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� � �� Gleeble–3800 ����������� 1223—1523 K, 
��	� 0.01—10 s−1 ���		

 2205 �

��
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�
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���, 	�
����. ��

: ���	������Æ

������
����, �Æ�����
��	��	����������. �����������
������ Q=451 kJ/mol,


�
��� n=4.026. �
� – �
��������������
� Z ����, �� Z �����
����. ��
��
���� ln Z � σp ����������� (ln Zc=38.18) �������
���� 
��	����
��:

σp = 20.6ln ε̇ + 1118002/T − 266.8(ln Z>38.18); σp = 9.1ln ε̇ + 493874/T − 701.9(ln Z≤38.18).
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ABSTRACT During hot deformation of the duplex stainless steels consisting of δ–ferrite and γ–
austenite, their microstructure evolution and mechanical response are more complicated as compared
with those of single–phase ferritic or austenitic stainless steels, especially for study of the mechanical
behavior. In the present research, the hot deformation behavior of a 2205 duplex stainless steel has
been investigated through uniaxial compression test using Gleeble–3800 thermal–mechanical simulator
within the temperature range of 1223—1523 K and the strain rate range of 0.01—10 s−1, the corre-
sponding flow curves and their characters and microstructures have been determined and analyzed.
Elongated austenite distributes in ferrite matrix, and the volume fraction of ferrite increases with ris-
ing temperature. Dynamic recrystallization of austenite is enhanced by increasing temperature and
decreasing strain rate. Based on the constitutive equation for hot deformation, the apparent activation
energy (Q) and the apparent stress exponent (n) of the steel are obtained to be about 451 kJ/mol and
4.026, respectively. There is a particular shape of flow curves, i.e. a yield point elongation–like effect,
which is characterized by a non–strengthening plateau during the initial stages of plastic deformation.
This yield point elongation–like effect increases with decreasing Zener–Hollomon parameter, Z. When
used a simplified stress function, a deviation of linear relationship between ln Z and peak stress (σp)
occurred at the critical value (ln Zc=38.18). Relationships between peak stress and temperature and
strain rate can be more simply described as σp = 20.6ln ε̇ + 1118002/T − 266.8(ln Z>38.18), and
σp = 9.1ln ε̇ + 493874/T − 701.9(ln Z≤38.18).
KEY WORDS duplex stainless steel, hot deformation, dynamic recrystallization, Z parameter,
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<=, &.��$""#$$&%# @), =AÆ��
 !<B�"#$:B���$� !�C#';= 
4623/ [6]. <>?, =@>1-A>"BC?6?
@DE+Æ�� !F>G$4@.DA.?3/C@
*& /!62BA, EA4BBC �$%<4C% 
CDDC [7−11], HÆ�� !462DIB $&3/
D#'�J* *%. KE1-BE?@DEDFBA/
2205 Æ�� ! /!623/, 929+Æ�� !
462*% 78, 8/�.301/-$ 53,7>
.*,E7F.

1 Æ�FG
GH$,/ 2205 Æ�� !H,, F2�I0/

12 mm  IJJH, 2GJHH 1323 K L! 30 min
IKM7G, 2,�I0/ 8 mm, N/ 15 mm  KL
24?@IJ. GH$, +&�O (MLO4, %) /:
C 0.025, Cr 21.83, Mo 3.09, Ni 5.45, Si 0.58, S 0.003,
Mn 1.13, P 0.024, N 0.1699, Fe NL.

462GHC Gleeble–3800 4MNIHJO?3.
IJ9 10 K/s  24GP24P 1523 K, L! 60 s, Q
G9 3 K/s  RSGPRSP�H62!QGL! 90 s
9TO$%, QG?362. 62!Q (T ) O,/ 1223,
1273, 1323, 1373, 1423, 1473 " 1523 K; 62GP (ε̇)
O,/ 0.01, 0.1, 1 " 10 s−1; P.Q?6/ 1.0. I'I

J62GUGJR, QGK?@DLV., OM62$%.

2 Æ��R�� 
2.1 !S"#$%&'(

2205 Æ�� !C�H62NK=?@W Q?$
– Q?6X+YO 1 IZ. &O 1 [L, �H62NK=,
C62 .\MR, ]6?$T(2?6L T2HPG
T2, *52,U+; STD54?6LG, ]6?$VN
OQ, U)-V<^+*W; HG^+_.BP, ?$QK
LW�6, -)R< BS; RCQ?$ – Q?6X+O
XCYX?$"R<]6?$. YX?$"R<]6?$
(262!Q SZ"?6GP `/H,/. C�H?
6GP=, 62!QSZ, 2,U+PT., [PYXG,
?$PGSZ, ?$YaObT, \R<c6]; S62!
Q�HW, ?6GPSZ, YX?$"R<?$D(YO
Q, 2,U+Od, X+VNBP, R<c6N.

Æ�� !/!W/"#$"��$ �TX, E^
ZV<^+J6�H, U_e/"#$9V<U;/A,
H��$9V<[%V/A [6,9,12−14]. O 2 /GH!4
62 (Q?6 ε=1.0) G TV$%. &O[L,`a;b
 ��$OcC"#$Q$O, C 1223 \ 1523 K  6
2!QdW@, (2!Q T2, "#$WL ($XO4,
%) e 43, 45, 51, 59, 64, 73 T2\ 82. YC�H ?
6GP=, (2!Q `/, Q?$ – Q?6X+DeV

) 1 ���
�X����	��
� – �
���
Fig.1 True stress–strain flow curves for the tested steel at different temperatures and strain rates of 0.01 s−1(a),

0.1 s−1(b), 1.0 s−1(c) and 10 s−1(d)
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Fig.2 Typical microstructures of the tested steel deformed to ε=1.0 under different conditions, dynamical recrys-

tallization in γ–austenite grains easily occurred under low strain rate and high deformation temperature

(a) T=1223 K, ε̇=0.01 s−1 (b) T=1223 K, ε̇=10 s−1 (c) T=1373 K, ε̇=0.01 s−1

(d) T=1373 K, ε̇=10 s−1 (e) T=1473 K, ε̇=1 s−1 (f) T=1473 K, ε̇=10 s−1

<[%V\LV<U;\>6 (O 1a, b). C@Z!Q
1223 K, ?6GP/ 0.01 s−1  62NK=, V<[%V
,fV, ��$.Vg]Wh5/iL]Q Vg, V[
6A^X (O 2a); H?6GP/ 10 s−1 W, \*)'^
X ��$V[ (O 2b), &h[L, SZ?6GP, ^.
GH!B��$[%VfV. _h, C�H62!Q=, (
2?6GP SZ, $,C62ij7#APjO^+8
[PB], =Y@U?:R<c, TNR<BS. (26
2!Q `/, ��$[%V)_`?`bT, ��$�
@]Q [%VVg`?`0, R=C/?6GP=, a
��$.VgD.kO*5/V<[%V (O 2c—f).

XA5, �, C^Z ?6=, Æ�� !Q?$
– Q?6X+OXC`Æk_BSb`?, RC62i\
MR, ?$LW�6, (2?6 T2, ?$<aU+%T
N\YX?$; 8E(262!Q `/"?6GP S
Z, ``?`?`bT, YO 1 BabI#M.  �B]
6?$JB �HblbcQ�H ?6Oc, "#$6
2 ?6���$ 3 Æ, &.?6#�^+DI lV
$, ?6OcdIecc � ^+V$& [15]. ``?
Dmb, C62 i\MR, &.?6Oc�T, .kO?
6%"#$de, =�PG*5V<U;, d6/efU
D�[>f\��$B, $, m+&.fV<U;n6,
eX+O m)Æak_BS, ?$LW�6; (2?6
 T2, efVN>fP��$B, =�*5m+, ?Hm
)-?$T2, (2?6Xo, $,*5?5nV<^+,
=?$P[YXGSZ. g<Eg [6, 7, 16, 17] Iop
 "#$ XC, *,�gh*h ?6Ocdiq��

$ V<[%V�j6, HUD@.62, YKGHQ?
6[P 1.0, [=A��$*5V<[%V (O 2).

2.2 *S+ijk,-
gkC/!62W ]6?$<?6GP'62!Q

Yh CD[-Hr ÆXllipqm [9,10]:

ε̇ = A[sinh(ασ)]nexp(−Q/RT ) (1)

pB, ε̇ /?6GP; A " α /GH_4; σ /X+ 

R<]6?$, :YX?$, :�?.r#4?6LY]
6?$; n /mj?$#4; Q /462kl#; R /

s$_4; T /4$&!Q. CKEB σ =-YX?$;
α=0.012[9].

+p (1)  stmQ+48n7GA:

ln(sinh(ασ)) = − 1
n

ln A +
1
n

ln ε̇ +
1
n
· Q

RT
(2)

C!Qm4 NK=, dOp s+ ln ε̇0ul, A:

1
n

=
[∂ln(sinh(ασ))

∂ln ε̇

]
T

(3)

C62GPm4 NK=, p (2)  s+ 1/T 0u

l, A:

Q = nR[
∂ln(sinh(ασ))

∂(1/T )
]ε̇ (4)

&O 1 BQ?$ – Q?6X+4n[AYX?$ σp

<?6GP"!QYh CD, YO 3 IZ. [L, Om
CDU)^o +%.
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Fig.3 Relationships of hot deformation peak stress vs

strain rate (a) and hot deformation peak stress vs

temperature (b)

pnp (2)—(4) 8%6O 3 +]6?$%q?3U
rOM, [A: n=4.026, Q=451 kJ/mol, A=1.31×1016.

&h, C!Q 1223—1523 K Yh, GH-! 46
2DI[4Lqm/

ε̇ = 1.31×1016[sinh(0.012σp)]4.026exp(−451000
RT

) (5)

2.3 Z o.pS+/0.123k4q
C462DIB, /!?$s4.62!Q>?6G

P. Z 74%*&-9mZ62!Q>?6GP+62D
I r6s-. UD,0A 62kl# Q, [9APG
H-!462DI Z 74 m[p:

Z = ε̇exp
( Q

RT

)
= A[sinh(ασp)]n (6)

m 1 t-/�H62!Q>�H?6GP= ln Z

X. (2 ln Z X T2, GH-!462YX?$ (ÆX
llu4) �?T2, E< ln Z U^o +%CD, �+
%�C%D4/ R2=0.992, YO 4a IZ. &p (5) "
(6) [9AP62DIBYX?$<6274 CD:

σp = 83.33ln{[Z/(1.31 × 1016)]1/4.026+

{[Z/(1.31 × 1016)]2/4.026 + 1}1/2} (7)

t 1 vuvvwtnuopwqv ln Z

Table 1 ln Z of the tested steel at different deformation con-

ditions

ε̇, s−1 T , K

1223 1273 1323 1373 1423 1473 1523

0.01 39.81 38.07 36.46 34.96 33.57 32.27 31.06

0.1 42.12 40.37 38.76 37.26 35.87 34.59 33.37

1.0 44.42 42.67 41.06 39.57 38.18 36.88 35.67

10 46.72 44.98 43.36 41.87 40.48 39.19 37.97

) 4 2 x
w�w	���
���
�� Z ������
Fig.4 Curves of peak stress vs Z parameter of the tested

steel at two expression modes

(a) hyperbolic sine function

(b) simple function

CKGHNK=, &.1-ÆXllu4xrxsH
;=, U_1-y+ ?$u4?mWYX?$ [18−20],

Z = ε̇exp(Q/RT ) = f(σ) = Bexp(βσ) (8)

pB, f(σ) /?$u4, B " β /GH_4. OMmb:
R<]6?$, :YX?$, :�?.r#4?6LY]
6?$yz6p (8); @/?$62NK= f(σ) [mZ
/ [19,20]

f(σ) = Bexp(βσp) (9)

p (9)  st+4

ln Z = ln B + βσp (10)
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&p (10) [y ln Z < σp U+%CD. KGH 
ln Z < σp Yh CDYO 4b IZ. &O 4b [L, C
31.06≤ln Z≤46.72 dW@, ln Z < σp Yh CD,�
t< σp  ÆXllxJ#'^o +%CD, H�XC
r5y[X ln Zc(KE ln Zc=38.18), S ln Z>ln Zc

W, ln Z < σp YhXC@m +%CD, +�?3+%
Ur[AuzYh CD, Yp (11) IZ, �+%�CD
4 R2=0.98; S ln Z≤ln Zc W, σp < ln Z XC{5+
%CD, +`R?3+%Ur[Ap (12), �+%�CD
4 R2=0.97.

σp = 20.6ln Z − 266.8 (ln Z > 38.18, R2 = 0.98)
(11)

σp = 9.1ln Z − 701.9 (lnZ ≤ 38.18, R2 = 0.97) (12)

dkl#):p (6) [A

Z = ε̇exp(451000/RT ) (13)

zYX?$[mZ/

σp = 20.6ln ε̇ + 1118002/T − 266.8 (ln Z > 38.18)
(14)

σp = 9.1ln ε̇+493874/T −701.9 (ln Z ≤ 38.18) (15)

YX?$ σp <!Q>?6GPYhCD |4, [
//!62;$ :9'2/85zv 08>Gw2/
,7 64,E{n.

Y2EIm, 2205 Æ�� !Q?$ – Q?6X+
OXC`Æk_BSb`?, %6O 4b [L, ln Z X(
.'Q.y[{ 38.18(m 1 B={+4n)  Q?$ – Q
?6X+OTXC`Æk_BSb`?, gmb ln Z <
σp Yh +%CD*5uf<``Æk_BSb`?'
C [15], R<Æ�� !/!62DIB, "#$<��$
Yh  �C}' �B ?6Oc>]6?$JB �
H'C, QH.?5n BA*,�C62J6DC~1
.9: xy.

3 � 
(1) 2205 Æ�� !C 1223—1523 K, 0.01—

10 s−1 NK=462W, ]6?$f62!Q"?6G
P cc. (62!Q `/"?6GP SZ, ]6?
$OQ, ��$ V<[%V.^.*5.

(2) 2205 Æ�� ! ?$#4 n=4.026, 462
kl# Q=451 kJ/mol, �462DI/ ε̇ = 1.31 ×
1016[sinh(0.012σp)]4.026exp(−451000/RT ).

(3) 2205 Æ�� !Q?$ – ?6X+OXC̀ Æ

k_BSb̀ ?, (2 Z 74 OQ``?VNTm, 8
=AQ.y+?$u4 ln Z < σp Yh +%CDC
y[{ (ln Zc=38.18) *5uf, U R+%Oc.

(4) 2205 Æ�� !462 YX?$ σp <!Q
T >?6GP ε̇  CD[.yB|mZ/

σp = 20.6ln ε̇ + 1118002/T − 266.8 (ln Z > 38.18)

σp = 9.1ln ε̇ + 493874/T − 701.9 (ln Z ≤ 38.18)
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