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A B S T R A C T   

The present work applied the phase-昀椀eld (PF) method to comprehensively investigate the effects of chemical 
composition and irradiation on the α-α′ phase separation in nuclear Fe-Cr-Al-based alloys since it is dif昀椀cult to be 
clari昀椀ed by experiments alone. Three series of alloys were designed by changing the amount of Cr, Al, and Mo in 
sequence, being Fe-xCr-9.375Al, Fe-15.625Cr-xAl, and Fe-(15.625-x)Cr-9.375Al-xMo (at%). The PF simulation 
was based on the Cahn-Hilliard equation, in which a radiation-enhanced model was embedded to consider the 
atomic mobility of alloying elements under irradiation. The results indicated that the Cr element can accelerate 
the α-α′ phase separation, as demonstrated by the increase in volume fraction (5.1% in 15Cr and 12.6% in 40Cr) 
and the reduction in incubation time of α′ nanoprecipitates (5000 h in 15Cr and 200 h in 28Cr) during aging at 
573 K, while Al and Mo inhibit the phase separation effectively due to an obvious extension of the incubation 
time (5×104 h in 1.7Mo). Coupled with the irradiation, the phase separation will be speeded up signi昀椀cantly with 
a severe shrinkage of the incubation time to 2 ~ 388 h (0.14 ~ 0.5 dpa) in 15Cr. The mechanisms on the α-α′ 

phase separation were then discussed from both thermodynamic and kinetic viewpoints, in which the incubation 
time is closely related to the driving force of α→(α+α′) and the atomic mobility of Cr. The present PF simulation 
can provide an important method to predict the α-α′ phase separation in novel nuclear Fe-Cr-Al-based alloys.   

1. Introduction 

The Fe-Cr-Al-based alloys have attracted more attention for serving 
as fuel-cladding materials due to their prominent mechanical properties 
and resistances to steam oxidation and corrosion, as well as good 
neutron-irradiation resistance [1–3]. However, the severe embrittle-
ment problem always occurs in this kind of alloys at the temperature of 
573 ~ 773 K, i.e., the classical 748 K-embrittlement [4,5], which has 
been identi昀椀ed to be induced by the phase separation of the 
body-centered-cubic (BCC) ferritic solid-solution matrix into the Fe-rich 
ferritic phase (BCC α-Fe) and the Cr-rich phase (BCC α′-Cr) in the 
miscibility gap [6,7]. The α-α′ phase separation could not only enhance 
the microhardness drastically and then lead to an alloy brittleness, but 

also accelerate the corrosion behavior due to the segregation of Cr 
element. It was emphasized that both the species and added amounts of 
alloying elements could affect the α-α′ phase separation, as well as the 
related embrittlement of Fe-Cr-Al-based alloys [8–11]. In particular, the 
increase of Cr content can accelerate the α-α′ phase separation. It is 
dif昀椀cult to induce the phase separation in low-Cr Fe-10Cr-(4−8)Al (wt 
%) alloys even after aging at 773 K for 10,000 h [11], while a large 
amount of α′ nanoparticles could precipitate in high-Cr Fe-15Cr-4.5Al 
(wt%) alloy after aging at 748 K for 10,000 h with a volume fraction of f 
~ 3.2% and a particle size of r ~ 4.0 nm [8]. Based on which, the further 
increase of Al could inhibit the α-α′ phase separation, as evidenced by the 
fact that when the Al content in the Fe-15Cr-4.5Al alloy was increased to 
6 wt%, the α′ phase disappeared and no obvious enrichment of the Cr 
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element was found in the Fe-15Cr-6Al alloy after aging 748 K for 10, 
000 h [12]. In addition, a minor amount of Mo and Nb elements were 
often added into the Fe-Cr-Al alloys to precipitate the Fe2(Mo,Nb) Laves 
phase for strengthening the matrix, which does not affect the α-α′ phase 
separation due to their limited solubility in the BCC matrix [13]. On the 
other side, it was also found that the irradiation can accelerate signi昀椀-
cantly the phase separation in Fe-Cr-Al alloys [9,14,15], as exempli昀椀ed 
by the fact that the α′ precipitates (r ~ 1.5 nm and f ~ 5.8%) were 
obviously observed in the Fe-14.7Cr-3.92Al (wt%) alloy after being 
neutron-irradiated to 7.0 dpa at 593 K (for 2456 h) [9]. Even for the 
low-Cr Fe-9.85Cr-4.75Al (wt%) alloy, the volume fraction of α′ phase 
after the same irradiation could reach to f ~ 1.5%, where the phase 
separation did not occur after thermal-aging alone [9]. 

Up to now, the research on α-α′ phase separation (or α′ phase pre-
cipitation) in Fe-Cr-Al-based alloys was mainly dependent on advanced 
characterization techniques, such as transmission electron microscopy 
(TEM) [8,16], atom probe tomography (APT) [10,14], and small-angle 
neutron scattering (SANS) [9], etc. Although these experimental tech-
niques play an important role in observing this phenomenon, it is still 
dif昀椀cult to understand the intrinsic mechanism of phase separation and 
the microstructural evolution. Recently, the phase-昀椀eld (PF) method has 
been become a powerful computational approach to deal with many 
types of microstructural variations, such as simulating the morpholog-
ical evolution of the second-phase precipitation [17–19]. Meanwhile, it 
can contribute to the underlying mechanisms during the solidi昀椀cation 
and the solid-solid phase transformations. A classical instance is that the 
microstructural evolution of coherent γ and γ′ phases in Ni-base super-
alloys was well simulated by the PF method, including the coarsening of 
γ′ particles during long-term aging and the particle rafting under an 
applied stress 昀椀eld [20,21]. Also, it has been successfully applied to 
elucidate the variation of particle morphologies with chemical compo-
sitions in Al-Fe-Co-Ni-Cr high-entropy alloys containing BCC/B2 
coherent microstructures [17]. These simulations can provide a signif-
icant support for profoundly understanding of experimental results. For 
the Fe-Cr-Al alloys, the existing studies mainly focused on the PF 

simulation of phase separation in high-Cr (> 20 at%) alloys under 
heat-treated conditions at different temperatures [22–24]. For example, 
the PF simulation of Fe-38Cr-10Al (at%) alloy revealed the effect of 
temperature (720 ~ 760 K) on the α-α′ phase separation [24]. However, 
few research activities reported on the phase evolution in nuclear 
Fe-Cr-Al alloys with a relatively-low Cr content (< 20 at%) under the 
operating conditions (both temperature and irradiation), which is 
necessary to understand the intrinsic mechanism of phase separation 
using the PF method. 

In fact, it is crucial to tailor the content of each alloying element (Cr, 
Al, Mo, Nb, etc.) in nuclear Fe-Cr-Al-based alloys for the achievement of 
excellent comprehensive properties at high temperatures. And it is more 
necessary to investigate the possibility of α-α′ phase separation in these 
alloys since it is sensitive to the contents of Cr and Al. However, the 
effects of a small amount of element addition and irradiation conditions 
on the phase separation have not been clari昀椀ed due to the dif昀椀culty of 
the experimental veri昀椀cation, which is important for the development of 
novel nuclear Fe-Cr-Al-based alloys. The PF method can well simulate 
the α-α′ phase separation, which will be helpful to understand the 
dynamic-evolution process, especially under the condition of multi-昀椀eld 
coupling (temperature and irradiation). Therefore, the PF method with a 
radiation-enhanced diffusion model will be applied to investigate the 
microstructural evolution induced by the α-α′ phase separation in nu-
clear Fe-Cr-Al-based alloys. The effects of the amounts of Cr, Al, and Mo 
elements, as well as the irradiation dose and dose rate on the precipi-
tation and coarsening of α′ nanoparticles will be emphasized and dis-
cussed from the viewpoints of thermodynamics and kinetics. Finally, the 
PF simulations will be compared with the existing experimental results 
to uncover the key factors to affect the α-α′ phase separation. 

2. Composition design of Fe-Cr-Al-based alloys 

Experimentally, the best composition range of ternary nuclear Fe-Cr- 
Al alloys possessing the optimum mechanical property and corrosion/ 
oxidation resistances was determined as Fe-(13−15)Cr-(4−5)Al (wt%, =
Fe-(13.1–15.3)Cr-(7.8–9.7)Al at%), based on which the addition of Mo 
can further improve the comprehensive properties of Fe-13Cr-4.5Al- 
2Mo alloy (wt%, = Fe-13.3Cr-8.8Al-1.1Mo at%) [1]. It is known that 
the chemical short range orders (CSROs) induced by the local distribu-
tion of solute atoms are the typical characteristics of solid-solution al-
loys, which is different from the average structure and could enhance 
alloy properties [25]. In light of the CSROs, we proposed a 
cluster-plus-glue-atom model to describe the local distributions of solute 
atoms in multi-component alloy systems, which can give a simple cluster 
formula of [cluster](glue atoms)m (one cluster matching with m glue 
atoms) to design alloy compositions [26,27]. Generally, the cluster is the 
nearest-neighbor polyhedron centered by the solute atom having a 
stronger interaction with the base solvent atoms, and the other solute 
atoms having relatively-weaker interaction with the base atoms serve as 
the glue atoms to link the isolated clusters for the balance of the alloy 
density [26,27]. Speci昀椀cally, the current Fe-Cr-Al ternary alloys could 
be rewritten with the cluster formula of [Al-(Fe12Cr2)](Al0.5Cr0.5) (=
Fe12Al1.5Cr2.5 = Fe75Al9.375Cr15.625 at%), in which the cluster is the 
rhombic dodecahedron with the coordination number of CN14 in the 
BCC structure, centered by Al and surrounded by twelve Fe atoms and 
two Cr atoms since the interactions between Al-Fe and Al-Cr are com-
parable. Both Al and Cr with an equi-molar ratio serve as one glue atom, 
which is inspired by the high-entropy alloying principle that is the most 
fashionable in developing high-performance advanced alloy materials 
[28]. Actually, our previous works have veri昀椀ed that the 
Fe-13.5Cr-4.73Al-2.07Mo-(0.34–0.5)Nb-(0.65–0.98)Ta-(0–0.33)Zr (wt 
%) alloys designed via the cluster formula show high microstructural 
stability at high temperatures [29], and the yield strength can remain 
above 80 MPa even at 1073 K, which is obviously higher than those (50 
~ 70 MPa) of existing Fe-Cr-Al-based alloys [1,13]. Therefore, based on 
the basic cluster formula of Fe12Al1.5Cr2.5 (designated as 15Cr due to the 

Table 1 
Chemical compositions of the designed nuclear Fe-Cr-Al-Mo alloys used for 
phase-昀椀eld simulations.  

Alloy series No. Cluster formula at% 
Cr-series 

Fe-xCr-9.375Al 
15Cr Fe12-Cr2.5-Al1.5 Fe75Cr15.625Al9.375 
22Cr Fe11-Cr3.5-Al1.5 Fe68.75Cr21.875Al9.375 
28Cr Fe10-Cr4.5-Al1.5 Fe62.5Cr28.125Al9.375 
40Cr Fe8-Cr6.5-Al1.5 Fe50Cr40.625Al9.375 

Al-series 
Fe-15.625Cr-xAl 

6Al Fe12.5-Cr2.5-Al1 Fe78.125Cr15.625Al6.25 
8Al Fe12.2-Cr2.5-Al1.3 Fe76.25Cr15.625Al8.125 
12Al Fe11.5-Cr2.5-Al2 Fe71.875Cr15.625Al12.5 

Mo-series 
Fe-(15.625-x)Cr- 
9.375Al-xMo 

0.3Mo Fe12- 
[Cr50Mo1]2.5-Al1.5 

Fe75Cr15.315Al9.375Mo0.31 

1.0Mo Fe12- 
[Cr14Mo1]2.5-Al1.5 

Fe75Cr14.583Al9.375Mo1.042 

1.7Mo Fe12-[Cr8Mo1]2.5- 
Al1.5 

Fe75Cr13.889Al9.375Mo1.736  

Table 2 
Related parameters for the calculation of irradiation-enhanced diffusion co-
ef昀椀cients [47–50].  

Vacancy concentration Xe
V 1.0 × 10−11 m−3 

Displacement-per-atom cross-section σdpa 1.5 × 10−25 m2 [47] 
Vacancy migration energy Em 1.1 eV [48] 
Dislocation sink strength Sd 1 × 1013 m−2 [48] 
Boltzmann constant k 1.38 × 10−23 J⋅K−1 

Saturated sink strength of vacancy 
clusters 

Sc 3 × 1015 m−2 [48] 

Empirical scaling exponent p 0.2 [49] 
Cascade ef昀椀ciency ξ 0.33 (neutron or ion irradiation)  

[50]  
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Fig. 1. Evolution of α′-phase precipitation in Fe-xCr-9.375Al (at%) alloys (Cr-series) with the aging time t at 573 K. (a): x = 15.625 (15Cr), (b): x = 21.875 (22Cr), 
(c): x = 28.125 (28Cr), (d): x = 40.625 (40Cr), and (1): t = 0.3×104 h, (2): t = 0.6×104 h, (3): t = 1×104 h. 
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content of Cr being 15.625 at%), we increased the Cr content by 
substituting the Cr (Cr3.5, Cr4.5, and Cr6.5 in the cluster formula) for the 
base Fe and 昀椀xing the Al to form the Cr-series of ternary alloys, 
Fe-xCr-9.375Al (at%), being designated as 22Cr, 28Cr, and 40Cr, 
respectively. In order to study the effect of Al element on the α-α′ phase 
separation, we also changed the Al content (Al1, Al1.3, and Al2 in the 
cluster formula) based on the Fe12Al1.5Cr2.5 to form the Al-series of al-
loys, Fe-15.625Cr-xAl (at%), being designated as 6Al, 8Al, and 12Al, 
respectively. Moreover, a small amount of Mo element was added to 
replace the Cr in the basic Fe12Al1.5Cr2.5 formula to form the Mo-series of 
quaternary alloys, Fe-(15.625-x)Cr-9.375Al-xMo (at%), being desig-
nated as 0.3Mo, 1.0Mo, and 1.7Mo, in which the ratio of Mo to Cr was 
determined by the nearest-neighbor distribution of solute atoms in the 
BCC solid-solution structure [26]. Table 1 gives the chemical composi-
tions (at%) of these three designed alloy series, which will be used for 
the phase-昀椀eld simulation. 

3. Phase-昀椀eld model 

3.1. Microscopic phase-昀椀eld model 

Generally, the α-α′ phase separation in the Fe-Cr-Al-based alloys were 
simulated by the evolution of the concentration 昀椀eld, c(r, t), which is 
controlled by the Cahn-Hilliard nonlinear diffusion equation (Eq. (1)) 
[30]: 
∂CCr

(r, t)

∂t

= Vm'(MCrCr'
δF

δcCr

+ MCrAl'
δF

δcAl

+ MCrMo'
δF

δcMo

)

∂CAl
(r, t)

∂t

= Vm'(MAlCr'
δF

δcCr

+ MAlAl'
δF

δcAl

+ MAlMo'
δF

δcMo

) (1)  

∂CMo
(r, t)

∂t

= Vm'(MMoCr'
δF

δcCr

+ MMoAl'
δF

δcAl

+ MMoMo'
δF

δcMo

)

where ci(r, t) denotes the nominal composition of the i element (i = Fe, 
Cr, Al, Mo), r and t are the spatial coordinates and time, Vm is the molar 
volume, M is the chemical mobility, and the total free energy, F, can be 
expressed with Eq. (2) [31,32]: 

F =

+

v

{

1

Vm

[G+ κFe('cFe)
2 + κCr('cCr)

2 + κAl('cAl)
2 + κMo('cMo)

2]

}

dV

(2)  

where G is the molar Gibbs energy, κi is the gradient-energy coef昀椀cient 
of the i element. To simplify the calculation, the κi values are always 
assumed as κFe = κCr = κAl = κMo = a20 7 LFeCr/6, in which the a0 and 
LFeCr are the interatomic distance and the interaction parameter between 
Fe and Cr, respectively. And the expression for the G is expressed with 
Eq. (3) [33]: 
G =cFeGFe + cAlGAl + cCrGCr + cMoGMo + LFeCrcFecCr + LCrAlcCrcAl

+LFeAlcFecAl + LFeMocFecMo +LCrMocCrcMo +LAlMocAlcMo

+RTln(cFelncFe + cCrlncCr + cAllncAl + cMolncMo)

(3)  

where Gi is the molar Gibbs energy of the i element of pure state 
(reference state) [34], R is the gas constant, T is the absolute tempera-
ture, and Lij is the interaction parameter between different elements 
[35–37]. All of these parameters are all interpreted in the Supplemen-
tary Materials. In addition, the Mij in Eq. (1) is determined by the atomic 
mobility shown in Eq. (4) [38,39]: 
MCr,Cr = cCr [(1 − cCr)

2
MCr + cCrcAlMAl + cCrcFeMFe + cCrcMoMMo]

MAl,Al = cAl[(1 − cAl)
2
MAl + cAlcCrMCr + cAlcFeMFe + cAlcMoMMo]

MMo,Mo = cMo[(1 − cMo)
2
MMo + cMocCrMCr + cMocFeMFe + cAlcMoMMo] (4)  

MCr,Al = cCrcAl[cFeMFe −(1− cAl)MAl −(1− cCr)MCr + cMoMMo]

MCr,Mo = cCrcMo[cFeMFe + cAlMAl −(1− cCr)MCr −(1− cMo)MMo]

MAl,Mo = cAlcMo[cFeMFe + cCrMCr −(1 − cAl)MAl −(1− cMo)MMo]

where Mi is the atomic mobility of the i element and determined with Eq. 
(5) [40]: 

Mi = exp(
RTlnM0

i − Qi

RT
)

1

RT
(5)  

where M0
i and Qi are the frequency and activation energy of the i 

element. Supposing that ∅α = RTlnM0
i − Qi (α = Fe, Cr, Al, Mo), the 

speci昀椀c formula is described with Eq. (6) [41]: 

∅α =
3

i

ci∅
i
α +

3

i

3

j>i

cicj

[

3

m

r=0

r∅i,j
α

(

ci − cj

)r

]

+
3

i

3

j>i

3

k>j

cicjck

[

vs
ijk

s∅i,j,k
α

]

(6)  

where ∅i
α is the value of the α element in a pure i element, r∅i,j

α 

and s∅i,j,k
α are the binary and ternary interaction parameters. For 

simplicity, the ternary interaction parameters among three elements in 
Eq. (6) was generally neglected, where the detailed calculations for the 
related parameters were presented in the Supplementary Materials 
[42–45]. 

The above parameters should be non-dimensionalized for the simu-

Fig. 2. Concentration distributions of elements (Fe, Cr, Al, Mo) in the α′ phase 
for typical Fe-15.625Cr-9.375Al (a) and Fe-14.583Cr-9.375Al-1.042Mo 
(b) alloys. 

B. Niu et al.                                                                                                                                                                                                                                      



Materials Today Communications 38 (2024) 108431

5

lation, being: 
r7 = r/l  

t7 = tD
/

l2  

M7
ij = RT0Mij

/

D (7)  

G7 = G/RT0  

κ7 = κ
/

RT0l2  

l = a0 = aFecFe + aCrcCr + aAlcAl + aMocMo  

where the lattice parameters are aFe = 2.866×10−10 m, aCr =

2.882×10−10 m, aAl = 4.049×10−10 m, and aMo = 3.146×10−10 m [46], 
respectively. D = 2.4×10−25 m2/s is adopted as the normalization fac-
tor, and T0 = 875 K is the critical temperature for the α-α′ phase sepa-
ration in the Fe-Cr-Al-based alloys. To induce this phase separation, a 
random thermal 昀氀uctuation with a magnitude of [−0.002, 0.002] was 
introduced into the initial composition, and the time step is Δt7 = 1. 

3.2. Radiation-enhanced diffusion 

In order to investigate the α-α′ phase separation in the Fe-Cr-Al-based 
alloys under an irradiation environment, we coupled the radiation- 
enhanced diffusion (RED) model developed by Odette into the PF 
method [47]. The ballistic effect is not considered because the irradia-
tion acceleration effect is much greater than the ballistic effect in low Cr 
alloys. In the RED model, the expression of the atomic mobility was 
modi昀椀ed by considering the vacancy concentration under irradiation 
and the effect of vacancy on the atomic-diffusion coef昀椀cient, which is 

expressed with Eq. (8) [48]: 

M = Xr
V

Mth

Xe
V

+ Mth (8)  

where Mth is the atomic mobility without irradiation, Xr
V is the non- 

equilibrium vacancy concentration under irradiation condition, and 
Xe

V is the vacancy concentration in a thermodynamic equilibrium state. 
Among them, the expression of Xr

V can be written with Eq. (9) [47]: 

Xr
V =

gsξσdpaφ

DV St

(9)  

where gs is the vacancy-survival fraction, σdpa is the dpa cross- 
section, φ is the irradiation 昀氀ux, ξ is the cascade ef昀椀ciency, St is the 
total sink strength, including the contributions from both the disloca-
tions (Sd) and vacancy clusters (Sc). The former can be characterized by 
the dislocation density and the latter can obtained by the saturated sink 
strength of vacancy clusters. DV is the vacancy-diffusion ef昀椀cient and 
expressed with Eq. (10) [48]: 
DV = 10−4exp[ −Em

/

(kT)] (10)  

where Em is the vacancy-migration energy. And we chose a much simpler 
expedient to calculate the gs as a function of the irradiation 昀氀ux φ, which 
has been applied widely, being described with Eq. (11) [49]: 
gs(φ) = gs(φr)(φr/φ)p (11)  

where φr = 3×1015 m−2/s is determined as the low reference 昀氀ux, and p 
= 0.2 is an empirical scaling exponent. It is noted that the gs(φr) is al-
ways close to 1 at a low 昀氀ux (negligible recombination) [49]. All these 
parameter values involved in the RED model are listed in Table 2 
[47–50]. 

Fig. 3. Variations of the average particle size and volume fraction of α′ nanoprecipitates in different alloy series, Fe-xCr-Al (Cr-series, a), Fe-Cr-xAl (Al-series, b), and 
Fe-Cr-Al-Mo (Mo-series, c) with the aging time at 573 K, and with the irradiation dose in Fe-15.625Cr-9.375Al alloy (d) at different dose rates. 
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3.3. Description of phase-昀椀eld simulations 

The microscopic PF model was employed to simulate the α′ precipi-
tation (α-α′ phase separation) of Fe-Cr-Al and Fe-Cr-Al-Mo alloys with 
different Cr, Al, and Mo contents at 573 K. The simulation cells are 200 
× 200 and 250 × 250 for ternary alloys (Cr series and Al series) and 
quaternary alloys (Mo series), respectively, in which the length of one 
cell represents 0.3 nm. And periodic boundary conditions were 
employed along each direction. Moreover, the PF model under irradia-
tion conditions by coupling both the Cahn-Hilliard and RED equations 
was employed to simulate the α′ precipitation in the current alloys at 
573 K with the irradiation dose up to 10 dpa and the dose rate of 1×10−7 

~ 1×10−4 dpa/s. In order to simulate the α-α′ phase separation, we will 
solve the Cahn-Hilliard equation with the 昀椀nite element method, which 
is executed by the partial differential equation (PDE) module in a 
COMSOL Multiphysics software [51]. The time t in the result is obtained 

by bringing the simulation output time step t* into Eq. (7), i.e., t =

t7l2/D. The statistical analysis of the particle morphology of precipitates 
in different states were measured from the simulated images using the 
Image-Pro Plus 6.0 software, in which the volume fraction of particles 
was estimated by the projected areal fraction, Af, i.e., f = 2Af/3, and the 
average particle size was estimated by r =

����

Af
πn

:

(n is the number of 
precipitated particles). 

4. Results 

4.1. Precipitation of the α′ phase in designed alloys at 573 K without 
irradiation 

4.1.1. α′ precipitation in Cr-series of alloys 
Fig. 1 presents the evolution of α′ precipitates in the designed Cr- 

series of alloys (15Cr, 22Cr, 28Cr, and 40Cr) with the aging time (0.3 

Fig. 4. Evolution of α′ nanoprecipitates in Fe-15.625Cr-xAl (at%) alloys (Al-series) with aging time at 573 K. (a): x = 6.25 (6Al), (b): x = 8.125 (8Al), (c): x = 12.5 
(12Al), and (1): t = 0.6×104 h, (2): t = 1×104 h, (3): t = 5×104 h. 
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~ 1×104 h) at 573 K. The red and blue colors represent the Cr-rich α′ 

phase and Fe/Al-rich BCC-α ferritic matrix, respectively, in which the 
two-dimensional domain boundaries are periodic in every direction. It is 
emphasized that the Cr concentration in the α′ phase is higher than 90 at 
%, while the Al element is obviously segregated into the BCC-α matrix, 
as seen in Fig. 2(a). When the Cr content is lower, it is dif昀椀cult to pre-
cipitate the α′ nanoparticles in the 15Cr alloy (Fe75Cr15.625Al9.375 at%) 
after 0.3×104 h-aging, but the Cr-enriched clusters appear, as presented 
by the black arrows in Fig. 1(a-1). With increasing the aging time to 
0.6×104 h, the spherical α′ nanoparticles precipitate from the α matrix 
with an average size of r = 0.7 nm and a lower volume fraction of f =
1.4% (marked with white arrows in Fig. 1(a-2)). Further prolonging the 
time to 1×104 h, both the particle size and volume fraction of α′ particles 
increase, being r = 1.0 nm and f = 5.1% (Fig. 1(a-3)). When the Cr 
content is higher than 20 at%, it is easy to precipitate the α′ nano-
particles, as seen in 22Cr, 28Cr, and 40Cr alloys (Fig. 1(b~c)). For 

example, the volume fraction and particle size in the 28Cr alloy have 
already reached f = 8.7% and r = 0.6 nm in a 0.3×104 h-aged state, 
respectively. By comparing these alloys in a 1×104 h-aged state, it can 
be found that the volume fraction of the α′ phase increases with the Cr 
content, as evidenced by f = 8.2% in 22Cr and f = 12.6% in the 40Cr 
alloy. While the particle sizes of spherical α’ precipitates in these alloys 
are comparable, being. 

r = 0.9 ~ 1.0 nm. It is noted that in the 40Cr alloy, the α′ precipitates 
exhibit a worm-like morphology, rather than the spherical shape, which 
is ascribed to the difference of phase transition mechanisms induced by 
the larger difference in the free energies (G) between α and α′ phases of 
different Cr content alloys. In fact, low Cr (< 15Cr) alloys usually exhibit 
a nucleation growth mode (∂2G

∂c2
Cr
> 0), while high Cr alloys (> 20Cr) 

exhibit spinodal decomposition mode (∂2G
∂c2

Cr
< 0). Fig. 3(a) exhibits the 

Fig. 5. Evolution of α′ nanoprecipitates in Fe-(15.625-x)Cr-9.375Al-xMo (at%) alloys (Mo-series) with aging time at 573 K. (a): x = 0.31 (0.3Mo), (b): x = 1.042 
(1.0Mo), (c): x = 1.736 (1.7Mo), and (1): t = 1×104 h, (2): t = 3×104 h, (3): t = 5×104 h, (4): t = 1×105 h. 
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variations of both the particle size and volume fraction of α′ precipitates 
with the aging time up to 5×104 h. And the time for the alloy to start 
precipitating the α′ phase is counted to evaluate the rate of phase 

separation at different Cr contents, and this time is named as the incu-
bation time tI. It is found that the incubation time (tI) of α′-phase pre-
cipitates decrease from 5000 h in the 15Cr alloy, to 300 h in the 22Cr 
alloy, then to 200 h in the 28Cr alloy, which indicates that the increase 
of the Cr content can accelerate the precipitation of the α′ phase. After 
1×104 h-aging, the volume fraction of α′ precipitates in each alloy did 
not vary with the aging time, implying that the microstructures in this 
series of alloys are stable. In addition, the number density of precipitates 
increases slightly from the 4.3×1024 m−3 in the 15Cr alloy to 5.7×1024 

m−3 in the 22Cr alloy and 1.2×1025 m−3 in the 28Cr alloy, as seen in 
Fig. S1 (the Supplementary Materials). All these results indicate that the 
increase of the Cr content can promote the precipitation of the α′ phase. 

4.1.2. α′ precipitation in Al-series of alloys 
In order to explore the effect of the variation of Al content in Fe-Cr-Al 

alloys on the α′ phase precipitation, the Al-series of alloys with the 
compositions of Fe-15.625Cr-xAl (x = 6.25, 8.125, and 12.5 at%) were 
selected, being designated as 6Al, 8Al, and 12Al, respectively, in which 
the Cr content was 昀椀xed at a moderate value. Fig. 4 gives the 
morphology evolution of Cr-rich α′ precipitates with the aging time (0.6 
~ 5×104 h) at 573 K, from which it can be seen that the spherical α′ 

nanoparticles in this series of alloys do not precipitate from the BCC-α 

matrix until 0.6×104 h-aging. Fig. 3(b) describe the variations of the 
particle size and volume fraction of α′ nanoparticles with the aging time, 
showing an increasing tendency to 1×104 h and then being constant 
even when the time prolongs to 5×104 h in each alloy. Furthermore, the 

Fig. 6. Evolution of α′ nanoprecipitates in Fe-15.625Cr-9.375Al and Fe-13.889Cr-9.375Al-1.736Mo alloys irradiated to 10 dpa at different dose rates. (1): 1×10−4 

dpa/s, (2): 1×10−5 dpa/s, (3): 1×10−6 dpa/s, and (4): 1×10−7 dpa/s. 

Fig. 7. Variation of the average particle radius (r3) with the aging time in 
designed alloys, in which the 昀椀tted coarsening rate constant K and coef昀椀cient of 
determination R2 are also marked. 
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volume fraction values of α′ precipitates do not vary with the Al content, 
remaining a lower value of f = 6 ~ 7%. However, the particle size re-
duces slightly with the Al, as presented by r = 1.8 nm for 6Al, r = 1.7 nm 
for 8Al, and r = 1.4 nm for 12Al in a 5×104 h-aged state, respectively. 
Combined with the basic Fe-15.625Cr-9.375Al alloy, the addition of Al 
can effectively inhibit the coarsening of α′ nanoparticles, i.e., reducing 
the risk of the α-α′ phase separation. 

4.1.3. α′ precipitation in Mo-series of alloys. 
Fig. 5 shows the morphology evolution of α′ precipitates in the Mo- 

containing alloys with the compositions of Fe-(15.625-x)Cr-9.375Al- 
xMo (x = 0.31, 1.042, and 1.736 at%) during aging at 573 K, in which 
the microstructural variation of the basic Fe-15.625Cr-9.375Al alloy 
without Mo was also given for comparison. It is found that the variation 
of α′ precipitates with aging time in the 0.3Mo alloy is similar to that in 
the basic alloy, and the particle size and volume fraction are also com-
parable with f = 6.9% and r = 2.2 nm in the 1×105 h-aged state for the 
0.3Mo alloy and f = 6.8% and r = 1.9 nm for the basic alloy, which 
shows that low Mo content have less effect on phase separation. How-
ever, with increasing the Mo content, the incubation time for α′ pre-
cipitation will be prolonged, as evidenced by the fact that the incubation 
time increases from 0.5×104 h in the 0.3Mo alloy, to 2×104 h in the 
1.0Mo alloy, then to 5×104 h in the 1.7Mo alloy. It indicates that the 
addition of Mo to substitute for Cr can obviously delay the precipitation 
of the α′ phase. Although the volume fraction values of α′ precipitates in 
this Mo-series of alloys are comparable (f = 6 ~ 7%) after a long-time 
(1×105 h) aging, the particle size increases signi昀椀cantly with the Mo 
content, being from r = 2.2 nm in 0.3Mo to r = 3.2 nm in 1.0Mo, and 
then to r = 4.3 nm in the 1.7Mo alloy (Fig. 3(c)). More clearly, the 

number density of particles decreases from 1.4×1024 m−3 in the 0.3Mo 
alloy to 1.8×1023 m−3 in the 1.7Mo alloy (Fig. S1), which means that the 
latter is one tenth of the former. Although the particle size increased 
signi昀椀cantly with the increase of Mo content, the incubation time of α′ 

precipitation was prolonged, which signi昀椀cantly inhibited phase sepa-
ration. Therefore, it can be deduced that the Mo content should be 
tailored to an appropriate value (1 ~ 2 at%) for inhibiting both the 
precipitation of the α′ phase and the coarsening of α′ particles. 

In addition, the elemental distribution in the 1.0Mo alloy was also 
analyzed, as presented in Fig. 2(b), from which it can be seen that the Cr 
element is primarily segregated in the α′ phase with the content 
exceeding 90 at%, being consistent with that in the basic alloy (Fig. 2 
(a)). Interestingly, the Mo element is mainly enriched at the interface 
between α and α′ phases, neither in α nor α′. Such a phenomenon has 
been veri昀椀ed in the existing experimental results, as exempli昀椀ed that the 
Mo element was enriched at the interface between the residual FCC 
austenitic phase and the BCC martensitic matrix in the Fe-11Cr-8Ni-5Co- 
2.5Mo alloy (wt%). Intrinsically, it was controlled by the diffusion of 
alloying elements [52]. 

4.2. Precipitation of the α′ phase in designed alloys at 573 K with 
irradiation 

In order to investigate the α-α′ phase separation under an irradiation 
environment, we simulated the morphology evolution of α′ precipitates 
in irradiated Fe-Cr-Al-based alloys (the basic alloy and 1.7Mo alloy) 
with different irradiation doses (1 ~ 10 dpa) and dose rates (1×10−7 to 
1×10−4 dpa/s), as presented in Figs. 6 and 3(d). For the basic Fe- 

Fig. 8. Equilibrium-phase diagrams of Fe75Cr15.625Al9.375 (a), Fe71.875Cr15.625Al12.5 (b), and Fe75Cr13.889Al9.375Mo1.736 (at%) (c) alloys calculated by the Pandat 
software [54], in which the volume fraction values of α′ nanoprecipitates in the designed alloys obtained from phase diagrams were compared with those calculated 
from phase-昀椀eld simulations, as presented in (d). 
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15.625Cr-9.375Al alloy, the irradiation accelerates the precipitation and 
coarsening of α′ particles, as evidenced by the fact that the incubation 
time for the α′ precipitation was reduced drastically from 5000 h in the 
aged state to 2 ~ 388 h in the irradiated state with different dose rates of 
1×10−7 ~ 1×10−4 dpa/s. Moreover, the average particle size increases 
from r = 1.5 nm in a 1 dpa-irradiated state with the dose rate of 1×10−4 

dpa/s (2.77 h in Fig. 6(a-1)) to r = 2.4 nm in a 10 dpa-irradiated state 
(27.7 h in Fig. 6(b-1)), while the particle size in the aged state is only r =
1.0 nm even after 1×104 h-aging. Besides the irradiation dose, the 
irradiation dose rate has also a signi昀椀cant in昀氀uence on the α′ precipi-
tation. The incubation time for the α′ precipitation could be reduced 
with the increase of the dose rate, being from 388.8 h (0.14 dpa) at the 
rate of 1×10−7 dpa/s, to 69.4 h (0.25 dpa) at 1×10−6 dpa/s and to 8.3 h 
(0.3 dpa) at 1×10−5 dpa/s, then to 1.4 h (0.5 dpa) at 1×10−4 dpa/s, 
progressively. A similar trend also occurs in the particle size, from r =
2.9 nm at 1×10−7 dpa/s to r = 2.4 nm at 1×10−4 dpa/s. However, the 
volume fraction of α′ precipitates does not vary with the irradiation dose 
rate, still remaining a lower value of f ~ 7%. For the 1.7Mo alloy, there 
does not appear the α-α′ phase separation after being irradiated to 1 dpa 
at the different dose rates of 1×10−7 ~ 1×10−4 dpa/s. Even after being 
irradiated up to 10 dpa, the α-α′ phase separation is not obvious yet at 
high dose rate (1×10−5 ~ 1×10−4 dpa/s), which could occur at a 
relatively-low dose rate (< 10−6 dpa/s) alone (Fig. 6(c)). Among them, 
the average particle size and volume fraction of α′ precipitates are r =
5.7 nm and f = 7.3% at the dose rate of 1×10−7 dpa/s. All these results 
indicate the irradiation dose can accelerate the precipitation of the α′ 

phase in low-Cr alloys, while the irradiation dose rate plays an opposite 

role for the α-α′ phase separation, which is dif昀椀cult to occur at a high 
dose rate of 1×10−5 ~ 1×10−4 dpa/s for the Fe-Cr-Al-Mo alloy. 

5. Discussion 

5.1. Coarsening kinetics of α′ precipitates in designed alloys 

From above observations, it is known that the volume fraction of α′ 

particles in the current alloy series remains almost constant with the 
aging-time prolonging. Thus, the classic Ostwald ripening theory pro-
posed by Philippe and Voorhees (PV theory) could be applied to study 
the coarsening behavior of α′ particles [53]. Such a time-dependent 
coarsening process could be described with the following Eq. (12): 
r(t)3 − r(t0)

3 = K(t− t0) (12)  

where r(t) is the average particle radius at time t, K is the coarsening rate 
constant, t0 represents the beginning time of coarsening. Fig. 7 gives the 
variation of the size (r3) of α′ particles with the time (t) in different series 
of alloys, which could be well 昀椀tted by the PV theory. It is found that the 
values of the coarsening-rate constant in these current alloys are all 
comparable, within a range of K = (4.5 ~ 8.0)×10−5 nm3/h. In addition, 
since the α′ particles are mainly enriched by the Cr element, and the 
coarsening process of α′ nanoparticles might be related to the atomic 
mobility of Cr in the BCC matrix. In fact, the atomic mobility of Cr 
calculated by Eq. (5) in each alloy series are also within a narrow range 
of (5.3 ~ 13.0)×10−28 m2/s. Therefore, the coarsening behavior of α′ 

Fig. 9. (a): Miscibility gaps (solid lines) in different Fe-Cr-Al-Mo alloys, in which the dotted line in each miscibility gap divides the α-α′ phase separation into the 
nucleation-growth (NG) mode and spinodal-decomposition (SD) mode, and the schematic diagrams of the concentration change for NG and SD modes are given in (a- 
I) and (a-II) [56]; (b, c): Variations of the Cr content in the α′ phase with the aging time in the NG mode for the Fe-15.625Cr-9.375Al alloy and SD mode for the 
Fe-28.125Cr-9.375Al alloy. 
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nanoparticles in these alloy series is similar, showing a comparable 
coarsening rate during the thermal-aging process. 

5.2. Effect of alloying elements on α′-phase precipitation in designed 
alloys 

The thermodynamic-phase diagram calculations were conducted to 
study the effect of alloying elements on the phase constitution in the 
designed alloys, as presented in Fig. 8, giving the equilibrium phase dia-
grams of typical Fe75Cr15.625Al9.375, Fe71.875Cr15.625Al12.5, and 
Fe75Cr13.889Al9.375Mo1.736 (at%) alloys calculated by the Pandat thermo-
dynamic software [54]. It can be seen that the α′-Cr phase exists in all these 
alloys when the temperature is below 723 K. Moreover, the molar fraction 
of the α′ phase drops from 9.8% in the 9.375Al alloy to 8.0% in the 12.5Al 
alloy with increasing the Al content. When the Mo element was added to 
replace the Cr, the molar fraction of α′ drops down to 5.8% in the 1.7Mo 
alloy obviously. Also, the hexagonal Fe2Mo Laves phase (MgZn2-type) 
exists within a wide temperature range of 573 ~ 1073 K (Fig. 8(c)), which 
has been proved by existing studies that the addition of Mo could form the 
Fe2Mo Laves phase [1,3]. The current PF simulation results (Figs. 4 and 5) 
indicate that both Al and Mo elements could inhibit and delay the pre-
cipitation of the α′ phase, which is consistent with the thermodynamic 
calculations. Fig. 8(d) gives a comparison of the volume fraction of the α′ 

phase calculated by the PF method and the thermodynamic calculations, 
and the maximum deviation is about ~ 4%, which could be acceptable 
when considering the statistical and computational errors. 

In order to further analyze the in昀氀uence of different elements on the 
α-α′ phase separation in Fe-Cr-Al-based alloys, the miscibility gaps in 

Fig. 10. (a): Variation of the incubation time (lntI) for α′ precipitation with the content of Al or Cr in designed alloy series; (b): Variations of the driving force (ΔG) for 
the α-α′ phase separation and the atomic mobility of Cr (MCr) with the content of alloying element in designed alloy series; (c): Relationship between lntI and ΔG*MCr 
for the α′ precipitation; and (d): Variation of MCr in the designed alloys with the irradiation dose rate. 

Fig. 11. Comparison of the average particle radius r and number density Nv of 
α′ nanoprecipitates in Fe-Cr-Al-Mo alloys obtained from the experimental re-
sults with those from the PF simulations, in which the experimental results were 
taken from Refs. [9,61]. And the hollow data points represent the number 
density, solid data points represent the particle size. 
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different alloys were drawn in Fig. 9(a), where the solid line is obtained 
by calculating the common tangent region on the energy curve and the 
dashed line is derived by calculating the region of ∂2G

∂c2
Cr
< 0 [55]. The α-α′ 

phase separation occurs in the range of 3 ~ 96 at% Cr for the Fe-Cr 
binary system below 770 K (a black solid line), while the addition of 
Al in Fe-Cr binary alloys can reduce both the critical temperature 
(728 K) and the composition region (4 ~ 88 at% Cr, red line) of phase 
separation. And the addition of Mo further decreases the critical tem-
perature down to 700 K, and the miscibility gap is in the range of 4 ~ 
86 at% Cr (blue line). The shrinkage of the miscibility gap implies that 
the α-α′ phase separation is more dif昀椀cult to occur with the additions of 
Al and Mo elements. In fact, there are two mechanisms of 
nucleation-growth (NG) and spinodal decomposition (SD) in the misci-
bility gap (Fig. 9(a-I, a-II)), in which the range marked within dotted line 
is controlled by the SD mechanism and the range between the solid and 
dotted lines is controlled by the NG mechanism [56]. For the Cr-series of 
Fe-xCr-9.375Al alloys, with increasing the Cr content, the phase pre-
cipitation could change from the NG to SD mode, as evidenced by the 
positions of alloy compositions in Fig. 9(a). It can be seen that the 
change of the Cr concentration of the α′ phase near the interface region 
in the 15Cr alloy shows a downhill diffusion, as marked with red arrows 
in Fig. 9(b). The interface between the α and α′ phases is obvious at the 
initial stage during aging and the width of particles increases gradually 
with the aging time, which is consistent with the concentration variation 
of the typical NG mode. By contrast, the Cr concentration near the α-α′ 

interface in the 28Cr alloy shows an uphill diffusion (Fig. 9(c)) since 
there is no obvious interface between α/α′ and the composition 昀氀uctu-
ation is continuous, belonging to the typical SD mode. 

Besides, the modulation of alloying elements M (M = Cr, Al, and Mo) 
also affects signi昀椀cantly the incubation time of the α-α′ phase separation. 
Fig. 10(a) shows the variation of the incubation time (tI) for α′ precipi-
tation with the M content. Obviously, the incubation time, ln (tI), de-
creases with the increase of Cr content, while it increases with the Mo 
content. And the change of Al has little effect on the incubation time 
since the ln(tI) values keep almost constant. Moreover, the effect of M 
elements on the α-α′ phase separation was also illustrated from the 
viewpoints of both thermodynamics (Gibbs free energy) and kinetics 
(atomic mobility). Fig. 10(b) gives the values of the driving forces for the 
phase transformation from the α to α+α′ (ΔG = |Gα-Gα+α’|) and the 
atomic mobility of Cr element (MCr) in the Cr-series, Al-series, and Mo- 
series of alloys, where the ΔG was obtained from the Gibbs free-energy 
curve drawn with Eq. (3) (Fig. S2), and the MCr was calculated with Eq. 
(5). It can be seen that the driving force, increases from ΔG = 103 J/mol 
in the 15Cr alloy to ΔG = 250 J/mol in the 28Cr alloy, and drops 
drastically down to ΔG = 35 J/mol in the 1.7Mo alloy. However, the ΔG 
values don’t vary with the Al content, being ΔG ~ 100 J/mol. For the 
atomic mobility of the Cr element, it slightly decreases with the M 
content in each alloy series with the value in the range of (5.3 ~ 13.0)×
10−28 m2/s. So, it could be predictable that the ln (tI), ΔG, and MCr 
follows the relationship of lntI ∝ 1/(ΔG*MCr), as presented in Fig. 10(c), 
which was obtained by 昀椀tting the current data. This declining trend is in 
a good consistence with the simulated results (the inset of Fig. 10(c)). It 
is noted that there exists a slight difference in the 28Cr alloy, which 
might be ascribed to that the mechanism of the α-α′ phase separation is 
dominated by the spinodal decomposition, rather than the nucleation 
and growth mode. Therefore, the increase in the incubation time, tI, for 
the α′ precipitation is related to the decrease of ΔG and MCr, which could 
be realized by tailoring the content of alloying elements. 

5.3. Effect of irradiation on α-α′ phase separation 

By comparing the simulated results under thermal-aging conditions 
with those under irradiation, the α-α′ phase separation is indeed accel-
erated by irradiation. Experimentally, both neutron and heavy-ion ir-
radiations can produce a large amount of vacancies and interstitials, 

which seriously accelerates the diffusion of alloying elements [15]. 
Thus, the RED model was introduced to establish the relationship be-
tween the diffusion coef昀椀cient and irradiation-dose rate to uncover the 
effect of the irradiation dose on the phase separation. Fig. 10(d) gives 
the atomic mobility of the Cr element MCr under different dose rates, 
from which it can be seen that the MCr in the Fe-15.625Cr-9.375Al alloy 
increases from the 1.07×10−27 m2/s in a non-irradiated state to 
1.97×10−26 m2/s at the dose rate of 1×10−7 dpa/s, and then to 
2.95×10−23 m2/s at 1×10−3 dpa/s, which ultimately leads to a signi昀椀-
cant acceleration of the α-α′ phase separation with the incubation time 
reduced from 5000 h in the aged state to 2 ~ 388 h in the irradiated 
states. And the same trend was also observed in the Fe-Cr-Al-Mo alloy 
(Fig. 10(d)). Compared with heavy-ion irradiation with a high dose rate 
(~ 1×10−3 dpa/s), the neutron irradiation with a lower dose rate (~ 
1×10−7 dpa/s) will more easily to induce the phase separation at the 
same irradiation dose due to that the low dose rate leads to a longer 
irradiation time. In fact, this trend has been demonstrated by existing 
experimental results that the α′ phase appeared in Fe-15Cr alloy after 
being neutron-irradiated to 1.82 dpa with a dose rate of 3.4×10−7 dpa/s 
and at 573 K, while it did not appear when being irradiated by Fe ions 
even up to 60 dpa with a dose rate of 1×10−4 dpa/s [10,57–60]. 

In order to verify the accuracy of the current phase-昀椀eld model, the 
α′-phase precipitation in existing Fe-18Cr-5.8Al, Fe-15Cr-7.7Al and Fe- 
22Cr-9.64Al-1.52Mo (at%) alloys after being irradiated at different 
temperatures (593 ~ 653 K) with different doses (0 ~ 7 dpa) and the 
dose rate of ~ 7.9×10−7 dpa/s were simulated, as presented in Figs. S3 
and S4, in which the related experimental results were also reproduced 
[9,61]. The simulated results were then compared with the experiments, 
including the number density (Nv) and particle size (r) of α′ nano-
precipitates, as shown in Fig. 11. It can be seen that the Nv value of α′ 

nanoprecipitates in each alloy obtained by the simulation keeps in an 
order of magnitude with the experimental result (1×1024 ~ 1×1025 

m−3), and the particle sizes in both cases are also well consistent with 
the deviation less than 1 nm. Therefore, the current RED-embedded 
phase-昀椀eld model can well simulate and predict nuclear 
Fe-Cr-Al-based alloys under both thermal-aging and irradiation 
conditions. 

6. Conclusions 

The present work applied the phase-昀椀eld method based on the Cahn- 
Hilliard equation and radiation-enhanced diffusion model to simulate 
the α-α′ phase separation in nuclear Fe-Cr-Al-based alloys. Three series 
of alloys, Fe-xCr-9.375Al (Cr-series), Fe-15.625Cr-xAl (Al-series), and 
Fe-(15.625-x)Cr-9.375Al-xMo (Mo-series), were designed to reveal the 
effect of alloying elements (Cr, Al, and Mo) on the α′ precipitation under 
both thermal-aging and irradiation conditions. The following conclu-
sions could be drawn.  

1) The α-α′ phase separation is closely related to the species and 
amounts of alloying elements during thermal aging. The increase of 
Cr content in Cr-series of alloys accelerates the α-α′ phase separation, 
as evidenced by the increase in the volume fraction of α′ nano-
precipitates (from 5.1% in 15Cr to 12.6% in 40Cr) and the reduction 
in the incubation time for α′ precipitation (from 5000 h in 15Cr to 
200 h in 28Cr) when aging at 573 K. The change of Al content in Al 
series of alloys can effectively inhibit the coarsening of α′ nano-
particles with the volume fraction (6 ~ 7%) and incubation time 
(5000 ~ 6000 h) keeps almost constant. While the substitution of Mo 
for Cr can obviously delay the phase separation in Mo series of alloys 
since the incubation time extends from 0.5×104 h in 0.3Mo to 5×104 

h in the 1.7Mo alloy. In addition, the particle sizes of α′ precipitates 
in all these series of alloys show a gradually increasing trend with the 
value in the range of r = 1 ~ 3 nm.  

2) The irradiation accelerates the α-α′ phase separation signi昀椀cantly, 
which is closely related to both the irradiation dose and dose rate. 
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The incubation time for α′ precipitation reduces to 2 ~ 388 h (0.14 ~ 
0.5 dpa) in 15Cr alloy at the dose rate of 1×10−7 ~ 1×10−4 dpa/s, 
and the particle size is coarsened up to 2.4 ~ 2.9 nm after being 
irradiated to 10 dpa, which is ascribed to the increase in the atomic 
mobility of the Cr element caused by the radiation-enhanced diffu-
sion. By contrast, the Fe-13.899Cr-9.375Al-1.736Mo alloy possesses 
the best irradiation resistance due to that the α′ precipitation is not 
obvious yet even after being irradiated up to 10 dpa at a high dose 
rate (> 1×10−5 dpa/s), which occurs at a relatively-low dose rate (<
10−6 dpa/s) alone.  

3) The analysis on the in昀氀uencing factors of the α-α′ phase separation 
demonstrates that the incubation time (tI) for the α′ precipitation is 
strongly dependent on the driving force (ΔG) of α→(α+α′) trans-
formation and the atomic mobility (MCr) of Cr element. The rela-
tionship between them follows a negative correlation of ln(tI) ∝ 1/ 
(ΔG*MCr).  

4) The present phase-昀椀eld model is also used to simulate the α-α′ phase 
separation in existing typical Fe-Cr-Al-based alloys in different irra-
diated states, and the simulations are well consistent with experi-
mental results. Therefore, the present phase-昀椀eld model can play a 
signi昀椀cant role in predicting the phase separation in novel nuclear 
Fe-Cr-Al-based alloys. 
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