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ABSTRACT TWIP (twinning induced plasticity) steels possess very high plasticity and high
strength. It has been pointed out that deformation twinning plays an important role in control-
ling the deformation behavior, which divides grains into nano–scale layer–like structures to result in
high strain–hardening rate or the so–called#TWIP$effect. The formation of deformation twins is
affected by deformation temperature, strain rate, pre–deformation and grain size. The generation of
deformation twins in austenitic steel with low stacking fault energy (SFE) is closely related to grain
size. However, the relationship between strain hardening rate and grain size in TWIP steels has yet to
be clarified, which is important for optimizing the parameters of solution treatments. In the present
paper, the specimens of a typical TWIP steel with grain sizes of 7, 13, 30 and 63 μm were fabricated
through solution treatments at different temperatures. Mechanical properties were measured by tensile
tests, and microstructure evolution was observed by OM and TEM. The results show that the strain–
hardening exponent rapidly increases with increasing true strain when it is less than 0.2, but levels
off in the subsequent process of deformation. The relationship between strain hardening rate and true
strain consists of two stages for the specimen with small grain size and three stages for the specimen
with large grain size. Microstructure observation demonstrated that the number of deformation twins
increases with the increase of grain size, induced to greater#TWIP$effect in the coarse–grained speci-
men than in the fine–grained specimen. This can be attributed to the dependence of the critical stress
for formation of deformation twins on grain size of σT = σT0 + KTd−A.
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TWIP(twinning induced plasticity)''�� (
()*+!!" ()*+, 95%) ,-*+.#$- (*
650 MPa), %+&+'"#(),-.$//.0%&
0*+12,+$.-0 [1,2]. /- TWIP ''.$+
//.3,$.04-,, 2,./5-+6123, 4
7'8+59, (*01263)", :;47<+*4
+!!, 2, TWIP ,8 [2−5].

$.-0+2,-5=9.+:/, 1.$�->8
.)">;.$2>0*5?>36,@A0B [6]. Ueji
B [7] 170C20*5? TWIP '+'"#(, DE
00*5?F'"#(+:/<-36.3F'"#(
:/+83. Danaf B [8] 1709<G68(:; (1
MP35N, 70/30brass , 316 C3'B) +0*5?F$
.-02,+:/, =EF-G68(:;, 0*5?F
126345(>$4+:/; 256/7823<HD
E, -<0*5?+9?'.$//.2,+$.-0+
:2-=.

I;, TWIP '.0*5?F$.-0+2,,@
.=/+:/A>F<#.$//.126345+:
/?C67, B;+38J9C-: TWIP ,8DK)
</-3@+DEF7GH. 9L, 170*5?F12
6345+:/A97DI5JE. M=6/F TWIP
'=4C2�-+B;J9DK0C20*5?+78

23, 1700*5?F TWIP '#!//.1263
45>$.-0@.+:/C<,A9.

1 $%&'
=KNLM>D8?@A0 TWIP ', %OE (N

2E:, %) 5: Mn 24.8, Si 3.17, Al 3.12, C 0.022, S
0.005, P 0.01, Fe O2. PP' 1473 K Q� 2 h =4F
Q3J9G, 8RO 10 mm +RS; SHRS/ 10 mm
8RT 3 mm, I/ 1373 K B;J9 20 min G, J>B
RT 1 mm, )GET' 1073, 1173, 1273 , 1373 K  
B;J9 10 min G?U. HVRCOWU#!9?, '
XV@(9KAC=4#!, #!)-5 3 mm/min.

#!.$G+9?IADKCO;09?. ;09

?IYE>FLGL 4% BCMNOG, 6/L"78P
(OM) <H%;023. XVZHIDI (EBSD) 9?
I 20% *JC +10% [C + W\;XXQFL, E]
^K8'6, FLXL 0.5 mA, FLXF 20 V. 0%&
0*5?L QUANTA 600 GMNXP (SEM) +OH
OIXV78JEK. NL JEM 2010 , TECNAI G2
20 GLIXV78P (TEM) F.$G+ TWIP 'VP
9?=423<H.

2 $%()*+,
2.1 -.Y/0Æ123456Z789

M 1 ;C20*5? TWIP '9?+OHOIM.
/M+R, 'C2�- B;J9+ TWIP '9?F3
,0S80, DK00%&23, 0%&0*+1_S<
2NT-0. 1U0*5?+VO._SNT-0W, [
' 1073, 1173, 1273 , 1373 K B;J9 10 min G+
0*5?ET5 7, 13, 30 , 63 μm; 1U0*5?+V
O.C_SNT-0W, [CPQX +0*5?ET5
8, 19, 47 , 97 μm. 6`Q5NT-0WF'859+
47\L]<Y0W0R [9], ;0*5?F#!.$//
.$.-0+2,(JE:/, 9L, VO0*5?+/
/.8HNT-0WZR'+.
2.2 :;<7=>?-.Y/689

M 2 5C20*5? TWIP '+2/8' – 8.
SA>#!.$G9?+^T. /M 2a +R, S>0*
5?+_1, TWIP '+U[$-,.#$-F\G, !
!"V*. ^ 1 TE0C20*5? TWIP '9?+'
"#(. 'M 2b ., L0 5#!9?+W]a-, L 5W

4ba-. +R, C20*5?+ TWIP '.$Uc(V
C2: 0*5?5 63 μm +9?#!.$G, 9?'`^
a-_W+F3,0<#.$, `W]GX+a-a3,
0<#.$, X(674+YZ; 0*5?5 30 μm +9

?'W]GX+a-a3,0-[+<#.$, d2,4
+; ;0*5?5 13 , 7 μm +9?, %<#.$b.
'W]+, Y3,0-567+4+.

M 3a ;C20*5? TWIP '9?+1263)
" (dσ/dε, %. σ 5M8', ε 5M8.) SM8. (ε)
+.3c\. /M+R, 0*5?5 63 μm +9?, 12
63)"SM8.+.3c\+AE5 3 ^db: @ 1 d
b (Stage I), 1263)"SM8.+_1])\G; @
2 db (Stage II), 1263)"SM8.+_1EYW
^, Be^>$.-0+2, [8,10], B^W^f>KM8
.5 0.2, 'Ldb$.-0:2SM8.+_1;_1;
@ 3 db (Stage III), 1263)"SM8.+_1;
eZ\G, bKg[, B_6$.-0:2+_1)"\
G [11]. 0*5?5 30 μm +9?, .$+@ 1 ^db\
];1263)"SM8.+_1;])\G, ;.$+
@ 2 ^db[.D0F-h, W^f>KM8.5 0.13,
SG1263)"fSM8.+_1; \, d=^@ 3
^.$db. 0*5?5 13 , 7 μm +9?, %1263
)"SM8.+.3C<cIÆ0 2 ^db, @ 1 ^db
]0*5?5 63 μm +9?02, 1263)"SM8
.+_1])\G, 'SG+.$.dX(EYW^bg
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Fig.1 Orientation maps of the tested TWIP steel (Fe–25Mn–3Si–3Al–0.02C) treated at 1073 K (a), 1173 K (b),

1273 K (c) and 1373 K (d) for 10 min, W.Q. after cold rolling, corresponding to austenite grain sizes of 7,

13, 30 and 63 μm, respectively
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Fig.2 Engineering stress–strain curves of the TWIP steel specimens with different grain sizes (a) and their appear-

ances after tensile deformation (b)

i 1 oijcpq TWIP kjjrdkle
Table 1 Mechanical properties of the tested TWIP steels

with different grain sizes

Grain size, μm Yield Tensile Elongation

(after excluding stress stress %

twin boundary) MPa MPa

7(8) 380 785 68.0

13(19) 285 700 72.0

30(47) 265 675 75.0

63(97) 230 610 79.0

=^@ 3 ^db, `1263)"SM8.+_1f>\
G. B]%mG68(:; (1 70/30 Brass) +.$45

F0*5?+kgc\H7 [11]. /M 3a ?+AlE, S
>0*5?+_1, '1263)"SM8..3+@ 1
^db, 1263)"+ \l)l67 [11]; '@ 2 d
b,@ 3 db, 1263)"S0*5?+_1; \+
)-l)leZ. ACEK_6, <0*5?+9?'.
$+//.(m2,f>+126345, %1263(
'-<.

M 3b ;C20*5? TWIP '9?+1263=
: n(n = dσ

dε · ε
σ ) SM8. (ε) +.3c\. /M+R, n

mS>M8.+.3;.3, 9L TWIP 'M8']M
8.Cnn Hollomond A#c\ [12]. C20*5?+
9? n mSM8.+.3C<5: S>0*5?+_1,
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n m_1. 'M8.-[+hi (ε <0.2), n S>M8
.+_1;_1, ;M8.-<5 (ε >0.2), n of'-
*+?W, ] 63 μm 9?XnMC3,.3. /M+o,
0*5?5 7, 13, 30 , 63 μm +9?, .$Gj+ n m
ETps' 0.47, 0.53, 0.56 , 0.68. ACEK_6, <
0*5?+9?963;:8.FQEk+('<, '.
$//.t.4++('-$.

M 4 ;#!//.1263)"]M8.c\ (M
3a) .@ 2 dba- (εL) S0*5?+.3c\. S0
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Fig.3 Curves of strain hardening rate (a) and strain hard-

ening exponent (n) (b) vs true strain of TWIP

steel specimens with different grain sizes (Stage II—

deformation induced twins appeared)

@ 4 g 3a �� 2 ���� (εL) ��
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Fig.4 Length of the stage II (εL) in Fig.3a vs grain size

*5?+_1, εL ])_1, _60*5?-<+9?$
.-0F1263+oq_<, (m2,f>+1263
,8, _10 TWIP '+1263('.

2.3 AZB-CD0-.Y/6Z789
57sC20*5?+9?'#!.$//.78

23+@.C<, ETH0*5?5 7, 13, 30 , 63 μm
+9?#!.$T 5%, 10% , 40%, <H%+123+
.3C<.

M 5 ;C20*5?+ TWIP '9?'.$uj
(ε=5%) +;023. /M+o, S>0*5?+_1, 2
3.ppEY$.-0, dY:2l)l=. I 5% #!

.$G, 0*5?5 7 μm +9?.X(EY$.-0,
0*5?5 13 , 30 μm +9?.c(l2$.-0, ;
0*5?5 63 μm +9?. 50% qr+0*.vÆI
EY$.-0.

M 6 ;C20*5?+ TWIP '9?#!.$2
5 10% +;023. +AlE, S>0*5?+_1, $
.-0+:2])_1. [0*5? (7 , 13 μm) +9
?$.-0+:25l, ;<0*5? (30 , 63 μm) +
9?.[EY<2+$.-0.

M 7 ;C20*5?+ TWIP '9?#!.$2
5 40% +;023. 'B<.$QX 0*3,0rJ
+.$, S>0*5?+_1, $.-0+:267_1.

/M 5—7.020*5?+9?C2#!.$2 
;023+Fw+R, S>#!.$2+_1, 23.p
pEY$.-0, dYS>.$2+_1, $.-0+:
2_1.

2.4 TWIP EF0-.Y/Z76G3
M 8 ;0*5?5 7 , 63 μm + TWIP '9?.

$ 5% G7823+ TEM ^T. 0*5?5 7 μm +

9?, 7823A'8,685D. 1M 8a . A 0*V

T, 0*+15*m-+WK'8, 0* B .S(<2+
68, d]'8q3'Hn. /-0*5?5 7 μm +9

?' 1073 K B;J9 10 min G, S80233s+C
xE, tO0*5?CFQ, 0*5?_W' 4—13 μm,
[0*+1+.$235WK'8>68, c()l:<
0*+1EY$.-0, 1M 8b VT, %rCY5so
XVDIM (EDP). $.-05V, 9;';078P 
5p<HK. B_6'.$rq+db, $.-0+2,
DEOs-0*5?+<[ [13]. /M 8c +o, 0*5?
5 63 μm +9?I 5% +#!.$G, 23.(<2+
68, dYÆI2,l2+$.-0, B];023+<
H8U0t: (M 5d).

M 9 ;0*5?5 7 , 63 μm + TWIP '9?.
$ 40% G7823+ TEM ^T. /M 9a +o, 0*5
?5 7 μm +9?, I/ 40% #!.$G, 23.S(<
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Fig.5 Optical microstructures of the TWIP steel specimens with grain sizes of 7 μm (a), 13 μm (b), 30 μm (c)

and 63 μm (d) after tensile deformation of 5%, deformation twins appeared in 50% grains in Fig.5d
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Fig.6 Optical microstructures of the TWIP steel specimens with grain sizes of 7 μm (a), 13 μm (b), 30 μm (c)

and 63 μm (d) after tensile deformation of 10%
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Fig.7 Optical microstructures of the TWIP steel specimens with grain sizes of 7 μm (a), 13 μm (b), 30 μm (c)

and 63 μm (d) after tensile deformation of 40%
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 TEM hb
Fig.8 TEM images of the TWIP steels with the grain sizes of 7 μm (a, b) and 63 μm (c) after tensile deformation

of 5%, the insets in Fig.8b and Fig.8c showing composite EDPs of matrix and deformation twin

(a) dislocations and stacking faults appeared in small grains A and B, respectively

(b) deformation twins appeared in large grain

(c) large amounts of stacking faults and deformation twins appeared in the specimen with grain size of

63 μm
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2+$.y, $.y.(l2$.-02,, ;(v0*
+1[2,z1'886, 1M 9b .twVT. 0*5
?5 63 μm +9?I/ 40% #!.$G[S(<2$
.-0 (M 9c), (+0*+1EY0r2$.-00u
qK+YZ, 1M 9d VT, %rCY5r2$.-0]
n&+ EDP M.

6`$.-0+2,xyzEs[tW8', $.-
0+2,;/--,'8+59tO+, uv47'85
9+9.vwtO$.-02,+tW8'_1 [14], 9
L,$.-02,+tW8'$4kg-0*5?+<[.

6`$.-02,+tW8']0*5?+c\v
uwR Hall–Petch +c\ [11,14,15], `

σT = σT0 + KTd−A (1)

x., σT 5$.-02,+tW8', σT0 50xy{

', KT 5`:, d 50*5?, A 5`: (1/2≤ A ≤1).
yzx (1) +AlE, 2,$.-0zE+tW8

'S0*5?+{[;_1, 1U0*5?um[|v2
,0um+8.04+0*{3, [-,fw|w. |0
%&0*5?/ 63 μm {[5 7 μm 5, 0*5?+{
[:D (σT − σT0) _10* 3—9 }. 9L, .$25

5% 5, '0*5?5 7 μm +9?.a'0*5?-<
+0*.3Y)l2$.-0. 25, 0*5?+{[x
C0#!.$//.$.-0+2, [7,16], 47'02
+.$2 [0*5?+9?w<0*5?+9?+$
.-0:2l, /M 9a , b +AlE, .$+Gj, .
$23.S(<2$.y, (+0*zT2,z1'88
6,;$.-0+:2[5l. UejiB [7] 17{0 TWIP
'5aDK002+83: '{[+0*.$.-0-K
xC;/-0*{3+8U. ]G0Fw, '0*5?5
63 μm+9?.$.-0'.$+rqfÆI2, (.$
2 5%, M 8c), dYS>.$2+_1, $.-0+:2
_=, |.$25 40% 5, .$23.(<2$.-0,
dYEY(r2$.-00uqK+YZ.

/-$.-0]<Y0WH?, F'859$O
$4+47 [4,9,17], .$//., $.-0Cg2,
w2,f>+1263YZ. 1M 3a .0*5?
5 63 μm 9?+1263)"SM8..3+SAV
T, '.$+//., 1263SAEY-<W^, y
;$.-0F1263+oq, 1263=:S>0*
5?+_1;_1, '.$+//.+A(,xC4+
+2,, 9?2,0FQ+.$ (M 2b), d)z}D0

@ 9 �

�� 7 � 63 μm 
 TWIP ����� 40% 
�u�

 TEM hb
Fig.9 TEM images of TWIP steel specimens with grain sizes of 7 μm (a, b) and 63 μm (c, d) after tensile

deformation of 40%, the insets in Fig.9a, Fig.9c and Fig.9d showing composite EDPs of matrix and

deformation twins

(a) more deformation bands, deformation twins appeared in some grains

(b) dislocation cells appeared

(c) more deformation twins appeared

(d) intersection of two sets of deformation twins appeared
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-<+FQ!!" [18].
F-0*5?-<+9?, $.-0'#!.$//

.Cg2,, :;EYf>+1263, d2,*4++
<!!, _10~TWIP ,8�; ;F-0*5?0F-
[+9?, $.-02,-}, dY'SG+.$.$.
-0+2,-KxC, $.-0F1263+\L0F-
[, tO-[+FQ.$, 47~TWIP ,8�{[.

3 (,
(1) S>0*5?+_1, TWIP '+1263)"

SM8.+c\, SA/ 2 db.5 3 db, |0*5?
<- 30 μm 5, S>0*5?+_1, @ 2 db+a-]
)_1.

(2) 0*5?5 7, 13, 30 , 63 μm + TWIP ',
'M8.5 0—0.2 5, 1263=:SM8.+_1;
_1, 'SG+.$., 1263=:[ps'-*+?
W, ET5 0.47, 0.53, 0.56 , 0.68.

(3)0*5?+_147$.-02,+tW8'\
G, :D$.-0'#!.$.f>$O, 2,f>+1
263,8, =;_10~TWIP ,8�; ;0*5?+
\G, xC$.-0+2,, `xC~TWIP ,8�.
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