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��� 0 � @ � � 4F�\�k����� 4F� � �h� � � ����� � ��� 0D0

a¡��(&(�����/0�9� �F]	� 	 N
	· 	��(���V$�%-6#9u*��V�]0 !�!��+6/0�G/0#���EM��VW�����)EM-j4�EM-6(&����-.�&� ±0.8%

�%�\]	�%+0�U !+0�SRJV$�%V$�Z(��3/B�!���)(&�%�U�%-
3]05^�M(���('rM�3+0����-F�� :�7]0�&�%V��)z%�&�7]05^�M(&��=� :�����!�&��(&(&��/0�U/0#���EM��VW�����)EM-��&��(&�&��4�EM-6(&����-.�&��#%;.�� )��u

10−2s−1
�%�U )�94%�B4% :��;<�Z(��3]	EM+0�&(�+0�!�"�_+6(&�.+�IyuH4��9�.+�I +0-6�G/0#���EM��VW�����)EM-x]0 :�M(����)�F+6�94%+0V2+0 )#��G�<EM�)(��!-6�9/0�

4
(&EM�!�

�����&�%�!-F�&��r���EM�&(W/0�x :�@/0�%+BA��)z%V$�l]05^�M(&��=� JIy��V�]0 !�!��+6/0�C/0�l/0#���EM��VW�����)EM-µ�&��(��&�l :�,V$�%V$�xVW���)(� :�
���&#��F+6�%-64��H/0�H JIL��(&(�������(���V$E�/B� �^#���r	��-@���	�%�'=�/0��(94%��4% )��(G���<��4*/B�S�O#%�&�%-.�&��(9���!�&��(&(&��(Z/0�H/0#���EM��VW��R
���)EM-¨X

10−2, 10−3, 10−4 s−1 [ (&EM-F���&#'�� !�)(&#�(�(�+0�!���)(G/0��4%�B4% )��(�/0�*�������!;�+6�$�&�% :��A0�����)EM-a]	EM+0�G+0-6�
���!�&��(&(&�W/0�

10−2 s−1 VW���)(N���<��4j/B�S�O#%�&�%-.�&(*�&�%V�]6(*/0�WVW���!-F���)�%-nX
20, 90, 600 s

[ �%- �����M4%���)EM-�r
���%+0 )(

3
4%��4% )��($(�EM-.�$���O��4%��+6#�($]	EM+0�� )��($/B�S�	#%�&�%-F�&��($���!�&��(&(&��(��%�

2
]	EM+0�� )��($4%�B4% )��($/0�j�J�����!;�+6�

�&�% :��A6�����)EM-�r���-��6-�=q :�w���&EM�)(��)z%V$��]05^�M(&�W4�EM-6(��)(��&�$ujEM]	#%�&�%��+0-6���&�%V$EM-.�&#����T+6(��.+�Iyuj/0#���EM��VW�����)EM-
-F+0 ! )�$��]0�&z�(9 )�N/0�%��-0�)�%��4%��4% )��/0�H�J�����!;�+6�H�&�% :��A6�����)EM-a]0+0�)(G/OIy�M(&(��%���F�!�9 JIL��(&(������%-¢4�EM-.�������!-F�&��rq�9��(
4%�B4% )��(U/B�)(&(���V$#%�����)�.+6��(��'�<��43+0-6�3���!�&��(&(&�Z/0�34�EM-F�������!-.�&�G/0�

100 MPa.s−1 (&EM-F��4�EM-6(��)/0#%�&#�(U]	EM+0�
/0��(*��V�]0 !�!��+6/0��(*�M�����:��Q0 )��(H�&�%]�EM���&#���(*/6��-6(H )������Q0 )�'��+���r!�l]�EM+0�H )��(2/B�S�O#%�&�%-.�&��(*�&�%V�]	#%������+0�&��('r
�Z�SAxEM+x�F�!-0;��34%��4% )��(7(�EM-.�7�&#'�� !�)(&#�(�(&�% )EM-l )��(7��(&(¬���)('r

»q�%V�]	#%������+0�&� 	 ◦ C
�  �  �H� � �H� > �H� � �H� < �H�
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-0�!�<�'��+ � R �3\ � 5 � ��� � R �3\ � 5 � �?> � R � � � 5 � � �H� R >.= � 5 ZH< � R > � � 5 Z �H� R � �H� 5 < �H�
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-0�!�<�'��+6 √ R < �H� 5 �W �H� R �H= � 5 � �W< � R ��� � 5 � �  � R >E\ � 5 ZJ> � √

¤�d�¥W_ ��r!�Qa��/� ��� !���+  0 !�

� - �2���� ��; �� ��������"�!�������� ��

����� , �
∆σ $�� 7 !�(/�#����" - �#�  ������ , "��#�����/����� !����

a¡��(&(�����/0�9� �F]	� 	�	,N
	· ���(����&#'�� !�)(�#�(�+0��+0-6�G/0�%+BAB�)z%V$�2#%]0�&EM+0�<�%���&��=6�! �4�EM-6(&�)(��&��u$��+0;�V$�%-.�&�%�3]0+0�)(7/B�!V��!-.+6�%�Z JIy��VNR

]0 !�!��+6/0�W/0#���EM��VW�����)EM-v�!V�]�E�(&#��$��+a4�EM+0�&(H/0�N JIL��(&(�����X ±0.6, ±0.7, ±0.8, ±0.9
�%� ±0.7%

[ r��q�
���!�&��(&(&�G/0�G/0#���EM��VW�����)EM-C�&��(&�&�G4�EM-6(�����-.�&��=>#%;.�� )�2u

10−2 s−1 r

»qEM+6(W4���(W��(&(����)(��<EM-F�W]	�%��V$�%�����&�l/OIL#%��+6/B�)�%�W JI �!-B�6+6�%-64��t/0�x :�t�g�&#��F+6�%-64��l/0�x JIL��(�(����7EM+¨/B+
-0�!�<�'��+w/0��(&EM ! !�)4%�!�������)EM-�=�/0��(\�&�%V�]6(\/0��VW���!-F���)�%-l��]0�&z�(��J�����!;�+6�3���!-6(����.+6��4��% ! )��/0��(�4&5^����;<�%V$�%-.�&(
uN4�EM-F�������!-.�&�H�!V�]�E�(�#���r

/YX��KX�� ! MZX]YÏHKJ%$ J-[�HZb�O\J-b	��G.-ªYVJ�MBb J ]ç^`_�M�Y'$ J-[�HKX]L�]
����(\/0# �6-0�!���)EM-6(\]0�&#�(&�%-F�&#���(�/6��-6(� )��( �6;�+0�&��( ��r � � �%� ��r � �7]	�%��V$�%���&�%-.�U/OIL��A��������!�&�Z/0��( �^4�50�)�%�&(

/OIL��(�(����)('=F )��(�/B�S�O#%�&�%-.�&��(7;�����-6/0�%+0�&(���A�]	#%���!V$�%-.���� )��(7�F+0��]�EM+0���&EM-F�7�%-6(�+0�!�&�9�%���&�Z4�EMV�]^���&#���(7�'�<��4
4��% ! )��(���EM+0��-0�)��(�]^���7 )��(�V$E�/0z% )��('r

∆ε = εmax − εmin
��V�]0 !�!��+6/0�H/0��/0#���EM��VW�����)EM-t�&EM���� )�

∆εp = εi
pmax − εi

pmin

��V�]0 !�!��+6/0�2/0�G/0#���EM��VW�����)EM-C]0 :�M(&���)�.+6�2��+l4%�B4% )�G�
∆σ = σi

max − σi
min

��V�]0 !�!��+6/0�H/0��4�EM-.�������!-F�&�*��+l4%�B4% )�G�
p =

∑N
i=1 2∆εi

p

/0#���EM��VW�����)EM-t]0 :�M(����)�.+6�G4%+0VH+0 )#��H��+C4%�B4% )� �
δσ = (∆σ/2)max − (∆σ/2)min

�!-F�&�%-6(��!�&#�/0��/0#�4�EM-6(&EM !�)/6�����)EM-,4%��4% !�)�F+6�

D EM+0�94&5^�M�F+6�N��(&(����\Xg� �F]	� 	U�%� 	�	 [ =0 )���&�%V�]6('=^ :�$�&�%V�]	#%������+0�&��=> :����EM�&4���=6 )�H/0#%]0 :�M4��%V$�%-.�'=	 :�
/0#���EM��VW�����)EM-a�%�Z :��4�EM-F�������!-.�&��(&EM-F�G�%-0�&�%;��)(����&#�(9]�EM+0�9 )��(

20
]0�&�%V��)�%�&(G4%��4% )��('=�]0+0�)(Z�&EM+6(Z )��(

10
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(∆σ/2)max

∆σ/2

δσ
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4%�B4% )��(�]	EM+0�7 :�*���!�&��(&(&�G/0��/0#���EM��VW�����)EM-t#%;.�� )�2u
10−2s−1 r D EM+0�7 )�G�&��(��&�2/0�9 JIL��(&(����q4�EMV�]0�&�%-^��-F�

 )��(�(�EM ! !�)4%�!�������)EM-6(3u*]0 !+6(��)�%+0�&(����!�&��(&(&��(�X
10−3 ]0+0�)( 10−4s−1 [ =B )��(��&�%V�]6(7/0�ZVW���!-.���)�%-|X 30 = 90 �%�

600 s
[ (�+0�!�F�)(�/0��(

10
EM+

20
4%�B4% )��(��%-$4�EM-F�������!-.�&��=<�&EM+6(� )��(�4%��4% )��(�(�EM-.���%-0�&�%;��)(����&#�(�r��q�Z���&#��.+6�%-64��

/OIy�M4��F+0�)(��!���)EM-C��(&���M/6��]0�&#��2/0�Z�J�,]�EM-tuN�%-0�&�%;��)(����&�%�
200

]	EM�!-.�&(�]^����4%��4% )��r

P ]^�������!�C/0�¢4���(C/0EM-0-6#���('=� )��(l4�EM+0��Q	��(
σ
R
ε
�%�

∆σ/2
R � ]	�%+0�<�%-.�C�%���&�¢�����M4�#���(l]�EM+0�x )��(

/0�%+BAv�M4%�)�%�&(HVW�����&�%-6(��!���)�F+6��(*�&�%�<�%-.+6('r"�� ! )��(*(&EM-.�H�&�%]0�&#�(&�%-.�&#���(N(�+0�H )��( �6;�+0�&��( ��r �W �R ��r ���l]	EM+0�
 JIL��(�(�����/0�N�·��]�� 	Z�%��(�+0�G )��( �6;�+0�&��( ��r �W<�R ��r �WZj]	EM+0��4��% !+0��/0�N�·��]�� 	�	¬r��9��]0 !+6(G+0-6�N]0�&E�4�#�/B+0�&�
��+0�&EMVW�����)(�#��2]	�%��V$�%�3 )�H4'�� )4%+0 "/B+tV$EF/B+0 )�H/OI ��EM+0-0;

E
�%�9���!-6(��q :�W/0#%�&�%��V��!-^�����)EM-@/0��(Z4�EM+0��Q	��(

σ
R
εp
�%�

∆σ/2
R
p
]	EM+0�"4�5^�M�.+6�U��(&(¬���F�%�"]�EM+0�"/0��("4%�B4% )��("4&56EM�)(��)('r�����( �6;�+0�&��( ��r! � R ��r! H�3�&�%]0�&�%-0-6�%-.�

 )��(94�EM+0��Q	��( ��r �W �R ��r �W���%� ��r �W<�R ��r � \WVW���)(9�%-t��EM-64%���)EM-@/0�2 :�w/0#���EM��VW�����)EM-,]0 :�M(&���)�.+6��r���-��6-�=� )��(
�^4�50�)�%�&(���A�]	#%���!V$�%-.����+BAj-6#�4���(&(����!�&��(7u2 JI �)/0�%-.��� �^4'�����)EM-t(&EM-.��#%;.�� )�%V$�%-.��;<#%-6#%�&#�('rBP�4��%�����	�%�'=F )��(
4�EM+0]0 )��(�/0�Z���� )�%+0�&(

σ
R
ε
]�EM+0�U :�H]^�������)�94%�!-6#%VW�����)�.+6�G�%�

∆σ/2
R
p
]�EM+0�U :�H]^�������)�Z�)(&EM���&EM]	�Z(��%�&EM-.�

+0���! !�)(�#�(2Xg�<EM�!��4&5^��]0�!���&�
2
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σ − ε

� dqx�n �Bw r {hopfhn
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Ψ̇ =
∑

k

∂Ψ

∂Ik
: İk =

∑

k

Ak : İk

σ = ρ ∂Ψ
∂εe

; s = −∂Ψ
∂T ; Ak = ρ ∂Ψ

∂Ik

XQ Br! [
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ϕ∗ 	 \  
�·r

ε̇p = ∂ϕ∗

∂σ ; İk = − ∂ϕ∗

∂Ak
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ρΨ(εe, αi, r1, r2, T ) = ρΨe(εe, T ) + ρΨp(αi, r1, r2, T )

ρΨe = 1
2A(T )εe : εe + M(T ) : εe; ρΨp =

∑3
i=1 h1(αi, T ) +

∑2
j=1 h2(rj , T )

T
��(��� :���&�%V�]�#%������+0�&�

αi, i = 1, 2, 3
(&EM-.�� )��(��M�����:��Q0 )��(7�!-.�&�%��-6��(Z/0�9 :��4�EMV�]�E�(¬��-.�&�24%�!-6#%VW�����)�F+6�

ri, i = 1, 2
(�EM-.�7 )��(��������:��Q0 )��(��!-F�&�%��-6��(3/0�9 :��4�EMV�]	E�(���-F�&���)(&EM���&EM]	�

���<��4TN

(

A(T )

)

ijkh

= νE(T )
(1−2ν)(1+ν) δijδkh + E(T )

2(1+ν) (δikδjh + δihδjk)

M(T ) = −E(T )
1−2ν αth∆TI

∆T = T − T0
���<��4

T0
 :�N�&�%V�]	#%������+0�&��/0�G�&#���#%�&�%-64��

h1(αi, T ) = 1
3Ci(T )αi : αi

h2(rj , T ) = bj(T )Qj(T )
r2
j

2

D EM+0��/0��(Z�����)(&EM-6(9/0�*4% :�����&#�=	 :�W/0#%]	�%-6/6��-64���/0��(94�EF���W4%�)�%-F�&(����<��4N :�W�&�%V�]�#%������+0�&�N-6�*(&�%���
]0 !+6(�#�4%���!�&��/6��-6(7 :�N(�+0�!�&�2/0��(7��A�]0�&��(�(��)EM-6('r

P��!-6(��J=0/OIy��]0�&��(  Br! B=0 )��(� )EM�)(7/OIL#%�����3('IL#�4%���!�<�%-.� N

σ = ρ ∂Ψ
∂εe

= νE
(1−2ν)(1+ν) tr(εe)I + E

1+ν εe − E
1−2ν αth∆TI

Xi = ρ ∂Ψ
∂αi

= 2
3Ciαi

]	EM+0����� ��=! B=!�

Rj = ρ ∂Ψ
∂rj

= bjQjrj
]�EM+0����� ��=! 

XQ Br > [

E
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ν
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a¨+0-6�7]^�������)�
ΩR

]	�%��V$�%������-.��/0�7/0# �6-0�!�� )��(��&�%��V$��(\/0�U�&��4�EM+0�F����-64��3(��������)�F+6�U]0�&#�(&�%-.�&(\/6��-6(
 )��(7�M�����:��Q0 )��(34%�!-6#%VW�����)�.+6��('r

Ω = Ωvp(f) + ΩR

P��<��4FN

ΩR =
∑2

i=1
Mi

mi+1

〈
J(Xi)

Mi

〉mi+1 �%�
Ωvp(σ,Xi, Rj;αi, rj) = K

n+1

〈

f
K

〉n+1
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��-l]�E�(¬��-.�
X =

∑3
i=1 Xi

N

f = J(σ − X) − R1 − R2 − R0 + 1
2Q1

R2
1 + 1

2Q2
R2

2 +
∑3

i=1
3Di

4Ci
Xi : Xi

− b1Q1

2 r2
1 − b2Q2

2 r2
2 − CiDi

3 αi : αi

= J(σ − X) − R1 − R2 − R0

XQ Br � [
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ε̇p = 3
2 ṗ σ

′
−X

′

J(σ−X) =
√

3
2nṗ; n =

√
3
2

σ
′
−X

′

J(σ−X)

α̇i = ε̇p − 3
2

Di

Ci
ṗXi − 3

2

Xi

J(Xi)

〈
J(Xi)

Mi

〉mi ]	EM+0�]N
i = 1, 2

α̇3 = ε̇p − 3
2

D3
C3

ṗX3

ṙj = ṗ(1 − bjrj)
]	EM+0��� � ��=! 

ṗ = Ω
′
(f) =

〈

f
K

〉n

=
√

2
3 ε̇p : ε̇p

XQ Br!< [

n = ∂f
∂σ/| ∂f

∂σ |
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Dint = σ : ε̇p −
∑

k

Ak : İk

���G�.+0�q/0EM-0-6� �6-^�� )�%V$�%-.�3/6��-6(34��G4'�M( N

Dint = fṗ + ṗ

(

R0 +
R2

1

Q1
+

R2
2

Q2
+

3∑

i=1

Di

Ci
J(Xi)

2

)

+

2∑

i=1

〈
J(Xi)

Mi

〉mi

J(Xi) ≥ 0
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q
�%�

ξ
�&�%]0�&#�(&�%-F����-.�*�&��(�]	��4%���!�<�%V$�%-.�H(�EM-a�����<EM- �%��(&EM-

4��%-F���&��r

F = 2
3J(εp − ξ) − q

q̇ = ηH(F )〈n : n∗〉ṗ

ξ̇ =
√

3
2(1 − η)H(F )〈n : n∗〉n∗ṗ

n∗ = ∂F
∂εp

/| ∂F
∂εp

| =
√

3
2

εp
′
−ξ

′

J(εp−ξ)
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=
H
��(��Z :����EM-64%���)EM-¢/OIL¾3�'�'�F�B(��)/0� N

< u >=
uH(u)

r
η
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Q1(q) = Q1∞(1 − e−2µq)
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σ =





σ 0 0
0 0 0
0 0 0



 ; ε =





ε 0 0
0 −ν∗ε 0
0 0 −ν∗ε





��-|#% :�M(&�&E'���)(&4�EM]0 :�M(����)4%�!�&#�=� )��(N5F�F]	EM��56z�(&��($/0�j/0#�4�EM+0]0 :��;<�l/0��(�/0#���EM��VW�����)EM-6($#% :�M(����)�F+6��(��%�
�!-6#% :�M(����)�F+6��(2Xg���)(&4�EM]0 :�M(����)�F+6��(7]	EM+0�7 )�9V$E�/0z% )��/0�G JI 8 �Z��1�P [ �%��/OI �!-64�EMV�]0�&��(&(��!Q0�! !�!�&#H]0 :�M(����)�F+6�
/0EM-0-6�%-F�� JIL��AB]0�&��(&(��)EM-l/B+C4�E����W4%�)�%-.�Z/0�G4�EM-.�����M4%���)EM-

ν∗ r





ε 0 0
0 −ν∗ε 0
0 0 −ν∗ε



 =





εe 0 0
0 −νεe 0
0 0 −νεe



+





εin 0 0
0 −1

2εin 0
0 0 −1

2εin





�9�ZV$�%V$��=B )��(U�������:��Q0 )��(��&�%-6(&EM���)�% ! )��(��!-F�&�%��-6��(7�%�7�M(&(&E�4%�)#���(�X���-^�� )EM;��)�����<��4G )�9/0#%���:���&�%+0�7/0��(
4�EM-F�������!-.�&��( [ /0# �6-0�)(&(���-.�3 JIL#�4�EM+0 )�%V$�%-.�Z�!-6#% :�M(����)�F+6��('IL#�4%���!�&EM-.� N

A =





2
3A 0
0 −1

3A 0
0 0 −1

3A



 ; I =





I 0 0
0 −1

2I 0
0 0 −1

2I



 ;

a �  "��,'�#� . � ( � �
P3�!-6(��J=B )��(��&�% :�����)EM-6(  Br >W/0�%���)�%-0-6�%-.� N

σ = Eεe; Xi = Ciαi
]�EM+0�7��� ��=! B=!�

; Rj = bjQjrj
]�EM+0����� ��=! 

;

a��  "��27���! "� �%$ 2+*�(":��%$
��IL��A�]0�&��(&(&�)EM-6 Br ���N]	EM+0�U��EM��V$�TN

f = |σ −∑3
i=1 Xi| − b1Q1r1 − b2Q2r2 − R0a �  "��,'�#� .+�  "& �����! "�

�q�G(���(&�&z%V$�G/OIL#��.+^�����)EM-6(Z/OIL#%�<EM !+0���)EM-P Br!<N('IL#�4%���!�3/0#�(&EM��VW���)(]N

|ε̇p| = ṗ; ṗ =

〈

f
K

〉n

;

α̇i = ε̇p − Diṗαi − 1
Mi

Xi|Xi|mi−1 ]	EM+0� i = 1, 2; α̇3 = ε̇p − D3ṗα3

ṙj = ṗ(1 − bjrj);
]	EM+0��� � ��=! 
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F = |εp − ξ| − q

q̇ = ηH(F )ṗ
〈

sign((σ − X)(εp − ξ))
〉

ξ̇ = (1 − η)H(F )ṗ
〈

sign((σ − X)(εp − ξ))
〉

.sign(εp − ξ)
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D1 D2 D3
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M1 M2 m1 m2
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Q1∞ Q2 b1 b2
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ε σ

εe σ

εp −σ

αi Xi i = 1, 2, 3

ri Ri i = 1, 2
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ρΨ = ρΨe + ρΨin = ρΨe(εe, T ) + ρΨin(αi, qi, T )
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ρΨe = 1
2Aεe : εe + M(T ) : εe
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ε = εe + εin

εin = A1ε1 + A2ε2
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σ = ρ ∂Ψ
∂εe

= A εe

σ1 = −ρ ∂Ψ
∂ε1

= −ρ
∂εe

∂ε1

∂Ψ
∂εe

= − ∂
∂ε1

(ε − εin)A εe =
∂εin

∂ε1
A εe = A1A εe = A1σ

�Z�9V$�%V$� N
σ2 = A2σ
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ρΨin = 1
3(α1 α2)

(
C11 C12

C12 C22

) (
α1

α1

)

+ 1
2 (q1 q2)

(
b11Q11 b12Q12

b12Q12 b22Q22

) (
q1

q2

)

���G�.+0�q/0EM-0-6� N

ρΨin = 1
3

(

C11α1
2 + 2C12α1α2 + C22α2

2

)

+ 1
2

(

b11Q11q
2
1 + b22Q22q

2
2 + 2b12Q12q1q2

)

P��!-6(�� N

X1 = ρ ∂Ψ
∂α1

= 2
3

(

C11α1 + C12α2

)

X2 = ρ ∂Ψ
∂α2

= 2
3

(

C22α2 + C12α1

)
XQ Br!= [
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Q12 = 0

R1 = ρ ∂Ψ
∂q1

= b11Q11q1

R2 = ρ ∂Ψ
∂q2

= b22Q22q2

XQ Br!Z [
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b11 = b1; b22 = b2; Q11 = Q1; Q22 = Q2
r
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σi
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σ
r

f =
√

J(σ1 − X1)2 + J(σ2 − X2)2 − R1 − R2 − R0

= f +
R2

1
2Q1

+
R2

2
2Q2

+ 3
4

D1
C11

X1 : X1 + 3
4

D2
C22

X2 : X2 − b21Q1

2 q2
11 −

b22Q2

2 q2
22

−1
3

(

C2
11α1 : α1 + C2

22α2 : α2 + C2
12(α1 : α1 + α2 : α2) + 2C12(α1 + α2)(C11 + C22)

)
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Ω = Ωvp(f) + ΩR

�'�<��4TN

ΩR =
∑2

k=1
Mk

mk+1

〈
J(Xk)

Mk

〉mk+1 �%�
Ωvp(σ,Xi, Ri;αi, qi) = K

n+1

〈

f
K

〉n+1

; i = 1, 2
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ε̇1 = ∂Ω
∂σ1

=
∂Ωvp(f)

∂σ1
= Ωvp

′(f) ∂f
∂σ1

= 3
2

〈

f
K

〉n
σ
′

1−X
′

1√
J(σ1−X1)2+J(σ2−X2)2
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ε̇1 = 3
2 λ̇

σ
′

1−X
′

1√
J(σ1−X1)2+J(σ2−X2)2

= λ̇n1

�Z�9V$�%V$� N

ε̇2 = 3
2 λ̇

σ
′

2−X
′

2√
J(σ1−X1)2+J(σ2−X2)2

= λ̇n2

�'�<��4TN
ni = ∂f

∂σi

13�%VW���&�.+6EM-6(��.+6�FN

√
2
3 (ε̇1 : ε̇1 + ε̇2 : ε̇2) =

〈

f
K

〉n

= λ̇ 6= ṗ

ṗ =
√

2
3 ˙εin : ˙εin

�9�9]0 !+6( N

α̇1 = − ∂Ω
∂X1

= −∂Ωvp(f)
∂X1

− ∂ΩR

∂X1
= −Ω

′

vp(f) ∂f
∂X1

− ∂ΩR

∂X1

= 3
2 λ̇

(
σ
′

1−X
′

1√
J(σ1−X1)2+J(σ2−X2)2

− D1
C11

X1

)

− 3
2

X1

J(X1)

〈

J(X1)

M1

〉m1

4��G�F+0��/0EM-0-6� �6-^�� )�%V$�%-F� N

α̇1 = ε̇1 − 3
2 λ̇ D1

C11
X1 − 3

2

X1

J(X1)

〈

J(X1)

M1

〉m1

α̇2 = ε̇2 − 3
2 λ̇ D2

C22
X2 − 3

2
X2

J(X2)

〈

J(X2)
M2

〉m2

XQ Br � � [
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q̇1 = − ∂Ω
∂R1

= λ̇(1 − R1
Q1

)

q̇2 = − ∂Ω
∂R2

= λ̇(1 − R2
Q2

)
XQ Br � � [
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Dint = σ : ˙εin − R1q̇1 − R2q̇2 − X1 : α̇1 − X2 : α̇2

= σ1 : ε̇1 + σ2 : ε̇2 − R1q̇1 − R2q̇2 − X1 : α̇1 − X2 : α̇2

4��G�.+0�q/0EM-0-6� N

Dint = fλ̇ + λ̇

(

R0 +
R2

1
Q1

+
R2

2
Q2

+
∑2

i=1
Di
Cii

J(Xi)
2

)

+
∑2

i=1 J(Xi)

〈
J(Xi)

Mi

〉mi

≥ 0
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(&+0�� )�9V$#�4'��-0�)(�V$�2/0�G/0#���EM��VW�����)EM-C;� )EMQ^�� 
εin = A1ε1 + A2ε2
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Q1
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R1
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2M1C
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p
=6VW���)(G/B+,V2+0 !���!]0 !�)4'���&�%+0�2]0 :�M(_R

���)�F+6�
λ
r

n =
∂f
∂σ

|| ∂f
∂σ

||
=

q

3
2
(A1(σ

′

1−X
′

1)+A2(σ
′

2−X
′

2))
r

A2
1J(σ1−X1)

2
+A2

2J(σ2−X2)
2
+3A1A2(σ1

′−X
′

1):(σ
′

2−X
′

2)

XQ Br �W [
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∂f
∂σ = 3

2
A1(σ1

′
−X1

′
)+A2(σ2

′
−X2

′
)√

J(σ1−X1)2+J(σ2−X2)2

|| ∂f
∂σ || =

√
3
2

√

A2
1J(σ1−X1)2+A2

2J(σ2−X2)2+3A1A2(σ1
′−X1

′
):(σ2

′−X2
′
)

J(σ1−X1)2+J(σ2−X2)2
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X1 = C11α1 + C12α2

X2 = C22α2 + C12α1

R1 = b1Q1q1

R2 = b2Q2q2

�q��(�+0�_�J�M4��G/0��4&5^����;<�H�N]�EM+0�7��AB]0�&��(&(��)EM-�N

f =
√

(σ1 − X1)2 + (σ2 − X2)2 − R2 − R1 − R0
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ε̇1 = λ̇ σ1−X1√
(σ1−X1)2+(σ2−X2)2

α̇1 = ε̇1 − λ̇ D1
C11

X1 −
(

1
M1

)m1

X1|X1|m1−1

q̇1 = λ̇

(

1 − R1
Q1

)

ε̇2 = λ̇ σ2−X2√
(σ1−X1)2+(σ2−X2)2

α̇2 = ε̇2 − λ̇ D2
C22

X2 −
(

1
M2

)m2

X2|X2|m2−1

q̇2 = λ̇

(

1 − R2
Q2

)
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F = |εin − ξ| − q

ṗ = | ˙εin| = |A1ε̇1 + A2ε̇2|

q̇ = ηH(F )λ̇〈n : n∗〉

ξ̇ = (1 − η)H(F )sign(εin − ξ)〈n : n∗〉λ̇

〈n : n∗〉 = 〈sign(εin − ξ)(A1(σ1 − X1) + A2(σ2 − X2))〉
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� �
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η
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C11 C22 C12
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D1 D2
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A1 A2
��E����W4%�)�%-.�&(Z/0�G )EF4'�� !�)(¬�����)EM-C/0��(�V$#�4'��-0�)(�V$��(3/0��/0#���EM��VW�����)EM-

M1 M2 m1 m2
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Q1∞ Q2 b1 b2
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ε σ

εe σ

ε1 −σ1

ε2 −σ2

αi Xi i = 1, 2

qi Ri i = 1, 2
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ε̇ = 10−2s−1
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σ̇ = 100 MPa.s−1

σ 6= 0

. �0/
1�/�23���
465 �87�9:�

∆σ/2

/�1�/�23���
N ≤ 36

σmin

p w ;
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� K G/G'G/G I �"� L G'G I/F/F K/K G I'G/F J"� G � I K � G'G K � G ��J G
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C2 L I H ��� G L � L H J G K I�F � I'G K G H � G/G F � G/I � G F J K � G'G
D2 L � G/G L � G'G L � G'G L � G/G L � G/G L � G'G
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�^� G � H�G K � G K H�G F ��� F�I �
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C3 H L ��� K � H K F�G/G'G H�G � I � G H�G'G �^� G L � K G'G H J F K G
D3 G L � H'H N � I H.G NF� H K/K
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E(MPa) F�G � G'G/G H�I � G'G/G H ��J'J G'G H ��� G/G'G
R∗

0

� G'G L F�G K/K G F � G
K H K G H J�� H ��� F � G
n H � NF� H.I H � H �
C11 L H�I ��� G F L �"� H�G H � H(F L G H K � L � G
D1 G G G G
C22

J G'I L G F �"�"��� F H�I � G H/H�G/G'G
D2 G G G G
C12 � H.F'G'G'G/G �

J K � F�G � L'L � L G � F�G/G'G/G
A1 G N I G NF� F G N � I G N L �"�
A2 G N K � G N K I G N K � G N � K

A�B
C D
E 2

E(MPa) F�G J�� I/G H�I/I � L G H ��J�� I'G H �'J"� K �
R∗
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� G'G L H � K/K G F � G
K H K G H J�� H ��� F � G
n H � NF� H.I H � H �
C11 L/L � G/G'G K'L G'G/G'G K H'H � G'G H K�L/L � G
D1 G G G G
C22

� L ��J G K I/F�I/G F � L � G H/H�G/G'G
D2 G G G G
C12 �

� G J F�G �
J G/G'G'G �

�"� K G/G � H L G/F'G
A1 G NF� G N J��)� G N J G N L �"�
A2 G N L �"� G N L I J G N L ��� G N � K
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C11 L � G L I'G L G J�� I � K � I J��^� H ���'J��"�
D1 G G G G
C22 H(F L � I'G � H � F'G L H �/J�� H K F H �
D2 G G G G
C12 � H L �"� F � � H.F J H�G/G � I L I L�K � L G � G/G
A1 G NF� I G NF� L G N J/J G N J��
A2 G N L G N L�K J G N L J G N L I
M1

�^��� ��J G � L G � G �
m1 F/F F'G H.I H.G NF�
M2 I � G I � G I/G'G � G'G
m2 H/H N �^� �ON � � L N K



�/� �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �


 H�� ? ~NS R `��������.�/�������� "#%� �/��0(�/�. 4�.�/,/0 13 7����5'6.13 2M1C

20◦ C 300◦ C 400◦ C 500◦ C

A�B
C D
E 1

R0 I'G/G � F'G L'L G K I'G
Q1∞ � F�I/F �

� I � I'G �
���

b1 H'H �MN H L N � L NF�
Q2 �

J G �
J G �

J G �
J G

b2 G N F G N F G N F G N F

A B
C D
E 2

R0

�)� G � F � L J G K J G
Q1∞ � F J G �

J��
�
J L � I'G

b1 H'H � L N � L N ���
Q2 � I'G � I'G � I'G � I'G
b2 G N F G N F G N F G N F

A B
C D
E 3

R0

�)� G � F � L ��� L H�G
Q1∞ � F ��� � I'G �

J I � H�G/G
b1 H'H � J � N �
Q2 �

�^�
�
�^�

�
�^�

�
�^�

b2 G N F G N F G N F G N F



��������� � &��@'�% 
���
�����'M! ����$	% � � � � 
 ���

� &��@'�% 
���
�� ���V%V
 � ��� ��
�� 
�����
������ �*��')�1��� �{Y���� %��V!#����$ %�� � � � 
 �
	 
�� Y=� ��� Y=��'�� %V
 � �������
55NiCrMoV 7

��
 '��:�V
��	!#Y=& �@��
�'��O�[���
500◦ 


−8 −6 −4 −2 0 2 4 6 8 10

x 10
−3

−1000

−800

−600

−400

−200

0

200

400

600

800

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K>? ~NS R ` � G�����U
�3U M��XGJQ N���� C��
�XMKNRQ�TRN����3M�����I UWD3MKGJQ �
G���� ��Q�N"!:M D3N��#�3N H�N
10−2 s−1

−8 −6 −4 −2 0 2 4 6 8

x 10
−3

−800

−600

−400

−200

0

200

400

600

800

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K@? ~NS�� ` � G���� U
�3U M��XGJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ � G��$�%��Q�N&!:M DXN'�#�3N H�N
10−4 s−1

−0.01 −0.008 −0.006 −0.004 −0.002 0 0.002 0.004 0.006 0.008 0.01
−1000

−800

−600

−400

−200

0

200

400

600

800

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K>? ~NS�� ` � G�����U
�3U M��XGJQ N���� C��
�XMKNRQ�TRN����3M�����I UWD3MKGJQ �
G���� ��Q�N"!:M D3N��#�3N H�N
10−2 s−1 NRD(��Q�N)� NRI U���UWDXMKGJQ>H�N���,��

−0.01 −0.008 −0.006 −0.004 −0.002 0 0.002 0.004 0.006 0.008 0.01
−1000

−800

−600

−400

−200

0

200

400

600

800

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K@? ~NS�� ` � G���� U
�3U M��XGJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ � G��$�%��Q�N&!:M DXN'�#�3N H�N
10−2 s−1 NED ��Q�N �XNRI U���UWD3MKGJQ>H�N+*�,�, �

−0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
−500

0

500

1000

Déformation [mm/mm]

C
on

tr
ai

nt
e 

[M
P

a]

sim
exp

<>= K>? ~NS�v�� ` � G���� U
�3U M��XGJQ N���� C��
�XMKNRQ�TRN����3M�����I UWD3MKGJQ � G��$�OIKN���T�.:TRIKN��0/)TRGJQ+D#�3U MKQ$DXNM����
G��XCRN

0 0.5 1 1.5 2 2.5 3 3.5 4
780

800

820

840

860

880

900

920

940

960

Déformation plastique cumulée p [mm/mm]

C
on

tr
ai

nt
e 

σ M
A

X
   

[M
P

a]

sim
exp
sim
exp

<>= K@? ~NS�v:v ` � G���� U
�XU M��3GJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ � G��$� IKN�� U H�G���TRM�� �XN�� N Q$D#�T�.�TRIKM�� ��N�� TRGJQ$D3MKQ �$��NED(�0��I D3M � Q�M !$NVU
���



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

��� ����� � 8 ; 
��*,
2M1C

4n8��72 � � ?�0 35,/2
X38CrMoV 5


 H � ? ~NS�� `��������������/�'�� 4!$#%�'&(�)�*��#%+�,' ����,'0 13 7����5'6.13 2M1C

20◦ C 200◦ C 300◦ C 400◦ C 500◦ C 600◦ C

A B
C D
E 1

E(MPa) FMH K F � G H � L �"� G H � G ��� G H�I�F �'J G H J����$J G H L � H�I'G
R∗

0

J F�G �^��� ���^� � F � L'L G K G/G
K H.G'G H'H.G H.F�G F'G'G K � G L ���
n H.I NF� H JON � H K NF� H.G NF� I J
C11

��� GOH�G'G � F'G K I'G L � G/I � G L � GOH�G'G K�L � G/G'G F�G/G'G'G/G
D1 G G G G G G
C22

��� G/G'G L � I � G L H � G'G K F �"� G FMH(F�G/G K�L G'G
D2 G G G G G G
C12 � H�G/G'G/G'G � I L � G'G �

J�� H�G/G �
�"����� G � K H � G'G � H � G � G

A1 G N IOH G N � I G N J�� G N J�� G N J K G NF� K
A2 G N L I G NF� H G NF���^� G N J H G N J'J�� G N �^�

A B
C D
E 2

E(MPa) FMH K F � G H � L �"� G H � G ��� G H�I�F �'J G H J����$J G H L � H�I'G
R∗

0

J F�G �^��� ���^� � F � L'L G F � G
K H.G'G H'H.G H.F�G F'G'G K � G L ���
n H.I NF� H JON � H K NF� H.G NF� I J
C11

J/J"� G'G'G J G K � I'G ��� K H � G � F � F L G L G � F � G H ��� L G/G
D1 G G G G G G
C22 I L F'G'G � L � H.G J'J H �^� ���^� K G K I � G/G � F'G'G
D2 G G G G G G
C12 �

� I K I/G � L G K � G � K'L H ��� � H ���"� G � H K G/G'G �
� G � G

A1 G N J F G N J H G N J G N �"��� G NF� I � G NF���
A2 G N J�� G N J���� G N J I G NF� H G N �^� G N � I �
M1

� L G I ��� �$J G � H�G J�� G J K G
m1 H � H � H L H(F NF� H�G N � �MN J
M2

� G'G J���� J F�G ���^� ��J�� � L �
m2 H L N K H.F N � H.F H/H N F � N F � K

A B
C D
E 3

E(MPa) FMH K F � G H � L �"� G H � G ��� G H�I�F �'J G H J����$J G H L � H�I'G
R∗

0

J F�G � I � ���^� � F � L'L G F L G
K H.G'G H'H.G H.F�G F'G'G K � G L ���
n H.I NF� H JON � H K NF� H.G NF� I J
C11 H/H ����J L G H�G � K ��� G I � I L I � ��� K �"� G L F'I � L G FMH.G J'J��
D1 G G G G G G
C22 H.G � G � G ��� K � G �^� G/G'G � I'I/G'G F�I � K � J"���^�
D2 G G G G G G
C12 �

� I J I/G � L'L � K � � K � G � G � F �^����� � H L I J�� � I/G J��
A1 G N I K G N �^� G N J�� G N � I G NF� L G NF�
A2 G N J K G N J'J G N � G NF�"� G N �$J G N �"�
M1

� G'G I � G � I'G � G'G J'J�� J L G
m1 F H N �^� H �MN F � H �MNF� H K H'H J
M2 I/I'G �"�"� J"��� J�� G ��� G � F'G
m2 H � H K NF�"� H K H/H NF� H�G L



������� � 	�� ��%r'Z
�������� �������������������	��
���� � ���[%�� 
��	!#Y=& �@��
�'��@� ���


 H�� ? ~NS�� `�� �����.�/� �/���� 4# � �'��0(���� "�.�/,/0 13 7����5'6.13 2M1C

20◦ C 200◦ C 300◦ C 400◦ C 500◦ C 600◦ C

A�B
C D
E 1

R0

�$J G � F � J���� J G'G ��� G �"���
Q1∞ � H K G � H.F/F � L � � K � �

J��
� H K F

b1 H L N J H.G N F � �MN F L N � L NF�
Q2 � L � �

�"�
�
J G �

J��
� H'H � � H�I'G

b2 G N K G N K G N K G N K G N K G N K

A�B
C D
E 2

R0

�^�"� � H � J'J G J H � �"� G ���"�
Q1∞ � H K G � H.F'G � L H NF� � K'L �

���
� H.F�I

b1 H L N J H.G N H �MN � �MN F L N � L NF�
Q2 �

� G �
� F �

� G �
� F � H L�K NF� � H ���

b2 G N K G N K G N K G N K G N K G N K

A�B
C D
E 3

R0

�$J�� � F�G J�� G J L G J G'G � L �
Q1∞ � H ��J � H L G �

J G � L G �
� H � H K �

b1 H L N J H.G N H �MN � �MN L L N � L NF�
Q2 �

� G � I H � I L � I � � H K F � H J I
b2 G N K G N K G N K G N K G N K G N K


���� ��� ���$,>|Z~-�c�(" �b� "w������� �}~-�a�g| " � � �a� �I� |p�)�! B' %Q�L| , %Z�
i 6�BV,b&)03242-0K576�*4248�0�$+BV0K;�(�8�.EDF?3G�(�;�$+248�(�Bn.+0),b&)(	0edP&38�03BR2-,A6)G�0)&�;=6H2-03@A5Q?3*I6�24$+*-0'0),-2�?32I6OQ+;�8�0:S

T�0)&38L5Q03*4@K032A.ED $+BV0H576�*42W.+0
	 q�y yzs o ;]D 6�;�;�$+*-0C.+0'&I[76�_R$V0C&)(	0edP&38�03BR2K032A.EDF?3G	8�2-03*K.+0),b2-03BV.V6�BV&)0),l�(�*42-03@K03BR2PBV(�B @K(�BV(�2-(�BV0),�6�8�BV,48c_<$V0C.+0),W8�BR2-03*45Q(�;=6�248�(�BV,�24*-(�5 Q+*4$+2I6�;�0),K03BR24*-0h.+03$NM B+8�G�0^6�$NM
.+0�2-03@A5Z?3*I6�24$+*-0),"S i 6�BV,g;�0O&^6�,1&)(�BR24*I6�8�*-0:9Q;�0),1&)(�BV,-?)_<$V03BV&)0),U03B�2-03*4@K0b.+0O&^6�;�&3$+;k.+0b,424*4$V&324$+*-0),
,I03*I6�8�03BR2P5+*-? B $V.N8�&38=6OQ+;�0),'BV(�2I6�@A@K03BR2'576�*P$+B�&)(��+2�8�@A5Z(�*42I6�B<2'.+0),P2-03@A5V,�.+0h&^6�;�&3$+;]S i D 6�$+24*-0
576�*42^9p&)0),c;�(�8�,g.EDF?3G�(�;�$+248�(�B�5Q03*4@K03242-03BR2U.+0�;�8�03*%;�0),g&)(<0edP&38�03B<2-,g.+0),%@K(<.+J3;�0),UyA.+0),%5+[V?3BV(�@KJ3BV0),
5+[<o	,-8�_R$V0),124[V03*4@A8�_<$V03@K03BR2O6�&3248�G�?),^SIAa;�$V,-8�03$+*-,U24*I6)G:6�$NMY(�B<2U.+? B-y�?32-?b.+?3G�03;�(�5+5Q?),�.V6�BV,�&)0W,-03BV,
L v^tN9 	:tN9�N�~OP S

i 6�BV,1&)03242-0b?324$V.+0:9p;=6K@K?324[V(<.+0A6�.+(�5+2-?)0b&)(�BV,48�,42-0b.V6�BV,%$+B�5+*-03@A8�03*U2-03@A5V,�yA;�8�,-,-03*1&-[76�_<$V0
&)(	0edP&38�03BR2�576�*1$+BV0bl�(�BV&3248�(�B .+0b;=6�2-03@A5Z?3*I6�24$+*-0:SZAq$+8�,^9E.V6�BV,U$+B .+03$NM	8�J3@K0W2-03@A5V,"9p;�0W@K(	.+J3;�0
0),-2f*-?38�.+03BR248�r7?�03B�6�B+8�,-(�24[V03*4@K0:97&:DF0),42%yW.N8�*-0�03B�*-035+*-03B76�BR2g2-(�$V,f;�0),c0),-,I6�8�,c8�,-(�24[V03*4@K0),%,48�@O$+;�2I6�\
BV?3@K03B<2^9N@P6�8�,f&)03242-0glm(�8�, \ &38Q03BC?)&3*48�G�6�B<2c&-[76�_<$V0�&)(<0edP&38�03B<2fBV(�BH576�,�,I(�$V, l�(�*4@K012I6OQ+$+;=6�8�*-0U@P6�8�,
&)(�@A@K0%$+BV0fl�(�BV&3248�(�B�0eMN5+;�8�&38�2-0g.+0c;=6�2-03@A5Q?3*I6�24$+*-0:SNT�0%24*I6)G:6�8�;75Q03*4@K032/.+0c5Q03248�2-,q*-?^6@B $V,42-03@K03B<2-,
.+0),}576�*I6�@KJ324*-0),q.+0L;�8�,I,I6�z�0�6�rVBK.ED 6^G�(�8�*a;=6g@K038�;�;�03$+*-0L*-?35Z(�BV,-0�5Q(:,-,48 Q+;�0L,4$+*}2-(�$+2-0L;=6�Q76�,-0L.EDF0),-,I6�8�,
8�,I(�24[V03*4@K0),^S

� ����'�%���� 
�
 ��'�� � ��
"%r��!�� 
�����&	% � ��
����Z'����
E

��

R0

� 0>@K(	.N$+;�0�.ED � (�$+B+zH032c;=6A;�8�@A8�2-0O?3;=6�,4248�_<$V0�.N8�@A8�BR$V03B<2U;�(�*-,-_R$V0�;=6W2-03@A5Q?3*I6�24$+*-0b6�$+z:@K03B<2-0:S
F BV0�lm(�*4@K0W0eMN5Z(�BV03B<248�03;�;�0A5Z03*4@K032�.+0b*-035+*-?),-03B<2-03*>;]DF?3G�(�;�$+248�(�B .N$Y@K(<.N$+;�0W.EDF?3;=6�,4248�&38�2-?

E
5Q(�$+*

;]D 6�&38�03*
55NiCrMoV 7

9N$+B�5Q(�;�o<BTi�@K0>.EDF(�*-.N*-0
3
0),42c&)(�BV,48�.+?3*-?�5Q(�$+*f;]D 6�&38�03*

X38CrMoV 5
^



�T� �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

� &���'�% 
���
��d��� % 
 ����� ��
�� 
�����
�� �����*��')�1�����_Y���� %��]! ����$	% ��� � � 
 �
	 
�� Y7� ���EY7��'�� %V
 � �������
X38CrMoV 5

��
 '����V
�� ! Y=&��O��
�')�O� ���
500◦ 


−10 −8 −6 −4 −2 0 2 4 6 8

x 10
−3

−1000

−800

−600

−400

−200

0

200

400

600

800

1000

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K@? ~NS�v^t ` � G���� U
�XU M��3GJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ � G��$�%��Q�N !�M DXN�� �3N H�N
10−2 s−1

−10 −8 −6 −4 −2 0 2 4 6 8

x 10
−3

−1000

−800

−600

−400

−200

0

200

400

600

800

1000

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K>? ~NS�v�~ ` � G���� U
�XU M��3GJQ N���� C��
� MKN Q�T N����XM��0��I UWDXMKGJQ � G��$� ��Q�N&!�M DXN�� �3N H�N
10−4 s−1

−0.01 −0.008 −0.006 −0.004 −0.002 0 0.002 0.004 0.006 0.008 0.01
−1000

−800

−600

−400

−200

0

200

400

600

800

1000

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K@? ~NS�v�N ` � G���� U
�XU M��3GJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ � G��$�%��Q�N !�M DXN�� �3N H�N
10−2 s−1 NED ��Q�N �XNRI U���UWD3MKGJQ&H�N���,0�

−0.01 −0.008 −0.006 −0.004 −0.002 0 0.002 0.004 0.006 0.008 0.01
−1000

−800

−600

−400

−200

0

200

400

600

800

1000

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K>? ~NS�v 	 ` � G���� U
�XU M��3GJQ N���� C��
� MKN Q�T N����XM��0��I UWDXMKGJQ � G��$� ��Q�N&!�M DXN�� �3N H�N
10−2 s−1 NED(��Q�N+�XNRI U���UWD3MKGJQ@H�N+*�,�,0�

−2 0 2 4 6 8 10 12 14

x 10
−3

−500

0

500

1000

Déformation ε [mm/mm]

C
on

tr
ai

nt
e 

σ 
[M

P
a]

sim
exp

<>= K@? ~NS�v�R ` � G���� U
�XU M��3GJQ N���� C��
�XMKNRQ�TRN����3M�����I UWDXMKGJQ-� G��$��IKN��OT�.�TRIKN��)/ TRGJQ+D#�XU MKQ+DXNM���� G��3CRN

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
900

920

940

960

980

1000

1020

1040

1060

Déformation plastique cumulée p [mm/mm]

C
on

tr
ai

nt
e 

σ M
A

X
   

[M
P

a]

sim
exp
exp
sim

<>= K>? ~NS�v	� ` � G���� U
�XU M��3GJQ N���� C��
� MKN Q�T N����XM��0��I UWDXMKGJQ � G��$� IKN'� U H�G���TRM��#�3N�� NRQ+D#�T�.�TRIKM�� ��N�� TRGJQ$D3MKQ �$� NRD(����I D3M � Q�M !$N U
���



������� � 	�� ��%r'Z
�������� �������������������	��
���� � ���[%�� 
��	!#Y=& �@��
�'��@� � �

55NiCrMoV 7 X38CrMoV 5

E = E1.eE2.T + E3 E = E1T 3 + E2T 2 + E3T + E4

`a2a$+BW5Z(�;�o	BTi�@K0f.EDF(�*-.N*-0
2
5Q(�$+*a;]D 6�&38�03*

55NiCrMoV 7
032

X38CrMoV 5
5Q03$+2k*-035+*-?),-03BR2-03*

;]DF?3G�(�;�$+248�(�B�.+0U;=6W;�8�@A8�2-0>?3;=6�,4248�_<$V0�G	*I6�8�0
R0

^

R0 = R1
0.T

2 + R2
0.T + R3

0

� ���O�T!#$�
 �O���"��� � � �����/��� 
�&
K

��

n

� 0�&I[76�5+8�24*-0'v�@K(�BR24*-0b_R$V0�;�0),%0exE032-,%G	8�,-_<$V03$NMh6�$+z:@K03BR2-03BR2>6^G�0)&�;=6K2-03@A5Z?3*I6�24$+*-0b5Q(�$+*c;�0),
6�&38�03*-,U?324$V.N8�?),^SET�0),U0exQ032-,%l�(�BR2U576�*4248�0O.+0),15+[V?3BV(�@KJ3BV0),U24[V03*4@A8�_<$V03@K03BR2�6�&3248�G�?),U.+(�BR2U;=6P5+*48�,-0
03B�&)(�@A5+2-0O.+03G<8�03B<2%0),-,-03B<248�03;�;�0�;�(�*-,-_<$V0�;=6b2-03@A5Q?3*I6�24$+*-0�.+?3576�,-,-0U;�0>248�03*-,c.+0�;=6b2-03@A5Q?3*I6�24$+*-0�.+0
lm$V,48�(�BW.N$O@P6�2-?3*48=6�$A&)(�BV,48�.+?3*-?:S � 0),}0exE032-,k.+0 2-03@A5V,k032a.+0/G<8�2-0),-,I0qBV0�5Z03$+G�03B<2k5+;�$V,k6�;�(�*-,�k324*-0�BV?e\
z:;�8�z�?), L �
	1P S+T�(�@A5+2-0>2-03BR$�.+0),f2-03@A5Q?3*I6�24$+*-0),c.+01lm$V,48�(�BC.+0),c6�&38�03*-,

55NiCrMoV 7
�
w 1743 K

�
032

X38CrMoV 5
�
w 1673 K

�e9E&)0),�@K?)&^6�B+8�,4@K0),�.+03G	8�03B+BV03BR2b,48�z:B+8�r7&^6�248�l�,�6�$ .+03;=yC.+0
300◦ C5Q(�$+*q.+03G�03B+8�* 8�@A5Q(�*42I6�BR2-,/;�(�*-,-_<$V0L;=6U2-03@A5Q?3*I6�24$+*-0%.+?3576�,-,-0

500◦ C
S i D 6�5+*-J),q;=61;�8�242-?3*I6�24$+*-0 L ��t@P 9

8�;�,%&)(�*4*-0),45Z(�BV.+03B<21yA.+0),%@K(�$+G�03@K03BR2-,1.+0>.N8�,4;�(	&^6�248�(�BV,%.V6�BV,%;�0),fz:*I6�8�BV,O��@K(�B<2-?)0:9p.+?3G	8=6�248�(�BsS�S�S��e9
6�$NM+_<$V03;�,c,-0�,4$+5Q03*45Z(:,I03BR2%.+0),c0exE032-,c.+0Uz:;�8�,-,I03@K03BR2-,g8�BR2-03*%&3*48�,42I6�;�;�8�BV,"S

A�(�$+*U;�0),U.+03$NMh@P6�2-?3*48=6�$NME9p$+BV0�l�(�*4@K0O0eMN5Z(�BV03B<248�03;�;�0W24*I6�.N$+8�2U;=6P.N8�@A8�B<$+248�(�B .+0�;]DF0eMN5Z(:, 6�BR2
.+0>G<8�,-&)(:,-8�2-?

n
;�(�*-,-_<$V0�;=6A2-03@A5Q?3*I6�24$+*-0b6�$+z:@K03B<2-0:S F BV0�;�(�8}.EDF#%*4[V?3B+8�$V,g5Z03*4@K0321.+0�*-035+*-(	.N$+8�*-0

;]DF?3G�(�;�$+248�(�Bj.+0��AS
R
0),42O;=6�&)(�BV,42I6�B<2-0'.+0),bzR6��'576�* l�6�8�2-,C�

R = 8.314J/mol
�e9

K0
032

K1
,I(�BR2

.+0),O&)(�BV,42I6�BR2-0),W032
Q
$+BV0P?3BV03*4z:8�0�.ED 6�&3248�G�6�248�(�BsSaT�0),b?3G�(�;�$+248�(�BV,�5Q03*4@K03242-03BR2W.+0K24*I6�.N$+8�*-0�$+BV0

l�(�*42-0U8�B��V$V03BV&)0�.+0>;=6bG<8�,-&)(:,-8�2-?�6�$NM'[76�$+2-0),%2-03@A5Z?3*I6�24$+*-0),g_R$+8�,^D 6�242-?3BR$V0>lm(�*42-03@K03B<2g6�$NMVQ76�,-,-0),
2-03@A5Q?3*I6�24$+*-0),^S

K = K0.e
Q

RT + K1; n = n1.en2.T + n3

� ���1!#� ��� 
 & � �O��'�� ����� �/�[���r�:&	!#��
�� �Z':�[��
���� �O������' � �O�T�����>�z
���
�� �Z'��
�g(�$V,%6^G�(�BV,cG	$h6�$�&)(�$+*-,c.N$�5+*-03@A8�03*%&I[76�5+8�24*-0�_<$V0U;=6W&)(�BR24*I6�8�B<2-0O.N8�@A8�B<$V0>;�(�*-,-_<$V0U;=6W2-03@W\

5Q?3*I6�24$+*-0U.+0%;]DF0),I,I6�8Q6�$+z:@K03B<2-0:S7T�0%5+[V?3BV(�@KJ3BV0�,I0%24*I6�.N$+8�2L576�*�$+BV01.N8�@A8�B<$+248�(�B�.+0),L&)(<0edP&38�03B<2-,
Ci

6)G�0)&>;=6W2-03@A5Z?3*I6�24$+*-0:S
`aBn0exE032^9 03B 8�BR2-?3z:*I6�B<2A;=6CG:6�*48=6OQ+;�0�&38�BV?3@P6�248�_<$V0'$+B+8�.N8�@K03BV,48�(�B+BV03;�;�0H.V6�BV,�;�0),b&^6�,O.N$n@K(�\

.+J3;�0b.+0>;]D����1` D # ,I6�BV,%*-0)&)(�$+G	*I6�BV&)0W,42I6�248�_<$V0'�m,-03$+;}&^6�,g(���;=6�,-(�;�$+248�(�B�0),-216�B76�;�o	248�_R$V0"�e9pBV(�$V,
5Q(�$+G�(�BV,f248�*-03*c;]DF0eMN5+*-0),-,48�(�B�.+0U;=6A&)(�BR24*I6�8�B<2-0O&38�BV?3@P6�248�_<$V0�,I6�24$+*-?)0:S

dα = dεp − νDα

ν = 1
&)(�*4*-0),-5Z(�BV. 6�$ &^6�,�.N$ &I[76�*4z�03@K03BR2b&3o	&3;�8�_<$V0A032

ν = −1
yH&)03;�$+8q.N$ .+?)&-[76�*4z�03@K03B<2

&3oN&3;�8�_<$V0:S
T�0�_R$+8 .+(�B+BV0"^

∫ t
t=0 d(αeνDεp) = ν

D

∫ t
t=0 d(eνDεp)



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

#g8�BV,48]9+.V6�BV,f;�0�&^6�,c.+0U;=6W5+*-03@A8�J3*-0>@K(�B<2-?)0P�
ν = 1

� ^

X = Cα = C
D + e−D(εp−εp(t=0))

(

X(t = 0) − C
D

)

Ak6�*%&)(�BV,-?)_<$V03BR2 ^

Xs = limεp→+∞ X = C
D

�N6�&I[76�BR2�_<$V0>;�0),1&)(<0edP&38�03B<2-,
Di

.N$�2-03*4@K0O.+0�*-0)&)(�$+G<*I6�BV&)0W.No	B76�@A8�_R$V0b,-(�B<2cr+M+?),b��@A8�,-0by
576�*42b5Z(�$+*b;]DF?32I6�5Q0

3
�e9�8�;c6�5+576�*I6���2W_<$V0�;=6h.N8�@A8�B<$+248�(�B .+0P;=6�&)(�BR24*I6�8�B<2-0�6)G�0)&';=6�2-03@A5Z?3*I6�24$+*-0

,-03*I6W&)(�BV.N8�248�(�B+BV?)0�576�*%&)03;�;�0>.+0),c&)(	0edP&38�03BR2-,
Ci
S

A}(�$+*�24*I6�.N$+8�*-0g&)03242-01?3G�(�;�$+248�(�Bs9R$+BV0clm(�*4@K0g0eM	5Q(�BV03BR248�03;�;�0�6�03BV&)(�*-0%?32-?1&)(�BV,48�.+?3*-?)0:S | ;703B'0),42
.+0�@�k3@K0O5Q(�$+*%;�0>@K(	.+J3;�0

2M1C
(���;�0),g&)(	0edP&38�03BR2-,

Cii
.N8�@A8�B<$V03BR2�6)G�0)&�;=6A2-03@A5Q?3*I6�24$+*-0:Sp`qB

(�$+24*-0:97;]DF(�*48�z:8�B76�;�8�2-?b.N$�@K(<.+J3;�0�;�8�?O6�$NM
2
@K?)&^6�B+8�,-@K0),%l�(�$+*4B+8�2%$+BV0O24*-(�8�,48�J3@K0�G�6�*48=6OQ+;�0

C12
_<$+8

*-?3z:8�2�$+B'&)(�$+5+;=6�z�0U03B<24*-0g;�0),/G:6�*48=6OQ+;�0),�.EDF?)&3*-(�$+8�,I,I6�z�0U&38�BV?3@P6�248�_R$V0:SN`a;�;�0�6�$+2-(�*48�,-0g;=6�.+0),I&3*48�5+248�(�B
.+0�;=61BV(�BW;�8�BV?^6�*48�2-?c.+0�;]DF?)&3*-(�$+8�,-,I6�z�0f@�k3@K0L;�(�*-,I_R$V0�;�0),k2-03*4@K0),q.+0L*-0)&)(�$+G	*I6�BV&)0f.No<B76�@A8�_<$V0f,-(�B<2
B<$+;�,^S

`qBNrVBs9:;�0),a576�*I6�@KJ324*-0),
Mi

032
mi

.+0),a2-03*4@K0),/.+0L*-0)&)(�$+G<*I6�BV&)0g,42I6�248�_<$V0f.N8�@A8�BR$V03BR2�;�(�*-,-_<$V0L;=6
2-03@A5Q?3*I6�24$+*-0�6�$+z:@K03BR2-0:S+#g8�BV,48]9<&)0),�G:6�;�03$+*-,/lm(�$+*4B+8�,-,I03BR2L$+BV0%*-0)&)(�$+G	*I6�BV&)0�,42I6�248�_<$V0%8�@A5Q(�*42I6�BR2-0
6�$NMh[76�$+2-0),12-03@A5Q?3*I6�24$+*-0),^9E.+0O5+;�$V,103B�5+;�$V,1l]6�8 Q+;�0b6�$NM>Q76�,I,-0),12-03@A5Z?3*I6�24$+*-0),�0321BV?3z:;�8�z�0^6OQ+;�0Ky
2-03@A5Q?3*I6�24$+*-0�6�@{Q+8=6�B<2-0:S

� (�8�&38 ;�0),c.N8�xQ?3*-03B<2-0),c;�(�8�,c.EDF?3G�(�;�$+248�(�BY&)(�BV,48�.+?3*-?)0),%5Z(�$+*f;�0),c.N8�xE?3*-03BR2-,g&)(<0edP&38�03B<2-,d^

Ci = C1
i .eC2

i .T + C3
i

5Z(�$+*
i = 1, 2, 3; Cij = C1

ij .e
C2

ij .T + C3
ij

5Q(�$+*
i, j = 1, 2

Mi = M1
i .eM2

i .T + M3
i

5Q(�$+*
i = 1, 2; mi = m1

i .e
m2

i .T + m3
i

5Q(�$+*
i = 1, 2

| ;c0),42A576�* l�(�8�,K.N8�dP&38�;�0h.+0H;�8�03*P;]DF?3G�(�;�$+248�(�B .+0�&)03*42I6�8�BV,P576�*I6�@KJ324*-0),�6)G�0)&h;=6�2-03@A5Z?3*I6�24$+*-0:S
`aBw0exE032^9�;�0),�5+[V?3BV(�@KJ3BV0),�.+0h*-(	&-[V032�032C.ED 6�&)&)(�@A@K(	.V6�248�(�B 5+;=6�,4248�_<$V0Y.+?35Z03BV.+03B<2h&)03*42-0),C.+0
;=6�2-03@A5Z?3*I6�24$+*-0�@P6�8�,O?3zR6�;�03@K03B<2A.N$ &-[76�*4z�03@K03B<2K6�5+5+;�8�_R$V?:S}#%$V,I,48]9s&)(�BV&)03*4B76�BR2W;�0P@K(<.+J3;�0'.+0
;]D����1` D #b9E;�0P2-03*4@K0�.+0P*-0)&)(�$+G<*I6�BV&)0H.No	B76�@A8�_R$V0�.+0K;=6C24*-(�8�,-8�J3@K0PG:6�*48=6OQ+;�0P8�,I(�24*-(�5Z0���24*I6�.N$+8�26�$n24*I6)G�03*-,A.N$ &)(<0edP&38�03B<2

D3
��5Q03*4@K032W.+0'&^6�;�8 Q+*-03*W;�0�*-(<&I[V032A,I6�BV,A6�xQ0)&32-03*W;�0),b&3o	&3;�0),W03Bj.+?e\

l�(�*4@P6�248�(�BsS�A}(�$+*U;]D 6�&38�03*
55NiCrMoV 7

9p&)03;�$+8�\ &38a6�$+z:@K03BR2-0K6^G�0)&O;=6K2-03@A5Z?3*I6�24$+*-0A.N$hl�6�8�2U_<$V0
;�0),1&-[76�*4z�03@K03B<2-,O6�5+5+;�8�_<$V?),1(�B<2�&)(�BV.N$+8�2�yP$+B�*-(<&I[V032U&3*-(�8�,I,I6�BR2>6)G�0)&b;=6P2-03@A5Z?3*I6�24$+*-0:S�A}(�$+*U;�0
@K(	.+J3;�0

2M1C
97$+BV0�*-0)&)(�$+G<*I6�BV&)0bBV(�B�BR$+;�;�0O5Z03$+21?3zR6�;�03@K03BR2U5Z03*4@K032424*-0W.+0�@A8�03$NMh.+?)&3*48�*-0�;�0),

.N8�xE?3*-03BR2-,aB+8�G�0^6�$NMA.+0f&-[76�*4z�03@K03B<2/03BK&)(�B<24*I6�8�BR2-0:S�| ;+0),42 6�;�(�*-,a.N8�dP&38�;�0c.+0L*-03;�8�03*a;�03$+*-,q?3G�(�;�$+248�(�BV,
6^G�0)&A;=6'2-03@A5Z?3*I6�24$+*-0:S � 6C,-(�;�$+248�(�B &)(�BV,48�,-2-03*I6�8�2Oy'*-?^6�;�8�,-03*�5+;�$V,48�03$+*-,�B+8�G�0^6�$NMY.+0K&I[76�*4z�03@K03BR2-,
03BK&)(�B<24*I6�8�BR2-0c5Q(�$+*q&-[76�_<$V0c0),-, 6�8+8�,-(�24[V03*4@K0f.+0f@P6�B+8�J3*-0%ygl]6�8�*-0f?3G�(�;�$V03*q;�0),k576�*I6�@KJ324*-0), .+0),q;�(�8�,
&38�BV?3@P6�248�_<$V0),q03Bblm(�BV&3248�(�B�.+0/;=612-03@A5Q?3*I6�24$+*-0L@P6�8�, 6�$V,-,-8N03Bbl�(�BV&3248�(�BK.N$K&-[76�*4z�03@K03B<2�6�5+5+;�8�_<$V?:S

Ak6�*q&)(�BV,-?)_<$V03BR2^9�&)(�BV&)03*4B76�B<2 ;�0L@K(	.+J3;�0f.+0L;]D����g` D #b9�;�0),a&)(	0edP&38�03BR2-, D2
032

D3
.+0),q2-03*4@K0),

.+0W*-0)&)(�$+G	*I6�BV&)0K.No	B76�@A8�_R$V0A5Q03$+G�03BR2OBV0W576�,_k324*-0K&)(�BV,42I6�B<2-,>;�(�*-,>.+0W;]DF?32I6�5Q0
3
9E8�;�,�G:6�*48�03BR2O03B

l�(�BV&3248�(�B�.+0U;=6b2-03@A5Z?3*I6�24$+*-0:SQT1DF0),42f;�0�&^6�,f.N$h&)(	0edP&38�03BR2
D2

5Q(�$+*f;]D 6�&38�03*
55NiCrMoV 7

.+(�B<2
;]DF?3G�(�;�$+248�(�BX5Q03$+2�,^DF?)&3*48�*-0W,-(�$V,glm(�*4@K0A0eMN5Z(�BV03B<248�03;�;�0:SE`aBY*-03G�6�BV&I[V0K6�$V&3$+BV0W;�(�8a.EDF?3G�(�;�$+248�(�B BsD 6
?32-?�.+?32-03*4@A8�BV?)0�5Z(�$+*

D3
.+(�B<2c;=6bG:6�;�03$+*%0),42Ll�(�*42-03@K03BR2%;�8�?)0Oyb;=6A&^6�;�8 Q+*I6�248�(�B�.N$C*-(	&-[V032^S

D2 = D1
2.e

D2
2 + D3

2



������� � 	�� ��%r'Z
�������� �������������������	��
���� � ���[%�� 
��	!#Y=& �@��
�'��@� � �

T�(�BV&)03*4B76�BR21;�0U@K(<.+J3;�0�t�unv"T19+;�0),c&)(	0edP&38�03BR2-,
D1

032
D2

,-(�BR2%5+*48�,%?3zR6�$NM�y �^?3*-(+S

� ���1!#� �
Ai

Y=��')� % � !#����$ %��
2M1C

� 0),%&)(	0edP&38�03BR2-,1.+0�;�(	&^6�;�8�,I6�248�(�B�.+0),f@K?)&^6�B+8�,-@K0),g.+0>.+?el�(�*4@P6�248�(�B
Ai

(�BR2g2-(�$V,%.+0),fG:6�;�03$+*-,
&)(�@A5+*48�,I0), 03BR24*-0

0
032

1
S�| ;�, 0eM+03*-&)03BR2�$+BV0al�(�*42-0a8�B��V$V03BV&)0 ,-$+*s;�0q&)(�@A5Q(�*42-03@K03BR2^S � 03$+*-, ?3G�(�;�$+248�(�BV,

5Q03$+2c?3zR6�;�03@K03BR2U,-0�.+?erVB+8�*gyb576�*4248�*g.ED $+BV0Ulm(�*4@K0�0eM	5Q(�BV03BR248�03;�;�0:S

Ai = A1
i .e

A2
i + A3

i

5Z(�$+*
i = 1, 2

� ���1!#� ��� 
 & � �O��'�� ����� �/� � ���T
 �O�/Y=�
T�(�@A@K0CBV(�$V,K;]D 6^G�(�BV,KG	$�6�$�&-[76�5+8�24*-0

1
9q;�0),P6�.+(�$V&38�,-,-03@K03B<2-,�&3oN&3;�8�_R$V0),P.+0),K.+03$NM�6�&38�03*-,

@P6�*42-03BV,-8�248�_R$V0),%*-03G�03BR$V,gBsDF(�BR2c576�,%;=6b@�k3@K0�?3G�(�;�$+248�(�B�6^G�0)&�;=6W2-03@A5Q?3*I6�24$+*-0:S/| ;�,f,-0�24*I6�.N$+8�,-03B<2
2-(�$V,%.+03$NMC6�$�24*I6^G�03*-,%.+0�.+03$NMCG:6�*48=6OQ+;�0),f8�,-(�24*-(�5Q0),fBV(�B�;�8�BV?^6�8�*-0),^S � 6A.+?)&)(�BV,-(�;�8�.V6�248�(�B�.+0U2 o<5Q0
|�0),42f24*I6�.N$+8�2-0�576�*%;=6bG�6�*48=6OQ+;�0

R1
6�$�24*I6^G�03*-,%.+0),c&)(	0edP&38�03BR2-,

Q1∞
032

b1
S

`aB'(�$+24*-0:9N&)(�BV&)03*4B76�B<2f;�0g&)(	0edP&38�03BR2
Q1∞

.+0%;=6�;�(�8Z8�,-(�24*-(�5Z0g5Q(�$+*/;]D 6�&38�03*fy
5%

.+0�T/[+*-(�@K0:9
$+BV0W?3G�(�;�$+248�(�BX@K(�BV(�2-(�BV0A,-03@dQ+;�0A.N8�dP&38�;�0A&)(�@A5+2-0b2-03BR$ .+0),�(1QV,-03*4G:6�248�(�BV,U*-?^6�;�8�,-?),�,4$+*1;]D 6�.+(�$N\
&38�,I,-03@K03BR21&3o	&3;�8�_<$V0>.N$�@P6�2-?3*48=6�$j�]T/[76�5+8�24*-0Pv"�eSp`aBh0exE032^9V;�0�576�*I6�@KJ324*-0

Q2
8�B��V$V03BV&)0�;=6W5Z03B<2-0

.+0';=6Y.N*-(�8�2-0H*-035+*-?),-03B<2I6�BR2�;]D 6�.+(�$V&38�,-,-03@K03BR2�;�8�BV?^6�8�*-0:9q6�;�(�*-,K_<$V0�;�0C&)(	0edP&38�03BR2
Q1∞

8�B��V$V03BV&)0
;]D 8�B<2-03BV,48�2-?b.+0�.+?)&)(�BV,-(�;�8�.V6�248�(�BsS � DF(1QV,-03*4G:6�248�(�B�.+0),1&)(�$+* QQ0),%.ED 6�.+(�$V&38�,-,-03@K03B<2U5Z(�$+*%&I[76�_R$V0OB+8�\
G�0^6�$A.+0�2-03@A5Q?3*I6�24$+*-0L@K(�BR24*-0f$+BV0�8�BR2-03BV,-8�2-?f.+0�.+?)&)(�BV,I(�;�8�.V6�248�(�BK8�@A5Z(�*42I6�B<2-0L5Z(�$+*

20
032

200◦ C5+$+8�,U_<$+8}.N8�@A8�B<$V0
300

032
400◦ C

5Z(�$+*�6�$+z:@K03BR2-03*OyPBV(�$+G�0^6�$Y5Z(�$+*
500

032
600◦ C

S i 0O5+;�$V,^9
&)(�B<24*I6�8�*-03@K03BR2L6�$

55NiCrMoV 7
9�;=6%576�*4248�0L;�8�BV?^6�8�*-0f.+0L;=61.+?)&)(�BV,-(�;�8�.V6�248�(�BKBsDF0),-2a576�,k8�.+03BR248�_<$V0

yb2-(�$+2-0),c;�0),f2-03@A5Z?3*I6�24$+*-0),"SV`aBh0exE032^9N$+BV0Ul]6�8 Q+;�0>6�$+z:@K03BR2I6�248�(�BY.+0U;=6W5Z03B<2-0�0),42c&)(�BV,42I6�2-?)0�6�$NM
Q76�,I,-0),�2-03@A5Z?3*I6�24$+*-0),��

200
9
200

9
300

032
400◦ C

�q5+$+8�,f.+03G<8�03B<2 QZ0^6�$V&)(�$+5C5+;�$V,L8�@A5Q(�*42I6�BR2-0>6�$NM
2-03@A5Q?3*I6�24$+*-0),1?3;�03G�?)0),b�

500
032

600◦ C
�eSZT�0),%(1QV,-03*4G:6�248�(�BV,16�@KJ3BV03B<2UyA$+BV0�?3G�(�;�$+248�(�BhBV(�B�@K(�\

BV(�2-(�BV0�.+0
Q1∞

032f$+BV0>?3G�(�;�$+248�(�B�&3*-(�8�,-,I6�B<2-0>.+0
Q2

6^G�0)&�;=6W2-03@A5Q?3*I6�24$+*-0:S
� (�*42%.+0>&)0>&)(�BV,-2I6�2^9V;�0),c&)(	0edP&38�03BR2-,

µ
9
η
,I(�BR2g&I[V(�8�,48�,%&)(�BV,-2I6�BR2-,g6�8�BV,-8 _R$V0>;�0>&)(<0edP&38�03B<2

b28�B<2-03*4G�03B76�BR2b.V6�BV,�;]D 6�.+(�$V&38�,-,-03@K03B<2O.+0b2 o	5Z0 |X|c_R$V03;�,�_R$V0W,-(�8�2�;=6�2-03@A5Q?3*I6�24$+*-0K032�;�0W@P6�2-?3*48=6�$
&)(�BV,-8�.+?3*-?),^S � DF?3G�(�;�$+248�(�B�.N$�&)(	0edP&38�03BR2

b1
5Q03$+2�,-0%*-035+*-?),-03BR2-03*cy�;]D 6�8�.+0g.ED $+B'5Q(�;�o<BTi�@K01.EDF(�*-.N*-0

3
S

b1 = b1
1.T

3 + b2
1.T

2 + b3
1.T + b4

1

� 0),A?3G�(�;�$+248�(�BV,P.+0),K6�$+24*-0),K&)(	0edP&38�03BR2-,P.+0H;=6h;�(�8f8�,I(�24*-(�5Z0H,-(�B<2K.+?)&3*48�2-0),K.V6�BV,A;�0'2I6OQ+;�0^6�$
,-$+8�G�6�B<2^S

55NiCrMoV 7 X38CrMoV 5

Q1∞ = Q1
1.T

3 + Q2
1.T

2 + Q3
1.T + Q4

1

√

Q2 �
&)(�BV,42I6�BR2-0

Q2 = Q1
2.T

3 + Q2
2.T

2 + Q3
2.T + Q4

2

� �r%��T�
� 0),kG�6�;�03$+*-,a.+0),k.N8�xE?3*-03BR2-,q&)(	0edP&38�03BR2-,q8�BR2-03*4G�03B76�BR2�.V6�BV,k;�0),k;�(�8�,k.EDF?3G�(�;�$+248�(�BP.+?erVB+8�0),k5+*-?)&)?e\

.+03@A@K03B<2�,-(�B<2s*-035Q(�*42-?), 03B�6�B+BV0eM+0a576�z�0cv �:tL5Q(�$+*s;�0),s.+03$NM�@K(	.+J3;�0),s032s;�0),s.+03$NM�@P6�2-?3*48=6�$NMES�T�0),
&)(	0edP&38�03BR2-,1(�BR21?32-?�(1Q+2-03B<$V,16�5+*-J),g$+BV0�*-?e\]8�.+03BR248�r7&^6�248�(�B .+0>;=6 Q76�,-0>.EDF0),I,I6�8�,c8�,-(�24[V03*4@K0),1&)(�@W\
5+;�J32-0),"S�v (�$V,�;�0), 0),I,I6�8�,s8�,-(�24[V03*4@K0),k,-(�B<2 5+*48�,�03BO&)(�BV,48�.+?3*I6�248�(�BW,48�@�$+;�2I6�BV?3@K03B<2q032 ;�0), 576�*I6�@KJ324*-0),



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

y�.+?32-03*4@A8�BV03*�BV0%,I(�BR2 5+;�$V,/&)03$NMP.+0),q@K(	.+J3;�0), @P6�8�,/&)03$NMP.+?erVB+8�,-,I6�B<2 ;�0),/;�(�8�, .EDF?3G�(�;�$+248�(�BsS �	03$+;�0
;]DF?3G�(�;�$+248�(�B .N$X&)(	0edP&38�03BR2

Q1∞
5Z(�$+*U;]D 6�&38�03*

X38CrMoV 5
BsDF0),42U576�,>.+?erVB+8�0A03BYl�(�BV&3248�(�B .+0

;=6�2-03@A5Z?3*I6�24$+*-0�032L*-0),42-01*-035+*-?),-03B<2-03*c,-(�$V,/lm(�*4@K012I6OQ+$+;=6�8�*-0:S � 0),�rVz:$+*-0),%T1S t�\ T1S�v��b*-035+*-?),I03BR2-03BR2
&)0),b?3G�(�;�$+248�(�BV,W5Z(�$+*b;�0),W&)(<0edP&38�03B<2-,A.N$ @K(	.+J3;�0'.+0P;]D����1` D #�032O;]D 6�&38�03*

55NiCrMoV 7
9 ;�0),

rVz:$+*-0),gT1S�v:ve\ T1S�v	�A;]DF?3G�(�;�$+248�(�B�.+0),c&)(	0edP&38�03BR2-,g5Q(�$+*f;�0�@K(<.+J3;�0
2M1C

S
� 0),LrVz:$+*-0),1T1S�v ��\ T1S t �b*-035+*-?),I03BR2-03BR21;]DF?3G�(�;�$+248�(�B�.+0),%&)(<0edP&38�03B<2-,%.N$�@K(	.+J3;�0>.+0U;]D����1` D #b9;�0),LrVz:$+*-0),1T1S t ��\ T1S ~ RK&)03;�;�0>.+0),c&)(	0edP&38�03BR2-,1.N$�@K(	.+J3;�0

2M1C
5Z(�$+*c;]D 6�&38�03*

X38CrMoV 5
S

v�(�$+2-0),%&)0),LrVz:$+*-0),g,-(�BR2fl�(�$+*4B+8�0),c03B�6�B+BV0eM+0�yb;=6b576�z�0Kv � ~NS

� &��1� 
�����
������M����� Y����@�T! $�
 �O���]� ��� ��
�� 
�&��
# 576�*4248�* .+0),}lm(�*4@O$+;=6�248�(�BV,q.+0),q.N8�xE?3*-03BR2-,a@K(	.+J3;�0),^9�8�;V0),42k5Q(:,-,48 Q+;�0L.+0�*-0324*-(�$+G�03*q;]DF0eM	5+*-0),I,48�(�B

.+0U;=6A&)(�B<24*I6�8�BR2-0Wyb*4$+5+24$+*-0P�
εp → +∞ ��032%.+(�BV&�yb;]D 6�8�.+0>.N$�B 03$�.+0>&)(	0edP&38�03BR2-,"9V.EDF?32I6OQ+;�8�*g,-(�B

6�;�;�$+*-0C03Bnl�(�BV&3248�(�B�.+0';=6�2-03@A5Z?3*I6�24$+*-0:S � 0H*-?),4$+;�2I6�2K&)(�BV,4248�24$V0H$+Bj@K(^o�03B .+0�G�?3*48�r703*P;�0',I03BV,
5+[<o	,48�_<$V0�.+0),c&)(	0edP&38�03BR2-,1.+?32-03*4@A8�BV?),^S

T�03242-0P0eM	5+*-0),-,-8�(�B ,^DF(1Q+248�03BR2Ol]6�&38�;�03@K03BR2O032b6�B76�;�o<248�_<$V03@K03BR2b5Z(�$+*�;�0A@K(<.+J3;�0�.+0A;]D����1` D #,I6�BV,>2-03*4@K0K.+0A*-0)&)(�$+G	*I6�BV&)0P,42I6�248�_<$V0h�m?32I6�5Q0�v"�eS�T�03242-0K0eMN5+*-0),-,48�(�B 6�B76�;�o	248�_<$V0A5Z03*4@K032O?3zR6�;�0e\
@K03B<2c.+0U*-035+*-?),-03BR2-03*c;�0U;�8�@A8�2-0�?3;=6�,4248�_R$V0�&)(�B<G�03BR248�(�B+BV03;�;�0

R0,2 (σ02)
S � 0U*I6@B (�$+2c.+0),f2-03*4@K0),%.+0

*-0)&)(�$+G	*I6�BV&)0�,-2I6�248�_R$V0K&)(�BV.N$+8�2AyC$+BV0�0eM	5+*-0),I,48�(�B 5+;�$V,b&)(�@A5+;�0eMN0�.+(�BR2b;=6�,-(�;�$+248�(�Bn0),42�B<$+@K?e\
*48�_<$V0:S<`qB�*-03G:6�BV&-[V0:9N8�;ZBsDF0),42�576�, 5Q(:,-,48 Q+;�01.+0%*-035+*-?),I03BR2-03*f;=6O&)(�BR24*I6�8�BR2-0>y�*4$+5+24$+*-015Z(�$+*�;]DF?32I6�5Q0
3
.N$ l�6�8�2b.+0K;=6h_R$76�,48�\];�8�BV?^6�*48�2-?'.+0K;=6�24*-(�8�,48�J3@K0KG:6�*48=6OQ+;�0'&38�BV?3@P6�248�_R$V0'&)(�BV,48�.+?3*-?)0Y�

D3
5Q03248�2 �

5Q03*4@K03242I6�BR2U$+BV0O@K038�;�;�03$+*-0�*-035+*-(	.N$V&3248�(�BX.N$�*-(	&-[V0321@P6�8�,1;�8�@A8�2I6�BR2U;�0�.+(�@P6�8�BV0W.+0OG�6�;�8�.N8�2-?b.N$
@K(	.+J3;�0:S

`qBNrVBs9�;�0'&^6�,O;�0P5+;�$V,W&)(�@A5+;�0eM+0�*-0),-2-0�&)03;�$+8f.N$n@K(<.+J3;�0
2M1C

_<$+8�&)(�BV.N$+8�2A?3zR6�;�03@K03BR2Py
$+BV0f,-(�;�$+248�(�BAB<$+@K?3*48�_R$V0O�m&^6�;�&3$+;�?f576�*a$+BV0L@K?324[V(<.+0f.+0 �10��f2-(�Bp�eS�A}(�$+* &)0L@K(	.+J3;�0:9�;�0L5+*-(1Q+;�J3@K0
,4$ QV,-8�,42-0�;�(�*-,-_R$V0%.+0),aG�6�*48=6OQ+;�0), &38�BV?3@P6�248�_R$V0),/;�8�BV?^6�8�*-0), ,-(�B<2 &)(�BV,48�.+?3*-?)0),/_R$+8+BV0L5Q03*4@K03242-03BR2/576�,
.+0U*-035+*-?),-03B<2-03*%;=6A&)(�B<24*I6�8�BR2-0Wyb*4$+5+24$+*-0:S

` 
 � �"��'�!#����$ %��>���[%V
 ��� S���� ���T��� 
�� �O! �>��� �O������' � �O�T�:���>�z
���
�� �Z'��

σu(T ) = R0(T ) +
∑

i limεp→+∞ (Xi(T ) + Ri(T )) + K(T )(10−1)n(T )

= R0(T ) +
∑

i
Ci(T )
Di(T ) + Q2(T ) + Q1∞(T ) + K(T )(10−1)n(T )

` 
 � �"��'�!#����$ %��>���[%V
 ��� S���� � � ���>
����1!#�[��� �@� ����' � �@�T�����[�z
���
�� �Z':�

i 6�BV,f;=6W&^6�,g.N$�&-[76�*4z�03@K03B<21&3oN&3;�8�_R$V0:9V;�0),Llm(�*4@O$+;=6�248�(�BV,%5+*-?)&)?).+03B<2-0),g&)(�BV.N$+8�,I03BR2d^

α̇i = ε̇p − Diε̇pαi −
(

Ci

Mi

)mi

αmi

i

5Q(�$+*_^
i = 1, 2

i 6�BV,f;�0 Q+$+2g.+0>&^6�;�&3$+;�03*c;=6A&)(�B<24*I6�8�BR2-0>$+;�248�@K0:97BV(�$V,f5Q(�$+G�(�BV,%?)&3*48�*-0�^



������� � 	�� ��%r'Z
�������� �������������������	��
���� � ���[%�� 
��	!#Y=& �@��
�'��@� � �

α̇u
i = 0 = ε̇u

p − Diε̇u
pαu

i −
(

Ci

Mi

)mi

(αu
i )mi

5Q(�$+*_^
i = 1, 2

F BV0H,-(�;�$+248�(�B B<$+@K?3*48�_R$V0�5Z03$+2P6�;�(�*-, k324*-0�.+?32-03*4@A8�BV?)0�5Z(�$+*
αu

i

9a032W;=6Y&)(�BR24*I6�8�BR2-0h$+;�248�@K0
,"DF?)&3*48�2_^

σu(T ) = R0(T ) +
∑

i Ci(T )αu
i (T ) + Q2(T ) + Q1∞(T ) + K(T )(10−1)n(T )

� 0),/rVz:$+*-0), ~NS�v �O032U~NS�v ��8�;�;�$V,424*-03B<2�;]DF03G�(�;�$+248�(�B�.+0%;=6>;�8�@A8�2-01?3;=6�,4248�_<$V0g&)(�B<G�03BR248�(�B+BV03;�;�0>032L.+0
;=6W&)(�B<24*I6�8�BR2-0Wyb*4$+5+24$+*-0�03BC2-03BV,48�(�B�.+0),g6�&38�03*-,

55NiCrMoV 7
032

X38CrMoV 5
S

0 50 100 150 200 250 300 350 400 450 500

200

400

600

800

1000

1200

1400

C
on

tr
ai

nt
e 

[M
P

a]

Température [Deg Celsius]

σ
u−cal

σ
02−cal

σ
u−exp

σ
02−exp

<>= K>? ~NS�v � `���!$GJI���DXMKGJQ(H�N#I U�T GJQ$D#�3U MKQ$D3N /
�#�$�:D �$� N σu

NED H�N I U IKM�� M DXN C I U
� D3M�� ��N TRGJQ !$NRQ+DXMKGJQ��Q�NRIKIKN σ02
N Q�� GJQ�TEDXMKGJQ H�N)I U DXN'��� C��XUWD �$� N � G��$�I P U T MKN�� 55NiCrMoV 7 � � D3U
� N 1 �

0 100 200 300 400 500 600

200

400

600

800

1000

1200

1400

C
on

tr
ai

nt
e 

[M
P

a]

Température [Deg Celsius]

σ
u−cal

σ
02−cal

σ
u−exp

σ
02−exp

<>= K@? ~NS�v � `���!$GJI���DXMKGJQ H�N&I U T GJQ$D#�3U MKQ$D3N-/
�#����D ���XN σu

NED H�N I U�IKM�� M D3N CRI U
�XDXM�����N TRGJQ !$NRQ+DXMKGJQ��Q�NRIKIKN σ02
NRQ�� GJQ�TEDXMKGJQ H�N)I U DXN����
C��XUWD ���XN �
G����I P U TRMKN'� X38CrMoV 5 � � D3U
� N 1 �

� 0q2I6OQ+;�0^6�$ ~NS���lm(�$+*4B+8�2�;�0),sG:6�;�03$+*-, .+0a;=6c;�8�@A8�2-0 ?3;=6�,4248�_<$V0q&)(�B<G�03BR248�(�B+BV03;�;�0f032 .+0a;=6%&)(�BR24*I6�8�B<2-0
y�*4$+5+24$+*-0U03B�2-03BV,-8�(�B�5Q(�$+*/;�0),f6�&38�03*-,

55NiCrMoV 7
L v �@PQ032

X38CrMoV 5
L �@PE03B�lm(�BV&3248�(�BC.+0

;=6b2-03@A5Q?3*I6�24$+*-0:S

20◦ C 200◦ C 300◦ C 400◦ C 500◦ C 600◦ C

5
5
N

iC
r
M

o
V

7 σu � 	�

��� H K � G H(F�I'G H.F � G H.G � G � G'G J F �

σ02 � 	�

��� H(F K � H.G �^� H�GOH � I � G � L G L F'G

X
3
8
C

r
M

o
V

5 σu � 	�

��� H L J G H K � G H.F � G H(F K G H.G J G I H �

σ02 � 	�

��� H(F�G/G H/H'H�G H�G J�� H.G'G/G I/I'G J G �


 H�� ? ~NS�� `�� �/13 .,'0�� 5' 1 �"13# ��# �� &.1 �/� ��#%+/,/ <!$�/���� .����#%���'�/ �1313  ��"5' 1 �4!$�/�'��0$�/# ���� ��"0(,/� ��,/0� < ��-�� .�'� #%���5/ �����!$#% .0�� 55NiCrMoV 7 �������  �� X38CrMoV 5 � ���



��� �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �


 ��� � ~$"p� ,("�"p~-�c�
i 6�BV,>&)03242-0P576�*4248�0:9s;�0),>&^6�576�&38�2-?),b.+0),>@K(	.+J3;�0),OyC5+*-03BV.N*-0P03B &)(�@A5+2-0K,-8�@�$+;�2I6�BV?3@K03BR2A.N8�l�\

l�?3*-03BR2-,12 o	5Q0),1.+0b,-(�;�;�8�&38�2I6�248�(�BV,�,-(�B<2�.N8�,-&3$+2-?)0),^SET�(�@A5+2-0W2-03BR$X.N$�5+*-(	&)0),-,4$V,10eMN5Z?3*48�@K03B<2I6�;]9Q;�0),
B+8�G�0^6�$NMH.+0�&)(�BR24*I6�8�BR2-0),16�242-038�BR2-,g03B�rVB�.+0U,-(�;�;�8�&38�2I6�248�(�B�03BC6�@A5+;�8�24$V.+0�.+01.+?el�(�*4@P6�248�(�B�BV0U,-(�B<2
576�,O&)(�B+BR$V,^S�#%$V,-,-8]9Q8�;/0),42�.N8�dP&38�;�0�.EDF?3G�6�;�$V03*WyH;]D 6)G:6�BV&)0�;=6H*-?35Z(�BV,I0Wlm(�$+*4B+8�0P5Z(�$+*O;�0),>0),-,I6�8�,by
&)(�B<24*I6�8�BR2-0'8�@A5Z(:,I?)0:S #g8�BV,48]9s,4$+8�G:6�BR2O;�0),>2-03@A5Q?3*I6�24$+*-0),^9�,I(�8�2�$+B 0exE032O.ED 6�&)&)(�@A@K(	.V6�248�(�B 5+;=6�, \
248�_<$V0A,-(�8�2�$+B 0exE032>*-(<&I[V032O6H?32-?A(1Q+2-03BR$n,-03;�(�B _<$V0A&)03242-0P6�@A5+;�8�24$V.+0P?32I6�8�2>5+*-(	&-[V0P(�$XBV(�B .N$
B+8�G�0^6�$h03BHrVB�.+0�&3o	&3;=6�z�0>03B�.+?elm(�*4@P6�248�(�BsS

� 0),W*-?),4$+;�2I6�2-,K.+0H;]D 8�.+03BR248�r7&^6�248�(�B *-?3G�J3;�03BR2"Q+8�03B ?3G<8�.+03@A@K03B<2P_R$V0H;=6Y.+?32-03*4@A8�B76�248�(�B .ED $+B
B403$ .+0C&)(<0edP&38�03B<2-,P0),42K.ED 6�$+2I6�B<2P5+;�$V,K.N8�dP&38�;�0�_R$V0H;�0HBV(�@dQ+*-0h032A;�0),A2 o<5Q0),K.+0C,-(�;�;�8�&38�2I6�248�(�BV,
&)(�BV,48�.+?3*-?)0),f,I(�BR2L8�@A5Z(�*42I6�B<2-,^S � 0),L@K(	.+J3;�0),�5+*-?),-03BR2-?),c&)(�BV,I03*4G�03BR2c.+0),L.N8�dP&3$+;�2-?),%y�24*I6�.N$+8�*-0�,48�\
@O$+;�2I6�BV?3@K03BR2q;�0),k&3oN&3;�0),a03BW&)(�B<24*I6�8�BR2-0:9:;�0),k0),-, 6�8�,�@O$+;�248�\]G<8�2-0),I,-0),a032k;�0),}&3oN&3;�0),a.+0 l�6�248�z:$V0�*-03;=6�MV6�\
248�(�B�,4$+*42-(�$+2%5Z(�$+*c.+0),f2-03@A5Q?3*I6�24$+*-0),%?3;�03G�?)0),%(���.+0),f8�BR2-03*I6�&3248�(�BV,g5+;=6�,4248�&38�2-?e\ �V$76�z�0>5Q(�$+*4*I6�8�03BR2
6^G�(�8�*O;�8�03$sS F BV0'6�;�2-03*4B76�248�G�0'5Z(:,-,-8 Q+;�0KG	8�,I6�BR2Wy�6�@K?3;�8�(�*-03*b;�0),�*-?),-$+;�2I6�2-,O5Q(�$+*4*I6�8�2 k324*-0P.ED 8�BR24*-(�\
.N$+8�*-01.+03$NM�&3*48�2-J3*-0),�8�BV.+?35Z03BV.V6�B<2-,��

2M2C
� L t �OP S+T�03242-0%lm(�*4@O$+;=6�248�(�BC5Z03*4@K032424*I6�8�2L576�*L0eMN03@A5+;�0

.V6�BV,1$+BY5+*-03@A8�03*�2-03@A5V,15Z(�$+*U;�0),U0),-,I6�8�,U.+0b*-03;=6�M+6�248�(�B 6�5+*-J),gl]6�248�z:$V0W.ED 6�&3248�G�03*�;�0O@K?)&^6�B+8�,-@K0
5+;=6�,4248�_<$V0A5+$+8�,O.V6�BV,>$+B .+03$NMN8�J3@K0K2-03@A5V,�;�0K@K?)&^6�B+8�,4@K0PG<8�,-&)(�5+;=6�,-248�_R$V0K_<$+8 .+03G	8�03BV.N*I6�8�2�5Q03$
yb5Q03$�5+*-?).+(�@A8�B76�BR2^SZ`aBh(�$+24*-0:9V;�0),%0exE032-,c.+0>,-03BV,48 Q+8�;�8�2-?O6�$�2I6�$NM�.+0�.+?elm(�*4@P6�248�(�B�8�BRG�03*-,-0�@A8�,-0
03BH?3G<8�.+03BV&)01,4$+*�;]D 6�&38�03*cy

5%
.+0UT/[+*-(�@K0U.V6�BV,�;�01&-[76�5+8�24*-0

1
5Q(�$+*4*I6�8�03BR2%6�;�(�*-, k324*-01&)(�BV,48�.+?3*-?),^S

v�(�$+2%&)0)&38s5Q(�$+*4*I6�8�03BR2cl]6�8�*-0U;]DF(1Q�B4032%.+0�24*I6)G:6�$NM'l�$+24$+*-,^S

������� ( � 8 ; 
��*, ;7, � ���������
	
� DF?3G�(�;�$+248�(�B'.+0),

3
G�6�*48=6OQ+;�0),/&38�BV?3@P6�248�_R$V0),�0),42q2-(�$+2�.ED 6OQZ(�*-.A5+*-?),I03BR2-?)0103BAlm(�BV&3248�(�B'.N$K2 o	5Q0

.+0�,-(�;�;�8�&38�2I6�248�(�BsS
A}(�$+*�;�0),�0),-, 6�8�,�y .+?el�(�*4@P6�248�(�B 8�@A5Z(:,-?)0:9%;=6jG:6�*48=6OQ+;�0 .EDF?)&3*-(�$+8�,I,I6�z�0 &38�BV?3@P6�248�_<$V0

X =
X1 + X2 + X3

0),-2L&)(�@A5Q(:,-?)0�.ED $+BC5+*-03@A8�03*c?)&3*-(�$+8�,-, 6�z�0
X1

_<$+8E,I6�24$+*-0U24*-J),L*I6�5+8�.+03@K03BR2^97.ED $+B
.+03$NMN8�J3@K0

X2
.+0),4248�BV?PyH.+?)&3*48�*-0P;=6'576�*4248�0KBV(�BX;�8�BV?^6�8�*-0P24*I6�BV,48�2-(�8�*-0P.+0W;=6C&)(�$+* QQ0K.ED [<o	,42-?3*-?),-8�,

032f03BNrVBC.ED $+BC24*-(�8�,48�J3@K0
X3

_R$+8E&)(�*4*-0),45Q(�BV.�yO;=6�576�*4248�0�_<$76�,48�\];�8�BV?^6�8�*-0�.+01;=6b&)(�$+* QZ0�.ED [<o	,-2-?3*-?e\
,48�,"S � 0),frVz:$+*-0), ~NS t �W032 ~NS tNvU8�;�;�$V,424*-03BR2g&)03242-0�,4$+5Z03*45Q(:,48�248�(�BC5Q(�$+*L;]D 6�&38�03*

55NiCrMoV 7
yb$+BV0

2-03@A5Q?3*I6�24$+*-0>.+0
500◦ C

S
A}(�$+*C;�0),H0),-,I6�8�,Cyn&)(�BR24*I6�8�B<2-0X8�@A5Z(:,I?)0:9/;=6 *-?35Q(�BV,-0Y.N$ @K(<.+J3;�0Y.+?35Q03BV. .+0),'B+8�G�0^6�$NMw.+0

&)(�B<24*I6�8�BR2-0�6�5+5+;�8�_<$V?),L;�(�*-,L.+0g;=6O5+[76�,-0�� y�s��
	���
5y�p5m�� q 	 q y��js _<$+8Z&)(�BV.N$+8�,I03BR2%,-(�8�2fyO$+BV016�&)&)(�@A@K(�\.V6�248�(�B�5+;=6�,-248�_R$V0'�
T = 20◦ C

�e9V,-(�8�2gyb$+BV0O.+?elm(�*4@P6�248�(�B�.+0�*-(<&I[V032b�
T = 500◦ C

�eS | ;�6�5+576�*I6���2
6�;�(�*-,U_<$V0>;�0O2-03*4@K0b.+0O*-0)&)(�$+G	*I6�BV&)0b.No	B76�@A8�_<$V0b.+0O;=6P24*-(�8�,48�J3@K0bG�6�*48=6OQ+;�0b&38�BV?3@P6�248�_R$V0

D3
.N$

@K(	.+J3;�0�.+0�;]D����1` D # BsD 6�6�$V&3$+BV0H8�B��V$V03BV&)0H,4$+*b;=6�*-?35Q(�BV,-0Plm(�$+*4B+8�0H,4$+*O;�0),b0),I,I6�8�,O03Bj.+?el�(�* \
@P6�248�(�BsS i D 6�$+24*-0),�?324$V.+0),�(�BR2�6OQQ(�$+248q6�$NM�@�k3@K0),>&)(�BV&3;�$V,-8�(�BV, L 	OP SsT�035Z03BV.V6�B<2^9E&)0O576�*I6�@KJ324*-0
.+03G	8�03BR2�5+*-?35Q(�BV.+?3*I6�BR2�_<$76�BR2�8�;a,^D 6�z:8�2>.+0W.+?)&3*48�*-0A;�0),U5+[V?3BV(�@KJ3BV0),�.+0W*-(<&I[V032>(�$Y.ED 6�&)&)(�@A@K(�\
.V6�248�(�BX5+;=6�,4248�_<$V0:Ss#g8�BV,48]9Q$+BV0W24*-(�8�,48�J3@K0AG:6�*48=6OQ+;�0A&38�BV?3@P6�248�_<$V0KBV(�BX;�8�BV?^6�8�*-0h�

D3 6= 0
�1&^6�;�8 Q+*-0

;�0P*-(<&I[V032b032O*-032I6�*-.+0�;�0),O0exQ032-,b.ED 6�&)&)(�@A@K(	.V6�248�(�BsSa`aB *-03G:6�BV&-[V0:9�$+BV0�G�6�*48=6OQ+;�0'_R$76�,-8�\];�8�BV?^6�8�*-0
�
D3 w 0

� 5+*-(	.N$+8�2f$+B�0exQ032f.ED 6�&)&)(�@A@K(	.V6�248�(�Bh8�BV,42I6�B<2I6�BV?:S � 0),�rVz:$+*-0), ~NS t:tAy ~NS t
�Ol�(�$+*4B+8�,-,-03BR2
;=6�,4$+5Q03*45Z(:,48�248�(�BX.+0),UG:6�*48=6OQ+;�0),�&38�BV?3@P6�248�_R$V0),�.V6�BV,U;�0b&^6�,�.+0b;]D 6�&)&)(�@A@K(	.V6�248�(�B �

T = 20◦ C
�

032c.N$�*-(	&-[V032b�
T = 500◦ C

�/5Q(�$+*f;]D 6�&38�03*
55NiCrMoV 7

S
A}(�$+*

20◦ C
(��Y;]D 6�&)&)(�@A@K(	.V6�248�(�B 0),42U5+;�$V,1*I6�5+8�.+0:9Q$+BV0W,I6�24$+*I6�248�(�B .+0b;=6PG:6�*48=6OQ+;�0

X1
0),42



������� ��������� ':���@� ��� �O�

−4 −3 −2 −1 0 1 2 3 4

x 10
−3

−400

−300

−200

−100

0

100

200

300

400

Déformation viscoplastique [mm/mm]

C
om

po
sa

nt
es

 c
in

ém
at

iq
ue

s 
[M

P
a]

X
X1
X2
X3

<>= K>? ~NS t � `�� .�� D3C�� C'�XM��)G���D3NRQ ��N � G��$� ε̇ =
10−2s−1 NED+��Q�N D3N���� C��3UWD#�$� N�H�N 500◦ C � G��$�IKN 55NiCrMoV 7

−4 −3 −2 −1 0 1 2 3 4 5

x 10
−3

−400

−300

−200

−100

0

100

200

300

400

Déformation viscoplastique [mm/mm]

C
om

po
sa

nt
es

 c
in

ém
at

iq
ue

s 
[M

P
a]

X
X1
X2
X3

<>= K@? ~NS tNv `�� .�� D3C�� C'�XM�� G���DXN Q ��N � G��$� ε̇ =
10−2s−1 � ��Q DXN'����� H�N��)U MKQ$DXMKN Q H�N 600s NED ��Q�ND3N���� C��3UWD#�$� N�H�N 500◦ C � G��$� IKN 55NiCrMoV 7

−1 0 1 2

x 10
−3

−200

−100

0

100

200

300

400

500

600

Déformation viscoplastique [mm/mm]

X
 [M

P
a]

A B 

<>= K>? ~NS t:t `�� C��
GJQ��3N�NRQ TRGJQ$D �XU MKQ$D3N�H�N I U ! U��
�XM U	��IKN X G���DXNRQ���N � U
��IKN�� G:H�
 IKN H�N)I P ��
 �����
�
G���� IKN���N'�#��U M��ONRQ TRGJQ+D#�XU MKQ+DXN NED���Q�N DXN'��� C��XU��D �$� NOH�N 20◦ C

−0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
−200

−100

0

100

200

300

400

500

Déformation viscoplastique [mm/mm]

X
 [M

P
a]

<>= K@? ~NS t ~ `�� C��
GJQ��3N�N Q TRGJQ$D �XU MKQ$D3N H�N I U ! U��
�XM U	��IKN X G���DXNRQ���N � U
��IKN�� G+H�
RIKN H�N)I P ��
 �����
� G��$� IKN���N�� ��U M��ONRQ TRGJQ$D �XU MKQ+DXN@NED)��Q�N DXN����
C��XU��D ���XNOH�N 500◦ C



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

−1.5 −1 −0.5 0 0.5 1 1.5 2 2.5

x 10
−3

−200

−100

0

100

200

300

400

500

600

Déformation viscoplastique [mm/mm]

X
1 [M

P
a]

<>= K@? ~NS tON ` � C�� GJQ$�3N�NRQ T GJQ$D#�3U MKQ$D3N�H�N I U ! U��
�XM U	��IKN X1

G���DXNRQ���N�� U
��IKN)� G+H�
RIKN�H�NOI P ��
 �����
� G��$� IKN��ON�� �3U M�� NRQ TRGJQ$D �XU MKQ+DXN�NRD���Q�N DXN����
C��XU��D ���XNOH�N 20◦ C

−0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
−200

−100

0

100

200

300

400

500

Déformation viscoplastique [mm/mm]

X
1 [M

P
a]

<>= K>? ~NS t
	 `���C�� GJQ$�3N NRQ TRGJQ+D#�3U MKQ$DXN�H�N�I U !JU��
� M U	��IKN X1

G���DXNRQ���N0� U
� IKN � G:H�
RIKN�H�N�I P ��
 �����
� G��$��IKN'��N�� �3U M���NRQ TRGJQ$D �XU MKQ$D3N�NED0��Q�N)DXN���� C'�XU��D#�$�XNOH�N 500◦ C

−1.5 −1 −0.5 0 0.5 1 1.5 2 2.5

x 10
−3

−200

−100

0

100

200

300

400

500

600

Déformation viscoplastique [mm/mm]

X
2 [M

P
a]

<>= K@? ~NS t R ` � C�� GJQ$�3N�NRQ T GJQ$D#�3U MKQ$D3N�H�N I U ! U��
�XM U	��IKN X2

G���DXNRQ���N�� U
��IKN)� G+H�
RIKN�H�NOI P ��
 �����
� G��$� IKN��ON�� �3U M�� NRQ TRGJQ$D �XU MKQ+DXN�NRD���Q�N DXN����
C��XU��D ���XNOH�N 20◦ C

−0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
−200

−100

0

100

200

300

400

500

Déformation viscoplastique [mm/mm]

X
2 [M

P
a]

<>= K>? ~NS t � `���C�� GJQ$�3N NRQ TRGJQ+D#�3U MKQ$DXN�H�N�I U !JU��
� M U	��IKN X2

G���DXNRQ���N0� U
� IKN � G:H�
RIKN�H�N�I P ��
 �����
� G��$��IKN'��N�� �3U M���NRQ TRGJQ$D �XU MKQ$D3N�NED0��Q�N)DXN���� C'�XU��D#�$�XNOH�N 500◦ C



������� ��������� ':���@� ��� � �

−1.5 −1 −0.5 0 0.5 1 1.5 2 2.5

x 10
−3

−200

−100

0

100

200

300

400

500

600

Déformation viscoplastique [mm/mm]

X
3 [M

P
a]

<>= K>? ~NS t � `�� C��
GJQ��3N�NRQ TRGJQ$D �XU MKQ$D3N�H�N I U ! U��
�XM U	��IKN X3

G���DXN Q ��N�� U
��IKN � G+H�
RIKN�H�N�I P ��
 �����
�
G���� IKN���N'�#��U M��ONRQ TRGJQ+D#�XU MKQ+DXN NED���Q�N DXN'��� C��XU��D �$� NOH�N 20◦ C

−0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
−200

−100

0

100

200

300

400

500

Déformation viscoplastique [mm/mm]

X
3 [M

P
a]

<>= K@? ~NS t
� `�� C��
GJQ��3N�N Q TRGJQ$D �XU MKQ$D3N H�N I U ! U��
�XM U	��IKN X3

G���DXNRQ���N�� U
��IKN � G+H�
RIKNOH�NOI P ��
 �����
� G��$� IKN���N�� ��U M��ONRQ TRGJQ$D �XU MKQ+DXN@NED)��Q�N DXN����
C��XU��D ���XNOH�N 500◦ C

&)(�BV,-2I6�2-?)0%6�;�(�*-,q_<$V0L;=61G�6�*48=6OQ+;�0
X2

.+?)&3*-( ��2^9R032
X3

&3*-( ��2q;�8�BV?^6�8�*-03@K03BR2^SNT�0f*-?),4$+;�2I6�2 0),42a&)(�BNl�(�*42-?
576�*�;�0),�?)_R$76�248�(�BV,>.N$X@K(	.+J3;�0K_<$+8k@K(�BR24*-03BR2W_<$V0O;]DF?3G�(�;�$+248�(�Bn.+0

X2
0),42U8�BRG�03*-,-03@K03B<2O5+*-(�5Q(�* \

248�(�B+BV03;�;�0Uy�&)03;�;�0g.+0
X3

S	T�0f*-?),-$+;�2I6�2�6)G:6�8�2L.+? B4y�?32-?%@A8�, 03B'?3G<8�.+03BV&)0%576�* � H�����H�J#L 	1P S�`aB�0exE032^9
&)(�BV,-8�.+?3*-(�BV,f;�0),f5Q(�8�BR2-,

A
032

B
.+0U;=6OrVz:$+*-0_~NS t:tN9+BV(�$V,L5Q(�$+G�(�BV,c?)&3*48�*-0�^

XA = XB (�$�03BV&)(�*-0
_<$V0

dXA = dXB Si 0U5+;�$V,^9V;=6W,I6�24$+*I6�248�(�Bh.+0
X1

8�@A5+;�8�_<$V0>_<$V0
XA

1 = XB
1

(�$�03BV&)(�*-0>_R$V0
dXA

1 = dXB
1

S
�N6�&I[76�BR21_R$V0

X = X1 + X2 + X3
9NBV(�$V,c5Z(�$+G�(�BV,g?)&3*48�*-0>_R$V0 ^

d(XA
2 − XB

2 ) = −d(XA
3 − XB

3 )

#%8�BV,48]9	$+BV0U&3*-(�8�,-,I6�BV&)0U.+0
X3

�
XA

3 < XB
3

�/.+(�B+BV0UBV?)&)0),-, 6�8�*-03@K03BR2c$+BV0U.+?)&3*-(�8�,-,I6�BV&)0�.+0
X2�

XA
2 > XB

2

�eS

� � ����� � 8 ; 
��*,
2M1C �

0�8:9 .13*;��/2�?�6 3*8:97. ��� 6 ? � �9�=2���3
	<�=,/.
T�(�BR24*I6�8�*-03@K03BR2W6�$X@K(<.+J3;�0W5+*-?)&)?).+03B<2^9E;�0b@K(<.+J3;�0Kt�unv"T (�xZ*-0W;=6�5Q(:,-,48 Q+8�;�8�2-?W.+0A.+?)&3*48�*-0W;=6

BV(�Bh;�8�BV?^6�*48�2-?>.+0�;]DF?)&3*-(�$+8�,-,I6�z�0�03B�8�BR24*-(	.N$+8�,I6�BR2g$+Bh&)(�$+5+;=6�z�0�$+B+8�_<$V03@K03BR2U.+0
2
G�6�*48=6OQ+;�0),g&38�BV?e\

@P6�248�_<$V0),f;�8�BV?^6�8�*-0),^S
T�03242-0 6�5+5+*-(<&I[V0 .+?erVB+8�2 .+03$NMU@K?)&^6�B+8�,4@K0),

A1.ε1
032

A2.ε2
8�BV.N$+8�,I6�BR2}.+03$NM�?32I6�2-, .+0q&)(�BR24*I6�8�B<2-0),

σ1
032

σ2
_<$+8+5Q03$+G�03BR2�6�z:8�*/8�BV.+?35Z03BV.V6�@A@K03B<2L6�rVB�.+0c&)(�$+G<*48�*�.N8�xQ?3*-03B<2-,q2 o<5Q0), .+0c,I(�;�;�8�&38�2I6�248�(�BV,^S

� 0),qrVz:$+*-0),n~NS ~ ��\)~NS ~
	b,-?3576�*-03B<2�;�0),�&)(�BR24*48 Q+$+248�(�BV,f.+0),L.+03$NMK@K?)&^6�B+8�,4@K0),L.N$'@K(<.+J3;�0
2M1C5Q(�$+*C;]D 6�&38�03*

55NiCrMoV 7
S v�(�$V,�;�0),C&3oN&3;�0),�(�BR2�?324? 03B+*-03z:8�,424*-?),C;�(�*-,�.N$ *-?3z:8�@K0 5V,-03$V.+(�\

,-2I6OQ+8�;�8�,-?:S i 0),f*-?),4$+;�2I6�2-,%,-8�@A8�;=6�8�*-0),%,-(�B<2%(1Q+2-03BR$V,%576�*c;�0U@K(<.+J3;�0>5Z(�$+*c;]D 6�&38�03*
X38CrMoV 5

S
A�(�$+*L;�0),/G<8�2-0),-,I0), ?3;�03G�?)0),��

10−2s−1 �e9R;�0),/.+03$NM�@K?)&^6�B+8�,4@K0),f6�z:8�,-,-03BR2L,4$+*/;�0%@�k3@K01.+(�@P6�8�BV0
.+0�.+?elm(�*4@P6�248�(�Bw��rVz:$+*-0), ~NS ~ ��032 ~NS ~Nv"�>_R$V03;�;�0�_R$V0�,-(�8�2�;=6C2-03@A5Z?3*I6�24$+*-0:S�A}(�$+*O;�0),>l�*-?)_<$V03BV&)0),
5+;�$V,UQ76�,-,I0),1��2-03@A5V,f.+0g*-03;=6�M+6�248�(�BC.+0

600 s
.+01;]DF0),-, 6�8Zy

10−2s−1 �e9<.+03$NMP@K?)&^6�B+8�,-@K0),f.N8�,rB (�8�B<2-,,I03@{Q+;�03BR2A,-0'.+?3zR6�z�03*W5Z(�$+*b;�0),b[76�$+2-0),b2-03@A5Z?3*I6�24$+*-0),���rVz:$+*-0V~NS ~ ~��eSaT�0P@K(	.+J3;�0H,-03@{Q+;�0H.+(�BV&



�/� �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

−4 −3 −2 −1 0 1 2 3 4 5

x 10
−3

−1200

−800

−400

0

400

800

1200

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K@? ~NS ~ � ` ��C�� GJQ$�XN>H�N�� H�M �
C��XNRQ$D � � CRT U��Q�M�� � N�� � G��$� Q�MKN ��U
� IKN � G+H�
RIKN��JA���� �
G�������QT�.�TRIKN H�N 10−2s−1 NRD���Q�N DXN���� C'�XUWD#�$�XN�H�N 20◦ C

−4 −3 −2 −1 0 1 2 3 4 5

x 10
−3

−800

−600

−400

−200

0

200

400

600

800

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K>? ~NS ~Nv ` � C�� GJQ$�3N H�N�� H�M �
C'� NRQ+D#� � C��T U Q�M�� � N�� � G��$�XQ�MKN ��U
� IKN � G+H�
RIKN��JA���� � G��$�
��Q T�.:TRIKN&H�N 10−2s−1 NRD ��Q�N>D3N���� C��3UWD#�$� N H�N
500◦ C

−4 −3 −2 −1 0 1 2 3 4 5

x 10
−3

−1300

−900

−500

−100

300

700

1100

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K@? ~NS ~:t ` ��C�� GJQ$�XN>H�N�� H�M �
C��XNRQ$D � � CRT U��Q�M�� � N�� � G��$� Q�MKN ��U
� IKN � G+H�
RIKN��JA���� �
G�������QT�.�TRIKN�H�N 10−2s−1 � ��Q �)U MKQ+DXMKNRQ H�N 600s NED ��Q�ND3N���� C��3UWD#�$� NOH�N 20◦ C

−4 −2 0 2 4 6

x 10
−3

−800

−600

−400

−200

0

200

400

600

800

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K>? ~NS ~ ~ `���C�� GJQ$�XN@H�N�� H�M �
C��XNRQ$D � � CRT U��Q�M��#� N'� � G����XQ�MKN � U
� IKN � G+H�
RIKN��JA���� � G��$����QT�.�TRIKN�H�N 10−2s−1 � ��Q �)U MKQ$D3MKNRQ�H�N 600s NED(��Q�NDXN'��� C��XUWD �$� N�H�N 500◦ C



������� ��������� ':���@� ��� � �

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

x 10
−3

−500

0

500

1000

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K>? ~NS ~ON ` � C�� GJQ$�3N H�N�� H�M �
C'� NRQ+D#� � CRTVU��Q�M�� � N���� G��$� Q�MKN � U
� IKN � G+H�
RIKN��JA���� �
G���� IKN'�T�.:TRIKN�� NRQ T GJQ$D#�3U MKQ$D3N(NRD ��Q�N D3N���� C��3UWD#�$� N H�N
20◦ C

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
−500

0

500

1000

Composantes des déformations inélastiques [mm/mm]

C
om

po
sa

nt
es

 d
es

 C
on

tr
ai

nt
es

 [M
P

a]

A
1
.ε

1
 − σ

1
A

2
.ε

2
 − σ

2
A

1
.ε

1
 − X

1
A

2
.ε

2
 − X

2
ε
in

 − σ

<>= K@? ~NS ~
	 `���C�� GJQ$�3N H�N�� H�M �
C��XNRQ$D � � CRT U��Q�M�� � N�� � G��$� Q�MKN ��U
� IKN � G+H�
RIKN��JA���� �
G���� IKN'�T�.�TRIKN�� NRQ TRGJQ+D#�3U MKQ$DXN NED ��Q�N D3N���� C��3UWD#�$� N H�N
500◦ C

l]6�8�*-0>6�5+576�*I6���24*-0�.+0),c@K?)&^6�B+8�,4@K0),c24[V03*4@A8�_<$V03@K03BR2�6�&3248�G�?),f8�B��V$V03BV&)?),g576�*f;=6WG<8�2-0),I,-0U.+0>,-(�;�;�8�&38�\
2I6�248�(�BsS

T�(�BV&)03*4B76�BR2U;�0),g&3oN&3;�0),103B�&)(�BR24*I6�8�B<2-0:9Q;�0>@�k3@K0O5+[V?3BV(�@KJ3BV0W,-03@{Q+;�0W6)G�(�8�*1;�8�03$s97;�0�5+*-03@A8�03*
6�z:8�,I,I6�BR2W,4$+*�;�0),O5Q03248�2-0),b.+?el�(�*4@P6�248�(�BV,b5+;=6�,4248�_<$V0),H��rVz:$+*-0 ~NS ~
	��e9�;�0�.+03$NMN8�J3@K0�,-$+*b&)03;�;�0),O5+;�$V,
?3;�03G�?)0),"SET�(�@A@K0W5+*-?)&)?).+03@A@K03B<2^9s&)0b5+[V?3BV(�@KJ3BV0A,-03@{Q+;�0W@K(�8�BV,>6�5+576�*-03B<2�6�$NM[Q76�,-,I0),g2-03@A5Q?e\
*I6�24$+*-0),b��rVz:$+*-0{~NS ~ON<�L(���;�0),c@K?)&^6�B+8�,4@K0),%,-03@dQ+;�03BR2g5+;�$V,f5+*-(<&I[V0),^S

� 0%@K(	.+J3;�0
2M1C

(�xQ*-0g6�8�BV,48Z;=6>5Q(:,-,48 Q+8�;�8�2-?1.+0%lm(�*4@O$+;�03*L.+0),�[<o<5Q(�24[VJ),-0),�;�8=6�BR2L;�0),/*-?35Z(�BV,-0),
l�(�$+*4B+8�0),c576�*1&)0),g.+03$NMC@K?)&^6�B+8�,4@K0),U6)G�0)&b.+0),c*-?),-$+;�2I6�2-,%@A8�&3*-(�\ ,424*4$V&324$+*I6�$NM�_R$+8}(�BR2g?32-?O?32I6OQ+;�8�,
576�*>6�8�;�;�03$+*-, L � ~@P SQ`aBX0exE032^97;�0),U5+*48�BV&38�576�$NM�@K?)&^6�B+8�,4@K0),�*-0),45Q(�BV,I6OQ+;�0),U.+0b;]D 6�.+(�$V&38�,-,-03@K03BR2>&3o<\
&3;�8�_<$V0�.+0),g6�&38�03*-,c@P6�*42-03BV,48�248�_R$V0),%*-03G�03BR$V,1,-(�BR2%;�8�?),%6�$NMH.N8�,-;�(<&^6�248�(�BV,g032%6�$NMC&^6�* Q+$+*-0),"S

S�� ��%r'Z
���������%�� ��
�� �V\ ����! Y=�/���T��
�� �"�����T
 �O�/Y7��� ��'M!#����$ %��

� 6Y&^6�*I6�&32-?3*48�,I6�248�(�B�032W;]DF?324$V.+0C.+0H;]DF?3G�(�;�$+248�(�B�.+0),A?3;�?3@K03B<2-,K_R$V0H,-(�B<2A;�0),A&^6�* Q+$+*-0),K032W;�0),
.N8�,-;�(<&^6�248�(�BV,�*-035+*-?),I03BR2-03BR2O$+BV0K?32I6�5Q0W8�@A5Z(�*42I6�B<2-0K.V6�BV,�;=6H&)(�@A5+*-?3[V03BV,48�(�Bn.N$ &)(�@A5Z(�*42-03@K03B<2
@P6�&3*-(:,I&)(�5+8�_R$V0O.N$�@P6�2-?3*48=6�$sS � 0�@K(<.+J3;�0

2M1C
&)(�BV,4248�24$V0>$+B�(�$+248�;s8�BR2-?3*-0),-, 6�BR215Z(�$+*%?324$V.N8�03*

;]D 8�B��V$V03BV&)0C.+0';=6�,-(�;�;�8�&38�2I6�248�(�B 03Bnl�6�248�z:$V0H(�;�8�z�(	&3o	&3;�8�_<$V0H,4$+*b;=6�,-24*4$V&324$+*-0'.+0),W.N8�,4;�(	&^6�248�(�BV,A032
.+0),%&^6�* Q+$+*-0),^S F BV0�?324$V.+0>*-?)&)03B<2-0�.+0���� �/H���� = L � ~1Ps@K03242I6�BR2U03B	�U$+G<*-0�$+B�0),-,I6�8s.+0Ul]6�248�z:$V0�y
550◦ C

y'.+?elm(�*4@P6�248�(�BX2-(�2I6�;�0W8�@A5Q(:,-?)0C�
∆ε = 2%

�1032U*-?^6�;�8�,-?)0W,4$+*U;]D 6�&38�03*
X38CrMoV 5

�
42

CED Tf� 6�*-?3G�?3;�?1_R$V0g;=6�.+?)&)(�BV,I(�;�8�.V6�248�(�B�&3o	&3;�8�_<$V0g?32I6�8�2L.N$V0�6�$'.+03$NM�248�03*-,/576�*�;=6O.N8�@A8�BR$+248�(�B�.+0;=6P.+03BV,48�2-?b.+0�.N8�,4;�(	&^6�248�(�Bs9E6�$h248�03*-,g576�*g;=6�&)(�6�;�0),-&)03BV&)0b.+0),g&^6�* Q+$+*-0),A��@K(	.+J3;�0),1.+0 
 H�

����� 032
��������H�J �eS F BX*I6�5+5Z(�*42O,48�@A8�;=6�8�*-0K0),42>(1Q+2-03B<$ 03B &)(�@A576�*I6�B<2�;�0),�G:6�;�03$+*-,�.+0),�G:6�*48=6OQ+;�0),

R1
032

R2
.N$�@K(	.+J3;�0

2M1C
� � 8�z:$+*-0 ~NS ~ R��eS�v (�$+2-0el�(�8�,^9Q&)0b*I6�5+5Z(�*42U5Q03$+2Ek324*-0b8�B��V$V03BV&)?W576�*U;=6�2-03@W\

5Q?3*I6�24$+*-0�.+0�;]DF0),-,I6�8}032%,-(�B�?3G�(�;�$+248�(�B�@K?3*48�2-03*I6�8�2U.ED k324*-0O&)(�BNrV*4@K?)0O576�*g.ED 6�$+24*-0),g8�BRG�0),4248�zR6�248�(�BV,
@A8�&3*-(:,-24*4$V&324$+*I6�;�0),^S



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

0 0.5 1 1.5 2 2.5 3 3.5
−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

0

Déformation plastique cumulée [mm/mm]

V
ar

ia
bl

es
 is

ot
ro

pe
s 

[M
P

a]

R
2

R
1 

<>= K>? ~NS ~ R ` A>C T U Q�M��#� N�� H�P U H�G���TRM�� �3N�� NRQ$D
� G��$�@I P U TRMKN�� 55NiCrMoV 7 / I U-DXN���� C'�XUWD#�$�XNH�N 500◦ C

` D i�;�0�.+0),%.N8�,4;�(	&^6�248�(�BV,f8�@A@K(1Q+8�;�0),W��@K?)&^6�B+8�,4@K0 R1
�E^

� 6P24*-03@A5Q0W&)(�BNlmJ3*-0K6�$Y@P6�2-?3*48=6�$X$+BV0Ol�(�*42-0b.+03BV,-8�2-?b.+0W.N8�,4;�(	&^6�248�(�BV,>6�$X,-038�BX.+0),U;=6�242-0),�.+0
@P6�*42-03BV,48�2-0:S � 0),U,-(�;�;�8�&38�2I6�248�(�BV,U*-?35Q?32-?)0),U(�BR2U5Q(�$+*10exE0321.ED 6�$+z:@K03B<2-03*�;�0�;�8 Q+*-0b576�*-&)(�$+*-,U@K("o�03B
.+0),c.N8�,-;�(<&^6�248�(�BV,^S � 0),c@K?)&^6�B+8�,4@K0),g.+0�*-?^6�*4*I6�B+z�03@K03BR215+*-(^G�(	_<$V03BR21$+BV0>,424*4$V&324$+*-0�5+;�$V,%[V?32-?3*-(�\
z�J3BV0g032/&)03$NMP.ED 6�B+B+8�[+8�;=6�248�(�B'lm(�$+*4B+8�,I,-03BR2�$+BP*-?),-0^6�$H.+0%.N8�,-;�(<&^6�248�(�BV,/@K(�8�BV,/.+03BV,I0g_<$V0c;�0%*-?),-0^6�$
8�B+8�248=6�;]SVT�(�BV&)03*4B76�BR2f;�0),f6�&38�03*-,L@P6�*42-03BV,48�248�_<$V0),L*-03G�03BR$V,"9N;�0%@K?)&^6�B+8�,4@K0U.+01*-?^6�*4*I6�B+z�03@K03BR2%*-0),42-0
5+*48�@K(�*-.N8=6�;/6�$ &)(�$+*-,>.ED $+B 0),-,I6�8q.+0bl]6�248�z:$V0 L � ~@P 9E8�;q&)(�B<24*48 Q+$V0�y';�03$+*O6�.+(�$V&38�,I,-03@K03BR2b&3o	&3;�8�_<$V0
��rVz:$+*-0{~NS ~ �:�eS

Sollicitations 
mécaniques 

cycliques

Dislocations

Latte martensitique

Eclaircissement
de la latte

Accumulation
des dislocations

joints de lattes

Ancrage des
dislocations 

Carbure

autour des

Latte martensitique
<>= K>? ~NS ~ � ` ���JIKN�H�N�� H�M��3IKG+TVUWDXMKGJQ$�(� G��$� IKN'��C�!$GJI���DXMKGJQ$� IKNRQ$D3N�� � � CRT U Q�M��#� N R1 �



������� ��������� ':���@� ��� � �

| ;15Z03$+2 k324*-0�24*I6�.N$+8�2H.V6�BV,H;�0�@K(	.+J3;�0�6�$ 24*I6)G�03*-,C.+0�;=6 G�6�*48=6OQ+;�0�8�,-(�24*-(�5Q0
R1

.+?)&3*48�G�6�B<2
;=6hl�(�*42-0�.+?)&)(�BV,I(�;�8�.V6�248�(�B�,4$+*b;�0),W5+*-03@A8�J3*-0),K&)03BR2I6�8�BV0),K.+0'&3oN&3;�0),^SqT�0�5+[V03BV(�@KJ3BV0C0),-2W.+?35Q03BN\
.V6�B<2g.+0�;]D 6�@A5+;�8�24$V.+0O.+0O,-(�;�;�8�&38�2I6�248�(�Bs9p03B�0exQ032^9p,-(�B�6�$+z:@K03BR2I6�248�(�B 6�@A5+;�8�r70�;�0�.+?),I6�BV&3*I6�z�0O.+0),
.N8�,-;�(<&^6�248�(�BV,�8�@A@K(1Q+8�;�0),�8�,-,-$V0),>.+0K;=6H24*-03@A5Q0:9E;�0),�*-03BV.V6�BR2A6�;�(�*-,>@K(1Q+8�;�0),�&)0P_R$+8al]6)G�(�*48�,I0K;�03$+*
*-?^6�*4*I6�B+z�03@K03B<2^9p03216�&)&)?3;�J3*-0�;]D 6�.+(�$V&38�,-,-03@K03B<2^S

` D i�;�0�.+0),c&^6�* Q+$+*-0),b��@K?)&^6�B+8�,4@K0 R2
�

� 6XG:6�*48=6OQ+;�0
R2

&)(�*4*-0),45Q(�BV.V6�BR2CyY;=6X.+?)&)(�BV,-(�;�8�.V6�248�(�Bw_<$76�,48�\];�8�BV?^6�8�*-0�5Q03$+2"k324*-0�6�,-,48�@A8�;�?)0
6�$�5+[V?3BV(�@KJ3BV0�.ED 6�.+(�$V&38�,-,I03@K03BR2'5+*-(^G�(	_R$V?h576�*P;=6X&)(�6�;�0),-&)03BV&)0�.+0),P&^6�* Q+$+*-0),"S�T�0�.+03$NMN8�J3@K0
@K?)&^6�B+8�,-@K0%@K032f03B_B403$H.+0),/&38�BV?3248�_<$V0),UQZ0^6�$V&)(�$+5H5+;�$V,/;�03BR2-0),f_<$V0%&)03;�;�0),�8�BV.N$+8�2-0),L.V6�BV,/;�0g@K(�$N\
G�03@K03B<2�.+0),/.N8�,4;�(	&^6�248�(�BV,/032�03BR24*I6���BV01$+BV0%.+?)&)(�BV,-(�;�8�.V6�248�(�BH&)(�BR248�B<$V0U,4$+* 2-(�$+2-0%;=6>.N$+*-?)0%.+0%;]DF0), \
, 6�8]S � D 6�$+z:@K03B<2I6�248�(�Bh.+01;=6>2-03@A5Q?3*I6�24$+*-0�03BR24*I6���BV0U$+BV0U&)(�6�;�0),-&)03BV&)0U.+0),L&^6�* Q+$+*-0),f_<$+8p5+*-("G�(<_<$V0
$+BV0b.N8�@A8�BR$+248�(�BX.+0O;�03$+*1&)(�B<24*48 Q+$+248�(�B 6�$�.N$+*-&38�,I,-03@K03BR2�032g.+(�BV&b&)(�BR24*48 Q+$V0KyK;]D 6�.+(�$V&38�,-,-03@K03B<2
&)(�B<248�BR$sS � 0),1.N8�,4;�(	&^6�248�(�BV,1(�B<2g2-03BV.V6�BV&)0AyP,^D 6�BV&3*-03*1,-$+*%;�0),g5Z03248�2-,1&^6�* Q+$+*-0),1@P6�8�,%;]D 6�$+z:@K03B<2I6�\
248�(�B .+0K;�03$+*�2I6�8�;�;�0K&3*-?)?A.+0W;]DF0),4576�&)0K_<$+8 6�$+z:@K03BR2-0P;�0W;�8 Q+*-0A576�*-&)(�$+*-,>@K("o�03B .+0),>.N8�,4;�(	&^6�248�(�BV,
��rVz:$+*-0d~NS ~ ���eS

Coalescence des 

température
Effet de la carbures

Carbures

Diminution du
nombre d’obstacles

<>= K>? ~NS ~ � ` ���JIKN�H�N�� T U
� �$�$� N'� �
G�����IKN���C�!$GJI���D3MKGJQ�� IKNRQ$D3N�� � � CRT U Q�M�� � N R2 �

S�� ��%r'Z
�������� �O� Y�������� \ ����! Y=�/���T��
��������r��& ! ��
����Z'����
F BV0 2-03BR2I6�248�G�0 .EDF0eM	5+;�8�&^6�248�(�B .+0),�@K?)&^6�B+8�,4@K0),�5+[RoN,48�_R$V0),�;�(�*-,�.+0),h2-03@A5V,Y.EDF0),-,I6�8�,h5+;�$V,

&)(�$+*42-,"9V&:DF0),42%yA.N8�*-0�;�(�*-,%.ED $+BV0>[Ro	2-?3*-J),-0:9+5Q03$+2%?3zR6�;�03@K03B<2�k324*-0�6^G�6�BV&)?)0O03B�,-?3576�*I6�BR2g;�0),f@K?)&^6�\
B+8�,-@K0),

1
032

2
8�.+03BR248�r7?),%5+*-?)&)?).+03@A@K03BR2^S

` D i�;�0�.+0),c&^6�* Q+$+*-0),b��@K?)&^6�B+8�,4@K0�� ε2, σ2
�4�

� (�*-, .ED $+B�&3oN&3;�0:9);]DF?3G�(�;�$+248�(�BW.N$>*-?),-0^6�$�.+0 &^6�* Q+$+*-0),�_<$+8�.+?35Z03BV.O.+0a;]D [+8�,42-(�8�*-0q.N$O&-[76�*4z�03@K03BR2
24[V03*4@A8�_<$V0�0),-2%BV?3z:;�8�z�0^6OQ+;�0:S i D $+BV0�@P6�B+8�J3*-0O,I&-[V?3@P6�248�_<$V0:97;�(�*-,-_<$sD $+BV0�,I(�;�;�8�&38�2I6�248�(�B�@K?)&^6�B+8�_<$V0
0),-218�@A5Q(:,-?)0W8�BV.N$+8�,I6�B<2�.+0W;=6H.+?el�(�*4@P6�248�(�B 5+;=6�,4248�_<$V0:9E$+BV0W;�8�z:BV0A.+0A.N8�,4;�(	&^6�248�(�BV,>,-0W&3*-?)?K032>,-0
.+?35+;=6�&)0:S�A}(�$+*g;]D 6�&38�03*

X38CrMoV 5
97;�0O&)(�BR2-(�$+*4BV03@K03BR2>0),-2%;�0>@K?)&^6�B+8�,-@K0�5+*48�BV&38�576�;a.+0�lm*I6�BN\

&I[+8�,-,-03@K03B<2>.+0),�&^6�* Q+$+*-0),U576�*1;�0),�.N8�,-;�(<&^6�248�(�BV,^SI| ;},"DF0exQ0)&324$V0W,4$+8�G:6�BR2�;�0O@K?)&^6�B+8�,4@K0A.+?)&3*48�2�576�*
��������H�J L NRt@Pf��rVz:$+*-0 ~NS ~
���c&3*-?^6�B<2�.+0),�QQ(�$V&3;�0),U6�$+2-(�$+*U.+0),1&^6�* Q+$+*-0),�032g03B<24*I6���B76�BR2>$+BV0W6�$+z�\
@K03B<2I6�248�(�BC.+0%;]DF?)&3*-(�$+8�,-, 6�z�01032�.N$�@K?)&^6�B+8�,-@K0W�

ε2, σ2
�eS	v (�$+2-0el�(�8�,^9	;�0),/&^6�* Q+$+*-0),L,-(�B<2 QQ0^6�$V&)(�$+5

5+;�$V,K5Z03248�2-,Py[Q76�,-,I0H2-03@A5Z?3*I6�24$+*-0�032P5+*-?),-03BR2-,K03Bj5+;�$V,Kz:*I6�BV.jBV(�@{Q+*-0�_R$sD y�[76�$+2-0H2-03@A5Q?3*I6�\
24$+*-0U(��C8�;�,L&)(�6�;�0),-&)03B<2^SV#%8�BV,-8]9<;�03$+*�lm*I6�BV&-[+8�,-,I03@K03BR2c576�*f;�0),L.N8�,4;�(	&^6�248�(�BV,%y

20◦ C
BV?)&)0),I,48�2-0U$+BV0



� � �����	��
���
�����
��������������������������	��
������ �"!#����$ %�� ��&�
�'�����& �

&)(�B<24*I6�8�BR2-0�5+;�$V,L8�@A5Q(�*42I6�BR2-0>032f&3*-(�8�,-, 6�BR2-0�,4$+*L2-(�$+2-0U;]D 6�@A5+;�8�24$V.+0>.+0U.+?el�(�*4@P6�248�(�B�5+;=6�,4248�_<$V0
ε2��rVz:$+*-0),_~NS ~ ��032_~NS ~:t��%&)(�@A576�*I6�248�G�03@K03B<2by

500◦ C
��rVz:$+*-0),_~NS ~NvW032}~NS ~ ~��e9Q(���$+BV0W,I6�24$+*I6�248�(�B

.+0U;]DF?)&3*-(�$+8�,-, 6�z�0>0),42%(1Q+2-03B<$V0:S

<>= K@? ~NS ~
� ` ���JIKN�H�N���TVU
� �$�$� N���H U Q$� IKN�� C�!$GJI���DXMKGJQ$� �XU
��MKH�N���� � U
�#��U LJNOH�P ��Q�N �XC��XMKNOH�N+�$� CRT M���M D3C�� ��U
� ��Q�N�H�M��3IKG+TVUWDXMKGJQ
� � CRT U Q�M��#� N�H�P :<0(���)��� � � � ���

` D i�;�0�.+0),%.N8�,4;�(	&^6�248�(�BV,f8�@A@K(1Q+8�;�0),W��@K?)&^6�B+8�,4@K0P� ε1, σ1
�4�

� 6H;�8�z:BV0P.+0K.N8�,-;�(<&^6�248�(�B @K(1Q+8�;�0PG<8�03B<2{Q+$+2-03*�,-$+*>;�0A*-?),-0^6�$ .+03BV,I0K.+0K.N8�,4;�(	&^6�248�(�BV,>8�,-,-$ .+0
;=6O24*-03@A5Q01032Lz�?3BVJ3*-0U$+B�03@A5+8�;�03@K03B<2%.+0),f.N8�,4;�(	&^6�248�(�BV,^S � D 8�BR2-03*I6�&3248�(�B�.+0),f.N8�,4;�(<&^6�248�(�BV,L@K(1Q+8�;�0),
6^G�0)&�;�0�*-?),-0^6�$h.+0�.N8�,4;�(<&^6�248�(�BV,%8�@A@K(1Q+8�;�0),%5+*-("G�(<_<$V0>$+BV0O6�$+z:@K03BR2I6�248�(�BY.N$�@K?)&^6�B+8�,4@K0

1
;�(�*-,

.ED $+BY&3o	&3;�0H��rVz:$+*-0 ~NS N ���eSQT�0b.N$+*-&38�,-,-03@K03B<2>0),42g.+(�BV&W&)(�BV,42I6�@A@K03B<2�&3*-(�8�,-,I6�BR2�,4$+*12-(�$+2-0O;]D 6�@W\
5+;�8�24$V.+0>.+0U;=6K,-(�;�;�8�&38�2I6�248�(�Bh5+;=6�,4248�_<$V0�&)(�@A@K0>;]D 8�;�;�$V,-24*-03BR2%;�0),frVz:$+*-0),�~NS ~ �W032�~NS ~Nv:S

mobiles − immobiles
Interaction

immobiles
Réseau de dislocations Interaction

Dislocations
mobiles

croissante:

ε 1 croissant
lors d’un cycle
Empilement des

dislocations

<>= K>? ~NS N � ` � �JIKN�H�N���H�M��3IKG+T UWD3MKGJQ�� H U Q�� IKN�� C�!$GJI���D3MKGJQ�� �XU
��MKH�N��



������� ��������� ':���@� ��� � �

� � ����� � 8 ; 
��*,
2M1C �

0�8:9 .13*;��/2�?�6 3*8:97. � ?�6������ ?�6�3
	<�=,�.
� 0),'24*I6)G:6�$NM .+0�� H��"L t �OP�032�� � H	� L v	��PU(�B<2�?324$V.N8�?�;]D 8�B��V$V03BV&)0X.N$ .+?32-03*4@A8�B76�B<2

Det =
C11.C22 − C2

12

.+0�;=6X@P6�24*48�&)0Y.+0h&)(�$+5+;=6�z�0X6�z:8�,-,I6�B<2',-$+*P;�0),�G�6�*48=6OQ+;�0),H&38�BV?3@P6�248�_<$V0),',-$+*P;=6
&^6�;�8 Q+*I6�248�(�B .N$ *-(	&-[V032^S�| ;/6�5+576�*I6���2b_R$V0K5+;�$V,>;=6CG:6�;�03$+*�.+0K&)0�.+?32-03*4@A8�B76�BR2W0),42�?3;�03G�?)0P5+;�$V,>;�0
5+[V?3BV(�@KJ3BV0A.ED 6�&)&)(�@A@K(	.V6�248�(�B 5+;=6�,-248�_R$V0W0),42U*I6�5+8�.+0:S�A}(�$+*�;�0b&^6�,U;�8�@A8�2-0

Det = 0
9Q;�0b@K(<.+J3;�0

l�(�$+*4B+8�2c$+BV0�.+?el�(�*4@P6�248�(�B�.+0�*-(	&-[V032%5Z03*4@P6�BV03B<2-0:S
`aBb0exE032^9�03BOBV(�2I6�B<2

Tσ =
√

(σ1 − X1)2 + (σ1 − X1)2
9�;=6fl�(�*4@�$+;=6�248�(�BA$+B+8=6�MN8=6�;�0�8�@A5+;�8�_R$V0E^
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+

Cij

(
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∫
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Extensomètre transversal

Eprouvette

Extensomètre 50 mm

Extensomètre 12 mm
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� ���Z� �+G �����Z� � �z�Z�K©Z©Z��¡���©Z�g z z�¢���z�c�I���¢�g�ª© � � G �_� �NM ¡��Ä©Z�g z z�¢���z�c�I���¢�g�ª© �
Nk
��§	�� ¢�K© �

D Ô
	�� 	�� � ����v σ̇ = 30 MPa.s−1 � Ô ����� » ��~
	��[A �
	 R���� � ~ � ��� » � 	 ��� A �
	 ��N����
� ~ � ��� » Ô � ���[A �
	 	���� � ~������ » � 	
	�� A �
	 � �����
� ~ � ��� » Ô R ���[A ��	 ����� � ~ � ��� » ~ � ���[A ��	 N��

D Ô
	��nN��¼¦ � A�� ε̇ = 10−3s−1 	º��§	�� ¢�¡��Í�v§	�¨� ��� ���
ε̇ =

2.10−4s−1 	Â� � ���Z�K©N�v§	�|�K©¡�����§	�� ¢�K© �
± �NS � ~ � 	+£¥£ 	 ��N���� ± �NS �
	}£¥£ 	 ÔNS�	���� ±�NS �
	 R?Ô
	¾£¥£ 	 N���� ± �NS � R?Ô
	¾£¥£ 	 	���� ± �NS � R � � 	£¥£ 	 ����� ± �NS � � 	�£¥£ 	 	���� ± �NS �ON 	
	Á£¥£ 	 	����
± �NS � R?Ô
	¥£¥£ 	 N���� ± �NS � � 	
£¥£ 	 ~��

D Ô�� 	��¾¦ � A�� ε̇ = 2.10−4s−1 ± �NS � ~ � 	�£¥£ 	 	NS�	���� ± �NS �
	�£¥£ 	 R���� ±�NS �
	 R?Ô
	 	 R���� ± �NS � R?Ô
	±£¥£ 	 	���� ± �NS �
	·£¥£
	 	���� � �NS � R?Ô
	�� » �NS �
	'£¥£ 	 	���� ± �NS � R � � 	±£¥£
	 N��

D Ô��¾Ô�� � ���Ev σ̇ = 40 MPa.s−1 � ~ R ��� » � � ���[A ��	 �_Ô ���
D Ô�� ���¾¦ � A�� ε̇ = 10−3s−1 ± �NS � �¥£¥£ 	 	
	��
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Caméras CCD

Laser speckle
Bobine d’induction
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25 kW − 3MHz
Eprouvette+

Refroidissement par huile
de l’intérieur de l’éprouvette

Tube de verre
entourant l’éprouvette

maintenu par 2 armatures en Téflon
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Processus d’identification 
déterminant les coefficients du modèle

Modèle de comportement
élasto−viscoplastique

anisotherme 

Implantation du modèle 
dans ABAQUS−ZMAT

Enregistrement du champ 
de température pour chaque

noeud du maillage

des déformations,
Calul des composnates 

des contraintes ...
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�¬²´�K©��O��  � ©O�Z�2� � ¿ � �
�2�I�M�z�ª¡ � �����¢�g� £ �I�¢©��¤ Ã²É�I�¢¡��
¡³² � �Õ¹Â� � ��Ò� � ©��¢©��c�I�ª�K�Õ¡³² � �ª�L� � �¢©Z©c�I�ª�K�±¡��

1
� � 	 � �z« � �Z� CNS����eS�� � £ �g�Z���z�ª�C¡³²´�K©Z©c�I�N�K©��`���z ¢�g� � �Õ�2�I��g�Z¡��z�2�I�Z� � � � ½ � �z� � ¡ �  ¢�g«?�¢���¢��  �FE @ E �K©��c�I� Ô @ 	 < �Z�{� � ¡ � �Z�N¶7�g©��¢� E �K©�� � �I�Z� �eS�� � £ �z��� £ �¢©c�I���¢�g�¡ � «?�c�g¡��¢���E�7���ª��� £ �¢½ � �O©_²´�@¿³�K��� � �O�� Ã²É�I�¢¡��O¡��

3
���ª��� £ �	�K� � �� ¢�K©b�|�?©��z���¢�g��� � ©¼� � �K���E���Z�����7� ±5£¥£ ¡ � �K���E���Z�7¡��� Ã² � ���Z� �+G �����Z� S�� � £ �K© � �Z��¡��� ;�M¡ � ¹º�g� £ �I���¢�g�¥�K©����g©Z© � � � ���2�I� � �
� M �Z���ª©Z� £KJ ���Z� ¢�g��«?�z� � ¡��z�2�I ¨�g¡ª�I��� � � �NM �K©Z©c�I�¢©Ó�N�2� � �Z�K©Ó�Z� £ � � �c�I� � �Z�K©u¡��g�{�Ó ;� 12�g©Z�7¡�� £ �K© � �Z�¾�K©��Ó¡��

10
£¥£�S����  � �l»v���=�K©����� ;�g� � ¡ª�I�ª© � �71|�HG¢���¢�����Z�@¹º�Z�g�¢¡����2�I�Ó�_� � �N Ã²´� M � � ���¢� � �Ó¡ � ¹º� � � S�� ² � ���Z� �+G �����Z� � ���z z�¢© � ��K©Z� � �ª� � ���Z� �+G �����Z�Ä z�¢©Z©c��¡��g�E�¼ ;��« � � £`� �����¢�Á�K©��7�Z���|�g��� � ��© � �¼ ;�Á�ª« � �Z� CNSÉÔNS��� £¥£ �Ä��� � � � ¡�� £¥£ ���E� � �ª�����Z�	� � ¡ � �Z�Á� � �Z� £ �I���¢½ � �Ä�¨��� £ ���M¡��O���c�I�z�Z���M ¢�K©7�2�Z���¢���Z©M� M � � »��� £ ���{�c� �NMQS�� � 12�g©Z�Ñ� M � � ��� £ ���E�c�I ¢� � ���z z�¢© � �À�|� � �
 ;�±¡ � �ª���z���¢�g� ¡ � £ �	¡ J  ¢�À¡��Ñ¡ � � � �Ñ¡�� G �¢�
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�K©��b�K�g�ª©����z� �ª� �O¡��
46
�K©Z©o�I�¢©��Z� � ©����z ¢�g� � ©¼�Á¡ � ¹º�g� £ �I���¢�g�À� £ �¨�?© � �N�|� � �b¡��K©��Z� £ � � �c�I� � �Z�K©7�K� £ »�����¢©Z�K©Á���E���Z�

300
���

600◦ C
S�< �I� £ ���K� �NM »v���Ã¯

13
�g�{� � � � �@¿³�K��� �ª� ©Á ¢�g�Z©�¡��`�K�����Z� � � � ¡��°� � �ª��Z� £ � � �c�I� � �Z�`¡��

520◦ C
S '  ¢©�©Z�g�E���K� £ �¨�?© � ©�¡³²´�K©Z©o�I�¢©Ä©�§ £`� �����¢½ � �K©�¡�� G �z�Z�K©Z©Z�¥¡��¥©Z�g z z�¢���z�c�I���¢�g��¨� � �  ¢� G9� �:9 E @ 	

ε̇ = 10−3s−1 � �|� �+G �I�E�¤�z�ª��  � �Z�L¡��K©¥�Z� £ �ª©¤¡�� £ �I�z�{���¢��� 	 60 ��� 90
© � ������c�g�����¢�g�;9�@ E � � �K� £ ���Z�K©Z©Z�¢�g�<9�@¼� 	 G �g�z���ª« � �Z� CNS>=��eS ���K©��K©c©c�I�¢© G �¢©c�I�¢���{���Ä�K� £ ��  � �Z���b ;� 12�g©Z��z���z���;�I ¢�¥� � �I z�¢© � �¤� � � @ + � � < �2�I�@?BADC
� 5FE ADG 8 2.-E: ���Ä�����z�ª���z�2�I ¢� £ ���{���K� £ �¨�?© � �`¡³²´�K©Z©o�I�¢©Ä¡��¹Ã�I���z« � �¥�g z�z«9�{��§��� z�¢½ � �
�����;�I��« �  ;�I�z�Z�¤¡�� G �z�Z�K©Z©Z�
��  � © �  ¢� G9� �H9 E @ 	Â�À��� G �z�Z�g�

ε̇ = 10−2s−1 � � �¡��¼¹Â�I���z« � �M�Z�� ;� M �I���¢�g�­���c�g�����¢�g��9 Ô @ E 	
ε̇ = 10−3s−1 �eS µM�z�ª©��Ã¯E Ã²´���ª©Z� £ 1� ¢�O¡��K©��K©Z©c�I�¢©��K� �+G �Z� � �ª� ;�I��«9�N«E� £¥£ �O¡��N�Z� £ � � �c�I� � �Z�����7¡��O�K�g�ª¡��z���¢�g�ª©¼¡��N©Z�g z z�¢���z�c�I���¢�g�ª©7�¨��� £ �����c�I�E�¾¡ª�I�ª©� ;��© � �z�Z� � �¡�� £ �I�z�ª�Ä¡³²É�I���� z�¢�_�I���¢�g�C¡ �Ñ£ �	¡ J  ¢����  � © � �Z���ª¡ �sS
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FTR FRT

FRC

temps

Déformation ε

maxε

maxε−

F2RT
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� /�� ��� 0	��
sÌ � Ì30
� � 12�g©c�N� M � � ��� £ ���E�c�I ¢�Ä�K� £ ��  J �Z���K©���� � © ��£`� ��¡ª�I�ª©b ¢�K©b�c�(1� ¢�_� �NM CNS�� » CNS 2VS '  ¢©b¡ � ����� G ���E�¾ ¢�K©¡��l¿ � �Z���E�Z�K©M�K�g�ª¡��z���¢�g�ª©¾¡³²´�K©Z©c�I�¢©7¡���¡ � � � ��¡�� G �¢�?¯ª�I�z�ª©��¬½ � �O ¢�O�ª� £ 1��Z�Á¡�����§	�� ¢�K©¼��� � ��� � �Z�

NR���7 ¢�O��� G �_� �Õ£ � M � £ �I 
σM
��� £ �z��� £ �I 

σm
¡����K�g�E���c�I�z�{�Z�Á�����Z��«?�¢©���� � � £ �l»v¡ � � � �Ä¡�� G �¢� S

� ��
 � CNS�� �������������������������� !�"�"#����%$!��&�'(�� )�%�� )*�$)+!'�#,��&�'� )�-�� 
300

 !�
500◦ C . /�0!1

2 i@avUX�xW43_qVUXwxW ∆ε 5�687 ε̇ 5 s−1 7 tm 5 a 7:9 NR 5 Y,;?Ycp�\@a 7 σm < σM < 5 =?> 3 7

3
0
0
◦

C @BA nDC�E�F�G�HJI�K ] KLI)CNM"F�HPO�C�C ±0.425 1.7.10−2 C O4I)G�C�C MRQ4I)F ]K� C
@BA nDC�G�HDFSKLI)CNM"F�HPO�C�C ±0.5 2.10−2 C I)C�T�C�C MRQ � T Q � F
@BA nDC�TSHDFSK EUKLI)CNM"F�HPO�C�C ±0.6 2.4.10−2 C E�E�C�C MVI)C�C�O � G�G
@BA nDC ] HDFSK Q4KLI)CNM"F�HPO�C�C ±0.7 2.8.10−2 C F � C�C MVI)C�E�F �x� Q

T
=

5
0
0
◦

C @BA nDC�E�GSHJI�K QSKWI!C�MXFSHDG�C�C ±0.45 1.8.10−2 C T�Q�G�C�C M ] T�O T�C�F
@BA nDC�E�GSHJI�K QSKWI!C�MXFSHDG�C�C ±0.45 1.8.10−2 C ] C�C�C�C M ] C � T�F�T
@BA nDC�E�T4HJI�K Q�EUKLI)CNM"F�HDG�C�C ±0.46 1.84.10−2 C I)C�F�C�C�C M ] O�O ] C�Q
@BA nDC�E ] G�HJI�K � KLI)CNM"F�HDG�C�C ±0.475 1.910−2 C GSI!C�C�C M ]_�I] ] F�E
@BA nDC�G�HDFSKLI)CNM"F�HDG�C�C ±0.5 2.10−2 C ]x] C � MRQ�G�Q ] IYG
@BA nDC�TSHDFSK EUKLI)CNM"F�HDG�C�C ±0.6 2.4.10−2 C E�F�C�C MRQ � C Q�F�E
@BA nDC�TSHDFSK EUKLI)CNM"F�HDG�C�C ±0.6 2.4.10−2 C E�C�C�C MRQ � Q Q�G�Q

� ��
 � C�ZÉÔ �������������������������� !�"�"#����%$!��&�'(&��� [�� Y*�$)+!'N#\��&�'� ]�� 
550◦ C . /�0!1

2 i@avUX�xW43_qVUXwxW ∆ε 5�687 ε̇ 5 s−1 7 tm 5 a 7:9 NR 5 Y,;?Ycp�\@a 7 σm < σM < 5 =?> 3 7

T
=

5
5
0
◦

C @BA nDC�O � HJI�K�G�T4KLI)CNM"F�HDG�G�C ±0.39 1.56.10−2 C I!E�Q�G�C�C MXTSI\E G�G�Q
@BA nDC�E4HJI�K T4KLI)CNM"F�HDG�G�C ±0.4 1.6.10−2 C ] T�G�C�C MXT�E4I G � C
@BA nDC�E�F�G�HJI�K ] KLI)CNM"F�HDG�G�C ±0.425 1.7.10−2 C E�E�C�C�C M ] C�G T�E�O
@BA nDC�E ] G�HJI�K � KLI)CNM"F�HDG�G�C ±0.475 1.9.10−2 C Q�E�C�C M ] G�O T �I]
@BA nDC�G�HDFSKLI)CNM"F�HDG�G�C ±0.5 2.10−2 C � C�C�C M ] E4I T ] I
@BA nDC�TSHDFSK EUKLI)CNM"F�HDG�G�C ±0.6 2.4.10−2 C O ] C�C M ]K� C ] O�Q

� �K©7� � © �  z�c�I�Z©¼�;1��Z��� � ©¾�K�g���ª� £ ���E�N�K� ��^ ��� � ©c���E� � ©¼¡ª�I�ª©7 ;���2�I�����¢���K�g�ª©c�g��� � ��� � �K� £ �¨�g���Z�@»£ ���{� Z � �C�@¿³���_¯2��  � ©��¢� � �Z©N�2�I�c� £`_ ���Z�K©N z� � ©�� ��^ �K�g�ª¡��z���¢�g�ª©�¡³²´�K©Z©c�I�¢©O�m¿¨�K���Z���{�O ;�`¡ � � � ��¡��ba	�¢� Z
'  Ó©_²É�I«?�z�Ä¡��¥ ;�À�Z� £ � � �c�I� � �Z�?¯T¡��` ;�°¹�� � ½ � ���ª�K�`¡��¥ Ã²´�K©Z©o�I�u�I�z�ª©��u½ � �`¡ � ���ca9�_� � ¡��`©c�g z z�¢���z�c�I���¢�g��I���� z�¢½ �ª��Z

� �z��d � ���ª�K�Á¡��� ;���Z� £ � � �c�I� � �Z� �
� �K©7�ª« � �Z�K© C�Z 2 » C�Z C¥£ �g�E���Z���{��½ � �Ä©c�g�Õ� � « £ ���E�c�I���¢�g�'���E���c� G¢�ª� � �ª�Ä¡�� £ �z� � ���¢�g�C¡ � ���ca9�_� �¡��M�K�g�E���c�I�z�E�Z�?¯ � �ª�N� � « £ ���{�c�I���¢�g�L¡��¾ Ã² �z�{�Z���ª©��z� � ¡��M¡ � �K�g�ª©Z�g z�¢¡ª�I���¢�g�L��� � �ª� 12�I�¢©Z©Z�N¡��¼ ;�Á¡ � � � �¡��ea	�¢� Z
� �z��d � ���ª�K�Á¡ � ���ca9�_� � ¡���©Z�g z z�¢���z�c�I���¢�g� �
fhgjiVkJl�m�n�iok8p!q�rNs"qtiVrui�rvsXwhp!xVs"q�y)ruy)zex�y!kJl�w"i�mXmXq�y!r{�| p,whp!kJ}VsXw"i�m�~]kJq���n�z�w"��i�n�i���q�i�� � | p,�
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2 i@avUX�xWU3KqVUXwxW ∆ε 5�6J7 ε̇ 5 s−1 7 tm 5 a 7B9 NR 5 Y\;gYcp�\@a 7 σm < σM < 5 =?> 3 7

� �
	

� �

 �
���

T
=

5
2
0
◦

C
@:A nPC�T4HJI!CNM"F�HDG�F�C ±0.6 10−2 C O�EUI!T M � F�F Q�T�G
@:A nPC�T4HPTSKWI!CNMRE4HDG�F�C ±0.6 6.10−4 C O�O�GNE MXQ�T � QSI!O
@:A nPC ] G�HJI!C�MRO4HDG�F�C ±0.75 10−3 C I�I)Q � M � F�T Q ] O
@:A nPC � HJI!CNM"F�HDG�F�C ±0.9 10−2 C Q ] Q M �x� I � E�C
@:A nPC � HJI!CNMXOSHDG�F�C ±0.9 10−3 C G�T�G M � Q�T � O �
@ n A C�TSHJI)CNMXOSHDF�C4HDG�F�C ±0.6 10−3 F�C F�O�F�T M � O�G ] Q �
@ n A C ] GSHJI!CNMXOSHDF�CSHDG�F�C ±0.75 10−3 F�C �I] E M �I] Q Q ] F
@ n A C � HJI)CNMXOSHDF�C4HDG�F�C ±0.9 10−3 F�C GNE�E M � E�T Q�TSI
@ n � C�TSHJI)CNMXOSHDF�C4HDG�F�C ±0.6 10−3 F�C I!O�F�T M ] T�O Q ] O
@ n � C ] GSHJI!CNMXOSHDF�CSHDG�FNC ±0.75 10−3 F�C ] C�Q M � I � � F�O
@ n � C � HJI)CNMXOSHDF�C4HDG�F�C ±0.9 10−3 F�C E ] C M � IYF � I!C
@ n � C�TSHJI)CNMXOSHPT�C4HDG�F�C ±0.6 10−3 T�C �I]m] MXQ�F�F Q�G�F
@ n � C � HJI)CNMXOSHPT�C4HDG�F�C ±0.9 10−3 T�C G�F�Q M � O�O � O �

� ��
 � C�Z 2 � �������������������%���� !�h�X#�����$!��&�'u�� )���� )*�$)+!'�#,��&�'� )�-�� 
520◦ C . /�0\1

2 i@avUX�xWU3KqVUXwxW ∆ε 5�6J7 ε̇ 5 s−1 7 tm 5 a 7B9 NR 5 Y\;gYcp�\@a 7 σm < σM < 5 =?> 3 7

T
=

5
2
0
◦

C @ F_n A I�K�F�HJI)CNMXOSH ] T4HDG�F�C +1.2 10−3
] T I)GSI!C M � E�T Q�O�E

@ F_n A I�K O�GSHJI!CNMXOSH ] OSHDG�FNC +1.35 10−3
] T I\E�O�C M � T�O Q4I ]

@ F_n A I�K�G�HJI)CNMXOSH ] C4HDG�F�C +1.5 10−3
] C I!C�G�C M � I!Q Q�C�E

@ F_n A I�K QSHJI)CNMXOSHPT�EUHDG�F�C +1.8 10−3 T�E E � G M � E�G Q�G�T
@ F_n A I�K QSHJI)CNMXOSHPT�EUHDG�F�C +1.8 10−3 T�E ] F�C MVI)C�O�T � I ]

� ��
 � C�Z C � �-�����������������%���� )�"�X#��t��$)��&�'v�� )�%�� )*�$)+)'N#,��&�'� !�-�� 
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2 i@avUX�xWU3KqVUXwxW ∆ε 5�687 ε̇ 5 s−1 7 tm 5 a 7�9 NR 5 Y\;gYcp�\@a 7 σm < σM < 5 =?> 3 7

T
=

5
6
0
◦

C @ F_n A I�KWI�HJI)CNMXOSH ] Q4HDG�T�C +1.1 10−3
] Q I)G�O�C M ] I)C G � F

@ F_n A I�K�F�HJI)CNMXOSH ] T4HDG�T�C +1.2 10−3
] T I!C�C�C M ] F�O T�FNE

@ F_n A I�K O�GSHJI!CNMXOSH ] OSHDG�T�C +1.35 10−3
] O Q�F�C M ] C�T T�F ]

@ F_n A I�K�G�HJI)CNMXOSH ] C4HDG�T�C +1.5 10−3
] C G�T�C M ] T�C T ]K�

@ F_n A I�K QSHJI)CNMXOSHPT�EUHDG�T�C +1.8 10−3 T�E E�E G M ] E G T�Q�C

T
=

6
0
0
◦

C @:A nPC�O�E4HJI�K O�T4KLI)CNM"F�HPT�C�C ±0.34 1.36.10−2 C O�F�C�C�C M"G�I!E G�I ]
@:A nPC�O�G�HJI�K E4KWI!C�MXFSHPT�C�C ±0.35 1.4.10−2 C I � C�C�C M"G�F�T G�I)F
@:A nPC�O ] G�HJI�K GSKLI)CNM"F�HPT�C�C ±0.375 1.5.10−2 C I!T�Q�C�C M"G ] I G�G ]
@:A nPC�EUHJI�K TSKWI!CNM"F�HPT�C�C ±0.4 1.6.10−2 C I ] C�C�C M"GNE � G�I\E
@:A nPC�E G�HJI�K QSKWI!C�MXFSHPT�C�C ±0.45 1.8.10−2 C T�G�C�C MXTSI ] TSI!O
@:A nPC�GSHDF�KWI!CNM"F�HPT�C�C ±0.5 2.10−2 C E�Q�C�C MXT�C�E G � I
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¡��¢©Z�2�I�c� G¢���Z�Á�K� £ ��  _ �Z� £ ���{�
	 9¸�z« � �Z�K© C�Z 2 » C�Z C��)Z
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FTR ± 0.7%; 2.8 10−2 s−1; N
R
=2900 cycles

FTR ± 0.6%; 2.4 10−2 s−1; N
R
=4400 cycles

FTR ± 0.5%; 2 10−2 s−1; N
R
=10600 cycles

FTR ± 0.425%; 1.7 10−2 s−1; N
R
=31500 cycles

���	5 � C�Z 2 � � '>7 �+3 78!5!5��� � �"!5' � 78!5(�$%' ,�� ��� ���

�)+�6, 3�78'%� , � ��� - )+� 
0,�'%)+� ��� $>7 ��20- )+3 ! 7 , '%)+� (�$>78���
,�'��6����
"� ! ��$%2�� (*)+��3.� ����, ��!5( 2�3 7 ,�� 3 ����� 300◦ C
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FTR ± 0.45%; 1.8 10−2 s−1; N
R
=6500 cycles

FTR ± 0.5%; 2 10−2 s−1; N
R
=4800 cycles

FTR ± 0.375%; 1.5 10−2 s−1; N
R
=16800 cycles

FTR ± 0.4%; 1.6 10−2 s−1; N
R
=17000 cycles

FTR ± 0.35%; 1.4 10−2 s−1; N
R
=1900 cycles

FTR ± 0.34%; 1.36 10−2 s−1; N
R
=32000 cycles

����5�� C�Z C � � '>7 �+3 78!5!5���D����!5' � 78!5(�$%' , �����&���

�)+�6, 3 78'%�6, � ����- )+� 
0,�'%)+��� ��$>7 � 2�- )+34! 7 ,�'%)+� (�$>78���
, '��1����
���! ��$%2���( )+� 3.������, ��!5(*2"3 7 , ��3 ��� � 600◦ C
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FTR ± 0.9%; 10−3 s−1; N
R
=565 cycles

FTR ± 0.75%; 10−3 s−1; N
R
=1189 cycles

FTR ± 0.9%; 10−2 s−1; N
R
=878 cycles

FTR ± 0.6%; 10−2 s−1; N
R
=3416 cycles

FTR ± 0.6%; 10−3 s−1; N
R
=3354 cycles

���	5 � C�Z � � � '>7 �+3 78!5!5��� � �"!5' � 78!5(�$%' ,�� ��� ���

�)+�6, 3�78'%� , � ��� - )+� 
0,�'%)+� ��� $>7 ��20- )+3 ! 7 , '%)+� (�$>78���
,�'��6����
"� ! ��$%2�� (*)+��3.� ����, ��!5( 2�3 7 ,�� 3 ����� 520◦ C
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a] FRC ± 0.9%; 10−3 s−1; t

m
=20s; N

R
=470 cycles

FTR ± 0.75%; 10−3 s−1; t
m

=20s; N
R
=708 cycles

FRC ± 0.6%; 10−3 s−1; t
m

=20s; N
R
=1326 cycles

FRC ± 0.9%; 10−3 s−1; t
m

=60s; N
R
=528 cycles

FTR ± 0.6%; 10−3 s−1; t
m

=60s; N
R
=977 cycles

����5�� C�Z�� � � '>7 �+3 78!5!5���D����!5' � 78!5(�$%' , �����&���

�)+�6, 3 78'%�6, � ����- )+� 
0,�'%)+��� ��$>7 � 2�- )+34! 7 ,�'%)+� (�$>78���
, '��1����
���! ��$%2���( )+� 3.������, ��!5(*2"3 7 , ��3 ��� � 520◦ C

<   � ©¤ ;� a{�z�Z�K©c©Z�·�K©�� �  ¢�Ya � �Õ���°��  � ©­ ¢�K© 1¨� � �� ¢�K©°¡³² �{§	©Z� � � � ©��¢©À©Z�g�E�Ñ�I z ¢�g��« � �K©À��� £ �g�z�ª©­ ;��� ;�g©����l�2�_�I���¢�g�C��§��� z�¢½ � �Á�K©��¾� £ �¨�g���c�I�E�Z� Z � �°¡ � � � ��¡�� a{�¢���K©��N�I ¢�g�Z©O�m¿¨�K��� � �Á�2�I� � �ª� 12�I�¢©Z©Z�Á¡�� ;�¤¹º� � ½ � ���ª�K�¥¡��� Ã²´�K©Z©c�I� 	 9¸�z« � �Z� C�Z ���)Z � �K©��Z� £ �ª©�¡�� £ �I�z�{���¢����¡ª�I�ª©� ¢�K©���§��� ¢�K© Bs� � ���{� � �'���g ¢�©�� £ �z ;�I�z�Z�Á�� ;�Á¹�� � ½ � ���ª�K�Ä���¾�K�g�{�����?1 � ���E���� ;�¥¡�� £ �z� � ���¢�g�±¡��� ;�
¡ � � � �Ä¡�� a	�¢��	 9¸�z« � �Z� C�Z����)Z
� �����ª�¬¯T ;�À�Z����� � ©Z���{�c�I���¢�g�,����¡ � ¹Â�g� £ �I���¢�g���� ;�g©Z���¢½ � �°� ��£��   � � 	 9¸�z« � �Z�K© C�Z 2 » C�Z C�� �z�ª¡��¢½ � �� «E�I ¢� £ ���{��½ � �Á�K�Ä�2�I�c� £`_ ���Z���ª�Ä�¨� � � ) ���Z���K�g�ª©��¢¡ � � � �K� £¥£ � � �±�����z� _ �Z�Á¡���� � ��� � �Z� Z µ� � ��� � �Z�?¯=�K�� z ¢�@»v���-a?�I���¢�Ä¡��
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FTR − 0.01/s − 520
FTR − 0.001 /s − 520
FRT − 0.001 /s − 520
FRC − 0.001 /s − 60 s − 520
FRC − 0.001 /s − 20 s − 520
FTR − 300
FTR − 500
FTR − 550
FTR − 600
F2RT − 520
F2RT − 560
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{v}(t + ∆t) = {v}(t) + {v̇}(t)∆t + O(∆t2)
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{∆v} = ∆t {v̇}(t + θ∆t)
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θ = 0
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i = 1, 2 Q1 = Q1∞(1 − e−2µq)
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√

3
2∆v ∂n

∂σA

� �
� !

∂Rαi

∂∆αj
= −

√
3
2

∂n
∂∆αj

∆v

� +21��! B� "  �!*�$&+ " �

∂n
∂∆αi

= ∂n
∂X

∂X
∂∆αi

= −2
3Ciθ

∂n
∂σ

< �! �� 1�% $ # % "  �$ �
∂Rαi

∂∆αj
= θCj

√
2
3∆v ∂n

∂σ i 6= j

< " 1 $ *�(C1�1��!*�+ i = j

∂Rαi

∂∆αi
= I −

(√
3
2

∂n
∂∆αi

− DiθI

)

∆v −
(

2
3

)mi−1
∂

∂∆αi

(
αi

J(αi)

〈
CiJ(αi)

Mi

〉mi
)

∆t

E '�1 $ %'�2%-$0�! �( $ " . " +& �% " +,$ " ++� " 1� ��!$0�! �( αi = α
1
Ci = C

1
mi = m " $ Mi = M :

(

∂
∂∆α

(

α
J(α)

〈

CJ(α)
M

〉m)
)

ijkh

= ∂
∂∆αkh

(

αij

J(α)

〈

CJ(α)
M

〉m)

= θ
δikδjh

J(α)

〈

CJ(α)
M

〉m

+ αij
∂

∂∆αkh

(

1
J(α)

)〈

CJ(α)
M

〉m

+
αij

J(α)
mC
M

〈

CJ(α)
M

〉m−1
∂J(α)
∂∆αkh

= θ
Iijkh

J(α)

〈

CJ(α)
M

〉m

− 3
2θ 1

J(α)3

〈

CJ(α)
M

〉m

(α ⊗ α)ijkh +

〈

CJ(α)
M

〉m−1
3
2θmC

M
1

J(α)2
(α ⊗ α)ijkh
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4 $ # % "  $ �
∂

∂∆α

(

α
J(α)

〈

CJ(α)
M

〉m)

= θI 1
J(α)

〈

CJ(α)
M

〉m

− 3θ
2J(α)3

〈

CJ(α)
M

〉m

α⊗α+3θ
2

〈

CJ(α)
M

〉m−1
mC
M

1
J(α)2

α⊗
α

< 4 ��M $ " +0/�(0* $ $ �>$ �

∂Rαi

∂∆αi
= I+θ

(√
2
3Ci

∂n
∂σ+DiI

)

∆v+

(

2
3

)mi−1

θ
I

J(αi)

〈
CiJ(αi)

Mi

〉mi

∆t−
(

2
3

)mi−1
3
2θ 1

J(αi)3

〈
CiJ(αi)

Mi

〉mi

∆tαi⊗

αi +

(

2
3

)mi−1
3
2θ miCi

MiJ(αi)2

〈
CiJ(αi)

Mi

〉mi−1

∆tαi ⊗ αi i = 1, 2

� � �� 
Rq

!

� �	� !

∂
∂∆εe

(n : n∗) = θ

(

n∗ ∂n
∂σA

)

+ n ∂n∗

∂∆ξ

� � � !

∂Rq

∂∆αi
= −ηH(F )∆vn∗ ∂n

∂∆αi

= 2
3ηθH(F )∆vCin

∗ ∂n
∂σ

� � � !

E&'�1 $ %'�2%-$0�! �( .54 �68��!+0. $ " $ " ++� " (&*�% # �> $ �
(

∂n∗

∂∆ξ

)

ijkh

=
∂n∗

ij

∂∆ξkh
=
√

3
2

∂
∂∆ξkh

(
(εpij−ξij)

J(εp−ξ)

)

= −
√

3
2

θ
J(εp−ξ)δikδjh −

√
3
2

1
J(εp−ξ)2

(εpij − ξij)
∂J(εp−ξ)

∂∆ξkh

= −
√

3
2

θ
J(εp−ξ)Iijkh +

√
3
2

1
J(εp−ξ)2

(εpij − ξij)
∂J(εp−ξ)

∂∆εpkh

= −
√

3
2

θ
J(εp−ξ)Iijkh +

√
3
2

1
J(εp−ξ)2

(εpij − ξij)
3
2

θ
J(εp−ξ)(εpkh − ξkh)

= −
√

3
2

θ
J(εp−ξ)Iijkh +

√
3
2θn∗

ijn
∗
kh

1
J(εp−ξ)

= −
√

3
2

θ
J(εp−ξ) (Iijkh − n∗

ijn
∗
kh)

� %- �(&%^1��! ��8�$&% "  �$ �

∂n∗

∂∆ξ = −
√

3
2

θ
J(εp−ξ) (I − n∗ ⊗ n∗)
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∂Rq

∂∆ξ = −ηH(F )∆vn ∂n∗

∂∆ξ

� � �� 
Rξ

!

� �	� !

∂Rξ

∂∆εe
= −

√
3
2(1 − η)H(F ) ∂

∂∆εe

(

< n : n∗ > n∗

)

∆v

E '�1 $ %'�2%-$0�! �( $ ��.�/2+&% # / " 1 �>+&$&% " $ $ " �

∂
∂∆εe

(

< n : n∗ > n∗

)

= n∗ ⊗
(

n∗ ∂n
∂∆εe

)

+ n∗ ⊗
(

n ∂n∗

∂∆εe

)

+ < n : n∗ > ∂n∗

∂∆εe

� �
� !

� �!$0�! �(
αi = α

∂Rξ

∂∆α = −
√

3
2(1 − η)H(F ) ∂

∂∆α

(

< n : n∗ > n∗

)

∆v

E '�1 $ %'�2%-$0�! �( $ ��.�/2+&% # / " 1 �>+&$&% " $ $ " �

∂
∂∆α

(

< n : n∗ > n∗

)

= n∗ ⊗
(

n∗ ∂n
∂∆α

)

� " # *�%8%���1 $ %,#�* " �
∂Rξ

∂∆αi
= 2

3θCi(1 − η)H(F )∆vn∗ ⊗ n∗ ∂n
∂σ

� � � !

∂Rξ

∂∆ξ = I −
√

3
2(1 − η)H(F )∆v ∂

∂∆ξ

(

< n : n∗ > n∗

)

E '�1 $ %'�2%-$0�! �( $ ��.�/2+&% # / " 1 �>+&$&% " $ $ " �
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(

∂
∂∆ξ

(

< n : n∗ > n∗

))

ijkh

= ∂
∂∆ξkh

(

< n : n∗ > n∗
ij

)

= ∂
∂∆ξkh

(
∑

u,v nuvn
∗
uvn

∗
ij

)

=
∑

u,v nuv

((

∂n∗

∂∆ξ

)

uvkh

n∗
ij + n∗

uv

(

∂n∗

∂∆ξ

)

ijkh

)

=

(

n ∂n∗

∂∆ξ

)

kh

n∗
ij +

(

∂n∗

∂∆ξ

)

ijkh

< n : n∗ >

=

(

n∗ ⊗
(

n ∂n∗

∂∆ξ

))

ijkh

+ < n : n∗ >

(

∂n∗

∂∆ξ

)

ijkhZD%- � $ " � "  �$ �
∂Rξ

∂∆ξ = I −
√

3
2 (1 − η)H(F )∆v

(

n∗ ⊗
(

n ∂n∗

∂∆ξ

)

+ < n : n∗ > ∂n∗

∂∆ξ

)

&  " ' " ��1 $ " .54 �>1�1 $ %'�	�>$&%'�! " (&$ 1�+0/�( "  $0/ (&*�+ $ " ( 4P%;*�+ " (�� : > " $ � : ��"  (0%�� * $ �> $<#�* " $ #�* " (� �
� $ " ( . " ? �>$&%�%;* " + " $ �.'��>$&%'�! : F � # %-$ " (0( " . " (0� $ $ %'�2%-$ �>$&%'�! " (0$ . " ε̇ = 10−3s−1 � ##" �@*� $ " ��1�(. " � �>%- $&% "  "  $&+ �!�2$&%'�! �. " 50 s : F8" ( ��� "�� �2% "  �$0( *�$&% $ %'(0/�( (0�! $ � " *(' . " $ 4 �!�2% " + 55NiCrMoV 7
� 500◦ C

. " $ 4 /2$ �>1 " 3
.
* � ��.�� $ " . " $ 4 � � E [ � :
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8 2�� ( � : � H?�����	��

��

�������������@�	�������������
��� ��� ����!���
"�������#���	��$���%�� ���3& θ ( �	�������*�)�"+A���B��/*��$���%�� ���
&C072��)!�� (D4 2)����
 +E6)�����:�������#%���� ����

��� ��� ( �����	���

G/H	�3H�F � 
 XZY � ��O��1O [JS�� � � 
 M � [
� �TV/U � 
 S3U ��YJV
2M1C

< " � �> �%,�2+ " �> � $ ��%;* " �>*T� ��.�� $ " . " $ 4 � � E [ �91 # �!%'�2% $ " (�.�/ ##" $ �!1�1 " � "  �$0(  �/�� " (0( �>%-+ " (�13�!*�+%���1 $ �> �$ " + $ " � ��.�� $ " 2M1C
.��> �( WA�]Z [ � � E :

 � �D� ���"!�� ��� � ��# �#�	�
� � � � $ � �
���
� ���	�&# � � � � � ���
� � �'� � � � ��� �
� ���7� " 1�+0/���/�. " �7� "  $21�� " $&$ " 1 �>+&$&% " " (&$,(&* � ( �> $ " 13�!*�+ $ �X� /2$+*���. " " '�1 $ %'�2%-$ ";: &  " %- �$0/5�%;+ �>$&%'�! �. " $J��1 " [ *� �% " �]\ *�$&$ �@� ##" � 1 �!( . " $ " ��1�(,�!.��>1�$ �>$&% ?� �/�� " (0(&%-$ " ( " * $ " � "  �$ $ 4 " '�1�+ " ( (&%'�! . " (,//#�* �>$&%'�! �( .54 / # � $ *�$&%'�! .
*�� ��.�� $ ";:




 � ��� � ��� ����� ���  "� � � �

� �!$0�! �( �
X =

∑2
i=1 Xi "

$
R =

∑2
i=0 Ri :

H F �!%'(,.54 /2$ �>$ �
σ = A εe; σi = Aiσ; i = 1, 2;

Xi = 2
3(Ciiαi + Cijαj) i = 1, 2

Ri = biQiri;
1��!*�+ �

i = 1, 2 Q1 = Q1∞(1 − e−2µq)

H � *�+ ?A�!� " . " �"* �>++% " � f =
√

J(σ1 − X1)2 + J(σ2 − X2)2 − R

H �B* $ $&%-1 $ %'�	�>$ " *�+ � λ̇ =

〈

f
K

〉n

H F �!%5%'(0�!$&+0�!1 " � ṙi = λ̇(1 − biri) i = 1, 2;

H F �!%8�2%- �/-� �>$&%,#�* " �
α̇i = λ̇

(

ni − Di

Cii

(

Ciiαi + Cijαj

))

−
(

2
3

)mi−1
Ciiαi+Cijαj

J(Ciiαi+Cijαj)

〈
J(Ciiαi+Cijαj)

Mi

〉mi

i = 1, 2

H < / ? �!++� �>$&%'�! 1 $ �!(0$&%,# * " � ε̇in = λ̇(A1n1 + A2n2)

� ##" � � ni = ∂f
∂σi

= 3
2

σi
′
−Xi

′

√
J(σ1−X1)2+J(σ2−X2)2

i = 1, 2

H � �!++� � $ " *� �%-$ �>%-+ "R� $ ��(&*�+ ? �!� " . " �"* �>++% " �
n = ∂f/∂σ

||∂f/∂σ|| =
√

3
2

A1(σ1
′
−X1

′
)+A2(σ2

′
−X2

′
)√

A2
1J(σ1−X1)2+A2

2J(σ2−X2)2+3A1A2(σ1
′−X1

′
):(σ2

′−X2
′
)

=
√

3
2

Nn

Dn
;

H � *�+ ?A�!� " . "  ��! B/��2+0�!*�%'(0( �6% " � F = 2
3J(εp − ξ) − q

H E Q5" $ � /-� �!%-+ " .
*�$&+ �.: " $ . " (,.�/ ?A�!++� �>$&%'�! �( 1 $ �!(&$&%,#�* " ( �
q̇ = ηH(F ) < n : n∗ > λ̇

ξ̇ =
√

3
2(1 − η)H(F ) < n : n∗ > n∗λ̇

H � �!++� � $ " *� �%-$ �>%-+ "R� $ ��(&*�+ ? �!� " . "  ��! B/��2+0�!*�%'(0( �6% " � n∗ =
√

3
2

εin−ξ

J(εin−ξ)

� �
�  � � � �  � � � �'����� � � � � �2���#� �D� ���'���
Re = ∆εe−∆εt+∆εin = ∆εe−∆εt+A1∆ε1+A2ε2 = ∆εe−∆εt+∆λ

(

A1n1+A2n2

)

= 0

Rλ = ∆λ −
〈

f
K

〉n

∆t = 0

Rαi
= ∆αi −

(

ni − Di

Ci
(Ciiαi + Cijαj)

)

∆λ +

(

2
3

)mi−1
Ciiαi+Cijαi

J(Ciiαi+Cijαj)

〈
J(Ciiαi+Cijαj)

Mi

〉mi

∆t

Rq1 = ∆q1 − ∆λ(1 − b1q1)
Rq2 = ∆q2 − ∆λ(1 − b2q2)
Rq = ∆q − ηH(F ) < n : n∗ > ∆λ

Rξ = ∆ξ −
√

3
2(1 − η)H(F ) < n : n∗ > n∗∆λ

< �> �( $ " (��
(&$"�-� " .54 //#�* �>$&%'�! �( 1�+0/���/�. "  $21 $ " ( # �>+&%=�68 $ " ( %- $ " +& " (,�����7� " αi
(0�! $ " '
1�+&%�� / " (



� � � � ����� � � �	�
���
� ���'� � � � ����� ���	� � �!�	
��

������

�����7� " αi(t) + θ∆αi :�F8" (=��(&$"�-� " 4� � $ 1 " *�$ (�4 � # /2+ " +,$0�!*�$ � ? �>%-$,������1 $ " ' ";:
F � � �>$&+&%'� " :0�!����8�% "  � " (&*�% # �> $ "," (0$ �!(0( " �R8 $ / " 1��!*�+ ? �!++� " + $ " (=��(&$"�-� " .54 //#�* �>$&%'�! �( + " (0� $ *
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




















Re

Rλ

Rα1

Rα2

Rq1

Rq2

Rq

Rξ






















=






















∂Re

∂∆εe

∂Re

∂∆λ
∂Re

∂∆α1

∂Re

∂∆α2

∂Re

∂∆q1

∂Re

∂∆q2

∂Re

∂∆q
∂Re

∂∆ξ
∂Rλ

∂∆εe

∂Rλ

∂∆λ
∂Rλ

∂∆α1

∂Rλ

∂∆α2

∂Rλ

∂∆q1

∂Rλ

∂∆q2

∂Rλ

∂∆q
∂Rλ

∂∆ξ
∂Rα1

∂∆εe

∂Rα1

∂∆λ

∂Rα1

∂∆α1

∂Rα1

∂∆α2

∂Rα1

∂∆q1

∂Rα1

∂∆q2

∂Rα1

∂∆q

∂Rα1

∂∆ξ
∂Rα2

∂∆εe

∂Rα2

∂∆λ

∂Rα2

∂∆α1

∂Rα2

∂∆α2

∂Rα2

∂∆q1

∂Rα2

∂∆q2

∂Rα2

∂∆q

∂Rα2

∂∆ξ
∂Rq1
∂∆εe

∂Rq1
∂∆λ

∂Rq1
∂∆α1

∂Rq1
∂∆α2

∂Rq1
∂∆q1

∂Rq1
∂∆q2

∂Rq1
∂∆q

∂Rq1
∂∆ξ

∂Rq2
∂∆εe

∂Rq2
∂∆λ

∂Rq2
∂∆α1

∂Rq2
∂∆α2

∂Rq2
∂∆q1

∂Rq2
∂∆q2

∂Rq2
∂∆q

∂Rq2
∂∆ξ

∂Rq

∂∆εe

∂Rq

∂∆λ
∂Rq

∂∆α1

∂Rq

∂∆α2

∂Rq

∂∆q1

∂Rq

∂∆q2

∂Rq

∂∆q
∂Rq

∂∆ξ
∂Rξ

∂∆εe

∂Rξ

∂∆λ

∂Rξ

∂∆α1

∂Rξ

∂∆α2

∂Rξ

∂∆q1

∂Rξ

∂∆q2

∂Rξ

∂∆q

∂Rξ

∂∆ξ










































∆εe

∆λ

∆α1

∆α2

∆q1

∆q2

∆q

∆ξ




















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� � �� 
Re
!

∂ni

∂σi
=

I−ni⊗ni√
J(σ1−X1)2+J(σ2−X2)2
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