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Abstract: Irradiation-induced point defects and applied stress affect the concentration distribution
and morphology evolution of the nanophase in Fe-Cr based alloys; the aggregation of point defects
and the nanoscale precipitates can intensify the hardness and embrittlement of the alloy. The influence
of normal strain on the coevolution of point defects and the Cr-enriched o’ nanophase are studied
in Fe-35 at.% Cr alloy by utilizing the multi-phase-field simulation. The clustering of point defects
and the splitting of nanoscale particles are clearly presented under normal strain. The defects loop
formed at the o/ o phase interface relaxes the coherent strain between the o/ of phases, reducing
the elongation of the Cr-enriched of phase under the normal strains. Furthermore, the point defects
enhance the concentration clustering of the o phase, and this is more obvious under the compressive
strain at high temperature. The larger normal strain can induce the splitting of an «’ nanoparticle
with the nonequilibrium concentration in the early precipitation stage. The clustering and migration
of point defects provide the diffusion channels of Cr atoms to accelerate the phase separation. The
interaction of point defect with the solution atom clusters under normal strain provides an atomic

scale view on the microstructure evolution under external stress.

Keywords: point defects; nanophase; normal strain; morphology; simulation

1. Introduction

An irradiation cascade reaction produces point defects in crystal materials. Point
defects are either intrinsic, as with vacancies, interstitial atoms, and their small clusters, or
extrinsic, as with impurities and dopants; they play a major role in materials’ properties and
microstructure evolution. Some properties of these point defects, such as their formation
and migration energies, are mainly determined by the region in the immediate vicinity of
defects where the crystal structure is strongly disturbed [1]. The formation of point defects
not only promotes the phase separation [2,3], but also produces the lattice misfit and the
elastic energy [4] to affect the morphology of the precipitated phase.

Furthermore, point defects can induce a long-range perturbation of the host lattice,
leading to an elastic interaction with other structural defects, impurities, or an applied
elastic field. Following the work of Eshelby et al. [5], the elastic model of a point defect can
be regarded as a spherical inclusion that is forced into a spherical hole of slightly different
size in an infinite elastic medium. The variations in the “size” and “shape” of point defects
with the strain field is described by assigning different elastic constants to the inclusion.
In the study of Clouet et al. [1], the elastic model was used to describe the evolution of a
point defect in an external elastic field, and the influence of a defect was discussed using
the dipole tensors.

The strain produced by the thermal or external stress has a substantial effect on the
phase separation and spatial morphology [6,7]. In the study of a monolayer alloy, the
strain can induce a structural phase transformation [8]. Furthermore, applied tensile
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or compressive stresses can induce the orientation morphologies of precipitates [9,10],
and directional coarsening is observed when annealed with tensile and compressive
stresses [11,12]. Prikhodko and Ardell found that applied compressive stress retards
the growth of the precipitates and widens the distribution of particle size [13,14]. However,
the interaction between the point defects and the nanophase under the applied strain is
still not clear; also, the morphology of the defects cluster and its effect on the evolution of
nanophase are not studied.

Fe—Cr-based stainless steels are used as the critical material in nuclear power plants
for their excellent resistance to oxidation, corrosion resistance, and mechanical properties;
both the Fe-enriched « and the Cr-enriched «’ phase with bcc structure are formed via
phase separation under high temperature, irradiation, or stress. Tong et al. studied the
morphology and kinetics evolution of the Cr-enriched o’ nanophase under multiaxial strain
by utilizing the three-dimensional phase-field simulation; they found that phase separation
is accelerated under unidirectional normal strain, and is only slowed down under triaxial
compressive strain [15]. When the precipitate’s size is at the nanoscale, the irradiation point
defects, such as vacancy and interstitial atoms, will essentially affect the atoms’ migrations,
and then the formation of a Cr-enriched & phase will be faster [16,17]. These Cr-enriched
o nanoscale precipitates can prevent the motion of dislocations, which causes an increase
in hardness [18]; thus, unfavorable thermal embrittlement will be produced [19]. However,
the evolutions of nanoparticles and point defects in Fe—Cr alloys under normal stress and
radiation are not clarified. Therefore, the effect of strain accompanied with irradiated
defects on the precipitation is an interesting question.

In addition, temperature influences the phase separation under strain and irradia-
tion. Zhu et al. found that the effect of applied strain is more obvious at high tempera-
ture [20], indicating that the initial stage phase separation is faster and that the elongation
of the particle is obvious at high temperature under applied strain. The strain can in-
duce the splitting of coherent precipitates in Ni-based superalloys close to the solvus
temperature [21,22], and the particle splitting based on the competition of the coherency
elastic energy and the interfacial energy was discussed by Lee [23]. This splitting of the v/
particle is caused by the stress relaxation of the internal misfit strain between the y” and y
phases, and an applied load affects the splitting direction [24]. However, the splitting of
the particle with the influence of point defects under the difference temperature is not well
studied. Therefore, the effect of temperature on the evolution of defects and the splitting of
nanoparticles needs further study in the strained system.

In view of previous studies regarding the irradiation defects and strains in phase
separation, the evolution of point defects and nanophase under the normal strain will be
studied in this work. The phase-field model is developed coupling with the production and
recombination of vacancy and interstitial atoms, and the external strains with the coherent
strain are incorporated. The effects of normal strain on the concentration evolution of
point defects and Cr in the Cr-enriched nanophase, and the shape change of the nanophase
around the defects loop are revealed. In addition, the splitting of nanoparticles with point
defects is presented with the temperature change.

2. Model and Methods
2.1. Elastic Strain Including Vacancy and Interstitial Atoms
The strain %, caused by the external stress influences the morphology of the nanophase,

which is introduced as part of the elastic strain. Therefore, the elastic strain can be calculated
by [25]
1 _ 0

where ¢;; is the heterogeneous strain, and ¢). is the eigenstrain caused by the compositional
heterogeneity and point defects and can be calculated by [4]

e} = d;j(e0Ac + evohey + enAcr) @)
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where §;; is the Kronecker-delta function. ¢y = % (%), evo = % (d%) and gy = % (%)
are the expansion coefficients of the lattice parameter due to the introduction of concen-
tration inhomogeneity, vacancy, and interstitial atoms [4], Ac = ccr — cg, where c¢y is the
concentration of Cr, ¢y is the initial average concentration of Cr, Acy, = ¢y — cio (m =V, 1),
¢y is the concentration of vacancy and interstitial atoms, and ¢, is the initial average

concentration of vacancy and interstitial atoms and can be calculated via [26]

f

cmo = exp(— ) ®)
where E,J; is the formation energy of defect. The vacancy and interstitial atoms are assumed
to occur concurrently; therefore, the concentrations of solution atoms and point defects
satisfy ccy + cy + c1 + cre = 1.0; cpe is the concentration of Fe. The variation of the stress-
free lattice parameter isa = (1 — ccy — ¢y — ¢1)ape + ccracy, Where acy and ag, are the lattice
parameters of Cr and Fe atoms. The elastic strain can be calculated using Hook’s law [27]

0’5-1 = Ci]'kls?} = (Cz('}kl + ACi]'klAC> (8‘?]» + 81‘]‘ — ‘S(i)j) (4)

where C?jkl is the average elastic modulus tensors and can be calculated by

Chy = AChy + (1= A)Chy @)

where A is the volume fraction of precipitates, and Cll;kl and C}\]./,[d are the elastic modulus
tensors of precipitates and matrix, respectively. AC;j is the difference of the elastic modulus
tensors and is given by
_ P M
ACiju = Cijig — Ciju (6)

In the Fe-Cr alloy system, the elastic constants of the precipitates are C}; = 3.5 x
10'1Pa, sz = 0.678 x 10''Pa and CL = 1.008 x 10''Pa, and those of the matrix are
CM =233 x 10"Pa, CM = 1.354 x 10! Pa and C}} = 1.178 x 10''Pa [28]. The elastic strain

is related to the displacement
. 1 auk aul
€ = 2<axl+axk) @)

Since the mechanical equilibrium with respect to elastic displacements is established
much faster than through any diffusion processes, for any given distribution of composition,
the system is always at mechanical equilibrium [29].

aaf}«l
an =0 (8)

Then, the elastic strain energy density can be calculated by

1 0 0
Ee = 5 Ciju (e‘l’] +ejj— ’31‘]‘) (e;‘d +ep — skl) )
2.2. Free Energy

The total free energy [30] includes the chemical free energy, gradient energy, and
elastic energy

{ o [ Glecr v i, T) + (Ve + Ginag }dv (10)

F(ccr, v, c1) = /
+5 | Vey 2 + 8 1Verl? + Eecar ey, e, T)

Vv

where G(ccy, ey, c1, T) is the molar Gibbs energy, chemical free density is Ec = G/ Vi,
and Vi, is the molar volume. k¢, is the gradient energy coefficients for the «/ o’ phase,
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where k¢, = érozLFeCr, and Lgecy is the interaction parameter between Fe and Cr, where
Lrecr = 20500 — 9.68T] mol~! [31]. ry is the interatomic distance and changes with concen-
tration. ky and ky are the gradient energy coefficients for vacancy and interstitial atoms,
where ky = kj = 6.91 x 1077] m ™! [4]. Then, the molar Gibbs energy can be written as

G(CCr/ cv,C1, T) = E{/CV + E{CI + CFeG%e + CCrG?jr + LFecrCcrCre
ART cerIncey + ey Iney + ¢y lnep+ (11)
(1—ccr—cy—c)In(l —cer — ey — )

where G, and G2 are the molar Gibbs free energies of the element of Fe and Cr, respectively.

E{, and E{ are the respective formation energies of vacancy and interstitial atoms, which
are taken as 2.24 eV and 3.03 eV [32]. Gmag represents the magnetic ordering contribution
to the Gibbs free energy [33]

Gmag =RT ln(ﬁ + 1)f(T) (12)

where f is the atomic magnetic moment in the Bohr magneton, dependent on the concentra-
tion of Cr, f = 2.22cp. — 0.008cc; — 0.85cpeccy, and f(7) satisfies the polynomial function
as follows [33]

—0.9053077 1 +1.0—0.1537° — 6.8 x 107377 —1.53 x 107371%, r < 1
f(r) = { (13)

—0.0641777° —2.037 x 10737715 — 40278 x 10~47t2°, 7 > 1

2.3. Phase-Field Model

The effect of irradiation on phase separation is accomplished via the defects action. So,
the field variations in the phase-field model are described by the concentration field of Cr
ccr (1, 1), vacancy cy (r, t), and interstitial atoms cy(r, t) through the Cahn-Hilliard diffusion
equation [34,35]

dccy(x, f) . oF
TG = VeV (MY ) e (14)
vt t) _ o (myviE ) 4y + Py — Ryp— Sy (15)
ot 5CV
F
dalrt) _ V'V MIV(L +é1+ P —Rvi—S1 (16)
ot (SCI

where r and t are the spatial coordinate and time, respectively, and M is the chemical
mobility of the Fe—Cr alloy and is given by Darken’s equation [36]

M = (CCrMFe + CFeMCr)CCrCFe (17)

where M; (i = Fe, Cr) is the atomic mobility of Fe or Cr, and can be expressed as M; = %,
where D; (i = Fe, Cr) is the diffusion coefficient of Fe or Cr, R is the gas constant, and T is
the absolute temperature. My and M are the chemical mobilities of vacancy and interstitial

atoms, respectively, which can be described by M; = C’k—[T)j (j =V,1), where D; (j=V,1)is
the diffusion coefficient of vacancy or interstitial atoms. ¢; (i = Cr, V,I) are the thermal
fluctuations to introduce the random distribution of concentration and point defects to
trigger the nucleation, and their magnitudes are set as 10~8. Py and P; are the production
rates of vacancy and interstitial atoms, respectively, which are taken as 1 x 1078 dpa/s [37].
Ry is the recombination rate of the vacancy and interstitial atoms [4,38], and is given by

4rtryy(Dy + D)

Ryy = a cver (18)
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where ryy is the recombination radius and is equivalent to the atomic radius, ry; = @.
Q) is the atomic volume. Sy and Sy are the sink rates of the vacancy and interstitial
atoms, respectively.

2.4. Numerical Calculation

By substituting Equation (10) into Equations (14)—(16) respectively, the evolution
equations of the solution atoms and point defects are given by

decr(r,t) oG 2 OEe
T =V | MV §CCr kCrv ccr + Vi §CCr + gCr (19)
¢ E
dev(nt) V| MyV G —mGVVZCV+Vm§ <) | +&v+Py—Ryi—Sy (20)
ot dey dey
d t E
Cl(rr ) =V|MV Jﬁ _ mGlvzcl + Vmb + 81+ P —Rvi— 51 (21)
ot der dci

For solving Equations (19)—(21) numerically, the following normalization parameters
are introduced, r* = /I, t* = tD/I?, M; = RTyM;/D, G* = G/RTy, k&, = ker/RTy12,

ki = Vinky /RTol?, ki = Vimk1/RTpl?, Ef = ViEc/RTy, Ef = VimEe/RT, V* = 52 = ﬁ
lZ

¢ = péi, PP = %Pi, R = %Ri, S; = %Si, where [ is the grid length of the simu-
lation cell and is set as the average lattice parameter of Cr and Fe, | = 0.29 x 10~° m.
D = 10726 m? s~ is the diffusion coefficient and is used for dimensionless, and Ty =900 K
is the critical temperature of spinodal decomposition of the Fe—Cr alloy [39]. The dimen-
sionless grid size is Ax* = Ay* = 1.0, and the 2D simulation cell is 64Ax* x 64Ay* with
the grid length Ax = Ay = I. The time step is Atx = 0.001. The semi-implicit Fourier
spectrum method is used to solve Equations (19)—(21) with a periodic boundary condition.
Barker et al. [40] concluded that the qualitative morphology is very similar between the
2D and 3D simulations when they discussed the effect of concentration on the spinodal
decomposition of the Fe—Cr alloys. Zhu et al. also showed that the morphology and the
dynamic evolution law of the o phase are similar for the 2D and 3D simulations under
the uniaxial strain [41], although the elasticity is inherently a 3D problem. In addition, in
the microstructure evolution of Ni-base superalloys during [110] creep loading, the 3D
simulation focuses on the microstructure formation, and more quantitative analyses are
performed in 2D simulation [42]. Therefore, the 2D simulation can provide reasonable
results and save more time in simulation.

3. Results and Discussion

The simulation starts from a particle with an initial concentration of 35 at.% Crin a
circle region with a radius of 5 [ and 25 at.% Cr in the other regions of the simulation cell,
which is to ensure that there is only one particle nucleation in the system, and that the
vacancy and interstitial atoms are randomly distributed in the simulation cell. The input
concentrations of vacancy and interstitial atoms are ¢}, = ¢l = 0and ¢l, = ¢l =1 x 1077 for
comparing the effects with and without defects.

3.1. & Phase Evolution with a Point Defects Loop under Normal Strain

In this section, the effects of normal strain on the concentration evolution of Cr in
the Cr-enriched « phase with the vacancy and interstitial atoms at 750K are studied. The
tensile and compressive strains show different results on the elongation of the o’ nanophase,
and are explained by the distribution of the elastic energy density in the system with defects
loop and nanophase.

Figure 1 shows the morphology of the Cr-enriched &’ nanophase and vacancy loop
at 750 K under normal trains €5, = 0, €5, = —0.025, and £}, = 0.025. Under the effect of
compressive strain €5, = —0.025 along the x*-axis, the &’ phase particle elongates along
the x*-axis, as shown in Figure 1b. When the tensile strain €, = 0.025 is along the x*-axis,
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the o phase particle is elongated along the y*-axis, as shown in Figure 1c. This orientation
of the o’ phase depends on the sign of the eigenstrain and the applied strain [43]. The
elongation direction under the tensile or compressive strain depends on whether the phase
is hard or soft, and the lattice mismatch of the precipitates is either positive or negative [44].
In the Fe—Cr alloy, the ' phase is the soft phase and the lattice mismatch is the positive
swelling coefficient [20], and so the orientation of the «’ phase is perpendicular to the
direction of tensile strain and parallel to the compression strain direction [15,45].

(a) 0.8
) 07
. 06
¢y =¢; =0
X 04
. 0.3
(d)
0.7
0.6 i i _-
¢y =c; =10
05
04
0.3
530
(8) "
17
e S (O
15
% 14 1.4 14
1
Y T_Q 13 13 13
x &, =0 & =—0.025 £ =0.025

Figure 1. Morphology of the Cr-enriched «’ nanophase (a—f) and vacancy (g-i) at 750 K for #* = 50.
(a—c)c, =c =0,(d-i) ¢}, =ct =1x1077. (a,dg) &3, =0, (beh) &2, = —0.025, (c.£,i) £, = 0.025.

When the point defects loop forms at the o/’ phase boundaries, as shown in
Figure 1g—i, the coherent relationship between the o and o phases is released, and the
egenstrain is reduced, so that the elongation of the Cr-enriched particle along the tensile
direction is weakened under normal strain, as shown in Figure 1e f. In the elastic model of
point defect [1], the relation of defect and elastic dipole is established via Kanzaki forces.
Kanzaki forces are applied to the atoms in the neighborhood of the point defect. Taking
vacancy as an example, when the atom is added in the vacancy reversely, a force is pro-
duced between the host atom and the neighbor atoms, which is contrary to the Kanzaki
forces. So, the point defect offsets the force between the neighbor atoms of the normal
crystal lattice, and the strain between the neighbor atoms of Fe and Cr is released. As a
result, the elongation of the particle around the defects loop is restricted.

To identify the particle shape change under the influences of normal strain and defects
loop, the distributions of local Cr concentration, cc;, are shown in Figure 2 along x* = 32 and
y* = 32, where, the L*" and LV" delegate the concentration width for cc; = 0.5 in the x*-axis
and y*-axis directions, respectively. Then, the aspect ratio k of the «’ phase is calculated
using the ratio of the particle’s length to width, i.e., k = L¥ /LY and k = LY" /L*" under the
compressive and tensile strains, respectively. When t* = 50, the concentration of Cr reaches
the equilibrium value 0.84 and 0.83 with and without strain, as shown in Figure 2.
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Figure 2. The concentration distributions of Cr in the «’ phase along x* = 32 and y* = 32 with and
without normal strain at 750 K for t* = 50. (a—c) civ = ciI =0, and (d-i) ciV = ci =1x10"7.

As the initial concentration of point defect increases from 0.0 to 1.0 x 107, when
€3, = 0, the aspect ratio k = 1 of the o’ phase, as shown in Figure 2a,d. When €%, = —0.025,
the aspect ratio decreases from 4.54 to 2.22 as the raising of the point defect concentration, as
shown in Figure 2b,e. The value of k decreases from 1.71 to 1.37 with the effect of the tensile
strain €%, = 0.025, as shown in Figure 2¢ f. Therefore, when there is a defects loop at the
interface of the ot/ o’ phase, the deformation of the Cr-enriched nanoparticle is weakened
under the compressive or tensile strain.

According to the results of rafting in the superalloys, the elastic energy is dominant in
the formation of the rafting morphology [11]. Therefore, the distribution of elastic energy
can clearly show the influence of strain on particle deformation with the point defects.
Figure 3 shows the dimensionless elastic energy density E; distribution along the direction
of the particle elongation through the center of the o’ phase under different strains at 750 K.
Points A and B show the peak values of the dimensionless elastic energy density E?, and
E}j at the interface regions of the a/ &’ phase, respectively.
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Figure 3. The dimensionless elastic energy density distribution through the center of «’ phase at
t* = 50 with and without point defects. (a) €5, = 0, (b) €%, = —0.025, and (c) &%, = 0.025.
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When €}, = 0, the E{ with defects is higher than that without defects, and the peak
value of the dimensionless elastic energy density increases from EX, = 1.4 x 1073 to
s = 2.7 x 1073 at the interface region, as shown in Figure 3a. The result indicates that,
when there is no normal strain, the E} at the interface region is elevated when there is a
defects loop, even if the coherent eigenstrain between the o/ o’ phase is reduced. However,
the vacancy or interstitial atom produces the negative eigenstrain to increase the elastic
strain. The large E; results in a higher concentration of Cr under €5, = 0, as shown in
Figure 4a,b.

0.8 - 0.8
(a) c,=c=0 450 (b) c,=c=107 470
07l - - - £=-0025 07l - - - &=-0025
-+ £=0.025 P e £=0.025
0.6 0.6
05 05F Uo 0.5
0.4} 0.4
03} 0.3
0.2bL— s ' s s s ' ' 02l . . . . . . .
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
Position Position
28.0 —
(c) c\=c=10 £-0 2751 (d) c,=c=107 " - < T
275} 0 u
270k 27.0F
—~ 265¢ 265+
o S
o 2601 =
< G 260}
255}
Py 255}
245} 250
24.0 — ' ' ' ' ' ' ' 29 30 31 32 33 34 35
15 20 25 30 35 40 45 50 <
Position Position

Figure 4. The concentration distributions of Cr and vacancy across the Cr-enriched « phase and
vacancy at 750 K under different strains at t* = 3. (a) ciV = c} =0, (b-d) ciV = ciI =1x10"7, and
(d) local magnification of the concentration in Figure 4c.

Under the compressive strain €5, = —0.025, when the concentration of point defects
increases to 1.0 x 1077, the peak value of the dimensionless elastic energy density of the
interface regions also increases from E}, = 3.7 x 1072 to Ef; = 5.2 x 1072, as shown in
Figure 3b. Compared with Figures 3a and 3c, the E; in the o’ phase is higher than that
without normal strain and lower than that with tensile strain. In addition, the E} in the
matrix is higher than that of the «’ phase under the compressive strain €2, = —0.025. For
soft precipitates, the energy required for a sheet or a lathy shape deformation is lower than
that of spherical precipitates, and the matrix will prevent them from contracting along a
sheet or a lathy shape [9]. In the Fe-Cr alloy, the «’ phase is softer than the matrix, so the
lamellar and lathy shapes are formed obviously under uniaxial compression strain, and the
aspect ratio k of the o phase is greater than that of the tensile strain (see Figure 2).

Under tensile strain &3, = 0.025, the peak values E}, and EJ; at the interface of
the o/ phase are similar with and without the defects loop, as shown in Figure 3c.
The E inside the particle is decreased as the concentration of point defects increases to
i, = cl =1 x 1077, which is contrary to that of €2, = 0 and ¢, = —0.025. Under tensile
strain, the low E} inside the &’ phase weakens the deformation of the particles.
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3.2. Concentration Evolution of the o’ Phase with the Effects of Point Defects, Strains
and Temperature

The concentration evolution of Cr in the Cr-enriched «’ phase with the vacancy and
interstitial atoms are studied under normal strain at 700 K and 750 K; the influences
of temperature, strain, and vacancy on equilibrium concentration are analyzed. The
concentration distributions of Cr in the o’ phase and vacancy at 750 K are shown in
Figure 4. The concentration changes of Cr at 750 K under the effects of compressive and
tensile strains are listed in Table 1. When there are no point defects, the Cr concentration
in the o phase increases from 2, = 0.48 to c&., = 0.49 under the effect of compressive
strain €5, = —0.025, and to ¢}, = 0.58 under tensile strain ¢4, = 0.025, as shown in
Figure 4a. The concentration changes of Cr under the effect of compressive and tensile
strain are Accy = ¢¢, — c%r = 0.01 and Acc, = ctCr — c%r = 0.10, respectively. The relative
concentration differences, Acc,/c2,, are 0.021 and 0.208, respectively. The results indicate
that the effect of compressive strain on initial concentration clustering is smaller than that
of tensile strain when there are no point defects.

Table 1. The concentration changes of Cr at 750 K under the effects of compressive and tensile strains.

c,=c=0 e, =cl=1x10"7
&, 0 —0.025 0.025 0 —0.025 0.025
cor ¢ =048 &, =049 ¢, = 0.58 . =055 g, =0.64 ct, =073
Accy = cby — ch J(i=ct) - 0.01 0.10 - 0.09 0.18
Accy/cg, - 0.021 0.208 - 0.164 0.327

When the initial point defect concentration is ¢i, = ¢} = 1 x 1077, the concentration of
Cr in the o phase increases from ¢ = 0.55 to ¢&,. = 0.64 and c{-, = 0.73 under the effects
of compressive strain €5, = —0.025 and tensile strain €%, = 0.025, as shown in Figure 4b.
The concentration changes of Cr in the o phase are Acc; = 0.09 and Acc, = 0.18, and the
relative concentration differences Accy/cl, are 0.164 and 0.327, respectively. Compared
with no defects, the Acc; increases by 0.08 under both 3, = —0.025 and €5, = 0.025, and
the relative concentration difference Acc,/ C%r increases by 0.143 and 0.119 under the effects
of compression and tensile strains. The results show that the point defects promote the Cr
atoms cluster, and the effect of compressive strain on accelerating the phase separation is
enhanced with the point defects. However, the effect of strain is slight on the concentration
change of point defects, as shown in Figure 4d.

A previous study of Fe-Cr alloy shows that the effect of point defects on the phase
separation is reduced at low temperature [17]. The concentration distributions of Cr and
vacancy at 700 K under different strains are displayed in Figure 5. The concentration
changes of Cr with and without defect at 700 K under the effects of compressive and
tensile strains are listed in Table 2, where, the peak values of cc;, are defined as ciCOr (i=ct)
for ciV = C% = 0 and cgr for civ = c} = 1 x 1077 under the effect of compressive (i = c)
€8, = —0.025 and tensile strains (i = t) €5, = 0.025, respectively. When the point defects
concentration changes from 0.0 to 1.0 x 1077, the Cr concentration increases from CCCOr =0.77
to ¢ = 0.83, and from ¢, = 0.76 to c}, = 0.84 under the effects of compressive and tensile
strains, as shown in Figure 5a,b. The concentration differences Ac"Cr = ciclr - cicor, of Cr in the
«’ phase for compressive and tensile strains are Ac{.,. = 0.06 and Acf,. = 0.08, respectively.
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Figure 5. The concentration distributions of Cr and vacancy across the Cr-enriched o phase, and
vacancy at 700 K under different strains at #* = 71. (a) ¢i, = ¢} = 0, (b-d) ¢}, = ¢l =1 x 1077, and
(d) local magnification of the concentration in Figure 5c.

Table 2. The concentration changes of Cr with and without defect at 700 K under the effects of
compressive and tensile strains.

i i i _ i -7
cy=¢=0 cy =¢;=1x10

i _
Acc, =¢

xx
CCr

i1 _ CiO

Cr Cr’/

(7

o t)

—0.025 0.025 —0.025 0.025
@ =077 . =076 ¢ =083 c, =084
Acg, = 0.06 Act, = 0.08

With the increase in initial point defects concentration, the concentration difference of
Cr in the o’ phase shows a very slight change. Therefore, point defects have little influence
on the Cr concentration at low temperature (700 K), whether there is a normal strain or
not. At 700 K, the effect of tensile strain on the concentration evolution is similar to that of
compressive strain, while the compressive strain shows an obvious influence at 750 K (see
Figure 4a,b). Under the effect of normal strain, the concentration change of vacancy is very
small, as shown in Figure 5d. Similar to 750 K, the effect of the normal strain is very small
for the concentration of point defects.

In order to further investigate the effect of point defects and strains at different
temperatures, the equilibrium concentration of Cr, cg, in the o/ phase with temperature
change is shown in Figure 6. It can be seen that the cecci decreases with the increased
temperature with or without point defects. Under the influence of external strains, cg is
raised, as shown in Figure 6a,b. Zhu et al. studied the free energy change under the effects
of external strain and found that the increase in strain makes the free energy decrease
and leads to a higher Cr concentration cg [20]. When the point defects concentration
changes from 0.0 to 1.0 x 1077, the cec(i in the o phase shows an obvious decline under the
effect of the compressive strain €%, = —0.025, as shown in Figure 6b. In addition, the Cr
concentration differences among the three strain states become small. Therefore, the defects
can reduce the difference of cc.., especially under normal strain.
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Figure 6. The equilibrium concentration of Cr in the «’ phase with temperature change at t* = 791
under different strains. (a) ciV = ciI =0, (b) ciV = C% =1x10"7.

In the vacancy diffusion mechanism, the atom migrates via the position exchange with
vacancy [46]. To study the evolution of vacancy and its influence on the phase separation
under strain, the morphology evolution of the Cr-enriched «’ phase and concentration
distributions of Cr and vacancy under %, = —0.025 are shown in Figure 7. In the stage of
nucleation and growth, as time changes from #* = 0.001 to t* = 2, the concentration of Cr
increases from 0.35 to 0.44 with point defects, and to 0.41 without point defects, as shown
in Figure 7d. At the same time, the Cr atoms cluster and form a small sized o phase,
as shown in Figure 7a—d. The peak of vacancy concentration increases from 1.8 x 10~
to 1.7 x 10 and moves from the initial boundary position to the center, as shown in
Figure 7g—j. The rate of the concentration change of Cr in the o’ phase and vacancy is
calculated by Acy = (C,t::z — C,t:IO'OOl) /ct =001 (j = Cr, V), Accy = 0.257 in the o’ phase,
and Acy = 944.9 for vacancy. The change rate of vacancy concentration is faster than that
of the Cr-enriched o phase. The early stage evolution of vacancy provides more position to
facilitate the mobility of Cr atoms, which makes the nucleation and growth of Cr-enriched
nanoscale particles faster. With the increase in time, the vacancy is moving from the center
to the interface of the o/« phases (see Figure 7k,1), and the exchange process of the vacancy
and the Cr atoms promotes the growth of the Cr-enriched « phase [17]. In general, the
cluster and mobility of point defects can induce a high diffusion path to promote the initial
phase separation [47]. With the growth of the particle, the elongation of a Cr-enriched
nanoscale particle becomes obvious under the compressive strain, and is weakened with
the formation of the defects loop, as shown in Figure 7e,f. Similarly, the evolution of the
Cr-enriched o phase under tensile strain is the same as that under compression strain.

3.3. Splitting of the o’ Phase with Defects Loop under Normal Strain

The splitting of nanoparticles under the influence of strain and temperature, and
the relationship between the initial particle size and particle splitting are studied. The
main factors of splitting are revealed by studying the elastic energy and interfacial energy.
Figure 8 shows the concentration distribution in 2D and 3D for the Cr-enriched o’ phase
at 700 K, 720 K and 750 K with ¢}, = ¢l = 1 x 1077 in an initial circle region under
&%, = —0.025. At 700 K, the Cr concentration increases with time and then splits into two
peaks, as shown in Figure 8a—d. It can be seen from the experiment that the particle splitting
requires specific conditions [21], and that the phenomenon of particle splitting was also
found during the growth and coarsening of v’ precipitates in Ni-based superalloys [48,49],
which is caused by the mismatch of the interface energy and the elastic energy. The particle
splits into smaller ones to relax the elastic energy when its size reaches a critical value [48].
Therefore, the splitting is not a generic phenomenon. In the simulation of single particle
splitting, the initial component of the particle is non-equilibrium, and with the growth of
the particle, the particle splits [50]. When the concentration of the particle reaches a higher
value or equilibrium, the particle itself does not continue to split, but the coarsening will
continue [50]. Similarly, in our study, under a non-equilibrium initial concentration, the
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particle splits at low temperature and the splitting stops when the concentration reaches
0.54, as shown in Figure 8c. Therefore, the splitting is only a phenomenon under certain
simulation conditions, and in our study it occurs at the initial phase separation.
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Figure 7. The morphology evolution of the Cr-enriched o phase and concentration distributions of
Cr in the o’ phase with and without point defects (a—f), the morphology evolution and concentration
distributions of vacancy (g-1) with ci, = ¢l =1 x 1077, T=750K, €2, = —0.025.

At 720 K, the particle shows a concentration clustering and a tendency to split, as
shown in Figure 8f,g, while the particle is merged again into one with an equilibrium
concentration 0.862 in Figure 8h. Then the particle is elongated under the compressive
strain. At 750 K, the concentration of Cr clusters and evolves into a particle with small size,
then the particle grows up and elongates rapidly, as shown in Figure 8k—o. Because the
atomic diffusion is faster at a high temperature, the lower interface energy and elastic energy
in the center of particle will further inhibit the splitting of particle, as shown in Figure 8k,
so that the Cr-enriched nanoparticle grows up and coarsens individually without splitting
at 750 K.
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Figure 8. The concentration surface evolution of the Cr-enriched o’ phase from the initial circle
regions with 35 at.% Cr and civ = c} =1x 1077 under 2, = —0.025, (a—e) 700 K, (f-) 720 K and
(k—0) 750 K.

In addition, when there is no point defect, the particle still splits at 700 K under a
compressive strain €5, = —0.025, as shown in Figure 9a—e. When the strain decreases
to €%, = —0.019, the split particles will be recombined, as shown in Figure 9h—j, which
is similar to the state of 720 K (see Figure 8f—j) with a compressive strain €3, = —0.025.
Therefore, the particles splitting can be eliminated by increasing the temperature and
decreasing the strain. The results show that the point defects are not a determining factor
for the splitting of particle, and that the particle splitting is affected by the interface energy
and the strain energy [50]. When the ratio of the interfacial energy to the elastic energy
is increased, the splitting becomes difficult [24]. Therefore, the relationship between the
interfacial energy and the elastic energy needs to be discussed. With the increase in the
applied strain, the o’ phase splits into two or more particles during its growth. Therefore,
the particle’s splitting occurs under high strain.
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To reveal the o phase splitting with a defects loop under normal strain, the dimen-
sionless gradient energy density EZ, the dimensionless chemical free energy density E;, the
dimensionless elastic energy density EY and the Cr concentration cc;, distributions along
the y*-axis through the center of the &’ phase are shown in Figure 10. On the whole, the
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distribution of E; (see Figure 10b,{,j) is similar to that of cc; (see Figure 10a,e,i), while the
distribution of E inside of the o’ phase is contrary to that of cc;.
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Figure 10. The dimensionless energy density and concentration distributions of Cr across of the
Cr-enriched o phase with Civ = C% =1x 107 at 700 K (a-d), 720 K (e-h) and 750 K (i-1) under
&4, = —0.025. (a,e,i) concentration of Cr, (b,£j) EZ, (c,g k) EZ, (d,h,1) Eg.

At 700 K, the Cr concentration shows two peaks at t* = 41, which means that the
splitting of the o phase particle occurs. At the same time, the Ef has a valley in the center
position, as signed by the arrow in Figure 10d; while it is not matched with the increased
E{ in the center position, as shown by the arrows in Figure 10c, this energy that is different
inside of the o phase causes the particle to split, as shown in Figure 8a—c. In the Ni-Al
alloy with negative mismatch, the split of the ' precipitates results in the rapid increase
in interface energy and a reduction in elastic strain energy, which is caused by the inverse
precipitation of the y phase in the center of the v’ precipitates [48,50]. As the temperature
increases, the change of E; and E{ is gradually consistent in the center of particle at t* = 41;
as shown in Figure 10g,h k 1, the particles coarsen independently without splitting.

In addition to the temperature, the initial particle size also affects the splitting of the
particle in the single-particle system [50]. Figure 11 shows the concentration distribution in
2D and 3D for the Cr-enriched « phase at 700 K and 750 K in two-particle systems with
e, = —0.025and ¢}, = ¢} = 1 x 1077, where the critical radius of the initial particle is
R=3.51at700 K and 8/ at 750 K, respectively, as shown in Figure 11a,c. At 700 K, when
the radius of the initial particle is less than R = 3.5/, the particles coarsened independently
without splitting under €3, = —0.025, as shown in Figure 11b. When the temperature in-
creases to 750 K, the particles split at a larger particle radius of 8 /, as shown in Figure 11c,d.
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Therefore, the critical radius of particle splitting increases with the increase of the tem-
perature. The split morphology of the two particles at 750 K is similar to that of single
particles at 700 K in Figure 8e. Therefore, the particle size and their distance affect the
splitting behavior in the multi-particle system [50]. Generally, when the size of the initial
non-equilibrium particles is larger, the particles are easy to split at the early stage of phase
separation under a higher normal strain (Supplementary Materials).
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Figure 11. The concentration surface evolution of the Cr-enriched « phase from the initial circle
regions with 35 at.% Cr under €2, = —0.025and ¢}, = ¢ =1 x10*7. (a,b) 700K, R =351, (¢,d) 750K,
R=81L

4. Conclusions

The phase-field model coupled with defects and strain is developed to study the
evolutions of point defects and «’ nanophase in the Fe-35at.% Cr alloys. The effects of the
point defect and normal strain on the concentration evolution and the shape change of the
nanoparticles are presented. It is shown that a coherent strain between the o/ «’ phases is
relaxed by forming a defects loop at the interface regions of the o/ «’ phase, thus reducing
the eigenstrain to weaken the deformation of the nanophase. The point defects enhance
the effect of normal strain in accelerating the phase separation, which is obvious under the
compressive strain at high temperature. Under the normal strain, the small initial radius
of the Cr-enriched nanophase splits in the early-stage precipitation at 700 K, while the
splitting disappears with the increased temperature and the decreased strains. In addition,
the large initial size of the particles is more likely to split.

The equilibrium concentration of Cr in the «’ phase increases with the increased nor-
mal strain and the concentration of the point defects. However, under compression strain,
the increased concentration of point defects can decrease the equilibrium concentration of
Cr in the o phase. With the reconciliation of the point defects, the concentration differences
become small for the strain-free, tensile, and compressive states. This study offers a unique
perspective on the formation of the irradiation point defect loop in the phase separation
alloy, and its influence on the evolution of nanoparticles under normal strain, and the
relationship between point defects and normal strain are clarified.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1. The ppt is a gif of the evolution of the Cr-enriched «’ phase and point
defect under compressive strain.
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