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Abstract

The new industrial demands for special materidtls better properties have led to the inventibieamposite materials. Two-
layer clad sheets and three-layer sandwich sheetinereasingly applied in vast range of industapplication due to their
remarkable characteristics. In this paper springbatich is an undesirable phenomenon- in sheealnbeinding was studied in
two-layer clad sheets and three-layer sandwichtsh&@st based on bending theory, springback aiudti-layer sheet was
discussed analytically. Then, the effect of layénitknesses and setting condition on springbaadle wtudied and then Genetic
Algorithm (GA) was applied in order to minimize Bgback in certain setting condition. FEM simulatiof sandwich sheet
four-point bending was also performed in ordereafy analytical results and GA output. Considerimaih analytical and FEM
approaches, it was observed that springback caadueed with the change in layers’ thicknessedayets’ configuration.
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1. Introduction

In recent years, new technologies are expeceaddpond to new industrial demands. These demamustly seek saving the
materials and upgrading the mechanical, electendlthermal characteristics of the product. In shestal industries bi-layer clad
and three-layer metal/polymer/metal laminated sheet increasingly applied in automotive and aftdradustries due to their
characteristics such as high stiffness/weight rafiioration damping and special thermal and eleatibehavior (Danesh Manesh
and Taheri2003 and Rao, 2003). Clad sheet forming was stuglyeseveral authors. In deep drawing and redrapiogesses it
has been shown that differences in material pragsertthickness ratio of the layers and also ggttiondition, that shows which
side of the sheet contacts the punch or die, aperitant parameters in fracture and springback beha¥ Steel/Aluminium clad
sheets (Parsat al, 2001 and Hinoet al, 2003). Springback prediction of stainless stedliminum clad sheets was also
investigated (Yilamwet al, 2010). It was observed that the thickness ratiabthe setting conditions affect sheet bendingieh
such as springback and sheet thinning. Primaryytcall springback analysis in multilayer sandwidhests has also been
performed using Tresca criterion in pure bending €t al, 1981, Lio and Wang, 2004 and Yuen, 1996). It wesntioned that
springback would be changed by changing the lajieicknesses. Results showed that springback caletreased when internal
layers of the bend thicken (Lio and Wang, 2004 eetmetal forming optimization has been investidatsing Genetic algorithm.
Cold stretch forming parameters were optimized gisimtegrated Analytical-Finite Element (FEM)-GA rhetls to minimize
springback (De-huat al, 2010). V-bending and U-bending processes parametere optimized in order to obtain the minimum
springback, applying combined FEM-GA methods (Saisa.,2006).

In this paper first an analytical model was #aplfor springback prediction. Then the influendetickness distribution and
setting condition on the springback was studiethiee- layer sandwich sheets and bi- layer clagtsh&@hen genetic algorithm
was used to obtain layers’ thicknesses in ordenitomize amount of the springback in a certainisgttondition in pure bending
process. FEM simulation of four-point bending wasfegrmed in order to verify results of analyticabpedure and GA outputs.
Results show that in sandwich sheets with incregaggernal layer thickness springback decreasédgevin clad sheets, minimum
springback is obtained when sheets tend to beeslagér rather than bi-layer.
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2. Analytical Springback Model and For mulation

Primary bending theory and von Mises yield criteriwere used to derive springback formulation. Indieg of multi-layer
sheets, different layers may undergo elastic-mladgéformation. Elastic recovery of different lay@auses the springback of
multilayer sheet. A suitable model should be comsd for analyzing the springback using analytinathod. Figure 1 shows a
multi-layer sheet model consists of 4-layer whishsubjected to pure bending. In such conditiondiheumferential strain at
radiusr can be calculated using equation (1).

= (r - Rn)
£p =
/Qn (1)

WhereR, is the radius of curvature of the neutral fibed &ins assumed that it is large when compared thighsheet thickness.
Elastic stress can be derived using Hook’s lanhasva in equation (2).

_E('-R)) =E'(r—Rn/
Oy L-Vv2)R, R, (2

WhereE is the elasticity modulus in plane strain bendimgthe plastic state, considering von Mises yigitedon and plastic

flow rule, equivalent stress and equivalent sti@n be related to the circumferential stress aaith sts shown in equation (3)
(Marciniak Z. and Duncan J., 1992).

Ql

RIS

Oy

™|
1

&g
3)
- -n
Holloman equation is considered to describe isatrsfrain hardening@ = K& ), so circumferential stress can be related to

radial position of layers as illustrated by equatfd) (Marciniak Z. and Duncan J., 1992).

_ 2y T Rn n
g, =(7=)""k( )
\/§ R, (4)

? 1

Figufe 1. Four-layer sheet in pure bendig
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Jth Layer
Figure 2. Fibers in which jth layer yields to tensile andrgyessive stress, and inner and outer radiuséb tafyjer

R; andR;;, as shown in figure 2, are the radii in whichltier yields in tensile and compressive stressgseively. They can
be calculated using equation (5).

2 2

g_:ch_an_(ﬁ)Yj —»Rc-=Rn(1—ﬂ)
C] Rn E'J ] E'J

o (5" ;
& = ]Rn = E - Ry :Rn(l*'E—-j)

Where Y is yield stress of the jth layer. K andR,; are the inner and outer radius of jth layer retpely, plastic compressive
range R; ,C]], elastic range(; ,D;] and plastic tensile rang®|, R;; ] for jth layer can be considered as shown in &qod6).

Rj if Rj <R
C; =1Ry if R <Ry <Ry (6)
Ryj if Ry 2 Ry
Rj if Ri <R
Dj =Ry i Ry <Ry <R
Roj if R 2Ry
Consideringm-layer sheet, the total force and moment in sheetscsection(1,...,j,...,m) can be calculated usingagqns (7)

and (8).
Rom m i D; Ry
f= I Opdr = Z(Iacpjdr +Iaejdr+_[atpjdr) =0
Ra =R, ¢ D; 7)
Rom m D; Roi
M = J- Op(r —R,)dr :z .[O'ij(r —Rn)dr+.[aej(r —Rn)dr+'|-atpj (r-R))dr=0
Ri I=LR ¢ D;

(8)
Where g, 0, andoy,, are elastic, compressive plastic and tensiletiplasresses in jth layer respectively which can be

calculated using equations (2) and (4). The nelasadr radius of curvature can be found using égqodf7) noticing that in pure
bending the total force through thickness shoulédpgal to zero.

2.1 Springback

Springback is an elastic recovery after forminggess that changes product’s geometry. During l@aditternal radius of first
layer is considered as a known parameter, sinequals the punch radius. After unloading, not ahly internal radius changes
but also the neutral radius is changed; so a proeeshould be applied in order to find both RhdR’,, , respectively. Force and
moment equilibrium equations are usually consideoecalculate these unknown parameters. Considspriggback as an elastic
process, it is common to assume that elastic mouhéetentiation equals bending moment (Marciniakadd Duncan J., 1992).
Also force equilibrium should be satisfied afternfing; So equations 9 and 10 can be derived.
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R‘om , m F'2;3]' )
t=[adr=) [o,dr=0
Ri JFLR, (9)
Rv;m , m R;?J
AM = jAaH(r R)dr = jA R)dr=M
R1 7L R (10)
Whereﬁ&g}, is the change in elastic stress in jth layerraftdoading and it can be calculated based on aquétl).
. __ =R, r-R,
Ao, =E( -——7)
R, R, (11)

Using equation (9) and (10), neutral fiber can bewated after unloading. Knowing the positionneutral fiber, before and
after unloading, normalized spring back, which iargmetric studies it can better depict the spriogblaehavior than un-
normalized one, can be found using equation (12).

(12)

The neutral fibre position can be calculated fothbforming and springback stages using derived fitetions and converting
them into a computer program. Figure 3 shows theldped and implemented algorithm to find the reuiibre for am-layer
sheet. In computer programming Bi-section method ap@plied to find unknown parameters. It worth tention that internal
bending radius in analytical approach is considé¢oelle equal to 16.5 mm; therefore primary bendivegpry which ignores sheet
thinning and transverse stress can be assumedatelyuMarciniak Z. and Duncan J., 1992).

2. Finite Element M ethod

In order to verify analytical results, implicit fte element analysis was performed on plain stfour-point bending of
AlI3105/Polypropylene/Al3105 using commercially dahie software. In four-point bending, shown in Wig 4, there is uniform
moment acting on the sheet in punch region andesalts from four-point bending can be accuratelgdug compare with
analytical pure bending results. Figure 4(b) sh&&81 model of sandwich sheet four-point bending. Du¢he symmetry only
half of the die is modeled. Geometrical variableshsas die radius, punch tip radius and distandevds: punch tips are
considered by try and error in such a way thairternal bending radius equals to 16.5 mm as showrigure 5 (a).

Material properties derived from uni-axial tenstests are used in the calculations as stated iteTahbt is assumed there is no
shear between adjacent layers. After performinghnsesisitivity analysis, model was meshed using 38@@r elements with 10
elements in the thickness direction. Punch sligktipkes in several steps in order to make a smootiact with the sheet,
avoiding considerable change in contact zone. Panchdie were modeled as rigid bodies and afteiopaing mesh sensitivity
analysis finer mesh was considered in punch-shektge-sheet local contact areas in order to aliffitulties in contact equation
convergence. For springback simulation, after fognstage, punch is gradually brought back to iisialnposition while
springback happens in the sheet.

For calculating normalized springback, internakfilvadius should be calculated using finite elenresults. Data points at
different sections in the punch tip-sheet contactezare considered as shown in Figure 5. Coomlinaft these selected points
were considered as a set of data points and aofacircle was fitted to data points. Arc radiugsathen considered as internal
fiber radius. This procedure was applied in botimiog and springback stages for the same sections.



229 Mohammadi et al. / International Journal of Enginieg, Science and Technology, Vol. 3, No. 4, 2@pl 225-235

Guess for R,

&

Find elastic-plastic
> ranges for each
layer

Jb forming

Calculate force in
sheet cross section

UY Mau e ssano

YES
2y

Guess for R’y

s

Calculate R’y using
moment equilibrium

@ springback

Calculate force in
sheet cross section

T Y Mau e ssano

(a) (b)
Figure 4. (a) four-point bending process, (b) FEM modeldandwich sheet four-point bending
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(b)
Figureb. Internal fiber radius calculation using data psifat) before unloading, (b) after unloading.

3. Genetic Algorithm

Springback is a complicated phenomenon relying everal parameters of the bending process encomgasséchanical
properties of the material, frictional conditiondageometrical properties of the bend. In multi-lagieeet bending these effects are
more complicated, since there are inter-layer augons affected by layers’ thicknesses and settiogdition. Therefore
prediction of parameters effects on the springbbekome complicated and it is necessary to optirtfizen for minimum
springback. Genetic Algorithm (GA) is an optimizati algorithm which follows the basis of geneticgd amatural selection.
Optimized solution is derived by choosing a rands®hof possible answers in the space of resultesd imitial answers are the
populations of the first generation. Then GA immsvanswers in the next generation by first, nataedction among best
individuals as parents and then, combining thesdittanswers and making new offspring. Fitness fomctietermines how
appropriate the answers are and makes parentdisel@ossible for the next generation. GA attaims tptimized solution by
repeating this process in several generations. @passes conventional optimization algorithms duiéstadvantages, since it can
optimize with discrete and continuous variables #radbes not require derivative information (Haeptal, 2004). In this paper
the GA was applied to optimize layers’ thicknesd aatting conditions for minimizing springback fretbending process of three-
layer AI3105/Polypropylene/Al3105 laminated sheet aAl3105/St14 clad sheets using MATLAB GA and DBireSearch
Toolbox. The mechanical properties of the matergs shown in Table 1. They were derived by unalatensile tests using a
screw driven Instron universal testing machine aittross-head velocity of 5 mm/min based on ASTBI/BM.

Tablel. AlI3105, Polypropylene and St14 mechanical progert

Material Elasticity = modulug Poisson ratio] Yield strength Strain hardening Strength coefficient (Mpa)
(Gpa) (Mpa) power
AI3105 70 0.33 120 0.074 241
Polypropylene 15 0.4 3.7 0.474 100
St14 200 0.3 220 0.27 625
AL

AL

>l

Figure 6: (a) AI/PP/Al sheet, (b) Al/St setting conditiohl, layer contacts punch, (c) St/Al setting conditjé&t layer contacts punch.
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3. Results and discussion

Based on the mechanical properties presented itte Thboptimized thickness distribution for clad sh&vas studied in two
different setting conditions, namely St/Al and Al/Sor Al/PP/Al sheets, only the thickness disttibn was investigated since it
makes no sense to study setting conditions, duagsymmetric configuration. Figure 4 shows thdedént multi-layer sheets
under analysis. The layers are named from the itonére outer layer, e.g. in figure 6(b) Al is tfirst layer and St is the second
layer. Total thickness of clad and sandwich sheefie constrained to 2 mm and layers’ thicknesgiligion was derived to
minimize springback.Thickness distribution was &ddfor Al/PP/Al sandwich sheet. Figure 7 shows hG converged to
minimum normalized springback. Layers’ thicknesaese considered as variables and theoretical dpaicig formulation was
considered as the fitness function. In Figure 7¢coestraint was assumed for total thickness antl Eaer could vary between 0
to 2 mm.

Figure 7 shows that difference between mean andl fitasss decreases with generation. Two reasomnsbea used for
explanation of this behavior. First, based on ratgelection best individuals survive to stay attngenerations and second,
offspring are produced by combining best individu&lso from Figure 7 it can be observed that spoiats are far from the best
fitness; this is due to mutation operator whichrges amount of some individuals in a current gditeraavoiding GA to be
trapped in local minima.

Before applying GA in order to find optimized Al/F¥ thickness configuration -which results in minim springback in
laminated sheet- with the constraint of 2 mm astdel thickness, it is better to study the outlafehe effect of thickness change
on springback. Table 2 presents the descripticsoofiguration labelled from a to e, as well asnloemalized springback for each
of the configurations using both analytical and FEpproaches.

Configurations a and b of Table 2 show the efféctedting condition on normalized springback whae tayer is omitted. It is
clear that springback in Al/PP is less than PP@Anfigurations ¢ and d of Table 2 illustrates mdenger aluminium sheet shows
less springback than mono-layer polymeric sheeteMPP is used as a core for sandwich sheet, spikgltecreases (Table 2,
configuration e).
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Figure 7. Genetic algorithm convergence after 52 generation

Table 2. Influence of thickness configuration on springbacAl/PP/Al laminated sheet

Configuration a b c d e
AL t1(mm) 1 0 2 0 0.5
t2(mm) 1 1 0 2 1
AL t3(mm) 0 1 0 0 0.5
Normalized springback (anal.) 0.169 0.184 0774 98.3 .0692
Normalized springback(FEM) 0.181 0.196 .0794 0.423 .0761
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Figure 8. Normalized springback change with internal laygéckness

This effects can be explained by contraction tHects of mechanical properties on springback. Ibl&d it can be seen that
polypropylene has lower elasticity modulus andd/igtrength than Al. Springback increases with tieédystrength and decreases
with the elasticity modulus (Marciniak and Duncd®92); hence adding polymeric core between twosskinAl may decrease
springback comparing with mono-layer aluminium witile same total thickness. It can be observed ffale 2 that both
analytical and FEM approaches show the same tresgringback behavior.

In order to determine the thickness distributionAllPP/Al laminated sheet that minimizes the amoofspringback the GA
was applied, considering a punch radius of 16.5 imalle 3 shows the output of the GA when the ttitmkness is limited to 2
mm and the thickness of each layer can vary betWaen2mm. Table 3 shows that with increase inititernal layer of the bend,
springback decreases. The same results were oldserpeevious studies (L8t al, 2004). They mentioned that with the increase
in internal layer thickness and decrease in extdeer thickness, springback decreases. In synitneandwich sheet where
thickness uniformly distributed between internad aexternal layers (T1=T3=0.4625mm), normalized regivack is 0.0684.
Therefore with no change in total thickness andesheeight, springback reduces about 25% with thangk in thickness
distribution.

FEM simulation was applied in order to verify armgl results. Skins’ thicknesses changed and thiekness remains
constant equal to 1.075 mm and simulation was padd. Figure 8 show both analytical and FEM rasuditcan be observed that
with increase in internal layer thickness sprindbfist increases, then decreases and again ireseAsalytical and FEM results
show that the minimum amount of springback candigéeaed when thickness distribution is chosen #mesas Table 3.

Table 3:GA output for layers’ thickness in consieal optimization

Layers’ thickness

t1

t2

t3

Optimal amount (mm)

0.594

1.075

0.331

Minimal Normalized Springback

0.0545

For clad sheets when total thickness was limite@nton and each layer can vary between 0 to 2 mmp@fram obviously
converged to the thickness of 2 mm for steel aman®for Al in both Al/St and St/Al setting conditisnbecause steel shows less
springback than aluminium. Applying GA to find tl@timized thickness of layers in both setting ctinds namely St/Al and
Al/St, when there were constraints on each laythitkness, it was observed that in both settingd@ns normalized springback
was minimized when steel layer had the maximum iptesshickness. To describe this behavior, bendiabavior of clad sheets
was studied considering punch radius of 16.5 mm tatal thickness constraint of 2 mm. Due to differes in mechanical
properties of layers; neutral fiber radius diffeigh the change in layers’ thickness and settingddtons.

Figure 9 shows the neutral fiber radius evolutidth the change of steel and/or aluminium thicknestal thickness of steel
and aluminium layers should equal 2 mm- in bottSAKBNd St/Al setting conditions. For St/Al settiogndition, when the steel
layer has a thickness less than around 0.9 mmebal fiber lays in the aluminium layer; but keoing of steel layer causes of
shifting neutral layer into the steel layer. ForStlconfiguration, neutral layer coincides withralaium layer, when steel layer
has the thickness less than around 1.2 mm; whid&ehing steel layer leads to the movement of @layer into steel layer. It is
also clear from Figure 9 that in both mono-layemahium and steel sheets neutral fiber coincidel wiid plane with the neutral
fiber radius of 17.5 mm. Figure 10 shows neutitagf radius after unloading. As can be seen frogufé 10 when mono-layer
sheet is made up of 2mm of Al, neutral fiber radmidigher, comparing with 2 mm mono-layer steedethand consequently
springback in Al sheet is more than springbackéelssheet. Same inferences could be made abopotiigon of the neutral fiber
after unloading in both setting conditions. Figlileshows normalized springback with the changéénthickness of steel layer in
both St/Al and Al/St setting conditions. As candeen in Figure 11, in both setting conditions famé clad sheets, when the
steel layer thickness decreases, normalized smokgimcreases and when steel layer thickness iseseapringback decreases. It
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is also clear that when St/Al thickness ratio i kigh or too low, amounts of springback in botttisg conditions are too close
but when this ratio is around 1 springback differ$t/Al and Al/St setting conditions.
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Figure 9. Neutral fiber radius change with steel layerkhiess change in St/Al and Al/St clad sheets
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Figure 10. Neutral fiber radius change with steel layer thies change in St/Al and Al/St clad sheets
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4. Conclusion

Theoretical Springback prediction in two-layer ainium/steel clad sheets and three-layer aluminiotgfiropylene/aluminium
laminated sheets was studied in pure bending ysiimgary bending theory. Variations in layers’ thigdsses and their relative
positions, namely setting condition, were studiBgsults showed that the thickness distribution aetling condition have
remarkable effect on bending and springback behafionulti-layer sheets. In clad sheets neutragrfibadius, before and after
unloading, differs with relative thickness of ttayérs and setting conditions; but normalized spdng differs just with relative
thickness of the layers and almost the same beh#sviobserved in both St/Al and Al/St setting cdrugis. A genetic algorithm
was applied in order to find the optimized relatitackness of the layers, according the imposetingetonditions. In Al/PP/AI
laminated sheet, it was observed that when therifmye@r of the bend thickens, normalized springbesttuces about 25%
comparing with symmetrical sandwich sheet. In dhdets, apart from setting conditions, GA conveltgetthe minimum amount
of springback when steel layer has the highest iplesghickness. Combining theoretical and genetigodthm layers’
configuration and thicknesses can be found to reacthe minimum springback. FEM simulation of fgowint bending was
performed on sandwich sheet. It is observed th#t baoalytical and FEM approaches, correlates vedtaining the optimized
distribution in skin-core thicknesses.

Nomenclature

Circumferential strain
Circumferential stress
Elasticity modulus

Elasticity modulus in plane strain

Poisson ratio
Equivalent stress

Equivalent strain

Strength coefficient

Hardening power
Arbitrary radius
Neutral fibber

Yield strength
Strain in which sheet yields in tension

Strain in which sheet yields in compression
inner radius
Outer radius

Force per width unit in sheet cross section

Moment per width unit in sheet cross section
Subscription for jth layer

Bending angle

Normalized springback

SO —=Z2 -~ 00 M M -<:;U"3>~—Mlq|<m_m%q ™
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