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Forming Limit Prediction and Work-hardening Behavior under Strain-path Changes

Shigeru YONEMURA, Akihiro UENISHI, Shunji HIWATASHI, Noriyuki SUZUKI and Matsuo USUDA

Synopsis : The work-hardening behavior under strain path changes for dual phase (DP) steel has been investigated by using simple shear sequences, in
comparison with that for interstitial free (IF) steel. The results show that a strong hardening followed by softening in an orthogonal path

change, which is normally seen in IF steel, is not significant in DP steel. Based on these results, analytical approaches to predict forming '

limit strain and stress in monotonic and orthogonal paths by using Hill criterion have been conducted. It is known that stress based forming
limit curves are path independent, while strain based forming limit curves are strongly path dependent. For IF steel, the localized necking is
started just after the second loading in orthogonal sequence, which thus shows that even stress based forming limits are path dependent in IF
steel. On the other hand, DP steel exhibits localized necking at the same amount of total strain both for monotonic and orthogonal paths and
thus the stress based forming limits are path independent, which reflects differences in work-hardening under strain path changes in DP and
IF steels. It might be pointed out that these differences are originated in the microstructural evolution of both steels.
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Fig. 1. Experimental procedures. (i) Uniaxial tensile tests
along the RD; (ii) simple shear tests after tensile
prestrain in the same direction (orthogonal tests);
(iii) monotonic simple shear tests along the RD;
(iv) reversed simple shear tests after 10, 20 and
30% forward shear (Bauschinger tests).
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Fig. 2. Stress—strain curves under strain-path changes for
(A) TF steel'® and (B) Dual Phase steel'”: (i) uni-
axial tensile tests; (ii) simple shear tests after ten-
sile prestrain of 20% (IF steel) and 10% (Dual
Phase steel) in the same direction (orthogonal
tests), (iii) monotonic simple shear tests; (iv) re-
versed simple shear tests after 10, 20 and 30% for-
ward shear (Bauschinger tests).

Fig. 3.

Intragranular dislocation structures resulting from
10% tensile true strain in the RD, followed by 20%
amount of shear strain in the same direction (or-
thongonal strain-path change). Microbands are
clearly distinguishable from the previous tension
microstructures.'?
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Fig. 4. Flow stress ¢, and work-hardening rate @ of IF
steel obtained by simple shear tests, which are pre-
sented in Fig. 2(A). The second loading paths are
assumed as (a) uniaxial tension and (b) plane-strain
stretching. The predicted localized necking points
are shown by the (1) uniaxial tension in proportion-
al path, (2) plane-strain stretching in proportional
path, (3) uniaxial tension in orthogonal path and
(4) plane-strain stretching in orthogonal path.
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Fig. 5. Flow stress o, and work-hardening rate © of Dual
Phase steel obtained by simple shear tests, which
are presented in Fig. 2(B). The second loading
paths are assumed as (a) uniaxial tension and (b)
plane-strain stretching. The predicted necking
points are shown by the (1) uniaxial tension in pro-
portional path, (2) plane-strain stretching in pro-
portional path, (3) uniaxial tension in orthogonal
path and (4) plane-strain stretching in orthogonal
path.
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Fig. 6. Strain based FLDs and stress based FLDs for IF

steel: (1) uniaxial tension (proportional path); (2)
plane-strain stretching (proportional path); (3)
plane-strain stretching followed by uniaxial tension
along the direction 90° different from the first load-
ing (orthogonal path); (4) uniaxial tension followed
by plane-strain stretching along the direction 90°
different from the first loading (orthogonal path).
Limit strains and stresses presented in Fig. 4 are
used.

HAZ AR TD 0, ,—0 MR EHZ 0SOEMRE DR
B, (HHEEGIER D RICER AR E 900 &L X BRI
TAGIRD & HE L - EZATFRE TD 0,,~0, Hlifk &
EEX 1OBEREDORHEZNZNAL TS, HllDFHES
< UHERRHIS S - ML bR £ i X 1+ pDEHR L D
RETHEZbN57:9, ZHEREICXS I &MIEt
RORABRP—EDEHEMBOEE, T A pIZIE
UT, WiZE -0 o, TR Uh»3#8ET 2, &2
AH, IFFTIROTABERIC &L - TG & MLk =D
B0 RE b, ->TC, 2RERE-FPREILCTHH-TY,
BB L, 00 o, ~MIELH#R 6, & 6,5,1F
Rl —DRFE W v, ZTORBE, (1)&(3)DRHIE—
BT, B OhBPELC 2o 3R LD, ZhITH
U, 2REFEDTFEOTAGERD DA, RR(2)&RR
(HIXFEFCEARL T %, Thid,
FOTADKRE & & HFIEARER TOHIIORE < hs
BT AOTADKE XATMEEZ R L2720 THD, 2
D Z LR3IS0 - LB 0,, & 0, DRRAEE

Ab L7=&k 912,

321 IR



$#& &R Tetsu-to-Hagané Vol. 93 (2007) No. 4

1200

\ .
\ N @(3) @(4)
w00 |\ /
\ 9(2)"__
= 800 @) \
- S
=, 600 ~ (4) p=0
- \ NN
Q o __1 do,N\ )
<400 PTG e, Ny
¢ L ——
200 N o p=-0.5
3)
0
-200 . " "
200 300 400 500 600
oy, [MPa]

Fig. 7. Relationship between flow stress o, and work-
hardening rate ©@ of IF steel obtained by simple
shear tests. The intersections (1), (2), (3) and (4)
show the onsets of localized necking in the Hill cri-
terion and are in the conditions of (1) uniaxial ten-
sion (proportional path), (2) plane-strain stretching
(proportional path), (3) plane—strain stretching fol-
lowed by uniaxial tension along the direction 90°
different from the first loading (orthogonal path)
and (4) uniaxial tension followed by plane-strain
stretching along the direction 90° different from
the first loading (orthogonal path), respectively.
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Fig. 8. Strain based FLDs and stress based FLDs for Dual
Phase steel: (1) uniaxial tension (proportional
path); (2) plane-strain stretching (proportional
path); (3) plane-strain stretching followed by uni-
axial tension along the direction 90° different from
the first loading (orthogonal path); (4) uniaxial ten-
sion followed by plane-strain stretching along the
direction 90° different from the first loading (or-
thogonal path). Limit strains and stresses presented
in Fig. 5 are used.
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