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EXPERIMENTAL AND NUMERICAL PREDICTION
OF SPRINGBACK IN V-BENDING OF ANISOTROPIC
SHEET METALS FOR AUTOMOTIVE INDUSTRY

Springback is a common phenomenon in sheet meatairig, caused by the elastic
redistribution of stresses during unloading. It basn recognized that springback
is essential for the design of tools used in shestl forming operations. A finite
element method (FEM) code has been used to andigzeheet metals V-bending
process. In the work, three types of steels TRIPS8Hand mild steel were used.
Normal anisotropic material behavior has been cl@med. A contact algorithm for
arbitrarily shaped rigid tools has been realizedniigans of accurate approach.
This paper describes a robust method of prediapringback under bending and
unbending of sheets. Constitutive models, aimedeatigting the final shape of the
sheet after the springback by varying the settihthe operational parameters of
the forming process, were discussed. The accurhitlyeomodel was verified by
comparison with results of PAM-STAMP 2G package ergerimental results.
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1. Introduction

In the bending technology it is difficult to achéewccurate and repeatable
angle of a bend. This problem is caused by elagpigngback, which is
considerable in processes of sheet metal forming].[Springback in processes
of sheet metal forming causes troubles in assembjprocesses, because
springback entails anomaly of required shape ofptme. Economical aspect of
problems associated with springback is in the US#elg in the sphere of
automotive industry estimated on the 50 millionlaloper year [5]. Springback
is defined as a dimensional change of a shaperafegasing a tool due to elastic
effects [6]. In the past, handy tables [7, 8] aprs [9] were the traditional ways
used for prediction of springback. For this purpdeday are frequently used FE
codes, which provide numerical simulations of shmetal forming processes.
PAM-STAMP 2G, Autoform, DYNAFORM and more codes drgd to the
group of software which are used for numerical $ittions of sheet metal
forming processes. Several parameters influencth®ramount of springback.



56 J. Slota, M. JuiiSin

Several studies have shown, that the amount ohgpack is influenced by
factors such as dimension of the blank, thicknéskeoblank, the tool shape, the
tool radius and more [10, 11]. Except these tealgiohl variables, material
properties as for example yield stress, the Youmgdslulus, the Bauschinger
effect, constitutive behavior in plastic field algdfluence on the amount of
springback [12-14]. Additional studies confirmeatla normal anisotropy of the
material has also influence on the springback amlf]. Accuracy of the
numerical simulation is associated with the definof input data, esspecially
with the definition of yield function and hardenirgurve. Early developed
material models as Tresca or von Misses were dpedloaccording to
parameters obtained from the simple tensile telses@& material models were
soon insufficient to obtain accurate results of atioal simulation, because they
did not describe several parameters of materiaavieh They did not describe
anisotropy of materials, kinematic hardening ei@, [17]. In experimental part
of this work, Hollomon hardening curve was usede Hollomon hardening law
is defined as follows [18]:

0p =Cég" (1)

where: C — material constant,
n — index of deformation hardening,
& — total strain.
Another curve of hardening which was used is hardeourve defined by
Krupkowsky [19]:

o, =C(& +&)" (2

where:g, — plastic strain,
&o — offset strain.
The last used hardening curve was defined by B@&mstan Liempt [20]:
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where notation can be find in the relevant litera{20].

In this work, the definition of Bergstrom-van Lietmpardening curve was
set by TataSteel Europe company, due to fact thetntaterial model was
acquired from the mentioned company. Graphicasttation of used hardening
curves is shown in the Fig. 1a. Hill 48, Hill 90edter and Barlat yield functions
in numerical simulation of springback were useds®iption of Vegter material
model is very difficult, because it is necessaryp#rform mechanical tests for
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four different strain modes, and use Bezier intlpan [2(-23]. Comparison

of yield functions are shown in F 1lb. Stresstrain diagram of used ste:
illustrates Fig. 2.

a) b)

o+
(=
(=1

True strass [MPa]
[=)
[=)

)

=] — Hill48 |
200 —— Krupkowsky 09 __ Hill-90 ||
Holomon — Barlat f

100 = Bergstrém van Liempt — Vegter {

—t— Experiment /

a : ! . 2 ; 0.6 4 4
0 02 0.4 06 08 1 08 09 5.5, 1.2
True strain [-]

Fig.1 Comparison of used hardening curves (a) andrdiffeyield functions (b) for mild ste

T

=

=

G L -

@
= = Mildsteel
=« =TTHSS

1] T T T T T
0 0.05 0.1 0.15 0.2 0.25

Strain [-]

Fig. 2. Stress-strain diagram of used steels

Three different categories of steel were used ipedrmental part of thi
work. One of these is a TRIP steel, which has &ganitly greater springback.
is caused by high work hardening of this materidierefore, there may
problem in the production line, or in an accurate resotd-EM in case o
springback prediction. In different studies [24,] 2Zfuthors highlighted th
importance of work hardening and its influence loa $pringback amount a
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discuss about more accurate material description,ekample mixed work
hardening [24]. Considering this, several hardermngres and yield functions
were used in this paper.

2. Objectives and approach

Experiment of bending sheet metal strips focusedhenmeasuring of the
springback amount was performed. This process wiasesjuently simulated in
PAM-STAMP 2G software. Before description of pantar parts of experiment
it is necessary to define properties of used stdlal shape, tool geometry,
parameters of used machine and the conditions ef giocess. As was
mentioned, in experimental part of this work thdierent categories of steel
were used: AHSS — H220PD, UHSS — TRIP RAK 40/70 miid steel — DC06
(Table 1). Five sheet metal strips from each tyljpge®el were cut.

Table 1. Thicknesses of used materials

Category Type Thickness [mm]
AHSS H220PD 0.8
UHSS TRIP RAK 40/70 0.75

Mild Steel DCO06 0.85

Measuring of mechanical properties of materials wagied out using
samples which were cut in directions 0°, 45° antité@he rolling direction. The
test rod of the length 80 mm according to the I892%61: 2009 was used. Tests
were performed on the machine Tiratest 2300. Tadbeshow data necessary to
define Hill 48 and Hill 90 material models. Vegtaaterial model for mild steel
and AHSS was set by the TataSteel Europe Companthel case of defining
Barlat material model it is necessary to defineldyistress and Lankford
coefficient of normal anisotropy r. These values sinown in Table 3. During
defining Barlat material model, weight of each Limk coefficient of
anisotropy in three directions to the rolling ditens are necessary to define.
This parameter for each coefficient was set to dcabse the weights of
measurement in these directions had the same neleva

Table 2. Mechanical properties of AHSS — H220PD

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | [%] [MPa]
o° 219 385 34.5 1.172
45 225 368 37.4 0.231| 648.6| 1.782
90’ 238 383 | 35.8 1.823
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Table 3. Mechanical properties of UHSS —TRIP RAK 80/7

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | [%0] [MPa]
0° 442 771 27.7] 0.686
45° 441 762 254 0.224| 1330.2f 0.87
90° 450 766 25.9 0.838

Table 4. Mechanical properties of mild steel DC06

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | % [MPa]
0° 145 292 | 50.8 1.888
45 151 298 | 47.9 0.254| 538.54 1.464
90° 149 290 | 48.0 2.19]

Table 5. Output data of the yield stress from &iblaest (hydraulic bulge), Young's modulus,
density and Poisson’s ratio

Steel o, [MPa] E [GPa] p [kg- mm?| v
AHSS 290 210 7.8.10 0.3
UHSS 540 210 7.8.10 0.3
DCO06 250 210 7.8.10 0.3

3. Real experiment of v-bending
and measuring angle of springback

Specimens were cut and subsequently bent withytehblic press ZD40.
In order to achieve online transfer of informatadyout measured force between
the punch and the die, a force sensor has beetetboa the machine. The scale
was located on the front side of the die, becauseh eneasurement was
performed graphically.

a) b)
(DDie (®)Bent sheetmetal strip(3)Punch (®scale

O | o @ @\'

Fig. 3. The Assembly of the die and the punch utttetoad (a) and after released load (b)
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Principle of measurement is illustrated in FigTBe specimen was located
on the die and gradually bent until the closingéoof 4 kN was reached. Then,
the picture was taken when the tool was releasdis kind of graphical
measuring method was used due to difficulty of emtional measuring method.
It could be assessed that by using graphical methedspringback angle can be
calculated and evaluated accurately enough [26].

The graphic software was used for measuring anggages of specimen
arms. Angles were measured only in the unloaded, dtacause it is apparently
that the arms of specimen in loaded state form ragiea90°. This manner
of measuring was applied on each specimen. Seaeg#s of the bent specimen
were measured using an analog protractor in ormedetermine uncertainty
of the graphical measurement. The maximum measurteumeertainty was up
to 1%.

4. Simulation of the process

The process of parameters definition is possibléitide into two large
parts. Firstly, the bending process was defined aftel that the springback
parameters were defined. In this stage it is necgds take a note that in the
bending process the setting ,pinch test” was ukedeans that the tool in final
stage of loading will not go over the contact fordgch can cause a dint in the
material. By setting up of springback stage it ésessary to note that explicit
calculating type was used. Square elements, wstheaof 8.3 mm were used and
the maximum refinement level was set to value e Fitegration points over
the thickness were defined. The smallest sizeettement after refinement was
1.2 mm. Refinement of elements is shown in Figdekurate contact type with
coefficient of friction equals to 0.2 was set. Tbembinations of material
models used in the numerical simulations are showiable 6.

Table 6. Combination of used material models

Scheme of used material models
Yield function H'48 H'90 B Cc-Vv
Hardening curve K] H K] H K] H BvL
AHSS AHSS
Material UHSS DCO06
DCO06

where: H'48 — Hill 48, H'90 — Hill 90, B — BarlaC-V — Corus-Vegter, K — Krupkowsky,
H — Hollomon, BvL — Bergstrom van Liempt
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Fig. 4. lllustration of the maximum level of refiment in areas of
the greatest stresses.

5. Results of experiment

In this chapter, results of experiment and numeérgimulations were
discussed. The results of simulation and real éxyert for specimen made of
AHSS with combination of various material models aompared in the Table 8.
Wherefis is the angle between specimen arms measured iRAM:STAMP
2G, pu is the angle measured in the real experimentfansl the absolute value
of the deviance between simulation and angle medsarthe real experiment.
Results in the Table 7 imply, that for predictidrspringback of the sheet metal
specimens made of AHSS, Hill 90 yield function ataipkowsky hardening
curve together with Hollomon hardening curve are itiost accurate. The Hill
48 material model combined with Krupkowsky and B&Krupkowsky
hardening curves overestimated the amount of dpaiclg while Hill 48 material
model combined with Hollomon, Barlat-Hollomon andr@s-Vegter-Bergstrom
van Liempt hardening curves underestimated the ltses@The results of
simulation and real experiment for specimen madeldES with combination
of various material models are compared in Table 8.

In this case, the most accurate material modelrh®0 — Hollomon. For
this category of material, Corus-Vegter-Bergstréam \Liempt material model
was not used. All remaining material models, unster@ated the amount of
springback in comparison with real experiment mssiitesults of simulation and
real experiment using specimen from mild steel D@0t combination of
various material models are compared in Table 9.
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Table 7. Results of simulation and experiment ofdigin the transverse direction of AHSS

Bend in direction transverse to rolling direction
material model Psldeg] | pw[ded] A BD| [deg]
Hill 48-Krupkowsky 15 0.5
¢ | Hill 48-Hollomon 0.16 0.84
g Hill 90-Krupkowsky 1.02 0.02
Hill 90-Hollomon 0.94 1 0.06
Corus-Vegter-Bergstréom van Liempt 0.66 0.34
Barlat-Krupkowsky 1.74 0.74
Barlat-Hollomon 0.74 0.26

Table 8. Results of simulation and experiment ofdi@min the transverse direction of UHSS

Bend in direction transverse to rolling direction
material model Psldeg] | pwm[ded] A BD| [deg]

Hill 48 — Krupkowsky 2.51 0.99

< |_Hill 48 — Hollomon 2 1.5

% Hill 90 — Krupkowsky 1.19 2.31
Hill 90 — Hollomon 3.48 3.5 0.02
Corus-Vegter-Bergstrém van Liempt - -
Barlat-Krupkowsky 1.6 1.9
Barlat-Hollomon 1.95 1.55

The most accurate material models for mild steetewgield function
described by Barlat, and hardening curve by Hollomdaterial models Hill
48-Krupkowsky and Barlat- Krupkowsky in the smaltent overestimated the
springback amount, but the difference between #salts is acceptable. Hill
48-Hollomon underestimated the springback amountu§&Vegter-Bergstrom
van Liempt and Hill 90, in combination with Hollomoand Krupkowsky
hardening curve overestimated real springback atmoun

Table 9. Results of simulation and experiment ofdi@in the transverse direction of mild steel

Bend in direction transverse to rolling direction
material model p<[deg] | pum[deq] A BD| [deg]
< [_Hill 48-Krupkowsky 1 0.13
% Hill 48-Hollomon 0.54 0.33
< | _Hill 90-Krupkowsky 1.5 0.63
= | Hill 90-Hollomon 1.83 0.87 0.96
Corus-Vegter -Bergstrom van Liempt 1.52 0.65
Barlat-Krupkowsky 1 0.13
Barlat-Hollomon 0.86 0.01
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By analyzing results, it is possible to notice ttti@ numerical simulation is
sufficiently accurate, and can be considered dd.v&br illustration, in Table 10
proposal of the most suitable material models fachetype category of a
material is presented. It should be noted, thatrdselt values for different
material models had small differences. This is beeathe experiment was
conducted in the closed tool where the amount ohgpack is lower than it is
in free air bending. Results of numerical simulatadso had small differences
using different material models.

Table 10. The most appropriate material modelge&mh category of the material

Category of material Yield function Hardening curve
AHSS Hill 90 Krupkowsky, Hollomon
UHSS Hill 90 Hollomon
DCO06 Barlat Hollomon

In the previous chapter it was mentioned that, dbgice measuring the
contact force was located on the punch in ordeméasure the contact force
among the punch and specimen. Graphical illustiatieas created from
measured values. PAM-STAMP 2G include this optmm 1n order to complete
the relevance of numerical simulation results, cangon of contact force
progress of simulation and real experiment wasteded he comparison of each
progress for AHSS is presented in Fig. 5.
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Fig. 5. Measured contact forces of the real expamimvhere AHSS steel was used
and numerical simulations of following material netel Barlat, Hill 48 Hill 90
combined with Krupkowsky hardening curve and Veg@mbined with Bergstrom
van Liempt hardening curve
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Resultig from graphical illustration can be noticed, that the size
contact force is apprimately the same in each ce numerical simulation an
real experiment. More important is that the graphitiustration proves hig
conformity of numerial simulation in comparison with the real experimdine
curves are wavy because specimen was sliding opethéing edge of die. Sin
the amount of springback is sensitive to size otact force, great attention w
given to not exceed maximum con force of 4 kN.

In order to determine the distribution of stregsethe specimen, upper a
lower major stresses along the sample length haea measured in the P4
STAMP 2G software. Figure6-8illustrate, that the highest stresses occurre
the aea, where the sheet metal is in contact with tleeasid the punch. Tt
springback intensity is influenced by the distribnt of different stresses
different areas of the part. Therefore, the clo$arge has a significant influen:
on the springbac&mount.

After the punch is removed, grains in neutral laydnich are deforme
mostly in the elastic domain are trying to orienttbeir initial position During
this process, the shape of the part is changedr thelenfluence of phenome
called elast springback. The strength of material has a gt influence ot
the springback amount. The higher strength hasniderial, the higher amou
of springback occurs. TRIP steel has the higheshgth, also higher springba
in comparison with AHS:and mild steel was observed.
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Fig. 6 Major stress distribution in the AHSS specil
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Fig. 8 Major stress distribution in the mild steel speei

6. Conclusion

In this article, the manner of springback predictim V-bending wa:
described. Results of each experinare presented in previous chapt
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FE simulations of specimen made of AHSS were véogecto real values
of the springback amount. Using Hill 90 yield fuoct combined with
Krupkowsky and Hollomon hardening curve, the ressuliried only about 0.02°
and 0.06°. That is a deviation about maximum of 6%.

Barlat and Hill 90 yield function combined with Hmon hardening curve
are the most suitable for the material from UHSBe Tesults of FE simulation
and real experiment varied at 0.02°.

Last used material, mild steel DCO06, Barlat yialsidtion and Hollomon
hardening curve was the most accurate, becausksrgaded at 0.01°. In this
case, also Hill 48 — Krupkowsky material model &adlat — Krupkowsky were
close to experimental results of the angle of ngrack. Deviation could be
caused by the definition of the yield function thsahot accurate enough.

The higher strength of the material is, the higtmingback occurs. UHSS
TRIP steel has the highest springback, then AH8&8 tlae smallest springback
was observed in specimen made of mild steel.

Closing force has a significant influence on theoant of the springback,
because in the place where the blank is in comt@tt the tool, there are the
highest stresses. For more accurately results wierigal simulation, the next
challenge will be improving the definition of maemodels. The conditions of
the bending process are not static, and that is thlbyresults could be softly
distorted so, using kinematic hardening of maters@ems to be substantiated.
The future challenges are, for example: more atelyradefining the
Bauschinger effect, assuming imperfect — elasti@mbior of the tool, taking into
consideration unloading velocity, the temperattfece etc.
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EKSPERYMENTALNE | NUMERYCZNE PRZEWIDYWANIE
ODKSZTALCE N SPREZYNOWANIA W PROCESIE WYGINANIA
BLACH ANIZOTROPOWYCH DLA PRZEMYStU SAMOCHODOWEGO

Streszczenie

Sprzynowanie jest powszechnym zjawiskiem vepstigcym podczas ksztattowania blach
spowodowanym zmianrozktadu napyzen po zdgciu obchzenia. Zauwaono, ze znajomécé
sprzynowania jest istotna w projektowaniu ngizi uzywanych podczas operacji ksztattowania
blach. Program oparty na metodzie elementéwaskonych (MES) zostat wykorzystany do
analizy procesu wyginania. W badaniach wykorzysthlachy stalowe TRIP, AHSS i blachy ze
stali migkkiej. Uwzgkdniono anizotropi normalry materiatdw blach. Algorytm kontaku dla
sztywnych nargdzi o dowolnym ksztalcie zostat zrealizowany za pognpodejcia scistego.
W artykule opisano metedprzewidywania sgzynowania podczas ggia i odcizania blach.
Omowiono modele konstytutywne ukierunkowane na\pidgwvanie kacowego ksztattu blachy
po spezynowaniu, przy zrénicowanych parametrach procesu ksztattowania. Dok modelu
zostata zweryfikowana przez poréwnanie wynikow cadh w programie PAM-STAMP 2G
z wynikami eksperymentalnymi.

Stowa kluczowe giccie swobodne, sptynowanie, anizotropia plastyczna, modelowanie
numeryczne
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