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Fig.2.1 Diffuse interface description of moving interface.
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Ke K
Gtotal = Gbulk + Gint = /V (g(c, ¢) + EIVCF + ;’V¢|2) av (21>

000, 000 «k,0,00000000¢000¢000000000000OO0.
¢(c,¢)000000000000000O00OOO0O000,0000¢0¢00000
000000.000g(e,¢)000000000,000000000000 gepem, O
00000000000 gae, 0000000000000000000000 Genag
ooooooooo.

g(C, QS) = gchem(cy ¢) + gelast(ca QS) + gelmag(ca ¢) (22)

0(22)0000000000000000000000000,000000000
0000000000000000000000000000. 000,000000
00000 CALPHADOOODOOODOOOOODOOOOOOODOOOOOO ®9g,0
D000 Landau0 0000000000000 O0®O000. 000,000000
00000000000 Micromechanics 00 68 00 000000000000,
000000000000000,0000000000000
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’

dc 0

5 V- {Mc(c, "V <ﬁi — KCV20>} (2.5)
00) . Jg 2
9 —My(c, ¢) <8¢ — KgV ¢> (2.6)

Oo00,M. 000 MgO,c0 0000 (OOOOODO)DOOO.



12 020 0000

(1) Definition of order parameter (phase field)
Congerved value ¢ . Concentration, Temperature
Non-conserved value ¢ . Ornentation, Phase etc.

(2) Evaluation of total free energy
G:J.V{g(qé,c)+ %ﬂwf +%f|w|2 ]dV

Chemical free energy
Interfacial energy

Elastic strain energy
Electromagnetic energy etc.

(3) Derivation of governing equation
Conserved value : Cahn-Hilliard equation

oo

Non-congerved value : Allen-Cahn equation
%4y 0
ot &g
- =
(4) Numerical simulation
Finite difference method
Finite element method
Fast Fourier transformation etc.

Fig.2.2 Flow chart of Phase-Field simulation.
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G = /[ (6,10, T ‘gyww2Mf (2.7)

000,700000,0000000000000-00000000000000
000000.¢$)000000000000000000000000000000
0.¢¢)00000,0000000000.0 270000000100 ¢(é,u.,T)
0F-CO0DD0D00000000O0OOOODO00,0000000000000000
00000000000,0000000000000000000000000

9(@,ue, T) = p(#)g*(ue, T) + (1 — p(¢))g" (ue, T) + Waq(o) (2.8)

000, p(¢)0 p(0)=0,p(1)=1000000000000000, ¢(¢)0 ¢(0) = ¢(1) =
¢(0)=¢(1)=0000000000000000000000. p(¢)0 q(¢)0000
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Interface
Y phase
| |
| | Interface thickness
A (1) —>I—I<— 5

Ordrer parameter

Distance

Fig.2.3 Tlustraion of distribution of phase field ¢ in the «/7 interface region.

0000000,00000000000.
p(¢) = ¢°(10 — 15¢ + 6¢°) (2.9)

a(¢) = ¢*(1 - ¢)* (2.10)
D00D00<¢<1000002400000000

O((28)00wioiiooooooooooooo, 0000000 c000Q0 600
0000000000000 000 (0O BOO).

W= — (2.11)

O00,00000A<¢<1-A00000,b=2tanh'(1-2\)00000 0, )
0000,0.0500100000000000 phase field g0 0000,

02800 ¢*(u.,7)000 ¢"(u.,7)O0OO00 o,v0000000000000
00000,00000000000000F-COO0O0O0D0O0O00O0DODOOO0O0OO.
Phase-field 00000 v — 0000000000000 0000,0000000
00000000000000000000000,000000000000Y00
000000000000000000.0000,0000000000000 Fe-C
000000,i000 (G=«,+)0000000000000000000O00O000,
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P (9)
q ()

041+
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A NI [PI I I I N I (U I T N T N TN N T N T [T NS [ )
0 01020304 0506 07 08 09 0 0.1 020304 0506 07 0809 1
phase field ¢ phase field ¢

Fig.2.4 Variation of (a) energy density function p(f) and double-well potential function
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Fig.2.10 Linearized phase diagram.
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Fig.2.11 Local undercooling.
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Fig.2.12 Tetragonal variants produced by cubic-tetragonal transformation.
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Fig.2.13 Variation of chemical free energy.
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Fig.2.14 Schematic illustration of two-scale boundary value problem.
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Fig.3.3 Evolution of ferrite phase and carbon concentration profiles at temperature (a)
T=873K, (b) T=773K and (c) T=673K.
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Initial carbon concentration in austenite is set to be u. = 0.02.
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Fig.3.5 Temperature dependency of mobility of carbon atom in austenite and ferrite phase
at u. = 0.02.
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Fig.3.9 Equilibrium phase diagram in temperature range from 873K to 673K.
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Fig.3.11 Growth of ferrite phase with k = 4, 0=1.0 J/m? and & = 0.3.
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Fig.3.12 Effects of interfacial energy on growth of Widmanstétten ferrite for (a) o = 0.6,
(b) 0 = 0.8 and (c) 0 = 1.0 J/m? at 500us.
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Table 4.1 Material and computational parameters

Reference temperature TR [K] 1073
Equilibrium concentration CR [wt.%] 0.00886
Slope of phase boundary Aya [K/wt.%] -186.2
Slope of phase boundary Ay [K/Wt.%]  |-10350
Pre-exponential constant of M Moo [m#4 J-1s1] |3.5%10-7
Activation energy of My Oy [J mol-1] 140x103
Pre-exponential factor of D& D¥[m2s1] 2.2x10°
Pre-exponential factor of D, DY [m2 s71] 1.5%10
Activation energy of D¢ Qo [J mol-1] 122.5%103
Activation energy of D/- Oy [J mol-1] 142.1%103
Difference of entropy between ocand y |AS [T K-1m3] |[3.46x10°
Interfacial energy of o / o interface Gaq [J m2] 0.50
Interfacial energy of v / y interface oy [J m-2] 0.70
Interfacial energy of o / y interface Gay [J m-2] 0.45
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Table5.1 Material and computational parameters.

Interface thickness 0 [pm] 0.02
Interfacial energy Ora [J/m?] 1.0
0.9 [J/m? 1.0
0o [J/m?| 1.0
Interfacial mobility M, [m*/(Js)] | 1.0x107*2
Mg [m*/(J-s)] 2.0x10712
Myg [m?/(J8)] | 5.0x10718
Transformation entropy*®”) AS,, [J/(m*K)] | 0.35%10°
AS, [1/(m*K)] | L11x100
AS,p [J/(m3K)] | 2.89%x10°
Reference temperature(!>!) T [K] 990.7
Reference concentration*>!) CE, [atom%) 3.46
Cl latom%) 8.89x1072
C1y Jatom%) 3.45
Cyt, latom%) 2.50 x 10
CE Jatom%)] 1.02 x 1071
CR [atom%)] 2.50 x 10
Slope of phase boundary line 150 | A_, [K/atom%)] | -3.16 x 10
Aoy [K/atom%] | -2.19 x 103
Ay [K/atom%] | 9.25 x 10
Ay, [K/atom%] | -1.00 x 103
Ao [K/atom%)] | 9.97 x 102
Ago [K/atom%)] | -1.00 x 103
Pre-exponential factor Dj [m?/s] 1.5x 107
of diffusion coefficient(*>?) Dg [m?/s 22x1074
D§ [m?/s] 1.8 x 107¢
Activation energy Q" [J/mol] 142.1x103
of diffusion coefficient(*>?) Q" [J/mol] 122.5x10?
Q° [J/mol] 172.8x103
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Fig.5.5 Evolutions of pearlite lamellar with different lamellar spacings (a)A = 0.24pm,
(b)A = 0.36um, and (c)\ = 0.48um.
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Fig.5.6 Carbon concentrations on A-A’ lines in Fig.5.5.
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Fig.5.7 Possible diffusion paths during pearlite transformation.
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Fig.5.8 Evolution of pearlite lamellar accompanying with grain boundary diffusion
for (a)k =1, (b)k = 2, (c)k = 3, and (d)k = 4.
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’}/ ﬁ}rowth direction

Fig.5.9 Possible diffusion paths during pearlite transformation including boundary
diffusion.
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Fig.5.10 Dependence of growth velocity of pearlite lamellar V' upon k.
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Fig.5.12 Distributions of carbon concentration during pearlite transformation for
(a)Case A, (b)Case B, (c)Case C.
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Fig.5.13 Optical micrograph of lamellar pearlite in plain carbon steel7).
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Table 6.1 Yield stresses of parent and martensite phases

: : o
Case Parent phase: o, Martensite phase: o,

1 00 00 (Thermoelastic type)
2 250 MPa 800 MPa (Non-thermoelastic type)
3 500 MPa 1200 MPa (Non-thermoelastic type)
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Fig.6.1 Simulation model for martensitic transformation in single crystal of parent

phase.
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DY=512n1m

Fig.6.2 Simulation model of polycrystalline structure with ten parent grains. The

number in each grain indicates crystal orientation, 6.
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Fig.6.3 Distributions of equivalent stress during (a) thermoelastic and (b) non-
thermoelastic growth of martensite phase (V1) without SA. Black and white
solid lines indicate profile of ¢; = 0.6.
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Fig.6.4 Distributions of equivalent plastic strain during non-thermoelastic growth of
martensite phase (V1).
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during non-thermoelastic growth of martensite phase (V1).



102 0O 60 O0O0OO0O0ODODOOOOO0OODOOOOODODOOoOOnDOn

(x107'%)
E) L L S L m

N

n
—
.
1

Thermoelastic type "
(Case 1) .~

-’

[3%)
v 1

—_
1
1
LY
\
1

Non-thermoelastic type

ob—— .1
2 4 6 8 10 12

Time [s']

Normalized elastic strain energy
& o
\
N
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Fig.6.8 Distribution of equivalent stress during evolution of martensitic microstruc-
ture by (a) thermoelastic and (b) non-thermoelastic martensitic trasnforma-
tions. Black solid line indicates profile of ¢ = 0.6 (variant 2).
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Fig.7.2 Evolutions of (a) concentration and (b) microstructure of martensite phase during

competitive transformation for initial concentration ¢y = 0.4.
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Fig.7.3 Tlustration of dissipation of free energy during martensitic transformation.
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Fig.7.4 Evolutions of (a) concentration and (b) microstructure of martensite and parent

phases during competitive transformation for initial concentration co = 0.56.
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Fig.7.5 Evolutions of (a) concentration and (b) microstructure of tetragonal and cubic

phases during competitive transformation for initial concentration ¢y = 0.6.
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Fig.8.1 Simulation models for (a) Phase-Field simulation and for FEH analysis in (b)

microscopic and (¢) macroscopic regions.
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Fig.8.2 Stress-strain curves for ferrite phase and pearlite.
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Fig.8.3 Distributions of carbon concentration during evolution of Allotriomorph ferrite for
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Fig.8.4 Distributions of carbon concentration during evolution of fine-grained Wid-

manstatten ferrite plates for &€ = 0.5.
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Fig.8.5 Distributions of carbon concentration during evolution of coarse-grained Wid-

manstétten ferrite plates for & = 0.35.
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Fig.8.6 Schematic illustration of modeling procedure of representative volume element.
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Fig.8.7 RVEs for ferrite+pearlite microstructures in F+74%P, F+43%P and F+46%P

steels.
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Fig.8.8 Macroscopic nominal stress - nominal strain curves for F+74%P, F+43%P and
F+46%P steels.
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Fig.8.9 Distributions of microscopic equivalent stress & in F+74%P, F+43%P and F+46%P
steels.
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Fig.8.10 Distributions of microscopic equivalent plastic strain e’ in F+74%P, F+43%P and
F+46%P steels.
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