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Quantification of Large Deformation with Punching in Dual Phase Steel and Change of its’ Microstructure

— Part II: Local Strain Mapping of Dual Phase Steel by a Combination Technique
of Electron Backscatter Diffraction and Digital Image Correlation Methods

Nobuo NAKADA, Ken-ichi IKEDA, Hiroshi Suuto, Tatsuo Yokol, Toshihiro TsucHiYAMA, Satoshi Hata, Hideharu NakasHiMa and Setsuo TAKAKI

Synopsis

: To evaluate heterogeneous strain distribution developed by pre-deformations in dual phase (DP) steel accurately, a combinational technique

of Electron Backscatter Diffraction (EBSD) and Digital Image Correlation (DIC) methods was newly introduced in this study. A good correla-
tion is established between kernel average misorientation calculated by EBSD and local equivalent strain measured by DIC in ferrite matrix
of DP steels regardless of the difference in deformation process, which means that an EBSD orientation map can be easily converted into
an applicative strain map by employing the individual correlation formula. This new technique reveals that very high strain region is locally
formed within dozens of micrometer from the punched edge in a punched DP steel. On the other hand, hard martensite grains dispersed in
DP steel remarkably promote the heterogeneity of strain distribution in ferrite matrix. As a result, the high strain region is also developed in
the form of bands in a cold-rolled DP steel by only 60% thickness reduction at least, as if it is affected by the distribution and morphology of
martensite grains. In addition, the local strain mapping demonstrates that the equivalent strain of the high strain band in cold-rolled material
is comparable to that of the heavily deformed edge in punched one. The very high strain band in ferrite matrix is characterized by ultrafine

grained structure, which leads to the possibility for the losing ductility in ferrite matrix and the martensite cracking.

Key words: local strain mapping; dual phase steel; heterogeneous strain distribution; electron backscatter diffraction; digital image correlation.
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IZ5BEOBMBEEKR L, 8L, DK SikffisEA X
hhiE, ThaEEHLT EZ0o0$ARE%DPHHIZIA
HISNGTXAREETFIM L e 22 Mat§3 2 &M T
X, JTH XTI & % DP S MRk & 1t 0 2L %
B2 OHBMER L G425 Z EANAREIC A Z TH A S,

KAM % FIIH U 72 EBSD 412, sbBHAEE CRE T 2 i)y
THIKC OBV T2 8) & b9 5 PUHEAN & U TRZEHA)
TH 5, $TTITBRNRZE 51T, AR 2 M N
MOMNEREF AR L TOB T T, OFTARZD
LEDTIE AV, ZO—FT, EHLRBEROMMEEIZT
U 4L E$AHBY (DIC : Digital Image Correlation) i & WL
N5 EHGIRNTN 2 G35 2 & T, B2 iRee L &
VAR A 2N A O T AR Tk k5 2 &2l
HL72Y LA L, ZODICH: TIRE % O M5 5 A
WL 75 B 728, WIRINIZ, 7 O M R A3 Sk 1 12 B
5N TLEH, 2F D, EBSDEE DICHEIE, Wihizd —
B »d0, 55 »HATIZDPINE CHET 5 O
FTAEEBEMET 2 Z LI kENDTH S, &T A0,
EBSD 7O “GORHAFB O I LA & GEA v AE” & 5 BAF
&, DICED “ O Ak 2 @ EINHIE TRE” &5 B2
JEAT S Z EaskE, AN O O AR A
HINTRETTRE” 2 87 72 72 O AT Hef 23542 5 % & A
ffxhs,

Z 2T, AW TIEDPIMANMTRET 2 V0T A%2ER
W fF#MT9 5 Z & % HINIZ, EBSDE & DICHEZRA L 72
Wiz O RIGMHEAMR OSRE A 175 . BRIIZIE, B0
] —fdk 4 5 U L 72 EBSD-KAM & DICE CE M L 72
LT AROMBEME A MGEL 72, 7 LT, Mg OB IC &
SWERIIOTAY Yy EY 22Xk, TIREM T A5 O
ATHREMTORBE L 52 KERTIN L 7a v 2 & LTl
N BHBELEY 12X > CDP#HIZRET 2 V0FTAD
R g L 72,

2. KBRIE

ERA Iz, REBEEPS R A S T FHEOKA SR EM %
FHVN 7z (Table 1) s 295 DM % 1373 K T 600 s A1k
L8, (7294 b+ —2AFF4 b)) “HIETH 3983
KTI18ksFifRF 422 TT7 =54 MEREEILHMIC
T, ZOBOMANUIRIZ L ST LT VH A b
AR ORL D “HHEHD (7254 b+~ TF V¥4 b)
DP ik & 1572, fRREBIEIE, Yo Bames, LA7TE 7B

Table 1. Chemical compositions of DP steels used in this study
(mass%).

C Si
0.049  0.005
0.14  0.005

Mn P S Al N Fe
1.01 <0.002 0.0007 0.016 0.0013 Bal.
1.00 <0.002 0.0007 0.015 0.0012 Bal

MI10
M30

28

# (SEM) % I\ TAT - 72, EBSDYEIZ & 5 #f5 dly 5 v f 7
&, BRI E A E WS (FE-SEM : Carl Zeiss 54
Ultra55 % & O'H AB 113 ISM-7001F) # W Tirwn, =
A —HUZ X BN L N T WHEDR, Juf AT
FIZ & B LT 17 - Z2aRHC R L ¢, IndiaE E 20
kv, YEBIEREE1S mm, FEATREIREO0.5 nm (hexagonal grid) @
ZAFIC THUS U 72 EBSDIXJE & S S i i bty 7 b o x
7 (TSLY Y 2 — ¥ 3 ¥ Xt B OIM Analysis Ver 7.1.0) 12
RIS 5 Z & T > 72, EBSD-KAM O F L, HIE s &
TR 28 - RERO T fizEE LTRINL, 5°2
FOFMEZEES B E W, T, DICEIC X 30T A
R TIE, NI, 3% 4 4 =)Lk 5 TNZ10% K
Wb b U v AKBEIC K 288812 & > TEIE M
B X8 230k E T, 2 OZ T O [R— B LR %
SEM (F —x v Z4L#VE-9800) I2& D 7Y Z L mE{f & L
THEL72%, 2ho ZHIkDICY 7 bW = 7 (Correlation
Solutions #t # VIC-2D) % FHW T4 % Z & TOTAHD
HESAEERINCHIELZY, ZOLE, 71y b4
A 21341 X 41 pixel, HERHFEIZS pixel & L, FEOMUE
[HIFE A EBSDIAIZ 5 4) % T MR 0.S pom & L < % % &
ICBEGERE TV A VEHE OG22 FR L 7=, £ L
T, EBSD % & DIC i % [Rl— R THHE - iR 4 2 kBRI
B, 5IERB A & IS mBIELE U 725k % v T
To72. I, 5IRAER T, FATH6' X3 X 1' mm’ D
Fs ik i & o, PIO4 203 1.67 X 10 s Tk
B A 2 hE U 7z BIRGRER R O AT SRR AT, v R e+
TDIHICX LT, DICHAAEA T % Z & T TIZfES
O A5G & F2HE 5 L AR, AR L 7250 O —
g U CEAZEBSD A A W 5 Z & TlRl-—-fH¥F T
DGR AT 5 720 — T, WO HIELER %
R L U TTEMIC K % il ik 58 & 17 - 7z RD I d K O
TDHDVILT V34 MEFEDO T x5 4+ OREBS %17
5791, Bl A 4 v ¥ — AN TEEFIB (FELHE ! Versa
3D ¥ K UV H AKE 1B JEM-9320FIB) % FH T a% 4 f& i
25 HAEFY30 X 10 nm?, JE &H95 pm DR %~ 4 7 a ¥
VIV T Uz, Z D%, JEE 100 nm LT & TFIB & v
THEAL U 7= fHR A 8122 U 72, TEMBIS3 H A 746l
JEM-2000FX % HI\THIEEEH- 200 kV D5 TIT - 72, @7
MIFEALIC & 0 EM S N BB RO Y 0§ Ae, i3, von
Mises DA THRAL T BRI K > THH L 72,

(1)

ZZT, 3, EIERTHROWRIETH 5, 31 & kg,
TR 80 X 80 mm’, J5£ X 0.6 mm (21T L 7= 5k Bk F-rh e iz
FEEI0 mmDFIRE R A2 ) T 5V A 12.5% DEMETE 5
< ZETHEML 72,
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Fig. 113, HEEAM O F RS 2 R 4. W hoilkt
2B WY, R 60 um FEED 7 x5 4 b RHHH
IZHERD~ L7 v 4 b A SELL 72 SR 7 DP G 2 2
LTW3, TRZFhD~ILT V¥4 MMERERIZ, (a) 12%
E (b)) 29%TdH - 724, T OWEIE, (a)6.12, (b) 5.90
GPa & SfHI T RZEZ LD 72, PIBETIE, v LT V94
FMARGRIZHE > T, 2R ZhOilk % (a) M10, (b) M30

EIFFRT %,

Fig.2 1%, DIC: & EBSD i % [Rl— % T, L 7=
WERO—FITH O, 5IERBRICZEL > T5%5 80§ A %
5. L7=MI0DSEMEH® EIZDICHIZ & > THlE L 72 M
BOFTAEEREGDEZVOT AV 7 (a) £LEBSDIEIZ K
% bee Wik fiXl & 1Q (Image Quality) % AR b 7= kG b
Jiti= w7 (b) &R T, WEE L 725k 2 DICEIZ v
5Z&T, 7274 MRNEEDIFIERTORBIGHEEIC
BOTRAOS AR WEEE 25— (a), 2OMER
12K > TRIATOMMABEHE L % D, EBSDIEIZH VT
RIS & 72138 HBGEL X e WIS X hoRe g
Kb, ZD=8, VLTV H 4 PREOAL ST Z DN
BHZIHWT, EBSD/S 4 — VY AYIIRNICIR 5 Z L i3t b i
WA, 7 1 T A MRS 30 T 2 O R A 4T
ATWBZENDLSE (b)), 2FD, 7254 VRATH
TE, KTHEIZ & 5 TOF A &GS DT 23 E B2 4T
ABEWA B, 2T, DICEICK DR SN SHYOF
B3 epe & EBSDIEIZ K D HUfE & 15 EBSD-KAM ; Oy &
6] s CHUS U, AR O FIE 2 65 O REIK C1T - 72 4

Fig. 1. Optical micrographs of dual phase steel with different

martensite fraction. (a) M 10, (b) M30

RAEFig3lix & ® b, BB, epe& O EFig2 FIZEHMRT
YK HIZ8 X 8 um’ DREIL A WAL & L CESb L 2l T
HB" KO T — 21351 ERER 72 Ta <, HRELE L
7ZikBHI DWW T L5 DTH B M, 5lkiRIZH W
TFRO S A 10%, ELEIZ oW TR #20% (e,
=0.26) ZBA ZWHEMNTIC & - TSR AL <15
Hhd 2 &2i12x0, ZhUEMTULZBcCET—4 %
g4 5 Z ERMKLE o7z, 72721, 20% E4E U 725k
M TR AT epe 23 0.4 % B Z B HHIE TR X W Tk
D, HBH)AHEP Tepe & O DBRE KT 5 Z & AT
& %, WA ORI IS, > TEEA NI SRR 5 72
W, epe DENMNZPES T Oy \FHFAMT 2L EZ L 5h, K
TS BT Z O % RS T & 5., AWIJETIZEBSD-
KAMOEHEFKE L THMNZED EREZ5° & BEL T3
728, epe ERRIZEER L 728 X | 0,13 5° 12T L T <
NETH BN, R epc & O DBIRENERAITT 4 v
T4 VTR ELTOMBERRHONS

0., =——1.68"

KAM 180 DIC

(rad) (2)

ZORDOPERERIZ0.9 L EEIEFEITE L, epe & Ok
ORI IE R 2 HBEBE®RA S 5 LW Tx 5, X512, M
MOFARELUTHMIT 2 Z &2k D, 5IERER, AL
DOMT — 2 BE—DOHIFE TEBIETETCWBR 2 M5, 20
FHEIBMRIEM T AR F L AW E DL EL 6N 5, %
7z, BB U 72 XIS KRBT & » TR O F o232k
b b7z, IEEICKE Lepe & EBRNIZH/D Z L I3HEL
WE DD, tHibd 5 60% wIELE L 72 M10 O Yl i 2> &5 15
5N B IAHIFHIZ 55 5 10 7% EBSD-KAM % sl 21k D

1.8
16 Lo
g 14
> - .-
o 12 /i
% L
T 10 | | |
& L e
s 08 | -~
§ o O 5%tensiletest
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Equivalent strain measured by DIC, &p,c/-

Fig. 3. Relation between strain measured by DIC and EBSD-
KAM value in ferrite matrix of tensile deformed and
cold-rolled M10 DP steel.

w1 P B AT EIE K ESLII A TY, epic & Ok DA B A ERRE N6 DD, Wl i fE/NE<L7 51213, DIC IEE EBSD IS H51) 2 Il —HIE (%
BRI — X BTEAHELL LD, FERAETITH BATFEAVEL S, ThEREAT, AR TR0 2 @4 A EL DD, ZE Uil & WTHEIC§ 2 i i

RLRRELC EREO A GRIT SRR O ARIZ P L 72,
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HEOFA (e, =1.06) TR 2 L, (2) ROl LIz
A7ay bEhd (KPhoENMA), ZOZkiE, L KE
B epe DI E T, ZOBBRASBRD LD & &R LT
W5, 72720, ZOMBEKICEENERIZ A <, EBSD & 5
CICDICHEDORESFRMEE BAADZ &, Ml RO
REE R LR, X O THEIZE > TEENTE8D
g, 2 RFAREBORIEATE 2MHBERLEE
ZAbNh5,
32 ITHREDPDBRUT #9f

FT45 & GBR % 17 - 72 M10 O R {05 Wy i % Fig.4 12789
(@Q WF~vLTF ¥ A PERWET 254 FOARDORESTT
<y 7, b) 1ZTNEE LIZENL7ZEBSD-KAM~ v 7,
512, (& ) 2 ) K-> TEWBL ZR03 A
vy T THb, 774 MESHNY T (a) TIE, K
A S WAL, BT A P S FT iR Z IR P E T B
O, FTHE AN - TEBW 288 DIRE En 52 5
T x4 PBRELSHEEEFREH L THBBTLb2 S, Th
IZRHE LT, EBSD-KAM ~ v 7 (b) TII4T i & S
DN EMAEL B> Tk D, Z ORI 5 59100

mmE AN 5> TS, — T, OFAYy 7 (o) IZHEHT
% &, EBSD-KAM v v 7" & [AMRIZHTHR Z Wi TR o g
AEERTEDOD, OFANEL & > T 5 kIR
PHCHER L TH D, U9 A0 o245 2
EERLTVDS, ZhiZ, (2) XT/RT &S IZEBSD-KAM
EOTAORIZIENE R T SN BB H 5 Z L1
kL THD, EBSD-KAMZ D E D% OFAEDHIL L
U CHBEROWEZSA, KOTAREAHREIWTEB ST
Gl d 5 Z L EEIKL T3, 22T, AT V¥4
MR AT 5 & 5 1S3 TR X SR A 6 SORHAEBIZHY - T
BOFAREEAEL () FOERE), Zha4T4H & i
oD CEML2-0FAT T T 7 4 L% Fig51omd,
TR Z B 55920 im DFE X F TIEFWIZOTARD G
WA TER S TE D, RKT40, P T20%2 82 2
BOTAMERE K> TWBEZ END, S, Bib L2k 1
(2) RiFNE R ARE L 2B TH 0, HM40$H2.0
B B KD BREOT ABRIZOWTL, ZOE RIS
&L, KORHMAERADBETH S, L2rLELrS, A
PREEREMT 2 22 320 —Y 3 VichBWT e, 41k

Fig. 2. Strain map laid on SEM image (a) and inverse pole figure
map (b) of M10 DP steel taken at the same position.

Punch direction

Fig. 4. Inverse pole figure (a), EBSD-KAM (b) and strain (c)
maps of ferrite matrix in punched M10 DP steel.

30

Fig. 6. Initial (a) and 60% cold-rolled (b-d) M10 DP steels.
(a,b) inverse pole figure map, (c) EBSD-KAM map and
(d) strain map.

Fig. 10. 1IQ (a), inverse pole figure (b) and strain (c) maps of
ferrite matrix in punched M30 DP steel.
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%, ZHUTIA TFigs THH$TRE S, MfSER LT
AN —HOTADBERENDE E NS T Th b, {TH &
W26 +3IliinzT « 74 PRNTIEOTARNIZFEAL
FAELEW—T, 7274 PRA (ARH) 7274 +
ST A M EHRE (REH) IkWT, O AR
NEMLTWBZEenbhrb, LI, BHAmTIE, 4T
h 2 i 2> 5200 om LA LN TV 3 I28 b 5T, O
FTAENLOETHML T3, DPH#IlTIE, HIEEsis
DOAKFHFZETC BT V34 FEEBICK - ¢, BERHE
WED T x4 MR AEA ST S Z &6 R T
Wb, LALAERS, ZOWmMNEAIZKZ 0T ARIT/NS
<, EBSDIATHERR T 5 Z L idiokv, 2, KFIET
R X N5, TR ESRHE 2 5+ cfinz7 = 54 bRR
RT 24 2T YA N EHRETO AR HI
THHEGUE, TTHEMTICL>TECEZEDTH D, DPA
oL T VA N BRYE AR ERT 5 2 L 2R
LT3,

3-3 HEZEDPHOBAVY A9

Fig.6 %, 60% % [ E4E L 72 M10 O ND Wi ifi % 789, (a),
(b) (&, JEAERT D 7 = 7 4 MZB$ 2 NDASSE SR~ »
TTHY, () & (b) »S5HH L 7ZEBSD-KAM~ v 7, &
512, ) 1F ) 2ZEMLZRHOTAY Y TTh D, 0
MIEMEIZ L > CT7 = 74 OSSR LS ZEL T
B0 (a—b), EBSD-KAM~ v 7 (¢) TIXAERAIZIE A 1
KLU, iR EKIC BN — 2 O0FanERm I T b &
HZRABZH, FBFOTAY YT b) &0, OFTABARY
—IZHML TR Z e nbhb, &L ITHRPHEATEMR
NEEBOTAMERIE, 7254 b/ 7ILF V44 FEER
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! I .
<
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I 40 [— % .
L]
g r : Yy
E E .
5 30 |- g o
£ B o
= | o ®
g 20 ‘ o ®
el - . [ ]
2 o‘ o® !
©
s 1.0 [~ e .-'
] .
N S TR\
0 _"-P_"h\ L I ‘FM'_
250 225 200 175 150 125 100 75 50 25 O

Distance from punched edge, x / um

Fig. 5. Equivalent strain profile in ferrite matrix on cross-section
at the punched M 10 DP steel. Strain was measured along
the white line in Fig.4(c).
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v 7 (d) FOERISH > THE L 72 HS O AT 4 v T
07 7 4% Fig7 ISR $, AN T TR 2k » £
ENBED, 7274 LT V44 EHRRILED
O F R, T EHM (Figs BRHE) 12N TEL, 20
W& 12y (R, Z2O—HT, 7274 bRHHPIRE
T2 09 A (FRH) &, B TR0 O3 Ak
L d 212 EDVTAREMEEFi > THML TNE T LN
bhrb, DFEIZ, ThEDEVTAMIRO R4 58 &
W EHli¢ 5 728, Fig6 (d) OOF A~ v 7 THIE X Nz
JRI T I8 72 O A B D BFE 53 A % Fig 812 % & 0 5, e KA
JEIXO AR 0.04FEE TH 5 DX LT, FMr-EAME X 0.85,
ZUTHHERZIIINEID ERER1042 K ->TED,
PRIEFEIZIANT BT 7 ANTHEZ bbb, 2D
EE, 60%EHEIZ & 5 TIE & A EWVELETIE L WA A
HFIZETF$ 5 T, Fig.6 (d) R Fig7 TR I3 7 =
74 IR OEO T RS — 2 DR E ICTER & h
52 EEERL TS, FEEE HYOTAR2028A 5E0
FAREIROEIA T 14% 127 L, 4000 E & & 2 HEBIE3% &

5.0 = +
LT N ~, 2
w L[] o
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250

Fig. 7. Equivalent strain profile in ferrite matrix of 60% cold-
rolled M10 DP steel. Strain was measured along the
white line in Fig.6(d).

06
05 Average
04
>
2
[0)
S 03
o
o
[T
02
0.1
0 1 ' 1
0 1.0 20 3.0 4.0 5.0
Local equivalent strain in ferrite, &/-
Fig. 8. Local strain distribution profile in ferrite matrix of 60%

cold-rolled M10 DP steel.
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BoTWiz, WEEN20FAE2SHWMLT, 2DES
75 FEIK U Fig.4,5 D TR Z W1 IC TR & o7z KA AR IS
LA TAAE RT3 80 PHINS, 22T, WM
JEHEIZ & > TR N 5 SO A ORis A & 0 Sl
HTZ2ZEAEHMIZTALT VYA MEAREDEM30 %
FWT LI FER % F2h L 72,

Fig.9 (%, 60% i [l E4E L 72 M30 0 ND I 1fii O SEM # ik
N, ZAUIRBRAKA IS HLGEL & 7z RO R & R
(Angle Selective Backscattered Electron Detector) T A% ) 3
5ZLTHEGETHD, FraV v ra vy b I A MLk
T, YT V34 PO TEMMER 7 = 74 b
EMREBEHICEAN TS, v LT V3 A4 NRONERICELL
Ml (RD) 1Zx L CRELCHE L 72 DD X ANBIER S N,
Emwéwiv»?yﬁﬁbﬁ%ﬁ@bfwééﬁ,ﬁw

ZHOTUIZYILT VA4 PRASICEHE > T3 Z
a#b#50a<t,6%®%%uv»?y&4bﬁ®<
VUS> TERB L T2 22014 5, [l %
EBSDfi#t#ff L 72 %55 % Fig. 1012783, (a), (), (¢) &, IQ
< 7, KN Yy 7, Z LT, 754 MhORD
FTAYy TITHIBLTED, Figd TR I iz 2844 Ak
B, O AR TERL TS, 1Q (a) & 5 UK
At~y 7 (b) &0, 7254 MHEBRKE  BEHEE

LTWBDIZH LT, w7 44 FRINEE T TR
PR E L THEF STk D, MUATEORREERT 5
ZliFTErhwn, 2L, RO E W TIT - 72 DIC
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60% cold-rolled M30 DP steel.
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