M&C 2017 - International Conference on Mathematics & Computational Methods Applied to Nuclear Science & Engineering,

Jeju, Korea, April 16-20, 2017, on USB (2017)

Behavior of Mn-Ni-Si rich precipitate in RPV steel: Linking CALPHAD to phase-field method
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Abstract - We performed phase-field modeling to evaluate the stability of Mn-Ni-Si (MNS) precipitates in
a Fe-Mn-Ni-Si quaternary system. We adopted the UWI quaternary database to perform the quantitative
simulation. We examined the stability of T3, T6, and T precipitates. We found that the T6 precipitate is stable,
while the other two are unstable; this observation is consistent with the results of thermodynamic modeling

and experimental observations.

I. 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 bce 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].

II. UW1 CALPHAD DATABASE

We adopted the UW1 CALPHAD database to simulate
the microstructural evolution of the Fe-Mn-Ni-Si system [3].
One bece 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 bec (Fe,Mn,Ni,Si) phase,

Opbee 1 = <2759 + 1.23T
Opbec,; = —956.63 — 1.28726T
Lphee, . = 1789.03 - 1.92912T

Opbec . = —153138.56 + 46.48T
'Ly = —92352

PLyss; = 62240

Opbee i = =3508.43 — 23.7885T
Opbec = ~89620.7 +2.9410T
Ipbee = ~7500.0

0Ty = 123

0Tl s, = 504

For T3 : Mn6/29Ni16/205 i7/2() phase,

OGITt;n,Ni,si = —-48186.497 + 6/290G§vl;ff
+ 16/290G£LIC + 7/290G§?m0"d

For T6 : Mn,;3(Ni, Si),3 phase,

"Glpi = 10086.99 +1/3°G{e +2/3°G
OG;Ién,Si = 1666.67 + 1/3°G55¢ + 2/30G,Sf?g
OL%ZWLS” = -159474.81, L%;:Ni,Si =-172110.47

For T7 : Mn,;,Ni ;35116 phase,

0G| visi = —32434.25 — 5T + 1/2°G¢e
+1/3°GL +1/6°Ggamond

II1. 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 6 using cf(r, 1) at position
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r and time 7. 6 indicates the T3, T6, and T7 phases. We
introduce four non-conserved order parameter (¢) to indicate
the regions of the four precipitated phases. Composition c¢;(r, f)
is given as follows [9]:

ci(r, 1) = cI3(x, Dh(T?) + T (x, Hh(¢T0)
+cI(x, () + c(r, D1 — X h(¢?)] (1
where[12],
h(¢?) = (8"’ [6(4°)* - 15¢" + 10] 2

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

G(C?,t) — h(¢T3)GT3 + h(¢T6)GT6 + h(¢T7)GT7
+H1 = X (@G (cf, 1) + g(¢°) (3)

where,

(A 4 — @ O bce a 0 bce @ 0 bee
G(cl, 1) = cf X° Gy + ¢ X Gy + ¢ X° Gy

+cy x0 Gg‘f + RT[c{log(c}) + cSlog(cy) + c§log(cs

@ 1% bce @ bce @ bce @
+eylog(c)l + Ly, ¢ ¢ + Ly yicies + L g cicy
bce @ bce @
L ni€2 €5 + Ly 5:€5¢4 “

where ¢f = 1.0 —c§ — 5 —¢j.

From ref.[13], we obtain the free energy of each element
of the « phase.

The free energy of the T3, T6, and T7 precipitates is
given as follows:

3_0 3
G" = GZ/In,Ni,Si &)
GToc% 0 =y XO Gip i+ Y X0 GIf o+ 2/3RT
[y log(yi) + v logyiD] + Yy Lhee i s (6)

yi and y!' denote the site fraction of Ni and Si at the
second sub-lattice of the T'6 phase, respectively.

G" = ngn,Ni,Si N
1. Chemical potential and Diffusion potential

In the bce (@ phase), the chemical potentials of each
species is given as follows:

US(T, P,c?) = G5 + RTlog(c}) + L5, c3(cS + ¢F

Fe,Mn
a bce @ (A a @ bce  Laf a @
+cy) + LFe,Nic3 (§+c5+e)+ LFE’SL.C4(C2 +c§ + ¢
_ 7 bcc @ ,.a _ Jbcc @ L@
L ni€3€5 = Lign5i€5€4 ®)

a a\ 0 ~bce @ bce 0/ . @
uy (T, P,c) =" Gy + RTlog(c5) + LFM,MCI(C1 +c§
@ bce @ (A et @ bee (a0 a @
+c§) + LMn,Nic3 (cf+c5+e)+ LMn,Sl.c4(c1 +c§ + oy

_gbcc La,.@ _ ybec o
Lo nicics — Ly sicicy (€))

(T, P,c) =° G&¢ + RTlog(cy) — L5<,, ccs

bee @ (@ @ a bce @ (@ @ et
+L cflef +c§+cg)+L cg(cf + 5 +cf)

Fe,Ni Mn,Ni
_gbcc L@, _ ybee @ .
Lyesi€i¢s — Lipnsi€5 ¢4 (10)

p§(T, P,c) =° G + RTlog(cy) = L ¢ ¢S

_gbecc Lo bee (@ a @y _ Jbcc @
Lienici €5 + Lg g€y (e +¢5 +¢§) = Ly ;€565

bce
+LMn,Si

cg(c] + 5+ ) (11

The driving force for the diffusion of the substitutional
alloy is given by the diffusion potential [14]. We assumed that
the substitution of Fe atoms for Mn, Ni, and Si atoms was
dominant. Therefore,

8G*(c?, 1)

A9, =
1-2 acg

=p5(T.P.ci) —pi (T, P.cf)  (12)

To confirm the relation in Eq. 12, we introduced the case
of the ideal binary solution. We assumed that the system is an
A-B binary system.

G(ca,cp, 1) =° Gaca +° Gpep + RT[calog(ca) + cplog(cp)]
(13)
where ¢4 + cp = 1.0.

0G(CA’ CB, t)

=G4 =" Gy + RTlog(ca/cp) (14)
aCA

/IB—>A =

The chemical potentials of the A and B species are given
as follows:[14],

s =0 G4 + RTlog(cy) (15)

up =* Gg + RTlog(cp) (16)

Therefore, from Eqs. 14, 15, and 16, we showed that the
relation 17 is correct.

Ap-a = A — Up (17

In Kim’s model [9], the diffusion potentials of all phases
are assumed to be equal under equilibrium. For a stoichiomet-
ric compound, the diffusion potential of each element cannot
be defined. Therefore, we do not apply the equal diffusion
potential condition in the case of the T3 and T'7 precipitates.
The T'6 precipitate has the Ni and Si solubility range, so we
apply the equal diffusion potential condition.
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2. Iterative solver for composition field

We solved the Cahn- Hilliard equation (Eq. 18) to relax
the composition field of each component.

Oc;(r, 1) _ oG .
— = VM,-V((SCi(r’ t)) (i=23,4) (18)
a’e.n) _, G ~
5 =L SPED @=T3,T6,TT)  (19)
where
A He N2/ 40 1 2 0\2 Uy\2 20
86" = F@V@ - 1P+ Y@ Qo)

w0
To determine M; in Eq. 18, we adopted the relation in ref.

[7, 8].
Di(¢",T) = (1 - ¢")D{(T) + ¢"D(T) 21

We used the relation DY(T) = DYexp(-QY/RT) to de-
termine the diffusivity; the parameters used to determine the
value are listed in Table I.

Elements | Phase | °DY (m?/s) | Q7 (J/mol)
Mn a(bee) | 1.5x 107 | 2.34 x 10
Mn | y(fee) | 1.6x1075 | 2.62 % 10°
Ni | a(be) | 42x1073 | 2.68 % 10
Ni | y(fec) | 7.7x 105 | 2.81x 10°
Si abee) | 1.7x 107 | 229 x 10°
Si y(fee) | 1.59x 107 | 2.56 x 10°

TABLE I. The values of the diffusivity and activation element
of each element. All values except the data for Si in fcc Fe are
taken from ref. [15]. Diffusivity and activation data of Si in
fcc were not found in the references, so we used unpublished
experimental results.

Eq. 18 can be rewritten as follows by using the extended
Kim’s model when a and 76 phases are under equilibrium
[9, 16].

Oci(r,) _
ot

A HT6
=V (P (Ggre Ve + G Vo)
(i=2.3,4) @2)

G® (c,)GT6(C)
G (e 676) = 23
T h(¢T6)JG?§<c)+h(¢T6>G @

where,
0*G”
C 24
Gale) = 5 (24)
32GT6
T6 _
Gc c/( i) - 6(6?6)2 (25)

Ggro(cin ™)
Gc,-c,- (C[9 ¢T6)
Therefore, we have the conclusion in ref. [9] (i = 2, 3,4).

=1 (@)} - [ (26)

ac; (r t)

— . = V(D" Vi) + V(Di@ W (67O -

T6)V¢T6)
(27

Finally, we obtain the modified form of Eq. 19 as follows:

T6
w — LT6(KT6V¢T6 + h/(ngG)[Ga(C?) _ GT6(CZ'6)
— T (e =G - g 6™)  (28)

Since all concentrations are fixed for the 73 and 77 pre-
cipitates, we can directly calculate ¢ when the T3 and 77
phases are present in the system by using the relation Eq. 30.
(c? is constant.)

ci(r, 1) = h(@?) + c(r, )[1 - h(¢")] ©®=T3,T7) (29)

ci(r, 1) = ¢Th(¢”)
1= h(¢%)

For the 76 phase cto(r,1) and cr(r, 1) are not constant,
so we calculated y (r ) and y (r t). The procedure to de-
termine the terms y !(r,t) and y (r,t) in Eq. 6 is described
below:

cl(r,1) = @=13,T7) (30)

1. Obtain ¢;(r, ) by solving Eq. 27.
2. Obtain ¢"°(r, 1) by solving Eq. 28.

3. Assume Lflemp (r,7) and ;""" (r,1). For the first iter-

ation, 036%” (r,1) and c§ asenp (r, ?) set the values of the
former time step. When the number of the iterations is
equal to or larger than 2, the values are set at step 6.

4. Check whether the relation ¢’ (r, 1) = c§6 '(r, HA(PT0) +
(e, 0[1 — h(¢"®)] is satlsﬁed Assume cf'emp(r )

¥ o
and """ (r, 1), satisfying TG,W = %. (common
3

tangent)

5. If the relation in step 4 is satisfied, c2%(r, 1) = cT6 1P (x, 1)

and c§(r, 1) = c§ LMD (p ).

(a) Determine c46(r 1) using the relation Eq. 35.
Since,

2
cZG: 3 C3T6 3D

From the relation,

_ 0GR 9GT )
B dcke octe B 6026'

6GT6
acte
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a a
Input Parameter WG GRY) Input Parameter 2 (r,ta) )
cf(r,t)
96% __ aG° 9G*_0G™
ac§ ~  acf ac§ ~ acle
M M
Table 1 Table 2

Fig. 1. Inputs, conditions, and outputs of two tables

The Eqgs. 33 and 34 represent the common tangent

condition:
dGTo _ oG” 33)
80?6 B ac§
oGTe _0G* 34)
6c£6 - ocy

Therefore, from Eqs. 32 to 34,
0G* aG”

= - 35

ocs ocy (35)

(b) Calculate yi/(r,7) and y!/(r,7) from the relation
y3 - 3 T6 andy _3 56_

(c) Procedure complete.

6. If the relation in step 4 is not satisfied, modify
2 (x, 1) (step value is 3.0 x 1077) approprlately and

T6
find 5" (r, 1), which satisfies % = &[, 96, Go to
3
step 3.
. . T6
For the numerical efficiency, we assumed that %f—w =
T6 Q

g(f,,, when aag,‘mp - a‘zﬁ;p < 1.07% in step 4. We applied the

same assumpt1on for the equal sign in steps 5 and 6.

We constructed two sets of tables (pre-calculated values)
of the compositions as described in Fig. 1 to reduce the com-
putation time. The inputs of Table 1 are ¢f and ¢, and we
obtain c§ using Eq. 35. Then, we obtain ¢ 46 by inputting cf,
¢§, and ¢§ 1nto Eq. 33. Once we determine ¢!°, we can easily

3 9’
calculate ¢!® using the relation ¢!® = 2 — . To apply the
condition of Tables 1 and 2, we used the Newton-Raphson

method to obtain the outputs.

IV. COMPUTATIONAL DETAILS AND PARAMETER
NORMALIZATION

We adopted the forward Euler scheme to discretize Eqgs.
36 and 37 [17].
Eqgs. 18 and 19 are restated as Eqs. 36 and 37,

oc!(r, 1)
ot

= VMV(A, - Ve (r,0)(i = 2,3,4)  (36)

a¢9£~, i a;(i AL 0)6 = T3,76,T7)
(37)
where
A, =0 Ghee 0 Ghee 4 RT[log(c) — log(e] + LI<C,,.
(cf —¢3) = LI;L;N; lL?eLNlC 5 = Llf)?ceLSl +L?\§chg
(' Ly + 2Ly — e)efeq + Lyt i
+ L}b‘,lcflslczc4 (38)
A§g3 =0 Ghee 0 Ghee 1 RT(log(c2) — log(c)] — LE<e,,.
3+ L?;Nz(cl —c5) - ( LI}L;S; + 22[4[1’?‘;51(61 - )
g + Lot s =2V LYE ety — Lt (39)
a2, =0 Ghee 0 Ghee . RT[log(c?) - log(c™)]
Ly — Lt + Lissiey = ) =20 L,
+22Li"¢ec51(cl —cp)efey lL?cechc 5 +Lﬁ§251 5
=1Lk g eSed (40)

In our simulations, we used the energy normalized by RT
where R = 8.3144598J/mol- K and the temperature T = 550K.
The diffusivity values were normalized by D7 (T). The non-
dimensional time step Af = 1.0 x 1078 when the T3 precipitate
existed, and At = 1.0 x 107% when the T6 or T'7 precipitate
existed. Ax = Ay was set to 1.0. k; in Eq. 37 was set to 1.0
and 0’ = 2.0 and L? = 0.01 in Eq. 37.

We performed 2D simulations, and the system size was
64Ax x 64Ay. The initial precipitate radius was 15.0Ax. Ini-
tially, we put ¢’ = 1.0 inside the particle with the sharp in-
terface (Outside ¢’ = 0). To make the particle/matrix in-
terface diffused, we solved Eq. 19 with the assumption of
G = 3(¢)*(¢’ — 1)%. (100 iterations). After we obtained ¢’
with the diffused interface, we put the concentration profile as
follows:

For the matrix, the initial compositions at @ phase were
c = 0.008, ¢§ = 0.008, c; = 0.00808. For the T'6 precipitate,

= 0.459234067 and c£6 0.2074326, when Eqgs. 33 and
35 are satisfied. For the 73 and 77 cases, the compositions of
the precipitates were fixed and the initial compositions of the
a phase were assumed to be equal to the values of the 76 case.
Then, we put the initial composition using the Eq. 1.

V. RESULTS

In Fig. 2, the T'6 precipitate maintained their initial state
during the simulation. This means that, the T6 precipitate
is thermodynamically stable. Since the 73 and 77 phases
are unstable, these precipitates shrink with time, and the 77
precipitate radius decreases more rapidly than that of the 73
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Average precipitate radius
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T6 precipitate
T7 precipitate

0 200 400 600 800 1000 1200
time (normalized)

Fig. 2. Precipitate radius of 73, T6, and T7 precipitates

(a) t'=10.0 (b) t"=500.0

.. T3
o

(c) t'=1000.0

Fig. 3. Distribution of ¢73 when t* = 10.0, t* = 500.0, and
t* =1000.0

. ¢T3 value is 1.0 inside the particle and 0.0 in the matrix.

precipitate does. We performed CALPHAD modeling us-
ing ThermoCalc Software with the implementation of UW 1
database [3] with ¢ = 0.008, ¢§ = 0.008, c§ = 0.00808, and
T = 550K. The equilibrium phases were BCC(A2) (98.940
mol%) and 76 (1.363 mol%). Also, T6 phase is quite dom-
inantly observed in neutron-irradiated RPV steel [3, 4, 5].
Therefore, we concluded that our simulation result is consis-
tent with the results obtained from the CALPHAD modeling
and former experimental studies.

As shown in Fig. 3, the T3 precipitate shrinks with time.

In Figs. 4 to 6, we observed a wide diffused concentration
profile zone (DCPZ) between the precipitate and matrix. In
particular, the DCPZ in Fig. 5 is the widest (Ni concentration).
When T = 550K, D$(T) = 8.976 x 107" m?/s, Di(T) =

(b) t"=500.0

| 02

015 T3
01
oos MR
0

(c) t"=1000.0

Fig. 4. Distribution of 62T3 (Mn) when #* = 10.0, * = 500.0,
and r* = 1000.0

. The maximum c2? value is 0.22.

(a) t"=10.0 (b) t"=500.0

0B
| 0.5
4 0.4 T3
0.3
0.2 N|
0.1
0

(c) t'=1000.0
Fig. 5. Distribution of c3T3 (Ni) when r* = 10.0, * = 500.0,
and r* = 1000.0

. The maximum C3T 3 value is 0.6.
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(a) t"=10.0 (b) t"=500.0 (a) t’=10.0

025

102

015 T3

01 .

oo O

o (c) t'=1000.0

¢) t'=1000.0
Fig. 8. Distribution of ¢! (Mn) when * = 10.0, * = 500.0,
T3 _ _ 2
Fig. 6. Distribution of ¢,” (Si) when #* = 10.0, * = 500.0, and £ = 1000.0

and " = 1000.0

. The maximum c!? value is 0.25.

(b) t'=500.0
05

1 0.4 T7

03

2 Mn

0.1

0

. The maximum c2 7 value is 0.5.

(a) t°=10.0 '=500.0 (a) t"=10.0 (h} "=500.0
1
| 08 17
os 17 N
0.4
02 Q
1]
(c) t"=1000.0 (c) t"=1000.0
Fig. 7. Distribution of ¢’ when * = 10.0, * = 500.0, and  Fig. 9. Distribution of ¢}’ (Ni) when r* = 10.0, #* = 500.0,
t* =1000.0 and * = 1000.0

. ¢T7 value is 1.0 inside the particle and 0.0 in the matrix. . The maximum c}7 value is 0.35.
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(a) t"=10.0 (b) t'=500.0

. 025

0.2
015 T7
o1 .
Q05 Sl
0

(c) t'=1000.0

Fig. 10. Distribution of ¢}’ (Si) when r* = 10.0, r* = 500.0,
and r* = 1000.0

. The maximum ¢}’ value is 0.25.

1.483 x 10728m? /s, and DY(T) = 3.036 x 1072m? /5. Since
D5(T) is far smaller than even DS (T), the DCPZ is thicker in
Fig. 5 than that in Figs. 4 and 6. For the T7 precipitate, we
also observed DCPZ in Figs. 8 to 10, and the widest DCPZ is
found in Fig. 9 (Ni concentration).

VI. DISCUSSION AND FUTURE WORKS

According to the classical nucleation theory [14], the
critical spherical nucleus radius, when @ — 8 phase transfor-
mation occurs, is given by:

. 2y
" (AG, — AGp)
where y is the isotropic interfacial energy and AG, — AGg
is the bulk energy difference between the @ and g phases. The
stability of the precipitate can be evaluated in terms of the bulk
energy difference using the CALPHAD method. On the other
hand, in the phase-field method, the phase stability is examined
with the consideration of not only the bulk energy difference
but also the interfacial energy. So far, we do not have reliable
information about the interfacial energy and width between
« and the precipitated phase. Therefore, we assumed that w’
when (6 = T3,76,T7) in Eq. 37 is 2.0. In reality, the misfit
strain exists at a coherent or semi-coherent interface [14].
Therefore, the elastic effect needs to be considered to estimate
the particle stability more accurately. The critical radius of the
nucleus is generally larger than the value obtained using Eq.
41.

7

(41)

«_ 2y +Ey)

" T (AG. - AGp) “2)

where E, represents the elastic energy per unit area be-
tween precipitate particles and the matrix. Also, the elastic
effect can induce a deviation in the precipitate particle mor-
phology from the spherical shape [12, 18, 19]. When a particle
is not spherical, analytical determination of the critical nucleus
size becomes more complicated. Therefore, a numerical mod-
eling method, such as the phase-field simulation, is a powerful
approach to estimate the precipitate stability. Due to lack of
information regarding the interface structure between the ma-
trix and a precipitate particle, we do not consider the elastic
effect in this study. However, in future, we aim to study the
particle/matrix interface structure, and thereafter, we plan to
perform the precipitate-evolution modeling with the incorpo-
ration of the elastic effect.

For the unstable precipitates, such as the 73 and 77 pre-
cipitates in Fig. 2, the shrinking rate is an important factor. In
our simulation, the 7'7 precipitate disappeared at a faster rate
than the 73 precipitate. The dissolution rate in the case of an
incoherent interface is determined by three factors:

1. Chemical driving force. (bulk energy difference)

2. Interface energy between the matrix and precipitate

3. Solute mobility

Within the CALPHAD framework, the precipitate stabil-
ity can be predicted using only factor 1. In the phase-field
modeling, we quantitatively consider factors 1 and 3. So far,
we have assumed that the parameter determining interfacial
energy is constant for all precipitated phases. As explained
above, we aim to analyze the interface between the bcc matrix
and precipitates in the future, and thereafter, we will consider
factor 2 in determining the precipitate stability.
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