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第１章 緒論 
 

1.1 本研究の背景 
 

×

 

1) 2, 3)

×
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1.2 延性破壊のメカニズムに関する従来の研究 
 

1.2.1 等軸ディンプル形成型の延性破壊 

- -

4)

 

Leroy 5) 6) Park 7)

—

 

8) S15C S35C

9) KD32

SNCM8 HT80 2024-T4

10)

 

6)

11) 8)

Qiu 12) MnS —

60 %
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13)

—

Erdogan

14)

Arvamovic-Cingara

—

15, 16)

17)

Park

18)

 

 

 

1.2.2 せん断すべり型の延性亀裂発生 
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MnS 70 kgf/mm2

19) MnS

MnS

MnS

MnS 3 490 MPa

20)

MnS

 

Clayton × HY80 ×

21)

Isacsson

A508 ×

22) ×

×

Giovanola

HY130

23, 24)

STPT370 SM490YB

25-27)
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1.3 延性破壊のモデリングに関する従来の研究 
 

1.3.1 延性破壊の力学モデル 

- -

×  

Rice and Tracey28)

(1.1)

 

 dR
R

= 0.283dεp exp
3σ m

2σ Y

⎛
⎝⎜

⎞
⎠⎟

 (1.1) 

R εp σm σY Beremin

Mises σ

(1.2)

29)  

 ln R
R0

⎛
⎝⎜

⎞
⎠⎟ c

= 0.283exp 3σ m

2σ
⎛
⎝⎜

⎞
⎠⎟ dεp0

εc

∫  (1.2) 

- McClintock

30)

(1.3)  

 
 

ε f 
(1− n)ln(l0 / 2a0 )

sinh (1− n)(σ a +σ b ) / (2σ / 3)⎡⎣ ⎤⎦
 (1.3) 

ε f n σa σb a, b

a ⊥ b a0 l0 — Thomason

31)

32)  

 

1.3.2 延性損傷のダメージメカニックス 



 - 6 - 

 

Gurson 33) Gurson

 

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ f cosh 3
2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ f 2( ) = 0  (1.4) 

f Σ Σm σ

 

Tvergaard

Gurson q1, q2

34, 35)  

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ 2q1 f cosh
3
2
q2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ q1

2 f 2( ) = 0  (1.5) 

Chu Needleman Gurson

df dfgrowth

dfnucleation
36)  

 df = dfgrowth + dfnucleation  (1.6) 

dfgrowth dεmp  

 dfgrowth = (1− f )dεmp  (1.7) 

 

 dfnucleation = Fdεp  (1.8) 

 F = fN
s 2π

exp − 1
2

εp − εN
s

⎛
⎝⎜

⎞
⎠⎟
2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 (1.9) 

fN s εN

 

Tvergaard Needleman Gurson

GTN fc

fF f*
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37)  

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ 2q1 f * cosh
3
2
q2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ q1 f *( )2{ } = 0  (1.10) 

f*  

 f * =
f

fc + K ( f − fc )
for
for

f ≤ fc
f > fc

⎧
⎨
⎪

⎩⎪
 (1.11) 

 K = fU* − fc
fF − fc

, fU* =
1
q1

 (1.12) 

f ≤ fc (1.10) Gurson-Tvergaard (1.5) f = fc

(1.10) f = fU
*

fU
*

fF f = fF  

 

1.3.3 マイクロボイド発生支配型の鋼材に対する延性損傷モデル 

26, 27, 38, 39)  

 

 

 

 

Fig. 1.1

25, 27, 38-42)

Fig. 1.2

×

40, 41)

Gurson
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 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ a1D* exp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ −1= 0  (1.13) 

D* a1 a2

 

 

 

Fig. 1.1 Two types of ductile properties of various kinds of steels that control ductile crack initiation 
and growth resistance25, 27, 38-42). 

 

 

 

Fig. 1.2 Damage model for material to exhibit micro-voids initiation controlling ductile failure behavior. 

 

 

Stress triaxiality, σm/σ�
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Measurement Measurement

R=0.25mm

Round-bar tensile specimen 
with/without circumferential notch
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Stress triaxiality, σm/σ
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Ductile crack initiation�
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Φ = Σ
σ
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⎝⎜

⎞
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2

+ a1D * exp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ −1= 0

εptip = constant
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1.4 延性破壊モデルを用いた破壊評価に関する従来の研究とその課題 
 

1.4.1 亀裂部材の延性亀裂発生・進展抵抗の予測 

GTN Xia

Computational 43-46)

f0 D Gurson-Tvergaard (1.5)

Mises

f

fE

D f0 fE

D

Crack Tip Opening Displacement, CTOD δi
47)

f0 fE a0 W

a0/W = 0.5 R-curve Δa CTOD J

fE R-curve

f0

R-curve ×  

D, f0, 

fE R-curve

×

GTN -

 

a0/W ×

40, 41)

×
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48-50)

 

 

1.4.2 延性破壊に及ぼす材料組織特性の影響予測 

×

Tvergaard

SHA Stacked Hexagonal Array 35) SHA

51) Socrate Body 

Centered Cubic, BCC Voronoi

V-BCC Voronoi tessellation of BCC Lattice

52)

SHA V-BCC

SHA V-BCC

53) V-BCC

GTN εN

× 54)  

 

Uthaisangsuk

TRIP GTN

Representative Volume Element, RVE
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× 55, 56)

 

 

1.5 本研究の目的 
 

×

Fig. 1.3

× 40, 41)

×  
 

 
Fig. 1.3 Hierarchical approach to correlate multi-scale characteristics i.e. micro-structural 

characteristics, mechanical properties of steel and structural performance with respect to 
ductile crack growth resistance. 

Mechanical properties!
of steel�

Stress triaxiality, σm/σ!Eq
ui

va
le

nt
 !
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la

st
ic

 s
tra

in
, ε

p!

• Stress-strain curve!
• Ductile properties�

Component performance�
• Ductile crack!
       growth resistance�

• Morphology�

• Mechanical property�
(each phase)�

Micro-structural!
characteristics�

- Grain size!
- Volume!
         fraction!
- etc...!

Two-phase steel�
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×

× ×

×  

 

1.6 本論文の構成 
 

Fig. 1.4  

×

 

×

×  

×

×  

×
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×

×  

×

R-curve ×  
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Fig. 1.4 Structure of this research work. 

 

メゾスケールアプローチ 

第１章　緒論 

 マクロスケールアプローチ M. Ohata et al., 2010 !
!

• 

第２章　ローカルアプローチに基づく延性損傷モデルの提案 
!

	 	 !
	 	 	 

第３章　延性損傷モデルの妥当性の検証： 
　　　　損傷プロセスの予測 

!
	 !

!
	 

第４章　延性損傷モデルの妥当性の検証： 
　　　　二相鋼の延性特性の予測 

!
	 !

第５章　延性損傷モデルによる延性き裂発生・進展抵抗の予測 
!
!

第６章　延性き裂発生・進展抵抗と二相組織形態の関係の一考察 
!

!

第７章　結論 
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第２章 ローカルアプローチに基づく延性損傷モデルの提案 
 

2.1 緒言 
 

×  

×  

 

2.2 二相鋼の強度・延性特性予測のメゾスケールアプローチ 
 

Morphology

 

Morphology
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×

Fig. 2.1  

×  

 

 
Fig. 2.1 Approach for predicting ductile fracture behavior/limit of two-phase steel. 
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2.3 延性損傷モデルの提案 
 

2.3.1 三次元不均質組織形態モデル 

57)  

Voronoi tessellation

Voronoi tessellation

Fig. 2.2  

(i) 

 

(ii)  

(iii)  

(iv)  

 

 
Fig. 2.2 Procedure for drawing the Voronoi tessellation. 

(i) Arranging the core of grain growth�

(ii) Grain growth at uniform velocity�

(iii) Contact of each grain edge�

(iv) Grain boundary forming�
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Fig. 2.3 Voronoi tessellation. 

 

Fig. 2.3 —

Voronoi Voronoi

 

Fig. 2.4

 

(a)  

(b) Voronoi tessellation  

(c)  

(d)  

Fig. 2.5

 

100 30 %

Fig. 2.6
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Fig. 2.4 Procedure for creating 3D two-phase FE-model. 

 

 
Fig. 2.5 Examples of crystal grains created by proposed method. 

 

 

 
Fig. 2.6 Frequency distribution of volume fraction of second phase of 3D two-phase FE-model. 

 

(a) Crystalline nucleus� (b) Voronoi polyhedra�

(c) 3D two-phase model� (d) 3D two-phase FE-model�

Second!
phase�

Matrix!
phase�

0
5

10
15
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25
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35
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Fr
eq

ue
nc

y

Volume fraction of second phase, Vf (%)
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(1) Fig. 2.4(a)

Fig. 2.7

 

(2) Fig. 2.4(c)

Fig. 2.8

 

 

  
(a) Fine grain model (b) Coarse grain model 

Fig. 2.7 Various grain size models. 
 

   
(a) 30 % second phase (b) 50 % second phase (c) 70 % second phase 

Fig. 2.8 Various volume fraction of second phase. 
 

 
Fig. 2.9 High aspect ratio model. 
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(3) Fig. 2.4(b)

Fig. 2.9  

 

 

2.3.2 延性損傷数理モデル 

 

Fig. 2.10

 

dEmp D  

 dD = (1− D)dEmp  (2.1) 

D Gurson-Tvergaard

33, 34)  

 

 
Fig. 2.10 Proposed damage model to simulate ductile damage evolution. 
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Applied plastic strain!
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 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ a1D* exp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ −1= 0  (2.2) 

Σ Σm σ

D* a1 a2

D* (2.3) D

Dc

K  

 D* = D
Dc + K (D − Dc )

for
for

D ≤ Dc

D > Dc

⎧
⎨
⎪

⎩⎪
 (2.3) 

a1, a2

dEmp dEp

Associated flow rule (2.4) (2.2) (2.5)

 

 dEmp
∂Φ
∂Σ

− dEp
∂Φ
∂Σm

= 0  (2.4) 

 dEmp = a1a2Dexp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟
σ
2Σ

dEp  (2.5) 

(2.5) (2.1) dD dEp

 

 
1

(1− D)D
dD = 1

2
a1a2 exp a2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟
σ
Σ
dEp  (2.6) 

D Dc

Σ ≈σ (Ep )i

Dc (2.6)  

 1
(1− D)D

dD
D0

Dc

∫ = 1
2
a1a2 exp a2

Σm

Σ
⎛
⎝⎜

⎞
⎠⎟ dEp0

(Ep )i

∫  (2.7) 

(Ep )i
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 (Ep )i = Aexp B Σm

Σ const.

⎛
⎝⎜

⎞
⎠⎟
,

A = 2
a1a2

ln (1− D0 )Dc

(1− Dc )D0

B = −a2

⎧
⎨
⎪

⎩⎪
 (2.8) 

a1, a2 (2.7)

 

D0 Dc

58) 0.0001

0.001 K D0 Dc

40,41,58) K = 4 D0, Dc K

a1 a2  

 

 

2.4 二相鋼の延性特性予測手法の提案 
 

×  

 

2.4.1 切欠き延性予測手法 

× Fig. 2.11 ×

(Vg)cr Mises

Vg = (Vg)cr

(εptip )cr  
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Fig. 2.11 Procedure for predicting critical local strain. 

 

2.4.2 延性の応力多軸度依存特性予測手法 

× Fig. 2.12

×

Representative Volume Element, RVE

RVE

DRVE Dc = 0.001

(Ep )RVE (Ep )i RVE

DRVE (Ep )RVE (2.9)

 

 

 
Fig. 2.12 Procedure for predicting stress triaxiality dependent ductility. 
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 (Ep )RVE =
Ep (k)V (k)

k
∑

V (k)
k
∑ , DRVE =

D(k)V (k)
k
∑

V (k)
k
∑  (2.9) 

Ep (k) D(k) V (k) k

RVE

 

× Fig. 2.13  

 

 
Fig. 2.13 Proposed models to predict two types of ductile properties. 

 

2.5 結言 
 

 

(1) 
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(2) 

 

(3) 

Mises

×

 

(4) RVE

×  

×

×

×

×

 

 



 - 27 - 

第３章 延性損傷モデルの妥当性の検証：二相鋼の損傷プロセスの予測 
 

3.1 緒言 
 

×

× ×  

×

×  

×

×  

 

3.2 供試鋼材 
 

13 mm SM490YB Table 3.1

Fig. 3.1

25 µm 30 %  

Fig. 3.2

25 gf 10

Table 3.2  
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Table 3.1 Chemical compositions of SM490YB steel used (mass%). 

C Si Mn P S Cu Ni Cr Mo V B
0.17 0.33 1.37 0.018 0.018 0.01 0.07 0.06 0.008 0.002 0.0001  

 
 

 
Fig. 3.1 Microstructures of SM490YB steel used. 

 

 
Fig. 3.2 Nominal stress - nominal strain curve obtained by smooth round-bar tensile test for SM490YB 

steel. 
 

 
Table 3.2 Mechanical properties of SM490YB steel used. 

Ferrite Pearlite
344 540 0.64 17.6 31 198 276

σY (MPa) σT (MPa) YR εT (%) HV

σY: Lower yield stress, σT: Tensile strength, YR: Yield-to-tensile ratio = σY/σT

εT: Uniform elongation, El.: Elongation (G.L. = 36mm, Dia. = 6mm), HV: Vickers hardness (Load: 25gf)

El. (%)
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1.4  

 

3.3 延性損傷挙動の観察 
 

3.3.1 実験・観察方法 

Fig. 3.3

Fig. 3.3(a)

Type A Fig. 3.3(b)

Type B

1/4 3/4

#600

Fig. 3.4(a) 1000 N

1 µm/s P CCD

u Fig. 3.4(b)

— —

LED  

 

  
(a) Type A specimen (b) Type B specimen 

Fig. 3.3 Configurations of micro-tensile specimens. 
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(a) Whole view (b) Detail 

Fig. 3.4 Testing machine used for micro-tensile test. 

 
Fig. 3.5 Procedure for observing cross-section of the micro-tensile specimens. 

 

Fig. 3.5

5 %

SEM  

 

3.3.2 等軸ディンプル型延性亀裂形成挙動 

Type A Fig. 3.6

—

Fig. 3.7
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Fig. 3.6 Stress-strain curves for Type A specimen obtained by experiments. 

 

  
(a) Whole view (b) Magnified fracture surface 

Fig. 3.7 Fracture appearance of Type A specimen. 

 

Fig. 3.6 Level 1~3
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 (a) Level 1 

  
(b) Level 2 (c) Level 3 

Fig. 3.8 Ductile damage evolution from specimen center for Type A specimen. 
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3.3.3 せん断すべり型延性亀裂形成挙動 

Type B Fig. 3.9

Fig. 3.6 Fig. 3.10

 

Fig. 3.9 Level 1, 

2 Fig. 3.11(a) Level 1

Level 2 30 µm

 

 

 

 
Fig. 3.9 Stress-strain curves for Type B specimen obtained by experiments. 
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(a) Whole view (b) Magnified fracture surface 

Fig. 3.10 Fracture appearance of Type B specimen. 

 

 

  
(a) Level 1 (b) Level 2 

Fig. 3.11 Ductile damage evolution from notch root surface for Type B specimen. 
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3.4 延性損傷モデルの作成 
 

×

 

 

3.4.1 三次元不均質組織形態モデルの作成 

25 µm 30 %

Fig. 3.12

1/4 4 5 µm Type A

27826 144410 Type B

60143 324553  

 

 

 
Fig. 3.12 Meso-scale 3D FE-models of notched micro-tensile specimens. 
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3.4.2 各相の延性損傷数理モデルのパラメータ決定 

 

 

(a) 各相の応力－ひずみ特性 

s e Fig. 3.13
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R CCD  

 

 
Fig. 3.13 Configuration of smooth round-bar tensile specimen. 
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Fig. 3.14 True stress - true strain curve obtained by experiment and equivalent stress - equivalent plastic 
strain curve. 
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Fig. 3.15 Equivalent stress - equivalent plastic strain curves of the constituent phases of the two-phase 

steels. 
 

 
Fig. 3.16 Micro-structural model to evaluate macro- scopic stress - strain curve for SM490YB steel. 

 

 
Fig. 3.17 Nominal stress - nominal strain curves obtained by smooth round-bar tensile test and 

FE-analysis using micro-structural model for SM490YB steel. 
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(b) 各相の損傷パラメータ 

a1, a2
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Fig. 3.18 Configuration of circumferentially notched round-bar tensile specimen. 
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Fig. 3.19 True stress - true strain curves of round-bar tensile specimens with/without circumferential 

notch. 
  

 
Fig. 3.20 Axi-symmetrical FE-model of round-bar tensile specimen (R2-specimen). 

 

 
Fig. 3.21 Stress triaxiality dependent ductility of the SM490YB steel. 
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Fig. 3.22 Table 3.3  

 

  
Fig. 3.22 Damage properties of the two-phase steels and the constituent phases. 
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3.5 提案モデルによる延性損傷挙動の予測 
 

ABAQUS Standard 

Ver. 6.7 2.3 User Subroutine UMAT

Mises

Fig. 3.14  

 

3.5.1 等軸ディンプル型延性亀裂形成挙動の予測 
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Fig. 3.23

Fig. 3.24 Level 1
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Fig. 3.23 Stress-strain curves obtained by experiment and simulation for Type A specimen. 

 

0

100
200

300

400

500
600
700

0 0.05 0.1 0.15 0.2

St
re

ss
, σ

 (M
Pa

)

Strain, ε

Type A

Level 1

Level 2
Level 3

Level 4

Experiment

Simulation
G.L. (mm)Specimen

0.7921 (Level 1)
0.9862 (Level 2)
0.8683 (Level 3)
0.8654 (Level 4)
0.865Simulation



 - 43 - 

 
Fig. 3.24 Ductile damage evolution behavior obtained by simulation and experiment for Type A specimen. 
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Fig. 3.25 Stress-strain curves obtained by experiment and simulation for Type B specimen. 
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Fig. 3.26 Distributions of equivalent plastic strain, stress triaxiality and damage ratio obtained by 

simulation for Type B specimen at Level 0 in Fig. 3.23. 
 

 
Fig. 3.27 Ductile damage evolution behavior obtained by simulation and experiment for Type B specimen. 
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Level 1 Level 2

Fig. 3.27

 

 

3.6 結言 
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第４章 延性損傷モデルの妥当性の検証：二相鋼の延性特性の予測 
 

4.1 緒言 
 

×

×  

×

×

×

 

 

4.2 供試鋼材 
 

DP DP

F M

Table 4.1 50 kg 1200 ºC 60 min

950 ºC 15 mm 1300 ºC 3 h

900 ºC 5 min F M DP 0.7 ºC/s

800 ºC

SEM Fig. 4.1 DP

20 % 8 µm  
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Table 4.1 Chemical compositions of steels used (mass%). 

C Si Mn P S Al N O others
F-steel 0.015 0.26 1.35 0.005 <0.001 0.03 0.003 <0.001

DP-steel 0.09 0.26 1.35 0.005 <0.001 0.03 0.003 <0.001 V, Nb, Ti
M-steel 0.26 0.26 1.35 0.005 <0.001 0.03 0.003 <0.001  

 

 
           (a) F-steel (b) DP-steel        (c) M-steel 

Fig. 4.1 Microstructure of steels used.  

 

Fig. 4.2

Table 4.2 DP

100 gf 20

30 DP
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Fig. 4.2 Nominal stress - nominal strain curves of steels used obtained by smooth round-bar tensile tests. 
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Table 4.2 Mechanical properties of steels used. 

 
 

Fig. 4.3 Fig. 4.3(a)

0.2 % σ0.2 σT Fig. 4.3(b) YR = σ0.2/σT εT

M F 0.2 % σ0.2 1.9 σT 2.1 ≈ 2.0

DP  

 

  
(a) 0.2% proof stress and tensile strength (b) Yield-to-tensile ratio and uniform elongation 

Fig. 4.3 Effect of volume fraction of Martensite on mechanical properties of DP-steel. 

 

4.3 延性特性の評価 

DP ×

DP

× DP F M

 

 

��
σ0.2 (MPa)� σT (MPa)" YR (%)! εT (%)� vE (J)!

HV!
Ferrite! Martensite!

F-steel! 305! 454! 67.2! 15! >300! 177! -!
DP-steel! 292! 587! 49.7! 18! 206! 166! 347!
M-steel! 584! 968! 60.3! 5.9! 10! -! 358!

σ0.2: 0.2% proof stress, σT: Tensile strength, YR: Yield-to-tensile ratio = σ0.2/σT"
εT: Uniform elongation, vE: Charpy absorbed energy at room temperature,"
HV: Vickers hardness (Load:100gf)!
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4.3.1 評価手法 
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P u
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(a) V-notched bend specimen (b) Round-bar specimens 

Fig. 4.4 Configurations of specimens for identifying two types of ductile property. 
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(a) V-notched bend specimen 

 

 
(b) Round-bar specimen 

Fig. 4.5 FE-model of specimens for identifying two types of ductile property. 
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Image J 0.5 mm
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Fig. 4.6 Equivalent stress -equivalent plastic strain curve corrected by Davidenkov equation for DP-steel. 
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Fig. 4.7 True stress - true strain curves obtained by smooth round-bar tensile tests and equivalent stress 

- equivalent plastic strain curves for FE-analysis. 
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4.3.2 切欠き延性 
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Fig. 4.8 Load - load point displacement curves of V-notched bend specimen for DP-steel. 
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Fig. 4.9 Critical load point displacement for shear-slip mode ductile initiation for DP-steel. 

 

  
Fig. 4.10 Critical local strain for ductile cracking with shear-slip mode for DP-steel. 
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Fig. 4.12 Fig. 4.13 R1.5 SEM

DP F
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Fig. 4.11 Critical true strain for ductile cracking obtained by round-bar tensile tests of steels used. 
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Fig. 4.12 Fracture surface of smooth round-bar specimen of steels used. 
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Fig. 4.13 Fracture surface of notched round-bar specimen (R1.5 specimen) of steels used. 

 

 

  
(a) Smooth specimen (b) R1.5 specimen 

Fig. 4.14 Observation of damage behavior below fracture surface in the middle of round-bar specimen. 
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Fig. 4.15 Two types of ductile property for steels used. 
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(a) Micro-structural model 

 

 
(b) Homogeneous model 

Fig. 4.16 Three-point bend specimen model to predict critical local strain for DP-steel. 
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Fig. 4.17 RVE model to predict stress triaxiality dependent ductility for DP-steel. 
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4.4.2 各相の損傷パラメータの決定 

(εp )cr

80 % (Ep )i (2.7)

a1 a2

M

R1.5

R2 (2.8)

DP

Fig. 4.18 Table 4.3  

 

0.07�

0.07�

0.07�

Σ1�

Σ2�

Σ3�

(Σ1 > Σ2 = Σ3)� (Unit : mm)�

0.05�

0.05�

0.05�

Ferrite�

Martensite�



 - 60 - 

  
Fig. 4.18 Stress triaxiality dependent ductility of the steels used. 
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(a)  Vg-R curve by damage simulation considering 

micro-structural heterogeneity 
(b)  Relationship between equivalent plastic strain 

of notch-tip and notch mouth opening 
displacement obtained by using homogeneous 
model 

Fig. 4.19 Prediction of critical local strain for DP-steel by the proposed method. 

 

RVE (Ep )RVE

DRVE Fig. 4.20 Fig. 4.21 (Σm / Σ )RVE 1.33

0.67 (Ep )RVE 15 % Ep

Σm / Σ D* /Dcr
*

Ep Σm / Σ

D* /Dcr
*

(Ep )RVE (Σm / Σ )RVE Ep

Σm / Σ

(Σm / Σ )RVE  

 

 

(εptip )cr = 1.04Δai = 0.05mm�

(Vg)cr = 0.64mm�



 - 62 - 

 
Fig. 4.20 Damage evolution along with equivalent plastic strain of RVE model for DP-steel. 

 
Fig. 4.21 Distributions of equivalent plastic strain, stress triaxiality and damage ratio of RVE model for 

DP-steel. 
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Fig. 4.22 Two types of ductile property for DP-steel obtained by experiment and simulation. 
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第５章 延性損傷モデルによる延性亀裂発生・進展抵抗の予測 
 

5.1 緒言 
 

×

× ×

×

 

×

40, 41)

 

SM490YB

×

R-curve

× ×

 

 

5.2 フェライト・パーライト二相鋼の延性特性の予測 
 

×

 

 

5.2.1 延性特性評価試験 
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Fig. 3.21  

 

(a) 評価手法 

Fig. 5.1
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Fig. 5.1 Configurations of round-bar specimens with sharp notch for identifying critical local strain of 

SM490YB steel. 
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Fig. 5.2 True stress - true strain curve and ductile cracking behaviors of SM490YB steel for notched 

round-bar tensile specimen (R0.1 specimen). 
 

 
Fig. 5.3 Two types of ductile property of SM490YB steel. 
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Fig. 5.4 Three-point bend specimen model to predict critical local strain of SM490YB steel. 

 

 
Fig. 5.5 RVE model to predict stress triaxiality dependent ductility of SM490YB steel. 
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Fig. 5.6 Fig. 5.4(a)
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(a)  Vg-R curve obtained by damage simulation 

considering micro-structural heterogeneity 
(b)  Relationship between equivalent plastic strain 

of notch-tip and notch mouth opening 
displacement obtained by using homogeneous 
model 

Fig. 5.6 Prediction of critical local strain of SM490YB steel by the proposed method. 
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Fig. 5.7 Damage evolution along with equivalent plastic strain for RVE model of SM490YB steel. 
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Fig. 5.8 Two types of ductile property of SM490YB steel obtained by experiment and simulation. 
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5.3 延性亀裂発生・進展抵抗の予測 
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R-curve ×  

 

5.3.1 マクロスケールアプローチの概要 
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(a) せん断すべり型延性亀裂発生条件 
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(b) 延性亀裂進展の数理損傷モデル 

Fig. 5.9
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Fig. 5.9 Schematic illustration of the history of plastic strain and stress triaxiality ahead of crack-tip up to 
ductile crack growth. 

 

Fig. 5.10  

I  

 

II   

III  

εpEquivalent plastic strain,�

σm / σStress triaxiality,�

σm / σStress triaxiality,�Eq
ui

va
le

nt
 p

la
st

ic
 s

tra
in

, ε
p�

σm / σStress triaxiality,�Eq
ui

va
le

nt
 p

la
st

ic
 s

tra
in

, ε
p�

εp

σm / σ

D
uc

til
e 

cr
ac

k 
gr

ow
th
�

σm / σStress triaxiality,�Eq
ui

va
le

nt
 p

la
st

ic
 s

tra
in

, ε
p�

εp

σm / σ Ductile cracking�

Ductile crack�

Ductile crack !
growth�

Ductile crack !
growth�



 - 73 - 

 

I

I

 

2.3.2

a1, a2

 

 

 

Fig. 5.10 Schematic illustration of macro-scopic damage model40). 
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Fig. 5.11 Macro-scopic simulation method for predicting ductile crack initiation and growth. 
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Fig. 5.12 Configurations of three-point bend specimen with pre-crack. 
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Fig. 5.13 Load - clip gage opening displacement curves obtained by experiment for three-point bend 

specimen. 
 

 
Fig. 5.14 Ductile crack growth on the mid-thickness of pre-cracked three-point bending specimen. 

 

 
Fig. 5.15 Ductile crack growth resistance curve (CTOD-R curve) obtained by experiments. 
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5.3.3 材料パラメータの決定 

(a) 応力－ひずみ曲線 
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Fig. 5.16 Equivalent stress - equivalent plastic strain curve obtained by nominal stress - nominal strain 

curve obtained by FE-analysis using 3D micro-structural model. 
 

(b) 損傷パラメータ 
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Table 5.1 Parameters predicted by meso-scopic approach. 

a1 a2
1.10 2.28 1.15
(εptip )cr
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a1, a2 RVE ×
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5.3.4 延性亀裂発生・進展抵抗の予測 
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Fig. 5.17 3D FE-model of three-point bend specimen for damage simulation. 
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Fig. 5.18 P- Vg

Fig. 5.19 CTOD R-curve

Fig. 5.20

 

 

 
Fig. 5.18 Comparison between load - clip gage opening displacement curve obtained by experiment and 

simulation. 
 

 
Fig. 5.19 Comparison between CTOD-R curve obtained by experiment and simulation. 
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Fig. 5.20 Comparison between ductile crack extension profiles along specimen thickness for three-point 
bend specimen obtained by experiment and simulation. 
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第６章 延性亀裂発生・進展抵抗と二相組織形態の関係の一考察 
 

6.1 緒言 
 

Fig. 6.1

×

×

 

R-curve

R-curve  

 

 

 

Fig. 6.1 Hierarchical approach to correlate multi-scale charactersitics i.e. micro-structural characteristcis, 
mechanical properties of steel and structural performance with respect to ductile crack growth 
resistance. 
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6.2 二相鋼の強度・延性特性に及ぼす二相組織形態の影響 
 

6.2.1 解析対象と解析条件 

Fig. 6.2
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- Fig. 6.3  

 

 

Fig. 6.2 Micro-structural model for discussion of the effect of micro-structural morphology on 
macro-scopic strength and ductile properties. 
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curves of each phase 
(b) Stress triaxiality dependent ductility of each 

phase 
Fig. 6.3 Mechanical properties of each phase for case study. 
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Fig. 3.15 Fig. 3.22  

 

6.2.2 二相鋼の強度特性に及ぼす組織形態の影響 
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Fig. 6.4 3D meso-scale FE-model for analyzing the effect of micro-structural morphology on 

stress-strain curve of two-phase steel. 
 

 
Fig. 6.5 Schematic illustration of method for creating layered model. 
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Fig. 6.6 Nominal stress - nominal strain curves obtained by FE-analysis for random model and layered 

model. 
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250384 Fig. 6.7(b)
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(a) Micro-structural model 

 

 
(b) Homogeneous model 

Fig. 6.7 Three-point bend specimen model to predict the effect of micro-structural morphology on 
critical local strain  
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Fig. 6.8 RVE model to predict the effect of micro-structural morphology on stress triaxiality 

dependent ductility. 
 

×

Fig. 6.9

Δa = 0.05 mm

 

Vg = 0.2 mm

Ep Σm / Σ D*/D*
cr Fig. 6.10

Ep Σm / Σ Vg = 0.8 mm

Fig. 6.11  

 

 

Fig. 6.9 Damage simulation to estimate the effect of micro-structural morphology on critical local strain. 
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Fig. 6.10 Distributions of equivalent plastic strain, stress triaxiality and damage ratio for three-point 
bending specimen model at Vg = 0.2 mm. 

Random� Layered�

0!

0.3!

0.6!Ep

Σm

Σ

D *

Dcr
*

10-4!

10-2!

100!

0!

0.6!

1.2!

Vg = 0.2 mm� at mid-thickness�



 - 89 - 

  
(a) Random model (b) Layered model 

Fig. 6.11 Ductile crack growth behavior obtained by damage simulation at Vg = 0.8 mm. 
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Fig. 6.12 The effect of micro-structural morphology on damage evolution along with equivalent plastic 

strain of RVE model. 
 

 

Fig. 6.13 Distributions of equivalent plastic strain, stress triaxiality and damage ratio for RVE model at 
(Ep )RVE = 0.4 . 
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Fig. 6.14 The effect of micro-structural morphology on macro-scopic ductile properties. 
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Fig. 6.15 3D FE-model of three-point bend specimen for case study. 
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Morphology

×

 

 

 

Fig. 6.16 The effect of micro-structural morphology on ductile crack growth resistance of three-point 
bending specimen. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.2 0.4 0.6 0.8 1

CT
O

D,
 δ

 (m
m

)

Maximum ductile crack growth, Δamax (mm)

Random

Layered



 - 94 - 

 
Fig. 6.17 The effect of micro-structural morphology on CTOD for ductile crack initiation from pre-crack 

tip of three-point bending specimen. 
 

 
Fig. 6.18 The effect of micro-structural morphology on dδ/dΔamax as a function of Δamax of three-point 

bending specimen. 
 

 

6.4 結言 
 

SM490YB

 

0.0

0.5

1.0

1.5

0 0.05 0.1 0.15 0.2 0.25 0.3
CTOD, δ (mm)

Eq
ui

va
le

nt
 p

la
st

ic 
st

ra
in

 o
f

 p
re

-c
ra

ck
 ti

p,
 ε p

tip

Random

Layered

δi

3PB specimen (a0/W=0.5)

(εp
tip)cr

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 0.2 0.4 0.6 0.8 1

dδ
/d
Δa

m
ax

Maximum ductile crack growth, Δamax (mm)

δ = δ i +α Δamax( )β

Random

Layered



 - 95 - 

(1) 

 

(2) 

 

(3) 

 

(4) ×

CTOD-R curve ×

CTOD δi

× 12 % δi

 

×

 

 



 - 96 - 

第７章 結論 
 

×

×

×

 

Morphology

×  

(1) 

 

(2) 

 

(3) 

 



 - 97 - 

(4) ×

Mises

×  

(5) × Representative Volume 

Element, RVE RVE

DRVE

(Ep )RVE (Ep )i

×  

×

×

 

(6) 

 

(7) 

×

 



 - 98 - 

×

×

 

(8) 

×

×  

×

×

×

×

×  

(9) 

R-curve ×

×

× R-curve

×

R-curve  



 - 99 - 

 

(10) 

 

(11) 

 

(12) 

 

(13) ×

×

CTOD δi

× 12 % δi

 

×

 

 



 - 100 - 

参考文献 
 

1) 2 YR780MPa JFE

No. 18 (2007) p. 23-28 

2) 

- 1 - No. 190 

(2001) p. 507-515 

3) 

Vol. 27 No. 1 (2009) p. 13-20 

4) B. I. Edelson, W. M. Baldwin : The Effect of Second Phase on the Mechanical Properties of Alloys, 

Transaction of American Society for Metals, Vol. 56 (1963), p. 442-454 

5) G. LeRoy, J. D. Embury, G. Edwards, M. F. Ashby : A Model of Ductile Fracture Based on the 

Nucleation and Growth of Voids, Acta Metallurgica, Vol. 29, No. 8 (1981), p. 1509-1522 

6) 

Vol. 62, No. 7 (1976), p.875-884 

7) I. G. Park, A. W. Thompson : Ductile Fracture in Spheroidized 1520 Steel, Acta Metallurgica, Vol. 

36, No. 7 (1988), p. 1653-1664 

8) 

Vol. 41, No. 11 (1977), p. 1094-1101 

9) ×

Vol. 48, No. 1 (1979), p. 21-27 

10) 

Vol. 29, No. 321 (1980), p. 550-555 

11) 

Vol. 62, No. 1 (1976), p. 90-99 

12) H. Qiu, H. Mori, M. Enoki, T. Kishi : Evaluation of Ductile Fracture of Structural Steels by 

Microvoid Model, ISIJ International, Vol. 39, No. 4 (1999), p. 358-364 

13) 2

A Vol. 46, No. 406 (1980), p. 598-604 

14) M. Erdogan: The effect of new ferrite content on the tensile fracture behaviour of dual phase steels, 



 - 101 - 

Journal of Materials Science, Vol. 37 (2002), p.3623-3630 

15) G. Avramovic-Cingara, Ch. A. R. Saleh, M. K. Jain, D. S. Wilkinson: Void Nucleation and Growth 

in Dual-Phase Steel 600 during Uniaxial Tensile Testing, Metallurgical and Materials Transactions A, 

Vol. 40 (2009), p.3117-3127 

16) G. Avramovic-Cingara, Y. Ososkov, M. K. Jain, D. S. Wilkinson: Effect of martensite distribution on 

damage behaviour in DP600 dual phase steels, Materials Science and Engineering: A, Vol. 516 

(2009), p.7-16 

17)       Dual Phase

, , Vol. 97 (2011), p.136-142 

18) K. Park, M. Nishiyama, N. Nakada, T. Tsuchiyama, S. Takaki: Effect of the martensite distribution 

on the strain hardening and ductile fracture behaviors in dual-phase steel, Materials Science and 

Engineering: A, Vol. 604 (2014), p.135-141 

19) MnS

Vol. 63, No. 12 (1977), p. 1878-1886 

20) N. Ishikawa, D. M. Parks, M. Kurihara: Micromechanism of Ductile Crack Initiation in Structural 

Steels Based on Void Nucleation and Growth, ISIJ International, Vol. 40 (2000), p.519-527 

21) J. Q. Clayton, J. F. Knott: Observations of fibrous fracture modes in a prestrained low-alloy steel, 

Materials Science and Technology, Vol. 10 (1976), p. 63-71 

22) M. Isacsson, T. Narström: Microscopic examination of crack growth in a pressure vessel steel, 

Materials Science and Engineering: A, Vol. 241 (1998), p.169-178 

23) J. H. Giovanola, S. W. Kirkpatrick: Using the local approach to evaluate scaling effects in ductile 

fracture, International Journal of Fracture, Vol. 92 (1998), p. 101-117 

24) J. H. Giovanola, S. W. Kirkpatrick, J. E. Crocker: Fracture of geometrically scaled, notched 

three-point-bend bars of high strength steel, Engineering Fracture Mechanics, Vol. 62 (1999), p. 

291-310 

25) M. Ohata, M. Toyoda : Application of Equivalent Damage Concept to Evaluation of Ductile 

Cracking for Linepipe under Large Scale Seismic Loading, Proceedings of 22th International 

Conference on Offshore Mechanics and Arctic Engineering, OMAE2003-37184 (2003) 

26) 

Vol. 21, No. 4 (2003), p. 592-602 



 - 102 - 

27) M. Ohata, M. Toyoda : Damage Concept for Evaluating Ductile Cracking of Steel Structure 

Subjected to Large-scale Cyclic Loading, Science and Technology of Advanced Materials, Vol. 5 

(2004), p. 241-249 

28) J. R. Rice, D. M. Tracey: On the ductile enlargement of voids in triaxial stress fields, Journal of the 

Mechanics and Physics of Solids, Vol. 17 (1969), p.201-217 

29) F. M. Beremin: Study of Fracture Criteria for Ductile Rupture of A508 Steel, Advances in Fracture 

Research, Proceedings of the 5th International Conference on Fracture, (1981), p. 809-816 

30) F. A. McClintock: A Criterion for Ductile Fracture by the Growth of Holes, Journal of Applied 

Mechanics, Transactions of ASME, Vol. 35 (1968), p.363-371 

31) P. F. Thomason: A Theory for Ductile Fracture by Internal Necking of Cavities, Journal of the 

Institute of Metals, Vol. 96 (1968), p.360-365 

32) : , , Vol. 75 (1972), p.596-601 

33) A. L. Gurson: Continuum Theory of Ductile Rupture by Void Nucleation and Growth Part I - Yield 

Criteria and Flow Rules for Porous Ductile Media, Journal of Engineering Materials and Technology, 

Vol. 99 (1977), p.2-15 

34) V. Tvergaard: Influence of voids on shear band instabilities under plane strain conditions, 

International Journal of Fracture, Vol. 17 (1981), p.389-407 

35) V. Tvergaard: On localization in ductile materials containing spherical voids, International Journal of 

Fracture, Vol. 18 (1982), p.237-252 

36) C. C. Chu, A. Needleman: Void Nucleation Effects in Biaxially Stretched Sheets, Journal of 

Engineering Materials and Technology, Vol. 102 (1980), p.249-256 

37) V. Tvergaard, A. Needleman: Analysis of the cup-cone fracture in a round tensile bar, Acta 

Metallurgica, Vol. 32 (1984), p.157-169 

38) G. B. An, M. Ohata, J. U. Park, M. Toyoda: Effect of Dynamic Loading on Ductile Crack Initiation 

Behavior of Notched Specimen with Strength Mismatch, Science and Technology of Welding and 

Joining, Vol. 11 (2006), p.75-80 

39) : 

, , Vol. 94 (2008), p.57-65 

40)  : 

, , Vol. 94 (2008), p.222-230 



 - 103 - 

41) M. Ohata, T. Fukahori, F. Minami: Damage Model for Predicting the Effect of Steel Properties on 

Ductile Crack Growth Resistance, International Journal of Damage Mechanics, Vol. 19 (2010), 

p.441-459 

42)  : 780MPa

× , , Vol. 22 (2004), p. 515-523 

43) L. Xia, C. F. Shih: Ductile crack growth-I. A numerical study using computational cells with 

microstructurally-based length scales, Journal of the Mechanics and Physics of Solids, Vol. 43 (1995), 

p.233-259 

44) L. Xia, C. F. Shih, J. W. Hutchinson: A computational approach to ductile crack growth under large 

scale yielding conditions, Journal of the Mechanics and Physics of Solids, Vol. 43 (1995), p.389-413 

45) L. Xia, C. F. Shih: Ductile crack growth-II. Void nucleation and geometry effects on macroscopic 

fracture behavior, Journal of the Mechanics and Physics of Solids, Vol. 43 (1995), p.1953-1981 

46) L. Xia, C. F. Shih: Ductile crack growth-III. Transition to cleavage fracture incorporating statistics, 

Journal of the Mechanics and Physics of Solids, Vol. 44 (1996), p.603-639 

47) C. Ruggieri, R. H. Dodds: A transferability model for brittle fracture including constraint and ductile 

tearing effects: a probabilistic approach, International Journal of Fracture, Vol. 79 (1996), p.309-340 

48) M. Ohata, S. Igi, R. Ymaguchi, T. Sakimoto, T. Kubo, F. Minami: Prediction of Tensile Strain Limit 

for Leak of High Pressure Pipe with Surface Crack, Proceedings of Pipeline Technology Conference, 

2009-065 (2009),  

49) : 

, , Vol. 49 (2011), p.148-156 

50) M. Ohata, Y. Takada, F. Minami, T. Sakimoto, S. Igi, S. Endo: Effect of Mechanical Properties on 

Tensile Strain Limit for Leakage of High-Pressure Pipe with Surface Crack, International Journal of 

Offshore and Polar Engineering, Vol. 22 (2012), p.157-164 

51) F. M. Al-Abbasi, J. A. Nemes: Micromechanical modeling of dual phase steels, International Journal 

of Mechanical Sciences, Vol. 45 (2003), p.1449-1465 

52) S. Socrate, M.C. Boyce: Micromechanics of toughened polycarbonate, Journal of the Mechanics and 

Physics of Solids, Vol. 48 (2000), p.233-273 

53) N. Ishikawa, D. M. Parks, S. Socrate, M. Kurihara: Micromechanical Modeling of Ferrite--Pearlite 

Steels Using Finite Element Unit Cell Models, ISIJ International, Vol. 40 (2000), p.1170-1179 



 - 104 - 

54) N. Ishikawa and D. M. Parks and M. Kurihara: Micromechanical Modeling of Ductile Crack 

Initiation Behavior of Two Phase Steels, ISIJ International, Vol. 41 (2001), p. 76-85 

55) V. Uthaisangsuk, U. Prahl, W. Bleck: Stretch-flangeability characterisation of multiphase steel using 

a microstructure based failure modelling, Computational Materials Science, Vol. 45 (2009), p. 

617-623 

56) V. Uthaisangsuk, U. Prahl, W. Bleck: Characterisation of formability behaviour of multiphase steels 

by micromechanical modelling, International Journal of Fracture, Vol.157 (2009), p. 55-69 

57) M. Ohata, M. Suzuki, A. Ui, F. Minami: 3D-Simulation of ductile failure in two-phase structural steel 

with heterogeneous microstructure, Engineering Fracture Mechanics, Vol. 77 (2010), p. 277 - 284 

58) : 

(2008) 

59) : , , Vol. 61 

(1975), p.107-118 

60) : , , (2004), p. 99 

61) : 

, , No. 190 (2001), p. 579-590 

62) ISO 12135: Metallic materials - Unified method of test for the determination of quasistatic fracture 

toughness, (2002) 

 



 - 105 - 

本研究に関する業績一覧 
 

研究論文 
 

1) 

× Vol. 99 (2013), p. 573-581 

 

2) 

× 	 × 	 Vol. 100 (2014), p. 666-675 

 

3) H. Shoji, M. Ohata, F. Minami: Simulation-based method for hierarchal material design to improve 

ductile crack growth resistance of structural component, International Journal of Fracture, Vol. 192, 

(2015), p. 167-178. 

 

4) 

Vol. 33 (2015), p. 341-348 

 

国際会議録（査読付き） 
 

1) H. Shoji, M. Ohata, F. Minami: Simulation Model to Correlate Micro-Structural Characteristics of 

Two-Phase Steel with Ductile Crack Growth Resistance, 20th European Conference on Fracture, 

Trondheim, Norway, June 29 - July 4, 2014, Procedia Material Science, Vol. 3, p. 1573-1578. 

 

国際会議録（査読無し） 
 

1) H. Shoji, M. Ohata and F. Minami: Simulation Model to Predict the Effect of Micro-Structural 

Morphology of Two-phase Steel on Ductile Crack Growth Resistance, Visual-JW2012, November 

28-30, 2012, Osaka, Japan. 

 



 - 106 - 

国内会議録 
 

1) 

2011 9

No. 326 

 

2) 

2011 (2011) pp. 209-216 

 

3) 

2013 9 No. 403 

 

4) 

× 2014 9 No. 412 

 

5) 

2015 9 No. 304 

 

受賞歴 
 

1) 2012 3  

 

2) 2015 3  

 

3) 2016 4  

 



 - 107 - 

謝辞 
 

    

 

     

 

      

        

 

  

 

      

    

 

 

 

 

 

 

 

 


