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Study on Differential Hardening Behavior in Thin Steel Sheet

Yusuke Tsunemi

Many sheet metal forming simulations use phenomenological material models
consisting of a framework of macroscopic continuum mechanics. While
phenomenological material models are highly practical, they do not possess extrapolative
predictive power because their theory does not provide a concrete physical mechanism or
explain the deformation behavior of materials. Therefore, such models are not always
suitable for predicting unknown deformation behavior. Furthermore, the constitutive
equations for expressing complex phenomena tend to become extremely cumbersome,
which increases the experimental cost of determining the material parameters.
Elucidating and modeling the physical mechanisms of the deformation behavior could be
a universal approach to tackling these issues.

Unlike tensile tests, in sheet forming, accurate expression of the deformation behavior
under multiaxial stress is important. To that end, the behavior and mechanism of work
hardening under multiaxial stress must be elucidated. Specifically, steel plates with
elevated r values, which are used for deep drawing, are known to exhibit different degrees
of work hardening under uniaxial and biaxial stresses; this phenomenon is termed
“differential work hardening.” Differential work hardening is known to occur due to
textures and dislocation cell structures, but its details are unknown. Therefore, in this
study, the physical mechanisms of differential work hardening were examined
experimentally and through crystal plasticity analysis.

Biaxial tensile tests were conducted to elucidate the differential work hardening
behavior using steel plates for deep drawing as the test samples. Furthermore, the
differential work hardening behavior was recreated using the advanced Lamel model and
the crystal plasticity finite element method. It was found that the differential work
hardening behavior could be recreated with the crystal plasticity finite element method
using crystal grain information obtained from scanning electron microscopy—electron
backscatter diffraction analysis as the input data. Using the crystal plasticity finite element
method with a virtual structure revealed that crystal grains with a <111> orientation in the
thickness direction, which is a characteristic of the steel plates used for deep drawing,
exhibit strong differential work hardening. This differential work hardening can be
attributed to the difference in the degree of uniaxial and biaxial interactions, i.e., the
difference in hardening due to dislocation cutting. In other words, the steel plate for deep
drawing has a well-developed {111} texture, and since the {111} texture exhibits different
hardening due to cutting of uniaxial and biaxial dislocations, it causes differential work
hardening.

The present study clarified the physical mechanisms of the differential work hardening
of the steel plates used for deep drawing. In the future, by modeling the texture and
differential work hardening based on the knowledge obtained, it is anticipated that the
costs of identifying the material parameters and improving the accuracy of numerical
analysis can be reduced.
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Fig. 1.8 Schematic representation of multi-axial stress tests: (a) Layered specimen for
compression method*®, (b) Cruciform specimen with slits*”), (c) Multiaxial tube

expansion testing.
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Fig. 3.2 ODF map obtained by X-ray diffraction of the test material.
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Fig. 3.3 ODF map reproduced at ¢2=45" with 5000 crystal grains.
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Fig. 3.4 Measurement data (nominal stress — nominal strain) of uniaxial tension test

True stress [MPa]
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Fig. 3.5 Strain hardening data (true stress — plastic strain) derived from measurement

data of uniaxial test along RD.

Table 3.1 Micro-Swift hardening parameters of multi-scale Advanced Lamel model.

o [MPa]

Io [-] N

56.39

0.0287 0.287
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Fig. 3.6 Hardening parameter identification result.
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Fig. 3.7 Stress points comprising counters of plastic work obtained from Advanced

Lamel result.
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Fig. 3.8 Conceptual diagram of the rate of differential work hardening X.
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5| SR TE T CHLND RITHEL 2B O B EBLA A5, bR FREE R MATIL,
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ERORBRB IO RORHOM BEAEHZE &I 2208 TS, ZORE mEk
BT UIBFRIRRSNCODEH 1O, =2 ¢l IF S #1035 Hoe B VW HEZE
TLET VAW LUTIS, AIREFRMAT LI L7205 b AR 2 s 7.

G = C{D - Z y“(s"‘@m“)l (3.10)

ZZT, 6l& Cauchy DIES17 2 VO BHEFFI > THY, CIEHMEER~N v 7 X,
DIZOTAHEET VIV ThD. Hoc b IVEETHET L TIEETRDROT Y
W Z R UL TR

0 if |t% <t¥
o =) (]t —T\" 3.11
' {y"( = ) sign() if 9] > 18 e

ZIT, YolZFEMET RO, 3 D RalIMEH T 20T WSS, 1ol 3R
EAFDHDEEIRGL, T O AW ERZMEIR RO THIMEIEE THS. N
TREAIZER S R AT It o Fs R E L TIRATR

TE=Ty+Ti =T +ub ’Z doBph (3.12)
B

ST, pEH AWM, bIE S —H — AR ML O KEE, dBIE TR0 RO
B FE DN R0 T oD il S R AU TS 11 36 KUE T BB AR AR FRAT A, p©
3T RO RaDENLFEETHY, 1, bBL A1 I B e chHs. XGB.12)2H\WHZ
ET, TROFZROEA, FEBRIRL Y & A DTG R0 it VWIS ) D3 e % R B
HZEMTED. BB oIt ORFF EEL TIRATRINS.

1/1
pe = E(ﬁ - 2ch°‘> [Y*] (no sum on a), p*(0) = pgy (3.13)
1
2
% = K 2 0B (3.14)
Bxa
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ZIZTC, LNET RO R aDEENL DN B HATER, YAZHENL DX AR — VIR L D%t
THIIC B L7 R R S, KITWERALIZ L D80 A W R E R D DM EHES Th 5.
BAALOE) B HATRIZM OB TOT RO RO EIZE ST, TR0 RIT LR
DOENDEEFRT HIEIZLSTHB14)TEIND. Fz, X(3.13), (3.14)ITAREZNIZ
RDEANL A FE D HYIN & SHH IR KD RAAL 2 FE DA RBLL TS, (0L S
THHERIREHE 48 DT RUABHERSNTNDD, ZZTIEERT D RELT
{110}<111>&{112}<111>D 24 OFT N REAELT=. 72383, tHANERFTHId*® X
Table 3.2 |\ ZRT IO, TRVROTHBLON—T— AT NLOFMHAERIT
FoOTEAMIEELLR Y. TROROMAEEIZONTE, FlZIX{110}<111>&
(112}<111>D3A, ZZTIH{10} A {112} E7T. T _OE O EH 1T {110} A
{110}, {110} A {112}, {112Y A{112} D 3 FEIEEAFET D, M EERITEIDOR S D
REZIZ{110} A {1103 TxL, {112} A {112} DR B EIRELTZ. BH DT DRI
HEFE 9 DERNLEED D ORI NN L 72 B DA b Z T 0B L OV —H — A~
IV TP —ETH {110} A {110} {112} A {1121 D BIFND. REEALOTIVE
WREILE MO T RO REDH AN THLHEBIEMALIT B O kizxiL, {110} A
{110} &{112} A\ {112}1FKk, £, {110} A {112} 1Tk fEELTE. SHITAN =T —AT L
MEIL DG AT TINENK,, kpfif& Lz, 31T IF i THL0, ZHOMEE
BITHLAL DT _ROPPLLCT RO RO EAEA N KESE DS EE ZHNDHTZD,
AT CIX Hoe & Y723 Ti ¥ IF #8258 FH L 7= Table 3.3 |2~ 9l A Vo, ABFSET
I%, LA FEM 22—KRC&h 5 Abaqus/Standard D —H —H7 )L —F AT b IEMEE
TNV ALIIATe Z LI KRG AL A TR B R R 2 3 L7z

Table 3.2 Matrix interaction coefficients d*P.

Slip systems {110} A {110} | {110} A {112} | {112} A {112}
Same d - kyodo
Collinear k,d, k,1dy k ok, d,
Not collinear k)k,d, koK, dy k ko k,d,
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Table 3.3 Material parameters for crystal plasticity finite element method.

f'o n b K kl kpl kSO
0.001/s 50 0.248nm 20 1 1.05 1.3
To [ Ye do ky Kp2
30MPa 82GPa Snm 0.4 1.15 1.05
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ZIiZ y, IRIE W% z LEFRT D, BlGROT 2L —a3, FHRGEBOD I
H ORI x FMHDONE y FINCH RN EZREL, FYBEEOT B2 6%
LETHEGIETS. —77, 2 #ig1EDOI I — a1, x FlE y FauiBo i
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Fig. 3.9 Inverse pole figure from measurement by SEM-EBSD.
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Fig. 3.10 True stress strain curve obtained by crystal plasticity Finite Element Method:
Stress ratio of (a) 1:0, (b) 4:1, (c) 2:1, (d) 4:3, (e) 1:1, (f) 3:4, (g) 1:2, (h) 1:4, (1) O:1.
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Fig. 3.10 Continued.
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Fig. 3.10 Continued.
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Fig. 3.11 Stress points comprising counters of plastic work obtained from crystal

plasticity finite element method result.
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Fig. 3.12 Inverse pole figure for validation: (a) A, (b) B, (c) C, (d) D, (e) E.
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Fig. 3.12 Continued.

Table 3.4 Comparison of the rate of differential work hardening X

The rate of differential
work hardening X
Experimental result 1.057
Advance lamel model 1.005
Crystal plasticity | EBSD Measurement | 1.051
finite element | 1y yre A 1.047
method result
Texture B 1.057
Texture C 1.039
Texture D 1.037
Texture E 1.050

URAZ ST 58 385 23 AR R 5 1) L2 A i | 7o N 2 B A BRATE 9~ 2 72 00 1T, i AT s k&
17pumx17pum>17pm O HFAELIZ. 13 lum O FIAESE T 4913 IS EILT-. #E
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Fig. 3.13 Effect of number of elements in the thickness direction on differential

hardening
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Fig. 4.1 IPF map of the virtual texture used in the calculation: (a) Random texture, (b)
{111} texture, (c) {001} texture, (d) {101} texture, (e) {214} texture, (f) {324} texture.
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Fig. 4.2 Stress points comprising counters of plastic work by crystal plastic finite
element method using virtual texture: (a) Random texture, (b) {111} texture, (c) {001}

texture, (d) {101} texture, (e) {214} texture, (f) {324} texture.
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Fig. 4.2 Continued.
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Table 4.1 Tthe rate of differential work hardening X obtained by experiment and crystal

plastic finite element method.

Conditions X
Biaxial tensile test 1.057
Texture obtained EBSD 1.051
Random texture 1.012
{111} texture 1.066
{001} texture 1.047
{101} texture 0.989
{214} texture 0.988
{324} texture 1.027
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Fig. 4.3 Comparison of the number of activated slip systems in uniaxial and equi-biaxial
tension with respect to the plastic strain.
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Fig. 4.4 Comparison of the number of activated slip systems in uniaxial and equi-biaxial
tension with respect to the plastic strain: (a) Random texture, (b) {111} texture, (c)

{001} texture, (d) {101} texture, (e) {214} texture, (f) {324} texture.
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Fig. 4.4 Continued.
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Fig. 4.5 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at random texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.6 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at {111} texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.7 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at {001} texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.8 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at {101} texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.9 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at {214} texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.10 Comparison of the number of activated slip systems in the type of slip system

with respect to plastic strain at {324} texture: (a) Uniaxial, (b) Equi-biaxial.
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Fig. 4.11 Comparison of the anisotropic work hardening and the ratio of number of

activated slip systems from uniaxial tensile analysis to equi-biaxial tensile analysis.
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