which the ratio of coalescence

coarsening has a maximum of 44.78% among the three tem-
peratures, while it is still less than the ratio of the Ostwald
ripening of 55.22%. The ratio of 81.54% of the Ostwald ripen-
ing is the largest at 760K. It is well known that the coarsening
rate is larger in the way of Ostwald ripening than in the way
of coalescence coarsening [63], and the ratio of the Ostwald
ripening is greater than that of coalescence coarsening; there-
fore, the coarsening rate constant kcof the α′phase increases
with increased temperature at the coarsening stage in the
Fe-38 at.% Cr-10 at.% Al alloy.

Figure 8 shows the particle number density Nd of the α′
phase as a function of time for the Fe-38 at.% Cr-10 at.% Al
alloy aged at 720, 740, and 760K. The number density is cal-
culated by the α′ phase number per unit area. It can be seen
that the particle number density increases at the early phase
separation stage; when the maximum value is reached, it
begins to decrease at t∗ = 602, 202, and 82 for the aging tem-
peratures of 720, 740, and 760K, respectively, which means
that the α′ phase enters into the stage of coarsening earlier
at 760K than at the other temperatures. However, the maxi-
mum value of the particle number density at 760K is the
smallest of the three temperatures, and the maximum values
of Ndmax are 9 99 × 1016 m-2, 8 83 × 1016 m-2, and 7 26 × 1016
m-2, respectively, at 720, 740, and 760K. This is because the
supercooling is larger for a lower temperature and more par-
ticles are separated with a large driving force, which results in
the maximum value of Nd at 720K. The present Nd is similar
to the previous simulations and experimental results. For
example, Ndmax is 9 81 × 1016 m–2 in the Fe-35 at.% Cr alloy
aged at 700K [64], and the maximum value ofNd is also sim-
ilar to the values obtained from the APT results [58].

The time exponents of the particle number density are
calculated by fitting the relationship of Nd ∼ t∗ m at the
coarsening stage. The time exponents m are -0.47, -0.43,
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Figure 6: The average interparticle distance dav of the α′ phase in
the Fe-38 at.% Cr-10 at.% Al alloy as a function of time when aged
at 720, 740, and 760K.
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and -0.34 for the aging temperatures 720, 740, and 760K,
respectively. It is shown that the negative time exponents of
the particle number density decrease with increased aging
temperature, which is consistent with the time exponents of
the average particle radius at the coarsening stage.

3.3. Particle Size Distribution of α′ Phase. As shown in
Figure 9, the histograms of the particle size distribution
(PSD) of the α′ phase aged at 720, 740, and 760K are plotted
by the distribution function f u . The x-axis represents the
normalized particle radius u = r/ r , where r and r are the
radius and average radius of the α′ phase, respectively. The
black dashed line is the Gaussian distribution of the histo-
gram. Also plotted in Figure 9 are the PSD of the LSW theory

[59, 60] illustrated with blue dash-dot lines and the PSD
predicated by the Brailsford-Wynblatt (BW) model [65]
illustrated with green solid lines. Both the LSW theory
and the BW model are used to predicate particle size dis-
tribution. The equations of the BW model are referred
from the literature [65]. The PSD of the LSW theory is
calculated as follows [59, 60]:

FLSW = 81
25/3 × u2

1 5 − u 11/3 × 1
3 + u 7/3 e

−u/ 1 5−u , u < 1 5,

FLSW = 0, u ≥ 1 5,
6
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Figure 9: Particle size distribution of the α′ phase in the Fe-38 at.% Cr-10 at.% Al alloy aged at 720, 740, and 760K (dashed lines represent the
Gaussian distribution of the histogram, dash-dot lines represent the LSW theory, and solid lines represent the BW model).

8 Journal of Nanomaterials



It can be seen from Figure 9 that no matter at which aging
temperature the peak value of the LSW theory is higher than
that of the fitted PSD. The reason for this is that the LSW
theory does not take into account the effect of the volume
fraction and elastic interactions. Compared with the LSW
theory, the fitted PSD is close to the curve of the BW model,
especially at low temperature (Figures 9(a)–9(c)) and during
the early phase separation stage (Figure 9(g)). We can find
that the peak values of the fitted PSD decrease with the aging
time at 760K. However, the peak values of the PSD have no
obvious changes at 720 and 740K, which indicates that the
higher aging temperature has a great impact on the size dis-
tribution of the α′ phase. The peak positions of the fitted
PSD are around r/ r = 1 1, which is similar to the 1.15 of
the LSW and BW theory. It is found that the peak values of
the PSD in the Fe-35 at.% Cr binary alloy decrease with time
[48], and the peak positions at r/ r = 1 1 are the same as that
of the Fe-38 at.% Cr-10 at.% Al alloy.

4. Conclusions

The morphology evolution, compositional partitioning, and
separation kinetics of the nanoscale α′ phase are investigated
in the Fe-38 at.% Cr-10 at.% Al alloy aged at 720, 740, and
760K by utilizing phase-field simulation. As the aging tem-
perature increases, the phase separation, change of the com-
position, and volume fraction of the α′ phase are faster, and
the coarsening rate constant of the α′ phase increases, which
results in the large average radius of the α′ particles at high
temperature. Al depletes in the α′ phase and partitions
strongly into the Fe-enriched α phase. At the coarsening
stage, the time exponents of the average particle radius of
the α′ phase decreases from 0.25 of 720K to 0.17 of 760K.
Also, the negative time exponents of the particle number
density of the α′ phase decrease with increasing temperature.
The coarsening of the α′ phase happens via coalescence
coarsening and the Ostwald ripening, and the Ostwald ripen-
ing is dominating at the coarsening stage with the enlarged
average particle distance of the α′ phase as the aging temper-
ature increases. The peak values of the PSD decrease with the
aging time at 760K, while the width is broadened compared
to that of 720 and 740K. In addition, the PSD is close to the
BW’s distribution. The simulations show consistent results
with the experiments and theoretical predications, while
some questions need to be studied further for the high-
throughput simulation, such as the composition-dependent
gradient coefficients and the diffusion coefficients.
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