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Effect of pre-strain on Bauschinger effect

and strain hardening effect of TWIP steel

o
of
L=



TWIP

0fo

<0

<d

<
o

20174 11&

=
jor
Mo

4

—te

ud

-

0

od

kio

104



JE-E

|

) =

Zolo] B
o

F

MA@

5
AR
HAR &

alo

<0

<J

ofl

-4

ol

E

jol’

b

<J

20174 118



Abstract

, Dual phase &,

=
=

TRIP(TRansformation-Induced Plasticity) 4=Z%

ol
=x

TWIP(TWinning-Induced Plasticity)

o8 A

ol

CHXISt2 QUCEH O] & TWIP

A&l QUCEH TWIP

|5HA

ok
+0

-
L
Ol-

12 = OFOf M

e
S

[m ]

rd

i B4 7{(Bauschinger) & t7t SHMstA| =ICt

|
ols

Al A EE(Spring back)2

Toll

=

100
70

10| LOojLtE TAMOICEH TWIP S MESE

H|

<
s

H(Back stress)u} £+H QYO M, 0|

10 =30

e
[s}
o

Al g

4

N
H

FX|2F reverse

=Hol Mo

N

i

o/

100

oot

-
o

TWIP

okt

1243} of

PR SERACE 3 7HK|2]

o

k=an|

f

"y

ziper H#

!

A7

o B2

-
o

=2
=)

Xt(Bauschinger parameten)E At

ol
—

i

7

B4



O =1t

EBSD (Electron backscatter diffraction)2MS Edf H2[<Q]

St

ULt

g&=t

o1 7.9|

7o =22 F&= AE 3 7HA| Bauschinger

=
o

]

parameter S

FRACE O W HelE ZHol M2 ¥7|

25 BO| B7to

MO
O O -



.13

n

KO

Al 1

13

(ORI R =

19

1.2 — I 1 ] cccececcececcecccceccececcsccscecsscccsscsscscsscsscscsscsssscsscscsscsssscsscscssesscscsscsscsossons

22

.23

M2 & o[2H Hi

23

.30

32

2.3 Bauschinger BH. ...

e 30

el
10
%0
KIr

w0
XN

—t

KO

Al 3

36

Ho

37

..38

.40

.40

o
olo
Hr

100

42

3.6 Bauschinger Parameter..........coeieiernrerissssssssessssssssss s,

44

.44

..53

62

4.3 Bauschinger Parameter ... ssessessienens



...06

Xl 5

ol
RO
70
gl

ket

o

z

<0

P HeI7F B2

=
KO

<0

S

oA &

Sk

- I_ e
k= O | N e K=

.66

ol
N0
70
gl

0t

o

A

<0

o

P ™7t HE

=
KO

<0

S

oA &

Sk

- I_ e
k= O | N e K=

4

Kir

ol

F

74

B2t B0 O[KE BT

e 80

W

—t

KO0

Ml 6



Figure 1. AH| THI2F BB TFE. oo 15

Figure 2. AtsX} LMLl N 2| AELEL AUE. 15
Figure 3. A SHYO THBE Ol oo 16
Figure 4. AT HAL R AT[E. .o 16
Figure 5. Piping 1 BEtet SEHA| QIO LHO| BAE s 17
Figure 6. S2Z =0 2 AT KFO|. oo 18
Figure 7. 21 3-f=¢ W HRHA 2o E =l #al ... 18
Figure 8. TWIP ZrO| A THE . ..o eeeeeeeeeseseeeesseeeeeseeee s 26
Figure 9. Sa 42| [ SFEL| BADh ... 27
Figure 10 7k Eha SHZFO| [FE SFEQ| BHDE s 28
Figure 11. 1% #3k0] 2 Schmid factor Of MHE Aol 4-dof Cish &

B MBI e 29
Figure 12. HI2HH utE €0|7|= HIAZONZ| O, . 34
Figure 13. ASTM E606 & 11SFN BhE AIZAIE. e, 37
Figure 14. QUZ-23-QIF Al JHEFE . e 39
Figure 15. ASTM E8m-09 2| 0.5% HHEONM SHS Fot= Y. ... 41
Figure 16. YR QI O|F ALO|Z2| HAE [l e 43

Figure 17. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T2COTO 2| Jd2HZ= 45

Figure 18. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T4COTO 2| J2fZ=. 45



Figure 19

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T10COTO

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel

Of T2C2T0

Of T4C2T0

O T0C2T4

O| TOC4T4

O T2C2T4

9| T2C4T4

O| T4C2T4

O| T4CAT4

1o

10

10

2= 48

2= 48

J24= 49

J24= 49

Jej=. 50

Jej=. 50

Figure 28. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T10C2T4 2

Figure 30. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel HEZXO| EBSD

s

(@) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d)

Kernel average misorientation Map......ccoeceneereceieeesmeeesseessesseneeeens

Figure 31. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel| QI%

EBSD M2 &3t

A 2% 0

(@) Inverse Pole Figure map, (b) Image map, (c)

Phase map, (d) Kernel average misorientation map........cocceeeemeinerens 56
Figure 32. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel@| Q% HHH 4% Of



EBSD 242 &% (a) Inverse Pole Figure map, (b) Image map, (c)

Phase map, (d) Kernel average misorientation map ... 57

Figure 33. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel®| 9I& MHY 10%Y If
EBSD 242 &% (a) Inverse Pole Figure map, (b) Image map, (c)

Phase map, (d) Kernel average misorientation map........ccomeeomeeneeenees 58

Figure 34. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel®| Q& MY 2% - &=
M 2% - Q1™ 4% [ EBSD 2412 &3t (a) Inverse Pole Figure

map, (b) Image map, (c) Phase map, (d) Kernel average misorientation

Figure 35. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel2| Q1% MHY 4% - &=
HEHA 4% - Q1T 4%Y M EBSD 242 &2 (a) Inverse Pole Figure

map, (b) Image map, (c) Phase map, (d) Kernel average misorientation

Figure 36. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel2| 2% HHAH 10% - &
= THY 4% - oY 4% U} EBSD #A4E &% (a) Inverse Pole
Figure map, (b) Image map, (c) Phase map, (d) Kernel average

MISOMIENTATION MAP c.euierierieiierrie ettt sttt sssnsnees 61

Figure 37. 1% MRHHO| M| Reduction in yield stress £ fitting oF 2=,

Figure 38. 1% MHHAHO| A 2| Bauschinger stress parameter & fitting ¢t 1

Bl T e sene 63

Figure 39. Q1% MHHO|A 2| Bauschinger hardening parameter £ fitting
L R OSSO 63

Figure 40. &% AHAO|A 2| Reduction in yield stress £ fitting 3 J2{=.

Figure 41. &% MRHHO|A 2| Bauschinger stress parameter & fitting ¢t 1



Figure 43 Q1% MHY - = MHHYO|M 2| Bauschinger stress parameter
S itting T TLBHID. oo 65
Figure 44. 2738 37|0f| W2t HIRAA g0t A7 KOl . 70

Figure 45. H|O|L}O|E Zt0| A 2| Reduction in yield stress, Bauschinger stress

parameter 2} Bauschinger hardening parameterZ fitting oF 2.

Figure 47. &=A0f 2t X7| =2, QIF 5%, &H 5%, QAE5%0 LHE TWIP

ZEO| HEQ O] MG I oo 73

Figure 48. Q& THd - &= A - AFOAM Bauschinger stress

parameter®| ZIOIA Z|27|8 EAITH X e 77

Figure 49. H|O|L}IO|E Zo| 2Kt Bauschinger stress parameter Zf= fitting
BE TLBHID. e 78

Figure 50. H[O|L}O|E ZQ| OIMZEE] AFEL oo 78



Table 1 TWIPZ ZEA (WE%) covvvvvevvveevreeereeeereessessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnees 36

Table 2 Bauschinger parameterOfl Al HFR A =ikt WA Z3l 2at7h O|X|

L =SSO 43
Table 3. Q1% A 1A HIRHAH 20t HAAS} 2. 52
Table 4. &% FHAHO 1A HIR YA 20t HAAS} 2. 52
Table 5. 1 &-4= THHO| 2%} HIRAA 2ot HAHAS Zih......... 52



Al

1.1 HFHA

ForAl, SH A2

PR PR

(]
L

__I.L

ol 4 x|

S|
~

OfolM = A&l FAHE

Mz

=
=

TSHLE Figure 2.

gl

Hof| et A4E0

7t

=
o

gt

2H 7= JHEE 1 MO RS

BEE0| FE JHLERUACH[1-3]

7|2 (Twinning induced plasticity, TWIP)Z = CHE Z0f

& 800MPa O|%f,

s

~NO
KO
ol

F

(

K
X0

Tr

.i

7| A=

-
o

<
o+

H|SH A

OICt. TWIP Z2 H20AM LAHLIOIE

T

NSRS

=0 7|AH™ M™(Mechanical twin)0| ZHAsiol Z™ 2 O|M3t

b Figure 4. 1t

8l

Ol Wf Figure 5. & EH

2t=0| Lottt CiAl EEst 38S

O BFREA Zip7b LOJHEh[7] BfREA

-
ols

O{tCt o|Z

ol
=

10

= O
=

=0

Lf

=
=

F

o
=

g

Mz7b 7HX|

it

AHOILCt. (Figure 7.)

{

e
O
—



Rtz 25t EFO| HOFX|M Figure 6. OfA HXO0| AZEEO| 0| H3ISHY

MEs 892 W et =X o= A7 2QlCt W2 AFXAS0| BtedH 2ats

A =

meh HfedA =27t SItAL Hasks dds @otRAbh Lot Twip Ze



Z}zo| & - Th7| S| 7| &2/ 2) 27 I}ﬁﬂ' SAMTIA B S 7=
4 32 '
I B
o1
L N T . /168
15.1 : : '
% e m :
B = i-i D o :
' = . . . .
P il il M) Szl Mo e O 2009 2012 2020
200832 15 Z)E(B.-! 16 85093 ISE!O‘.! 5 2
%! 1, 2=20) ¢id| 4| 50| a3 2. 2t =2 CO, biiE% Al FA
(&3 : 2| ZE2EN MM 2EXIR) (&Y. 2EDETR)

Figure 1. ¥H| wHet 273 A [71]

200 + Extra Mild

0 10 20 30 40 50 60
Elongation (%)

Figure 2. XtSAt MM N ZS2| AZZEL} AUE. [3]



Eliminating 'springback’ to help make environmentally friendly cars

December 1, 2015

s S

\\i//S‘\“g

o 1y

//l\\

What is Springback? Credit: Hiroshima University

|>
[l
ot
1=
ret

Figure 3. Zof cigt of. [72]

Figure 4. ZA3 HAZ A=, [73]



(a) 30°

Rolling

\ Direction

>

(b) Leveled

(e)

@D 05 5v<cimer
-: IS Specimen

Figure 5. Piping 1} 3t SHA| A%} 4F2 AL (7]



Stress

Strain

i

-<—>- Springback /J»
4—» Springback X
st

Figure 6.

SFEZE0 mME 2= X}0|. [74]

Y
Y=2 yo
Linear 2" Bauschinger effect
Kinematic -~

hardening _.4"
.

0%

-
-
- .
-
- -

Isotropic-kinematic hardening
(with softening)

Isotropic-kinematic hardening

------ = : 3 :
(without softening)
_— Isotropic
hardening
UY-L=Y 0 HfYAH zutof| mE Jf=o| 3} [17]



Hd AF0A TWIP 20 Chet BidA =it= +4XNel a0 et A7t

HO| TAME|RUCE[17-21]

LS &S MOsHY| floiME HREH RS F=5HA  Oldloof
SICh HEREH maE J=O| Oloists| fISHAl Forward 2t reverse SE2

=AOLE Kinematic Bt &5 42| ogds HIEsts =L3Ho 2st
S8 B2t FUtELh F 2LSH0| SE+E HYA =zt Stettt

T="To+ T+ Tp A1)
Tev=Tot Tt~ Tp A_!(2)
T = (T - Trev)/2 A—I(g)

O] MO M 1,: Initial yield stress T; : Forest hardening T,: Back stress O|LC}.

. —

T £ Forward HE S0o| §583 MO 1, £ reverse HY S0t9|

QE3 Alo|th KO A2 ZESHE S| B Ao| Lhect

of =20ME =5 T2 olgd 2=5S8HS &3F5H7| 28, Barlat SO 2[of



G : effective stress, M : exponent associated with crystal structure

" v .f.f

|U

-‘-1 -‘-1 f A
S’ =S| + ‘q

P =

A(5)

St QF Sk (k = I,IO) Principal values of the modified deviatoric stress tensor

s (s'ors”)
§'=C'"s=C'"T-c=L"o
§u_ CH § = C”'T'U i LH G

4(6)

C 2 C(L 2 L) : anisotropic coefficients

=
~
-
=)
1=
3

£'1”1 C'1”2 0

01—
C'=le e 0
"
0 0 Cge

4(8)

3, olzgiet =250 TWIP 22| #HF et 7[AH 240 =85 71

A7| W20 =EH=tHel 2FoAe| s FFoiH. Twip 42 agdiid s

delo] dd =W orLgl WEE e ddgElCh olgfst HY ¥Hol gg2=



gdez Q&) HR=0]

ME
o

Hels0l 80 EHREAL

ol

o2



Fe-0.45C-24.5Mn-3.8Cr-0.5Cu  (wt.%)

L—

—

A0l A

=
—

13 GHALE

ofru

o| &}
L-O

ZAFSHRILE.

PRIt Bt

_||_
)
<0

e

VS

F

Ct. 2|

3

K

!

P AF SERRAC

10
G0

i

EN!
4
<0

Jo!



M 2 & o2 Hidg

2.1 TWIPZ

TWIP(Twinning Induced Plasticity) 242 &=20A QAHLIO|E Tthao| ZEZ JHX|H,

AdEY A 2EE WO HEAE(Mechanical twin)0| ddE[0] SHESS 2tat5t0IA
=2 ket gUES “HKe ?5et 7IAN 548 7IXl= ZO|tt4,5 Mne| gwE0|
E1 Mn2 AHUO|E QHEst AA2M AHUO|E TS 7HAA| Sttt TWIPZ 2

oo
oH

A Al 7I2H22 M 7HA €99ty e0ls TEHA|IFOF SHCh(Figure 8) X HHW

=

e
!

2 = 420N 2AHUOIE BHYS FA6H0F otH, & #HR ~gd#Hy Soi| Of

—

>|

EHAOIET}L MK RIOIOF StH, M HA BE Jo| od Hd A2 7|AH 4-
O ‘4 w[ofof gh[2] Bt TwWIPZ2 BT AR Of 4 X[(Stacking fault energy, SFE)Qt ¢
20| QUCt SFEZH M= WEo| HE =AM0f| W7l Zeh(Stacking fault)O| 2|=E|11A}L 5=
A OoHX|O|Ct. E& SFEZF 20mJ)m=2 O|5tQl AR AdHA T a'+e OIZHAIOIE H
EfZF A 2Lo{HCtn SHH, SFEZ} SFE 20~55 m):m?2 ALO|Ql AL By & ARHEIL 20
LEX] @3 Z71AH 47 (Mechanical twin)0| & A4 &M, SFE 55 mim? 0|2l 3% &

 Helof oo 7tsd=tvr THECt ea{ QAT [44-46,50]

TWIPZOA 37tX|2| SFE Alitot= YR O] ACE[47-49)

[1]. 23t GO|EIS EMj2 $42 ARSIl Atsts #o| ULk ofzjel A2 of
8510 SFE af2 ALbetct.

A©Q) T = 2pAGY™E + 20Y°
I : Stacking faults energy , p : the molar surface density of atoms in the {1 1 1} planes,

AGY~¢ : the free molar enthalpy of the transformationy—¢, o¥¢: the energy per surface

unit of a {1 1 1} interface between y and e.



1>
mjo
>
o
o
Q
wn
M
m
Il
P
I
oot
0
HU
>
rz
ogt
oA
=]
In
rm
>
o
m
[z
m
N
o
Q
I
B
el
El

SFEZt ZHEE|= OE0|Ct [75] CHAst g fAE 715610 SFEE Z=ZE LY. Figure 10.2
Fe-Mn-C Of|Af Mn2t COf| 2tEHof 2l SFEZt Blstot= & O|Lt[76]

[2]. X-ray diffraction : X-M 2|HS FE30 Schramn and Reed?| YWHASZE SFEE
Arbg 2= UCH[O]

-037 _ _2
Ki1100G(111)a04 < €50 2111

= 3 -

A1(10)
Ki11wo = 6.6 proportionality constant, G111y = shear modulus in the (111) fault plane :
1/3(Caq + C11 - C19), @0 : unit cell edge dimension, A = Zener anisotropy : 2¢44/(C11-C12), and

¢ : elastic stiffness coefficient

[3]. TEM ZHE : TEMSZ EHE T2t 2t ™o HAHA HEHL ™M M Ato|9

ZEE HA F8E = UCL SFE= CHS 28 AD} HO|EE H|WSHo] A Akgh 5= QICH
2
G|bp\ 2—v . 2vcos 26
- 8my 1-v 2—v

A1)
G : shear modulus, b, : magnitude of the Burgers vector of the partial dislocations, v : the

Poisson;s ratio)

@olA 2ot ANMY TwIpE2 aduigA 2FE Lo By POl ddE

X823k [4,5] 2|1 O|ZAH2 Schimid factor HAAOZ ZAtah o~ QUCH WHO| M

M= Figure 112} Z0[ LEEFHCE[53]

M



TWIP 2ol 2ot Ay Ed0E =7otd, RO EXM7F AT
3

2aLAct ozt EHE T H2 =4k Xdoiet =o¢ #HYol R 0
o

=HE sZ%H7| fIsiM HdHATFUME= AIZ H7ISHH AMEOIESl MES AXStL,

X|Hntn|Qt #EEl $=4%FH4S FO0|1, Dynamic Strain Aging(DSA) & ZLAIAH 0l

=HE & €RES SHZSHIUL [51,52]



Stacking
Fault No.3
Energy
(SFE)

Austenmite Stability
M, & M;<R.T

Mechanical twin
formation

durine deformation
No. 2
No martensite
transformation
during deformation

Figure 8. TWIP Zo| HA 744. [77]



SFE (mJ/m?2)

45 -

40 -

35 -

30

25

20 -

—&—Cu
——Si
—— Al

—4&—Cr
---- Cr(Petrov 2003)

15

4 5 6 7 8

x(Al,Cr,Cu,Si) mass %

| w2 SFEQ| M3} [75]



Fe-Mn-C

300K

2

w;

¥

RSO
w

e ////, |

>
Lar]

[% 18] Juayuod Isoueduey

10

0‘
Carbon content [wt.%

Fe-Mn-C

300K

= w,
Lag] o~ — —

[9%"IM] Judajuod asoueuey

Carbon content [wt.%

)

b

t

(

k. [76]

tH3

SFEQ|

=2
=

ol

Figure 10 YZtu} Eta



| 15.8mm
| >
2. 7mm
= |
© 3mm | i
Tensile direction
‘ 11
+
‘ | 1
- 001 101
-------------‘
500pm
C
111

233

144
001 101 001 101
e Max. Schmid factor for Transformation strain (%)
martensitic transformation by y — & transformation
e Max. Schmid factor for
slip deformation

Figure 11. & W&o M2 Schmid factor O M2 Aol M/doj Cish W M T, [53]



= M2 7t

q

o

o
[s}

TWIP ZOA TH

2Tt

of o2t M=ol e

1|
=

H

10

=4 Mo =20 MEE

20{ et

tCH[54] HFREA

ThstALL Ei

=

s}

27}

ORI A B A7

i

jol
=
Klo
i

Ct.

—

ase 0%

250]

CH

ol
x9lo)

I 7S UM E
AMAZ HO}

x

o Mzo| d=3=7t HEXH HE 890
]

20| 0o et

ACHe

x|

e
O:
o

_
(o]

F

—

O
370e] HAZ Lt = QULCH [55]

o=
|7t
B}t

x|

o
e}
o

IS

|:||_=|o
7t

|-
—

1

Ch TWip 242 H

FoM=E HESY

IS

b

tA ol M

—

=
o
o1

b

I_|
THA Ol M

0|23t
TWIP
C

= EA0A

otLtel

{In

X
S

BI77FX| H|

=

—

of Mt

gt
o

Lol R-RHQIQl 47t HABA Elof BREHY} o

20t

H}
=]



ot

M 3 A

ZOfLIA|

=
—

UL,

&

.

Ju

oll

_II_
4

ot

HYSS T HHE

4

Sp7F Logof et #e

ke

e
[s}
o

Bl



= MAHSHD CHAl Y=5tES 71otE, Ol

2.3 Bauschinger &1}

W&o oo &K @ 5 ol EO of & o ™ o oK
OF = T = H £ & ok oF KT o M o
K W ok = H ol M M i pd K Ofo 750 =3 o o
_._._O ._o_._._ 0 o ) = —_ _A_l K_l Hﬂ —_— Ou_ |_4_|
o o ol = K K A @) ™~ il o E ol N Jod
= Womoon % T WO d R = = = o ©
Ko BT _ Ko — o = o D X oF % o R Ko

KD o —— N ) o M <0 - hal _ (] = Ujru
_ o 4 7 X S kWl g b -~
O_u = IDI e ._.A.* Jod K o mv__ﬂ Z0 _u__._._._ A_=._ O_I od
K- ol 0 o - =T
B w0 N we R K<k u@u SR ol
0 % o 0 — nH ol @ L M =]
o Mmoo 8 5 % M ol e _— O O o H
w5z o5 RS e _ o Ol K = 2 M o=

: o = B & ¥l ol _ oo TR om z

o e ™ ~ | AL o =) - _ - K 70 I__/| =]
I — © ~ K on =0 = 3
m 1 g S = o 100 1o 27 = O 0 _
._& K e ~ = _ olo 10 _ wlr Tl 780 S = oF ol
NV = = 2 U S  gzo & ol -7 @ T AN
-1 o >3 = 1 M oF = aju or = o

Ofu ol o = =) oF jod = bt 4| o = m.r_l Jd
—_ = < N 3T < [ ~ = 5 =
o o W & X oW ® @ o K F 3 o & D
KO o) BT G oo o ®FF <
oF ol A ol o 9 = = PO ol Kr
03 <0 Ko 2 e = X M R o K0
K X 7 ol .._A._.o =) 70 14 J/ Kk ]l - F ol Klo
= s . ® T m = T om KD - J
[_ g4oa oa Ko, & o =z K oy = B N E
ou oo oo T = ol S E ol o = u
B¢ RO | m_o o = %n_v_m o W I u_, TR LU _M_Vl_ N
» ooy =S oF = xr oH oo 2 W
10 T S ot gz 5 E 80 o = EREE
N =5 T om = =l K Thu K = O ou Y o ol

— . — _ - —_ o—_ —_
o o X o omomp owy T o= IO S G L S
% % I I+ =~ 7l = > {In M oF M_l__l & KO Mmo DI o .__|n_v|
10 o X | m 0 101 ol ol fo K o3 4 Mm e} < o
= ar =S —_ =T e ey = [} R
s W S g o 4 o~ WOy, 5 s o T o o= o
W 5 o > - - = — I oo =T _ T N
A = 4 i X <0 ¢ F o = — A = _
<o g o o= o 2 oF W ox - W H K o n 2 &
-~ B o © [0 Ko T © wm o @ o Mmoo g N i :
S omm o' oo © _ - @8 =X - ™ ¢ ° & 4o
S A S 30 m n N e N oL X LA
<0 wl o N X Al v  oF O KO K ™ L o0 Y
Bl oy R Ar oF ol M Lo &kl B g0 ot 1y T o B

M Z= AL A

iy

b apolmpol

]
[



OH!

rr

3Y 3 YEAYA 5

2 A

-~
[e]

FECE [54]

Lt
=

o
—

St
=]

=8=7F e =k o|ZEA APl 275t

SRUCE STA|K| 2o == SHHO| LSO HO|LIO|E o Thet LA



Figure 12. HIR M 2 AtE LO|7|= HAZOH S 0L .[55]



i

o

O] M| =t

A of

2%

a

NI

(o]
AA

el 7HX|a

=
=

Qo| BE

=

L

N

mm

o

ofLjzt SHEFEL Z&=7F § ALt

=t 2 22

S
=

Mz7r HE2EM=LL 7tE8%t

MHr
<
K

37|72} =to}

Helel ols0l Chet

|5}

Petch Of

E|da,

¥

od

Of Hall of <af X

A4

C}.[55,57]

|
A

<
KO

I

=l
2!

4(12)

Oo=0 + k ‘D2

114
o)
%0
KIr

|

LIEfLH =

L3S

~
(=]

r
100
0lJ

A7t TYE ALY,

-
ot

O] M=ol CH

dEE =0|7] 25 Hall-Petch A

[58-60]

= 7|4

Lot

=
S

e

=
—

TWIP ZO|A

Hall-

=X
(Sl

7510

Petch 21F(Dynamic Hall-Petch efeect)2til = =EICt [32]



51
10
Z0
KIr
oK
B0
will

-l

Al 3

TWIP Z2| =ML Table 1 Of EAISIQULCE HZX3H2 #E3ME| 1150£100 °C Of| A

2¢1(1000£100°C)=2

gt

b

(400+100 °C MtX)S Tl sl

Table 1. TWIPZ = (wt%)

Cu

0.5

0.45

Cr

3.8

Mn

24.5

Fe

Bal

70
Kd




3.2 Al FH|
AHO| YA ASTM E606 2 F11SH0] Figure 13 1f Z0| THSRACH A|HO| FH =

=7| 5mm ALt AlHO| BN SS=SS Fe2= BH AOE Sot0 jIEA o5t
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3.6 Bauschinger Parameter
TWIPZS| HRHAH =it HAZetgE #4517 {6 37HK| HIRAA QAXE
O| &35t RALt. [54]
Reduction in yield stress2| A2 A1(13)0| A LIEFRICE
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Bauschinger stress parameter= 2(14)& &dll LIEFRICE
(14) Bo=(Opre~0y2)/(Tpre)
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Figure 17. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T2COTO 2| 12{=.
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Figure 18. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T4COTO 2| 2=,
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Figure 19. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T10C0TO 2| J2jI=.
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Figure 20. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T2C2T0 2| 12{=.
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Figure 21. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T4C2T0 2| 2{=.
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Figure 22. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| TOC2T4 2| 12{=.

— C4%
900 - —T4%

600 -

300

0 LB — — 1 ' T T T ‘'t T Tt T T T T T 1T
O 2 4 6 8 10 12 14 16 18 20
True strain (%)

Figure 23. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| TOC4T4 2| J2i=.



True stress (MPa)

True stress (MPa)

—T12%

900 4 ——C2%
—T4%

600 -

300 f:

0 2 4 6 8 10 12 14 16 18 20
True strain (%)

Figure 24. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T2C2T4 2| d2{=.
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Figure 25. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T2C4T4 2| J2{=,
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Figure 26. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T4C2T4 2| 2{=.
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Figure 27. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T4C4T4 2| 2{=,
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Figure 28. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T10C2T4 2| J2jI=.

900 Y2

n

o

o
!

300f:

D T ! T ! T ! T !

— T10%
— C4%
— T4%

o 2 4 6 8 10 12 14 16 18 20

True strain (%)

Figure 29. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel 2| T10C4T4 2| 2=,



Table 3. 21 HHAL| 1%} H}RHH muter HEF2 2ot

| 6,1 (MPa) |0yt (MP)| oy, (MPa) . B, |

T2C2T0 349 416 302 47 0.27

T4C2T0 359 471 294 65 0.38 0.37

T2C2T4 352 407 288 64 0.29 0.54

T2C4T4 357 422 304 53 0.28 045

T4C2T4 375 480 322 53 033 0.34

T4C4T4 363 471 308 55 0.32 0.28
T10C2T4 355 601 339 16 044 0.06
T10C4T4 344 593 341 3 042 0.01

Table 4. &% HHAL 1%} HIRHH muter HEZ 2ot

TOC2T4 357 426 311 46 0.27 040
TOCAT4 355 498 349 6 0.30 0.04

T2C2T4 352 288 429 357 0.17
T2C4T4 357 304 529 359 0.32
T4C2T4 375 322 496 385 0.22
TACAT4 363 308 568 433 0.24
T10C2T4 355 339 561 440 0.16

T10C4T4 344 341 648 517 0.20



Inverse pole figure map, Image quality map, Phase map, Kernel average misorientation
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Figure 30. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel HEH™2| EBSD M &%t (a) Inverse

Pole Figure map, (b) Image map, (c) Phase map, (d) Kernel average misorientation map.

A2

(Highlighted Points ¥(Tolal Number of Points) = 0.000
(Highlighted Points ¥(Number of Geod Paints) = 0.000
(Highlighted Points ¥(Mumber of Partition Pgints) = 0.000

Gray Scale Map Type=<nong>

Al

A2

Color Coded Map Type: Inverse Pole Figure [001]
Austenite

a0 101
Ferite

LR

001 101

(Highlighted Points (Total Mumber of Points) = 0.000
(Highlighted Points ¥(Number of Good Points) = 0.000
(Highlighted Points ¥{Mumber of Parition Points) = 0.000

Al

A2

Gray Scale Map Type:=none=

Gray Scale Map Type:=none=

Color Coded Map Type: Phase

Total Partition

Phase Fraction Fraction
I Austenite 0.860  0.860
[ Ferrite 0140  0.140

Color Coded Map Type: Kernel Average Misorientation

Total Partition
Min Max Fraction Fraction

Edo 5 1000 1000

Boundaries: <none=

Boundaries: =none=

Boundaries: <none>



Figure 31. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel®| Q1% H#HH 2% 0 EBSD £AS E%

Dislocation
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(a) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d) Kernel average misorientation

map
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Figure 32. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel®| Q1% HHH 4% 0 EBSD 2A S E%

[ =

(a) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d) Kernel average misorientation

map
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Figure 33. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel2| ¢!

HHA 10%Y Wl EBSD 2M2 &

ot (a) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d) Kernel average

misorientation map
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Figure 34. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel2|

dislocation
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Kernel average misorientation map
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Figure 35. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel®| Q1% HHH 4% - &= HHH 4% - 2l
o 4%Y 1l eBSD M2 &% (a) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d)

Kernel average misorientation map
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Figure 36. Fe-24.5Mn-3.8Cr-0.5Cu-0.45C TWIP steel?| Q& MHH 10% - 4= HHEY 4% - I
o 4%Y 1l eBSD M2 &% (a) Inverse Pole Figure map, (b) Image map, (c) Phase map, (d)
Kernel average misorientation map
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4.3 Bauschinger Parameter

Z+zto| MHO|O|E 0| Al 37tX| Bauschinger Parameter2 |45t fittingdiAl A2

OIF ALY O Reduction in yield stress= HHE 4%7HX| AYS 10| S7t5t0 HH

If

£ B, 42 B7IRUCL Bauschinger hardening parameter= MHYO| ZItet~=Z B, 440

MRt ZARUCE (Figure 37, 38 1} 39)
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StQACE. Bauschinger stress parameter= M
Bauschinger hardening parameter= H&E0| Z7tet0f| et B, ZAZUCE (Figure 40, 41

1F 42)
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t : Twin thickness, f,: Twin volume fraction

Op
number of dislocations stopped at the boundary , L : mean intercept length
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Abstract

Existing steel products to satisfy automobile weight and formability have been replaced
with light alloy, dual phase steel, TWIP (TWin-Induced Plasticity) and TRIP (TRansformation-
Induced Plasticity) steels. Of these, TWIP steels have been extensively studied in many
fields recently for their excellent combination of high tensile strength and high ductility.
When manufacturing the TWIP steel plate, a bauschinger effect occurs due to manufacture

of the coil shape and the planarization process

Bauschinger effect is plastic deformation that occurs at the lower yield point than that
of existing steel. When the TWIP steel is formed into a product, the spring back is predicted

and the mold is modified to produce the product.

The spring back phenomenon is a phenomenon that when the material gets deformed,
it returns back to its original direction by the elastic deformation area and also this
phenomenon is related to the back stress. This back stress is resistant to the flow stress at
the time of forward deformation, but it helps the plastic deformation at the time of the
reverse deformation and affects the stress difference due to the Bauschinger effect. When
plastic deformation occurs at a lower yield point due to the Bauschinger effect, the amount
of spring back is changed, which makes it difficult to accurately predict the numerical value
and leads to defective products. So to get a better understanding of spring back, you have

to consider the Bauschinger effect as well.

At TWIP steels, during plastic deformation, twinning has been produced continuously
until fracture. Since twinning roles in blocking the movement of dislocations, when
considering the Bauschinger effect, twinning and dislocation density should be considered

together.



The purpose of this study is to analyze the Bauschinger effect and strain hardening effect
on various pre-strain (tensile - compressive, compressive - tensile, tensile - compressive -
tensile) through tensile - compression - tensile test. Three Bauschinger parameters were
used to quantify the Bauschinger effect and strain hardening effect. Electron backscatter

diffraction (EBSD) analysis was also used to observe the dislocation and twin formation.

In the results of the study, it comes out that twinning played a role in blocking dislocation
movement through EBSD analysis. Also, the formation of the initial twinning can help to
increase the Bauschinger effect three Bauschinger parameters. However, the twinning and
dislocation densities both increased when the strain was increased. At this time, due to the
tangling between dislocations, the Bauschinger effect decreased and the strain hardening
effect increased. The twinning effected the increase of strain hardening effect as a role in

blocking the movement of dislocations.
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