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ABSTRACT

This study examines the influence of material models employed in FE simulations on springback prediction for various steels. The
goal is to contribute to the understanding of springback prediction for steels commonly used in automotive manufacturing. In this
paper, the springback behavior of TRIP, HSLA, and EDDQ steels following a V-bending operation with a 90° bend angle was ana-
lyzed. Numerical simulations utilize both the Hill48 and Barlat89 yield criteria, combined with the Ludwik and Swift hardening
models The simulation data against results obtained from physical experiments were compared and evaluated. The obtained experi-
mental findings demonstrate a correlation between springback and mechanical properties, with yield strength playing a significant
role. Higher values of yield strength harm the final angle of the bent part, thus increasing the springback of the part. The numerical
results of the springback were not identical to the experimentally achieved springback values in most cases. Particularly, when Swift

hardening model was used in the simulation.
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INTRODUCTION

Steel is still an essential material to produce vehicles. It is mainly
used for the body structure of vehicles, also drive-train parts and
suspension parts can be made of steel. The average passenger
vehicle contains around 900 kg of steel. Today, up to 60% of the
steel used in passenger cars is high-strength steel. High-strength
steel has been used by automobile manufacturers for almost
thirty years now. The main reason for using these types of steels
is to increase the passive safety of the vehicles and to reduce the
weight of these vehicles. The reduction of weight mainly con-
tributes to higher fuel efficiency. However, high-strength steels
have lower formability and greater springback in comparison
with conventional steels used for drawing, the main reason for
that is the higher value of the yield strength and lower ductility
of these steels. Furthermore, the development of new and even
stronger high-strength steels is ongoing, to achieve even lighter
and safer vehicles. Despite the challenges associated with form-
ability and springback, high-strength steel remains a crucial ma-
terial for the future of car manufacturing [1, 2].

The TRIP steels, or Transformation Induced Plasticity steels,
have higher mechanical properties (yield strength and tensile
strength) if compared with conventional steels [3]. Strain hard-
ening is also greater; therefore, it offers a superior combination
of strength and formability properties which can be attributed to
the multiphase structure of these steels. The main characteristic
of TRIP steels is that they modify the microstructure during the
plastic deformation process as part of the austenite transfor-
mation to martensite, with the following change in the material
properties. One of the main issues of TRIP steels is strong elastic

recovery, also known as springback, which occurs after forming
[4, 5].

The HSLA (high strength low alloy) steels are characterised by
low carbon content, typically between 0.02 and 0.04 % and ra-
ther low amounts of alloying elements, up to 1,5 %. Therefore,
these steels have excellent formability and weldability; both
properties are important for the production and joining of car
body stampings. Typical alloying elements include Mn, Si, Cr,
Ni and Mo. The yield strength of HSLA steels ranges from 250
to 600 MPa and they are used in vehicle production and bridges
amongst other applications [6, 7, 8].

The EDDQ steel is a low carbon steel, extra deep drawing qual-
ity type, with low strength, a high total elongation of about 50%
and a high r-value. This steel typically contains less than 0.005
percent carbon and uses a low level of titanium and/or colum-
bium to create an interstitial-free chemistry that produces an ex-
tremely refined grain pattern. It is used for the production of car
body outer parts, with this type of steel strict surface quality can
be maintained [8].

Bending, a widely used manufacturing process involves plastic
deformation of the material under the application of a bending
moment. Accurate bending of sheet steel requires careful con-
sideration of the material's mechanical properties at the design
stage, including elasticity modulus, yield stress, the ratio of yield
stress to ultimate tensile stress, and microstructure [9]. The non-
uniform strain distribution within the bent section generates re-
sidual stress after the external load is removed. This residual
stress manifests as springback, an involuntary change in the
shape of the formed part.

Springback is quantified by the springback coefficient or
angle [10]. A common countermeasure involves designing and
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forming tools that account for springback compensation, but de-
termining the exact amount can be challenging even for experi-
enced tool designers, often relying on trial and error. Addition-
ally, using the same tool for different materials is problematic
due to their varying mechanical and plastic properties. To
achieve the desired dimensional accuracy and assembly ease,
specific adjustments need to be made in die design. Other coun-
termeasures against springback include stiffening techniques
(embossing or beads), crash forming with a pressure pad, or em-
ploying variable blank holder force [7, 8].

Lawanwong et al. [11] introduced a novel technique called "dou-
ble-action bending" to eliminate springback in stamped parts
made of advanced high-strength steel (HSS). They utilized finite
element (FE) analysis to optimize process and tool parameters
before physical experimentation.

Similarly, industries like automotive manufacturing rely heavily
on accurate predictions of the forming process, including stress-
strain distribution, springback, and thickness [12]. Today, FE
analysis offers a reliable tool for more accurate springback pre-
diction [13, 14]. FE analysis (FEA) is a cutting-edge tool that
empowers engineers to achieve precise springback predictions
[15, 16].

Numerous researchers have employed experiments and simula-
tions to investigate springback. For instance, Mulidran et al. [17]
conducted numerical simulations to predict springback in alumi-
num alloy A-pillars, utilizing various combinations of yield cri-
teria and hardening laws. The work of Neto et al. [18] focused
on wrinkling and springback prediction, particularly the influ-
ence of applied boundary conditions in simulations. They also
compared the wrinkling tendency between mild steel DC06 and
dual-phase steel DP600. Slota et al. [19] investigated the impact
of various technological parameters (blank holding force, fric-
tion) on springback in U-bending with stretching through nu-
merical simulations using the Hill'48 yield criterion and the Hol-
lomon hardening curve. Seo et al. [20] evaluated the effects of
different constitutive equations on springback prediction accu-
racy, utilizing two yield functions (Hill48 and Y1d2000) in com-
bination with the Yoshida-Uemori hardening model within FE
simulations for U-bend and drawn T-shaped parts made of TRIP
steel. Baara et al. [21] developed a new constitutive hardening
material model for more accurate springback predictions, aiming
to extend the Chord model to replicate the strain recovery point
with non-zero residual stress. Cui et al. [22] proposed a novel
stamping method termed electromagnetic-assisted stamping
(EMAS) to control springback using a magnetic force. Their re-
sults demonstrated that increasing discharge voltage reduced the
bent angle after springback. Mulidran et al. [23] conducted
bending experiments and simulations of deep-drawing quality
steel to examine the accuracy of springback prediction. They in-
vestigated the impact of material orientation, bending tool ge-
ometry, and applied force on the springback of DCO6 steel. Their
results reveal that blanks cut perpendicular to the rolling direc-
tion exhibit less springback compared to those cut parallel, when
employing a specific bend radius. Additionally, the experi-
mental and numerical results suggest a potential correlation be-
tween increased force and reduced springback.

This study uniquely investigates the impact of material models
on springback prediction for \VV-shaped parts made of TRIP steel
used in car body production. Additionally, it evaluates the influ-
ence of material models on springback prediction under various
process conditions, aiming to broaden the existing knowledge
base. The research compares springback prediction results for
V-shaped parts made of three different types of steels (EDDQ,
HSLA, and TRIP) commonly used in car body production with
experimental test results. The springback prediction is con-
ducted using FEA within the Autoform forming simulation soft-
ware. To perform a comprehensive numerical analysis for dif-
ferent steel sheets, the study employs two types of yield surface

models (Hill48 and Barlat89) in combination with two harden-
ing models (Swift and Ludwik) for springback.

MATERIAL AND METHODS

Experimental procedure

The experimental testing was conducted in the Laboratory of
Testing Mechanical Properties, which is part of the Institute of
Technology and Material Engineering. Three different types of
steel were used in the experiment. The material properties of
DCO6 steel are presented in Table 1. Micro alloyed steel H220
properties are shown in Table 2. Properties of steel RAK 40/70
are presented in Table 3. Testing of material properties was done
according to the standards STN EN 1SO 6892-1:2019 Metallic
materials - Tensile testing - Part 1: Method of test at room tem-
perature, STN EN ISO 10113: 2020 Metallic materials - Sheet
and strip - Determination of plastic strain ratio, and STN EN ISO
10275: 2020 Metallic materials - Sheet and strip - Determination
of tensile strain hardening exponent. These tests were performed
on the material test machine TIRAtest 2300. This test machine
is equipped with a tensometer, longitudinal extensometer, and
also with a sensor that is used for measuring the width of the
tensile test specimen during testing. Tensile test specimens were
prepared according to STN EN ISO 6892-1:2019 standard.

The bending experiments were conducted on hydraulic press
ZD-40. This device also consists of a tensometer which was used
to measure applied force. The Control unit of ZD-40 collected
force data, which were then transferred to PC and later processed
in Excel. Fig. 1 shows a bending tool scheme with dimensions
for the experimental testing.

The bending angle, the angle of working surfaces of a bending
tool was 90 degrees. The punch with a bending radius R= 3mm
was used in testing. The blank used for bending had a rectangu-
lar shape with dimensions of 90 mm x 40 mm. These specimens
were cut 0° rolling direction. The thickness of the DC06, H220
and TRIP blanks were 0.70, 0.75 and 0.85 mm respectively.
Blanks were prepared using hydraulic shears LVD CS6/31.
The calibration force was approximately two times the applied
bending force. For each variable, five specimens were used in
the testing.

Fig. 1 Bending tool scheme with dimensions

The springback measurement consisted of measuring the arm
opening angle B [°] as shown in Fig. 2. The stamping image after
bending was imported into AutoCAD and the angle between
arms was measured.
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Fig. 2 Measurement of arm opening angle 3

Simulation procedure

The numerical simulations of bending TRIP steel sheets were
conducted in CAE forming software Autoform R3 which uses a
special implicit method and adaptive mesh algorithms. Tool ge-
ometry is an important factor in sheet metal forming. Thus it is
also important to correctly model forming tools which are then
used in CAE software. The imported CAD model of the

Table 1 Mechanical properties of DCO6 steel

experimental tool, which was used in numerical simulation, is
pictured in Fig. 3.

The Geometry, dimensions of the CAD model of the tool were
the same as in the experimental bending tool. After importing
the CAD model into the CAE environment, the tool surfaces
needed for simulation were meshed with triangular shell ele-
ments. The tools were modeled as rigid bodies. The accuracy of
the numerical simulation was set to fine. With this setting, the
program automatically generates mesh parameters for blank.
Blank also consisted of triangular elements.

The Initial element size of the shell element was set to 3 mm
with a maximal refinement level of 2. Radius penetration was
set to 0.16; several integration points were set by software to 11.
The maximum time step was set to 0.5 s and the coefficient of
friction value was set to 0.27. This value was selected because
of the higher friction which occurs between zinc-plated steel and
tool steel (with no lubrication) compared to friction pair steel-
steel [24, 25].

. Coeffi- Pois-
Strain cient of n’
. Yield Tensile Young's Uniform harden- son §
Direc- . . normal ratio
. strength strength modulus elongation ing expo- ;
tion anisot- \Y%
] oy ou E Aso nent ropy
[MPa] [MPa] [GPa] [%0] n ' [
['] [_]
0 145 292 210 50.8 0.258 1.888 0,3
45 151 298 210 47.9 0.255 1.464 0.3
90 149 290 210 48.0 0.259 2.193 0.3
Table 2 Mechanical properties of H220 steel
. Coeffi-
Strain : . .
: : Tensile Young's Uniform harden- cient of Poisson’s
Direc- Yield strength . . normal ratio
. strength modulus elongation ing expo- .
tion oy o E Aso nent anisot- \Y%
o u
1 (MPa] [MPa] [GPa] [%] n ropy 0
['] [_]
0 220 381 210 345 0.231 1.170 03
45 225 368 210 37.4 0.237 1.780 0.3
90 238 383 210 35.8 0.232 1.820 0.3
Table 3 Mechanical properties of RAK 40/70 steel
Strain Coeffi- L,
: . . cient of Poisson’s
. . Tensile Young’s Uniform harden- N
Direc- Yield strength . . normal ratio
; strength modulus elongation ing expo- .
tion Gy anisot- \%
] [MPa] oy E Aso nent ropy
[MPa] [GPa] [%0] n r [
['] [_]
0 441 766 210 279 0.293 0.680 0,3
45 442 762 210 254 0.294 0.805 0.3
90 445 766 210 25.9 0.278 0.926 0.3
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PUNCH

Fig. 3 CAD model of the bending tool used in the simulation

To study the effect of various configurations of constitutive
models on the springback results in the FEM simulation Hill48
and Barlat89 yield criteria were used in combination with Lud-
wik and Swift hardening models in the numerical simulations.
In this work, two isotropic hardening rules and two combined
hardening rules were tested in numerical simulations. Isotropic
hardening rules are defined as:

. Ludwik
o=K-¢" )
. Swift
o =K (9o +p)" @)
where o is the true stress, K is the strength coefficient, n is the
strain hardening exponent, ¢0 is the pre-strain and ¢pl is the
plastic strain. Material model constants used in both hardening
rules are shown in Table 4, 5 and 6.

Table 4 Material constants used for definition of hardening rules
of DCOG steel

Model K [MPa] o [-] n[-]
Ludwik 541 - 0.258
Swift 530 0.00617 0.252

Table 5 Material constants used for definition of hardening rules
of H220 steel

Model K [MPa] o [-] n[-]
Ludwik 673 - 0.231
Swift 634 0.00363 0.225

Table 6 Material constants used for definition of hardening rules
of RAK 40/70 steel

Model K [MPa] 0o [-] n[]
Ludwik 1330 - 0.290
Swift 1300 0.00832 0.277

Hill yield criterion was introduced in 1948 [26]. Hill proposed
an anisotropic yield criterion which includes three orthogonal
symmetry planes, which is described by the following quadratic
function:

2f(0) =(G+ H)a + (F + H)a;y — 2Hoy,0,y + ZNU,fy 3)

ere oxx, ayy, and oz are stresses in the RD (x), TD (y), and thick-
ness (z) directions, respectively; oxy, oy, and oz are the shear
stresses in xy, yz, and zx directions. Parameters F, G, H, and N
are material parameters that describe the anisotropy of the mate-
rial. If F=G = H =1and N = 3, the Hill48 function is reduced
to the von Mises criterion, or as it is called in FEM code, the
Hill48 isotropic criterion. A more common description is based
on normal anisotropy in the 0°, 45°, and 90° directions to the
rolling direction. Then the material parameters F, G, H, and N
can be described by:

o 1 To
F :rgo(roJr 1)'6 ZW'H = ro+1
4)
_ (ro+790)(1+2145)
- 2190(1+79)

The second yield criterion used in numerical simulations was the
Barlat89 yield criterion. The Barlat89 model needs three param-
eters for its complete formulation by which it is possible to de-
scribe the plane stress behavior. The formulation is the following
[27, 28]:

f=alky + k" + alky — ko |" + (2 = )2k, |" = 20 )

where M is the exponent related to the crystallographic structure
of the material ce is the initial yield stress, ki and k2 can be de-
scribed as:

0y + ho 0y — ho. 12
k=2 Y.kz=[<x _ y)+pzr;y] ®)

where a, h, and p are the material model parameters identified
by:

_ Z(Z_Z)M‘z(”:_;)m B e o % ( 2 )%
a= 1+('f_e)”_(1+'f_e)”‘ T’V T T \2at2M2-a)
090 790.

()

where zs1 and zs2 are yield stresses for two different types of shear
tests: g12 = 751 for o11 = 622 = 0 and 612 = 0 for 622 = —011 = 752,
The identification procedure based on the coefficients ro and reo
can be also used for the identification of parameters a and h:

azz_z\jro_rqo h:\/L_1+npo (8)

1+7 1479 1419 T9o

The coefficient p has to be calculated by a numerical procedure,
by solving the non-linear equation or by using Equation (7.) in-
stead. In our case, the coefficient p was achieved by solving the
non-linear equation.

RESULTS AND DISCUSSION

This section compares and evaluates the springback results ob-
tained from experiments and simulations. The experimental
measurements focus on the arm opening angle (8) after bending,
experimental values are compared with the predicted ones (Fig.
4 and Fig. 5). Given the results, it can be assumed, that yield
strength of steel has a significant impact on the springback.
Specimen made of TRIP RAK 40/70 steel exhibited greatest
springback effect than parts made of micro alloyed H220 steel
and EDDQ DCO06 steel. The lowest springback effect was pre-
sent on parts made of DCO6 steel. Based on these results it can
be stated that materials with higher values of yield strength will
experience greater springback after deformation, the ratio of the
total deformation to the elastic deformation is greater when ma-
terial has a lower yield strength and vice versa. This assumption
corresponds with the numerical results. The values of yield
strength also influence bending force as shown in Tab. 7 - Tab.9.
For example, bending force of RAK 40/70 steel was approxi-
mately 1.7 times higher compared to DCO06 steel.
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Table 7 Comparison of experimental and predicted values of
bending force, arm opening angle and computation time of
DCO6 steel

Arm open-

fBending ing angle B Computa-
orce [N] ] tion time [s]
Experiment 260 91.2 -
Hill Ludwik 352 92.1 26.06
Barlat Ludwik 341 91.8 26.70
Hill Swift 356 92.9 26.56
Barlat Swift 321 91.9 26.68

Table 8 Comparison of experimental and predicted values of
bending force, arm opening angle and computation time of H220
steel

Bending ﬁ;r::gpleen[; Computa-
force [N] rl tion time [s]
Experiment 330 92.9 -
Hill Ludwik 404 93.6 26.47
Barlat Ludwik 365 93.0 26.70
Hill Swift 440 94.3 26.60
Barlat Swift 321 93.2 26.69

Table 9 Comparison of experimental and predicted values of
bending force, arm opening angle and computation time of RAK
40/70 steel

Bending ﬁ\rgr::gleen[; Computa-
force [N] Il tion time [s]
Experiment 460 95.3 -
Hill Ludwik 433 95.8 27.09
Barlat Ludwik 377 95.2 27.19
Hill Swift 454 96.4 27.13
Barlat Swift 436 96.1 27.28

Yield criterion and hardening law, their impact on the spring-
back prediction were investigated. Arm opening angle B results
achieved using different yield criteria and hardening laws were
compared with the experimental results in Tab. 7 - Tab. 9. From
the given numerical results, it can be assumed, that the materials
with higher yield strength (H220 and RAK 40/70) will exhibit
stronger springback effect than materials with lower yield
strength (DCO06). When using different combinations of yield
criteria (Hill and Barlat), and hardening laws (Ludwik and
Swift) different values of arm opening angle 8 were predicted.
Swift’s hardening law in combination with both yield criteria
predicted higher values of arm opening angle  for all materials.
Better correlation with experimental results was achieved by us-
ing combination of Hill and Barlat yield criteria with Ludwik
hardening law. Overall, the combination of Barlat yield criterion
with Ludwik hardening law was the most accurate regarding
springback preidction for all tested steels. The computation
times were also compared (Tab. 7 - Tab. 9), the longest time was
measured when using Barlat Swift material model and lowest
time was measured for Hill Ludwik combination.

97.00

96.00

95.00

94.00

93.00 -+

92.00

Arm opening angle B []

91.00 -+

90.00 -
DCo6 H220 TRIP

m Hill Ludwik  ® Barlat Ludwik ™ Experiment

Fig. 4 Comparison of predicted Arm opening angle § [°] for all
tested steels using Ludwik hardening law in combination with
Hill and Barlat yield criteria

97.00

96.00

95.00

94.00

93.00

92.00 __ ——————
91.00 .

90.00 T

Dcoe H220 TRIP

Arm opening angle B [°]

Hill Swift ~mBarlat Swift m Experiment

Fig. 5 Comparison of predicted Arm opening angle  [°] for all
tested steels using Swift hardening law in combination with Hill
and Barlat yield criteria

CONCLUSION

In this study, the impact of four material models on the spring-
back prediction of EDDQ, HSLA and TRIP steel were evaluated
in the numerical simulation. The results obtained with the use of
FE analysis, forming simulations were compared with experi-
mental ones. Based on the experimental and numerical results,
the following outputs can be stated:

e  Materials with higher values of yield strength (TRIP,
HSLA) exhibit greater springback than materials
(EDDQ) with lower yield strength.

e Hill48 and Barlat yield criteria used in combination with
Ludwik hardening law indicated correlation with exper-
imental results, the error between simulation results and
experimental results was less than 1 % for all tested
steels.

e  Swift hardening law in combination with both yield cri-
teria predicted higher values of the springback and bend-
ing force in all cases.

e Almost all numerical predictions overestimated spring-
back, only in one case when simulation of bending TRIP
steel using Barlat and Ludwik material model was un-
derestimated.

e  The springback predictions showed lowest error (less
than 0,07 %) from experimental data when using Barlat
and Ludwik material model combination in simulation.
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