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Abstract. The forming limit curve (FLC) has been commonly used tool to
predict the metal forming cracking in engineering. Whereas, based on the
assumption of plane stress state, the formability prediction of thick sheet of
hot-rolled high-strength steels is quite different from the experimental
measurement. Finite element simulation was used to study the effect of sheet
thickness. It is found that extra stress along thickness is introduced between
inside and outside the instability region, which become larger increased.
Additionally, the visco-plastic self-consistent (VPSC) model and the M-K
model are combined to establish the VPSC-MK model for investigating the
influence of thickness difference. With reasonable capture of thickness
stress, accurate prediction of FLC under different sheet thickness of hot
rolled high-strength steel (HR-HSS) is well realized via VPSC-MK model.
That is, it is revealed that the sheet thickness effect for HR-HSS mainly
origins from normal stress induced during necking process.

1 Introduction

In the automotive industry, hot-rolled high strength steels (HR-HSS) are employed widely in
chassis parts of passenger cars and commercial vehicles, which can effectively reduce
automotive weight for energy saving and emission reduction of carbon dioxide [1,2]. Due to
trade-off between strength and ductility for metallic materials, their formability always
decrease. Generally, trial and error iterations for profile design and forming process are
always needed to produce complex component with HSS sheet [3]. Thus, accurate evaluation
of the hot-rolled sheet formability is essential for improving design efficiency and quality of
complex component.

For prediction of FCL for HR-HSS sheets with large thickness range (1.5~8.0 mm), a
notable challenge is that their formability show close dependence on sheet thickness. To
quantify the effect of sheet thickness, Assempour et al. [4] set the thickness stress as a ratio
of the principal stress and substitute it into the M-K model for reasonably calculating the
forming limit of AA6011 and STKM-11A sheets. Zhang et al. [5] predicted the forming limit
of AA6111-T43 sheet by introducing the thickness stress into the M-K model as the ratio of
the yield strength. A higher thickness compressive stress value makes a better forming
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performance. Meanwhile, the thickness stress can also be generated during bending of the
sheet when the FLC is tested with a spherical punch [6]. Wang et al. [ 7] consider the thickness
stress induced during Nakazima test and in-plane shear stress under friction via the modified
M-K model to predict the formability of the sheet metal. The prediction accuracy of the
modified model considering the thickness stress and friction stress is higher. However, the
influence of thickness stress on forming limit was mainly investigated in the view of
macroscopic constitutive model, while its influence mechanism needs to be further clarified.
Additionally, systematically study for influence of thickness on formability is needed to
improve the prediction accuracy of forming limit of hot rolled high strength steel.

In this study, the thickness effect and prediction model of forming limit of HR-HSS are
studied. The VPSC-MK model coupled with the visco-plastic self-consistent model (VPSC)
and the M-K model was established. By introducing the strain-path dependent thickness
stress into VPSC-MK, accurate prediction of the forming limit of HR-HSS is achieved.

2 Experiments and methods

2.1 Experiments

S700MC was selected as a typical kind of HR-HSS sheet to study the mechanical behaviour
and formability. According to ISO 6892-1:2019, the mechanical properties of the material
were tested by using 100 kN Instron machine. The tensile speed was 1.5 mm/min, and two
transverse and longitudinal extensometers were used to track the transverse and longitudinal
tensile strains respectively. The plate-like tensile specimens were stretched along rolling
direction. The parallel segment width of the sample was 20 mm, the scale distance was 80
mm, and each experiment was repeated twice. Additionally, Nakazima experiments were
performed on a 750 KN Interlaken forming tester to obtain the material forming limits
according to ISO 12004-2:2008. In order to reduce the effect of friction between the sample
and the die on the experiment and make the fracture position as close as possible to the tip
position, the teflon film and glycerin were used for lubrication

Note that, all the tests for mechanical property and formability of S7T00MC sheet were
carried out under two thickness of 2.5 mm and 4.0 mm. In order to avoid the differences in
microstructure feature and texture types between different batches, the ST00MC steel with
4.0mm thickness is thinened to 2.5mm by the grinder.

2.1.1 Finite element simulation

Fig. 1 shows the finite element model of uniaxial tensile specimen, on which points 1-6 are
chosen for strain analysis. The maximum strain of tensile sample is set as point 1. Points 2,
3 and 4 are taken at each 3 mm along the tension direction, while points 5 and 6 are taken
every 6 mm. The strain data of uniaxial tensile samples are obtained by FEM simulation. The
diffuse necking strain is determined with principal strain difference between point 1 and point
6 lager than zero. While, the local necking strain is given as the ratio of the principal strain
increment between point 1 and point 2 becomes larger than 20.
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Fig. 1. The points chosen for strain analysis on the specimen for uniaxial tensile test
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2.1.2 VPSC-MK coupled model

For the plastic deformation of single grain, cetain slip system s can be initiated as resloved
shear stress increase to the critical reslovled shear stress. Thus, the strength of the material
will increase with deformation continuing, that is, strain hardening will occur. In the VPSC
model, the hardening equation adopts Voce hardening law, which can be expressed as
7., =7,+(7, +H]F){l—exp(—%j} 1)
1

where I' is accumlatecd shear strain inside grains, and 7, 7,8y and 6; are material
parameters

Fig. 2 displyas the the Schematic of the MK model. The groove region is marked as region
B with inital thickness tog, while the initial thickness of ungroove region A is toa. The initial
thickness heterogeneity is defined as fo=top/toa. In the VPSC-MK model, mixture boundary
of velocity gradient L; ja and stress matrix d;;, are used as:
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Generally, MK model is based on the assumption of plane stress with d53,4 = 0. In current
study, the influence of thickness stress on FLC is studied with VPSC-MK model, where 0354
is substituted with a given value obtained from FEM simulations. The detailed calculation
process of VPSC-MK can be referred to [8].
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Fig.2. Schematic of the MK model with a thickness imperfection between regions A and B in the sheet

3 Results and discussion

3.1 Mechanical properties and formability

The engineering stress-strain curves under thickness 2.5 mm and 4.0 mm S700MC were
shown in Fig. 3a. It can be seen that the same yield strength and uniform deforamtion stage
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under two different thickness are detected. Two curves gradually differ at instability stage,
in which a decline trend of instability is lower for 4.0 mm thickness sheet. Thus, final total
elongation for 4.0 mm sheet is higher than that of the 2.5mm sheet.

The FLC of thickness 2.5 mm and 4.0 mm sheets were poltted in Fig. 3b. Clearly, the
FLC for 4.0 mm sheet is located upper than that of 2.0 mm sheet, and major strain under
plane strain (FLCy) increse from 0.23 at 2.5 mm to 0.28 at 4.0 mm. That is, better formabity
is achvied for sheet with larger thickness.
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Fig. 3. (a) Engineering stress-strain curves and (b) FLC of 2.5 mm and 4.0 mm S700MC sheets

3.2 Thickness effect on tension behaviour from FEM simulation

Fig. 4 compares FEM predicted strain-stress curves with experimental ones for 2.5mm and
4.0 mm thickness with the same hardening curve. For lacking consideration of tension
damage, the engineering stress-strain curves obtained by simulation show some deviation
from the experimental curves in the neck region. Whereas, good agreement is observed
between experimental and predicted curves at uniform section and the diffusive instability
section, which verify the reliability of the FEM simulation.
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Fig. 4. Calibration of tensile simulation with same hardening curve: (a) 2.5 mm, (b) 4.0 mm

Fig. 5a and 5b show the strain paths of 2.5 mm and 4.0 mm thickness samples during
tensile simulation. The limit strains at point 1 are (0.381, -0.175) and (0.506, -0.226) for 2.5
mm and 4.0 mm sheets, respectively. In addition, compared with the 2.5mm thickness, the
limit strain at point 2 and point 3 of the 4.0 mm thickness sample are larger, indicating that
more material flow to necking region under higher thickness. Seen from Fig. 5Sc, the thinning
rate at points 1-3 is identical at the uniform region. Whereas, as compared with 2.5 mm
sample, the thinning rate for 4.0 mm sample is smaller at point 1 in the necking region.
Similarly, the thinning rate of 2.0 mm sample at points 2 and 3 outside the necking region is
larger. Therefore, the difference in thinning rate between the inside and outside the necking
area decreases with the increase of sample thickness.
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Fig. 5d displays the starting points of diffusive and localized necking of 2.5 mm and 4.0
mm samples. After the diffusive instability, the principal strain increment of different
thickness samples gradually differs until the localized instability point. At the same tensile
displacement (AL), the difference of strain increment between point 1 and point 3 of the 4.0
mm sample is smaller than that of the 2.5 mm sample. Therefore, the strain gradient of the
specimen before local necking under tension decreases with the increased thickness, which
retards the occurrence of local instability and contributes to larger ultimate strain of 4.0 mm
thickness specimen.
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Fig. 5. The forming strain path of chosen nodes in FEM of (a) 2.5 mm and (b) 4.0 mm, (c) thinning
ratio and (d) necking points for 2.0 and 4.0 mm samples

3.3 FLC prediction by VPSC-MK with thickness effect

Fig. 6a shows the equivalent stress-strain curves calculated by VPSC and the
experimental curves of S7T00MC. The VPSC prediction using Voce hardening parameters
(listed in Table 1) is of good agreement with experimental one, which can be used for VPSC-
MK prediction. According to FEM simulations for different strain paths (unaixal tension, p=-
0.5; plane strain tension, p=0; biaxial bulge, p=1), the thickness stress difference for 2.5 mm
and 4.0mm samples of S7T00MC are given in Table 2. For VPSC-MK calculation with
thickness is denoted as VPSC-MK-II. The initial thickness heterogeneity fo was taken as
0.975, and the criterion for local necking was D335/D334 = 20.

Table 1. Voce hardening parameters for S700MC at 298K

Modes w (MPa) 7 (MPa) & o
(110}<111> 260 121 251 10
{112}<111> 260 121 251 10

Table 2. Calculated thickness stress for S7T00MC with different thickness under typical strain paths

Thicknses (mm) Calculated thickness stress MPa
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=-0.5 p=0 p=1
2.5 -43 -64 -64
4.0 -119 -124 -108

The accuracy of FLC prediction for 2.5 mm S700MC using VPSC-MK-II is significantly
improved compared with that of VPSC-MK, and the absolute deviation of principal strain of
FLCy is reduced to less than 0.01. By introducing the thickness stress difference and
considering the joint effect of the neck shrinkage area by the thickness compression stress
difference on both sides, the predicted FLC deviation of 2.5 mm and 4.0 mm thickness of
S700MC is finally controlled within 0.02.
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Fig. 6. Experimental and VPSC results of ST00MC: (a) stress-strain curves; (b) FLC

4 Conclusions

The thickness effect mainly origins from supressed development of local necking under
higher thickness. Additionally, the established VPSC-MK model with considering varied
thickness stress for different strain paths can well predict thickness-dependent FLC with error
less than 5%.
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