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Abstract

This paper presents the development of predictive models for bend force and final bend angle (after springback) in air bending of elec-
trogalvanized steel sheet employing response surface methodology. The models are developed based on five-level half factorial central
composite design of experiments with strain hardening exponent, coating thickness, die opening, die radius, punch radius, punch travel,
punch velocity as input parameters and bend force and final bend angle as responses. The results obtained from the models are in good
accord with the experimental results. The effects of individual parameters and their interactions on the responses have also been analyzed

in this study.
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1. Introduction

Bending is a widely used sheet metal forming process in the
automobile industries. The process utilizes a press brake in
which the sheet metal is bent into a die by a punch to produce
bend component. Air bending technique [1] is used to improve
the flexibility and efficiency of the bending process to meet
out the higher accuracy and shorter lead time. In air bending, a
number of different bend angles can be produced using the
same set of tools simply by controlling the punch travel and
hence there is a reduced need for tool changes.

Steel sheets are widely used to manufacture various compo-
nents in the automotive industry. But the inherent weakness of
steel parts is that they are susceptible to corrosion. Hence un-
coated steel sheets are substituted with galvanized steel sheets
because of their improved corrosion resistance. Galvanized
steel sheets are manufactured either by hot dipping or by elec-
trogalvanizing process. Since electrogalvanized (EG) steel
sheets have better formability [2] and surface quality, it is
much preferred than its counterpart hot dipped, for the appli-
cations including auto panels, hoods and gas tanks.

During the bending process, bend force is the force needed
to deform the sheet metal to the required degree. When the
punch is unloaded after completion of the bending process,
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elastic energy stored in sheet metal is released and the sheet
metal tends to return to its initial state. The sheet returns to a
final shape at which the residual stresses are in equilibrium.
This effect is known as springback, and due to this the final
bend angle after unloading (after springback) is changed from
the initial bend angle before unloading. Very few studies on
bend force and final bend angle are available in various bend-
ing processes. Huang and Leu [3] investigated the effect of
process variables on punch load and final bend angle after
unloading in closed die V bending process of steel sheet by
performing experiments and finite element simulations. It was
found that punch load increases as strain hardening exponent
decreases and punch radius, punch speed increase. Moreover,
the effects of process variables except bend radius on final
bend angle are also limited. Hamouda et al. [4] studied the
springback and load-displacement characteristics for different
types of stainless steel in V bending process using finite ele-
ment approach. They established that the bend force increases
with increasing initial effective stress and coefficient of fric-
tion. Fei and Hodgson [5] did an experimental study to under-
stand the springback and punch load behavior of TRIP steels
in air V bending process. In this study, it was identified that
the die gap and blank thickness have strong influence on the
process. Narayanasamy and Padmanabhan [6, 7] presented
experimental investigations on air bending process of intersti-
tial free steel sheets to study important parameters affecting
the springback and bend force. Garcia-Romeu and Ciurana [8]
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described the application of neural network techniques to air
bending process for the prediction of springback and final bend
angle. Farsi and Arezoo [9] developed a neural network model
to predict the final bend angle for L-bending of perforated
sheets. These investigations on bending show that the process
parameters such as orientation, punch travel, punch radius, die
opening, die radius and punch velocity have considerable in-
fluence on the bend force and final bend angle. The informa-
tion on bend force provides a base to the designer for design of
tooling and selection of press. The bend angle on unload has to
be predicted accurately, thereby springback can be compen-
sated by over-bending to obtain the desired bend angle [10]. In
air bending, the bend force-punch travel relations are needed to
achieve better in-process control. The potential application of
bend angle-punch travel curves is to pre-set the press dis-
placement in order to achieve the desired bend angle [11].
Hence, bend force and bend angle prediction is an essential

practical issue and needs much attention in sheet metal bending.

Analytical approaches [11-15] for modeling the bending
process are found in earlier literature. The major drawback
with the analytical method is making simplifying assumptions,
which limits the approach to simple geometries and deforma-
tion. Besides, it is difficult and cumbersome to develop an
exact analytical model for bending process relating various
parameters (material, tool and process) because of the com-
plexity and constraints of the real process. An emerging ap-
proach to overcome this difficulty is to develop empirical-
analytical models based on designed experiments and statisti-
cal techniques. Response surface methodology (RSM) is one
such method which adopts mathematical and statistical tech-
niques to evaluate the relation between a cluster of controlled
experimental factors and a response. RSM is a well known
method for process modeling and the method is well docu-
mented by Myers and Montgomery [16].

In recent years, RSM has been applied to model various
metal forming processes. Kleiber, Knabel and Rojek [17]
adopted RSM combined with finite element technique for
probabilistic assessment of forming failures. Ohata et al. [18]
developed a design system using RSM to find the annealing
conditions suitable for sheet forming condition. Tiernan and
Draganescu [19] described the application of RSM for model-
ing the extrusion force. Lepadatu et al. [20] developed an ob-
jective function using RSM for springback in L bending proc-
ess considering die corner radius and clearance as input pa-
rameters, and did further optimization using FORTRAN gra-
dient algorithm. Naceur, Guo and Ben-Elechi [21] employed
RSM for optimization of tools geometry to reduce springback
effects in sheet metal forming. Mkaddem and Saidene [22]
applied RSM to develop prediction model for springback in
wiping die bending process using three die radii, seven clear-
ance values and two cut specimen directions. Bahloul, Ben-
Elechi and Potiron [23] proposed an optimization methodol-
ogy for springback of sheet metal in wiping die bending based
on the use of experimental design and response surface tech-
niques. From the literature, it is understood that RSM can be

very well used for modeling sheet metal forming processes
and in particular sheet metal bending. This paper presents the
development of predictive models for bend force and final
bend angle in air bending of electrogalvanized steel sheet em-
ploying response surface methodology.

2. Response surface methodology (RSM)

RSM provides an approximate relationship between the re-
sponse Y and the input variables x, which is based on the
observed data from the process.

Y =f(x,x,x,,.x)+& 1)

where & denotes an error component.

In general, the approximating function of the response Y
is considered as second order polynomial, which is adequate.
The second order model is represented by the following equa-
tion:

k k k
Y=,BO+Zﬂlx‘+Zﬂ“x,2+2ﬂu,x,xj+g. 2)
i=1 i-1 i

The response function Y at n data points can be written
in matrix form as

Y=Xp+e¢, 3)
Vi [ T T
V) Loy, x, o0 xy,
Y= , X=
LV ] I ox, x, . . x4
5] €
5 &,
p= and ¢=
15, ] g,

where X is the matrix of model terms evaluated at » data
points; S is the vector containing unknown coefficients; &
is the error vector.

The unbiased b of the coefficient vector § is obtained by
using the least square error method as:

b=(X"X) X'Y. “4)

By obtaining coefficient vector b from Eq. (4), the re-
sponse surface is prepared.

* Identifying the important process parameters that influ-
encing the response and choosing their upper and lower
limits.

* Developing an experimental design matrix.
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* Conducting the experiments as per the design matrix and
recording the responses.

* Calculating the coefficients of the polynomials.

* Checking the significance of coefficients and arriving at
final mathematical model.

* Checking the adequacy of the model.

* Conducting the confirmation experiments

* Analyzing the effect of process parameters on response.

In this investigation, MINITAB 15 software has been used
for the development of the RSM model.

2.1 Identification of process parameters and choosing their
limits

A literature survey [3-10] has been performed to identify
the process parameters influencing the bend force and final
bend angle. Seven independently controllable process parame-
ters namely, strain hardening exponent (), coating thickness
(¢.), die opening (W,), die radius (R,), punch radius (R,) ,
punch travel (£,) and punch velocity (V,) were identified as
important parameters influencing the bend force and final
bend angle.

It is often convenient to use the coded value of a design
variable. The upper level of a variable is coded as +2.82 and
the lower level as -2.82 for designing the experiments. The
intermediate coded values of design variable are obtained
from the equation as follows.

Xi —Xio

d,

i

Coded value of the parameter value ¢, =

®)

where x, is the actual parameter value, x,, is the parameter
value corresponding to zero level and d, is the incremental
parameter value. The actual and coded values of the process
parameters are listed in Table 1.

2.2 Developing the experimental design matrix

The experimental design matrix chosen was seven factor,
five level, half factorial central composite rotatable design
(CCRD). The design consists of half replication of 27 (128/2 =
64) design points plus 10 center points and 14 star points,
which is shown in Table 2. The process variables at their in-
termediate level (0) constitute the center points, and the com-
bination of each of the variables at its lowest (-2.82) or highest
(+2.82) with the other factors at their intermediate level con-
stitutes the star points. This 88 experimental runs establish the
mathematical relation of the response surface models for bend
force and final bend angle by estimating the linear, quadratic
and interactive terms of the process variables.

2.3 Conducting the experiments and recording the responses

The blanks from the coated and uncoated steel sheets were

Table 1. Scheme of levels and values of parameters.

Parameters Parameter levels

-2.82 -1 0 +1 +2.82

Strain harde(r:)“g exponent | 506 | 0211 | 0219 | 0227 | 0232
Coating thickness (z.) pm 0 4 7 10 14
Die opening (W) in mm 40 55 60 65 80
Die radius (R,) in mm 3 5 6.5 8 10
Punch radius (R,) in mm 4 8 10 12 16
Punch travel (,) in mm 5 12 15 18 25
Punch velocity (V,) in mm/s| 0.2 0.45 0.6 0.75 1

cut to the required dimensions of 120 mm X 40 mm X 1 mm
and the edges were cleaned to remove the burrs. As the strain-
hardening exponent » values (0.211, 0.219, 0.232, 0.206 and
0.227) belong to five different orientations 0°, 22.5°, 45°, 67.5°
and 90°, respectively, the blanks were prepared in the five
directions. A 40 ton universal testing machine (UTM) was
used for conducting the air bending experiments. The tool set
consists of a die and a punch, made of hardened steel. The
tooling setup for the experiments is shown in Fig. 1. In UTM,
the punch was mounted in the cross head and the die was lo-
cated on the platform. The blanks were placed on the die in
proper position with necessary care. The steel blanks were
bent by moving the punch gradually to the required depth. The
corresponding punch travel and the bend force were measured
from the digital display of UTM and the load cell setup, re-
spectively. The bend force values were converted for unit
meter width as it is a common unit found in bend force charts.
The longer edge of the bent sample was coated with black ink,
and the impression of the profile was taken carefully on a
thick white paper supported by a board. The impressions of
the sheet were scanned and converted into digitized images.
The digitized images were imported to CAD software, and the
lines were drawn on the edges of the legs of the images using
software. The necessary angles were measured using CAD
software [24]. The experiments were conducted as per the
design matrix at random to avoid systematic errors and the
response values (bend force and final bend angle) were re-
corded. The experimental design matrix along with the ex-
perimental results of responses is given in Table 2.

2.4 Estimating the coefficients of models and their signifi-
cance

The experimental data were analyzed to obtain the coeffi-
cients of polynomials using MINITAB software. The p value
approach is used for testing the significance of coefficients.
According to this, the coefficients are tested at the 0.05 level
of significance (95% confidence level). The coefficients
which have p value less than 0.05 are considered as significant.

The coefficients and p values from the analysis for bend
force are listed in Table 3. It is found that the coefficients of 7.
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Table 2. Design matrix and experimental results of responses. 41 | 0211 4 55 | 8.0 8 18 1 075 | 4.19 69.31
e et Experimenta] 0027 4 |55 80 8 | 18045 437 | 6931
results 20211 10]55] 80 8 |18 045|392 | 7083
5 g : 1 E - B 44 027105580 | 8 |18 075 355 | 75.18
sl & | 2|2 £ £ E £l z S 45 | 0211 | 4 | 65| 80 | 8 | 18 [045| 378 | 57.69
;;i é’n R 2| 5 g &2 :f % g e 46 | 0227 | 4 | 65|80 | 8 | 18 |0.75| 338 | 6228
- § = é %" é é 5| B % 5 47 | 0211 |10 | 65| 80 | 8 | 18 [0.75| 295 | 64.01
2 |28 Els g 25 3 48 | 0227 | 10 | 65| 80 | 8 | 18 | 045 | 3.08 | 65.04
E E BB 2|2 2| & E 49 0211 | 4 [55] 50 1218075 48 | 7506
2 = 2 50| 0227 4 | 55| 50 12] 18045 510 | 7405
L0211 4 55|50 8 |12]075) 460 | 49.54 S1 | 0211 ] 10 ] 55| 50 | 12] 18 | 045 465 | 7499
2 |0227] 4 15 |50 8 |12]045) 481 | 4862 5202271055 ] 50 12] 18 075 426 | 7946
3 0211110 )55 )50 8 |12]045] 438 | 5151 530211 | 4 | 65| 50| 1218|045 440 | 6240
4 [0227 110 55|50 | 8 | 12]075) 408 | 5581 5410227 ] 4 |65 ] 50 12]18 075 397 | 67.13
5 | 0211 65| 50| 8 | 12]045] 39 | 4001 s Toon 10 Tes 50 112 118 Tos [ 562 | 6527
6 | 0227 65150 | 8 ] 121075 361 | 4451 560227 10 | 65| 50 | 12] 18 ] 045] 371 | 6777
7 [o211 1065 ] 50 8 [12]075] 327 | 4762 o Toon T2 155 T80 112 118 To4s 405 | oo
8 0227110 65|50 ] 8 | 12]045) 332 | 4725 s8 10207 4 | 55|80 | 12]18075] 461 | 7397
o |02 5180 18 | 12]045] 459 | 4445 59 | 0211 ] 10|55 | 80 | 12] 18075 412 | 7459
10 | 0.227 51801 8 | 12]075] 436 | 4870 60 | 0207 [ 10|55 80 | 12] 18 |045] 428 | 7419
11]0211 110 )5 80|38 |12/075] 38 | 5133 61 | 0211 ] 4 | 65| 80 | 12] 18 ]075] 390 | 6238
121027 105580 8 [ 12]045] 398 | 5106 2 [0 |2 Tes T80 112 18 Togs | ate | 6225
13 | 0211 65180 | 8 | 121075 349 | 4013 63 | 0211 | 10 | 65| 80 | 12 ]| 18 | 045 | 366 | 63.06
14 | 0227 65180 | 8 | 12]045] 368 | 40.10 64 | 0227 | 10 | 65| 80 | 12 ] 18 | 075 | 328 | 6747
15 0211 |10 |65 | 80 | 8 | 12 [045] 321 | 4280 5 Toa0s |7 Te0 65 110 115 Tos 308 | 5700
16 0227 |10 [ 65| 80 | 8 [ 12 ]075] 280 | 47.16

66 | 0232 | 7 | 60| 65 | 10 | 15| 06 | 3.85 60.07

17 | 0211 55050 | 12] 12 ]045] 507 | 4973 7 o210 T 0 o0 65 110 15 Tos [ 475 | 538
18 | 0227 5150 | 12112 1075] 479 | 5422 68 | 0219 | 14 | 60| 65|10 15| 06 | 359 | 6246
19 (o211 |10 55|50 | 12|12 ]075] 438 | 5633 © oo 17 120 65 10 15 Tos 6 | 7903
20 | 0227 [ 10| 55| 50 [ 12] 12 045 | 448 | ss11 o Toaro 77 50 65 110 15 Tos | 288 | 2751
21 | 0211 65|50 [ 12112 1075| 387 | 45.62 710219 7 [60]30]10]15] 06] 416 | 6144
22 | 0227 65|50 | 12112045 | 402 | 4447 7210219 7 [ 60 [100] 10 15] 06 | 363 | 5533
23 | 0211 | 10 | 65| 50 | 12 ] 12| 045 | 367 | 4684 7310219] 7 [ 60| 65| 4 | 15] 06 | 342 | 5546
24 0227|1065 501212075 330 | 5136 2 Toao T 7 Teo 65 16 115 Tos 236 | e1ma
25 | 0211 55 |80 | 12112 1075 ] 457 | 4974 75 0219 7 |60 ] 65| 10] 5 | 06 | 338 | 2054
26 | 0227 >5 | 80 | 121121045 | 485 | 4882 76 0219 7 [ 60| 65]10] 25| 06| 334 | 8985
27 [ 0211 |10 55| 80 [ 12| 12 [045| 420 | 5059 Toao 17 Teo 65 10 115 Toz [ 225 | 5.5
280227 10]55] 80 1212075 400 | 54386 502917 Teo T 6s 110 T 1 1 1355 | eiso
2 | 0211 65| 80 | 12| 12 [045] 391 | 4020 o Toa0 17 o0 65 110 115 Tos | ass | s8a3
30 | 0.227 65 | 80 | 12 ] 12 075 ] 366 | 4470 80 | 0219 7 | 60| 65|10 15| 06 | 3.84 | 5843
31 | 0211 | 10 ] 65|80 | 1212075 3.9 | 4670 i Toar0 T 7 o0 65 110 15 T o6 | 381 | 550
32 [ 0227 | 10 65| 80 |12 12 [045| 320 | 4630 2 oo 17 Teo 65 110 115 Tos | ass | s5a3
33 ] 021 5|50 | 8 | 181045 469 | 6934 830219 7 [60]65]10]15] 06| 384 | 5843
34 | 0227 5550 | 8 | 18]075| 424 | 7395 ot oo T 7 Teo 65 110 15 Tos | s | ssaa
3510211 | 1055150 ] 8 | 18]075) 38 | 7585 850219 7 | 60| 65|10 15| 06 | 384 | 5843
36 | 0227 | 10 | 55| 50 | 8 | 18 | 045 405 | 7553 w6 o210 17 o0 65 110 15 [ o6 | 582 | 550
3710211 65150 | 8 | 18]075) 365 | 6233 87 0219 7 |60 ] 6510 15| 06 | 3.84 | 5843
38 | 0227 65150 | 8 | 18)045] 381 | 62.22 88 0219 7 [60] 65]10]15] 06| 384 | 5843
39 | 0211 | 10 | 65| 50| 8 | 18045 347 | 6433

40 | 02271065 50| 8 |18 [075] 3.03 | 6882
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elimination).

Term Coefficient | p value | Term | Coefficient | P value

Constant 52.641 0.000 | nxR* 0.244 0.149

n -304.491 0.000 nxt, -0.312 0.007

t. 0.020 0486 | mxV, 4.036 0.075

Wy -0.294 0.000 | t.xw, 0.000 0.727

Ry -0.379 0.000 txRy -0.004 0.000

R, -0.109 0.013 | txR, -0.001 0.117

t -0.082 0.005 taxt, -0.000 0.224

V, -2.053 0.001 txV, 0.026 0.000

nxn 721.323 0.000 | WaxRy 0.001 0.004

taxt, 0.007 0.000 | WaR, -0.001 0.000

WaxW, 0.002 0.000 Waxt, 0.003 0.000

RixRy 0.006 0.000 | Wal, 0.004 0.324

RXR, 0.002 0.000 | RaR, 0.000 0.727

txt, -0.005 0.000 | Raxt, 0.002 0.000

VxV, 0.310 0.003 | RaV, 0.022 0.069

nxt, -0.671 0.000 | Ryxt, 0.011 0.000

nxWy -0.289 0.000 | RxV, -0.001 0.916

nxRy 0.664 0.004 txV, -0.039 0.000

" Insignificant terms
Load Cell Display

[ -

Woark blank During loadirg

!
642 \1 / After unloading

6:2 4 I

Rs, T =
S
W
t— i

Fig. 1. Experimental setup.

Ry: punch radius; Ry: die radius; Wy: die opening; t: sheet thickness;
0;: bend angle (during loading); 0 bend angle (after unloading)
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Table 4. Terms, coefficients and their p values for bend force (After

elimination).
Term Coefficient | p value | Term Coefficient | p value
Constant 51.410 0.000 nxt, -0.671 0.000
n -299.629 0.000 nxWy -0.289 0.000
te -0.029 0.283 nxRy 0.664 0.006
Wy -0.291 0.000 nxt, -0.312 0.009
Ry -0.363 0.000 xRy -0.004 0.000
R, -0.059 0.005 txV, 0.026 0.000
t, -0.085 0.005 WaixR, 0.001 0.005
v, -0.823 0.000 | WaR, -0.001 0.005
nxn 721.323 0.000 Wat, 0.003 0.000
toxt. 0.007 0.000 Raxt, 0.002 0.001
WaxWy 0.002 0.000 Ryxt, 0.011 0.000
RaxRy 0.006 0.000 txV, -0.039 0.000
RxR, 0.002 0.001
t,xt, -0.005 0.000
VxV, 0.310 0.004

Table 5. Terms, coefficients and their p values for final bend angle
(Before elimination).

Term Coefficient | pvalue | Term | Coefficient |p value
Constant 70.843 0.000 nxR, -4.036 0.000
n -379.987 0.001 nxt, 3.234 0.000

t 1.151 0.000 nxV, -39.225 0.000
4] -1.933 0.000 | txW, 0.008 0.000
Ry -1.821 0.000 txRy -0.006 0.004
R, 2.308 0.000 txR, -0.047 0.000

t, 6.738 0.000 toxt, -0.022 0.000

V, 21.087 0.000 txV, -0.006 0.000
nxn 892.722 0.001 WaixR, 0.009 0.000
text, -0.011 0.008 | WaiR, -0.007 0.000
WaxWy 0.012 0.000 Waxt, -0.045 0.000
RiR* -0.002 0.686 | WaV, -0.056 0.000
RXR,* 0.001 0.514 | RaR, -0.030 0.000
tyxt, -0.032 0.000 | Raxt,* 0.001 0.686
Vv, 0.693 0.050 | RxV, -0.373 0.000
nxt.* 0.457 0.245 Rxt, -0.012 0.000
nxWy 1.606 0.000 | RyxV, 0.279 0.000
nxRy 4.671 0.000 txV, -0.093 0.000

" Insignificant terms

nxR, nxV, txWytxR, txt, WaV, RxR, RxV,and RxV, are
insignificant. These insignificant terms except #. can be re-
moved by using backward elimination process [25].The model
building principle suggests that when a particular polynomial
term is included in a model, all lower order polynomial terms
should also be included to preserve the hierarchy [26] . Hence
when the higher order square term 7.” is included in the model,
the lower order linear term ¢. is also included to preserve the
hierarchy in the model.

The backward elimination process to adjust the model
eliminates the insignificant terms, and the coefficients and p

values after elimination are presented in Table 4. The results
from the table reveal that the terms are significant as the p
values are less than 0.05.

The coefficients and p values from the analysis for bend an-
gle are listed in Table 5. It is found that the coefficients of
RxR; RxR, nxt,and Rxt,are insignificant. These insignifi-
cant terms are removed by using backward elimination proc-
ess, and after elimination the coefficients and p values are
presented in Table 6. The results show that the terms are sig-
nificant.
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Table 6. Terms, coefficients and their p values for final bend angle
(After elimination).

Table 7. ANOVA table for the bend force model.

Source DF | SeqSS | AdjSS Adj MS F P
Term | Coefficient | pvalue | Term | Coefficient |p value Regression | 26 | 28.8899 | 28.8899 | 1.111151 | 2249.32 | 0.0
Constant |  69.502 | 0.000 | nxi, 3234 0.000 Linear 7 | 26.5638 | 0.19683 | 0.028118 | 5692 |0.0
n -372.300 | 0001 | mxV, -39:225 | 0.000 Square 7 | 17903 | 1.79033 | 0255762 | 517.74 | 0.0
te 1251 0.000 | txWa 0.008 0.000 Interaction | 12 | 0.5357 | 0.53574 | 0.044645 | 9038 [0.0
Wa -1.933 0000 | fxRq -0.006 0.003 Residual error| 61 | 0.0301 | 0.03013 | 0.000494
Rq -1.831 0.000 | txR, -0.047 | 0.000 Lack of fit | 52 | 0.0301 | 0.03013 | 0.000579 | 1.174
Ry 2330 0.000 | oty -0.022 | 0.000 Purcerror | 9 | 0.00444 | 0.00444 | 0.000493
zp 6.744 0.000 | txV, 20.106 | 0.000 s R adjusted R predicted
v, 21.102 | 0.000 | WaxRy 0.009 0.000 0.999 0.9985 0.9971
nxn 882.430 0.001 WaR, -0.007 0.000 F ratio = MS of Lack-of-Fit/ MS of error
txt, -0.011 0.000 Wat, -0.045 0.000 F estimated = 1.174; Standard value F (0.05, 52, 9) =2.797
W, 0.012 0.000 | WaV, 20.056 | 0.000
oty 0032 0000 | RuR, 0.030 0,000 Table 8. ANOVA table for the final bend angle model.
VoV, 0.681 0.049 | RaV, 20373 0.000 Source  |DF| SeqSS | AdjSS | AdjMS | F | P
e, 1.606 0.000 | Ryt 20.012 | 0.000 Regression |31 | 116189 | 116189 | 374.804 | 69537.8 |0.0
Ry 4671 0.000 | RV, 0279 0.000 Linear 7 | 11509.1 | 417329 | 59618 | 1106.11 [0.0
R, -4.036 0.000 | 1V, -0.093 0.000 Square 5| 684 | 684017 | 13.6803 |2538.13 (0.0
Interaction | 19| 414 | 413996 | 2.1789 | 404.26 |0.0
Residual error | 56 0.3 0.3018 0.0054
2.5 Developed final model Lackoffit | 47| 03 03016 | 00064 | 1.187
The final mathematical models for bend force and final Pure error 9 | 0.04850 | 0.0485091 | 0.005389
bend angle are obtained through the backward elimination R R’ adjusted R’ predicted
process and are given in terms of factors, as follows. 0.999 0.9995 0.9995

Bend force,

Y, = 51.410 —299.629% — 0.0297. —0.0291%, —0.363R,
~0.059R, —0.085¢, —0.823V, +721.323n° +0.007>
+0.002772 +0.006R? —0.0057 +0.310V'> —0.671nt,
~0.289nW, +0.664nR, —0.312n1, —0.0041,R,
+0.026,V, +0.001W,R, —0.001/,R, +0.003,t,
+0.002R 7, +0.011R ¢, —0.039

©)

where n is the strain hardening exponent, ¢, is the coating
thickness, W, is the opening, R, is the die radius, R, is the
punch radius, #, is the punch travel and V), is the punch veloc-

ity.
Final bend angle,

Y, = 69.502 —372.300n +1.251z, —1.933%, —1.831R,
+2.220R  +6.7441, +21.102V, +882.480n°

~0.01122 +0.012/%7 —0.032¢> +0.681V7 +1.606n,
+4.671nR, —4.036nR, +3.234nt, —39.225nV,
+0.0081, 7, —0.0061,R, —0.047¢,R, —0.022t,
~0.106,V, +0.009,R, —0.007W,R  —0.056W,V,
~0.03R,R, ~0.373R,V, ~0.012R ¢ +0.279R V/,
~0.093t V.

™

F ratio = MS of Lack-of-Fit/ MS of error
F estimated = 1.187; Standard value F (0.05, 47, 9) = 2.806

2.6 Checking the adequacy of the developed models

The analysis of variance (ANOVA) for the developed mod-
els was calculated with the help of MINITAB (Version 15)
software and the results are presented in Tables 7 and 8 The
adequacy test of the developed mathematical model was per-
formed by Fisher’s variance ratio test known as F test. As per
this test, the calculated value of F ratio for the lack-of-fit must
be lesser than its standard table value for a desired level of
confidence level. Since the estimated F value (1.174) is lesser
than the table value (2.797) for bend force model, it is assured
that the model is adequate at a confidence level of 95%. In the
case of final bend angle model, as the estimated F' value
(1.187) is lesser than the standard table value (2.806), it is
certain that the final bend angle model is adequate at a confi-
dence level of 95%. Further, the regression statistics values R’
and Rzadj values are 0.999 and 0.9985, respectively, for bend
force model and the values are 0.999 and 0.9995, respectively,
for final bend angle model. The R’ value is high and close to 1
and it is in close agreement with the Rzadj , which is desirable.

The adequacies of the models have also been further sup-
ported by the examination of residuals. The normal probability
plot of the residuals should form a straight line [25], and the
plot of the residuals versus the fitted values should not have an
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Table 9. Comparison of experimental and predicted values of re-
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Fig. 2. Normal probability plot of residuals: (a) Bend force; (b) Final
bend angle.
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Fig. 3. Plot of the residuals versus the fitted value: (a) Bend force; (b)
Final bend angle.

obvious pattern [27] if the model is adequate. The normal
probability plots of the residuals and the plots of the residuals

versus the fitted values are shown in Figs. 2(a), 2(b), 3(a), 3(b).

From Figs. 2(a), 2(b), the residuals fall on a straight line, indi-
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Fig. 4. Scatter diagram: (a) Bend force; (b) Final bend angle.

cating that the errors are distributed normally. There is no
obvious pattern in the plot of the residuals versus fitted value
shown in Figs. 3(a) and 3(b), which models proposed are ade-
quate. Hence, the predictive models given in Eqgs. (6) and (7)
are adequate and could be used for predicting the bend force
and final bend angle respectively.

2.7 Conducting the confirmation experiments

The validity of the model is further tested by drawing a
scatter diagram as shown in Figs. 4(a) and 4(b), which indi-
cates the correlation between the experimental values and
predicted values of bend force and final bend angle. There is a
good correlation between the experimental and model results.
Confirmation experiments were also conducted for intermedi-
ate values of the process variables and the results were com-
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Fig. 5. Effect of strain hardening exponent on (a) Bend force; (b) Final
bend angle (t. = 7, Wq = 60 mm , Rq = 6.5 mm, R, =10 mm, V, = 0.6
mm/s).

pared with the results of prediction models. The process pa-
rameters used in the confirmation experiments and the com-
parison between experimental and predicted values are shown
in Table 9. The error was calculated by the equation as fol-
lows:

(¥, ~¥y)

exp

Error(%) = x100 8

where Y, is the predicted value and Y,,, is the experimental
value. It is observed from the comparison table that the pre-
dicted values from the models are in good accord with the
experimental values.

3. Results and discussion

This section discusses the direct and few important interac-
tion effects of process parameters.

3.1 Direct effects of process parameters on bend force and
final bend angle

The direct effects of process parameters on bend force and
final bend angle are illustrated with bend force - punch travel
and final bend angle - punch travel curves for different pa-
rameters as shown in Figs. 5-10. The graphs are drawn by
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Fig. 6. Effect of coating thickness on (a) Bend force; (b) Final bend
angle (n = 0.219, Wq = 60 mm, Rq = 6.5 mm, R, =10 mm, V, = 0.6
mmy/s).

varying the parameter whose effect is to be analyzed at all five
levels and considering the other parameters at 0 - level.

The influence of punch travel on bend force and bend angle
can be understood from Figs. 5-10. The bend force increases
with the punch travel and reaches a maximum value and then
gradually falls. This increase in bend force is caused by the
development and spreading of plastic zone [28]. This fall in
bend force results from the lower deformation resistance and
large rigid body displacement [4]. As the sheet is more de-
formed with the increase in punch travel, the bend angle in-
creases continuously.

The effect of strain hardening on bend force and bend angle
is shown in Figs. 5(a) and 5(b). The bend force decreases with
increase of strain hardening exponent. Strain hardening expo-
nent (n) represents the ability of the metal to undergo plastic
deformation [29] and hence bendability. The inner bending
radius is the significant parameter, indicating the bendability
in the bending process. This radius is related to bending mo-
ment and the required bend force [30]. Smaller n values will
induce a large bending radius, which increases the bending
moment and thereby bend force [12]. The larger the bending
radius, the smaller is the bend angle [31]. Hence the bend
angle decreases with decreasing strain hardening exponent.

Figs. 6(a) and 6(b) depicts the influence of coating thickness
on bend force and final bend angle. There is a decrease in
bend force and an increase in bend angle with increasing coat-
ing thickness. Since zinc has lower shear strength than steel,
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zinc acts as a lubricant [32] when the tool comes in contact
with the sheet and reduces the friction. Hence, there is a de-
creased membrane force [4] and contact pressure over the
punch and die profiles [33] which are expected to decrease the
bend force and increase the bend angle respectively. The in-
crease in coating thickness reduces friction further [29], result-
ing in decreasing bend force and increasing bend angle.

The variation of bend force and bend angle with die open-
ing is illustrated in Figs. 7(a) and 7(b). It is noted that the bend
force and bend angle increase as the die opening decreases.
The lever arm transfers the bend force into bending moment
[34]. Since the lever arm is decided by the die opening and the
lever arm is getting smaller for smaller die opening, a higher
bend force is required to provide the necessary bending mo-
ment. It is found that the bend angle is larger for a small die
opening. A smaller die opening and a longer punch travel
have a similar effect in the bending process [35]. The severity
of bending decreases with increasing die opening. Hence, a
longer punch travel is required in a larger die opening than
smaller one to obtain the same bend angle.

The effect of die radius on bend force and bend angle is
shown in Figs. 8(a) and 8(b). It is found that the bend force
and bend angle decrease with increasing die radius. An in-
crease in die radius is similar to an increase in die opening in a
restricted sense [36] and it results in a large bend angle. Since
the point of contact of the tool and support to the sheet are
spaced further apart for larger radius, the lever arm increases
and a smaller bend force is needed to produce the required
bending moment. However, the influence of die radius is not
as significant as die opening
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Figs. 9(a) and 9(b) illustrates the variation of bend force and
bend angle for different punch radii. It is observed that bend
force and final bend angle increase when the punch radius
increases. The reason for increasing bend force is that the
magnitude of bend force is governed by the effective stress
area over the punch profile which increases with increasing
punch radius [3]. The deformation mode of the sheet is either
by bending or by shear. The deformation mode is influenced
by the effective clearance between the punch and die. Increas-
ing punch radius for a given die opening decreases the effec-
tive clearance and shearing takes a dominant part in the de-
formation of the sheet and this increases the final bend angle.
When the punch radius is small , the effective clearance be-
comes larger and the role of shear is limited [36, 37].

The variation of bend force and bend angle with respect to
different punch velocities are plotted in Figs. 10(a) and 10(b).
It is found that the bend force is decreased and bend angle is
increased with an increase in punch velocity. The reason is,
the increase in punch velocity decreases the friction [38], the
bend force decreases and bend angle increases accordingly.

3.2 Interaction effect of coating thickness and Punch veloc-
ity
Figs. 11(a) and 11(b) show that the bend force decreases
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Fig. 11. Interaction effect of coating thickness and punch velocity on
(a) bend force; (b) bend angle.

Fig. 12. Interaction effect of die opening and punch travel on (a) bend
force; (b) bend angle.

and bend angle increases with increasing coating thickness
and punch velocity. It is because the friction decreases as the
coating thickness increases [29] and the punch velocity in-
creases [38]. The reduction in friction causes the bend force to
decrease and the bend angle to increase.

3.3 Interaction effect of die opening and punch travel

From Figs. 12(a) and 12(b), it is understood that a larger
bend angle is obtained and larger bend force is required when
the die opening is narrower and the punch travel is longer. The
narrow die opening or longer punch travel increases the sever-
ity of bending, which results in a large bend angle. It is evi-
dent that the bending moment increases with increasing bend
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Fig. 13 Interaction effect of punch radius and punch travel on (a) bend
force; (b) bend angle.

angle [31]. As the bend angle increases for a narrower die
opening and longer punch travel, the bending moment in-
creases and thereby the bend force also increases

3.4 Interaction effect of punch radius and punch travel

It is noted from the Fig. 13(a) that maximum bend force is
reached at shorter punch travel for smaller punch radius and it

requires a longer punch travel when the punch radius increases.

It is evident from Fig. 13(b) that a larger punch radius or a
longer punch travel increases the bend angle.

The bend force is related to the strain level in the bending
region, which is determined by the inner radius at air bending
[34]. The bend angle is also influenced by the inner radius of
curvature underneath the punch. During bending, the process
adjusts itself to reduce the bending energy [1]. Hence, initially
the sheet bends with larger radius and the sheet radius gradu-
ally decreases with punch travel until complete wrap around
(inner sheet curvature and punch curvature are same) or till the
end of punch travel.

This behavior is determined by effective clearance between
the die and the punch. The effective clearance is larger for
smaller punch radius, and in this case, a complete wrap around
may occur at a shorter punch travel [35]. The increase in punch
radius decreases the effective clearance, which causes a change
in the course of bend force. In a small punch, with the increase
in punch travel, the inner radius continuously decreases,
thereby the bend angle increases. In a large punch, the radius
decreases with increasing punch travel, but at a certain level the
radius does not decrease further. In this case, the deformation
of the sheet occurs in the legs of the bend that is drawn into the
die opening [35]. Moreover, with increasing punch radius shear
plays a major role in the deformation of the sheet [37] and this
may be the reason for increasing bend angle.

4. Conclusions

* The adequacy of the developed RSM models were vali-
dated statistically from the F-test, normal probability plot
of residuals and plot of the residuals versus fitted value.

* The influences of various parameters on bend force and
bend angle during air bending are studied based on the
developed models. From the study, it is inferred that in-
creasing strain hardening exponent, coating thickness,
die opening, die radius, punch velocity decreases the
bend force and increasing punch radius, punch travel in-
creases the bend force. Further, the increasing strain
hardening exponent, coating thickness, punch radius,
punch velocity and punch travel increases the bend angle
and increasing die opening and die radius decreases the
bend angle.

* The die opening and punch travel are the most significant
factors influencing the bend force and bend angle. The
effect of the coating is also considerable.

* The results from the developed models are found to have
good agreement with the experimental results, and hence
the models would be very useful to predict the bend
force and final bend angle at various parameter settings
within the specified ranges.

Nomenclature

n : Strain hardening exponent
Ry : Die radius

R, : Punch radius

t : Coating thickness

Z, : Punch travel

Vv, : Punch velocity

w,

f : Die opening
Y, : Bend force
Y, : Final bend angle
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