Estimation of Optimal Blank
Holder Force Trajectories in
Segmented Binders Using an
ARMA Model

Sheet metal forming is one of the most important and frequently used manufacturing
processes in industry today. One of the key parameters affecting the forming process is the
Jian Cao* blank holder force (BHF). In the past, researchers have demonstrated the advantages of

varying the blank holder force during the forming process, that is, the two primary modes
of failure in sheet metal forming (wrinkling and tearing) are avoided. This gives rise to
improved formability, higher accuracy and better part consistency. In recent years, re-
searchers have also shown increasing interest in forming processes where the blank
holder force is varied spatially with the help of segmented binders or flexible binders. In
this paper, we have combined the above two aspects and used a robust method to deter-
mine the blank holder force trajectories for a non-circular part using segmented binders.
The proposed strategy is verified by implementing it into a finite element simulation.
Binder force is treated as a system input. The displacement of the binder is used as a
measure of the tendency to wrinkle, and is therefore treated as a system output. The
parameters of the system are continuously identified and updated using a deterministic
Auto-Regressive Moving-Average model (ARMA). The model is then used to control the
binder displacement to a prescribed value by adjusting the system input, i.e., the binder
force. In this manner, individual binder force profiles for each of the segmented binders
are obtained. Due to the generic nature of the ARMA model, the strategy proposed in this
paper can be applied to a variety of forming problems, making it a robust
approach.[DOI: 10.1115/1.1616948
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1 Introduction not appreciably increase the maximum cup height, but did signifi-

. . ... cantly reduce the sensitivity of this maximum value to changes in
In a deep drawing process, the blank is deformed into its fmﬁe blank holder control variable.

desired shgpe by displacing a punch into a die and deforming tl q(ergen and Jodognd 2,13 performed studies aimed at deter-
central region of the blank. The punch force deforms the blank byinind’ minimum BHF curve trajectories for various steels, based
straining it against a constraint which is created by clamping g, 3 \yrinkle detection system that measured the distance between
blank between a die and a blank holder along its periphery. Thgs gie and the blank holder in a cylindrical cup forming. The
force used to clamp the blank between the die and blank holderjigihors found that the measured BHF trajectories and the mini-
called the blank holder forcéBHF). The blank holder force can mym BHF obtained from experiments varied significantly with
be varied to achieve many desired objectives, from preventing tigriations in the types and properties of steels being tested. Hirose
occurrence of tearing or wrinkling, and therefore, increasing th& al.[14] showed the success of an increasing linear combination
draw depth[1-3], to controlling springback4,5]. The blank BHF pattern in preventing the formation of wrinkles in an auto-
holder force can also be varied spatially, by employing segmentetbbile panel. The authors further concluded that if a decreasing,
binders, flexible binders and local adaptive control{&s10]. linear combination BHF trajectory is used, body wrinkles are not
Variation of blank holder force(BHF) can be determined suppressed.
a-priori, as applied in an open-loop manner, or by using a feed- Other researchers have reported favorable results obtained with
back loop, as a result of feedback control. One of the first edecreasing BHF profiles. Kirii et gl15], who also tested different
amples of work done on blank holder force control was that dihear combination patterns of BHF in panel formation, concluded
Hardt and Led11]. Using the general concept of a safe regiothat a decreasing BHF scheme was the optimum approach. Ahme-
between Wrink”ng and tearing‘ they proposed two C|Osed_|odgglu et al[lG] Obtain.ed a d|fferent set Of-results. The authOI’_S
control strategies for a conical cup forming. The first method w&dnployed computer simulation in the drawing of a round cup, in
designed to maintain a constant blank holder displacement, allofRich three variablespunch force, radial stress and thickness
ing a limited amount of flange wrinkling. The blank holder forces_tra'@ were used to control the blank holder force during simula-

was kept at the minimum necessary to prevent buckling in tH&": The authors smoothed the results into a single decreasing
unsupported region and also to prevent tearing. The second {F trajectory, which was then used to draw a cylindrical steel
o

. . . . This decreasing trajectory was used to successfully increase
proach tried to control the binder force by regulating the Vommt%epdraw depth overgthejcase }c/)f a constant binder forceYAhmeto-

of material entering the die gavny, through a generalized th.lckne. et al.[17] further examined decreasing binder force trajecto-
parameter *). The conclusion drawn was that the strategies difes with regard to the deep drawing of rectangular parts from
— | ) aluminum alloy 2008-T4. Their experiments indicated that a de-
*Corresponding author. : : O .
Contributed by the Manufacturing Engineering Division for publication in thecre.aSIng bll"l_del’ fo_rc_e S|gn|f|cantly reduce.d the .amp.“tUde of
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Another noteworthy example of blank holder force control iperformed experiments at various binder force values to estimate
the work of Sim and Boycg18]. The authors performed axisym-a “safe working area.” The authors were able to show that the
metric cup forming process simulations based on the tangentsalfe working area for a part is larger with a pliable blank holder
force and normalized average thickness trajectories. These modwld it moves towards higher blank holder force values. Further-
yielded numerical results for BHF trajectories that were later enmore, it was shown that the distribution of pressure on the blank
ployed to increase the height to which cups could be drawn. Ca@s more uniform, thus giving rise to improved part quality.
and Boycd 3] built upon this work to develop a novel approach to Kinsey et al.[9] proposed a novel method of forming tailor
determine a variable BHF trajectory. The authors performed finiteelded blanks that incorporated a segmented die with local adap-
element simulations with Pl control of the blank holder forcelive controllers. The local adaptive controllers consisted of hy-
They were able to calculate a BHF trajectory having a combinégtiaulic cylinders positioned in such a manner as to create an ad-
upward and downward portion that showed a 16% increase difional constraint within the forming area. The position of this
forming height over the results obtained by the best constagfnstraint is selected so as to minimize the weld line movement
binder force case. and therefore reduce the strain developed in the thinner material.

Recently, experiments by Siegert and Zied&®] have shown Experiments pe_rformed on an asymmetric part showed that this
that the onset of wrinkling in a blank drawn with a pulsating BHEN€thod of forming helped increase the draw depth by 20% over
occurs at a displacement similar to that obtained under a const{l conventional case. , o
BHF equal to the maximum force of pulsation. The reduction in All these stu_d|e§ indicate that spa_tlal and temporal variations of
the friction force achieved due to the pulse allows more materigfiF can provide improved results in sheet metal forming. How-

flow to take place, thus reducing the chances of tearing.

model for U-channel forming, i.e., a mathematical relationshi
between the blank holder force and the punch force was det
mined and validated experimentally. Characterization of mod
uncertainty due to blank size, sheet thickness, material propert
and tooling shape was also studied. The process model was sh
to be effective in describing the forming process.

Blank holder force variation has also been used to effectiv:

control springback in sheet metal forming. Using the concept Due to the generic nature of the ARMA model, it is an ideal

|nterme_d|ate restraining, Cao et @] _used a neural network to candidate for use in problems with segmented or flexible binders.
determine a stepped binder force trajectory that was used to MIRL S since the model does not require anpriori knowledge of

mize springback and also obtain consistent results in chanrllﬁ system, it can be easily applied to a variety of part geometries,

forming, despite the presence of material variations and d_iffere@to”ng conditions and material models. The main technical chal-
lubricants. The approach was shown to be robust and appllcablq ;

a wide range of materials and process conditions. Liu eisdl. deﬂges of this research work are to lay out a general strategy for
used a similar approach in the forming of U-shaped parts al

concluded that forming quality was improved when a variabl/g

binder force trajectory was used. demonstrate that the ARMA model is a robust approach which can

The use of segmented tooling and flexible '_O“f‘ders is an areafl sed for different applications. In subsequent sections of the
sheet metal forming that has also been gaining promlnencedljf;gFSM

pncern. For this purpose, the use of an ARMA model is investi-
flted. The basic format of the ARMA model can be found in
raupe et al[21] and Kay et al.[22] and will be reviewed in
ﬁtion 2. The ARMA model is used in various forms of time
Series analysis and system identification problems. Fassois et al.
eE 3] used the ARMA model in the design of a fast algorithm for
8?{1-Iine machining process modeling and adaptive control.

termining the optimal binder force in sheet metal forming
ere flange wrinkling is the major concern, to show that the
RMA model can be effectively used to achieve this task and to

; T per, the basics of the ARMA model will be presented, including
recent years. The advantages of spatial variation of blank holdege qtjon on the determination of the model order and delay. The
force have been cited in several research endeavors. One of

. - . Zls A model is then implemented in FEM simulations and the

first examples of segmented binder tooling can be found in Sieggflsjing results are discussed. The paper ends with a brief section

et al.[6]. The authors discussed a deep drawing apparatus de tlining our conclusions.

oped at the Institute of Metal Forming Technology in which the

lower binder is composed o_f eight individual segments, four coy  The ARMA Model

ner segments and four straight segments. Each of these segments ) )

is powered by its own separate hydraulic cylinder. This allows an The control of blank holder force in a sheet metal forming

optimal blank holder force to be applied to individual regions gpPeration can be achieved in several ways. Here, in this paper, the

the blank. Thus, the blank holder force can be varied spatially fifategy adopted is to use the ARMA model and vary the blank

such a manner that individual segments of the binder can appg!der force in multiple blank holder force scenarios so as to

optimal values of blank holder force as desired. maintain a constant, p_re-determlned wrinkling amplltL_Jde u_nder
Neugebauer et a[7] performed studies using flexible binderdthe blank holder. The dlsplace_me_nt of the _blank holder is an index

and multiple draw pins. Their experimental set up consisted of &t measures the flange wrinkling amplitude of the blank, and

asymmetric part and a binder which had 12 draw pins distribut&refore, itis treated as the system output. The blank holder force

evenly along its periphery. The draw pins could be used to apgf" be varied to suppress this wrinkling tendency and is treated as

different values of binder force. They studied four cases, a righl€ corresponding system input. o

binder(80 mm thick with a uniform pin force, a rigid binder with  1he ARMA model can be represented, in its simplest form, as:

a non-uniform pin force, a flexible bind¢80 mm thick with a Vo= aYn 1+ Yn_ot ... FDboXg gt biXg g1t ... (1)

uniform pin force and a flexible binder with a nonuniform pin

force. Although no major difference was observed in the two cases S !

where a rigid binder was used, the case of a flexible binder with => apyn—p+2 PgXn—g-d 2

constant pin force increased the maximum achievable drawing p=1 a=0

depth from 70 mm to 90 mm. In the case of a flexible binder wittvherex represents system input vector, anis the system output

non-uniform pin force, draw depths up to 110 mm were achievedector. The subscript®, n—1 ... represent the sampling in-
Doege et al[8] proposed an innovative concept in which thestancess andt+ 1 are the number of autoregressive and moving-

blank holder is designed as an elastically deformable thin stemlerage terms respectively. The lettbrepresents the delay in

plate. The authors used FEM analysis to determine the plate thisempling intervals between inputs and outputs, apdb,, are

ness and the location of support elements holding the binder. Thbg system parameter matrices.

q:
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Fig. 3 Estimation error of validation data for optimal and sub-
Fig. 1 Binder displacement data used to determine model or- optimal model structures
der and delay

S 0,=parameters of the system,<1,2,3...)
3 Determination of Model Order and Delay The results are shown in terms of estimation ereor, which is

The first step in using the ARMA model for BHF variation is todefined as:
determine the appropriate order and delay of the model. The order -
refers to the number of autoregressive terms and the number of err=y-y Q)
moving average terms used in the moggeandt in Eq. (2)). The wherey is the actual output angl is the predicted output. As a
delay is the time delay between inputs and outgdt® Eqg.(2)). comparison to Fig. 3 we provide the estimation error plots for
If the number of terms used in the model is less than optimal, thsodels with sub-optimal orders and delays. The values tpfand
model will fail to capture the system response accurately. On tligpecified in Figs. 3 and 4 refer to E@). Figure 4 clearly shows
other hand, if the number of terms used is more than required, e scenario where the model is unable to capture the system
model may be successful in reproducing the system behavior, pggponse accurately. The model structure is:
additional system parameters need to be estimated. For this pur-
pose, the System Identification Toolbox in MATLAB was used. A BD,=01(BDy-1) + 0,(DBF,_4) (5)
finite element simulation was conducted to obtain values of bindghre estimation error values are high, almost of the order of the
force and binder displacement. The data was divided into two sefgder displacement itself. Figure 3 also shows the result for a
model datawhich was used to estimate the parameters of thfodel of a higher order represented by the dotted line. The model
system andvalidation datawhich was used to evaluate the perstructure is:
formance of the model. Figures 1 and 2 show the data plots from
one of the binder¢Binder 2 in Fig. 7a)). The data up to the time ~ BDn=01(BDy_1) + 6,(BDy_2) + 63(BD,_3) + 0,(DBFy)
increment 150 is used as model data and the data from the time
increment 151 until the end is used as validation data. The BHF *05(DBFy1)+ 0s(DBFy o)+ 67(DBFy o) (©)
trajectory selected here is arbitrary, the only requirement beihgcreasing the order beyond the optimal value does not give any
that it varies sufficiently to produce a response that can be useeticeable increase in the accuracy of the result. The effort of
effectively in system identification. Using the model data, variougstimating the additional parameters merely introduces an in-
models are selected and the system parameters are determineghise in computational time. The results demonstrated here are
These parameters are then used to predict results and these refant@ model with one variable. However, the same analysis can be
are compared to the validation data. The solid line in Fig. 3 showegtended to a case which entails multiple variables.
the results for the optimal case where we have two autoregressive
ltg)r/rrzzfof)i,.;v,vo moving average terms£2) and no time de 4 Comparison of Pl Control V/S ARMA Model

The blank holder force can be varied in an open loop or a
closed loop manner and there are several strategies that can be
applied to achieve this control mechanism. For example,

BD,=61(BDp_1)+ 6,(BDy_2) + 63(DBF,) + 94(DBFn—1)( )
3

Wher(_e proportional-integra(Pl) control has been used in past research to
n=increment number, o vary the blank holder forcg3]. However, there are certain disad-
BD;=binder displacement in thi¢h increment, vantages in using Pl control, which can be overcome by using the
DBF;=binder force change in thi¢h increment, ARMA model. In this section, we present a comparison of the two

strategies.

6000 —
g 5000 Model Data B:i;da“o“ |
g E .08 - s=1, t=1, d=1 \
£ 4000 - g
5 2
T 3000 - o 107
@ 3

2000 ! ! -1 .2 T T T
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Fig. 2 Binder force data used to determine model order and Fig. 4 Estimation error of validation data for a sub-optimal

delay model structure
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Binder force estimation using Pl controrhe Pl controller as ARVA
applied to binder force control is illustrated by the expression ig 5 | ~ — — = Plcontrol (tuned)
Eg. (7). The desired binder force is adjusted as follows for eacE “ |  f\ | ....... Pl control (untuned)
increment in the simulation, % . e Target
BFn.1=BFnt+Kp(en—ey1) +K(en) 7 9 4] i\/ PO
D
where e / ’
BF,. =desired binder force for the next increment o
BF,=actual binder force in the current increment 0 } . ‘ .
K,=proportional gain
P
K;=integral gain ' _ 0 20 T40 I 60t 80 100
e,=error between target binder displacement and binder di- Ime Incremen

placement in the current step Fig. 5 Binder displacements using ARMA model, tuned PI

n:.Increment number L. control and untuned PI control
This method of control has several advantages. It is simple and

easy to implement and it does not involve a lot of computation. It

?as also peer|1 used infthe pre\fous work_IEﬁ C%f_‘”%'l binder forc?é?oitrarily, to reflect the general trend displayed by the binder
orming simulations of a circular cuf8]. The disadvantages of yishiacement when the binder force or the punch displacement is
this control method is that the values of proportional gain ang,anged. The constants in the objective function were obtained

infter?ral gain hé:\ve todbe de:}erminecli by thﬁ user. Tk|1|e performange, gk curve fitting. Also, to study the adaptive behavior of the
of the system depends on these values. The controller is not ro strategies, the objective function was defined differently in

in the sense that the gains have to be adjusted for each particylal separate domains i.e., from time increment 1 to 50 and from

system. It is precisely to overcome these difficulties thatastrateg%e increment 51 to 100. This represented a change in the pa-

ba;«_eddonléan AR\?/lA_ model is recorzg’(\eﬂrfed.dm h hog, "ameters of the system, thus enabling us to observe the tracking
inder Force Variation using an VIA modén this method, bility of the two methods. The simulation was run for 100 incre-

the relationship between the binder displacement and the binder .. 214 the objective function was defined as follows:

force is expressed in the form of an autoregressive, moving-For increment numbers from 1 to 50 '

average model. Therefore, for each increment, '

_ (—0.000194 BF)
BD,= 0,(BD,_y)+ 0,(BD,_,) + 0(DBF,) + 0,(DBF,_y) BD=2.42856 ¢ (11)

For increment numbers from 51 to 100,

+65(Tn) ®) BE
where BD=2.42856 e(~000019%5F) 0 6 (T )3 (12)
n=increment number, where
BD;=binder displacement in thigh increment, BD=binder displacement in mm,
DBF;=binder force change in thi¢h increment, BF=binder force inN,
0,=parameters of the system, <1 to 5, T,=normalized punch displacemeiftaries linearly from 0 to
T,=normalized punch displacement, 1 over 100 incremenjs

The term “T,," is added to the expression to capture the depen- For the purpose of this simulation, the target binder displace-
dence of the binder displacement on punch displacement, particoent was set at 1 mm. Figure 5 shows the result obtained using
larly at low values of blank holder force. Since the values dhe ARMA model for prediction of binder force, and the same
binder displacement and blank holder force are outputs and inptgsult obtained by using PI control. It was seen that the results
in the ARMA model, the parameters of the system can now ®m the ARMA model and the PI controller were comparable.
evaluated using a recursive least-squares algorithm. Once the plso, the Pl control model tends to oscillate before settling on a
rameters are obtained, the model is completely defined, and thwverged value. This would lead to convergence difficulties in an
model can then be used to estimate the blank holder force requiféeM simulation. The corresponding binder force trajectories are
to maintain a constant target binder displacement. The recursal®wn in Fig. 6. The results shown for the PI control in Figs. 5

least-squares algorithm is implemented as follows: and 6 are “tuned” results. The values of proportional galit,)
0,=parameters of the system at time increment and integral gaink;) had been adjusted for the best result, which
0,=[016,...605]" was obtained aK,=820 andK;=6040. The performance of the
¥,=[BD,_,BD,_,DBF,DBF,_; T,] control system is sensitive to the valueskgf andK; . Figures 5
P,=system information matrix5x5) and 6 also show the binder displacement and the binder force
profile obtained folK ,=500 andK;=500. The results are clearly
0.=0 +&[BD— 50, .] 9)
! " )\+¢I*Pnfl*$n ! ! i
10000
1 P % i * P =
Pa=— Py ———— (10) 8 80001
A N+ P ¢, E 6000 -
Here, \ is the forgetting factor and it is selected to be slightly g 4000 -
smaller than one. The algorithm is initialized by selectifg E —_—
=0, Py=al (a>0). In this paper, we s&t=0.99 ande=10. The @ 2000 - — — — — Picontrol (tuned)
values of\ and« are selected based on recommended acceptal |\ = |rrece-- Pl control {(untuned)
values for convergence in the literatJesd]. 0 ' I ( ,
For the purpose of comparison, a simple MATLAB progran 0 20 40 60 80 100

was used to generate an objective function and a control syste
The objective function is a relationship used to simulate the binder
displacement based on different inputs of binder force and n@ig. 6 Calculated binder force profiles using ARMA, tuned Pl
malized punch displacement. The objective function was chosemntrol and untuned PI control

Time Increment
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Fig. 7 (a) Schematic of one quarter of the tooling; (b) Sche- 0
matic of one quarter of the blank 0 10 20 30
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unsatisfactory. PhysicalliK, and K; relate to the material stiff- ) ) )
ness, structural stiffness, material resistance to wrinkling, etc.Fg. 8 Binder Displacements for constant binder forces and
change of materiale.g. aluminum v/s stegtould easily change Vvariable binder force applied on Binder 1 and the correspond-
the stiffness by 3 times. In addition, due to other factors, a chanjé Vaﬂab:e b'm:er tfortcigmle' Eosrclf,\sl on B'”dsr 2| and Binder
of optimalK, by 10 times is realistic and reasonable. In compari- are kept constant & an - respectively.
son, the ARMA model is a more robust approach and does not
require any such adjustment.

tained between the die and the punch. The segmented binder is
5 FEM Simulation: Rectangular Pan Forming composed of three parts, shown as Binder 1, Binder 2 and Binder

in Fig. 7.

{”. The binder force on the binders will be variable, and they will
e predicted by the ARMA model. The proposed strategy is imple-

The strategy proposed in this work is validated by implemen
ing it into a finite element simulation. The commercial finite ele;

ment code ABAQUS/Standard is used for the simulation. Al: - . - d ;
e ) - ented by creating a user-defined element which applies a binder
though explicit codes like ABAQUS/Explicit or LS-Dyna ar€force prescribed by the ARMA model, based on the value of

more commaon in S|mu_lat|0ns of sheet m_e_tal fo_rmlng, We USe hder displacement. The user-defined element has only one de-
|mp|_|C|t code because it offers the capability of incorporating thSree of freedom, i.e. binder displacement in the 3-direction. The
particular user element that we need for feedback control. reaction force on that degree of freedom is the binder force ap-

Iat-ilc—)r;leva{ﬁ 2{22 ?Q:mégdb&edr:r'Soiéecljz?tgel:lglf tFr)\aen f;r:rgnngosolle ied. Wrinkling occurs due to a relatively low binder force in the
g : q p sence of a certain compressive stress level. On the other hand,

in the simulation and appropriate symmetric boundary conditio Shigh restraining force applied on the binder would restrict the
Zrﬁ 3pprh%d wgeirrﬁ nre i?sns aLy.lle;eml;I(amr;kFalsT?ogierJgdr b):jiu5| terial flow and lead to tearing failure near the punch radius.
-node reduced-iniegration snet el - 1he ers, die erefore, a control algorithm that allows the binder force to

and punch are considered to be rigid bodies. The coefficient P S
. ] - ange such that it just suppresses the wrinkling tendency should
friction between all the contacting surfaces is taken to be 0.1 e a better result than an optimal constant binder force. The

This value is selected based on tests performed by Jalkh Eti tial value of binder force on each binder is set at a high value.

[rﬁg]ritii;c}tjlt;ic;) r:?gt;gcéfr?vgrgzlcaet'?h'esbﬁﬁg ig]ctgr?sif:jneltri delt?)- he binder force rapidly decreases from this initial value and al-
9 : s material to draw in without wrinkling. When the buckling

plitude at a particular binder reaches a predetermined critical

'fied value, the binder force remains constant allowing more ma-
NHrial to be drawn into the free section in order to delay potential
tearing failure.

v, of 0.33. The plastic behavior of the material is modeled usi
the Power law §=Ke") with a strength coefficientK, of 570
MPa and a strain hardening exponent,of 0.33. The material
model used here is not the best for aluminum. However, the pur-5.1 Simulation Results: Case 1. The first case of results
pose of this paper is to demonstrate a strategy for obtainingpeesented here is for a simulation where the variable blank holder
variable binder force history. The same strategy should work forfarce algorithm is applied to a single binder. In Figa)7 the blank
different material model. Figures(@ and 7b) show schematics holder forces on Binder 2 and Binder 3 are kept constant at 10 kN
of the tooling and the blank, respectively. The corner radii for thend 5 kN, respectively, and the blank holder force on Binder 1 is
die and the punch are 8 mm each and a gap of 1.9 mm is mauaried according to the ARMA model. Figure 8 shows the calcu-
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Table 1 Maximum Principal Strain at Punch Radius for various 0.4

cases when binder forces on Binders 2 and 3 are kept constant 3 E:ggg: ;
at 10 kN and 5 kN, respectivel £ : =

P Y ;.’_ 03+ Binder 3

Variable @ — - — -Target
Binder force Constant  Constant  Constant Binder e - v I
Case 1 kN 5 kN 7 kN Force 3
=

Maximum 8.1% 9.8% 10.1% 9.1% @
Principal strain 0.0 ! , . . .
at Punch Radis 0 5 10 15 20 25 30
Punch 15 mm 18 mm 19 mm controlled Punch Displacement
Displacement at i ) ) ) )
which wrinkling Fig. 9 Binder displacements for binders 1, 2 and 3 subjected
is initiated to a variable binder force obtained using an ARMA model

for Binder 2. The corresponding values of blank holder pressure
acting on the blank in these regions are 1.96 MPa and 0.42 MPa.
lated variable binder forcéVBF) profile and the corresponding The blank area under Binder 3 does not show a strong tendency to
binder displacement. The binder displacement is restricted toaginkle and therefore, the binder force at Binder 3 reaches a maxi-
prescribed value of 0.16 mm, which corresponds to about 15% @um value of only 2.64 kN0.39 MPa blank holder pressire
the sheet thickness. The wrinkling tendency is also reflected in the values of compres-
For comparison, three constant binder force cases are also @fige stress that develop in the flange. The maximum compressive
sented in Fig. 8. In each of these cases, the force on Binder Isigess in the flange under Binder 1 is 275 MPa in the circumfer-
kept constant at 1 kN, 5 kN and 7 kN, respectively. The onset ehtial direction along the flange and 103.7 Meampressivein
wrinkling is clearly seen in the 1 kN and 5 kN cases. Table 1 listde radial direction. The corresponding values for Binder 2 are
the resulting maximum principal strain at the punch radius undgsé MPa and 176 MP#both compressive The region of the
Binder 1 in all these cases. It can be seen that the strain is lowgink under Binder 3 has a maximum circumferential compressive
in the variable binder force case than the 5 kN and 7 kN casesstfess of 205 MPa and a radial compressive stress of 2.7 MPa. The
a lower value of constant binder force is applied, e.g. 1 kN, thsortion of the flange under Binder 3 shows the least tendency to
strain obtained is lower than the VBF case, however, wrinkling igrinkle, and correspondingly, the compressive stresses in this area
initiated much earlier, at a punch displacement of about 15 mafe the lowest. The regions of the flange under Binder 1 and
compared to 18 mm, 19 mm and the controlled level in the 5 kinder 2 show a more pronounced wrinkling tendency which
7 kN and VBF cases. The best result among all the cases is @geeflected by the high compressive stresses developed in these
that achieves a reasonable trade-off between wrinkling and tegareas.
ing. The VBF case allows the sheet to thicken or wrinkle, and yet,
controls the wrinkling amplitude to an acceptable level. This a8 FEM Simulation: Hemispherical Punch With Tailor
lows more material to flow into the unsupported region; thereforgye|ded Blank
tearing failure is delayed. At this juncture, we would like to reit- .
erate that the variable binder force does not eliminate or suppre%g"’_‘ses 1 and 2 utilized the same ARMA modEl. (8)) to
wrinkling, but merely controls it to an acceptable level. In com@Pt@in the optimal blank holder force profiles for one binder and
parison to the 7 kN case, the maximum binder force in the VB{free binder cases for rectangular cup forming. In this section, we
case is less than 7 kN. This would suggest that wrinkles shouiia!! demonstrate the applicability of the same model to a differ-
appear earlier in the VBF case, where the maximum binder for€8t forming problem, i.e., the forming of a tailor-welded blank
is around 6 kN, than the 7 kN ca¢g9 mm. At first glance, this using a hemispherical punch. The b!ank consists of two_ sheets of
appears to be a contradiction. In hindsight, however, we realifDQ steel welded together. The thicker sheet has a thickness of
that wrinkling for the VBF case is initiated at a punch stroke of-52 mm and the thinner sheet is 0.84 mm thick. Both sheets have

approximately 10 mm, which is much earlier than the case of tiae same elastic material properties, i.e. Young’s moduisf
7 kN binder force. It is after this initiation of wrinkling that the 206 GPa and Poisson’s Ratip, of 0.3. The plastic behavior of

wrinkling amplitude is maintained at a constant level of 0.16 mni® material is, once again, modeled using the Power law (
whereas, in the CBF case, it continues to rise. =Ke"). The thicker material has a strength coefficidfitof 542
_ ) MPa and a strain hardening exponemtpf 0.22, while the corre-
5.2 Simulation Results: Case 2. The second case of resultssponding values for the thinner material are 563 MPa and 0.23,

presented here is for a simulation in which the blank holder forcesspectively. One half of the geometry is modeled to take advan-
on Binder 1, Binder 2 and Binder 3 are controlled using the vari-

able binder force algorithm. The model used in this case is the
same as the one used in the previous case. The binder forces or {0000
three binders are controlled using the ARMA model. Figure &

shows the binder displacement for Binders 1, 2 and 3 respectivey’ 8000 + Binder 1
The maximum allowable binder displacement is 0.16 mm, whice | |===""" B!nder 2
corresponds to about 15% of the sheet thickness. Figure 10 sh¢® 000 | | — = — - Binder 3

the corresponding binder force profiles. At this point we woulig 400 -
like to reiterate that the binder force profiles shown in the figure2

correspond to one quarter of the blank. The blank holder force f@ 2000 4, . .. -

the entire blank is obtained by scaling up these values accol \L e

ingly. The initiation of wrinkling can clearly be seen at a punct 0 ' , ' ; :
displacement of 4 mm for Binder 1 and Binder 2, and about 5 m 0 5 10 15 20 25 30
for Binder 3. The binder force profiles also reflect the wrinkling Punch Displacement

tendency of the blank. The region of the blank under Binders 1
and 2 shows a strong tendency to wrinkle and so the binder forglg. 10 Variable blank holder force profiles for Binders 1, 2
reaches a maximum value of 8.72 kN for Binder 1 and 6.42 khhd 3
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_ Binder 1
Z20001 |ceeen-. Binder 2

Binder Force

0 5 10 15 20 25 30
Punch Displacement (mm)

Fig. 11 Schematic of one half of the blank used in tailor
welded blank forming (Case 3) Fig. 14 Binder force profiles for Binder 1 and Binder 2 in
case 3

tage of the symmetric nature of the problem. Figure 11 shows a ) )

schematic of the blank. The punch is a hemisphere of radius %@lue of about 1.7 kN. The force on the thinner portion of the
mm. The die cavity and the binder have radii of 54 mm, thuglank (Binder 2 however, shows quite a different trend. This
ensuring a gap of 4 mm between them and the closest portion¥fder force increases gradually at first, then decreases slightly
the punch at its lowest point. A schematic of the tooling is shownd increases quite sharply in the end to reach a value of about 2
in Fig. 12. As seen in the figure, the binder is segmented into t!- In Fig. 13, a spike can be seen in the binder displacement plot
parts called Binder 1 and Binder 2. Binder 1 applies a b|arf@l’ Binder 1. This can be attributed to the tendency of the ARMA
holder force to the thick sheet and Binder 2 does the same to fh@del to overshoot the target before settling down to a converged
thin sheet. The binder and die fillet radii are 5 mm each. All othégsult(as seen in Fig.)5 The spike can be ignored in a practical
features of the simulation are the same as in the case of the r&&€enario.

angular pan forming discussed in the previous section. The . .

ARMA model of the same structure as before is used to contrél Discussions and Conclusion

the blank holder forces on Binder 1 and Binder 2, respectively. In this paper, we have proposed a Strategy where the ARMA
6.1 Simulation Results: Case 3.Figure 13 shows the model is used to estimate the optimum blank holder force trajec-

binder displacement plots for the Binders 1 and 2. The fland@”Y in order to control wrinkling to a predetermined acceptable
wrinkling for Binder 1 and Binder 2 are successfully controlled t vel. Th'.s strategy ensures that the blnder fo.rce applied on the
values of 0.23 mm and 0.13 mm, respectively. These values cBI27K iS just sufficient to suppress the wrinkling tendency and
respond to approximately 15% of the sheet thickness. The corf g.refo.re, allows more material to be drawn mto thg forming area
sponding BHF profiles are shown in Fig. 14. The values depict¥dlich in tum, reduces the chances of tearing failure. The key
here are obtained for one half of the blank. The binder force dRchnical contribution of this work lies in the fact that the strategy

the thicker portion of the blaniBinder 1 increases aradually to a & be appli_ed to multiple blank holder force scenarios. Also, due
P ® Y g Y to the generic nature of the ARMA model, the controller does not

require any tuning as seen when conventional methods like PI
controllers are used. The model does not require apyiori in-
formation about the system and it can be used with different kinds
of tooling conditions, part geometries and material models. The
Blader3 Punch: R=50mm ' strategy has been verified by implementing it into an FEM simu-
R=54mm Binder 1 lation where a rectangular part is formed using segmented binders,
R=54mm  and in the forming of a tailor welded blank using a hemispherical
B punch. As is evident in the results the ARMA model can be suc-
cessfully used to predict the blank holder force trajectory. At this
juncture, we would like to emphasize the fact that this strategy
does not eliminate wrinkling, but merely restricts it to an accept-
able value.

Die: R=54mm The initial portion of the binder force plot in Fig. 8, up to a
punch displacement of 10 mm, shows that the binder force
changes even though the wrinkling amplitude is low. The blank

Fig. 12 Schematic of one half of the tooling used in case 3 does not show a tendency to wrinkle during this period. However,
the control algorithm keeps varying the binder force in an attempt
0.5 to achieve the target binder displacement. This tendency is sup-
Binder 1 pressed in subsequent simulations, where the algorithm is modi-
0.4 - e '?g'dz;'zBinder 1 fied such that the binder force variation does not start unless the
0.3 1 - Targetﬁ Binder 2 blank starts to wrinkle. In order to improve convergence, the code
. . A for the user element has been structured in such a manner that
0.2 ot s control happens only when the actual binder displacement is be-
yond a small acceptable range around the target value. This gives
rise to the stepped binder force trajectory in Fig. 10. However, this
0.0 £ . \ should not cause any problems in the actual implementation of the
) ‘ ‘ ’ ‘ N ‘ strategy. The binder force trajectory estimated from simulations in
0 5 10 15 20 25 30 this closed loop manner can then be smoothed and used in an
Punch Displacement (mm) actual forming simulation.
We also investigated the effect of coupling the various inputs
Fig. 13 Binder displacements for Binder 1 and Binder 2 in and outputs to create a model which captures dependence between
case 3 binder displacement and binder force on different binders. In other

Binder Disp. (mm)

0,1 - - -—':JTp"wu""-H:.—‘F—.“"———'"-"——-—“

et
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words, we tried to account for the fact that the variation of blank 6, Parameters of the system=1 to 5
holder force on Binder 1 might affect the wrinkling amplitude of @ = vector of system parameters in thk increment
the blank under Binder 2. This approach does not give any sig- # = vector of system inputs in thigh increment
nificant improvement in results, and dramatically increases the
number of parameters that need to be identif@el v/s 15.
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