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ABSTRACT The normal critical behavior at low temperature and inverse critical behavior at high
temperature of 5456 Al–based alloy were observed via tension tests at different temperatures. By
comparing the stress–strain curves at different temperatures, the lower and upper envelope curves were
identified. Before the critical strain, the stress followed the lower envelope curve at low temperature
while followed the upper envelope curve at high temperature. The subsequent serrations, which were
upward at low temperature but downward at high temperature, waved between the two envelope curves.
Furthermore, in relation with stress and dislocation motion, two types of dislocation motion for stable
plasticity corresponding to the upper and lower envelope curves were presented, respectively. The
lower envelope curve implied few dislocations were pinned by solute, while the upper envelope curve
implied some dislocations were pinned by solute prior to escape. Finally, two critical mechanisms were
proposed that the critical strain depended on the first pinning process in normal behavior and on the
first unpinning process in inverse behavior.
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?nK#��t|L����aK#&|��, 4r
Portevin–Le Chatelier (PLC) �N [1−5]. PLC �NnN6"g���r�;��w, nN�"g����Æ#atY��w, (��W�n97Æ#�`�n�Y�5��P, [ PLC P. b{r�s<a~ PLC �Nax53vVN�(� (dynamic strain aging, DSA), [wL^��d&�gavVrt;jr [6−10]. A+�8'aK#��57�, nn+�wLjvn�\�3!8



�1454 }�=�)�	 g 48 �'a. wLnjv57�Æy�*.\�=HxvR%a(g4rR(g. nR(gd, ��d&a5,)��wLn�, Wn�a��d&)'�, n+�~wLart. nkdN6-a.S�, wLa5�VMa�. ���d&artI�+�jr, Æ#�`aW\jrnP, PLC P;N6apQ. |���a�rt – jr�57�5=A+N6"g�a�u#�;�..rK#&|;|ta�{, PLC �NaC{N�,[i=H�" PLC �N(~NaN�, ^\=.
f0� [11−14]. C{N�PdkN�IMrOP+6J	yype�rO(, 4r�/C{!r; ��, C{N�PdkN�IMrOP+6J	yype�j�(, 4r�/C{!r [15].

McCormick[16] �r, nC{N��{, wL!fÆ��d&rt, [R(gN��[rtR%a(�(g.P#N�rO, =�YwLXyrO10=R(g, E=�Y"wXyrO[�=��d&a)�#, ,^rtR%a(�(gQ{. WR(ga10;(�(gaQ{,�{(, rC{(!, [�"i=H PLC �N.P#N�IMarO, R(gnQ{, PP+6J	yyape, ��d&a)�#penZ(�(g10.r=M\rt_m, %8%�awLXy,10R(g,P%�a"wXy,[���d&)�#BQ{(�(g, |%8%OaaN�, RB6��=C{N�arO. V| _��fx5�/aC{N�!r, !fx5�/aC{N�!r.

Kubin ; Estrin[15] 0�=�vwLXy;�wL (E5wLE?YawL) Xy~vVN�(�KwaN�IM[�#�IaO�, nFRB�, Brechet ;
Estrin[17] K�L=��a�8;�xaO�, | 2  _�w�O\= 2 �C{N�!r. Cai  [18] [�=R[�kVM1a_�. �kVM1n|t�(<\n�ÆvC, BÆv3�b'rO.rC{_m. �_�f'��C{N�PN�IM�j�CrOBYPyy#��j�a!r, V!f��C{N�Pyy#��rda!r. B�0��	[~D,_�l�aXP, �
�~
PLC �N�2T�a�+x5.C{N��{aN6�8r PLC �Na!�57,J�LO�\C{N�. C{N�;C{!r<yyaO�, �)[yy~!C{!r_m�C{N��{aN6aO�Ktk�℄. �&.(� 5456 K>�, ��n!yy�BaN�IM�!+ +6, ��=C{N��{aN6^yya)�, �0�XP= PLC �Na 2 �C{!rT�.

1 Zg?=+6&?r 5456 K>�, I,5�r (�;�D,

%): Mg 4.7—5.5, Mn 0.5—1.0, Fe 0.4, Si 0.25, Zn

0.25, Ti 0.2, Cu 0.1, Cr 0.05—0.2, Al \;. + 97��|<Jr 55 mm×20 mm×3 mm. +6{, n97n 400 ��y 3 h �!hNC2, CH0�7y. + +63nm��#�yyX�Æa MTS810 m;F�96T��!, k7'WoMr 100 Hz, �+r 0.1%(+6�~N�+�[ 0.3 MPa), #y�yr ±1 �. + +6ayy	or –100—60 �, + IMr 30 µm/s, ~Na^HN�IMr 5.4×10−4 s−1. + +6{, n97Æ[Æ\��y 2 h.

2 ZgJD!yy�aN6 – N����f 1 R0. r=%6a�0, nDa��L� 20 MPa. w3�\, PLC�N��n –50—55 �yy�g. Wyye[ –50 �P�[ 55 �(, PLC �N<\C�. C{N�;q��;pQ��Pyya�I�f 2 R0. Pyy#�, C{N��j��CrO. v�, ey� (e[ 25 �) C{N�Pyy#��j�a��4r�/C{N�!r, �y�
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Fig.1 Nominal stress–strain curves at different tempera-

tures (For a better view, the curves are separated

by an interval of 20 MPa)
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with temperature
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(�[ 25 �) C{N�Pyy#��rOa��4r�/C{N�!r, �q��;pQ�yPyy#�SnrO.�f 3a R0, !yy�aN6 – N����w[
–100 ���; 60 ����g. ney�, C{N��{aN6�I –100���, �n�y�, C{N��{aN6�I 60 ���. PCa�;9n –100 ���; 60 ����g�Y. JF, �n –100 ���`r��S�, n
60 ���`r��S�. Fk, K+*\= 2 ����a�;. ney�, �;��33�a (f 3b), C{N��"�{a��~N#��S�. n�;�"(, N6;�n��S�RB����kard (MN |) ClZ�pQ. �n�y�, �;��33�a (f 3c), N6�S��~N#��S�. �;�"(N6�sI��S�pQ. n�gyy| (0 ; 25 �), �;n���S��g�Y, VW\�a�;�� (f 3d), �8r5z|. P#yy#�, N6�S��U��S��r��S�, �;��U3��r3�.

3 �bj\W
3.1 _8k;K#��57�, A+�aN6�Q=n+�wLnjv�<\ay�|y. ���S�aN6+IFu#n

�y;ey�, wLjv�<\ay�|y3!a, ����S��~N#|tK#��. JF, $�wLjv�<\ay�|y, �n|tK#���r 2 �. n�y�, ��d&)�#|, �D~wLrt. 2 �|tK#����~N#//|tK#;rt|tK# 2 �wLjv�' [19,20].

(1) //|tK#: wLny�{RugVWÆ��d&rt. F(��N�3|ta, N6 – N���9N3-Ea. |3= VWrt (VWvVN�(�) a|t V, ~N#��S�.

(2) rt|tK#: =#�wLA�Æ��d&rt,Vtfjr. F(, r=T)�tN�IM|=_m, nL�� 3 ��': vStÆrtawLnB%%aIyjv, [vR(gnQ{; =#�d��
awLnÆVM; =��awLna5wLr�," (wLr�IM�//|tK#(%O). <\y�|y�awLT�ÆVM, (B�W��'w�nKwN6a�krO. U[F V�wLKtfjr, RBN6!L��pQ, N6 –N�����8-E, ~N#��S�.rt|tK#3jra��8H, jr9Fu#rt|tK#awB. C{N�3i=H�;pQa(!,
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Fig.3 Envelope curves and serration directions

(a) lower and upper envelope curves

(b) upward serration (corresponding to region 1 in Fig.3a, section MN shows the additional increase of stress)

(c) downward serration (corresponding to region 2 in Fig.3a)

(d) without clear serration direction



�1456 }�=�)�	 g 48 �93i=Hjr�"a(!, �8rrt|tK#awB.ney�, C{N��{N6�I��S�, E\&?C[//|tK#, �;#�a�#2 (f 3b �a MN|) ~N#rt|tK#. U[�;�#2aN��g?u (�[ 0.001),ey�aC{N� (N l) �B�GfBrt|tK#a�- (M l) Q℄. 93E, ey�aC{N�, [3wL�-Æ��d&rt. �y�, C{N��{N6�I��S�, Fu#&?nK#��>uC[rt|tK#. RB, �y�aC{N�[3ÆrtawLi=Hjr. (�RA, C{N�ney���[i=Hrt57, �n�y���[i=Hjr57.

3.2 :`UMYQney�, C{N���[i=Hrt57. rt%8nwL��/U)'�a��d&. wL��a��d&ky C �B�0r [21]

C ∝ cT−1/3D1/3t1/3a (1).�, c 3R\�a��d&ky, T 3�6,yy, D 3)��D, ta 3vVN�(�a(g, [��d&�wLn�a(g. )��D�U�.�M:

D ∝ exp(−Q/kT ) (2).�, Q 3��d&nR\�ay?VMf, k 3 Bolz-

mann /D. DSA �(�(g[3wLaR(g tw =

Ω/ε̇, v� ε̇ 3N�IM, bN� Ω n�N�(PN� εrO�rO, nON�(�[|t. �&.�, ey�aC{N�w?�, ( tw UB��#)�.�M:

tw = Ω/ε̇ ∝ (ε− εy)/ε̇ (3).�, u� εy 3��N�. n. (2) ; (3) P�\. (1)��
Ĉ ∝ cT−1/3exp(−Q/3kT )(ε− εy)

1/3ε̇−1/3 (4)e�rtR%8awL��+���d&ky Cmin3^yy})a/D, | +�kyN>-[��d&;wLaw>f. nC{N� εc, wL��a��d&kyN[�+��, [ C(εc) = Cmin. l7�\. (4)�
Ĉmin ∝ cT−1/3exp(−Q/3kT )(εc − εy)

1/3ε̇−1/3 (5)�&.�, cε̇−1/3 3/D, qU. (5) gZ�n�D�>�^�
εc = γT exp(Q/kT ) + εy (6).�, γ r�>C�D. n. (6) �, Pyy#�,

exp(Q/kT ) j�aIy8� T rOaIyO^�, RB

C{N�Pyy#��j�. v��aT�3, P#yya#�, ��d&)�#r|, ,^rt57[ol5, |KwC{N�aj�. n –100 �( PLC �N<\C�, |3JrF(��d&)�#T�, B�[nN�?O(, R(gM\=+O�, )��wL��a��d&ky�e[rtR%a+�ky, I�!f~wL�!rt.

3.3 B`UMYQn�y�, ��d&a)�#?|, rt57nK#��>uA�l5. C{N���[i=Hjr57, [ÆrtawL�j��d&, |%8kdN6 σapp ( ��y� (FCnwLjv�^ DSA })ay�,��wL����E?`$d4r�y�) ;��d&y� (U DSA Kw). n 2 �y�a|y��`r σf; σs, jr_mq��0r σapp = σf + σs. �~, n//|tK#�, VWvVN�(��N, NW σapp = σf ;nrt|tK#�, wL<\��d&a�krtVtfjr, NW σf + σs > σapp > σf . JF, kdN6��r
σf ; σapp − σf :#�. v� σapp − σf 3UvVN�(�KwaW�N6, `r σDSA. Rizzi ; Hähner[22] n|#��Mr S0∆G/kT , v� ∆G �0vVN�&�Kwa�kVM1, S0 r/�D. � σf q�8rv\�a;, �(dN6 ([d&PI) BYUN�IM[�#KwaW�N6. C{_mq��0r σDSA = σs, [vVN�(�KwaW�N6f' ���d&rty�.s�,3�t σDSA ; σs a�. σs 3��d&rty�a|y, �rt|yY�Qn�;pQ���, RB[r+6�a�;pQ��. ��RA, W σDSA =

σapp − σf , v� σf �0a3//|tK#, [VWvVN�(�(aN6. {YXPA^, ��S�~N#//|tK#, RBW σf = σ
−100, σ−100 �0n –100 �(aN6. �~, nC{N��{, kdN6a�2�I��S�, (W σDSA + σf = σ60, σ60 �0n 60 �(aN6. JF�^ σDSA = σ60 − σ

−100. �, σDSA ��[N�, � σs Pyy#��rO, C{(!N�W
σDSA(εc) = σs(T ) (7)�f 4 R0, &��0jrR%akdN6, +��0ArtVtjraN6, lF�q�0trtaN6.jraC{(!q�C�R0, [&�;+�aqlR~NaN�. C�X�, kdN6!L15&�, Jr=TM\&�(, [L�"jr, N6n��pQ.JF,�y� PLC�Na�/C{!r�x5r, P#yy#�, ��d&~wLart|yrO, jrR%8avVN�(�KwaW�N6 σDSA rO, � σDSAPN�rO�rO, (6��C{N�Pyy#��rO



g 12 s �$/b : 5456 I<~ PLC �L_9�AyS�.
 1457�a!r. ~N\f 4, yy#�, σs rO, &�n�?, &�;+�aqlnX?, [C{N�rO.r=iI_M, �S�#�7,ZA σDSA ; σs a)�.
σDSA = s1ε+ b1 (8)

σs = s2T + b2 (9).�, �D s1, b1, s2 ; b2 U�#h>O^, �f 5 R0.n. (8) ; (9) Q�. (7) �^
εc = (s2/s1)T + (b2 − b1)/s1 = sT + b (10)�y�, C{N��B8rU/)'OvVN�(�KwaW�N6 σDSA, B�f' ���d&~wLarty� σs, [ σDSA = σs. P#yy#�, ��d&art|y σs rO, jrR%a σDSA 9n%O, jr57g9, C{N�rO. 60 �( PLC �N<C�, �Bx5r��d&art|yT|, B�[n��	57W�vVN�(�KwaW�N6w!)B,wL ���d&arty�.

3.4 KE<3�f 6 R0, . (6) ; (10) ����=�/;�/a 2 �C{N�!r. _Mw3;+6w3a=#�\, ney;�y���'S 2  !C{_�3>2a. n�y�, _Mw3NO[+6w3, |3U[n_M�DN=��I�N. n�y�!yy�g (37—60 �)yy	or� (23 �), ��I�NKwaN6+I3�BDNa. Vn�y�!yy; –100 ��g$gf
150 �, F(��I�Nn~N6,"n�aO�. 93E, �y�a�y�|y σh

f N�Ne[ey�a�y�|y σl
f , [ σh

f < σl
f = σ

−100, |np5_M�
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�1458 }�=�)�	 g 48 �=N���WwL��a��d&kype, JFM\rtR%+���d&kya(gng9, C{N�rO.~[�/aC{N�!r, C{N�PN�IMrO�j�, F(C{N���[i=Hjr57, v�I�2�BU. (7) #�. �^�Fa3, !fDNN�IM��~N6aO�, [%8�LN�IM[�#KwaW�N6 σ
[22,23]

SRS . RB. (7)N�5 σDSA(εc) = σapp−σf−

σSRS = σs. vT�3, P#N�IMrO, R(gQ{
(�fT)rt_m), wL��a��d&kype, rt|yj�, JF, jrR%8a σDSA j�, C{N�[{.�&.ney�'Sa_����^McCormick[16]a_�G, w3BwL�-Æ��d&rt.rC{_m. !�Cn[, McCormick a_��, �#�=wLXya	D�I, VVWE\q�!�1a�I. �n�&.�K�=bN�, nwLXy;q�!�1�I�>\= (D, �~bN�3�#�I, �	D�I%iS. Fk, McCormick _�3R[\)� DSA, %8K�"wXy, ��&._�3R[,)� DSA, !%8K�"wXy. N, ~[wL����d&kyaZAW��!a�M., |��M.}=3kW#7a#�: wL����d&kyPR(g10Pyy#��rO. V�8BwL����d&kyM\rtR%+��rC{_m, U! �M.g3R^\C{N�!r3=a.

4 JW
(1) a5~ 5456 K>�n –100—60 �	oda+ +6, 0�= PLC �N�a�/;�/ 2 �C{N�!r. ney�, C{N�Pyy#��j�, ?[�/C{!r, C{N��{aN6�I��S�, �;��;n�y�, C{N�Pyy#��rO, ?[�/C{!r, C{N��{aN6�I��S�, �;��.

(2) ��S�~N#wLVWÆ��d&rt; ��S�~N#=#�wLA�Æ��d&rtVtfjr.

(3) [�~N�/C{!r;�/C{!ra 2  C{N�_�. ~[�/!r, C{N���[i=Hrt57; ~[�/!r, C{N���[i=Hjr57.6Pad
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