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1. Introduction

Irradiation-enhanced precipitation hardening is known as
one of the main sources of the late-stage embrittlement of
reactor pressure vessel (RPV) steel [1, 2, 3, 4, 5]. Even in
low-Cu steel, Mn-Ni-Si (MNS) precipitates can be present
in the stable form [3, 4, 5], and the MNS phases in RPV
steel have been investigated using experimental [4, 5] and
computational[3] methods. Xiong et al. assessed the ther-
modynamic database for the Fe-Mn-Ni-Si quaternary system,
i.e., the UW1 database, and the results were compared with
the output of the commercialized database TCAL2 [3]. In
this study, we adopt the phase-field method to describe both
thermodynamic and kinetic features of the Fe-Mn-Ni-Si qua-
ternary system. Cu-containing precipitates of the low alloy Fe
have already been investigated using the phase-field method
[6, 7, 8]. Koyama et al. assessed the thermodynamic database
for the Fe-Cu-Mn-Ni quaternary system [6, 7], and the phase-
field method was used to investigate the kinetic and elastic
aspects of the Fe-Cu-Mn-Ni system. We extended the binary
KKS model [9] to the quaternary system to perform the simu-
lation for the Fe-Mn-Ni-Si system. We considered four phases
(one matrix and three precipitate phases) in our simulation. We
proposed the framework that enables us to predict the stability
of the precipitates in RPV steel by considering both thermody-
namics and kinetics. The UW1 thermodynamic database [3]
was used to perform the simulations of the precipitate behavior
in the bcc Fe matrix of the quaternary system. We compared
the stability of various types of precipitates in a low-alloy
steel. Further, our predicted precipitate stability was compared
with the prediction results of thermodynamic modeling [3]
and experimental observations [4, 5].

2. UW1 CALPHAD database

We adopted the UW1 CALPHAD database to simulate
the microstructural evolution of the Fe-Mn-Ni-Si system [3].
One bcc phase for the matrix and 12 MNS precipitate phases
are considered. In our study, we selected one bcc phase and
three MNS precipitate phases for simplicity. The thermody-
namic parameters we used were taken from the supplementary
material of ref. [3] as follows:

For bcc (Fe,Mn,Ni,Si) phase,

0Lbcc
Fe,Mn = −2759 + 1.23T

0Lbcc
Fe,Ni = −956.63 − 1.28726T

1Lbcc
Fe,Ni = 1789.03 − 1.92912T

0Lbcc
Fe,S i = −153138.56 + 46.48T

1Lbcc
Fe,S i = −92352

2Lbcc
Fe,S i = 62240

0Lbcc
Mn,Ni = −3508.43 − 23.7885T

0Lbcc
Mn,S i = −89620.7 + 2.9410T

1Lbcc
Mn,S i = −7500.0
0Tcbcc

Fe,Mn = 123
0Tcbcc

Fe,S i = 504

For T3 : Mn6/29Ni16/20S i7/20 phase,

0GT3
Mn,Ni,S i = −48186.497 + 6/290Gcbcc

Mn

+16/290G f cc
Ni + 7/290Gdiamond

S i

For T6 : Mn1/3(Ni, S i)2/3 phase,

0GT6
Mn,Ni = 10086.99 + 1/30Gcbcc

Mn + 2/30G f cc
Ni

0GT6
Mn,S i = 1666.67 + 1/30Gcbcc

Mn + 2/30G f cc
S i

0Lbcc
Mn:Ni,S i = −159474.81,1 Lbcc

Mn:Ni,S i = −172110.47

For T7 : Mn1/2Ni1/3S i1/6 phase,

0GT7
Mn,Ni,S i = −32434.25 − 5T + 1/20Gcbcc

Mn

+1/30G f cc
Ni + 1/60Gdiamond

S i

3. Phase-field model

We utilized the phase-field model to simulate the mi-
crostructural evolution of the Fe-Mn-Ni-Si system. We solved
the Cahn-Hilliard [10] and Allen-Cahn (Ginzburg-Landau)
equations [11] to simulate the microstructural evolution.

We will denote the composition (i = 1, 2, 3, 4 for Fe, Mn,
Ni, Si, respectively) in the phase θ using cθi (r, t) at position
r and time t. θ indicates the T3, T6, and T7 phases. We
introduce four non-conserved order parameter (φi) to indicate
the regions of the four precipitated phases. Composition ci(r, t)
is given as follows [9]:

ci(r, t) = cT3
i (r, t)h(φT3) + cT6

i (r, t)h(φT6)
+cT7

i (r, t)h(φT7) + cαi (r, t)[1 −
∑
θ h(φθ)] (1)
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where[12],

h(φθ) = (φθ)3[6(φθ)2 − 15φθ + 10] (2)

The local free energy density G(cθi , t) of the system is
expressed as follows:

G(cθi , t) = h(φT3)GT3 + h(φT6)GT6 + h(φT7)GT7

+[1 −
∑
θ h(φθ)]Gα(cαi , t) + g(φθ) (3)

where,

Gα(cαi , t) = cα1 ×
0 Gbcc

Fe + cα2 ×
0 Gbcc

Mn + cα3 ×
0 Gbcc

Ni

+cα4 ×
0 Gbcc

S i + RT [cα1 log(cα1 ) + cα2 log(cα2 ) + cα3 log(cα3 )
+cα4 log(cα4 )] + Lbcc

Fe,Mncα1 cα2 + Lbcc
Fe,Nic

α
1 cα3 + Lbcc

Fe,S ic
α
1 cα4

+Lbcc
Mn,Nic

α
2 cα3 + Lbcc

Mn,S ic
α
2 cα4 (4)

where cα1 = 1.0 − cα2 − cα3 − cα4 .
From ref.[13], we obtain the free energy of each element

of the α phase.
The free energy of the T3, T6, and T7 precipitates is

given as follows:

GT3 =0 GT3
Mn,Ni,S i (5)

GT6(cT6
i , t) = yII

3 ×
0 GT6

Mn,Ni + yII
4 ×

0 GT6
Mn,S i + 2/3RT

[yII
3 log(yII

3 ) + yII
4 log(yII

4 )] + yII
3 yII

4 Lbcc
Mn:Ni,S i (6)

yII
3 and yII

4 denote the site fraction of Ni and Si at the
second sub-lattice of the T6 phase, respectively.

GT7 =0 GT7
Mn,Ni,S i (7)

4. Results

We performed a single particle simulation to examine
whether our phase-field framework can generate consistent
results with the predictions based on the thermodynamics.
We also performed a set of simulations with two particles to
understand the interplay between precipitates.

4.1 Single particle stability

We conducted the phase-field modeling with single
second-phase particle. (T3,T6,T7). The initial circular par-
ticle radius is 1.5nm and the initial condition of matrix is
cα2 = 0.008, cα3 = 0.008, cα4 = 0.00808 and T = 550K. We
plotted the particle radius as time evolves in Fig. 1.

We performed CALPHAD modeling using ThermoCalc
Software with the implementation of UW1 database [3] with
same initial compositions of matrix. The equilibrium phases
were BCC(A2) (98.940 mol%) and T6 (1.363 mol%). Also,
T6 phase is quite dominantly observed in neutron-irradiated
RPV steel [3, 4, 5]. Therefore, we concluded that our phase-
field modeling generates consistent results with CALPHAD
modeling and former experimental studies.
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Fig. 1. Precipitate radius of T3, T6, and T7 precipitates with
respect to time
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Fig. 2. Precipitate radius of single T3 and T3−T3 precipitates
with different distance between particles (L).
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Fig. 3. Precipitate radius of single T7 and T7−T7 precipitates
with different distance between particles (L).

Fig. 4. φT3 profile when t = 1.5 × 10−17 sec.

4.2 Particle stability under the interaction between particles

As we expected, we found that T3 particle remains longer
when T3 particles interact comparing to a single T3 particle.
Also, as the distance between particles L = 3.75nm, the shrink-
age curve in Fig. 2 nearly converges to the curve of single T3
particle. Consistent results were observed for T7 precipitate
in Fig. 3. we found that the particle morphology becomes
droplet shaped in Fig. 2. The interfacial energy reducing is
also a driving force for the morphological evolution in this
study, the attraction force between particles are observed in
Fig. 2. Since, the circle has the maximized mean curvature in
2D system, we expected that this morphological deviation can
reduce the shrinkage rate.

Fig. 5. φT3
1 and φT3

2 profiles when t = 1.5 × 10−17 sec. The
distance between particle center, L = 3.25 nm.

5. Conclusions

We performed the phase-field simulation to examine sta-
bility of a single precipitate and two precipitates. We found
that our phase-field framework produce the consistent results
of thermodynamic modeling and experimental observations.
Our simulations reveal that the particle interaction expands
the life span of particle.
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