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Abstract. Considering variation of influent factors is a critical issue to enhance
the robustness of sheet metal forming process in the product design process.
The stochastic variability of uncontrollable factors results in the variations on
the formed part which can lead to rejected parts. Since the inherent sources of
variation in the sheet metal forming process comes from part-to-part, within
batch and batch-to-batch variation. Therefore, the prediction and control of the
variability influencing on the performance of the product is an essential demand
of automotive and aeronautic manufacturers. Moreover, it is very necessary to
have a numerically dedicated tool which predicts the process variability with a
good confidence. In this paper, prediction of the variations of the formed part
due to the variabilities of the sheet stamping process and the workpiece by nu-
merical simulation will be carried out.
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1 I ntroduction

Stampingprocesss an effectiveprocessappliedfor fabricatingbody panelsin auto-
motive manufacturers. The fact that there are around 100 to 150 stamped metal panels
on vehiclesproducednowadays.The processis mainly usedin productionof large
batch because designing and manufacturing the stamping tools are very expensive and
time-consumind1]. Hence,reductionof time in the tooling designphaseaswell as
elimination of expensivephysicalexperimentdss consideredas objectiveswhich the
manufacturersvould like to obtain. As a solution for this issue,FEA softwarehas
been a rapid and effective tool for design and verification of new product propositions
in automotive industries in the last few years. Nevertheless, quality of produced parts
is one of the most important issues which need to take into account to satisfy custom-
er’s specifications.The stampedparts mustrespectfunctional, geometricalaesthetic
requirements. Thereby,enhancemendf reliability of the designby usingnumerical
simulation is a focus of this research work.

In industrial practice, the industrial actors often cope with several defects occurred
on the stamped parts in which shape defects due to springback, thinning and wrin-
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kling are principal problems. The sources provokimgse defects are from input pa-
rameters’ variations of the forming process. Thaatimn sources of draw bending
process are synthesized in Figure 1.

As a consequence, the variabilities result in pmaduct quality. In order to en-
hance the robustness of the sheet metal formingepses or in other words, to mini-
mize the reject rate, the fluctuations must berakéo account in the part and tools
design stage.

As mentioned above, the FEM numerical simulatiothés solution for shortening
the lead-time and saving the cost for the experimmenthe sheet metal forming pro-
cess. Presently, the FEM software can evaluatevatual forming process with an
acceptable accuracy. However, there is still diffiee between results from numerical
simulations and results from physical experimefitee cause of the difference may
be due to inconsistent FE models or incorrect mparameters or deviation of the
input variables [3]. In other words, although treometry and the material properties
of the tools and the sheet blank are fixed, thétians in the method of FE modeling
by users may lead to various results [2].

Previously, there were several research works whigbstigated the effects of
numerical factors such as the element size of ghipethe hardening law, the preci-
sion of modeling tool radii and the dynamic effentthe springback results of the U-
draw bending benchmark problem [4]. He and Wag@ienvestigated the impact of
the finite element mesh system of the blank onngack results using the same
benchmark problem. The effect of the dynamic temspringback was evaluated by
Chung et al. [6]. Numerical factors affecting sgback including contact damping
parameter, penalty parameter, blank element sizeber of corner elements were
investigated by Lee and Yang, [2]. For the last f@ars, a couple of investigations in
relation to the effectiveness of numerical modaigehbeen also taken into considera-
tion making comparison between numerical predistiand experimental results [7].
Particularly, the influence of numerical paramemprising the type of the utilized
element, the number of integration points, the &airtg rule and so forth, with the
aim to improve the effectiveness and reliabilityttod numerical results.
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Fig. 1. Draw bending process and its variation sources



Xu et al. [8] analyzed the effect of sensitive fastin a U-bending process of Nu-
misheet’'93 benchmark problem using a fully explemfution scheme in which the
impact of integration points number, blank elemgre and punch velocity was re-
searched.

It can be seen that all mentioned literatures catmate on considering the effects
of numerical parameters on the virtually formedtpathere were hardly any studies
concerning evaluation of reliability of FEA softwearln other words, qualifying the
sensitive level of numerical simulation tools witkry small variations of the scatter-
ing parameters in the sheet metal forming processucial to enhance the robustness
of digital programs in the prediction of variabjlibf the process. Since very small
variability of the sheet’s material properties, thiank thickness and tooling parame-
ters influence on finished part, particularly, sgiiack variation in sheet metal form-
ing process.

Therefore, the purpose of this research work f@tas on evaluation of prediction
capability of the stamped part’s variation derifesim the input parameters’ variabil-
ity using commercial FEA software.

In general, in this study, the objective is to gmalthe reliability of FE numerical
simulation tool, namely ABAQUS software, when hayivery small variability of
input parameters, so then whether output resuétgtjcplarly springback variations,
are sensitive with the variability or not. Meanithgt the software can be sensitive to
how small percent of variability is. In the followg sections, problem modeling will
be presented in which a case study, springbackuremgnts and numerical model-
ing and simulation will be discussed in Sectionr2section 3, investigation of relia-
bility of numerical simulation will be presentedvatuation of sensitivity of numeri-
cal simulation will be shown in Section 4. The Issttion is conclusion.

2 Problem modeling

21 Casestudy

The U-shaped part, a benchmark problem of NUMISHEBB Tnternational Confer-
ence[10], is investigated in this paper. However, thet'pagyeometrical dimensions
are modified according to industrial requirememd the part is named open-channel
part. This part is a representative product comgnoskd in automotive industry to
reinforce for body panel or base. A schematic vawdie, punch, blank and their
dimensions for the draw bending process is showRidgn 2 which is used in this
study. Table 1 shows dimensions for the draw benpdiocess.

Table 1. Dimensions for the draw bending process

Parameters W1 W2 W3 W4 R1 R2 G1 Stroke
Dimensions
(mm)

57.7 60 150 150 5 10 1.1 60
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Fig. 2. A schematic view of tools and dimensions for tperechannel part

The simulation work in this study is carried ouséd on the experimental results of
Ledoux et al. [1]. The blank is obtained from rdlisheet of 0.8 mm thick, 300 mm
long and 300 mm width. The accuracy of the lengil aidth dimensions of the
blank is 0.5 mm. The blank holder force of 90 KNayplied in this case. Blank mate-
rial is DCO4 steel with the material propertiessamted in Table 2.

Table 2. Blank’s material properties [1]

DCO04 material

Young’'s modulus 206.62 GPa
Yield strength 175 MPa
Poisson’s ratio 0.298

ro- = 2.09
Lankford’s coefficient rss = 1.56

Foor = 2.72
Density 7200 kg/mi

K = 466 MPa
Strain hardening’s coefficient

n = 0.2056

Moreover, experimental measurements prove thatgrafiies remain symmetric.
Therefore, simulation of numerical experiment Vil performed on half of the pro-
file.

2.2 Springback measurements

In order to characterize the total springback digin, three measurements including
the springback of wall opening angl,); the springback of flange angl@,X and
sidewall curl radiusg) are shown in Fig. 3. They describe the variatbthe part’s
cross-sectional shape obtained before and aftesviegnthe tools. For calculating the
springback measurements, it is necessary to deterthe measurements before and
after springback. To do so, the least square methagdplied to identify the points of
A° B C°, D°and E on the formed part’s profile according to giveand y coordi-
nates.

Based on the known point coordinates, the wall ar@f) and the flange angle
(69) before springback are computed. Similarly, othaints of A, B, C, D and E are
defined on the part’s profile which the tools héezn removed.



Fig. 3. Schematic view of springback profile and paranseter

They are then used to calculate the wall angflgé &nd the flange angl€2) after
springback. The side wall curl radius is estimdigd curve fitting technique through
three points A, B and C to construct a circular arc
2.3 Numerical modeling and simulation
To predict the springback variations derived frdma variability of input parameters,
numerical simulation is an efficient solution. TIRE simulation of the 3D draw bend-
ing process of the open-channel part is carriecbguhe ABAQUS/CAE 6.11-2. The
problem is modeled according to the schema of Fand the process parameters and
tools configuration are applied as in Table 1. Keg characteristics of numerical
simulation are shown in Table 3.

Table 3. The key characteristics of numerical simulation

Blank
Element type Shell S4R
Number of elements 5340
Integration points 7
Yield function/Plastic potential Hill48 [9]
Hardening rule Isotropic, Swift modeb = K(g, + &)™
Tools
Tool type | Analytical rigid surface
General aspect of the code
3-D draw bending Dynamic, Explicit
Springback Static, General
Friction coefficient: 0.15

As mentioned above, the half of problem is modeldgihce, boundary conditions
and symmetric condition are applied on the half pathe model.

3 Investigation of thereliability of numerical simulation

With the purpose of investigation of sensitive lesenumerical simulation software
so that a global approach is proposed and illesdras Figure 4 in which input pa-



rameters are run by using method of Design of BErparts (DOE) to make varia-
tions, and then, the variation of input parameteesused as input parameters of nu-
merical simulation. As a result, the simulated pett be calculated in the Matlab to
define the responses. In this study, only partad-pariation is considered, namely
the blank thickness variation is regarded as antimgriable of this investigation.

Input Design of Numerical Response
s ‘r: ...——®  Experiments Simulation Caleculation ——— Responses
paramelers
I ‘ I

Full factorial ABAQUS Matlab

Fig. 4. The globally proposed approach in evaluation aSgwity of numerical simulation

In particular, the investigated model is demonstiah Figure 5. Starting from the
nominal input parameters of the material, tooling arocess as Section 2, numerical
simulation of the draw bending process of the oglemnel part is run in the
ABAQUS/CAE 6.11-2 in which the part shape is peried in two steps of forming
and springback step.

e

MATLAB
Fig. 5. The investigated model of reliability of numerisanulation
Consequently, nodal coordinates of deformed pa# extracted from the
ABAQUS. Afterwards, they are used to compute théngipack parameters @, f,,
andp in the Matlab. After calculation, the results bétpart's measurements before
and after springback are listed in Table 4.
Table4. The part’'s measurements before and after sprikgbac

Before springback After springbac Springback mezments
Measurements 69 69 0, 0, B1 B p (mm)
Results 90.5° 90.5° 97.59°| 84.93° 7.096 5.561° 236

A comparison between the numerical simulation tesodl the experimental result
implemented by Ledoux et al. [1], the numericalutess very close to the experi-
mental one. The deviation between experimentalramderical results is less than 1
mm which shows good prediction by FE numerical $ation.

To calculate automatically, the design of experiteenumerical simulation and
response calculation are coupled in the workfloioideFRONTIER™. The work-
flow in the ModeFRONTIER™ is presented in Figure 6.
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Fig. 6. The workflow of the proposed approach

4 Evaluation of sensitivity of numerical simulation

Sensitivity function is used to evaluate the relipbof the numerical simulation
software as below:

« Smaller and bigger value:

_of _ flxo+Ae)—f(xg—A¢)
o= dx (xo) - 20, (1)

¢ Smaller and nominal value:

_9f ;o\ _ flo)=f(xo=Ae)
0= (xy) = Lo )

* Nominal and bigger value:

_9of f(xo+4e)—f (X0)
o= (x0) = A )

Where, xo corresponds to nominal thickness afidis variation range between
thickness values.

Thickness variation parameters and sensitivity eglare shown in Table 5. In par-
ticular, the variation is expressed through gradiedrease of variation percent of
nominal thickness. It is assumed that the thickimedbe whole part is constant. The
other parameters of the process are fixed with namralues. Numerical modeling
and simulation of the process still remains as maatl in Section 2. Output parame-
ters are springback measurementg;pf, andp.

Sensitivity analysis results are shown Figure 7séDation from sensitivity analy-
sis graphs shows that the sensitivity of numegaalulation software in this case can
reach for level of blank thickness variation of So¥mominal thickness. It can be seen



that three sensitive lines of three springbackarsps converge at the point of 5% of
nominal thickness. Due to the fact that the smatlher variation range, the more
closed three sensitive lines are.

Table5. Thickness variation parameters and sensitivityesl

Variation (%) | Ae (mm) | Teknessvariar o aqy oy | o(g2) cimm) | a(p) (mm/mm)
tion (mm)

0.64 14.4212 11.3241 ~359.3706

20 0.16 0.8 6.3059 5.1569 657868

0.96 71.8094 71,0104 227.7971

072 13.4137 4.4931 263.4972

10 0.08 038 4.9432 1.2885 33.5350

0.88 35273 1.9161 330.5673

0.76 13.8783 1.7104 -92.5804

5 0.04 0.8 6.9821 2.4945 49.0883

0.84 0.0859 3.2787 190.7571

0.784 38.6260 4.7084 284.1957

2 0.016 038 21.9402 5.1717 -67.8929

0.816 52534 5.6349 148.4098

0.788 1.2409 25120 115.8318

15 0.012 0.8 2.8300 0.2649 126.1214

0812 6.9010 3.0419 136.4111

0.792 45147 9.6161 353.8053

1 0.008 0.8 1.9217 19243 287.6912

0.808 8.3580 5.7675 2215770

0.7936 21.0978 9.4679 -848.9659

0.8 0.0064 0.8 41734 9.6291 4332124

0.8064 127511 9.7903 17.4588

0.796 170.8839 42.9871 -2025.5843

0.5 0.004 08 83.1412 32.0626 0025713

0.804 46014 21.1382 2204417

0.7984 62.9189 53.0250 462.2954

0.2 0.0016 0.8 -136.9051 -38.8243 1393.489

0.8016 -336.7291 -24.4236 2324.6832

0.7992 33.7328 813877 44906412

0.1 0.0008 0.8 -90.2131 24.8825 2733.619(

0.8008 ~146.6035 131.1527 976.5967

0.7996 1453.4986 2025773 15962.3799

0.05 0.0004 0.8 692.7517 174.3740 -5902.7587

0.8004 -67.9952 146.1708 -5843.1374

0.79992 20232555 278.3301 ~16901.7585

0.01 0.00008 0.8 -2675.0272 11.9680 14256.7443

0.80008 7373.3098 254.4031 45415 2431

5 Conclusion

Numerical modeling and simulation of U-shaped dbmmding process has been car-
ried out to show the effect of blank thickness athon on the variability of output
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response of springback.

Additionally, the paper has been investigated #esgivity of numerical simula-
tion software, namely ABAQUS, in modeling and siatilg the U-shaped draw
bending process. The result has shown that thebikty of the software can reach for
level of blank thickness variation of 5 % of nonilittsickness in this case study. The
sensitivity evaluation is built and calculated amé&gically in the ModeFRONTIER™.
The proposed approach has been developing whichde®a tool in taking into ac-
count the variation of input parameters affectingootput responses in the sheet met-
al forming process by using FEM contributing to noyement robust parameter de-
sigh methodology.

This project is being in the research process. thaction of metamodels based on
approximating surface response to predict variadibather factors will be employed
in the next works.
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