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第１章 緒論 
 

1.1 本研究の背景 
 

� Ȕ̎ɒ�ɼň*ʼ?ńě͘Ȕ̎ɭ�Ƙɔɭ)Ʃù͛/�7̼�̝͖Ʉǌ�ǌě̝)(͗��,

˸Ɍ')?�'�Ō��͘�,<�)Ʃù͛/�7̼�̝�=ɲǌɭ*ʹƭɼň*ʼ?�'-4

'D(ɍ��Əʗ̥͓;Țȋ)(,͓ʦ7Ȕ̎*��%-͘Ĺ́)(*<?ō�)˄̠,�&͘

Ʃù͛/�7̼�̝�=Ǝƭ�ˌ�ɪɛ�̐ű�%Ǝƭɼň*ʼ?ńě;͘ɪɛ�̐ű���ˌ

C˸Ɍ'�%�ŝşʹƭɼň*ʼ?�'�Ƶƫ�@?�6�͘ɪ̀p��d;ăśp��d,̟

ʔ;Ķùţĭ͘MY̅̉ʔ͖�G�kGp͗)(,ßĶ�¦��@?Ȕ̎*��%:͘Ǝƭ�ˌ

,ȀĎ˲̌*<?ßţɒ,Ɇȳ;͘�,Ɵ,ō˓ȗ)Ǝƭ�ŝşɼň�Ƶƫ�@?��,�9͘

�ŝşɼň*×ʌ#Ǝƭ�ˌ,ɪɛ�̐űCƽï�?�'�̠ˑ&̝͘Ǻ,�ˌ,ɪɛ�̐űǀ

ƾC×Ɂ�?Ƽˊ,Ȕʗ'':*͘ƭʷĞ�,�9,Ǻǡ*ˑȪ�@?ɓƭCǪɾ*�?Ƨˑ�


?� 

� �Ǥ͘Ȕ̝̎ǺCȔƶ�?Ȕ̎ɝ̧-͘ż˔ɭ*-ĺ˶&
"%:͘Ƥ˔ɭ*-ȕ�)Ǻǡʦ

ʯƘƲCǳ�?�ĺ˶ʦʯǺǡ&
?�̆ƅ&-͘�@=,Ƥ˔ʦʯ�r�&,�ĺ˶CʉȒɭ

*íɝ�?�'&̧͘Ǻ'�%,ƕƋ;ͅƭ 1)͘ɨþɓƭ 2, 3))(,țȌɭɓƭ,Ğ�Cɱɭ'�

��ɳʦʯ̧,̭ɪ�ɰD*̐9=@%�?��,<�)�ɳʦʯ̧,ƕƋ;Ǝƭɼňǀƾ-͘

̧ǺCȔƶ�?Ěɳ,ɓƭ �&-)�͘ʨǮʚƝ;ɳçɗ͘ʨǮʚ,EYsOdȦ)(,�ĺ

˶ʦʯƘƲ,Ɯ͆Cː̽*ĕ�?�'-<�ɸ=@%�?��,�9͘�ĺ˶ʦʯC̘è*ïƣ

�?�'&̧͘Ǻ,ȕ�)ɓƭCj��Y<�Ğ���͘�=*-Ȕ̝̎Ǻ'�%,Ǝƭɼňǀ

ƾCĞ���=@?:,'ǵƞ&�?����͘�@=,ǺǡʦʯƘƲCğ9�Ƥ˔ɭ̧Ǻɓƭ

�(,<�*̯̏�͘�ɳʦʯ̧'�%,țȌɭɓƭ;Ǝƭɼňǀƾ�ɪɘ�@?�͘�,yL

gZx-Ƨ��:Ǫ=�*)"%�)�,�ɘɔ&
?��,�9͘Ȕ̝̎Ǻƭʷ'�%,Ǝƭ

ɼňǀƾCĞ���?�9*ÿȂɭ)�ĺ˶Ǻǡʦʯ,ïƣǇŬďɚ�Ȕʗ�@?6&*-ʼ"

%�)��Ȕ̝̎Ǻ,ʵƎƭɼňƭʷ͖Ǝƭ�ˌ,ɪɛ�̐űǀƾ͗CĞ���?�9*�ɳʦ

ʯ̧Ǻ*ˑȪ�@?țȌɭɓƭCǪɾ*�?'':*͘�@Cšɘ�?�9,Ƥ˔ɭ�ĺ˶ʦʯ

ɓƭ,ïƣǇŬďɚCŬ�ƹȰCɾʌ�?�'-͔͘ʜƋ)ɼňƭʷ×Ɂ �&)�͘ěɚɭ)

Ǻǡ˞˛,šɘ*Ğ�%Ȓ9%̠ˑ)˩͌&
?� 

�   
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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 

� �ȍƑƔˡ͒*��?Ǝƭɼň-͘�ʾ*͘ƤŭʋŖ͖tGe͗,ɪɛ-ƶ̬-̏ʨ'��p�

[YCʧ%͘�0@̝,ß̝&�ˌ�Ƙƶ�@͘�@�¯Ǔ�?�'&̐ˉ�?ɘ˰&
? 4)�

��?tGeɪɛUGd'�%-̣̓͘Ų£ķɒ;ʏ�ɳʚŕ)(�
>͘�@=,İŕ�ɼǢ

Ǝƭ*đ5�Ɯ͆*#�%ŌǞ,š͒�š�Ńġ�@%�?� 

� Leroy= 5);��= 6)͘Park= 7)-əɔɋăɒ̧Cũ˰'�%tGe,ɪɛǈĀ,˖ťCˉ�͘

əɔɋăɒ,÷@;ɋăɒ'vd�aOY,õ—*<"%Ȓ9%ŭ�)/�7�r�&tGe�

ɪɛ�͘ɋăɒ,¹ʉɗ,Ňû*±�ɼǢƎƭ�¶��?'Ńġ�%�?��,<�*ŌǞ,t

GeɪɛUGd�ğ6@?Ǻǡ&-͘tGeɪɛ<>:�,Ɵ,tGe,ƶ̬�<0̏ʨ̓ʆ�

ɼǢƎƭ*ǖ̟ɭ&
?'ʳ
=@?� 

� �Ǥ̆͘ƅ,Ȕ̎ɝ̧*-Ȧ̂ɭō�)£ķɒ-Ů)�͘tGeɪɛ�ɼǢƎƭ*ǖ̟ɭ&


?'��Ńġ�
?�ō˽= 8)- S15C�<0 S35Cɋʢ̧Cũ˰*Ǝƭ�ˌɪɛǈĀ,˖ťCˉ

�͘ŊƘ,��êǵ*Ȧ̂ɭō�)tGe͖�ȝtGe͗Cɛ�?�͘�,<�)tGe,ƶ̬

-Ǝƭɼň*ǖ̟ɭ&-)�͘ɼǢ,ɲó*ɛ�?vGO�tGe͖�ȝtGe͗�ƎƭɼňC

ǖ̟�%�?ńě�Ō�'̈3%�?͚¸ˈ= 9)*<?̎ʿɝ KD32 ̧Cɝ��˖ť�=:ĝȕ

,ʨȂ�Ƣ=@%�?͚6�͘ō˽=*<?͔Ɣù̧ SNCM8 H͘T80͘E�wgHxẹ̌ 2024-T4

�<0ɏʨ̧Cɝ��ɼǢˡ͒ɑ,Ǣ̈́˖ť*<?'͘�ȝtGe,ƶ̬��ɩ˼-45ɾ˦�

@�͘əƘ6�-ƑƔǤĞ*˂ƃƑ�Ǝ.�@��ȝtGe�˖ť�@?,7&
"� 10)��,

<�)Ǻǡ&-͘vGO�tGe�ɼǢɲó*ɪɛ�͘�,ɲƟ*�ŝşɭ*̏ʨ�?�'&Ǝ

ƭɼň*ʼ?:,'Ǎť�%�?� 

� tGeɪɛǈĀ*đ5�Ǻǡʦʯ,Ɯ͆*#�%:Ō�Ńġ�@%�?�nI�Gd�k��

Gd�ɳʦʯ̧,tGeɪɛǈĀ*#�%͘��=-k��Gd�,nI�Gd,ŊƘ*<?̀

µ,Ʃù̼�*<>[y�^GdȀ�ɼň�%tGe�ɪɛ�?'� 6)͘k��Gd¹ʉɗ,Ň

û*±�ɼǢƎƭ�¶��?'Ńġ�%�? 11)�ō˽= 8)-͘˓ñȞ��ųɔ[y�^Gdʦʯ

Cǳ�?ńě-ƑƔ́'ųǤĞ�Ƅˉ*̆�4(ŭ�)/�7&k��Gd,÷@�ɪɛ�͘[

y�^Gd,ųɔʦʯ��@%əɔʦʯ*̆$�*#@%k��Gd,÷@*-<>ō�)/�

7Cˑ�?'Ńġ�%�?��Ǥ͘Qiu= 12)-͘tGe- MnS£ķɒ'vd�aOY,õ—*<

>ɪɛ� ɪ͘ɛ��tGe, 60 %ʆƋ-nI�Gdɳ'k��Gdɳ,ɣ̈́*ŗķ�%��'Ń
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ġ�%�>͘ĝ�nI�Gd�k��Gdʦʯ&:tGeɪɛǈĀ*Ž�˒=@?� 

� nI�Gd�v�b�UGd�ɳʦʯ̧*̯�%:�,ƎƭɼňǈĀ�Ńġ�@%�?�Ēɞ

=-ɏƷ�ɀƋCŊă��?�'&v�b�UGd,ɽ�CŊă���nI�Gd�v�b�U

GḑCũ˰*tGeɪɛǈĀ,˖ťCˉ"� 13)��@*<?'͘v�b�UGd,ɽ��͔�

)?*ơ"%͘tGeɪɛ-v�b�UGdɼňļ�=nI�Gd͛v�b�UGdɣ̈́õ—ļ

*Ŋă�͘�@*±�tGeɪɛ̲ɣ/�7-¶��?'Ńġ�%�?�Erdogan -͘vGO�

tGe-nI�Gd͛v�b�UGdɣ̈́̆Ð͘v�b�UGdʚß�<0£ķɒ&ɪɛ�͘ʛ

ō
?�-̏ʨ��v�b�UGd-ɼň�;��'Ńġ�%�? 14)�6�͘ɼǢ*-vGO�

tGe,ě¹�ǖ̟ɭ&
?'̈3%�?�Arvamovic-Cingara=-͘ƑƔ́ǤĞ*Ļɲ)nI�

Gd͛v�b�UGdɣ̈́&õ—�%ɪɛ��vGO�tGe-nI�Gdʚɣ*Ȯ"%ƶ̬�

?� v͘�b�UGd,ɼň*<?tGe-�@4(ƶ̬�)�'Ńġ�%�? 15, 16)�ɺ͕=-͘

ƎƭɼňǈĀ*đ5�v�b�UGdçɗ,Ɯ͆*#�%Ȑ˜�%�? 17)�v�b�UGdçɗ

�ō��ńě-v�b�UGd*͘ŭ��ńě-nI�Gd*/�7�̼��͘�@�@ʚß�

=,tGeɛƶ�Å̐�@?,*ũ�͘v�b�UGd�<0nI�Gdçɗ�ĝʑ&
?ńě

*-ʚß�=,tGeɛƶ�ƽï�@͘tGeɗŇû̍Ƌ�Ȧ̂ɭʮ;�')>ɼǢƎƭ�ō�

�)?'Ńġ�%�?�6�͘Park=-v�b�UGd,çžƘƲ͖̏ʨļ�<0Śʌļ͗,Ɯ

͆*#�%Ȑ˜�� 18)�v�b�UGd̏ʨļ&-͘v�b�UGdĝŉ,ɣ̈́�=vGO�t

Ge�ɪɛ�?�͘�,ƶ̬̍Ƌ-̒�͘vGO�tGeǞ�ƬɈ*Ňû�%ɼǢ*ʼ?,*ũ

�͘v�b�UGdŚʌļ&-nI�Gd͛v�b�UGdɣ̈́&vGO�tGe�ɪɛ�%n

I�GdʚƝ'ĝʑ,ō��*ţǫ*ƶ̬�?'Ńġ�%�?� 

� ¨�,<�*͘�ɳʦʯ̧,tGeɪɛǈĀ-ʏ�ɳ,ɽ�͘¹ʉɗ͘çžƘƲ)(,Ê�,

Ǻǡʦʯɓƭ*ō��Ɯ͆Cĕ�?�'�Ńġ�@%�?:,,͘ĝ��ɳʦʯǺǡCũ˰'�

�ńě*��%:ʨȂ�Ƨ��:ĝ�&-)�͘ʩ�ɭ)˒˘-Ƣ=@%�)���@-͘tG

e,ɪɛ;ƶ̬ǈĀ͘�=*-�,Ɵ,�ˌƘƶǈĀ*-͘ʇ�,�ĺ˶ʦʯƘƲ�ː̽*Ɯ͆

Cđ5�%�?�'*û
͘�,Ɯ͆,ʆƋ�Ěɳ�,:,,țȌɭɓƭ*:̯Ä�%�?�'

*˸İ�?:,'ʳ
=@?� 

 

1.2.2 せん断すべり型の延性亀裂発生 

� Ʃù͛/�7̼�̝*��?̝Ǻˋ̈́�=,Ǝƭ�ˌɪɛ�̐ űǈĀ;�,ǺǡʦʯÁŗƭ-͘

óʕ*̈3�̝Ǻß̝�=�ˌ�ɪɛ�?ńě'-ɦ)?ńě�
?�'�Ńġ�@%�?�Ŷ
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ǹ=- MnS £ķɒ̢CŊă��� 70 kgf/mm2ʡ͔Ɣù̧Cũ˰*W{�m�ˡ͒'�ȍƑƔˡ

͒Cˉ"� 19)��,ʨȂ W͘{�m�ˡ͒*��%Ǝƭ�ˌɪɛJh�N�*- MnS̢-4'D

(Ɯ͆Cđ5�)�,*ũ� �͘ȍƑƔˡ͒*��?Ǝƭ�ˌɪɛ̲ɣ/�7- MnS̢,Ňû*

±�¶��%�>͘Ʃù͛/�7̼�̝�=,�ˌɪɛ'ˡ͒ɑß̝�=,�ˌɪɛ&- MnS

£ķɒ̢,Ɯ͆�ɦ)"%�?'Ńġ�%�?�6�͘ɺź=- MnS̢,ɦ)? 3ʇ, 490 MPa

ʡnI�Gd�k��GḑCũ˰*͘èȜ�×ʎćƝCŊă��?�'&ˡ͒ɑ�Ő̝�<0

èȜ�Ɗ�=Ǝƭ�ˌ�ɪɛ��̦�àĢèȜ�¦�ȍƑƔˡ͒ɑ,Ǣ̈́˖ťCˉ"� 20)��@

*<?' Ǝ͘ƭ�ˌɪɛ̲ɣ*đ5� MnS̢,Ɯ͆-͘l ͒ɑ�Ő̝�=�ˌ�ɪɛ�?ńě*

ō��͘èȜ�Ɗ�=�ˌ�ɪɛ�?ńě-ŭ��'Ńġ�%�>͘Ŷǹ=,Ńġ'ĝȕ,ʨȂ

Cʁ�%�?�6�͘��@,ńě*��%:k��Gdɳ�=ɪɛ�?�ȝtGe�Ǝƭ�ˌ

ɪɛ*ũ�%ǖ̟ɭ&
?'̈3%�?� 

� Clayton=-͘×/�7*<>ûŻɽăʷCŊă���͔ƕƋ̧ HY80Cɝ�͘ɨþ×�ˌǺđ

0èȜ�Ǻ,ĮɌǯ�ˡ͒*<>Ǝƭ�ˌɪɛǈĀC˖ť�� 21)��,ʨȂ�=͘Ǻǡ,ûŻɽ

ăʷ�èȜ�͛�ˌ×ʎ�=,Ǝƭ�ˌɪɛǈĀ*đ5�Ɯ͆*#�%˫�%�?�͔�ûŻɽ

ăʷCǳ�?Ǻǡ&-͘èȜ�͛�ˌóǤ'�,óǤ*ɪɛ�ƶ̬��tGe�̏ʨ�?�'&

Ǝƭ�ˌ�ɪɛ�?,*ũ�͘ûŻɽăʷ�Ȧ̂ɭ¶�Ǻǡ&-èȜ�͛�ˌ'�,óǤ,tG

e̮&ɛ�?ůƸ�DǢſ*Ȯ"��DǢɼň*<>�ˌ�ɪɛ�?'̈3%�?�Isacsson =

- A508̧Cɝ�%UGeP��o¦�Ɍǯ�ˡ͒Cˉ� ɨ͘þ×�ˌ×ʎ�=,Ǝƭ�ˌɪɛ�

̐űǈĀC˖ť�� 22)��@*<?'͘6�×�ˌ×ʎ̆Ð,£ķɒ;ɋăɒ�=tGe�ɪɛ

�%×�ˌ×ʎ',̮&ůƸ�DǢſCƘƶ�%̏ʨ�?�'&Ǝƭ�ˌ�ɪɛ�͘�,Ɵ-v

GO�tGe�ɪɛ�?ʨǮʚɣ*Ȯ"%̐ű�?'Ńġ�%�?�ĝȕ*͘Giovanola=-͔͘

ƕƋ̧ HY130Cɝ��èȜ�Ǻ,�Ɍǯ�ˡ͒Cˉ� è͘Ȝ�×ʎ&ɛ���DǢſ*Ȯ"�v

GO�tGe,ɪɛ�ƶ̬*<?�DǢļɼň*<"%Ǝƭ�ˌ�ɪɛ��'Ńġ�%�? 23, 24)�

6�͘ōɤ=- STPT370̧�<0 SM490YB̧Cɝ�%͘ƄɅ�<0ʇ�,èȜ�×ʎćƝCǳ

�?àĢèȜ�¦�ȍƑƔˡ͒Cˉ�͘Ǝƭ�ˌɪɛǈĀ,˖ťCˉ"� 25-27)��@*<?'͘

ˡ͒ɑß̝�=,�ˌɪɛ-vGO�tGeɪɛ*ǖ̟�@%�?,*ũ�͘èȜ�Ɗ�=-�

DǢ�3>ļ&�ˌ�ɪɛ�%�>͘�ʴ&�ˌɪɛǈĀ�ɦ)"%�?'Ńġ�%�?� 

� ¨�,<�*͘Ʃù͛/�7̼�̝;èȜ�͛�ˌ×ʎ)(,̝Ǻˋ̈́�=Ǝƭ�ˌ�ɪɛ�

?ńě*-͘ˡ͒ɑß̝�=ɪɛ�?ńě'ɦ)>͘ůƸ�DǢſ*Ȯ"�vGO�tGe,Ƙ

ƶ*˸İ���DǢ�3>ļɼň*<"%ɪɛ�?'ʳ
=@?� 
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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 

� Ǝƭɼň�͘�ʾ*-tGe,ɪɛ-ƶ̬-̏ʨ'��p�[Y&̐ˉ�?�'*ɵɱ�͘tG

eɪɛUGdCŌ�ğ8Ǻǡ&-͘ƎƭǑÑ,̐űCtGe,ƶ̬'ʳ
%zc�ă�?�'&

Ǝƭɼň̲ɣC×Ɂ�?�'Cɱɭ'��ɻʊ�ǞŌ�)�@%��� 

� ǎȊ�@%�?tGeƶ̬ñ,�&:§ˋɭ):,'�%͘Rice and Tracey28),zc��
?�

�ȝÕɒ¹�*əɔtGe��#ŗķ�?ńě,tGeƶ̬ñCŬ�͘Ɛ(1.1),<�)ǇǞ̯Ǟ

&ˋ��� 

 dR
R

= 0.283dεp exp
3σ m

2σ Y

⎛
⎝⎜

⎞
⎠⎟

 (1.1) 

��&͘R -tGeƝ͘ εp-ɳƗŅƭ/�7͘σm-͂ȨĶƩù͘σY-̱­Ʃù&
?�Beremin

-Ǻǡ,ûŻɽăɓƭCʳƳ�̱͘­Ʃù,§B>* Mises ,ɳƗƩùσ Cɝ�?�'CǎȊ�

?'':*͘
?�ş,tGe¹ʉɗ*̕�?'ɼň*ʼ?'ʳ
%Ɛ(1.2)*ʁ�Ǝƭɼňǽª

ƐCŬ�� 29)� 

 ln R
R0

⎛
⎝⎜

⎞
⎠⎟ c

= 0.283exp 3σ m

2σ
⎛
⎝⎜

⎞
⎠⎟ dεp0

εc

∫  (1.2) 

� �Ǥ͘ː Ǟ,tGe,ƶ̬-̏ʨǈĀ*#�% M͘cClintock-tGe'̻ǌtGe���*ǌ�

?'�*Ǻǡ�ƎƭɼǢ�?'ʳ
%ɼňǽªƐCŬ�� 30)�6�͘Ƅ̈́/�7ɔƲ&ƩùȦ�

�ş,�&˱˄Cĕ��ńě,ɼǢ/�7CƐ(1.3)&ˋ��� 

 
 

ε f 
(1− n)ln(l0 / 2a0 )

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

��& ε f-ɼǢ̲ɣɳƗŅƭ/�7͘n -ûŻɽăǇǞ͘σa'σb-ȘǤĞƩù͖a, b -́ǤĞC

ˋ�͘ a ⊥ b ͗͘ a0-êǵtGeƝ͘l0-êǵtGe̮˻—&
?͚Thomason -tGeĝŉ���

*ǌ�?<>:ó*tGe̮&,ß̝�0@*<"%tGe��ŝş*ě¹�?'ʳ
%ɼǢ̲

ɣƩùCŬ�� 31)�6�͘ōɷȈ=-�ȝÕƩù�&Ƥŭ)əɔtGe,ƶ̬*̯�?Ņƭùś

�=ɼňǽªƐCŬ�� 32)� 

 

1.3.2 延性損傷のダメージメカニックス 

� ǑÑ,̐ű'ĝǭ*�@*±�ƖŅƭǈĀ,Ŋă6&:zc�ă�͘�ʴC̏ƶ��%˘ȁ�
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?�'&ƎƭɼňCWw}��W���?ƹȰ�ǎȊ�@%�?��@-͘tGeCğ8̏ʪ¹

,̱­̯ǞCƖŅƭȔƶƐ'�%Ww}��W��*Ĕ>Ù@?ƹȰ&
?� 

� tGeCğ8̏ʪ¹,̱­̯Ǟ'�%- G͘ursonzc� 33)�§ˋɭ&
?�Gurson-ôŅƭ¹

,vd�aOY�*əɔtGe��#ğ6@%�?Čµ[�,̱­̯ǞCȝƐ,<�*Ŭ��� 

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ f cosh 3
2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ f 2( ) = 0  (1.4) 

��& f-tGe¹ʉɗ͘ Σ �<0Σm-�@�@Čµ[�*��?ɳƗƩù'ƄĺĻɲƩù͘σ

-vd�aOY,ɳƗƩù&
?� 

� Tvergaard-ƶ̬Ɵ,tGe̮*˱˄���?' t͘Ge̮,ůƸ�DǢſ*tGeW�d�ɛ

�̻͘ǌtGe'̏ʨ�?<>Ǩǵ*Ǝƭɼň*ʼ?'��˖ťʨȂ*û
%͘tGe̮,�D

Ǣſ,ɚ˫˘ȁ�=͘Gurson zc�*ǺǡşǞ q1, q2CŬÙ�%ȝƐ*ʁ�̱­̯ǞCǎȊ��

34, 35)� 

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ 2q1 f cosh
3
2
q2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ q1

2 f 2( ) = 0  (1.5) 

� tGe¹ʉɗ,Ňû-͘êǵ*ŗķ�?�ȝtGe,ƶ̬*<?:, �&-)�͘˱˄,̐

ˉ*±"%�ȝtGe,ɪɛ*<?:,�
?�Chu' Needleman-͘Gurson,̱­̯Ǟ*�ȝ

tGeɪɛCʳƳ�͘tGe¹ʉɗŇç dfCtGeƶ̬*<?tGe¹ʉɗŇç dfgrowth'�ȝt

Geɪɛ*<?tGe¹ʉɗŇç dfnucleation,�#*ç�%ˋ��
36)� 

 df = dfgrowth + dfnucleation  (1.6) 

tGeƶ̬*<?tGe¹ʉɗŇç dfgrowth-¹ʉ/�7Ňç,Ņƭƶç dεmp *<"%�
=@?  ͚

 dfgrowth = (1− f )dεmp  (1.7) 

�Ǥ͘/�7ǖ̟ļ,�ȝtGeɪɛ*<?tGe¹ʉɗŇç-ȝƐ&�
=@?͚ 

 dfnucleation = Fdεp  (1.8) 

 F = fN
s 2π

exp − 1
2

εp − εN
s

⎛
⎝⎜

⎞
⎠⎟
2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 (1.9) 

��& fN-ɪɛ��tGe,¹ʉ͘s -tGeɪɛ͋Ƌ,ȖɃÍŽ͘εN-tGeɪɛ/�7&


?͚ 

� �ȍƑƔˡ͒*��?ɼǢǈĀ,˖ťʨȂ�=͘Tvergaard ' Needleman - Gurson zc�C�

=*ɪű���͖GTN zc� �͗ƬɈ)tGeƶ̬Cɛ�?̲ɣtGe¹ʉɗ fc�<0ǰʥɭ*

ʵ˄ʷùCő�ɼňtGe¹ʉɗ fFCŬÙ�͘ǳÿtGe¹ʉɗ f*Cɝ�%ȝƐ*ʁ�̱­̯Ǟ
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CǎȊ�� 37)� 

 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ 2q1 f * cosh
3
2
q2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟ − 1+ q1 f *( )2{ } = 0  (1.10) 

��&͘ǳÿtGe¹ʉɗ f*-ȝƐ&ˋ�@?� 

 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,ńě-͘Ɛ(1.10)- Gurson-Tvergaard,̱­̯Ǟ͖Ɛ(1.5)͗*ʑ�� f͘ = fc*��%tGe

ĝŉ,̏ʨ*<>ƬɈ*tGe¹ʉɗ�Ňû�Ŕ9?�Ɛ(1.10)<> f = fU
*,'�*Ǻǡ,ʵ˄ʷ

ù�őB@?�͘fU
*-ō�)ÌC'?�9͘š͒
?�-˘ȁ&Ƣ=@�ɼň̲ɣtGe¹ʉɗ

fFCɝ�% f = fF,'�*Ǻǡ�ɼň*ʼ?'şʲ�@%�?� 

 

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 

� ōɤ=-͘Ʃù͛/�7̼�̝�=,Ǝƭ�ˌ,ɪɛ'̐ű*��?z�e,̖�*ɵɱ�͘

̧Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ�̧͘Ǻ,ƕƋɓƭ¨ŋ*š͒Ţ�r�,ˡ͒&Ƣ=@?

¨�,�ʇ͎,�Ǝƭɓƭ�*ǖ̟�@?�'C˒æ�� 26, 27, 38, 39)� 

͗͜ �DǢ�3>ļƎƭ�ˌɪɛ �ͣèȜ�Ǝƭ�͖ èȜ�Ǻ,ǯ�
?�-ƑƔˡ͒&Ƣ=@

?èȜ�Ɗ�=,Ǝƭ�ˌɪɛ̲ɣůƸ/�7͗ 

͗͝ ʑ́cF�p�ƘƶļƎƭ�ˌ̐ű �ͣƎƭ,ƩùṒƋÁŗɓƭ�͖ àĢèȜ�¦�ȍƑ

Ɣˡ͒&Ƣ=@?Ǝƭ�ˌɪɛ̲ɣ/�7,ƩùṒƋÁŗƭ͗ 

Fig. 1.1*͘ʇ�,Ȕ̎ɝ̧,�èȜ�Ǝƭ��<0�Ǝƭ,ƩùṒƋÁŗƭ�C6'9%ǟɚ

��:,Cʁ� 25, 27, 38-42)�̧Ǻ*<"%Ōȕ)ɓƭCʁ�%�>͘ɓ*�ʴ�Ȧ̂ɭɖʌ��ɓ

ƭCʁ�'��ɓƥ�
?��=*͘�@=,țȌɭɓƭ,ƮŃ,7�=͘Fig. 1.2*ʁ�Ʃù͛

/�7̼�̝�=,Ǝƭ�ˌɪɛ�̐űǀƾCWw}��W��*<>×Ɂ�?�9,ǑÑzc

�CǎȊ�� 40, 41)�Ǝƭ�ˌɪɛ*-͘Ʃù͛/�7̼�̝,ůƸɳƗŅƭ/�7�ǺǡĴǳ,

̲ɣÌ&
?�˝͗͜,�èȜ�Ǝƭ�*̕��'�*�ˌ�ɪɛ�?'��ɳƗŅƭ/�7�

şǽªC̘ɝ�?��,Ɵ,Ǝƭ�ˌ̐ű-͘ṒƩùń&,ǑÑ̐űCʳƳ�%͘Gursonzc

�CĐʳ*�%ǎȊ�@�ȝƐ*ʁ�̱­̯Ǟ*ơ�'�?� 
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 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ a1D* exp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ −1= 0  (1.13) 

��&͘D*-ǳÿǑÑƋ͘a1�<0 a2-ǺǡşǞ&
> �͘Ǝƭ,ƩùṒƋÁŗɓƭ��=ɲ

ǌȫş&�?'��íɌCǳ�?� 

�  

 

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�

200+m 100µm 

Round-bar tensile specimen 
with/without circumferential notch

R1,R1.5,R2,R∞

Stress triaxiality, σm/σ

V-notch Charpy type
bend specimen

Measurement Measurement

R=0.25mm

Round-bar tensile specimen 
with/without circumferential notch

R1,R1.5,R2,R∞

Stress triaxiality, σm/σ

V-notch Charpy type
bend specimen

Measurement Measurement

R=0.25mm

Ductile crack initiation�

Local strain criterion�

Ductile crack growth�

Triaxiality dependent damage model�

Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
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 

� GTNzc�Cɝ���ˌ̝Ǻ,Ǝƭ�ˌ̐űWw}��W��ƹȰ,§ˋɭ):,*͘Xia=

�ǎȊ�� Computational[�zc��
? 43-46)��@-͘êǵ�ˌ,Ǝ̬ʬ�*êǵtGe¹ʉ

ɗ f0͘[�͔� D , Gurson-Tvergaard ,̱­̯Ǟ͖Ɛ(1.5)͗*ơ�ˑʢC̟ʱ�͘�@¨ŋ,͊

ľ*-tGeCʳƳ�)� Mises ,̱­̯Ǟ*ơ�'�%Ǝƭ�ˌ̐űCWw}��W���?

zc�&
?�˱˄,̐ˉ*<>�ˌ×ʎ,[�,tGe¹ʉɗ f �ǺǡĴǳ,̲ɣtGe¹ʉ

ɗ fE*̕�?'͘�,[�-ʵ˄ʷùCő"%�ˌ��,[�,ŧȰ �̐ű�?�[�zc�

Cɝ�?*-͘[�͔� D͘êǵtGe¹ʉɗ f0�<0̲ɣtGe¹ʉɗ fE,�#,ǺǡşǞC

ȫş�?Ƨˑ�
?�[�͔� D-Żśɭ*-êǵ�ˌ×ʎ�=Ǝƭ�ˌ�ɪɛ�?'�,�ˌ

×ʎ̭ĖŊµ͖Crack Tip Opening Displacement, CTOD͗δi'�%�
?�'�&�?
47)�êǵt

Ge¹ʉɗ f0'̲ɣtGe¹ʉɗ fE-͘ȖɃɼňͅƭˡ͒ɑ͖êǵ�ˌ̬� a0'ˡ͒ɑƂ W ,

Ȧ a0/W = 0.5͗,Ǝƭ�ˌ̐űǀƾǯʬ͖R-curve͘Ǝƭ�ˌ̐ű̢Δa' CTOD; Jʉç)(,k

�y�^',̯Ä �͗ [͘�zc�Cɝ��Ww}��W��*<>áɘ&�?<�*ȫş�?�

� �̲͘ɣtGe¹ʉɗ fE� R-curve *đ5�Ɯ͆-ŭ��'Ńġ�@%�>͘š˶ɭ*-ê

ǵtGe¹ʉɗ f0CȖɃˡ͒ɑ,Ww}��W��*<>ȫş�?�¨�,<�*ȫş��k�

y�^Cɝ�% �͘ˌ̬�;˱˄ȕƐ,ɦ)?ˡ͒ɑ,R-curveC×Ɂ�?�'*ƶú�%�?� 

� [�zc�,íɌ-͘
?ˡ͒ɑƘɔ*#�%k�y�^͖[�͔� D, êǵtGe¹ʉɗ f0, 

̲ɣtGe¹ʉɗ fE͗Cȫş&�@.͘�@=CǺǡɓƭ'�%«ưƘɔ,�ˌǺ, R-curve C

×Ɂ&�?�'&
?����͘�@=,k�y�^-Ǻǡ,Ƥ˔ɭɓƭCēǬ��%-�?:

,,͘ɲǌɭ*ȫş�?�'-ı̿&
?�9͘Ƨ��:Ǻǡɓƭ'Ǝƭ�ˌɪɛ�̐űǀƾC

ʨ0#�?:,'-)"%�)��6�͘GTN zc�-tGe,ƶ̬-̏ʨC�ˑ)ƎƭǑÑ'

ʳ
=@�zc�&
>͘Ʃù͛/�7̼�̝�=ɪɛ�?�DǢ�3>ļ�ˌ*ũ�?̘ɝƭ

*#�%-ɧĪ�Ȣ?�6�͘Ȧ̂ɭō�)£ķɒʑ�Ů)�͘vGO�tGeɪɛ*ʼ?6&

,ǺǡǑÑ�ǖ̟ɭ&
?̆ƅ,̧Ǻ*ũ�%̘Ɨ)zc�'-˚�̿�� 

� �Ǥ͘ōɤ=,ǑÑzc�Cɝ��Ww}��W��*<>͘ȖɃ�Ɍǯ�ˡ͒ɑ,Ǝƭ�ˌ

ɪɛ�̐űǀƾ,7)=�͘�@*đ5�ŅƭǃǼ,Ɯ͖͆a0/W,Ɯ͆͗C:×Ɂ&���'�

Ńġ�@%�? 40, 41)�6�͘�,ǑÑzc�Cɝ�?�'&͘ŭļ̝Ǻ,7)=�͘ßĶ�&Ƒ

ƔCĕ�?kGp,ĢǤĞèȜ�ɔȜ̵�=,Ǝƭ�ˌɪɛ�̐ű*<?��O̲ɣC:×Ɂė
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ʷ&
?�'Cš˟�%�? 48-50)�¨�,�'�=͘ōɤ=,ǑÑzc�*<>͘Ȕ̝̎Ǻ,Ǝ

ƭ�ˌɪɛ�̐űǀƾCĞ���?�9,̧ǺțȌɭɓƭ,ïƣǇŬďɚCŬ��'�ėʷ')

"%�?����)�=͘�@=ïƣ�3��ʇ͎,�Ǝƭɓƭ��Ǫɾ*)"%:͘�@Ç

Ǻ,�ĺ˶ʦʯïƣ*<"%��*šɘ�?�*#�%,Ǉ̤CŬ�ƹȰ-Ȕʗ�@%�=�͘

Ȕ̎ƭʷ*ɲʨ��Ǻǡ˞˛,šɘ*Ğ�%¢Ɵ,ō�)˩͌')"%�?� 

 

1.4.2 延性破壊に及ぼす材料組織特性の影響予測 

� Ǻǡ,�ĺ˶ʦʯ'Ƥ˔ɭɓƭ,ƮŃ�=Ȕ̝̎Ǻ,ż˔ɭ)Ǝƭɼň̲ɣCɲǌ×Ɂ�?ƹ

Ȱ'�%͘y]YQ��zc�'vO�YQ��zc�Cʦ7ěB��v�`YQ��˘ȁƹȰ


?�-Uozc��PƹȰ�ʳ
=@?��,�!y]YQ��zc�'�%͘ʦʯ�ĺ˶*

<?Ƥ˔ɭ)Ʃù͛/�7,ůķăǈĀC˘ȁ�?�9,zc��ǎȊ�@%�?�ʦʯƘƲ,

Ɯ͆,˘ȁ*̘ɝėʷ)zc�'�% T͘vergaard�ŌŖ˶Ǻ,ŊƘǈĀC˘ȁ�?�9*ǎȊ�

� SHA͖Stacked Hexagonal Array͗zc��
? 35)�SHAzc�-͘�Ʀ*tGeCğ7Ģǵɭ

*̟é�@�Ü˗ȃ'ʑÂ)́ũʅČµ[�zc�&
>͘tGe,̝çCʏ�ɳ*ʱ�Ǐ
?

�'&�ɳʦʯ̧,ŊƘǈĀ˘ȁ*ɝ�=@%�? 51)�6�͘Socrate =-¹ƦʌǤȉŕ͖Body 

Centered Cubic, BCC͗ɔ*̟é�@�tGeCßĂ�? VoronoiĆĮ̈́¹'ʑÂ)́ũʅČµ[

�zc�&
? V-BCC͖Voronoi tessellation of BCC Lattice͗zc�CǎȊ�͘tGe̮vd�a

OY,ůƸ�DǢŊƘʑ,Ƥ˔ɭŅƭŊƘǈĀC˘ȁ�� 52)�ɺź=-ɳçɗ;k��Gdʚ,

EYsOdȦ�ɦ)?nI�Gd�k��Gd�ɳʦʯ̧Cũ˰* SHAzc�' V-BCCzc�

,Ȧ̂Cˉ�͘ņɣǽª,Ž*<> SHA zc�&-̓ǃǼ')?�'Cʁ�͘V-BCC zc�,

Ǥ��ɳʦʯ̧,ŊƘǈĀC˘ȁ�?,*̘�%�?�'Cʁ�� 53)�6� V͘-BCCzc�Cɝ

��˘ȁ*<> GTN zc�,k�y�^,�#&
?tGeɪɛ/�7εNCȫş�͘ĺ˶˘ȁ

zc�Cɝ��àĢèȜ�¦�ȍˡ͒,Ww}��W��*̘ɝ�?�'&Ǝƭ�ˌɪɛ̲ɣC

×Ɂ�� 54)� 

� ¨�,<�)Čµ[�zc�-˓ñȞ��[�,̟é')?�'�=͘ʏ�ɳ,çžC«ư*

�
?�'�&�)��6�͘Ʃù͛/�7̼�̝,<�*͘Ʃù͛/�7ā̟�
?ńě*-

̘ɝ�?,-ı̿&
?'ʳ
=@?� 

� Uthaisangsuk=-nI�Gd�v�b�UGd�ɳʦʯ̧�<0nI�Gd�K�YbfGd�

rGfGd�=)? TRIP̧Cũ˰*͘ĺ˶vO�YQ��zc�&Ƣ=@�ŊµńC͘GTNz

c�C̘ɝ��§ˋ¹ʉˑʢ͖Representative Volume Element, RVE͗zc�*�
?�'&ƶƘ
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̲ɣ͖�ˌɪɛ̲ɣ͗C×Ɂ�� 55, 56)����͘�,<�)vO�zc�'y]zc�Cʦ7ě

B��v�`YQ��˘ȁƹȰ
?�-Uozc��PȰC͘ōŊƘC±�ō�)Ʃù͛/�7

ā̟CƘƶ�͘Ʃù͛/�7Ŵȡ*Áŗ��ǑÑˇʉ*<?�ˌ̐ű*̘ɝ�?*-͘ð�'Ŋ

ă�?�ˌ×ʎ&,�YQ��&,ǈĀ,̏ƶ˘ȁ�Ƨˑ&
>͘˛ʓSYd,˖Ɍ�=:ěɚ

ɭƹȰ'�%ɾʌ�@%�?'-˚
)�� 

 

1.5 本研究の目的 
 

� ǹɻʊ&-�ɳʦʯ̧Cũ˰'�͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ*đ5�Ǻǡʦʯİŕ

,Ɯ͆Cş̢ɭ*×Ɂėʷ)��L�Ep��`*Ł$�Ww}��W��ƹȰCȔʗ�?�'

Cɱɭ�?��,�9*͘Fig. 1.3*ʁ�<�)͘Ǻǡʦʯɓƭ̧͘ǺțȌɭɓƭ͘�<0̝Ǻƭ

ʷ,Ě̸ų,ɓƭC��O��?vO�YQ��&,_y�XyLgaOY'y]YQ��&,

_y�XyLgaOY�=)?�̸ųɭEp��`�CǎȊ�?�vO�YQ��Ep��`'

�%̧͘Ǻ,ƕƋɓƭ�<0�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗɓƭ�,�ʇ͎,�Ǝƭ

ɓƭ��=͘�ˌ×ʎ̆Ð*��?��L�)ǑÑ̐űCáɘ�?�'&͘Ȕ̝̎Ǻ,Ǝƭ�ˌ

ɪɛ�̐űǀƾC×Ɂ�?ōɤ=,ǎȊǑÑzc� 40, 41)*ɵɱ�����%͘�ĺ˶ʦʯƘƲ�

<0Ěɳ,țȌɭɓƭ͖ǹɻʊ&-͘�@=,ɓƭC6'9%�Ƥ˔ɭqb�Ȕ̎ɓƭ�'ʅ�

? �͗= ʦ͘ʯ�ĺ˶*<?Ʃù͛/�7,ůķă*±���L�)ǑÑ̐űCáɘ�?�'&͘

�@=ƕƋɓƭ'�ʇ͎,�Ǝƭɓƭ�C×Ɂ�?y]YQ��Ep��`CǎȊ�?� 
 

 
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. 
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� 6�͘�ɳ̧,ʦʯ�r�&,ůƸɭ)ǑÑ̐űCáɘ�?��L�Ep��`*Ł$��Ǝ

ƭǑÑzc�CǎȊ�͘ż˔ɭ)Ʃù͛/�7ɔƲ*˸İ�%z�e,ɦ)?Ǝƭ�ˌ,ɪɛǈ

ĀCĠ�?̝Ǻß̝�<0ˋ̈́�=,�ˌɪɛ̲ɣ,×Ɂ*̘ɝ�Ƣ?�(��,Ȑ˟Cˉ��

�=* ǹ͘ǎȊǑÑzc�*Ł$�% �͘ĺ˶ʦʯƘƲ'Ěɳ,țȌɭɓƭ�=�ɳʦʯ̧,�Ǝ

ƭɓƭ�C×Ɂ�?ƹȰCǎȊ�͘�,œƗƭ,Ȑ˟Cˉ��6�͘×Ɂ���Ǝƭɓƭ��=͘

vO�YQ��Ep��`*Ł$�%̝Ǻ,Ǝƭ�ˌɪɛ�̐ űǀƾC×Ɂ�Ƣ?�Ȑ˟Cˉ�� 

 

1.6 本論文の構成 
 

� ǹ˫Ǡ,ȔƶC Fig. 1.4*ʁ��Ěʍ,ßţ-¨�,̌>&
?� 

� 6�ǹʍ&-͘ƎƭǑÑ,yLgZx*#�%ơǾ,ɸ˒C6'9͘�@*Ł$��Ǝƭ�ˌ

ɪɛ�̐ű,×ɁƹȰ*̯�?ɻʊ*#�%ʤ£� �͘ĺ˶ʦʯɓƭ'Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�

̐űǀƾC̯̏$�?*-˩͌�Ȣ?�'C̈3���@*ũ�%͘Ǝƭ�ˌɪɛ�̐űǀƾC

ǖ̟�?�Ǝƭɓƭ�*ɵɱ�͘ǹɻʊ*��%ɱɭ'�?�ĺ˶ʦʯɓƭ'Ȕ̝̎Ǻ,Ǝƭ�

ˌɪɛ�̐űǀƾC̯̏$�?�9,Ep��`C̈3�� 

� ʏ͝ʍ�=ʏ͟ʍ&-͘ʦʯɓƭCʳƳ��y]YQ��Ep��`,ǎȊCˉ��ʦʯ�ĺ

˶*<?Ʃù͛/�7,ůķăCʳƳ��ƎƭǑÑzc�Cɝ�?�'&̝͘Ǻß̝*��?ʑ

́cF�p�ƘƶļƎƭ�ˌ)=0*̝Ǻˋ̈́�=,�DǢ�3>ļƎƭ�ˌ,ƘƶǈĀ'�,

̲ɣC×Ɂėʷ&
?�'CȐ˟�?��=* Ǝ͘ƭ�ˌɪɛ�̐űǀƾCǖ̟�?�Ǝƭɓƭ�

Cʦʯɓƭ�=×Ɂ�?ƹȰCǎȊ�?� 

� ʏ͝ʍ&-͘ƎƭǑÑǈĀ'ɼň̲ɣ*đ5��ɳʦʯɓƭ,Ɯ͆C×Ɂ�?�9,��L�

Ep��`*Ł$��ƎƭǑÑzc�CǎȊ�?��,�9*͘ʦʯ�ĺ˶*±�Ʃù͛/�7

,ůķăǈĀCáɘ�?zc�'͘ʦʯ�',ƕƋ�ƎƭǑÑɓƭC:'*Ǝƭ�ˌɪɛ*ʼ?

6&,ǺǡǑÑ,ˇʉCáɘ�?ǞɚǑÑzc�CǎȊ�?��ɳʦʯƘƲC�ȝÕ&áɘ��

˘ȁzc�*ǎȊ�?ƎƭǑÑǞɚzc�Cʦ7ěB�?�'&͘�ɳ̧,ʦʯɓƭCʦ7Ù@

�ƎƭǑÑzc�CǎȊ�?��=*͘ǎȊƎƭǑÑzc�*Ł$�%͘�ɳ̧,�Ǝƭɓƭ�

C×Ɂ�?�9,Ww}��W��ƹȰCǎȊ�?� 

� ʏ͞ʍ&-͘nI�Gd�k��Gd�ɳʦʯ̧Cũ˰'�%͘ʏ͝ʍ&ǎȊ��ǑÑzc�

*<"%͘ż˔ɭ)Ʃù͛/�7ɔƲ*˸İ��z�e,ɦ)?Ǝƭ�ˌ͖ʑ́cF�p�Ƙƶ

ļ�ˌ�<0�DǢ�3>ļ�ˌ͗,ƘƶǈĀ�Ƙƶ̲ɣC×Ɂ�͘š͒�˖ťʨȂ',Ȧ̂Ȑ
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˟Cˉ�� 

� ʏ͟ʍ&-͘ǎȊǑÑzc�*Ł$�%͘Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?�ɳ̧,�Ǝƭ

ɓƭ�C×Ɂ�?Ww}��W��ƹȰ,̘ɝƭCȐ˟�?��,�9*͘nI�Gd�v�b

�UGd�ɳʦʯ̧Cũ˰'� �͘Ǝƭɓƭ�,×Ɂ'š͒ʨȂ',Ȧ̂Cˉ�� 

� ʏ͠ʍ&-͘ǎȊ��y]YQ��Ep��`*Ł$�͘�ĺ˶ʦʯƘƲ'Ěɳ,țȌɭɓƭ

�=×Ɂ�@��ɳ̧,�Ǝƭɓƭ�Cɝ�%͘vO�YQ��Ep��`*<>Ȕ̝̎Ǻ,Ǝ

ƭ�ˌɪɛ�̐űǀƾ͖R-curve͗�×Ɂėʷ&
?�Ȑ˟�?� 

� ʏ͡ʍ&-͘Ǻǡʦʯɓƭ̧͘ǺțȌɭɓƭ͘�<0̝Ǻƭʷ,Ě̸ų,ɓƭC��O��?

�9*ǎȊ���̸ųɭEp��`�*Ł$� �͘ɳ̧,�ĺ˶ʦʯƘƲ�̝Ǻ,Ǝƭ�ˌɪɛ�

̐űǀƾ*(,ʆƋ,Ɯ͆Cđ5��CȐ˜��Q�YY^cF,ʨȂC̈3?� 

� ʏ͢ʍ&-ǹ˫Ǡ&Ƣ=@��)ʨȂ*#�%6'9?� 
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Fig. 1.4 Structure of this research work. 
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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 
 

� �ɳ̧�=)?Ȕ̝̎Ǻ,Ǝƭ�ˌ,ɪɛ�̐ űǀƾ- Ǻ͘ǡ,ƕƋɓƭ*û
�͘èȜ�Ǝƭ�

'�Ǝƭ,ƩùṒƋÁŗɓƭ�*ō��Ɯ͆�@?�'�˒æ�@%���'Cʏ͜ʍ*%̈

3��óʴ,�èȜ�Ǝƭ�-èȜ�Ǻ,ǯ�
?�-ƑƔˡ͒&Ƣ=@?ɓƭ&͘�DǢ�3

>ļ,Ǝƭ�ˌ,ɪɛǀƾCǖ̟�?ɓƭ&
?�6�͘Ɵʴ,�Ǝƭ,ƩùṒƋÁŗɓƭ�

-͘àĢèȜ�¦�ȍƑƔˡ͒&Ƣ=@?ɓƭ&͘ʑ́cF�p�C±�Ǝƭ�ˌ,̐űǀƾC

ǖ̟�?ɓƭ'�%ǎȊ�@%�?:,&
?��)B!͘�ɳ̧,ƕƋ'͘�@=�ʇ͎,Ǝ

ƭɓƭ&
?ƈʲ,�țȌɭɓƭ�Cïƣ�?�'&̝͘Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ,Ğ��

ĳ@?����͘ưĳ�?�ɳ̧,�țȌɭɓƭ�Cɪɘ��?�9*͘ǺǡʦʯɓƭC��*

ïƣ�?�,ǇŬďɚCŬ�ƹȰ;zc�-Ȕʗ�@?*ʼ"%�)��ǹɻʊ-͘�,<�)

Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?ƈʲ,�țȌɭɓƭ�C͘�ɳ̧,Ƥ˔ɭʦʯɓ

ƭ�=ǞÌ˘ȁ*<"%×Ɂ�?y]YQ��Ep��`CȔʗ�?�'Cɱɭ'�%�?� 

� ��&ǹʍ&-͘�ɳ̧,�țȌɭɓƭ�*Ɯ͆Cđ5�Ǻǡʦʯɓƭ,ïƣǇŬďɚCŬ�

�9,y]YQ��Ep��`CɵƯ�͘�ɳ̧,ʦʯɓƭCʦ7Ù@���L�Ep��`*

Ł$�ƎƭǑÑzc�CǎȊ�?��=*͘ǎȊƎƭǑÑzc�*Ł$�%͘�ɳ̧,�Ǝƭɓ

ƭ�C×Ɂ�?ƹȰCǎȊ�?� 

 

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 
 

� �ʾ*͘�ɳ̧,ƕƋɓƭ;Ǝƭ-͘y]YQ��&-͘ʏ�ɳ͖�ʾ*-ɽ˶ɳCǇ�ńě

�Ō�͗,Ƙɔ�ŧȰ͘ğǳ¹ʉçɗ͘çžɔƲ;̏ʨƭ)(,�ĺ˶ʦʯƘƲ͖Morphology͗

,Ɯ͆Cō��ĕ�?�'-ƈ�˦ˮ�@%�?'�A&
?�û
%͘ĚȔƶɳ�,:,,ƕ

Ƌ;Ǝƭ'�,�ĺ˶ƭ͖ j��Y *͗:ː̽*Ɯ͆�@?'ʳ
=@?�9 �͘ɳ̧,͔ƕƋ�

͔ƎƭɪɘyLgZx-Ƨ��:˘Ǫ�@%�)�� 

� ��&͘ǹɻʊ&-͘y]YQ��&,ʦʯ�ĺ˶��ɳ̧,ƕƋ;Ǝƭ*Ɯ͆�?ǖ̟ˑİ

'ʳ
 �͘�ɳ,�ĺ˶ʦʯƘƲ͖Morphology �͗͘��ɳ,ƕƋj��Y��<0��ɳ,Ǝƭj

��Y�*ɵɱ�͘�@=,Ƥ˔ɭʦʯɓƭ͖ǹɻʊ&-�@=,ɓƭC6'9%�Ƥ˔ɭqb
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�Ȕ̎�'ʅ�?͗�=͘ó̈���ɳ̧,�țȌɭɓƭ�C×Ɂ�<�'�?y]YQ��E

p��`CɵƯ���ǹEp��`C Fig. 2.1*ȗƐɭ*ʁ�� 

� �ɳ̧,ƎƭǑÑǈĀCáɘ�?*-͘ʦʯ�ĺ˶*˸İ�?ůƸɭ)Ʃù͛/�7,ůķă

'͘�@*˸İ��vGO�tGeƘƶ*ʼ?6&,Ƥ˔ɭ)ǑÑ̐űCáɘ�?Ƨˑ�
?�

�,�9*͘�ĺ˶ʦʯƘƲCáɘ�?��ȝÕ�ĺ˶ʦʯƘƲzc��,Ƨˑƭ*ɵɱ���

�ȝÕ&,zc�ă*ĴĿ�?,-͘ƕƋ�ĺ˶�:�=�ŅƭǃǼɔƲCáɘ�?*-�ȝÕ

zc���ėȜ&͘ǑÑ̐ű*Ɯ͆�?ƩùṒƋ*ō�)Ɯ͆Cđ5��=&
?��=*͘

�ɳ̧CȔƶ�?Ěɳ,�ƕƋɓƭ�'�Ǝƭɓƭ�Cĝǭ*ēǬ��͘Ěɳ,ƎƭǑÑ̐űǈ

ĀCáɘ�?�',&�?�ƎƭǑÑǞɚzc��CǎȊ�?�''����,ƎƭǑÑǞɚz

c�C�ȝÕ�ĺ˶ʦʯƘƲzc�*��?Ěɳ*̘ɝ�?�'&͘Ƥ˔ɭqb�Ȕ̎'�ɳ̧

,�țȌɭɓƭ�C̯̏$�<�'�?ƎƭǑÑzc�,ǎȊCˉ��ǹƎƭǑÑzc�*<>͘

ż˔ɭ)Ʃù͛/�7ń'͘ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7,ůķăǈĀ'�@*±���

L�)ǑÑɪűCáɘ�?�'&͘�ɳ̧,ƕƋ,7)=�͘�DǢ�3>ļ�<0ʑ́cF�

p�Ƙƶļ,z�e�ɦ)?Ǝƭ�ˌ,ƘƶǈĀ'�,̲ɣ�×Ɂėʷ')?�'�ǵƞ�@?� 

 

 
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 

� �ɳ̧,Ʃù͛/�7ńCáɘ�?�9*-͘ʦʯɭ)ƕƋ�ĺ˶*<?ŅƭǃǼ,Ɯ͆Cʳ

Ƴ�?Ƨˑ�
?�'�=͘�ȝÕzc�Cɝ�?�'�Ǵ6�����&͘�ĺ˶ʦʯƘƲC

áɘ����ȝÕ�ĺ˶ʦʯƘƲzc��C»ƶ�?ƹȰC̈3? 57)� 

� š̺,ƘɔCȗǕ��ʨǮʚƘɔC»ƶ�?�9* Ƈ͘ºśɭzc�'�% Voronoi tessellation

Cɝ���¨�* Voronoi tessellation ,E�T�ZxCʁ�͘�,ȗƐĳ͖ʙČ,�9*�ȝÕ

&ˋ�%�?͗C Fig. 2.2*ʁ�� 

(i) ũ˰̧Ǻ,ʦʯçžC:'*͘ȥɳ'ʏ�ɳCğ9�ʨǮʚ,ȇC͘»ƶ�?zc�,ō�

�,ʖĲ��_x*çž��?� 

(ii) çž���ȇCʑ̍&ÚǤµ*ƶ̬��?� 

(iii) ̻ǌ�?ʨǮʚ'ǌ˙��̝çCʨǮʚɣ'�?� 

(iv) �3%,ʨǮʚ�ǌ˙�?6&ƶ̬Cʪ�?� 

 

 
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�



 - 18 - 

 

 
Fig. 2.3 Voronoi tessellation. 

 

Ƈºśɭ*- Fig. 2.3 *ʁ�<�*͘ǰɹ˻—*µʱ�?�#,ȥɌ͖ʨǮʚ,ȇ͗Cʨ1ʬç

,Ļɲ�ʑçʬ,�ɌC Voronoi Ɍ'�͘�#, Voronoi ɌCʨ1ʬçCʨǮʚɣ'����ȝ

Õ&-͘ȥɌĝŉCʨ1ʬç,Ļɲ�ʑç̈́�ʨǮʚɣ')?� 

� ¨�,E�T�ZxCɝ����ȝÕ�ĺ˶ʦʯƘƲzc��»ƶƹȰC Fig. 2.4 *ʁ��¨

�*�,ƹ͉Cʁ�� 

(a) zc�ß*ŗķ�?ʨǮʚǞ*ɳƗ�?ȥɌC��_x*çž��?� 

(b) Voronoi tessellation*<>�ȝÕŌʨǮzc�C»ƶ�?� 

(c) ʏ�ɳçɗ�=ȫ6?ʨǮʚǞ*Ʃ�%ʏ�ɳC��_x*̙ƿ�?� 

(d) ʻĀyaW�P*<>Į̈́¹ǳ̲ˑʢç÷Cˉ�� 

ǹƹȰ*<>»ƶ�@�zc�*��?ʨǮʚ- F͘ig. 2.5*ʁ�<�)ȕ�)Ƙɔ�ŧȰ,Ō̈́

¹&
?�ʨǮʚɣ�͍ˆ*ǯ̈́Ƙɔ')"%�)�̧Ǻ*̘ɝ&�?zc�')"%�?� 

� ǹƹȰ&-ʏ�ɳçɗCʏ�ɳ,ÊǞçɗ*<>�
%�?�͘�,œƗƭ*#�%Ȑ˟�?

�9*͘ȥɌ,çžC 100̌>̙ƿ��Ɵ͘ʏ�ɳ,ÊǞçɗ� 30 %')?<�*ʏ�ɳC̙ƿ

�͘ʏ�ɳ,¹ʉçɗCʓæ���Fig. 2.6*ʏ�ɳ¹ʉçɗ,͋ƋçžCʁ��ȓ+ɕ�̌>,

¹ʉçɗ')>͘ʏ�ɳCÊǞçɗ&̙ƿ�?�',œƗƭ�ʁ�@�� 
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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. 
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� ǹƹȰ&-͘ƄĺʨǮʚƝ;ʏ�ɳçɗ͘ʨǮʚ,EYsOdȦCŊă���zc�C»ƶ�

?�'�ėʷ&
?� 

(1) Fig. 2.4(a)*��%͊͘ľß*çž��?ȥɌ,ǞCïƣ�?�'*<"%ƄĺʨǮʚƝCŊ

ă��?�'�&�?��¿'�%͘Fig. 2.7*ʏ�ɳçɗ-ʑ���͘ƄĺʨǮʚƝ�ɦ)?z

c�Cʁ�� 

(2) Fig. 2.4(c)*��%͘��_x̙ƿ�?ʏ�ɳ,ʨǮʚ,ÊǞCïƣ�?�'&͘ʏ�ɳçɗ

CŊă��?�'�&�?�¿'�%͘Fig. 2.8*ƄĺʨǮʚƝ-ʑ���͘ʏ�ɳçɗ�ɦ)?

zc�Cʁ�� 

 

  
(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)*��%͘Ě́ǤĞ*ʨǮʚCƑ�Ǝ.��'*<>͘ʨǮʚ,EYsOdȦCŊ

ă��?�'�&�?��¿'�%͘Fig. 2.9*ʨǮʚ,EYsOdȦ�͔�zc�Cʁ�� 

� ¨�,<�* ǹ͘ƹȰ-�ɳʦʯƘƲCŊă���zc�C»ƶ�?�'�ėʷ&
?�)�͘

ǹzc�-͘nI�Gdɳ,ʨǮǤµ;ɦǤƭCǆ#k��Gdɳ)(���_x*çž�%�

>̼͘ěʦʯCǳ�)�<�)�ɳ̧*ũ�%̘ɝėʷ&
?� 

 

2.3.2 延性損傷数理モデル 

� vGO�tGeɪɛǖ̟ļ,ƎƭǑÑǈĀCʁ�̆ƅ,ō�)£ķɒ,Ů)��ɳ̧Cũ˰'

�%͘¨�,ƎƭǑÑǞɚzc�CǎȊ��� 

� Ǻǡ�&vGO�tGe;vGO�O�aOCƘƶ�?6&,ṒƩùɔƲ&,Ņƭ/�7*

<?ǺǡǑÑ,̐ű'͘�@*±�ôƭ,¶�Cáɘ�?�9*͘Fig. 2.10 *ʁ�ƎƭǑÑzc

�CǎȊ���ǺǡǑÑ-͘^�P�ă��̀µ;Ƥŭ)£ķɒC˸Ɍ'��͘fi�UowO

��UGZ,tGe�ɪɛ�ƶ̬'ʳ
͘�,Ƥ˔ɭǺǡǑÑ�ˇʉ�?�'&vGO�tGe

;vGO�O�aO�Ƙƶ�?'Ưş��� 

� �#,vGO�tGe,ƘƶCʳ
͘ĺ˶̏ʪ¹*̆´ėʷ)~gad[�CƯş�͘~ga

d[��ĕ�?Ƥ˔ɭǑÑŇçC¹ʉ/�7Ňç,Ņƭƶç dEmp '�?ǑÑƋ DCƯş��� 

 dD = (1− D)dEmp  (2.1) 

�,ǑÑƋ D ,Ňû'�@*<?Ǻǡôƭ,¶�C̏ƶ��?�9*͘Gurson-Tvergaard ,ŌŖ

˶¹,ǑÑzc� 33, 34)Cr�Y'��̱­̯ǞCǎȊ�?� 

 

 
Fig. 2.10 Proposed damage model to simulate ductile damage evolution. 
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 Φ = Σ
σ

⎛
⎝⎜

⎞
⎠⎟
2

+ a1D* exp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟ −1= 0  (2.2) 

��&͘ Σ -~gad[�,ɳƗƩù͘ Σm-~gad[�,ƄĺĻɲƩù͘σ -Ǻǡvd�a

OY,ɳƗƩù͘D*-ǳÿǑÑƋ͘a1�<0 a2-ǺǡşǞ&
?�~gad[�,ȵĀƩù�͘

ƩùṒƋ,Ɯ͆Cĕ�?�'Cûģ�%�>͘Ņƭ/�7*±�ǺǡǑÑ̐ű�͔ƩùṒƋ

*��%Å̐�@?�'�ēǬ�@?�ǳÿǑÑƋ D*-Ɛ(2.3)&ˋ� Ǒ͘ÑƋ D�û̲̍ɣǑÑ

Ƌ Dc *̕�?'vGO�tGe͛vGO�O�aO,ɳ�»ɝ*<>ǑÑ̐ű�û̍�@?�

'C͘k�y�^ KCɝ�%ˋ��� 

 D* = D
Dc + K (D − Dc )

for
for

D ≤ Dc

D > Dc

⎧
⎨
⎪

⎩⎪
 (2.3) 

� ̱­̯Ǟ*ğ6@?ǺǡşǞ a1, a2-͘Ǻǡ,�Ǝƭ,ƩùṒƋÁŗɓƭ��=¨�,<�

*ȫş&�?�¹ʉ/�7Ňç,Ņƭƶç dEmp 'ɳƗŅƭ/�7Ňç dEp,̯Ä-̯̏͘ȵ@ñ

͖Associated flow rule͗�=Ɛ(2.4)')>͘Ɛ(2.2),Ņƭub�W{�Cɝ�?'Ɛ(2.5)�Ƣ=@

?� 

 dEmp
∂Φ
∂Σ

− dEp
∂Φ
∂Σm

= 0  (2.4) 

 dEmp = a1a2Dexp a2
Σm

σ
⎛
⎝⎜

⎞
⎠⎟
σ
2Σ

dEp  (2.5) 

Ɛ(2.5)CƐ(2.1)*§Ù�%ǟɚ�?' Ǒ͘ÑƋŇç dD'ɳƗŅƭ/�7Ňç dEp,̯Ä�ȝƐ,

<�*Ŭ�?� 

 
1

(1− D)D
dD = 1

2
a1a2 exp a2

Σm

σ
⎛
⎝⎜

⎞
⎠⎟
σ
Σ
dEp  (2.6) 

ǑÑƋ D �û̲̍ɣǑÑƋ Dc¨�&-͘ǑÑ�~gad[�,ȵĀƩù*đ5�Ɯ͆-ŭ��

͖ Σ ≈σ ͗�'CʳƳ�?'͘ǑÑṷ̂̍Ŕǭ,ɳƗŅƭ/�7͖ǑÑ̲ɣŅƭ/�7͗ (Ep )i'

Dc,̯Ä-Ɛ(2.6)Cʉç�?�'&Ƣ=@?� 

 1
(1− D)D

dD
D0

Dc

∫ = 1
2
a1a2 exp a2

Σm

Σ
⎛
⎝⎜

⎞
⎠⎟ dEp0

(Ep )i

∫  (2.7) 

)�͘�şƩùṒƋ,�&Ņƭ/�7Cĕ��ńě&-͘(Ep )i'ƩùṒƋ,̯Ä�ȝƐ,<

�*Ŭ�@?� 
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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) 

ǑÑk�y�^ a1, a2- �͘ȍƑƔˡ͒ɑ,�Ő̝*��?ƩùṒƋŴȡ*Ȯ"%Ɛ(2.7)CǞÌ

ʉç�?�'&ȫş�?�'�&�?� 

� ǹƹȰ&-͘êǵǑÑƋ D0͘û̲̍ɣǑÑƋ Dc-~gad[�,ôƭ*4'D(Ɯ͆Cđ5

�)�<�)ŭ��Ì&
@.<�͘ơǾ,ɸ˒ 58)'ĝȕ*͘�@�@Ǻǡ*<=� 0.0001�<

0 0.001 '˞ş�?�''���6�͘ǑÑû̍k�y�^ K -͘Ưş�� D0�<0 Dc*Ʃ�

%͘�ȍƑƔˡ͒,š͒ʨȂCWw}��W��&áɘ&�?<�*ȫş�3�:,&
?�͘

ơǾ,ɸ˒ 40,41,58)*Ł$�% K = 4'˞ş�?��)B!͘D0, Dc�<0 K-Ǻǡ*Áŗ�)�k

�y�^&
>͘ǺǡÁŗ,ɓƭ- a1�<0 a2&§ˋ�@?� 

� ¨�<>͘ǎȊ��ƎƭǑÑǞɚzc�Cɝ�%ǞÌWw}��W��Cˉ��9*Ƨˑ)Ǻ

ǡk�y�^-͘ƄɅ�ȍˡ͒ɑ�<0àĢèȜ�¦�ȍˡ͒ɑ,ƑƔˡ͒&Ƣ=@?�Ʃù͙

/�7ǯʬ�'�Ǝƭ,ƩùṒƋÁŗɓƭ�,7�=�ʲɭ*ȫş�?�'�&�?� 

 

2.4 二相鋼の延性特性予測手法の提案 
 

� ǎȊǑÑzc�*Ł$�% �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ,7�=͘�ɳ̧,�Ǝƭɓƭ�

C×Ɂ�?�9,Ww}��W��ƹȰCǎȊ�?� 

 

2.4.1 切欠き延性予測手法 

� ǎȊ���èȜ�Ǝƭ�,×Ɂƹ͉C Fig. 2.11 *ʁ���èȜ�Ǝƭ�,×Ɂ*-͘èȜ�C

ǳ�?ŭļ�Ɍǯ�ˡ͒ɑzc�Cɝ�?�''���6�͘�ȝÕ�ĺ˶ʦʯzc�*<?Ǝ

ƭǑÑWw}��W��Cˉ�͘èȜ�Ɗˋ̈́�=Ǝƭ�ˌ�ɪɛ�?'�,èȜ�Ǹʎ̭ĖŊ

µ(Vg)crCȪ9?�ȝ*͘ĝ�Ƙɔ�ŧȰ,ĺ˶̏ʪ¹zc�Cɝ�% Mises,̱­ǽª*ơ�Ɩ

Ņƭ˘ȁCˉ�͘�ˌ�ɪɛ�?'�͖Vg = (Vg)cr͗,èȜ�×ʎˑʢ,�Ʀ*��?ɳƗŅƭ/

�7 (εptip )crC�èȜ�Ǝƭ�'�%ȫş�?�''��� 
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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 

� ǎȊ���Ǝƭ,ƩùṒƋÁŗɓƭ�,×Ɂƹ͉C Fig. 2.12 *ʁ���Ǝƭ,ƩùṒƋÁ

ŗɓƭ�,×Ɂ*-͘ż˔ɭ)Ʃù͛/�7Ʃʒ�ʦʯ�ĺ˶,Ɯ͆Cĕ�)�ʆƋ*Ćç)Ǟ

,ʨǮʚCğ8ʌǤ¹,§ˋ¹ʉˑʢ͖Representative Volume Element, RVE͗zc�Cɝ���

�, RVE zc�*͘ƩùṒƋ�ş&˱˄C�
͘Ƥ˔ɭ)ǑÑˇʉ*<?vO�ƄĺǑÑƋ

DRVE�̲͘ɣǑÑƋ͖��&-͘û̲̍ɣǑÑƋ Dc͖= 0.001͗͗ *ʼ"�ǭɌ&,vO�Ƅĺɳ

ƗŅƭ/�7 (Ep )RVECǑÑ̲ɣ/�7 (Ep )i'�%ȫş�?�''���)�͘RVE zc�Ú¹

,vO�)ǑÑƋ DRVE �<0ɳƗŅƭ/�7 (Ep )RVE-͘Ɛ(2.9)*ʁ�<�*͘�@�@Úˑʢ

,ǑÑƋ'ɳƗŅƭ/�7,¹ʉƄĺÌCǋɝ��� 

 

 
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)�<0V (k)-�@�@ kɥɱ,ˑʢ,ɳƗŅƭ/�7͘ǑÑƋ�<0¹ʉ&


?�)�͘ɳƗŅƭ/�7;ǑÑƋ,¹ʉƄĺÌ-͘RVEzc�*ûB?ŋù;ŊƘ�=˛ʓ

��ɳƗŅƭ/�7;ǑÑƋ'�ʽ�?�'Cɾ˦�%�?��,ǑÑ̲ɣ/�7Cʇ�,�ş

ṒƩùɔƲ&Ȫ9?�'&͘ǑÑ̲ɣ/�7,ƩùṒƋÁŗƭ͘�)B!�Ǝƭ,ƩùṒ

ƋÁŗɓƭ�'�%ȫş�?�''��� 

� ¨�,<�* �͘Ǝƭɓƭ�×Ɂ,�9*ǎȊ��˘ȁzc�C Fig. 2.13*6'9%ʁ�� 

 

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

 

2.5 結言 
 

� ǹʍ&- �͘�ȝÕ�ĺ˶ʦʯƘƲzc��'�ƎƭǑÑǞɚzc��CǎȊ�͘�@=Cʦ7

ěB�?�'&ʦʯɓƭCʦ7Ù@�ƎƭǑÑzc�CǎȊ���¨�*�,ȓˑC6'9?� 

(1) �ɳ̧,ƎƭǑÑǈĀCáɘ�?�9*-͘ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7,ůķăC

áɘ�?Ƨˑ�
?'ʳ
��ǑÑ̐ű*Ɯ͆�?ƩùṒƋ�͘ʦʯɭ)ƕƋ�ĺ˶�:

�=�ŅƭǃǼ,Ɯ͆Cĕ�?�9͘ŅƭǃǼɔƲCáɘ&�?<�*�ȝÕ&�ĺ˶ʦʯ

ƘƲCáɘ�?��ȝÕ�ĺ˶ʦʯƘƲzc��CǎȊ��� 

Homogeneous model�

Heterogeneous model�

30×30µm�

Critical local strain� Stress triaxiality dependent ductility�

RVE model� Constant stress triaxiality�

Σ1�

Σ2�

Σ3�

Σ1 > Σ2 = Σ3

(Ep )RVE =
Ep(k )V (k )

k
∑

V (k )
k
∑

,DRVE =
D(k )V (k )

k
∑

V (k )
k
∑

Shear-slip mode ductile crack initiation� Equi-axed dimple mode ductile crack growth�
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(2) vGO�tGeɪɛǖ̟ļ,ƎƭǑÑǈĀCʁ�̆ƅ,ō�)£ķɒ,Ů)��ɳ̧Cũ

˰'�%͘�ɳ̧CȔƶ�?Ěɳ,�ƕƋɓƭ�'�Ǝƭɓƭ�CēǬ��?�'&͘Ěɳ

,ƎƭǑÑ̐űǈĀCáɘ�?�ƎƭǑÑǞɚzc��CǎȊ����,ƎƭǑÑǞɚzc

�Cɝ�%ǞÌWw}��W��Cˉ��9*Ƨˑ)Ǻǡk�y�^-͘ƄɅ�ȍˡ͒ɑ�

<0àĢèȜ�¦�ȍˡ͒ɑ,ƑƔˡ͒&Ƣ=@?�Ʃù�/�7ǯʬ�'�Ǝƭ,ƩùŌ

́ƋÁŗɓƭ��=�ʲɭ*ȫş�?�'�&�?� 

(3) ȼ�èȜ�Cǳ�?ŭļ�Ɍǯ�ˡ͒ɑzc�Cũ˰'�%͘ʦʯ�ĺ˶CʳƳ��ƎƭǑ

ÑWw}��W��'͘ĺ˶̏ʪ¹zc�*<? Mises ,̱­ǽª*ơ�ƖŅƭ˘ȁCšǥ

�?�'&͘�DǢ�3>ļ,Ǝƭ�ˌɪɛǀƾCǖ̟�?�èȜ�Ǝƭ�C×Ɂ�?ƹȰ

CǎȊ��� 

(4) �ɳʦʯCáɘ��§ˋ¹ʉˑʢ͖RVE͗zc�Cɝ�%͘ʇ�,�şƩùṒƋ�&˱˄

Cĕ��̺,ǑÑ̲ɣ/�7CȪ9?�'&͘ʑ́cF�p�ļ,Ǝƭ�ˌ̐űǀƾCǖ̟

�?�Ǝƭ,ƩùṒƋÁŗɓƭ�C×Ɂ�?ƹȰCǎȊ��� 

� ǹzc�- �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ�=͘�ɳ̧,Ǝƭɼň̲ɣC×Ɂ�?�'Cɱ

ɭ'��Ep��`&
>͘ż˔ɭ)Ʃù͛/�7ń'͘ʦʯ�ĺ˶*<?Ʃù͛/�7,ůķ

ă'�@*±���L�)ǑÑǈĀCáɘ�?�'*<"%͘ż˔ɭ)�DǢ�3>ļ�<0ʑ

́cF�p�Ƙƶļ,Ǝƭ�ˌƘƶǈĀ�áɘ&�͘�,̲ɣ�×Ɂėʷ&
?�'�ǵƞ&�

?�ǎȊƎƭǑÑzc�*<"%�,<�)Ǝƭ�ˌ,Ƙƶ̲ɣ�×Ɂ&�?)=.͘�@�@

,z�e,Ǝƭ�ˌƘƶ̲ɣ&
?�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗɓƭ�C×Ɂ&�

?'ʳ
=@?� 
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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 
 

� ǹɻʊ&-͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?̧Ǻ,�Ǝƭɓƭ�C �͘Ƥ˔ɭq

b�Ȕ̎ɓƭ�,ƮŃ,7�=×Ɂ�?y]YQ��Ep��`CȔʗ�?�'Cɱɭ'�%�

?�̧Ǻ,�Ǝƭɓƭ�'-͘�DǢ�3>ļƎƭ�ˌ,ɪɛǀƾCǖ̟�?�èȜ�Ǝƭ�'͘

ʑ́cF�p�ļƎƭ�ˌ,̐űǀƾCǖ̟�?�Ǝƭ,ƩùṒƋÁŗɓƭ�,�#&
>͘

�@=C×Ɂ�?�9*- z͘�e,ɦ)?�ˌ,ƘƶǈĀ'�,̲ɣ�×Ɂ&�?Ƨˑ�
?� 

� óʍ&ǎȊ���ɳ̧,ʦʯɓƭCʦ7Ù@���L�Ep��`*Ł$�ƎƭǑÑzc�-͘

�ɳʦʯƘƲ'Ěɳ,țȌɭɓƭ'���Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ,7�=͘�ɳ̧,Ǝ

ƭ�ˌƘƶǈĀ�̲ɣC×Ɂ�?:,&
?�ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7,ůķăǈĀ

Cáɘėʷ)˘ȁzc�*<"%��L�)ǑÑCáɘ�?�'&͘ż˔ɭ*-z�e,ɦ)?

ʑ́cF�p�ļ��DǢ�3>ļ,Ǝƭ�ˌƘƶC×Ɂ�Ƣ?'ʳ
=@?� 

� ǹʍ&-͘ǎȊƎƭǑÑzc�Cɝ�%͘ƑƔ˱˄Cĕ�?�ɳ̧,ƎƭǑÑp�[Y,×Ɂ

Cˉ� �͘,áɘƭ*#�%Ȑ˜Cˉ����& n͘I�Gd�k��Gd�ɳ̧Cũ˰'�%͘

̝Ǻß̝�=,ʑ́cF�p�ļƎƭ�ˌ,Ƙƶ'̝͘Ǻˋ̈́�=,�DǢ�3>ļƎƭ�ˌ,

ƘƶǈĀ,˖ťCˉ��9*͘�ʇ͎,�ÏèȜ�¦Ƥŭˡ͒ɑ,ƑƔˡ͒Cˉ��6�͘š͒

&ɝ��ƤŭƑƔˡ͒ɑC��ȝÕ�ĺ˶ʦʯƘƲzc��&»ƶ� �͘ƎƭǑÑǞɚzc��C

̘ɝ�%Ww}��W��Cˉ��'&z�e,ɦ)?�#,Ǝƭ�ˌ,ƘƶǈĀ'�,̲ɣC

×Ɂ�͘š͒ʨȂ',Ȧ̂�ʳťCˉ�� 

 

3.2 供試鋼材 
 

� Àˡ̧Ǻ*-͘ȀĎ 13 mm,ɄǌȔ̎ɝĶƎ̧Ǻ SM490YBCɝ���Table 3.1*ăśƶçC

ʁ��ņ̀Ǻ- Fig. 3.1 *ʁ�<�)nI�Gd�k��Gd�ɳʦʯCǳ�%�>͘ʨǮʚƝ

-ʞ 25 µm͘k��Gdçɗ-ʞ 30 %&
?� 

� ƄɅ�ȍƑƔˡ͒*<>Ƣ=@�ÛʅƩù͙Ûʅ/�7ǯʬC Fig. 3.2 *ʁ��6�͘nI�

Gdɳ�<0k��Gdɳ,laL�Yɽ�C˄̠ 25 gf&Ě 10Ɍ�#Ɂş����@=,Ƅĺ

ÌC͘ƄɅ�ȍƑƔˡ͒&Ƣ=@�țȌɭɓƭ'':* Table 3.2*ʁ��k��Gdɳ,ɽ�- 
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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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nI�Gdɳ*Ȧ3%ʞ 1.4Ë͔�͘ʦʯɭ)ƕƋ�ĺ˶Cǳ�%�?� 

 

3.3 延性損傷挙動の観察 
 

3.3.1 実験・観察方法 

� ƎƭǑÑǈĀ,˖ť*- F͘ig. 3.3*ʁ��ÏèȜ�¦ƤŭƑƔˡ͒ɑCɝ���ˡ͒ɑ�Ő̝

�=,ʑ́cF�p�Ƙƶļ,ƎƭǑÑǈĀ,˖ť*-͘Fig. 3.3(a)*ʁ�ȷ�èȜ�Cǳ�?

Type Aˡ͒ɑCɝ����Ǥ̀͘ ̈́�=,�DǢ�3>ļ�ˌ,ƘƶǈĀ,˖ť*- F͘ig. 3.3(b)

*ʁ�ȼ�èȜ�Cǳ�? Type Bˡ͒ɑCɝ���l ͒ɑ-Ú%̬ƹǤĞ�̧Ȁ,ĶƎǤĞ')

?<�* 6͘�ˡ͒ɑ,ȀĎ,�Ő�̧Ȁ,ȀĎ, 1/4�<0 3/4,µʱ')?<�*ǋĔ���

ˡ͒ɑ-͘Ǚ̀ûŻ*<"%ǋĔ��Ɵ͘Jy��ʠ#600&ˋ̈́Cɻɿ�%Ƹş,ŧȰ*¤��

��ƑƔˡ͒- Fig. 3.4(a)*ʁ�ǰō˄̠ţ̢ 1000 N ,Ŋµïƣļ,ƑƔˡ͒țCɝ�͘Ţɀ*

%Ŋµ̍Ƌ 1 µm/s &ˉ"��ˡ͒�-͘��e[�*%˄̠ P '͘CCD Ly�*<>ȖɌ̮Ŋ

µ u C˛Ɂ���ȖɌ̮Ŋµ,˛Ɂ-͘ˡ͒ɑ* Fig. 3.4(b),<�*ɵˁ�͘ƚˁ̝'Ƿƚˁ̝

,ņɣCëì�%ņɣ̮˻—�=ʻĀ˛Ɂ���ƚˁ̝'Ƿƚˁ̝,êǵņɣ̮˻—-͘ˡ͒ó

*Øś͍Ƥ̩*<>Ɂş���)� ŋ̝͘�=,Ø,Ɯ͆Cŭ���%Ɂş˧ŽCƽ
?�9*͘

e�xļ LED�GdCɝ��� 

 

  
(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. 

 

� ˱˄/�7,Ňû*±�ǑÑ̐ű,ȕŕC˖ť�?�9*͘ːǞ,ˡ͒ɑCɝ�%͘ɼǢ6&

,ʇ�,˱˄�r�&̴˄Cˉ� Ȁ͘Ď�ŐǢ̈́,˖ťCˉ"��̟ ť- Fig. 3.5*ʁ�<�*͘

̴˄Ɵ,ˡ͒ɑCșʸĽ9��Ɵ*ȀĎ�Ő6&ɻɿ�͘5 %fG^��Ȼ*%ʺ͐��̈́C˷

Ȅļ̀ŕ͍Ƥ̩͖SEM͗Cɝ�%˖ť��� 

 

3.3.2 等軸ディンプル型延性亀裂形成挙動 

� Type Aˡ͒ɑCɝ��ƑƔˡ͒&Ƣ=@�Ʃù͙/�7ǯʬC Fig. 3.6*ʁ����&-͘˄

̠Cˡ͒ɑ,êǵǢ̈́ʉ&̴��Ʃù' Ȗ͘Ɍ̮ŊµCêǵȖɌ̮˻—&̴��/�7Cɝ���

ƑƔɼǢ���ˡ͒ɑ- F͘ig. 3.7*ʁ�<�*͘LapE�eS��ļ,ɼ̈́CĠ�%�>͘�

Ő̝̆Ð*��%Þļɭ)ʑ́cF�p��˖ť�@���@<> T͘ype Aˡ͒ɑ-ˡ͒ɑ�Ő

̝�=×ˉ�%Ǝƭ�ˌ�Ƙƶ��:,'ʳ
=@?� 

 

Specimen�

Resin�

Observed!
section�

C2H5OH +!
5% HNO3�

Polishing� Etching�
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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. 

 

� ɼǢ*ʼ?6&,ˡ͒ɑß̝&,ƎƭǑÑǈĀC˖ť�?�9*͘Fig. 3.6 *ʁ�� Level 1~3

*��%̋�̴˄��ˡ͒ɑ,�ŐǢ̈́C SEM &˖ť���Fig. 3.8(a)*ʁ�<�*͘ǰō˄̠

ɌCō��˹
�˱˄�r�&
? Level 1 &̴˄��ˡ͒ɑ*��%:͘ō�)tGe-˖ť

�@�͘nI�Gdɳ'k��Gdɳ,ņɣ̆Ð,nI�GdɳÏ* 1~2 µm ʆƋ,vGO�t

Ge�˒=@?,7&
"���=*/�7C¦��� Level 2&̴˄��ˡ͒ɑ&- F͘ig. 3.8(b)

*ʁ�<�*͘vGO�tGe�ō��ƶ̬��ȕŕ-ɾ˦�@�͘vGO�tGe�Ňû��

�*̏ʨ͘
?�-vGO�tGe̮&,ǑÑ̐ű*<>͘�'�%�ɳņɣ,nI�GdɳÏ

&Ƥŭ)�ˌCƘƶ�%�?�'�˖ť�@��6�͘Ʃù͙/�7ǯʬ,ŰǯɌC˹
?/�

7�r�͖Level 3͗&-͘Fig. 3.8(c)*ʁ�<�*͘Ƙƶ�@��ˌ�ō��̭Ė�%�?ȕŕ�
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˖ť�@�� 

� �,<�*͘ˡ͒ɑß̝&,ǑÑǈĀ-͘�ĺ˶ʦʯ,Ɯ͆Cō��ĕ�%�>͘ʦʯ�ĺ˶

*<?Ʃù͛/�7,ůķăǈĀ*Áŗ�?�'�ʁĩ�@��6�͘ƗˣǺǡ&-͘�ȝtG

e'Ĥ.@?ō�)£ķɒC˸Ɍ'��tGe,ɪɛ�ƶ̬-ɼǢCǖ̟�%�=�͘˱˄,Ɵ

ǵ*)"%ɛ�?vGO�tGe,Ƙƶ6&,Ƥ˔ɭ)ǺǡǑÑ,̐ű*ǖ̟�@?�ˌƘƶǈ

ĀCʁ��'�B�"�� 

 

 

 

 
 (a) Level 1 

  
(b) Level 2 (c) Level 3 

Fig. 3.8 Ductile damage evolution from specimen center for Type A specimen. 

Observed!
region�

mid-thickness plane�



 - 33 - 

3.3.3 せん断すべり型延性亀裂形成挙動 

� Type Bˡ͒ɑ,ƑƔˡ͒&Ƣ=@�Ʃù͙/�7ǯʬC Fig. 3.9*ʁ����&,Ʃù�<0

/�7,şʲ- Fig. 3.6'ĝȕ&
?�ƑƔɼǢ���ˡ͒ɑ,ɼ̈́C˖ť��'�A͘Fig. 3.10

*ʁ�<�*͘èȜ�Ɗ̆Ð*��%�DǢ�3>ļ,ɼ̈́�˖ť�@͘èȜ�Ɗ�=Ů�ß̝

*��%-ʑ́cF�p��˖ť�@���@<>͘ǹˡ͒ɑ&-ˡ͒ɑ�Ő̝�=&-)�͘

èȜ�Ɗˋ̈́�=×ˉ�%Ǝƭ�ˌ�ɪɛ�%ƎƭɼǢ*ʼ"�:,'ʳ
=@?� 

� �,<�)Ǝƭ�ˌƘƶ*ʼ?6&,ǑÑ̐ű,ȕŕC˖ť�?�9* F͘ig. 3.9*ʁ� Level 1, 

2&̋�̴˄��ˡ͒ɑ,�ŐǢ̈́C˖ť���Fig. 3.11(a)*ʁ�<�*͘˱˄Ɵǵ, Level 1&

̴˄��ˡ͒ɑ&-͘èȜ�Ɗ�=Ǝƭ�ˌ�Ƙƶ�Ŕ9%�?�͘vGO�tGe-4'D(

˖ť�@)�"��Level 2*��%- Ǧ͘*èȜ�Ɗ�=Ǝƭ�ˌ�ʞ 30 µmʆƋ̐ű�%�?

�'�ɾ˦�@͘ĝǭ*ˡ͒ɑ�Ő̝&:Ǝƭ�ˌ�Ƙƶ�%�?�'�ɾ˦�@���,�'

�=͘Ǝƭ�ˌ�èȜ�Ɗ�=ɖʌ�%ɪɛ��'ʳ
=@͘�,�ˌ-�'�%nI�Gdɳ

ÏC̐ű�%�?�'�˖ť�@�� 

� ¨�,<�*̝͘Ǻˋ̈́�=ɪɛ�?�DǢ�3>ļ,Ǝƭ�ˌ,Ƙƶ:̝͘Ǻß̝�=,Ǝ

ƭ�ˌƘƶ'ĝȕ*͘vGO�tGeɪɛ*ʼ?6&,Ƥ˔ɭ)ǺǡǑÑ*ǖ̟�@͘ʦʯ�ĺ

˶,Ɯ͆Cō��ĕ�?�'�B�"�� 

 

 
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 
 

� óʍ&ǎȊ��ʦʯɓƭCʦ7Ù@�ƎƭǑÑzc�Cɝ�%͘Ƥ˔ɭqb�Ȕ̎ɓƭ�=̝

Ǻß̝�<0̝Ǻˋ̈́�=,ƎƭǑÑǈĀC×Ɂ�?�9͘Àˡ̧Ǻ,�ɳʦʯƘƲCáɘ�?

��ȝÕ�ĺ˶ʦʯƘƲzc��,»ƶ' �͘ƕƋɓƭ�'�Ǝƭɓƭ�CēǬ���Ěɳ,Ǝƭ

ǑÑǞɚzc�,k�y�^Cȫş�?� 

 

3.4.1 三次元不均質組織形態モデルの作成 

� ʦʯ˖ť,ʨȂ�=Ƣ=@�ƄĺʨǮʚƝ�ʞ 25 µm k͘��Gdçɗ�ʞ 30 %&
?�'C

áɘ�͘Fig. 3.12 *ʁ�<�*š͒&ɝ��èȜ�¦ƤŭƑƔˡ͒ɑ,˘ȁzc�C»ƶ���

��ȝÕ�ĺ˶ʦʯzc��-ǑÑ�ˇʉ�?èȜ�ƊǢ̈́̆Ð*,7̟ʱ�͘�@¨ŋ,͊ľ

-�ɳ̧'�%,ƕƋɓƭCǳ�?ĺ˶zc�'���6�͘��@,˘ȁzc�:ˡ͒ɑƄˉ

̝, 1/4Czc�ă���ˑʢ- 4ʕɌĮ̈́¹ˑʢCɝ�͘ƄĺˑʢŧȰ- 5 µm T͘ype Aˡ͒ɑ

,˘ȁzc�,ʕɌǞ- 27826 &ˑʢǞ- 144410 &
>͘Type B ˡ͒ɑ,˘ȁzc�,ʕɌǞ

- 60143&ˑʢǞ- 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 

� �ɳ̧CȔƶ�?nI�Gd�<0k��GdĚɳ,ƎƭǑÑǞɚzc�*��?k�y�^

-͘Ěɳ'ĝʑ,ɓƭCǳ�?ŌʨǮČɳǺC»ˏ�͘ƄɅ�ȍˡ͒ɑ�<0àĢèȜ�¦�ȍ

ˡ͒ɑ,ƑƔˡ͒Cˉ��'&ȫş�?�'�&�?��)B!͘Ěɳ,ƕƋɓƭ&
?�Ʃù

͙/�7ɓƭ�'Ǝƭɓƭ&
?�Ǝƭ,ƩùṒƋÁŗɓƭ�CĔƢ�?�'&͘ƎƭǑÑǞ

ɚzc�*��?k�y�^C̶*ȫş�?�'�&�?������&-͘�ɳ̧,�Ʃù͙

/�7ɓƭ�'�Ǝƭ,ƩùṒƋÁŗɓƭ��=͘Ěɳ,ɓƭC¨�,<�*©ş�͘k�y

�^Cȫş�?�''��� 

 

(a) 各相の応力－ひずみ特性 

� Ěɳ,Ʃù͙/�7ǯʬ-͘�ɳ̧,ƄɅ�ȍƑƔˡ͒&Ƣ=@�Ʃù͙/�7ǯʬ�=¨�

,<�*ȫş���6�͘�ɳ̧,ɴƩù s͙ɴ/�7 eǯʬCƢ?�9* F͘ig. 3.13*ʁ�ƄɅ

�ȍˡ͒ɑCɝ�%ƑƔˡ͒Cˉ"��l ͒-Ţɀ&Ŋµ̍Ƌ 0.5 mm/min&šǥ� Ƒ͘Ɣˡ͒�

-˄̠ P'O�YqaeŊµ DxCʻĀ˛Ɂ�˝̨�?'':*͘l ͒ɑǰŭǢ̈́,ɲƝ d�<0

�0@Ɗ,ǯɗćƝ RC CCDǒ̃vGO�YS�p&Ɂş��� 

 

 
Fig. 3.13 Configuration of smooth round-bar tensile specimen. 

 

� Ƣ=@��ɳ̧,ɴƩù s͙ɴ/�7 e ǯʬC͘ȝ,<�*ɳƗƩùσ ͙ɳƗŅƭ/�7 εpǯ

ʬ*ŊǏ���ǰō˄̠¨̱-ˡ͒ɑ�ŐǢ̈́*�0@�ɛ�͘ṒƩùɔƲ*)?�'CʳƳ

�% �͘0@̝Ǣ̈́ćƝ a'�0@ƊǯɗćƝ R�= Ɛ͘(3.1)*ʁ� Davidenkov,ƐCɝ�%�

́ƑƔɔƲ&,Ʃù͖ɳƗƩù͗*ˎȞ���š͒&Ƣ=@�ɴƩù͙ɴ/�7ǯʬ'͘�@C

ˎȞ�%Ƣ=@�ɳƗƩù͙ɳƗŅƭ/�7ǯʬC Fig. 3.14*ʁ�� 

 σ = s
1+ a / R

 (3.1) 

 

9�18� 9�12� 18�

12.7�φ6�

(Unit : mm)�
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Fig. 3.14 True stress - true strain curve obtained by experiment and equivalent stress - equivalent plastic 
strain curve. 

 

� Ěɳ,ɳƗƩù͙ɳƗŅƭ/�7ǯʬ-͘�ɳ̧,ɳƗƩù͙ɳƗŅƭ/�7ǯʬ'͘Ěɳ,

laL�Yɽ��=͘Ɛ(3.2)*ʁ�<�*ȽěñC©ş�%ȫş��� 

 
σ (εp ) = 1−Vf

P( )σ F (εp )+Vf
Pσ P (εp )

σ F (εp )
σ P (εp )

= HV F

HV P

⎧

⎨
⎪

⎩
⎪

 (3.2) 

��& σ͘ (εp )-�ɳ̧,ɳƗƩù&
>ɳƗŅƭ/�7 εp,̯Ǟ V͘f
P-k��Gdçɗ σ͘ F (εp )

�<0σ P (εp )-�@�@nI�Gdɳ�<0k��Gdɳ,ɳƗƩù͘HVF�<0 HVP-�@�

@nI�Gdɳ�<0k��Gdɳ,laL�Yɽ�&
?�Tomota= 58)*<?' ȥ͘ɳ'ʏ�

ɳ, 0.2%ʵùȦ� 3¨�&
@. �͘ɳ̧,ƕƋɓƭ-��8+Ƚěñ*ơ�'Ńġ�@%�?�

ȫş��Ěɳ,ɳƗƩù͙ɳƗŅƭ/�7ǯʬC͘�ɳ̧,:,'ěB�% Fig. 3.15*ʁ�� 

� ¨�,<�*ȫş��Ěɳ,Ʃù͙/�7ǯʬ,œƗƭCȐ˜�?�9*͘Fig. 3.16 *ʁ��

ȝÕ�ĺ˶ʦʯzc�*Ěɳ,Ʃù͙/�7ǯʬC̘ɝ�%Č˪ƑƔ˘ȁCˉ"���,ʨȂ͘

Fig. 3.17 *ʁ�<�*̱͘­²0͖�}�_�Y/�7͗-áɘ&�%�)�:,,͘�ȕ²0

6&,Ʃù͙/�7ǯʬ�ʜƋˀ�áɘ&�%�>͘�˝,©ş,:'&ȫş��Ěɳ,Ʃù͙

/�7ǯʬ,œƗƭ�ȓ+ʁ�@�� 
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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 

� Ěɳ,ƎƭǑÑǞɚzc�*��?ǑÑk�y�^ a1, a2-͘�ɳ̧,àĢèȜ�¦�ȍƑƔ

ˡ͒&Ƣ=@?�Ǝƭ,ƩùṒƋÁŗɓƭ�CŁ*͘¨�,<�*©ş�%ȫş��:,Cɝ

�?�''��� 

� Ǝƭ,ƩùṒƋÁŗɓƭCĔƢ�?ˡ͒*-͘Fig. 3.13 *ʁ�ƄɅ�ȍˡ͒ɑ*û
%͘

Fig. 3.18*ʁ�<�*͘èȜ�×ʎćƝ R = 1, 1.5, 2 mm,àĢèȜ�¦�ȍƑƔˡ͒ɑCɝ��

͖¨�͘�@�@ R1͘R1.5͘R2Ǻ'Ȗ˝�? �͗ˡ͒-�3%Ţɀ&šǥ�͘ƑƔˡ͒�-˄̠

P 'O�YqaeŊµ DxCʻĀ˛Ɂ�˝̨�?'':*͘ˡ͒ɑ,ǰŭǢ̈́ɲƝC CCD Ly�

&˛Ɂ���Ƣ=@�ɴƩù s͙ɴ/�7 e ǯʬC Fig. 3.19 *ʁ��)�͘ơǾ,ɻʊ 25-27)*Ł

$�͘˄̠͙Ŋµǯʬ*��?ɼǢɲó,ŰǯɌ*ũƩ�?ɴ/�7�r�CƎƭ�ˌɪɛɴ/

�7'��� 

� Ǝƭ�ˌɪɛ̝&
?ˡ͒ɑ�Ő̝,ůƸɭ)ɳƗŅƭ/�7 εp'ƩùṒƋσ m /σ Cʓş�

?�9*͘Mises,̱­ǽª*ơ�ƖŅƭ˘ȁC˘ȁS�e ABAQUS Standard Ver. 6.7Cɝ�%

ˉ"��Fig. 3.20 *�¿'�% R2 Ǻ,˘ȁzc�Cʁ�<�*͘ˑʢ*- 4 ʕɌ́ũʅˑʢC

ɝ���ˡ͒ɑ�Ő̝̆Ð,ǰŭˑʢŧȰ-͘�3%,zc�& 0.03 mm � 0.03 mm&ĝ�'�

�� 

� š͒&Ƣ=@�Ú%,ˡ͒ɑ*��?Ǝƭ�ˌɪɛɴ/�7C FEM ˘ȁʨȂ'ɐ=�ěB�

?�'&͘Ǝƭ�ˌɪɛǭ,ˡ͒ɑ�Ő̝,ɳƗŅƭ/�7'ƩùṒƋ,̯Ä͖�)B!�Ǝ

ƭ,ƩùṒƋÁŗɓƭ�͗ CȪ9���,ʨȂ͘Fig. 3.21*ʁ�<�͘èȜ�×ʎćƝ R�ŭ� 

 

 
Fig. 3.18 Configuration of circumferentially notched round-bar tensile specimen. 

 

18� 9� 9�12� 18�

φ10� 18�

13�

φ6�

R=1�

2� 2� 2�

R=1.5� R=2�

R1� R1.5� R2� (unit : mm)�



 - 40 - 

 
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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�͘ƩùṒƋ�͔�ˡ͒ɑ4(Ǝƭ�ˌɪɛ̲ɣ/�7�ŭ��)?'��͘�ʾɭ)ÒĞC

ʁ�ʨȂ�Ƣ=@�� 

� �,<�*�%Ƣ=@��ɳ̧,�Ǝƭ,ƩùṒƋÁŗɓƭ��=͘6�͘�ɳ̧,ǑÑɓ

ƭ͖a1, a2͗C¨�,<�*ȫş����ȍƑƔˡ͒&Ƣ=@�Ǝƭ�ˌɪɛ̲ɣ/�7 (εp )cr*

ũ�͘�ˌɪɛɲó*)"%vGO�tGe�ƬɈ*Ňû�?'��š͒ʨȂCŁ*͘ (εp )cr,

80 %,/�7�r�CǑÑ̲ɣ/�7 (Ep )i͖ǑÑ�û̍�@Ŕ9?/�7͗'����,ǑÑ̲

ɣ/�7'͘Ɛ(2.7)Cʉç�%Ƣ=@?ǑÑ̲ɣ/�7,Ž,��CĚˡ͒ɑ*#�%Ȫ9͘�

@=,ĥ�ǰŭ')?<�*k�y�^ a1�<0 a2Cȫş��� 

� �@*ũ�͘˿˶,nI�Gdɳ,ǑÑɓƭ-͘ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7̼�*<

>ǑÑ�̐ˉ�;���9*�ɳ̧<>:͔�ǑÑ̲ɣ/�7Cǳ�%�?'©Ư�͘ʏ͠ʍ*

ʁ�§ˋ¹ʉˑʢ͖Representative Volume Element, RVE͗zc�Cɝ�%×Ɂ�@?�ɳ̧,Ǒ

Ñ̲ɣ/�7� š͒͘&Ƣ=@��ɳ̧,ɓƭ'ěʽ�?<�̊˘ȁ�?�'&ȫş����Ǥ͘

Àˡ̧Ǻ,ɽ˶,k��Gdɳ-4'D(ǑÑCĕ�%�)�'��˖ťʨȂ�=͘ǹɻʊ&-

ÃŠɭ*k��Gd,ǑÑɓƭ��ɳ̧,:,'ʑ��'©ş����,<�*�%ȫş��Ě

ɳ,ǑÑ̲ɣǯʬC̊͘˘ȁ&Ƣ=@��ɳ̧,ǑÑ̲ɣ/�7͖ĳ�,p�ad͗'ěB�%

Fig. 3.22*ʁ��¨�<>ȫş��ǑÑk�y�^C Table 3.3*6'9%ʁ�� 

 

  
Fig. 3.22 Damage properties of the two-phase steels and the constituent phases. 

 

Table 3.3 Damage parameters identified for Ferrite and Pearlite phases. 

a1 a2 D0 Dc K
Ferrite 1.45 1.06
Pearlite 1.28 1.47
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3.5 提案モデルによる延性損傷挙動の予測 
 

� »ƶ���ȝÕ�ĺ˶ʦʯƘƲzc�'Ěɳ,ɓƭCēǬ���ƎƭǑÑǞɚzc�Cɝ�%

ǑÑWw}��W��Cˉ"����@,zc�*��%:˘ȁS�e- ABAQUS Standard 

Ver. 6.7Cɝ�͘2.3ʕ&ǎȊ���ƎƭǑÑǞɚzc��C User Subroutine UMAT*<>ŬÙ�

%˘ȁCˉ"��)�͘ĺ˶zc�̝- Mises ,̱­ǽª*ơ�:,'�͘�ɳ̧,ƄɅ�ȍƑ

Ɣˡ͒&Ƣ=@�Ʃù͙/�7ǯʬ͖Fig. 3.14͗Cɝ��� 

 

3.5.1 等軸ディンプル型延性亀裂形成挙動の予測 

� ˡ͒ɑß̝�=ʑ́cF�p�Ƙƶļ,Ǝƭ�ˌɪɛ�ɾ˦�@� Type A ˡ͒ɑ,ƎƭǑÑ

ǈĀ�̲ɣ,áɘƭ*#�%Ȑ˜���Ww}��W��&Ƣ=@�Ʃù͙/�7ǯʬCš͒ʨ

Ȃ'':* Fig. 3.23 *ʁ��6�͘˱˄*±�ǑÑ,̐űǈĀCš͒�˖ťʨȂ'Ȧ̂�%

Fig. 3.24*ʁ��Level 1&-͘B��*vGO�tGe͖Ww}��W��&-ǑÑˇʉ*<>

ôƭ�Ⱥő��ˑʢ͗�ɪɛ�Ŕ9%�>͘Level 2&-vGO�tGe�Ňû̏͘ʨ�%Ƥŭ)

�ˌ�Ƙƶ� L͘evel 3&-�ˌ�ō��̭Ė��ȕŕ�Ww}��W��&:áɘ�?�'�&

����,<�)vGO�tGe�<0Ƥŭ�ˌ�͘�*nI�Gd͛k��Gdņɣ̆Ð,n

I�GdɳÏ&Ƙƶ�%�?�':š͒�˖ťʨȂ'ũƩ�%�?��,ʨȂ'�%͘ɼǢɲó

,ƬɈ)˄̠¶��ɛ�?˱˄/�7�r�:ˀ��ʽ�?�'�ɾ˦&��� 

 

 
Fig. 3.23 Stress-strain curves obtained by experiment and simulation for Type A specimen. 
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Fig. 3.24 Ductile damage evolution behavior obtained by simulation and experiment for Type A specimen. 

 

3.5.2 せん断すべり型延性亀裂形成挙動の予測 

� èȜ�Ɗ�=,�DǢ�3>ļƎƭ�ˌɪɛ�ɾ˦�@� Type Bˡ͒ɑ,ƎƭǑÑǈĀ�̲ ɣ

*#�%,Ȑ˜Cˉ"����&-͘ż˔ɭ)Ʃù͛/�7ń',Ȧ̂�ʳť,�9*͘ǑÑC

ʳƳ�)� Mises ,̱­ǽª*ơ�ǺǡȔƶƐCɝ��ĺ˶̏ʪ¹zc�*<?˘ȁ:ˉ"��

Fig. 3.25 *Ww}��W��&Ƣ=@�Ʃù͙/�7ǯʬCš͒ʨȂ'½�%ʁ��Fig. 3.25 *

ʁ� Level 0 *��%͘èȜ�ƊǢ̈́̆Ð,ɳƗŅƭ/�7'ƩùṒƋ͘�@=*˸İ��Ǒ

ÑɔƲCǑÑɗ D*/D*
cr͖ ôƭCő�ǑÑƋ D*

cr͖ = 1/a1 *͗ũ�?ǑÑƋ D*,÷ě '͗�% Fig. 3.26

*ʁ��ĳ�,ɬʬ&Ĳ6@�͊ľ-k��Gdɳ&
?�ĺ˶̏ʪ¹zc�&-͘èȜ�Ɗˋ

̈́̆Ð&Ņƭ/�7;ƩùṒƋ-Ȧ̂ɭ�ȕ)çžCʁ�%�>͘ɓ*ǑÑ̐ű̍Ƌ*Ɯ͆C 

 

 
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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ǑÑ̐ű�áɘ&�?�'�B�"�� 

� 6�͘š͒&Ǝƭ�ˌ,˖ťCˉ"� Level 1�<0 Level 2,˱˄/�7�r�*��?ǑÑ

ɔƲ͖ôƭCȺő�%vGO�tGe
?�-Ƥ˔�ˌ')"�ˑʢ͗C͘š͒�˖ťʨȂ'Ȧ

̂�% Fig. 3.27 *ʁ��ǹWw}��W��*<>͘š͒'ĝʑ,˱˄/�7�r�*��%͘

èȜ�Ɗˋ̈́�=,�ˌ��'�%�ɳņɣ̆Ð,nI�GdɳÏ&̐ű�?ȕŕCáɘ�?�

'�&����)B!͘ǹǎȊƎƭǑÑzc�Cɝ�?�'&͘èȜ�Ɗˋ̈́�=�DǢļ&ɪ

ɛ�?Ǝƭ�ˌ,ǈĀ;�,ɪɛ̲ɣ�ȓ+áɘ&�?�'�š˟�@�� 

 

3.6 結言 
 

� ǹʍ&-nI�Gd�k��Gd�ɳ̧Cũ˰'�%͘ʏ͝ʍ&ǎȊ��ʦʯɓƭCʦ7Ù@

�ƎƭǑÑzc�Cɝ�?�'&̝͘Ǻß̝�ˋ̈́,ż˔ɭ)Ʃù͛/�7ń*˸İ��z�e

�ɦ)?Ǝƭ�ˌ͖ʑ́cF�p�ļ��DǢ�3>ļ͗,ƘƶǈĀ�̲ɣCˠÂėʷ�(��

,Ȑ˟Cˉ"��¨�*ǹʍ&Ƣ=@��)ʨȂCʁ�� 

(1) �ʇ͎,èȜ�¦ƤŭƑƔˡ͒ɑCɝ��š͒�˖ťʨȂ�=̝͘Ǻß̝�=,ʑ́cF�

p�ļ�̝Ǻˋ̈́�=,�DǢ�3>ļ,��@,ƎƭǑÑǈĀ*#�%:͘vGO�tG

eƘƶ6&,Ƥ˔ɭǺǡǑÑ*ǖ̟�@?�'�B�"��6�͘vGO�tGe;Ƥ˔ɭ

�ˌ-�'�%nI�Gd͛k��Gdņɣ̆Ð,nI�GdɳÏ*Ƙƶ�%�>͘ʦʯ�

ĺ˶,Ɯ͆Cō��ĕ�%�?�'�B�"�� 

(2) ʏ͝ʍ&ǎȊ��ʦʯɓƭCʦ7Ù@�ƎƭǑÑzc�Cɝ��Ww}��W��*<>͘

ʑ́cF�p�ļ,Ǝƭ�ˌƘƶ �&)�͘�DǢ�3>ļ,Ǝƭ�ˌƘƶ,�ǈĀCá

ɘ�?�'�&�͘�ˌƘƶ̲ɣC×Ɂ�?�'�&����)B!͘�ɳ̧,�Ƥ˔ɭq

b�Ȕ̎ɓƭ�͖ �ɳʦʯƘƲ'Ěɳ,ƕƋɓƭ�<0ǑÑɓƭ͗,ƮŃ,7�=͘ʦʯ�

ĺ˶*˸İ��Ʃù͛/�7,ůķăǈĀCáɘ�?�'&̝͘Ǻß̝�ˋ̈́*<=�Ǝƭ

�ˌ,ƘƶǈĀ�̲ɣCʩ�ɭ*ˠÂ&�?�'�ʁ�@�� 

� ¨�,ʨȂ�=͘ǎȊǑÑzc�Cɝ�?�'*<>͘Ȕ̝̎Ǻ*��?�DǢ�3>ļƎƭ

�ˌ,ɪɛǀƾCǖ̟�?�èȜ�Ǝƭ�'͘ʑ́cF�p�ļƎƭ�ˌ,̐űǀƾCǖ̟�?

�Ǝƭ,ƩùṒƋÁŗɓƭ�C �͘Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂėʷ&
?�'�ʁĩ�@

�� 
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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 
 

� óʍ&-͘ʏ͝ʍ&ǎȊ��ʦʯɓƭCʦ7Ù@���L�Ep��`*Ł$�ƎƭǑÑzc

�Cɝ�%̝͘Ǻß̝�=,ʑ́cF�p�ļƎƭ�ˌ,ƘƶǈĀ'̝͘Ǻˋ̈́�=,�DǢ�

3>ļƎƭ�ˌ,ƘƶǈĀC×Ɂ&�?�'Cš˟����@<> ǹ͘ǎȊǑÑzc�*<"%͘

Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?�#,�Ǝƭɓƭ�͖ �DǢ�3>ļ�ˌ,ɪɛ̲

ɣCǖ̟�?�èȜ�Ǝƭ�'ʑ́cF�p�ļ�ˌ̐űǀƾCǖ̟�?�Ǝƭ,ƩùṒƋÁ

ŗɓƭ�͗ C×Ɂėʷ&
?�'�ʁĩ�@�� 

� ǹʍ&-͘ǎȊǑÑzc�*Ł$�%͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?�Ǝƭ

ɓƭ�C͘�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ��=ǞÌ˘ȁ*<"%×Ɂ�?y]YQ��Ep

��`CȔʗ�?�'Cɱɭ'�?���& n͘I�Gd�v�b�UGd�ɳ̧Cũ˰'�%͘

š͒�<0Ww}��W��Cšǥ�?�'&ǎȊ×ɁƹȰ,œƗƭCȐ˜�?���&-͘Ě

ɳ'ĝʑ,ɓƭCǳ�?Čɳʦʯ̧͖ nI�GdČɳ̧�<0v�b�UGdČɳ̧ :͗»ˏ�͘

Ěɳ,ƕƋɓƭ�<0ǑÑɓƭCš͒*<>ĔƢ���&͘ǎȊƹȰ*<>�Ǝƭɓƭ�,×Ɂ

Cˉ�� 

 

4.2 供試鋼材 
 

� Àˡ̧Ǻ'�%͘nI�Gd'v�b�UGd,�ɳʦʯCǳ�? DP̧' D͘P̧CȔƶ�?

nI�Gdɳ�<0v�b�UGdɳ,7�=)?Čɳ̧͖¨Ɵ͘FČɳ̧�<0 MČɳ̧'ʅ

�?͗C»ˏ���Table 4.1*ʁ�ăśƶç,̧C 50 kgɴʋɄ˘*%»ˏ� 1͘200 ºC& 60 min

Æǆ��Ɵ* 950 ºC &ĶƎ�%ȀĎ 15 mm *¤��͘1300 ºC & 3 h ,ĺ˶ăåɚCˉ"���

,Ɵ 900 ºC & 5 min Æǆ��Ɵ͘F Čɳ̧�<0 M Čɳ̧-�,66Ȩã�͘DP ̧- 0.7 ºC/s

& 800 ºC6&Ơã��Ɵ*Ȩã���̈ �,<�*�%»ˏ��Ȩ̌,ȀĎ�Ő*��?Ǻǡʦ

ʯ, SEM âɴC Fig. 4.1 *ʁ��DP ̧,ʦʯâɴCɢÓ˘ȁ�%Ƣ=@�v�b�UGdçɗ

-ʞ 20 %͘ƄĺʨǮʚƝ-ʞ 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.  

 

� Àˡ̧Ǻ,ƄɅ�ȍƑƔˡ͒*<>Ƣ=@�Ȩ̌,ÛʅƩù͙Ûʅ/�7ǯʬC Fig. 4.2 *ʁ

��6�͘Ȩ̌,țȌɭɓƭC Table 4.2*6'9%ʁ��ĚČɳ̧�<0 DP̧�,Ěɳ,ɽ�

- v͘GO�laL�Yˡ͒ț*<>Ķɩ�ʨǮʚƝ<>Ćçŭ��)?<�*˄̠ 100 gf& 20

	30 ɌɁş�͘�,ƄĺÌCȪ9��DP ̧�,Ěɳ,ɽ�-͘�@�@,ĚČɳ̧,ɽ�'4

5ĝ�&
"���,<�*͘»ˏ�� FČɳ̧�<0 MČɳ̧-͘DP̧CȔƶ�?Ěɳ'4

5ĝʑ,ɓƭCǳ�?:,'ëǢ�@?� 

 

 
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 -Ȩ̌,țȌɭɓƭCv�b�UGdçɗ&ǟɚ��:,&
>͘Fig. 4.3(a)-ƕƋɓ

ƭ͖ 0.2 %ʵùσ0.2�<0ƑƔƕ�σT͗͘ Fig. 4.3(b)-̱­Ȧ YR͖ = σ0.2/σT �͗<0�ȕ²0εT&
?�

MČɳ̧,ƕƋ- FČɳ̧*Ȧ3% 0.2 %ʵùσ0.2&ʞ 1.9Ë Ƒ͘Ɣƕ�σT&ʞ 2.1 Ë͖ ɽ�Ȧ͖ ≈ 2.0͗

'45ĝ�͗&
>͘DP̧�,Ěɳ-Ȓ9%ō�)ƕƋŽCǳ�%�?� 

 

  
(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 

� ƎƭǑÑzc�Cɝ�� DP ̧,vO�ɓƭ&
?Ǝƭɓƭ,×ɁʨȂ,œƗƭCȐ˟�?�

9͘DP ̧,�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗɓƭ�CĔƢ�?�6�͘ǹzc�Cɝ

��Ǝƭɓƭ×Ɂ*Ƨˑ)͘DP ̧CȔƶ�?Ěɳ͖F Čɳ�<0 M Čɳ͗,�Ǝƭ,ƩùṒ

ƋÁŗɓƭ�:ĝǭ*ĔƢ�?� 

 

��
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 

� Ȩ̌,�Ǝƭɓƭ�CˠÂ�?�9,ˡ͒ɑC Fig. 4.4 *ʁ���èȜ�Ǝƭ�,ˠÂ*-

Fig. 4.4(a)*ʁ�×ʎćƝ R = 0.25 mm,èȜ�Cǳ�? JIS 4ĘW{�m�ˡ͒ɑCɝ���l ͒

-Ţɀ&�Ɍǯ�ȕƐ͖ǖǆYk�ͣ40 mm͗*%Ŋµ̍Ƌ 0.6 mm/min&ˉ"��Ǝƭ�ˌɪɛ

ǭ,Ŋµ�r�Cɓş�?�9*͘ʇ�,˱˄Ŋµ�r�&̋�̴˄�͘ȀĎ�ŐǢ̈́&èǢ�

%Ǝƭ�ˌ̬�ΔaCɁş����Ǥ �͘Ǝƭ,ƩùṒƋÁŗɓƭ�,ˠÂ*- Fig. 4.4(b)*ʁ�

ƄɅ�<0àĢèȜ�¦�ȍˡ͒ɑCɝ���ˡ͒ɑ-�3%̬ƹǤĞ�ĶƎǤĞ*Ļɲ')?

<�*�%ȀĎ�Ő�=ǋĔ���ƑƔˡ͒�-˄̠ P �<0²0˛*<>ȖɌ̮Ŋµ u͖êǵ

ȖɌ̮˻—ͣ25 mm͗C˛Ɂ�?'':*͘ɴƩù s͙ɴ/�7 eǯʬCȪ9?�9*ˡ͒ɑǰŭ

Ǣ̈́ɲƝC KEYENCEˏ��VŧȰɁşĭ&Ɂş���ˡ͒-Ţɀ*%Ŋµ̍Ƌ 0.18 mm/min&

ˉ"�� 

 

  
(a) V-notched bend specimen (b) Round-bar specimens 

Fig. 4.4 Configurations of specimens for identifying two types of ductile property. 

 

� 6� Ǝ͘ƭ�ˌɪɛ̝*��?ůƸɭ)ɳƗŅƭ/�7'ƩùṒƋCʓş�?�9* M͘ises

,̱­ǽª*ơ�ƖŅƭ FEM˘ȁCˉ"��èȜ�ǯ�ˡ͒ɑ*#�%- Fig. 4.5(a)*ʁ�<�

* 8ʕɌÜ̈́¹ˑʢCɝ����Ǥ͘�ȍˡ͒ɑ-͘Fig. 4.5(b)*�¿'�% R2Ǻ,ǳ̲ˑʢz

c�Cʁ�<�*͘4 ʕɌ́ũʅˑʢCɝ�����@,˘ȁzc�:͘Ǝƭ�ˌɪɛ̝̆Ð,

ǰŭˑʢŧȰ- 0.03 mm�0.03 mm&ʩ����˘ȁS�e- ABAQUS Standard Ver. 6.12Cɝ�

�� 

55� 10�

2�

2�

R=0.25�

45º�

(unit : mm)�

10�

15.3� 15.3�10.2� 10.2�33�

84�

φ6�

(unit : mm)�

84�
33� 7.5� 18�7.5�18�

φ10�φ6�

R=1,1.5,2�

Smooth round-bar specimen�

Circumferentially notched round-bar specimen�
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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. 

 

� ˘ȁ*ɝ��ɳƗƩù͙ɳƗŅƭ/�7ǯʬ-͘F Čɳ̧' DP ̧*#�%-͘�0@¨̱,

ɴƩù͙ɴ/�7ǯʬCȝƐ*ʁ� Davidenkov,ƐCɝ�%ˎȞ��� 

 σ = s
1+ a / 4R

 (4.1) 

��&͘σ -ˎȞ���́ƑƔɔƲ&,Ʃù͖ɳƗƩù͗͘ s-ƄɅ�ȍƑƔˡ͒&Ƣ=@?�0

@ƊǢ̈́,ƄĺɴƩù͘a -�0@ƊǢ̈́,ćƝ͘R -�0@Ɗ,ǯɗćƝ&
?��0@Ɗ,

ǯɗćƝ R-͘ˡ͒ɑ,̞̄�ǯʬ y = f(x)&ˋ�@?'�͘ȝƐ&ˋ�@? 60)� 

 R =
1+ (dy / dx)2{ }3/2

d 2y / dx2
 (4.2) 

 (4.2)Ɛ*<>�0@Ɗ,ǯɗćƝ R CȪ9?�9*͘ƑƔˡ͒�*Ǣʪɭ*ǔƜ��ˡ͒ɑ,

S/2 = 20 
W = 10 

B/2 = 5 

Rigid body 

Rigid body 
(Unit : mm) 

30µm 

R0.25 

Detail of notch root 

a0 = 2 

1/4 model 

1 

Central!
axis�

R2�

3�

5�

L0/2=12.5� (Unit : mm)�

Detail of notch�

R2�
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ɢÓ�= ɢ͘Óåɚ\ndHIE Image JCɝ�%ˡ͒ɑ̬ƹǤĞ* 0.5 mm̮̹&ˡ͒ɑ,̞̄

,ƌȖÌCĔƢ���)�͘(4.2)Ɛ�,Ƥç-�ŐŽçȰ*<>˛ʓ��� 

� MČɳ̧,ɳƗƩù͙ɳƗŅƭ/�7ǯʬ*#�%-͘ˡ͒ɑ*Ćç)�0@�ɛ�?ó*ɼ

Ǣ���'�=͘�ȕ²0¨̱-�ȕ²0, 1/2 ,/�7�r��=�ȕ²06&,ɴƩù͙ɴ

Ņƭ/�7ǯʬCȝƐ*ʁ� Swift,ûŻɽăñ&įƀ��:,Cɝ��� 

 σ = C 1+ εp
α

⎛
⎝⎜

⎞
⎠⎟
n

 (4.3) 

� Fig. 4.6 -͘�¿'�% DP ̧,ƄɅ�ȍƑƔˡ͒&Ƣ=@�ɴƩù͙ɴ/�7ǯʬ'͘

DavidenkovƐ͖(4.1)Ɛ͗*<"%ˎȞ��ɳƗƩù͙ɳƗŅƭ/�7̯Ä,ʓşɌ͖ĳ�,͕�

p�ad͗CȦ̂��:,&
?��0@̝&-ṒƩùɔƲ*)"%�?�'�=͘�́ƑƔ

ɔƲ�*ˎȞ��ɳƗƩù- Ǣ̈́͘ƄĺɴƩù*Ȧ3%�)>ŭ��)"%�?�)� ĝ͘ĳ*͘

ɴƩù͙ɴŅƭ/�7ǯʬC Swiftñ͖(4.3)Ɛ͗&įƀ͖�ȕ²0, 1/2,/�7�r��=�ȕ

²06&ǯʬ&įƀ͗��ǯʬ:ĝǭ*ʁ�%�?�͘DavidenkovƐ*<"%ˎȞ��ɳƗƩù

'45ĝʑ&
?�'�B�"�� 

 

 
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. 
 

� ¨�,<�*�%Ȫ9� FČɳ̧ M͘Čɳ̧�<0DP̧,ɳƗƩù͙ɳƗŅƭ/�7ǯʬC͘

ƄɅ�ȍƑƔˡ͒&Ƣ=@�ɴƩù͙ɴ/�7ǯʬ'':* Fig. 4.7*6'9%ʁ��� 

 

4.3.2 切欠き延性 

� DP̧,èȜ�ǯ�ˡ͒&Ƣ=@�˄̠͙˄̠ɌŊµǯʬC Fig. 4.8*ʁ��6�͘Ǝƭ�ˌ̬

�Δa '˄̠ɌŊµ,̯ÄC Fig. 4.9 *ʁ��ĳ�*-͘˄̠ɌŊµ� 3.4 mm ,'�,ȀĎ�Ő

Ǣ̈́,˖ťʨȂ:ʁ�%�?�nI�Gd�k��Gd�ɳ̧'ĝȕ* Ǝ͘ƭ�ˌ̬�Δa� 50 µm

,'�CƎƭ�ˌɪɛ'şʲ�?�''���Ǝƭ�ˌ�ɪɛ�?˄̠ɌŊµ- 2.6 mm &
"

�� 

 

 
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. 

 

� èȜ�ǯ�ˡ͒,ƖŅƭ FEM ˘ȁ&Ƣ=@�˄̠ɌŊµ'èȜ�×ʎˑʢ,ůƸɳƗŅƭ/

�7 εptip,̯ÄC Fig. 4.10*ʁ��š͒&Ƣ=@��ˌɪɛŊµ͖= 2.6 mm͗�=͘DP̧,èȜ

�Ɗ�=,Ǝƭ�ˌɪɛ̲ɣɳƗŅƭ/�7&
?�èȜ�Ǝƭ�- (εptip )cr =1.15'ʓş�@�� 

 

4.3.3 延性の応力多軸度依存特性 

� DP ̧,ƄɅ�ȍˡ͒ɑ�<0àĢèȜ¦��ȍˡ͒ɑ,ƑƔˡ͒&Ƣ=@�̲ɣɴ/�7 ecr

C͘èȜ�×ʎćƝ,̊Ǟ&ǟɚ��:,C Fig. 4.11*ʁ��ĝĳ*-͘FČɳ̧�<0 MČɳ

̧,ʨȂ:Ȧ̂�%ʁ���)�͘�ˌɪɛ̲ɣɴ/�7 ecr-͘ÛʅƩù͙Ûʅ/�7ǯʬ*�

�%˱˄ǰʥȣ̸&˒=@?ŰǯɌ*ũƩ�?ɴ/�7'şʲ�%�?�DP ̧,̲ɣɴ/�7

ecr- FČɳ̧,:,<>:ŭ��͘6�͘MČɳ̧͖Ȓ9%ŭ��ÌCĠ�%�?͗,:,<>

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 0.5 1 1.5 2 2.5 3

Eq
ui

va
le

nt
 p

la
st

ic
 s

tra
in

 o
f n

ot
ch

-ti
p,

 ε
ptip

Load point displacement, u (mm)

DP-steel
V-notched bend specimen

FE-analysis

Critical local strain
(εptip)cr = 1.15



 - 54 - 

:ō���Fig. 4.12 �<0 Fig. 4.13 -͘�@�@ƄɅ�<0 R1.5 Ǻ,ƑƔɼǢƟ,ɼ̈́C SEM

*<>˖ť��:,&
?�DP ̧�<0 F Čɳ̧-͘��@,ˡ͒ɑ:Þļɭ)LapE�e

S��ļɼ̈́CƘƶ�%�>͘ɼ̈́�Ő̝&-ʑ́cF�p��ɾ˦�@���Ǥ͘MČɳ̧&

- Ʃ͘ùṒƋ�Ȧ̂ɭ¶�ƄɅǺ&-ɼ̈́�Ő̝̆Ð*ʣ��ʑ́cF�p��˖ť�@��͘

�,ĢĲ*-2�̭ļɼ̈́�˖ť�@%�>͘ˡ͒ɑ�Ő̝�=Ǝƭ�ˌ�×ˉ�%ɪɛ�͘�

@C˸Ɍ'�%2�̭ɼň��:,'Ǎť�@?����͘Ȧ̂ɭ͔�ƩùṒƋ')? R1.5

ˡ͒ɑ&-Ú̈́ɭ*2�̭ɼ̈́CĠ�%�>͘Ǝƭ�ˌ�ɪɛ�?ó*ʹƭɼňCĠ���'�

B�?͖R2 ˡ͒ɑ&:ĝȕ,ǈĀ�˖ť�@%�? �͗�=*͘ R2 �<0 1.5 ˡ͒ɑ&-͘M

Čɳ̧&-Ú̈́ɭ*2�̭ɼňCĠ�%��*:��B=�͘DP ̧,ɼ̈́*- M ɳ�2�̭ɼ

ň��ɩ˼-˖ť�@)�"��Fig. 4.22 -͘DP ̧,ƄɅˡ͒ɑ�<0 R1.5 ˡ͒ɑCũ˰*͘

Ǝƭ�ˌɪɛ6&,ß̝ǑÑǈĀC˖ť��:,&
?͖ɼ̈́�ŐCèǢ�%ɻɿ� 5 %fG^

��Ȼ&ʺ͐�%˖ť �͗ɼ̈́ɲ�*-B��)vGO�tGe��˖ť�@)�"��'�=͘

ɼǢɲó*ƬɈ*vGO�tGe�Ƙƶ�̏ʨ�%ɼǢ*ʼ"�'ʁĩ�@?�6�͘vGO�

tGe,Ō�-nI�Gdɳ'v�b�UGdɳ,ɣ̈́̆Ð*˒=@͘�@=-�'�%v�b

�UGdɳ,ƑƔǤĞÏ*ŗķ�%���6�͘v�b�UGdɳ*-͘tGe;�@=,̏ʨ

*<?Ǝƭ�ˌ͘
?�-2�̭*<?̦��ˌ-4'D(˖ť�@)�"�� 

 

 

  
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. 

 

A�
B�

C�

500µm� 10µm�

10µm� 10µm�

A�

C�B�

F-
st

ee
l�

D
P-

st
ee

l�
M

-s
te

el
�

500µm� 10µm�

500µm� 10µm�

Dimple�

Cleavage surface�

Dimple�

Cleavage surface�



 - 56 - 

 

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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� ¨�,š͒&Ƣ=@� DP ̧,Ú%,ˡ͒ɑ,Ǝƭ�ˌɪɛ̲ɣɴ/�7 ecrC FEM ˘ȁʨȂ

'ɐ=�ěB�?�'&͘Ǝƭ�ˌɪɛǭ,ˡ͒ɑ�Ő̝,ɳƗŅƭ/�7'ƩùṒƋ,̯Ä

͖�)B!�Ǝƭ,ƩùṒƋÁŗɓƭ�͗ CȪ9���,ʨȂC͘×*ȫş���èȜ�Ǝƭ�

(εptip )cr͖=1.15͗'':* Fig. 4.15*ʁ���)�͘ĝĳ*-͘FČɳ̧�<0 MČɳ̧,�Ǝƭ

,ƩùṒƋÁŗɓƭ�:Ȧ̂,�9*½�%ʁ�%�?�͘MČɳ̧&2�̭ɼň��ƩùŌ

́Ƌ�r�͖ʞ 1.1¨�͗*��%:͘DP̧&-2�̭ɼň�?�')�Ǝƭɼň�%���'

�³
?� 

 

 

 
Fig. 4.15 Two types of ductile property for steels used. 

 

4.4 二相鋼の延性特性の予測 

� ƎƭǑÑzc�*Ł$�% DP̧,ƎƭɓƭC×Ɂ�͘š͒ʨȂ',Ȧ̂ʳťCˉ�� 

 

4.4.1 三次元不均質組織形態モデルの作成 

� DP ̧,�èȜ�Ǝƭ�,×Ɂ*-͘Fig. 4.16 *ʁ�ȀĎ B = 0.5 mm ,ŭļ�Ɍǯ�ˡ͒ɑz

c�Cɝ���ˡ͒ɑ*-͘×ʎćƝ R � 0.1 mm ,ȼ�èȜ�͖a0/W = 0.5͗C˞�%�?�

Fig. 4.16(a),�ĺ˶zc�&- è͘Ȝ�×ʎ̆Ð*,7�ȝÕ�ĺ˶ʦʯƘƲzc�Cǋɝ���

ˑʢ*- 10 ʕɌĮ̈́¹�ȝˑʢCɝ�͘�ĺ˶ʦʯƘƲzc�͊ľ,ƄĺˑʢŧȰ- 2 µm͘ʕ

ɌǞ- 1569205 &ˑʢǞ- 1151475 &
?�6�͘Fig. 4.16(b),ĺ˶zc�*- 8 ʕɌÜ̈́¹ˑ

ʢCɝ���èȜ�×ʎ,ˑʢŧȰ-͘š͒*%�èȜ�Ǝƭ�CˠÂ�?̺*ɝ��W{�m

�ˡ͒ɑ,˘ȁzc�'ĝ� 0.03 mm�0.03 mm'���ʕɌǞ�<0ˑʢǞ-�@�@ 2757'
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2058&
?��@=,zc�*ǖǆYk� 8 mm'�%�Ɍǯ�˱˄C�
�� 

� �Ǥ͘DP ̧,�Ǝƭ,ƩùṒƋÁŗɓƭ�×Ɂ,�9, RVE zc�C Fig. 4.17 *ʁ��

0.07 mm�0.07 mm�0.07 mm,ʌǤ¹zc�&
>͘ƄĺʨǮʚƝ� 8 µm͘v�b�UGdɳ,

¹ʉçɗ� 20 %')?<�*»ƶ���ʨǮʚǞ- 258 &
?�ǳ̲ˑʢ*- 10 ʕɌĮ̈́¹�

ȝˑʢCɝ�͘ƄĺˑʢŧȰ- 2 µm͘ʕɌǞ- 1024809 &ˑʢǞ- 754963 &
?�ƩùṒƋ

-͘ (Σm / Σ )RVE = 0.67͘1.0 �<0 1.33 , 3 ǽª&˘ȁCˉ"��ņɣǽª,Ɯ͆C&�? �Ǌ

̴�?�9*͘ĳ�*ʁ�<�* RVE zc�ß,�Ő̝, 0.05 mm�0.05 mm�0.05 mm ,͊ľ

*��%vO�ƄĺŅƭ/�7 (Ep )RVE�<0ǑÑƋ DRVECʓş���RVE zc�,ņɣǽª-͘

ďɌČ?�̈́�,Ú%,ʕɌCĚ̈́*Ļɲ)ǤĞ*ŊµǃǼ�͘˄̠C�
?¥,�#,ũ̈́

�,ʕɌ*-͘Ě̈́*ĻɲǤĞ,ŊµCʑ���?Ƅ̈́ÆǆņɣǽªC̘ɝ���6�͘�şƩ 

 

 
(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. 

 

ùṒƋ�&,˱˄-zc�ˋ̈́2,çž˄̠*<>�
͘ Σ1 > Σ 2 = Σ 3͖Σ1-�˱˄ǤĞƩù͗

,ǽª,�&Ŋă���� 

 

4.4.2 各相の損傷パラメータの決定 

� Ěɳ,ǑÑk�y�^,ȫş-͘óʍ*%nI�Gd�k��Gd�ɳ̧,ǑÑk�y�^C

ȫş��ǤȰ'ĝȕ*ˉ"���)B! �͘ȍƑƔˡ͒&Ƣ=@�Ǝƭ�ˌɪɛ̲ɣ/�7 (εp )cr

, 80 %,/�7�r�CǑÑ̲ɣ/�7 (Ep )i'� Ɛ͘(2.7)Cʉç�%Ƣ=@?ǑÑ̲ɣ/�7'

,Ž,��CĚˡ͒ɑ*#�%Ȫ9 �͘@=,ĥ�ǰŭ')?<�*k�y�^ a1�<0 a2Cȫ

ş�����&͘MČɳ̧*#�%-Ǝƭɼň��ˡ͒ɑ�ƄɅǺ,7&
"��͘ƎƭǑÑ̲

ɣ/�7-Ů)�':2�̭ɼň/�7<>͔�Ì&
?'ʳ
 2͘�̭ɼň�� R1.5Ǻ�<0

R2Ǻ,ʨȂ:ɝ�%k�y�^Cȫş���ȫş��k�y�^Cɝ�%͘Ɛ(2.8)*<>�şƩ

ùṒƋ�&˱˄Cĕ��ńě,ĚČɳ̧,ǑÑ̲ɣǯʬC͘Đʳ,�9* DP ̧,:,'ěB

�% Fig. 4.18*ʁ��6�͘Ȩ̌Ǻ,ǑÑk�y�^C Table 4.3*ʁ�� 
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Fig. 4.18 Stress triaxiality dependent ductility of the steels used. 

 

Table 4.3 Damage properties of F-steel, DP-steel and M-steel. 

a1 a2 D0 Dc K
F-steel 0.96 1.24
DP-steel 1.75 1.42
M-steel 1.80 2.43

0.0001 0.001 4

 

 

4.4.3 予測結果 

� DP ̧,�èȜ�Ǝƭ�×Ɂ,�9,ŭļ�Ɍǯ�ˡ͒ɑzc�Cɝ��Ww}��W��ʨ

ȂC Fig. 4.19 *ʁ��Fig. 4.19(a)-͘�ĺ˶ʦʯzc�Cɝ��ƎƭǑÑWw}��W��&Ƣ

=@�èȜ�Ǹʎ̭ĖŊµ Vg'Ǝƭ�ˌ̬�Δa ,̯Ä&
?��ˌɪɛǭ͖��&-š͒'ĝ

ȕ̐͘ű�ˌ̬��Δa = 0.05 mm ')"�ǭɌC�ˌɪɛ'şʲ͗,èȜ�Ǹʎ̭ĖŊµ(Vg)cr

- 0.64 mm&
"���Ǥ͘ĺ˶̏ʪ¹zc�Cɝ��˘ȁ&Ƣ=@�èȜ�×ʎˑʢ,ɳƗŅ

ƭ/�7 εptip' Vg,̯Ä- Fig. 4.19(b),<�*)> �͘ˌɪɛǭ,èȜ�×ʎ,ɳƗŅƭ/�7͘

�)B!�èȜ�Ǝƭ�- (εptip )cr =1.04'×Ɂ�@�� 

 

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2

Eq
ui

va
le

nt
 p

la
st

ic
 s

tra
in

, ε
p

Stress triaxiality, σm/σ

M-steel

DP-steel

F-steel (Ep )i = Aexp B Σm

Σ const.

⎛
⎝⎜

⎞
⎠⎟

A = 2
a1a2

ln (1−D0 )Dc

(1−Dc )D0

B = −a2

⎧
⎨
⎪

⎩⎪



 - 61 - 

 
(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. 

 

� �Ǥ R͘VEzc�Cɝ��Ww}��W��*<>Ƣ=@�vO�Ņƭ/�7 (Ep )RVE,Ňû*

±�ǑÑ DRVE,̐űǈĀC Fig. 4.20*ʁ��6� F͘ig. 4.21-vO�ƩùṒƋ (Σm / Σ )RVE� 1.33

�<0 0.67&vO�Ņƭ/�7 (Ep )RVEC 15 %¦���'�,͘ůƸɭ)ɳƗŅƭ/�7 Ep͘Ʃ

ùṒƋ Σm / Σ �<0�@=*˸İ��ǑÑɗ D* /Dcr
* ,çžCʁ��:,&
?�ĳ�,ɬʬ&

Ĳ6@�͊ľ�v�b�UGdɳ&͘Ȣ>,̝ç�nI�Gdɳ&
?�ůƸɭ)ɳƗŅƭ/�

7 Ep;ƩùṒƋ Σm / Σ -v�b�UGdɳ*ũ�%�˱˄ǤĞÏ,nI�Gdɳ&͔�ÌC

ʁ�%�>͘�,<�)͊ľ&ǑÑɗ D* /Dcr
* :͔�)"%�?�6�͘vO�ɳƗŅƭ/�7

(Ep )RVE�ĝʑ&
@. v͘O�)ƩùṒƋ (Σm / Σ )RVE�ůƸɭ)ɳƗŅƭ/�7 Ep,çž*đ

5�Ɯ͆-4'D(˒=@)��͘ƩùṒƋ Σm / Σ �Ŋă�%�>͘�,ʨȂ'�%vO�Ʃ

ùṒƋ (Σm / Σ )RVE�͔�4(ǑÑ̐ű�;��)"%�?� 

 

 

(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. 

 

� Fig. 4.22 *͘ǎȊƹȰ*Ł$�%×Ɂ�� DP ̧,�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗ

ɓƭ�C͘š͒ʨȂ'Ȧ̂�%ʁ����@,×ɁʨȂ:š͒ʨȂ'Ȧ3%;;¶�)"%�?

�͘�@-v�b�UGdɳ,ǑÑk�y�^C2�̭ɼň��ˡ͒ɑ,ʨȂCɝ�%ȫş��

�'�=͘v�b�UGdɳ,ƎƭǑÑ̲ɣC¶�˒ʉ:"%�?�'��İ'ʳ
=@?��

,�'CʳƳ�@.͘×ɁʨȂ-š͒ʨȂ'Ȧ̂ɭ<��ʽ�%�?'�
?� 

� ¨�,ʨȂ�=͘ǹǎȊƹȰ*<>͘�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ�͘ �)B!�ɳʦʯƘ

Ʋ�<0Ěɳ,ƕƋɓƭ'ƎƭǑÑɓƭ,ƮŃ�=̧͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ

̟�?�ʇ͎,�Ǝƭɓƭ�͖�èȜ�Ǝƭ��<0�Ǝƭ,ƩùṒƋÁŗɓƭ�͗ �×Ɂ&�?

�'�ʁ�@�� 

 

4.5 結言 
 

� ǹʍ&-͘ʏ͝ʍ&ǎȊ��͘ʦʯɓƭCʦ7Ù@�ƎƭǑÑzc�*Ł$��̧Ȕ̝̎Ǻ,

Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?�ɳ̧,�Ǝƭɓƭ�C×Ɂ�?�9,Ww}��W��ƹ

Ȱ,̘ɝƭ,Ȑ˟Cˉ"��ǹʍ&Ƣ=@�ʨȂ*#�%¨�*ʁ�� 

� nI�Gd'v�b�UGd�=)?�ɳʦʯCǳ�? DP ̧'͘Ěɳ'ĝʑ,ɓƭCǳ�?

Čɳ̧͖nI�GdČɳ̧�<0v�b�UGdČɳ̧͗C»ˏ�͘ƕƋɓƭ�<0ƎƭǑÑɓ

ƭCš͒*<>ĔƢ���&͘�ɳ̧,�Ǝƭɓƭ�,×ɁCˉ"���,ʨȂ͘ǎȊƹȰ*<

>×Ɂ���Ǝƭɓƭ�-͘š͒ʨȂ'ȓ+�ʽ����)B! �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�,
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ƮŃ�=͘�ɳ̧,�Ǝƭɓƭ�C×Ɂ�?�'�ėʷ&
?�'Cʁ��� 

� ¨�<> �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�'�ɳ̧,�Ǝƭɓƭ�C̯̏$�?y]YQ��Ep�

�`,̘ɝƭ�Ȑ˟�@��ǎȊƹȰ*<>×Ɂ���Ǝƭɓƭ�Cɝ�%͘Ȕ̝̎Ǻ,Ǝƭ�

ˌɪɛ�̐űǀƾCvO�YQ��Ep��`*<>×Ɂ�?�'�&�@. �͘Ƥ˔ɭqb�Ȕ

̎ɓƭ�͘ �ɳ̧Ǻ,�Ǝƭɓƭ�͘ Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ,Ě̸ų̮C̯̏$�?

�'�&�?� 

 



 - 65 - 

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 
 

� óʍ&-͘ʏ͝ʍ&ǎȊ��ʦʯɓƭCʦ7Ù@�ƎƭǑÑzc�*Ł$�%͘�ɳ̧,�Ƥ

˔ɭqb�Ȕ̎ɓƭ�,ƮŃ,7�=Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?�Ǝƭɓƭ�

�͖èȜ�Ǝƭ��<0�Ǝƭ,ƩùṒƋÁŗɓƭ�͗ CǞÌ˘ȁ*<>×Ɂ�?y]YQ��

Ep��`CȔʗ���ǹǎȊƹȰ*<>͘nI�Gd�v�b�UGd�ɳ̧,�Ǝƭɓƭ�

C×Ɂėʷ&
?�'Cʁ����@*<>�͘Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂ���Ǝƭɓƭ�

Cɝ�%Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾC×Ɂ�?�'�&�@.͘�ɳ̧,�ĺ˶ʦʯɓ

ƭ'Ȕ̝̎Ǻƭʷ'C̯̏$�?�'�&�?� 

� �Ǥ̧͘Ǻ,ƕƋɓƭ'�Ǝƭɓƭ�,ƮŃ�=͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾC×Ɂ

�?�9,vO�YQ��Ep��` 40, 41)�ōɤ=*<>ǎȊ�@%�?��,vO�YQ��

Ep��`&-͘�DǢ�3>ļ,Ǝƭ�ˌɪɛ'͘ʑ́cF�p�ļ,Ǝƭ�ˌ̐űCąì�

%Ĕ>ƻ��Ǝƭ�ˌɪɛ�<0̐űǀƾ-͘�@�@�èȜ�Ǝƭ��<0�Ǝƭ,ƩùṒ

ƋÁŗɓƭ�*ǖ̟�@?�'CʳƳ� �͘@�@,ɓƭCēǬ���ǑÑzc�')"%�?� 

� ǹʍ&-͘ʏ͞ʍ&ɝ��nI�Gd�k��Gd�ɳ̧͖SM490YB ̧͗Cũ˰'�͘6�

y]YQ��Ep��`*<>�Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ�=̧Ǻ,�Ǝƭɓƭ�C×Ɂ

�?�ȝ*͘ȖɃ�Ɍǯ�ɼňͅƭˡ͒ɑ,Ǝƭ�ˌɪɛ�̐űǀƾ͖R-curve͗C͘y]YQ�

�Ep��`*<>×Ɂ��̧Ǻ,�Ǝƭɓƭ�Cɝ�%vO�YQ��Ep��`*<>×Ɂ

�͘š͒ʨȂ'Ȧ̂�?�'&ǹƹȰ,̘ɝƭCȐ˟�?� 

 

5.2 フェライト・パーライト二相鋼の延性特性の予測 
 

� ʏ͞ʍ&ɝ��nI�Gd�k��Gd�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ�=͘�ɳ

̧,vO�ɓƭ&
?�Ǝƭɓƭ�C×Ɂ�͘š͒ʨȂ'Ȧ̂�?�'&ǎȊƹȰ,̘ɝƭCȐ

˜�?� 

 

5.2.1 延性特性評価試験 

� nI�Gd�k��Gd�ɳ̧,Ǝƭɓƭ&
?�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗɓ
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ƭ�CĔƢ�?�)� �͘Ǝƭ,ƩùṒƋÁŗɓƭ�-Ǧ*óʍ&ĔƢ�%�?�'�=

͖Fig. 3.21͗͘ ��&-�èȜ�Ǝƭ�,ˠÂˡ͒*#�%̈3?� 

 

(a) 評価手法 

� ˡ͒*- F͘ig. 5.1*ʁ�̦�àĢèȜ�Cǳ�?�ȍƑƔˡ͒ɑCɝ���èȜ�Ɗˋ̈́�=

,�DǢ�3>ļ,�ˌɪɛCƯş�%͘èȜ�×ʎćƝ R - R = 0.1 mm �<0 R = 0.2 mm '

��͖¨Ɵ͘�@�@ R0.1Ǻ�<0 R0.2Ǻ'ʅ�? �͗6�͘èȜ�Ɗ,ůƸɳƗŅƭ/�7C

ʓş�?�9, FEM˘ȁ:ˉ"��š͒�<0 FEM˘ȁǤȰ- 3.4.2͈'ĝȕ&
?� 

 

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

SM490YB steel. 
 

(b) 切欠き延性 

� R0.1 Ǻ,š͒&Ƣ=@�ɴƩù͙ɴ/�7ǯʬ'̋�̴˄ˡ͒ɑ,Ǣ̈́˖ťʨȂC Fig. 5.2 *

ʁ��R0.1 Ǻ�<0 R0.2 Ǻ&-͘ǰō˄̠óƟ*��%èȜ�Ɗ�=�DǢ�3>ļ,Ǝƭ�

ˌ�Ƙƶ�@?�'�ɾ˦�@��ǹɻʊ&-͘èȜ�Ɗ�=�DǢ�3>ļ�ˌ�ɪɛ�?ń

ě&-͘èȜ�Ɗ�=ʞ 0.05 mm,�ˌ�Ƙƶ�@?˱˄�r�CƎƭ�ˌɪɛ'şʲ�?�'

'��� 

� š͒&Ƣ=@��ˌɪɛŊµC FEM ˘ȁ,ʨȂ'Ȧ̂�͘èȜ�Ɗ�=,Ǝƭ�ˌɪɛ̲ɣ

ɳƗŅƭ/�7͘�)B!�èȜ�Ǝƭ�CȪ9��nI�Gd�k��Gd�ɳ̧,�èȜ�

Ǝƭ�'�Ǝƭ,ƩùṒƋÁŗɓƭ�CěB�% Fig. 5.3*ʁ�� 
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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. 

 

5.2.2 二相鋼の延性特性の予測 

� ʏ͞ʍ*ʁ��Ěɳ,ƕƋɓƭ�<0ǑÑɓƭCɝ�%͘ǎȊƹȰ*Ł$���ɳ̧,�Ǝƭ

ɓƭ�×ɁWw}��W��Cˉ"��Ww}��W��*- ABAQUS Standard Ver. 6.7Cɝ�͘

User Subroutine UMAT&ƎƭǑÑǞɚzc�CŬÙ�%˘ȁCˉ"�� 

� �èȜ�Ǝƭ�,×Ɂ*-͘Fig. 5.4 *ʁ�ȀĎ B = 0.5 mm ,ŭļ�Ɍǯ�ˡ͒ɑzc�Cɝ

���ˡ͒ɑ*-͘×ʎćƝ� 0.1 mm,ȼ�èȜ�͖a0/W = 0.5͗C˞�%�?�Fig. 5.4(a),�

ĺ˶zc�&-͘èȜ�×ʎ̆Ð*,7�ȝÕ�ĺ˶ʦʯƘƲzc�Cǋɝ���ˑʢ*- 4ʕ

ɌĮ̈́¹ˑʢCɝ� ʦ͘ʯzc�͊ľ,ƄĺˑʢŧȰ- 5 µm ʕ͘ɌǞ- 46132&ˑʢǞ- 258820

&
?�6� F͘ig. 5.4(b),ĺ˶zc�*- 8ʕɌÜ̈́¹ˑʢCɝ���èȜ�×ʎ,ˑʢŧȰ-͘

�èȜ�Ǝƭ�CˠÂ�?̺*ɝ��àĢèȜ�¦�ȍˡ͒ɑ,˘ȁzc�'ĝ� 0.03 mm�
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0.03 mm '���ʕɌǞ�<0ˑʢǞ-�@�@ 2757 ' 2058 &
?��@=,zc�*ǖǆY

k� 8 mm'�%�Ɍǯ�˱˄C�
�� 

� ʏ͞ʍ*:̈3�<�*͘ǹɻʊ&-nI�Gd�k��Gd�ɳ̧,Ěɳ,ǑÑɓƭC͘

Fig. 5.5 *ʁ� RVE zc�Cɝ��Ww}��W��*<?̊˘ȁ&ȫş���RVE zc�-

0.3 mm�0.3 mm�0.25 mm,ɲǤ¹zc�&͘ƄĺʨǮʚƝ 25 µm͘k��Gdçɗ 30 %')?

<�*»ƶ���ʫʨǮʚǞ- 1440Ê&
?�ǳ̲ˑʢ*- 4ʕɌĮ̈́¹ˑʢCɝ�͘Ƅĺˑʢ

ŧȰ- 5 µm͘ʕɌǞ- 36807&ˑʢǞ- 200106&
?�vO�˱˄Ʃù Σ1 > Σ 2 = Σ 3,ǽª&͘

�ş,ƩùṒƋ (Σm / Σ )RVE = 1.2͘1.33�<0 1.5, 3ǽª&˘ȁCˉ"�� 

 

  
(a) Micro-structural model (b) Homogeneous model 

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)*ʁ��ŭļ�Ɍǯ�ˡ͒ɑ,�ĺ˶ʦʯzc�Cɝ��Ww}��W

��*<>̐͘ ű��Ǝƭ�ˌ̬�Δa'èȜ�Ǹʎ̭ĖŊµ Vg',̯ÄCǟɚ��:,&
?�

�,ʨȂ�=͘�ˌɪɛǭ͖��&-š͒'ĝȕ̐͘ű�ˌ̬��Δa = 0.05 mm')"�'�C

ɪɛ'şʲ͗,èȜ�Ǹʎ̭ĖŊµ(Vg)cr- 0.65 mm &
?�'�B�"���Ǥ͘Fig. 5.4(b)*

ʁ��ĺ˶̏ʪ¹zc�Cɝ��ƖŅƭ˘ȁ,ʨȂ�= è͘Ȝ�×ʎˑʢ,ɳƗŅƭ/�7 εptip'

Vg,̯Ä- Fig. 5.6(b)')>͘Vg = (Vg)cr͖= 0.65 mm͗,'�,ɳƗŅƭ/�7͘�)B!�èȜ

�Ǝƭ� (εptip )cr- 1.1')?�'�×Ɂ�@�� 

 

 
(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. 

 

� �Ǥ͘RVE zc�*vO�ƩùṒƋ (Σm / Σ )RVEC�ş*�%˱˄C�
�̺,͘vO�Ƅĺ

ɳƗŅƭ/�7 (Ep )RVE,Ňû*±�vO�ǑÑƋ DRVE,̐űC Fig. 5.7 *ʁ��͔�ƩùṒƋ

�&-ǑÑ,̐ű�ō��)"%�>͘ǑÑ̲ɣ/�7 (Ep )i�ŭ��)"%�?� 

 

(εptip )cr = 1.1Δai = 0.05mm�

(Vg)cr = 0.65mm�
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Fig. 5.7 Damage evolution along with equivalent plastic strain for RVE model of SM490YB steel. 

 

� ¨�,<�*͘ǎȊƹȰ*Ł$�%×Ɂ���ɳ̧,�èȜ�Ǝƭ�'�Ǝƭ,ƩùṒƋÁ

ŗɓƭ�C͘š͒ʨȂ'Ȧ̂�% Fig. 5.8*ʁ���Ǝƭ,ƩùṒƋÁŗɓƭ�*#�%-͘ǹ

Ȑ˜&-š͒'Ww}��W����ʽ�?<�Ěɳ,ǑÑk�y�^Cȫş���'�=�ʴ

��ʽ�?,-ƗɎ&
?�͘�,<�*ȫş��ǑÑk�y�^Cɝ�@.͘ż˔ɭ*-�D

Ǣ�3>ļ,Ǝƭ�ˌɪɛǈĀCĠ�?ńě,̲ɣÌ&
?�èȜ�Ǝƭ�CʜƋ<�×Ɂ�?

�'�&��� 

 

 
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 
 

� y]YQ��Ep��`*Ł$�%�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂ��̧Ǻ,�Ǝ

ƭɓƭ�Cɝ�?�'&͘vO�YQ��Ep��`*<>Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ

͖R-curve͗�×Ɂėʷ&
?�Ȑ˟�?� 

 

5.3.1 マクロスケールアプローチの概要 

� vO�YQ��Ep��`-͘�ˌ͛èȜ�Cǳ�?Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǈĀC͘

̧Ǻ,țȌɭɓƭ,ƮŃ,7�=ǞÌWw}��W��*<>×Ɂ�?ƹȰ'�%ǎȊ�@��

�@-͘Ǝƭ�ˌ,ɪɛ'�,Ɵ,̐ű&-Ƥ˔ɭyLgZx�ɦ)?�'*̫7͘�ʇ͎,Ǻ

ǡɓƭCǋɝ�?�'&ʜƋˀ�Ǝƭ�ˌƶ̬ɓƭC×Ɂ�?�9*ǎȊ�@�:,&
?�¨

�*ǹEp��`,ȓˑC˨Ǫ�?� 

 

(a) せん断すべり型延性亀裂発生条件 

� ōɤ=-̦͘�èȜ�Cǳ�?ˡ͒ɑCɝ��Ȑ˜*<>͘�ˌ͛èȜ�Ɗ�=�DǢ�3>

ļ&Ǝƭ�ˌ�ɪɛ�?ńě*- è͘Ȝ�×ʎ,ɳƗŅƭ/�7&ˠÂ��̲ɣÌ͖�èȜ�Ǝƭ�͗

-͘ˡ͒ɑ,Ƙɔ;ŧȰ͘˱˄ȕƐ͘˱˄̍Ƌ*Áŗ�?�')�45ĝʑ&
?�'CŃġ�

%�? 26,27,38,39,60)���&͘�ˌ͛èȜ�×ʎ�=,Ǝƭ�ˌ,ɪɛǽª'�%͘èȜ�͛�ˌ×

ʎ,ɳƗŅƭ/�7 εptip��èȜ�Ǝƭ�(εptip )cr*̕��'�*Ǝƭ�ˌ�ɪɛ�?'���ůƸ

ɳƗŅƭ/�7�şǽª�͖ Ɛ(5.1)͗CǎȊ�%�?� 

 εptip = (εptip )cr  (5.1) 

 

(b) 延性亀裂進展の数理損傷モデル 

� ̐ű�,�ˌ,óǤ&- F͘ig. 5.9*ʁ�<�)ː̽)Ʃù͛/�7ń')"%�?��ˌ,ó

Ǥ,͊ľ͖ĳ�,Ɋˁ,͊ľ͗*ɵɱ�?'͘ê9-͔�ƩùṒƋ,�&Ņƭ/�7Cĕ�?

�͘�ˌ,̐ű*ơ"%Ơ�*ƩùṒƋ�¶��)�=Ņƭ/�7Cĕ�͘ǰʥɭ*-͔�Ņ

ƭ/�7Cĕ�%Ǝƭ�ˌ�̐ű�?�ȕ�)ƩùṒƋ,�&ĕ�?ǑÑ,ˇʉ�͘Ǝƭ�ˌ

,̐ű*Ɯ͆Cđ5��'�=͘ƎƭǑÑ̲ɣ/�7,ƩùṒƋÁŗƭ͘�)B!�Ǝƭ,Ʃ

ùṒƋÁŗɓƭ��Ǝƭ�ˌ̐űǀƾCǖ̟�?'ʳ
=@?� 
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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. 
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,Ƥ˔�ˌƘƶ*<?ǑÑ,û̍Yb�X 

��&͘Yb�X͖I͗&,ǑÑ�̧Ǻ,ȵĀƩù*đ5�Ɯ͆-̓Ɓ*ŭ��'ʳ
��6�͘

͔�ƩùṒƋ,�&-<>ŭ��˱˄/�7&ɼǢ͖ǑÑ̲ɣ͗*ʼ?,-͘vGO�tGe

�Ƙƶ�Ŕ9?6&,Yb�X͖I͗&,ǑÑ̐ű�͔͘�ƩùṒƋ*<"%Å̐�@?�9&


?'ʳ
�� 

� �,<�)ƎƭǑÑǈĀ*ũ�͘ōɤ=- 2.3.2 ͈'ĝȕ,ƩùṒƋÁŗļ,ƎƭǑÑǞɚ

zc�CǎȊ�%�?��)B!̧͘ Ǻ,�Ǝƭ,ƩùṒƋÁŗɓƭ��=Ǻǡk�y�^͖ a1, a2͗

C̶*ȫş&�?<�)ǞɚǑÑzc�')"%�?� 

 

 

Fig. 5.10 Schematic illustration of macro-scopic damage model40). 

 

(c) シミュレーション手法 

� ¨�,Ǝƭ�ˌɪɛǽª'�ˌ̐ű,ǑÑzc�C̘ɝ��͘�ˌ̝Ǻ,Ǝƭ�ˌƶ̬Ww}

��W��ƹȰC Fig. 5.11*ȗƐɭ*ʁ��êǵ�ˌ͛èȜ��=,Ǝƭ�ˌɪɛ*-�ůƸɳ

ƗŅƭ/�7�şǽª�C̘ɝ�?�êǵ�ˌ͛èȜ�×ʎ, 1ˑʢ,ɳƗŅƭ/�7��èȜ

�Ǝƭ�*̕��ǭɌ&͘ˑʢ,ôƭCȺő��?�'&Ǝƭ�ˌ,ɪɛCáɘ�?��@¨ŋ

,ˑʢ*#�%- �͘Ǝƭ,ƩùṒƋÁŗɓƭ�CēǬ���ǞɚǑÑzc�C̘ɝ�?� 
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Fig. 5.11 Macro-scopic simulation method for predicting ductile crack initiation and growth. 

 

 

5.3.2 延性亀裂発生・進展抵抗評価試験 

(a) 実験方法 
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)�<�*ŬÙ�� 62)� 
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��& Pf-ɨþ×�ˌŬÙǭ,ǰō˄̠͖ N͗͘S-ǖǆYk�̮˻—͖ mm͗͘σY-�̱­Ɍ͖ MPa͗

&
?� 

� R-curve,˛Ɂ*-ːǞ,ˡ͒ɑCɝ� ʇ͘�,˱˄�r�6&�Ɍǯ�˱˄C�
�Ɵ*̴˄
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˄�<0̴˄̍Ƌ 0.5 mm/min,Ŋµïƣ&ˉ"��l ͒�-˄̠ P'ˡ͒ɑ,�ˌǸʎ*Ĕ>¦

��O�apR�X,̭ĖŊµ VgCɁş���l ͒ɑ, CTOD δ -͘˄ ̠ P'O�apR�X̭

ĖŊµ Vg�=ȝƐ*<>ʓş��� 

 δ = K 2 (1−ν 2 )
2σ YE

+
rp (W − a0 )Vp
rp (W − a0 )+ a0

 (5.3) 

 K = YP
BW 1/2  (5.4) 

 Y = 4 2.9 a0
W

⎛
⎝⎜

⎞
⎠⎟
1/2

− 4.6 a0
W

⎛
⎝⎜

⎞
⎠⎟
3/2

+ 21.8 a0
W

⎛
⎝⎜

⎞
⎠⎟
5/2

− 37.6 a0
W

⎛
⎝⎜

⎞
⎠⎟
7/2

+ 38.7 a0
W

⎛
⎝⎜

⎞
⎠⎟
9/2⎡

⎣
⎢

⎤

⎦
⎥  (5.5) 

��&͘K-ƩùǅōÄǞ͖MPa m1/2͗͘ ν -uE\�Ȧ͖= 0.3͗͘ E-|�Pɗ͖= 206000 MPa͗͘

rp-į̀ÄǞ͖= 0.4͗͘ Vp-O�apR�X̭ĖŊµ,Ņƭƶç͖mm͗&
?� 

� Ǝƭ�ˌ̬�-͘ʇ�,˱˄�r�&̴˄��Ú%,ˡ͒ɑ*ũ�%˛Ɂ����ʾ*͘Ǝƭ

�ˌ-ȀĎ�Ő&Ô×ɭ*̐ű�?UxhG�ɔ')?�'�=̴͘˄Ɵ,ˡ͒ɑCȀĎ�Ő&

èǢ�͘�,Ǣ̈́C 1 µm ,E�wfs�Yd&ɻɿ¤����Ɵ* SEM &ǰōƎƭ�ˌ̬�

ΔamaxCɁş��� 

 

 
Fig. 5.12 Configurations of three-point bend specimen with pre-crack. 

 

(b) 延性亀裂発生・進展抵抗 

� ˡ͒&Ƣ=@�˄̠ P'O�apR�X̭ĖŊµ Vg,̯ÄC Fig. 5.13*ʁ��6�͘Fig. 5.14
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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 

� ˘ȁ*ɝ�?ɳƗƩù͙ɳƗŅƭ/�7ǯʬ-͘�ĺ˶ʦʯzc�Cɝ��Č˪ƑƔ˘ȁ&Ƣ

=@�Ʃù͙/�7ǯʬ͖Fig. 3.17͗�=ȫş���6�͘�ȕ²0¨�,/�7ʖĲ&-͘Û

ʅƩùσ͙Ûʅ/�7εǯʬC Ɛ͘(5.6)*<>ɴƩù s͙ɴ/�7 eǯʬ*ŊǏ��:,Cɝ��� 

 
s =σ (1+ ε )
e = ln(1+ ε )

⎧
⎨
⎩

 (5.6) 

� �ȕ²0¨̱,ɳƗƩù͙ɳƗŅƭ/�7ǯʬ*#�%-͘�ȕ²0̆Ð,Ʃù͙/�7̯Ä

C̠˔� �͘ȕ²0, 1/2�=�ȕ²06&,ɴƩù͙ɴ/�7ǯʬC ȝ͘Ɛ, Swift,ûŻɽă

ñ&įƀ�%Ƣ=@�ǯʬCɝ��� 

 σ = C 1+
εp
α

⎛
⎝⎜

⎞
⎠⎟
n

 (5.7) 

� Ƣ=@��ɳ̧,ɳƗƩùσ ͙ɳƗŅƭ/�7 εpǯʬC �͘ĺ˶ʦʯƘƲzc�,Č˪ƑƔ˘

ȁ&Ƣ=@�ÛʅƩùσ͙Ûʅ/�7εǯʬ'ěB�% Fig. 5.16*ʁ�� 

 

 
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 

� �ɳ̧,�Ǝƭɓƭ�-͘5.2 ʕ*��%y]YQ��Ep��`&×Ɂ��:,͖Fig. 5.8͗

Cɝ����@=,ɓƭ�=͘vO�YQ��Ep��`*Ƨˑ)k�y�^Cȫş�?� 

� �ůƸɳƗŅƭ/�7�şǽª�*Ƨˑ)ůƸ̲ɣɳƗŅƭ/�7 (εptip )cr-͘ŭļ�Ɍǯ�ˡ 
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Table 5.1 Parameters predicted by meso-scopic approach. 

a1 a2
1.10 2.28 1.15
(εptip )cr

 
 

͒ɑzc�Cɝ���èȜ�Ǝƭ�×ɁƹȰ&Ƣ=@�ÌC�,66̘ɝ����Ǥ͘ƎƭǑÑ

Ǟɚzc�,k�y�^͖a1, a2͗-͘RVEzc�Cɝ���Ǝƭ,ƩùṒƋÁŗɓƭ�×Ɂƹ

Ȱ*<>Ƣ=@�ǑÑ̲ɣ/�7 (Ep )iCƐ(2.8)&įƀ�?�'&ȫş���ȫş��ůƸ̲ɣɳ

ƗŅƭ/�7 (εptip )cr͘�<0ƎƭǑÑǞɚzc�*̘ɝ��k�y�^͖a1, a2͗C Table 5.1*ʁ

�� 

 

5.3.4 延性亀裂発生・進展抵抗の予測 

� Fig. 5.17 *͘š͒&ɝ��:,'ĝƘɔ�ŧȰ,�Ɍǯ�ˡ͒ɑ,ǳ̲ˑʢzc�Cʁ��ˑ

ʢ*- 8ʕɌÜ̈́¹EG\k�yd�aOˑʢCɝ� ê͘ǵ�ˌ×ʎ̆Ð,ǰŭˑʢŧȰ- �͘è

Ȝ�Ǝƭ�C×Ɂ��ŭļ�Ɍǯ�ˡ͒ɑzc�'ĝ� 0.03 mm�0.03 mm'���ʕɌǞ- 31581

&ˑʢǞ- 25744&
?��Ɍǯ�˱˄-͘š͒&ɝ��:,'ĝƘɔ�ŧȰ,ȭÝCȗǕ��

ô¹ˑʢČ�%�
��FEM˘ȁ*- ABAQUS Standard Ver. 6.12Cɝ��� 

� êǵ�ˌ×ʎ�=,�DǢ�3>ļƎƭ�ˌ,ɪɛ-�ůƸɳƗŅƭ/�7�şǽª�*ơ�

:,'����)B!͘êǵ�ˌ×ʎ, 1ˑʢ,ɳƗŅƭ/�7� �͘èȜ�Ǝƭ�*̕��ǭɌ

&�,ˑʢCò̴�?�'&�ˌɪɛCáɘ���6�͘�@¨ŋ,ˑʢ*#�%- �͘Ǝƭ,Ʃ 
 

 
Fig. 5.17 3D FE-model of three-point bend specimen for damage simulation. 
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ùṒƋÁŗɓƭ��=ȫş��k�y�^Cɝ��ƎƭǑÑǞɚzc�C̘ɝ��� 

� Fig. 5.18- W͘w}��W��*<>Ƣ=@�˄̠ P-O�apR�X̭ĖŊµ Vg̯ÄCš͒ʨ

Ȃ'Ȧ̂��:,&
?�Ǝƭ�ˌɪɛ�̐űƟ*��%:Ww}��W��ʨȂ-š͒ʨȂ'

45�ʽ�%�?�6�͘Fig. 5.19 *Ww}��W��&Ƣ=@� CTOD R-curve Cš͒ʨȂ'

Ȧ̂�%ʁ��Ǝƭ�ˌɪɛ�=̐ű6&͘Ww}��W��ʨȂ-š͒ʨȂC<�áɘ&�%

�?�'�B�?��=*͘Fig. 5.20 *͘ȀĎÚľ*B�?Ǝƭ�ˌ,̐űɔȯC͘š͒�˖ť

ʨȂ'Ww}��W��ʨȂCȦ̂�%ʁ��ȀĎˋ̈́̆Ð&-Ƅ̈́ƩùɔƲ*̆��'�=Ʃ

ùṒƋ�Ȧ̂ɭ¶�)?�'*<>͘š͒&-ȀĎ�Ő̝&×ˉ�%Ǝƭ�ˌ�̐ű�?Ux 

 

 
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. 

 

hG�ɔ,�ˌ')"%�?�͘�,<�)�ˌ̐űǈĀCWw}��W��&:áɘ&�%�

?� 

� ¨�,ʨȂ<>͘y]YQ��Ep��`&×Ɂ�@��Ǝƭɓƭ�Cɝ�%͘ĺ˶̏ʪ¹z

c�Cɝ��vO�YQ��Ep��`*<"%͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ�×Ɂė

ʷ&
?�'�š˟�@�� 

 

5.5 結言 
 

� ǹʍ&-ʏ͞ʍ&ɝ��nI�Gd�k��Gd�ɳ̧Cũ˰'�%͘y]YQ��Ep��

`&×Ɂ��̧Ǻ,țȌɭɓƭCɝ�%͘vO�YQ��Ep��`*<>�Ɍǯ�ȖɃɼňͅ

ƭˡ͒ɑ,Ǝƭ�ˌɪɛ�̐űǀƾ͖R-curve͗,×ɁCˡ7���,vO�YQ��Ep��`

-͘�ˌ͛èȜ�Cǳ�?Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾC͘ĺ˶̏ʪ¹zc�Cɝ�%×

Ɂ�?�9*ǎȊ�@�:,&̧͘Ǻ,Ʃù͙/�7ɓƭ͘�<0�èȜ�Ǝƭ�'�Ǝƭ,Ʃ

ùṒƋÁŗɓƭ�,ƮŃ,7�=Ǝƭ�ˌ,ɪɛǀƾ�<0̐űǀƾCʜƋˀ�×Ɂ�?ƹȰ

&
?�¨�*Ƣ=@�ʨȂ*#�%6'9?� 

(1) y]YQ��Ep��`*Ł$�%͘nI�Gd�k��Gd�ɳ̧,�Ǝƭɓƭ�,×Ɂ

Cˉ"���ɳ̧,�Ǝƭ,ƩùṒƋÁŗɓƭ��áɘ&�?<�*̊˘ȁ*<>ȫş�

�Ěɳ,ǑÑk�y�^Cɝ�%͘�ɳ̧,�èȜ�Ǝƭ�C×Ɂ��ʨȂ͘š͒ʨȂ'ȓ

+�ʽ��� 

(2) vO�YQ��Ep��`*Ł$�%͘ĺ˶̏ʪ¹zc�Cɝ��ƎƭǑÑWw}��W�

Ductile crack growth�
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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 
 

� óʍ6&,Ȑ˜*<> F͘ig. 6.1*ʁ�<�* �͘ɳ̧Cũ˰'�% �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�

�=̧Ǻ,�Ǝƭɓƭ�C×Ɂ�?y]YQ��Ep��`͘�<0̧Ǻ,�Ǝƭɓƭ��=Ȕ
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� ǹʍ&-͘�@6&Ȕʗ�%��̸ųɭEp��`C̘ɝ�%͘�ˌCǳ�?̝Ǻ,Ǝƭ�ˌ

ɪɛ�̐űǀƾ͖R-curve͗*đ5��Ƥ˔ɭqb�Ȕ̎ɓƭ�,Ɯ͆*̯�?Q�YY^cFC

ˉ����&-͘�ɳ̧,ƕƋO�YCŊ
?�')�Ǝƭ�ˌɪɛ�̐űǀƾCĞ���?'

��˖Ɍ�=͘ʏ�ɳ,¹ʉçɗ-�ş'�͘ʦʯƘƲCŊă��?�'&͘�ɳ̧,�Ǝƭɓ

ƭ�͘ /�%-�ˌ̝Ǻ, R-curve*(,<�)Ɯ͆Cđ5��ş̢ɭ*Ȑ˜�?� 

 

 

 

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 

� ǹQ�YY^cF&-͘�ɳ̧*��?ʏ�ɳ,çžƘƲ,Ɯ͆*#�%Ȑ˜�?�''�͘

ʏ�ɳ���_x*çž�%�?ńě'͘�ʾ*ĶƎǺǡ*��%˒=@?ųɔ*çž�%�?

ńěCũ˰'�%Ȑ˜Cˉ��''���Fig. 6.2*͘Ưş��ʏ�ɳ,��_xzc�'ųɔz
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͖SM490YB ̧͗'�͘��@,zc�:ƄĺʨǮʚƝ� 25 µm͘ʏ�ɳ,¹ʉçɗ- 30 %'�

��Ěɳ,Ʃù-/�7ǯʬ�<0ƎƭǑÑ̲ɣ-͘Fig. 6.3 *ʁ�<�*͘ʏ͞ʍ�<0ʏ͠ʍ 

 

 

Fig. 6.2 Micro-structural model for discussion of the effect of micro-structural morphology on 
macro-scopic strength and ductile properties. 

 

  
(a) Equivalent stress - equivalent plastic strain 
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Fig. 6.3 Mechanical properties of each phase for case study. 
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&ɝ��:,'ĝ�ɓƭ͖�@�@ Fig. 3.15�<0 Fig. 3.22͗Cɝ��� 

 

6.2.2 二相鋼の強度特性に及ぼす組織形態の影響 

� ʏ�ɳ,çžƘƲ,̖��Ʃù-/�7ǯʬ*đ5�Ɯ͆*#�%Ȑ˜�?�9*͘Fig. 6.4 *
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��)�͘ųɔzc�*#�%- Fig. 6.5 *ʁ�<�*͘zc�C Z ǤĞ*ʑç÷�͘Ěų,ʏ

�ɳçɗC 0 %͘90 %͘0 %'ʰ̇�%ʉų�?�'&͘zc�Ú¹'�%- 30 %')?<�* 
 

 
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. 
 

6.2.3 二相鋼の延性特性に及ぼす組織形態の影響 
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250384 &
?�6�͘Fig. 6.7(b)*ʁ�ĺ˶̏ʪ¹zc�*-͘×̈,<�*��@,zc�:

ƕƋɓƭ�45ʑ��"��'�=͘Fig. 6.6 *ʁ���_xzc�,Ʃù-/�7ǯʬ�=ɳƗ

Ʃù͙ɳƗŅƭ/�7ǯʬ*ŊǏ��:,͖Fig. 5.16͗C̘ɝ�%˘ȁCˉ"�� 

� �Ǥ �͘Ǝƭ,ƩùṒƋÁŗɓƭ�*đ5�ʏ�ɳ,çžƘƲ,Ɯ͆,Ȑ˜*-͘Fig. 6.8 *
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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. 
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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. 
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(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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7 (Ep )iCʁ���6� F͘ig. 6.13- v͘O�ƩùṒƋ (Σm / Σ )RVE = 1.2&vO�Ņƭ/�7 (Ep )RVE

C 40 %¦���'�,͘ůƸɭ)ɳƗŅƭ/�7 Ep͘ƩùṒƋ Σm / Σ �<0ǳÿǑÑƋ D*,
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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. 

 

6.3 亀裂部材の延性亀裂発生・進展抵抗に及ぼす延性特性の影響 
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6.3.1 解析条件 
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Fig. 6.15 3D FE-model of three-point bend specimen for case study. 

 
Table 6.1 Parameters obtained by meso-scopic simulation for macro-scopic damage simulation of 

three-point bending specimen. 

a1 a2
Random 1.10 2.28 1.15
Layered 1.22 2.34 1.11

(εptip )cr

 
 

6.3.2 亀裂部材の延性亀裂発生・進展抵抗 
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δi*đ5�Ɯ͆-ŭ��:,'ʳ
=@?� 

� �Ǥ̐͘űǀƾ'�%͘Ww}��W��&Ƣ=@� R-curve Cǰŭ��Ȱ*<>Ɛ(6.1)&̆

´�%ÄǞ͖ α, β, γ C͗Ȫ9 Ƥ͘ç��Ɛ(6.2)�=Ò� dδ/dΔamaxCʓş�%Ȧ̂��:,C Fig. 6.18

*ʁ�� 

 δ =α + β(Δamax )γ  (6.1) 

 dδ
dΔamax

= βγ (Δamax )γ −1  (6.2) 

S/2 = 52 W = 26 

a0 = 13 

1/4 model 

Rigid body 

Rigid body 

(Unit : mm) 

0.03mm 

pre-crack 

B/2 = 6.5 

Damage model 

Local strain 
 criterion 

Detail of crack tip 
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Ǝƭ�ˌ̐űǀƾ*#�%: �͘�_xzc�<>:ųɔzc�,Ǥ�͔�)"%����@-͘

×Ɂ�@��Ǝƭ,ƩùṒƋÁŗɓƭ�,ÒĞ'ĝȕ&
> �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�,Ɯ͆

�ēǬ�@�ʨȂ')"%��� 

� ¨�<> �͘Ƥ˔ɭqb�Ȕ̎ɓƭ��Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ*đ5�Ɯ͆*#�

%,Q�YY^cFCˉ"��¢į,˘ȁǽª&-͘ʏ�ɳ���_x*çž�?<>:͘ųɔ

*çž��zc�,4��Ǝƭ�ˌ,̐űǀƾ�Ğ��?'��ʨȂ�Ƣ=@�����͘ųɔ

zc�&-͘ʏ�ɳ*��%Ņƭ/�7;ƩùṒƋ�͔�)?�'�=͘ʏ�ɳ,ƎƭǑÑ̲

ɣ�¶�ʏ�ɳ�=,ǑÑ�ǖ̟ɭ*)?ńě&-̊͘*ųɔzc�,Ǥ��ɳ̧'�%,�Ǝ

ƭɓƭ�͘ /�%-Ǝƭ�ˌɪɛ�̐űǀƾ�¶��?�':ʳ
=@?��,<�*͘�ɳ̧,

�Ǝƭɓƭ�;Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ- �͘�ɳ,�ĺ˶ʦʯƘƲ͖Morphology �͗͘

��ɳ,ƕƋj��Y��<0��ɳ,Ǝƭj��Y�'���Ƥ˔ɭqb�Ȕ̎ɓƭ�,Ɯ͆

Cƕ�ĕ�?�ǹɻʊ&ǎȊ���̸ųɭEp��`�Cȴɝ�?�'&͘ũ˰Ȕ̝̎Ǻ,Ǝƭ

�ˌɪɛ�̐űǀƾC�Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂ&�? �&-)�͘ˑȪ�@?Ȕ̎

̝Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCšɘ�?�9,Ǻǡʦʯ,ïƣǇŬďɚCŬ�?�'�ǵƞ&

�?� 

 

 

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

� ǹʍ&-͘y]YQ��Ep��`'vO�YQ��Ep��`Cʦ7ěB���̸ųɭEp

��`�*Ł$�%͘�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ��̧Ǻ,�Ǝƭɓƭ�͘ /�%-Ȕ̝̎

Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ*đ5�Ɯ͆*̯�?�ʳťCˉ"��óʍ6&&ɝ�%��nI

�Gd�k��Gd�ɳ̧͖SM490YB ̧͗Cr�Y'�%͘ʨǮʚƝ;ʏ�ɳçɗC�ş'�
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(1) ʏ�ɳ,çžƘƲ�̧Ǻ,ƕƋɓƭ*đ5�Ɯ͆*#�%Ȑ˜�?�9͘��_xzc�'

ųɔzc�*ũ�%Č˪ƑƔ˘ȁCˉ"���,ʨȂ͘¢į,˘ȁǽª&-ʏ�ɳ,çžƘ

Ʋ-ƕƋɓƭ*-4'D(Ɯ͆Cđ5�)��'�B�"��ųɔzc�*#�%-͘ƕƋ

ɓƭ*ɦǤƭ-˒=@)�"�� 

(2) �ɳ̧,�èȜ�Ǝƭ�-͘ǑÑ��*˿˶,ȥɳ�C̐ű�?�'�=͘ʏ�ɳ���_

x*çž��zc�<>:̐͘ű�?ǑÑ,óǤ*ųɔ*ʏ�ɳ�ŗķ�?�'&ǑÑ,̐

ű�ƽï�@?ųɔzc�,Ǥ�͔�)"�� 

(3) �ɳ̧,�Ǝƭ,ƩùṒƋÁŗɓƭ�*#�%: ʏ͘�ɳC��_x*çž��?<>:͘

ųɔ*çž��?�'&Ğ�����@-͘�˱˄ǤĞ*Ƅˉ*ųɔ*ʏ�ɳ�çž�%�

?�'&͘ʏ�ɳ�ĕ�?Ņƭ/�7;ƩùṒƋ�͔�)>͘ȥɳ�ĕ�?Ņƭ/�7;

ƩùṒƋ�̊*¶�)?�'�ˑİ'ʳ
=@?� 

(4) y]YQ��Ep��`*<>×Ɂ�@��ɳ̧,�Ǝƭɓƭ�Cɝ�%͘ȼ�êǵ�ˌC

ǳ�?ȖɃ�Ɍǯ�ɼňͅƭˡ͒ɑ,Ǝƭ�ˌɪɛ�̐ űǀƾ͖ CTOD-R curve C͗×Ɂ���

�,ʨȂ͘Ǝƭ�ˌɪɛ̲ɣ CTOD δi-͘��@,zc�&:ō�)Ž-˒=@)�"��

�@-͘×Ɂ�@��èȜ�Ǝƭ�� 12 %ʆƋ,Ž��)�"��'�=͘δi*đ5�Ɯ͆

-ŭ��"�:,'ʳ
=@?��Ǥ̐͘űǀƾ*#�%-͘��_xzc�*Ȧ3%ųɔ

zc�,Ǥ�͔�)"%��� 

� ¨�,<�*͘ǹɻʊ&ǎȊ���̸ųɭEp��`�Cȴɝ�?�'&͘Ȕ̝̎Ǻ,Ǝƭ�

ˌɪɛ�̐űǀƾ*đ5��ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ�,Ɯ͆*#�%Ȑ˜�?�'�ė

ʷ*)?��)B!͘ũ˰Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǺǡʦʯɓƭ�=×Ɂ&�? 

�&)�͘ˑȪ�@?Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCšɘ�?�9,Ǻǡʦʯɓƭ,ïƣ

ǇŬďɚCŬ�?�'�ǵƞ&�?� 
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第７章 結論 
 

� ǹɻʊ&-�ɳ̧Cũ˰'�͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ*đ5�Ǻǡʦʯİŕ,Ɯ

͆Cş̢ɭ*×Ɂėʷ)��L�Ep��`*Ł$�Ww}��W��ƹȰCȔʗ�?�'Cɱ

ɭ'��Ȑ˜Cˉ"���,�9*͘Ǻǡʦʯɓƭ̧͘ǺțȌɭɓƭ͘�<0Ȕ̝̎Ǻƭʷ,Ě

̸ųC��O��?vO�YQ��&,_y�XyLgaOY'y]YQ��&,_y�XyL

gaOYCʦ7ěB���̸ųɭEp��`�CǎȊ���vO�YQ��Ep��`'�%͘

̧Ǻ,�ƕƋɓƭ�'�ʇ͎,�Ǝƭɓƭ�͖ �DǢ�3>ļ,Ǝƭ�ˌɪɛ̲ɣCǖ̟�?�è

Ȝ�Ǝƭ�͘ �<0ʑ́cF�p�Ƙƶļ,Ǝƭ�ˌ̐űǀƾCǖ̟�?�Ǝƭ,ƩùṒƋÁŗ

ɓƭ�͗ '��ƈʲ,�țȌɭɓƭ��=͘�ˌ×ʎ̆Ð*��?��L�)ǑÑ̐űCáɘ�?

�'&͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾC×Ɂėʷ&
?ōɤ=*<>ǎȊ�@�ƎƭǑÑ

zc�*ɵɱ�����%͘�ĺ˶ʦʯƘƲ'Ěɳ,țȌɭɓƭ͖ǹɻʊ&-�@=,ɓƭC6

'9%�Ƥ˔ɭqb�Ȕ̎ɓƭ�'ʅ�?͗�=͘ʦʯ�ĺ˶*<?Ʃù͛/�7,ůķă*±

���L�)ǑÑɪűCáɘ�?�'&̧͘Ǻ,�ƕƋɓƭ�'�ʇ͎,�Ǝƭɓƭ�C×Ɂ�

?�9,y]YQ��Ep��`,ȔʗCˡ7��¨�*ǹɻʊ&Ƣ=@�ʨȂC6'9?� 

� ʏ͝ʍ&-͘y]YQ��&,ʦʯ�ĺ˶��ɳ̧,ƕƋ;Ǝƭ*Ɯ͆�?ǖ̟İŕ&
?'

ʳ
 �͘�ɳ,�ĺ˶ʦʯƘƲ͖Morphology �͗͘��ɳ,ƕƋj��Y�͘��ɳ,Ǝƭj��Y�

*ɵɱ�͘�@=,Ƥ˔ɭɓƭ �͖Ƥ˔ɭqb�Ȕ̎ɓƭ�͗ �=�ɳ̧,ƕƋɓƭ�<0Ǝƭɓ

ƭC×Ɂ�?�'Cɱɭ'��y]YQ��Ep��`CǎȊ��� 

(1) �ɳ̧,ƎƭǑÑǈĀCáɘ�?�9*-͘ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7,ůķă

'͘�@*<?vGO�tGeƘƶ*ʼ?6&,Ƥ˔ɭ)ǺǡǑÑ,̐űCáɘ�?Ƨˑ

�
?'ʳ
͘�ĺ˶ʦʯƘƲC�ȝÕ&áɘ�?��ȝÕ�ĺ˶ʦʯƘƲzc��Cǎ

Ȋ��� 

(2) �ɳ̧CȔƶ�?Ěɳ,�ƕƋɓƭ�'�Ǝƭɓƭ�CēǬ��͘Ěɳ,ƎƭǑÑ̐űǈ

ĀCáɘ�?�'�&�?�ƎƭǑÑǞɚzc��CǎȊ����,ƎƭǑÑǞɚzc�

Cɝ�%ǞÌWw}��W��Cˉ��9*Ƨˑ)Ǻǡk�y�^-͘ƄɅ�ȍˡ͒ɑ�

<0àĢèȜ�¦�ȍˡ͒ɑ,ƑƔˡ͒&Ƣ=@?�Ʃù�/�7ǯʬ�'�Ǝƭ,ƩùŌ

́ƋÁŗɓƭ��=�ʲɭ*ȫş�?�'�&�?� 

(3) �ƎƭǑÑǞɚzc��C��ȝÕ�ĺ˶ʦʯƘƲzc��*̘ɝ�?�'&͘ʦʯɓƭ

Cʦ7Ù@���L�Ep��`*Ł$�ƎƭǑÑzc�CǎȊ��� 
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(4) �èȜ�Ǝƭ�C×Ɂ�?�9*͘ȼ�èȜ�Cǳ�?ŭļ�Ɍǯ�ˡ͒ɑzc�Cɝ�

�Ww}��W��ƹȰCǎȊ���ǎȊǑÑzc�Cɝ�%ʦʯ�ĺ˶CʳƳ��Ǝƭ

ǑÑWw}��W��*<>Ǝƭ�ˌɪɛ̲ɣ˱˄�r�CȪ9�Ɵ͘ĺ˶̏ʪ¹zc�

Cɝ�� Mises ,̱­ǽª*ơ�ƖŅƭ˘ȁ*<>͘�ˌɪɛ̲ɣ˱˄�r�*��?è

Ȝ�×ʎ,ɳƗŅƭ/�7&
?�èȜ�Ǝƭ�C×Ɂ�?� 

(5) �Ǝƭ,ƩùṒƋÁŗɓƭ�C×Ɂ�?�9*͘§ˋ¹ʉˑʢ͖Representative Volume 

Element, RVE͗zc�*<?Ww}��W��ƹȰCǎȊ���RVE zc�*�şƩùŌ

́Ƌ,�&˱˄C�
͘Ƥ˔ɭ)ǑÑ̐ű*<>vO�ƄĺǑÑƋ DRVE�̲ɣǑÑƋ*̕

�?ǭɌ&,vO�ƄĺŅƭ/�7 (Ep )RVECǑÑ̲ɣ/�7 (Ep )i'�%Ȫ9?��,ǑÑ

̲ɣ/�7Cʇ�,ṒƩùɔƲ*��%Ȫ9?�'& �͘Ǝƭ,ƩùṒƋÁŗɓƭ�C

×Ɂ�?� 

� ¨�,ǎȊǑÑzc�*<"%͘ʦʯ�ĺ˶*˸İ�?Ʃù͛/�7,ůķăǈĀ'�@*±

���L�)ǑÑɪűCáɘ�?�'&͘�ɳ̧,ƕƋɓƭ �&-)�͘�DǢ�3>ļ�<

0ʑ́cF�p�Ƙƶļ,z�e�ɦ)?Ǝƭ�ˌ,ƘƶǈĀ'�,̲ɣ�×Ɂėʷ')?�'

�ǵƞ�@?���&͘ʏ͞ʍ&-ǎȊǑÑzc�Cɝ�%͘ƑƔ˱˄Cĕ�?�ɳ̧,ƎƭǑ

Ñp�[Y,×ɁCˉ�͘š͒�˖ťʨȂ'Ȧ̂�?�'&ǎȊzc�,̘ɝƭ*#�%Ȑ˜�

�� 

(6) nI�Gd�k��Gd�ɳ̧Cũ˰'�%̝͘Ǻß̝�=,ʑ́cF�p�ļƎƭ�ˌ

,Ƙƶ'̝͘Ǻˋ̈́�=,�DǢ�3>ļƎƭ�ˌ,ƘƶǈĀ,˖ťCˉ��9*͘�ʇ

͎,�ÏèȜ�¦Ƥŭˡ͒ɑ,ƑƔˡ͒Cˉ"���,ʨȂ͘��@,z�e,ƎƭǑÑ

ǈĀ*#�%:͘vGO�tGeƘƶ6&,Ƥ˔ɭǺǡǑÑ*ǖ̟�@?�'�B�"��

6�͘vGO�tGe;Ƥ˔�ˌ-͘�'�%nI�Gd͛k��Gdņɣ̆Ð,nI�

GdɳÏ*Ƙƶ�%�>͘ʦʯ�ĺ˶,Ɯ͆Cƕ�ĕ�%�?�'�B�"�� 

(7) ʏ͝ʍ&ǎȊ��ʦʯɓƭCʦ7Ù@�ǑÑzc�Cɝ��Ww}��W��*<>͘ʑ

́cF�p�ļ,Ǝƭ�ˌƘƶ �&)�͘�DǢ�3>ļ,Ǝƭ�ˌƘƶ,�ǈĀCá

ɘ�?�'�&�͘�ˌ,Ƙƶ̲ɣ˱˄�r�C×Ɂ�?�'�&����)B!͘�ɳ

̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ,7�=͘ʦʯ�ĺ˶*˸İ��Ʃù͛/�7,ů

ķăǈĀCáɘ�?�'&̝͘Ǻß̝�ˋ̈́*<=�Ǝƭ�ˌ,ƘƶǈĀ�̲ɣCʩ�ɭ

*ˠÂ&�?�'Cʁ��� 

� ¨�,ʨȂ�=͘ǎȊǑÑzc�Cɝ�?�'*<>͘Ȕ̝̎Ǻ*��?�DǢ�3>ļƎƭ
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�ˌ,ɪɛ̲ɣCǖ̟�?�èȜ�Ǝƭ�'͘ʑ́cF�p�ļƎƭ�ˌ,̐űǀƾCǖ̟�?

�Ǝƭ,ƩùṒƋÁŗɓƭ�C �͘Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂėʷ&
?�'�ʁĩ�

@����&ʏ͟ʍ&-͘ǎȊǑÑzc�*Ł$�%͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ

̟�?�Ǝƭɓƭ�C͘�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ��=ǞÌ˘ȁ*<>×Ɂ�?y]Y

Q��Ep��`CȔʗ�?�'Cɱɭ'��Ȑ˜Cˉ"�� 

(8) ǎȊƹȰ,Ȑ˟,�9* n͘I�Gd�v�b�UGd�ɳ̧Cũ˰'�%Ȑ˜Cˉ"��

��&-͘�ɳ̧CȔƶ�?Ěɳ'ĝʑ,ɓƭCǳ�?Čɳ̧͖nI�GdČɳ̧�<0

v�b�UGdČɳ̧͗C»ˏ�͘Ěɳ,ƕƋɓƭ�<0ƎƭǑÑ̲ɣCš͒*<>Ȫ9

��&͘�ɳ̧,�Ǝƭɓƭ�×ɁWw}��W��Cˉ�͘š͒ʨȂ'Ȧ̂����,

ʨȂ͘ǎȊƹȰ*<>×Ɂ���Ǝƭɓƭ�-͘š͒ʨȂ'ȓ+�ʽ��� 

� ¨�,ʨȂ�=͘ǎȊƹȰ*<>͘�ɳ̧,�Ƥ˔ɭqb�Ȕ̎ɓƭ�,ƮŃ,7�=͘Ȕ̎

̝Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾCǖ̟�?̧Ǻ,�Ǝƭɓƭ�C×Ɂėʷ&
?�'�š˟�@

���@*<> �͘Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂ��̧Ǻ,�Ǝƭɓƭ�Cɝ�%Ȕ̝̎Ǻ

,Ǝƭ�ˌɪɛ�̐űǀƾC×Ɂ�?�'�&�@.͘�ɳ̧,�ĺ˶ʦʯɓƭ'Ȕ̝̎Ǻƭʷ

'C̯̏$�?�'�&�?<�*)?���&ʏ͠ʍ&-͘ōɤ=*<"%ǎȊ�@�vO�

YQ��Ep��`*Ł$�% �͘Ƥ˔ɭqb�Ȕ̎ɓƭ��=×Ɂ���Ǝƭɓƭ�Cɝ�%

Ǝƭ�ˌɪɛ�̐űǀƾC×Ɂėʷ&
?�Ȑ˜��� 

(9) nI�Gd�k��Gd�ɳ̧Cũ˰'�%͘�Ɍǯ�ȖɃɼňͅƭˡ͒ɑ,Ǝƭ�ˌɪ

ɛ�̐űǀƾ͖R-curve͗,×ɁCˡ7��6�͘y]YQ��Ep��`*<>�ɳ̧,

�Ǝƭɓƭ�C×Ɂ�͘š͒ʨȂ'ȓ+�ʽ�?�'Cɾ˦�����%y]YQ��E

p��`*<>×Ɂ�@��Ǝƭɓƭ�Cɝ�% v͘O�YQ��Ep��`*<> R-curve

,×ɁCˉ"���,ʨȂ͘ĺ˶̏ʪ¹zc�Cɝ��Ww}��W��*<"%Ƣ=@

� R-curve-͘š͒ʨȂ'ȓ+�ʽ��� 

� ¨�,ʨȂ�=͘y]YQ��Ep��`'vO�YQ��Ep��`Cʦ7ěB���̸ų

ɭEp��`�*<"% �͘Ƥ˔ɭqb�Ȕ̎ɓƭ�'̧Ǻ,țȌɭɓƭC͘�=*�,țȌɭ

ɓƭ'Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ'Cş̢ɭ*̯̏$�?Ww}��W��ƹȰ�Ȕʗ

&���ʏ͡ʍ&-͘Ȕ̝̎Ǻ,Ǝƭ�ˌɪɛ�̐űǀƾ*đ5��Ƥ˔ɭqb�Ȕ̎ɓƭ�,

Ɯ͆*̯�?Q�YY^cFCˉ"���@6&*ɝ��nI�Gd�k��Gd�ɳ̧Cr�

Y'�%̧͘Ǻ,ƕƋO�YCŊ
?�')�Ǝƭ�ˌɪɛ�̐űǀƾCĞ���?'��˖Ɍ

�=͘ʨǮʚƝ;ʏ�ɳçɗC�ş'��66͘ʏ�ɳ���_x*çž��zc�'͘ųɔ*
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çž��zc�C»ƶ�%Ȑ˜Cˉ"�� 

(10) ʏ�ɳ,çžƘƲ�̧Ǻ,ƕƋɓƭ*đ5�Ɯ͆*#�%Ȑ˜�?�9͘��_xzc�

'ųɔzc�,�@�@*#�%Č˪ƑƔ˘ȁCˉ"���,ʨȂ͘¢į,˘ȁǽª&-

ʏ�ɳ,çžƘƲ-̧ǺƕƋɓƭ*-4'D(Ɯ͆Cđ5�)��'�B�"��ųɔz

c�*#�%-͘ųǤĞ*Ƅˉ�<0Ļɲ*˱˄C�
%:ƕƋɓƭ*Ž-ɍ�͘ɦǤƭ

-˒=@)�"�� 
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�ɳ�ĕ�?Ņƭ/�7;ƩùṒƋ�͔�)>͘�*ǑÑ�̐ű�?ȥɳ�ĕ�?Ņƭ
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