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ABSTRACT Twinning induced plasticity (TWIP) steels show large elongation and high tensile
strength, exhibiting a super balance between strength and plasticity. Until now, the effects of Mn, Si
and Al on stacking fault energy (SFE) and phase transformation of TWIP steel had been investigated,
but the effect of N on phase transformation, especially martensitc transformation in TWIP steel has
not been reported. In the present paper, the mechanical properties of TWIP steel with the addition
of N were tested. The phases were analyzed by XRD and the microstructure was characterized by
TEM. The average and local probabilities of stacking faults were also calculated by using shifts of
X–ray peak and electron diffraction spot, respectively. Compared with the conventional TWIP steel,
the results showed that at a lower SFE level, when fcc austensite or hcp martensite transformed
to bcc martensite, the largest interstice decreased from 0.1047 to 0.0725 nm. The lattice distor-
tion energy of bcc martensite was greatly enlarged by N, which situated in the interstices, leading to the
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suppression of the bcc martensitic transformation. As a result, the content of hcp martensite increased,
causing the increase of strength and decrease of plasticity. Besides, the results also showed that
deformation increased stacking faults and hcp or bcc martensitic transformation consumed a large
number of stacking faults.
KEY WORDS TWIP steel, martensitic transformation, mechanical property

)Æ%!%&' (TWIP ') '(*)()"*&+
(60%—95%) *)",# (600—1100 MPa) $%'+
4 [1−3]. TWIP '")%&+5,&,'---%!
(.)/6&, )$**(0",+. $%!)/6&"
./01),*+.+"-.-, /)"-.-)2(,
&)/"Æ+; $//"-.-034*+,& [4,5]. 1
1, TWIP '"+0-1.(-.-. 56"2727
./)3) Mn '-.,24 Al * Si +0833/
5"-.-. 49 Al :60)-.-, 784*+,
& [6], $ Si "4995/-.- [7]. Grassel 4 [1] 2

7; Fe–Mn–Si–Al 1 TWIP ', !2 Fe–25Mn–3Si–
3Al*)86" TWIP3:, 5<7468'"-.-5
40 mJ/m2.

27 [8−10] 7=, 3 Fe–Mn–Si 9>1-49/.
" N(0.2%, ;.06, 78) :0)9>"-.-. 8?
99"6@27 [11,12] <7=, N ";.3 0.052% 67

:<0) TWIP '"-.-, 03,&,'-")Æ$
0)'"*&+. A;, =B" N >:6?<9>"C@

=&- [13]. 9) N )75A>=::3(9>-, D;
,&*E>&-"??)<(75@B=:" Al * Si
4A@. 11, 8AFG;4 N " TWIP ', 5:BC=
4 N " TWIP '3D;>. 2E X BCFB (XRD) D
,0EC?, 8:H9FDHE7G, GH; N ; TWIP
'4*+,&*E>&-"??.

1 ;<=>
IH6Æ'0F" Fe–20Mn–2.5Si–2Al TWIP '

75;>, FG; N " TWIP '. 2 I TWIP '"G

>+0 (;.06, %) I7 1 JK. D-, @J=; N
TWIP '5 A ', ; N TWIP '5 B '.

LK3LJH:K-FG, 2E SiN ; TWIP 'M
N, 5A9 N2 3DBI. FGJK4+N 30 kg OC. 3
1230 DLPGML 1 h, 1150 DMNNE, QEO#N
900 D, QEFGN5 30 mm×200 mm×650 mm, PJ
JORQO.

? 1 TWIP 	�M
H�
Table 1 Chemical compositions of the two twinning induced

plasticity (TWIP) steels

(mass fraction, %)

Steel C Mn Si Al N

A 0.01 20.24 2.44 1.95 –

B 0.01 21.55 3.00 0.69 0.052

IEG>0EC?;NA@+03DJ@; :E

Rigaku D/max–2550VB/PC S XRD ;LK3DHE
*,0E; 3O>RFP*SBKP (TEM) 73D9T
DL; QO73 Zwick/RoellM@Q&LHPT3DQ&
IH,Q&U+5 1×10−3 s−1. D,@.0E [14,15] IE

XRD γ(200), ε(101)* α(200)Q",+61. ,*+R
L-.R+ (fa) IEVMK X BCFBQWU? [16] J

@, SNTV-.R+ (fl) "J@IEK:FBOPWU
? [17−20]. D-, X BCFBQWU?J@RL-.R+

"14SX5 [16]

Δ(2θ200−2θ111) =
−90

√
3f

π2

( tanθ200

2
+

tanθ111

4

)
(1)

Δ(2θ200 − 2θ111) = Δ2θ200 − Δ2θ111 =

(2θ200 − 2θ◦200) − (2θ111 − 2θ◦111) (2)

X-, 2θ200 * 2θ111 0<7K (200) * (111) /U"
FBT, 2θ◦200 * 2θ◦111 0<7K (200) * (111) /U
"V-.FBT. VMK X BCFBQWU?-V C =
Δ2θ200/Δ2θ111, 3

2θ◦200 − 2θ◦111C = 2θ200 − 2θ111C =

2arcsin(
λ

a
) − 2arcsin(

√
3λ

2a
)
180
π

C (3)

X-, λ 5 X BC"QR, a 5/US6. WX (111) *
(200) /UFBTW:.,6Y143T-.R+.

K:FBOPWU?J@SNTV-.R+"14
SX5 [20]

⎧⎨
⎩

2cos(ϕ + 30◦)f2 + (2sinϕ + 4sin2ϕ)f−
2cos(ϕ − 30◦) = 0 (k − (h + l)/2 = 3n + 1)

(4)⎧⎨
⎩

2cos(ϕ + 150◦)f2 + (2sinϕ + 4sin2ϕ)f+

2cos(ϕ + 30◦) = 0 (k − (h + l)/2 = 3n − 1)
(5)

X-, ϕ 5 (200) * (111) /U"VT, hkl 5/U

Z6.

2 ;<AB
2.1 CDEFGH

Y 1 5 A * B '":E – :&XC, XC-Y)=
R"ZWP. 2 I'"E>&-JLHX7=, A 'CQ



� 7 � YU[V : N W TWIP Z[Z�[X[\�\]Y]\ 771�

,# 724 MPa, *&+ 65.3%; B 'CQ,# 778 MPa,
*&+ 47.4%.
2.2 IJKL

Y 2 5 A * B '3Q&IH6J" XRD ^. 3
Q&IH6, A '".+9T5Z^,*+, B '".+

9T-[,*+B;>) ε 4*+, ;.N5 10.9%, ]
= B '"-.-//( A '. B '"/-.-./)'

(DG>+0-//" Al ;. (0.69%) J_. 3Q&J,

M 1 \
 N TWIP 	�
 N TWIP 	`
 – `�_^
Fig.1 Stress–strain curves of A and B steels

2 I'L!Æ4*+,&, .+9T-62; ε 4*+*

α 4*+. 7 2 5:E XRD 0EC?J@"ND,P

aS6*+\06. )7-:`6, Q&IH6JN,P
aS6&G=(, :6a5)'(J._]Jbb"&G.
A;'( 2 I'" C ;.//, L5 0.01%, J6Q&
J:&%!" α 4*+5 bcc HE. 3Q&IH6J, A
* B '"D,;.&G]<](. A ',&J, cBd;
4.4% ,*+, ) 30.5% .+9T6&5 ε 4*+, `c
" 65.1% 6&5 α 4*+. C A '=8, ; N " B '

,&Jd) 14.4% ".+9T!Æ; α 4*+,&, )
67.2% "9T!Æ ε 4*+,&.

2.3 NOPQ
2.3.1 RSTUV Q&6" A * B ',*+

9T-:DLT(.-., IY 3 JK [11], 7= 2 I'
"-.->//. A;, 3 B '9T->DLTaRbW
N%! ε 4*+ (Y 4). $3N%! ε ,"ÆecDL

Tc.-., eC X BCFBQWU?J3" B '*)

// fa ,^_.
2.3.2 RSTUX Q&IHJ, 3 2 I'-

^DLT(.RD,&)/LP0_34^LK-, _9

M 2 A � B 	�
��`fa���`��
Fig.2 XRD spectra of the samples before (a) and after (b) mechanical testing

? 2 A � B 	�
��`fa���`��
Table 2 Lattice constants and volume fractions of phases in A and B steels

γ ε α

A1 a=0.3606 nm

v=100%

B1 a=0.3599 nm a=0.2531 nm

v=89.1% c=0.4101 nm

v=10.9%

A2 a=0.3617 nm a=0.2540 nm a=0.2899 nm

v=4.4% c=0.4118 nm v=65.1%

v=30.5%

B2 a=0.3606 nm a=0.2545 nm a=0.2841 nm

v=18.4% c=0.4116 nm 14.4%

v=67.2%

Note: Subscripts 1 and 2 mean the samples before and after mechanical testing, respectively; a,

c—lattice constants; v—volume fraction
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TWIP 3:"Pf [12]. 1;, >DLTbaRbWRD
gh":&%! ε 4*+, IY 5 JK. CN%! ε ,

,>, :&%! ε ,gha4ib. SBK:FBcKR
K, ε 4*+C,*+j,"kd+15 [011]γ//[1210]ε,
(1 1 1)γ//(0001)ε. 8:, <DLT α 4*+ [12].
2.4 YZ[\]G^

efIEVMK X BCFBQWU? [16] J@'3

Q&IH6J,*+" fa, HX7= A 'Q&6J" fa

M 3 A 	����g
Fig.3 TEM image of stacking faults in A steel before me-

chanical test

M 4 B 	�lgc ε ��hdeg
Fig.4 Centre dark field image of thermal–induced ε

martensite in B steel

0<5 12.5× 10−3 * 10.1×10−3, B 'Q&6J" fa

0<5 7.6×10−3 * 38.4×10−3. A;, 2E TEM FB

OPWU?;SNTV"-.R+3D;J@. 3Y 3 J
K A'-(.-.:3"TV, FBOP!ÆWU, (200)
* (111) /UBA"VT'M@" 54.7◦ M(R 59◦. f
i TEM OPWU?:3D fl N5 0.37, D;J)3m
100 - (111) /Ugh-62; 37 g.g, <W)-..
DYj((8'" fa(12.5×10−3). Q&J, !Æ ε ,&

"=8TV<*)=8" fl, IY 5 JK. Y 5a JKT
V" (200) * (111) /UVT5M@" 54.7◦, 7=8T
V"-.6./c, Y)h_OPWU; $Y 5b JKTV
" 2 ^/UBA"VT5 55.2◦, ;:" fl N5 0.074.

3 _`
3.1 N a α bcdJe]fghi

9+ A, B '" fcc γ ,*+ihcp ε 4*+* bcc
α 4*+^j;hU+*kU+ 2 IA> [21]. D-, γ

,*+* α 4*+"8(A>L5kU+A>.

d8 = 0.414D (6)

Dfcc =
√

2
2

a (7)

Dhcp =

√
a3

3
+

c2

4
(8)

X-, d8 5kU+A>kn, D 5j,=:kn, Dfcc

* Dhcp 0<7K fcc * hcp ,=:"kn. k7

2 -PaS6RLY (γ ,*+ a=0.361 nm, ε 4*

+ a=0.254 nm, c=0.412 nm) l9TX:3: Dfcc=
0.255 nm, Dhcp=0.253 nm. d;( γ ,*+,
d8=0.1056 nm; ;( ε 4*+, d8=0.1047 nm. $A
>=: N "knN5 0.148 nm[22], ((8(A>Y, l
ij N =:"A>=Bm:bb/(Pae&. '( γ

M 5 A 	� 2 f\jkm�`�gc ε ����hdeg�on�nlgo
Fig.5 Centre dark field images and diffraction patterns (the insets) of strain–induced ε martensite in A steel

in area 1 (a) and area 2 (b)
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,*+* ε4*+"8(A>hSie, ; N'3!ÆN
%!j:&%!4*+,&:, /Ue&-&G]m, J
6A>=: N ; ε 4*+,&??7E=(.

C γ ,*+* ε 4*+=8, α 4*+"8(A>
5hU+A>:

d4 = 0.291D (9)

Dbcc =
√

3
2

a (10)

X-, d4 5hU+A>kn, Dbcc 7K bcc ,=:
"kn. k7 2 - α 4*+"PaS6RLY a=
0.287 nm, 3 Dbcc=0.249 nm, d4=0.0725 nm, m(
γ ,*+* ε 4*+"8(A> 0.1047 nm. d N "
:3:RpM(' γ ,*+j ε 4*+d α 4*+,

&"ÆE, 78(. α 4*+",+. e--]kop
n5oq-.-/"; N TWIP '3,&J α 4*+

;. (14.4%) p$Rp/(-.-)"V N TWIP '

(65.1%).
3.2 N a TWIP kCDEF]lm

; TWIP '$q, /)"-.-)2()/"qÆ,
784*+,&, d,&,'-r(!Æ)/6&, .,
)Æ%!%&3:0)D%&; 9D;4*+,&"78
7Erlc;),#"4*+;., 1$,#//. C B
',>, A ''(*)/)-.-$RK6/)"%&*

//",#. ),9+CU0E, B '3,&,'-'(

N ; α ,"787E$,+ 67.2% " ε ,; j((=;
N " A ' 30.5% " ε ,. hcp ε ,'(mU1c$RK

5sr"E>&-pP. 11, C A '"E>&-,>,
; N " B ',#), %&]. ss, A>=: N "49
<<;.+9Tb=B,G7E, 9D,G7Et(. ε

,",G7EJtn.
3.3 neoJeapcdYZ[\]lm

01-.-C-.R++p>+1"ot [23,24], -
.-//" B ':*)/)"-.R+. s$ XRD JL
HXrC1,p, ,&6 B '" fa m( A '" fa. Y 3
- fl ((8'" fa, 7=-.3,*+9T-"0_)
=LP". $Y 4 JK" ε 4*+,Æe-.]c, 1H
X_94*+,&-.GP8 [25,26], d4*+,&'-
.,p, 3D,pR(,'-qq(.-., 5/-.R
+. B '"/ fa :pn5N%! ε ,",+5/;D-

.R+.
3Y),&"uv7, ,&:<03-."M4, 0

)-.R+. Q&IHJ, A'" fa 5/,$ B'" fa M

4. eIrrY)ot"-.R+&G),&*,&s8
7E"HX. Y 5a JKL5 A '-,*+*:&%! ε

4*+s:"TV, t),&<),&. Y 5 JKTV-
.c, ,&qq-.u1.hoW; Y 5b " fl 5 0.074,

)(D fa(10.1×10−3), ,&M4-.b./7E. 11,
,&J A '" fa 5/* B '" fa M4),&*,&

q97E"HX.
rB, ,&*4*+,&^??,*+-"-.6

., ,&03-."M4, 4*+,&9qq-..

4 A`
(1) TWIP '3' fcc γ ,*+j hcp ε 4*+d

bcc α 4*+,&:, A>=: N ":3RpM(/U
e&-, 0) α 4*+w&"ÆE, 78 α 4*+,&.

(2) '( N 78 α 4*+,&, 0s/-.-"
TWIP '3,&,'-qÆ(. hcp " ε ,, h_'"
,#0), %&75.

(3) ,&:M4-.6., $4*+,&:lc-.
6..
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