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Abstract

Springback is a geometrical defect that occurs due to the removal of the bending force acting on the component the end of
the forming process. In the present study, springback behavior of Ti-Grade 2 sheets is studied by finite element method and
experimentation. The process parameters considered are punch radius, die opening and sheet thickness. Based on Taguchi
(Ly) Orthogonal array, the simulation and experiments were conducted. Simulated springback values were found to be in good
agreement with experimental values. Signal-to-noise (S/N) ratio is used to determine the optimal combination of parameters
that minimizes springback. Analysis of variance is employed to study the influence of process parameter on springback.

Keywords Springback - Finite element method (FEM) - Orthogonal array - S/N ratio - Taguchi method

1 Introduction

Titanium Grade 2 is commonly specified as Ti-Grade 2 as per
American Society for Testing and Materials (ASTM) standard.
Ti-Grade 2 has a wide range of applications in the industries
such as orthopedic implants, airframe skin, condenser tubing
and automotive parts. The physical properties such as high
specific strength and low weight are marked as important
characteristics of the material that has led to the replacement
of the ferrous base materials in real-time applications. Cold
working of Ti-Grade 2 sheet results in excessive springback.
Bending is one of the most common cold working processes
in which elastic recovery of the material at some point in
unloading results in springback. V-bending is carried out by
straining the material around a straight line; a punch moves
down and forces the sheet into a V-die as shown in Fig. 1. In
this initial phase, the edges of the die with which the work

Technical Editor: Marcio Bacci da Silva, Ph.D.

P4 Rajesh Ramadass
rajeshpsgtech2012 @gmail.com

Saravanan Sambasivam
ssaramail @ gmail.com

Karthik Thangavelu
kartikt008 @ gmail.com

Department of Production Engineering, PSG College
of Technology, Coimbatore, India

piece is in contact are rounded at radius (R;). The radius of
the punch (R;) chosen is smaller than the bend radius of the
part where (L) is the die opening and T is the sheet thickness.
Design of Experiments (DoE) is a powerful statistical tool to
determine the effect of multiple factors on the output of the
process. Finite Element Analysis (FEA) is a computer-based
process that generates a series of solution to the complex prob-
lems faced in science and engineering disciplines. DoE using
Taguchi method has a unique advantage over classical DoE
methods that is irrespective of the variation among the input
factors the output characteristic is improved. The trial-and-
error development process in sheet metal industry could be
shortened with FE-simulations of the bending process for min-
imizing springback. Thipprakamas and Rojananan [1] identi-
fied that amount of spring forward decreased as the angular
punch radius increased and amount of springback decreased
as the angular punch radius decreased in the V-bending pro-
cess. Bakhshi et al. [2] experimentally showed that increase in
sheet thickness decreases springback in V-bending of CK67
steel sheet. Panthi et al. [3] developed a FEM simulation soft-
ware incorporating total-elastic—incremental-plastic (TEIP)
algorithm and determined that friction has minimal effect on
springback Thipprakmas and Wiriyakorn [4] employed Tagu-
chi and Analysis of Variance (ANOVA) technique to study the
effect of bending angle, material thickness and punch radius
on springback and spring-go in V-bending process. Eggertsen
and Mattiasson [5] studied the material behavior at unloading
and established a relationship between unloading modulus and
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Fig. 1 Schematic representation of V-bending operation

plastic strain. Farsi et al. [6] studied the influence of holes, die
angles, die widths and punch radius on the value of spring-
back and bending force in V-bending process. Adamus et al.
[7] simulated the springback of Ti6AlI4V titanium alloy bar
based on finite element method and identified that springback
depends on the size of the middle material zone which remains
in the elastic state in bending process. Dilipak et al. [8] con-
ducted experiments in the bending of S235JR material and
results showed that tempering the material reduces spring-go
and normalizing process increased spring-go compared to non-
heat-treated material. Patel [9] investigated springback effect
in bi-layer material made of stainless steel in V-die bending
and the experimental results showed that springback of sheet
metal laminate is affected by relative position of strong/weak
layers and thickness ratio of each layer. Zong et al. [10] studied
the V-bending of Ti—6Al-4V titanium alloy sheet from room
temperature to 850 °C and identified the influence of punch
radius and holding time on springback. Leu and Zhuang [11]
developed a model by considering thickness ratio, normal
anisotropy, and the strain-hardening exponent to estimate the
springback in V-bending process and numerical simulation

showed that the springback ratio increases as normal anisot-
ropy increases or as the strain-hardening exponent decreases.
In the bending process, there are different process parameters
which may determine the springback behavior of the mate-
rial. Although numerous research works have been conducted,
the selection of process parameters for controlling the spring-
back in the V-bending of titanium (Grade 2) material has not
been researched yet. In this work, the Taguchi and analysis
of variance (ANOVA) were used to identify the importance
of process parameters like punch radius, sheet thickness and
die opening on springback. The ANSYS software was used to
carry out the analysis and predict the springback values. The
experiments were performed using Taguchi (Ly) orthogonal
array to validate the FE-simulation results.

1.1 Material composition and mechanical
properties

A specimen of 50X 50x 0.5 mm was subjected to chemical
analysis using optical emission spectrophotometer (OES),
and the test results shown in Table 1. The mechanical prop-
erties of the Ti-Grade 2 sheet are shown in Table 2.

2 Methodology

A flowchart shown in Fig. 2 was proposed to reduce the
springback in the V-bending of Ti-Grade 2 sheet. The pro-
cess parameters and levels are chosen at the process param-
eters design stage of V-bending experiment. The suitable
orthogonal array for conducting experiments is selected as
per the process parameters and levels chosen at the previ-
ous stage of methodology. The FEA and experiments are
conducted based on the selected orthogonal array and the
springback values are compared. If deviation observed
between FEA and experimental springback values the par-
ticular combination of process parameters with respect to
FEA is repeated until the good agreement is achieved. The
optimal process parameters combination is selected based

Table 2 Mechanical properties of Ti-Grade 2 sheet

Tab[e 1 Material composition Ti Fe C Cr
of Ti- Grade 2 sheet

Yield Ultimate  Young’s  Poisson’s Elonga-  Material
strength  strength ~ Modulus  ratio tion at density
(Mpa) (Mpa) (Gpa) break (%) (kg/m®)
276 344 103 0.3 20 4500
Cu Si Mn Nb A% Mo Zr Al
Composition in wt%
99.9 0.055 0.034 0.017 0.011 0.007 0.003 0.002 0.002 0.003 0.003 0.001 0.002
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Fig.2 Methodology flowchart
to minimize springback
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on smaller the better signal-to-noise ratio. The best combi-
nation of process parameters found to minimize springback
is validated by FEA and experiments. The final outcomes
and results are provided at the conclusion stage of the work.

3 Process parameter design

A three level of parameters was selected for design of exper-
iments. Dimensions of samples were 80 X 30 mm. The punch
radius, die opening and sheet thickness of the material val-
ues are shown in Table 3. The experimental design for three
parameters and three levels was obtained using Ly orthogo-
nal array in Taguchi method shown in Table 4.

Predicted (Vs)
Experimental
Springback

Selection of Optimal process
parameters combination to
minimize Springback

\ 4

Validation by Finite Element
Method (FEM) and
Experiments

\ 4

‘ Conclusion )

The signal-to-noise (S/N) ratio, which indicates the effect
of each process variable on springback, is calculated using the
smaller the better criteria. The equation for the calculation of
S/N ratio is given in Eq. (1)

(3)= ‘IOIOgG 2y2> (1)

Table 3 A three-level design for experimentation

Process parameters 1 2 3
Punch radius (mm) 2 4 6
Die opening (mm) 20 30 40
Sheet thickness (mm) 0.5 1.0 1.5
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Table 4 L, orthogonal array

S. no Punch radius (mm) Die opening (mm) Sheet thick-
ness (mm)
1 2 20 0.5
2 2 30 1.0
3 2 40 1.5
4 4 20 1.0
5 4 30 1.5
6 4 40 0.5
7 6 20 1.5
8 6 30 0.5
9 6 40 1.0

where 7 is the number of tests in a trial and y; is the response
at the ith repetition.

4 Finite element simulation

The punch, sheet and die were modeled in two dimension
(2D) using ANSYS 12.0 software. Figure 3 shows the finite
element meshed model. The meshing was completed using
the solid plane quadrilateral 8 node 183. Plane 183 has quad-
ratic displacement behavior and is preferred for irregular
meshes.

The element is defined by 8 nodes having two degrees
of freedom at each node: translations in the nodal x and y
directions. Surface-to-surface contact between punch and
top surface of sheet (non-frictional contact) and bottom sur-
face of sheet and die (frictional contact) was established as
shown in Fig. 4.

The application of the load was accomplished in two
steps—punch loaded to the bottom of die (load step 1) and

ANSYS

MAY 1§ 2018
Msna

ELINENTS

Fig.3 FEM meshed model
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the punch unloaded until it reaches its initial position (load
step 2). The loads were represented in terms of displacement.
Load step 1 boundary conditions are:

a) Die fixed in all degrees of freedom

b) Punch arrested for displacement along x direction

¢) Punch load (displacement in negative y direction)

d) Sheet metal symmetry

e) Sheet metal center nodes arrested for displacement along
X axis.

For load step 2, punch was displaced in positive y direction
and rest of the boundary conditions were maintained constant.
Springback was obtained by tracking two nodes on the sheet
material. Coordinates of nodes at end of load step 1 and load
step 2 were noted. The angle of a slope formula used in the
calculation of springback is shown in Eq. (2)

0 = tan”! <y—‘ y 1) @

Xy — X

where x,, y,—coordinate of node 1, x,, y,—coordinate of
node 2.

4.1 Mathematical model to determine the behavior
of elastoplastic material

The nonlinear kinematic hardening model is the mathemati-
cal model used in the background of simulation work in the
ANSYS 12 version.

The model uses the Von Mises yield criterion with the asso-
ciative flow rule. The yield function is given by

F= %(s,.j_a,.j (sj_a;) —R=0 3)
T ANSYS

Sheet metal \

top surface \ /
<\
~p&x

Sheet metal
bottom surface

Fig.4 Schematic representation of contacts
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where §;; is deviatoric stress tensor, R is isotropic hardening ~ where o;; is hydrostatic stress, §;; is Kronecker delta, equal to
variable the unit matrix, the Von Mises equivalent stress for metallic

S = e — o & materials is defined through deviatoric stress.
i g Tm7y “) The flow rule is given by
i, 00
Adl; = AE (®)]
(a)
T— ANSYS

sTER=1
suB =55

TDEe
o @ave)
RsYS=0

Der =-19._6142
Mo =13.6142

Fig 5.11Load Step 1 :Punch radius 2mm, Fig 5.12 Load Step 2 : Punch radius 2mm,
die opening 20mm and Ti-Grade 2 die opening 20mm and Ti-Grade 2
sheet thickness 0.5mm sheet thickness 0.5mm

MODAL SOLUTION
sTER

suB =61

TnE=2

3 (@ave)
R3YS=0

D¢ =23.5084
;ar =-19.3914
nox =19.3524

Fig 5.13Load Step 1:Punch radius 2mm, Fig 5.14 Load Step 2 :Punch radius 2mm,
die opening 30mm and Ti-Grade 2 sheet thickness die opening 30mm and Ti-Grade 2
1.0mm sheet thickness 1.0mm

ANSYS

;e =19.8298

Fig 5.15Load Step 1 :Punch radius 2mm, Fig 5.16 Load Step 2 : Punch radius 2mm,
die opening 40mm and Ti-Grade 2 die opening 40mm and Ti-Grade 2
sheet thickness 1.5mm sheet thickness 1.5mm

Fig.5 Finite element simulation springback results in V-bending of Ti-Grade2 sheet
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Fig 5.17 Load Step 1 :Punch radius 4mm,
die opening 20mm and Ti-Grade 2
sheet thickness 1mm

ANSYS

Fig 5.18 Load Step 2 :Punch radius 4mm,
die opening 20mm and Ti-Grade 2
sheet thickness Imm

ANSYS

1

(ave)

;E
I

3.0201
=-19.3838
=19.3838

Fig 5.19 Load Step 1 :Punch radius 4mm,
die opening 30mm and Ti-Grade 2
sheet thickness 1.5mm

ANSYS

NODAL SOLUTION

SUB =se
TnE=2

ux (ave)
R3YS=0

DX =33.9143 %
ot =-17.2918 ALY
Mx =17.2818 \

Fig 5.20 Load Step 2 :Punch radius 4mm,
die opening 30mm and Ti-Grade 2
sheet thickness 1.5mm

nex =18.4327

Fig 5.21 Load Step 1 :Punch radius 4mm,
die opening 40mm and Ti-Grade 2
sheet thickness 0.5mm

Fig.5 (continued)

where A =plastic multiplier (determines the effect of plastic
straining), Q = function of stress termed the plastic poten-
tial, plastic straining is thus propositional to stress gradient
of the plastic potential. For stable metals, plastic potential

@ Springer

Fig 5.22 Load Step 2 :Punch radius 4mm,
die opening 40mm and Ti-Grade 2
sheet thickness 0.5mm

and yield function are equal (Q = F) the flow rule is called
associative.

The back stress a;; yield surface motion through stress
space is superposition of several kinematic models as
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e =18.157

Fig 5.23 Load Step 1 :Punch radius 6mm, Fig 5.24 Load Step 2 :Punch radius 6mm,
die opening 20mm and Ti-Grade 2 die opening 20mm and Ti-Grade 2
sheet thickness 1.5mm sheet thickness 1.5mm

X =18.0643

Fig 5.25 Load Step 1 :Punch radius 6mm, Fig 5.26 Load Step 2 :Punch radius 6mm,
die opening 30mm and Ti-Grade 2 die opening 30mm and Ti-Grade 2
sheet thickness 0.5mm sheet thickness 0.5mm

Fig 5.27 Load Step 1 :Punch radius 6mm, Fig 5.28 Load Step 1 :Punch radius 6mm,
die opening 30mm and Ti-Grade 2 die opening 30mm and Ti-Grade 2
sheet thickness 1mm sheet thickness 1mm

Fig.5 (continued)

where n is the number of kinematic models to be superposed.
“ The evolution of the back stress for each component
aij = Z aij,k (6)
k=1

is defined as:
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Table 5 Taguchi (L,) orthogonal array with simulation results

S.no Punch radius Die opening Sheet thick-  Simulation

(mm) (mm) ness (mm) springback
@)

1 2 20 0.5 9°5'

2 2 30 1.0 3°53'

3 2 40 1.5 2°41'

4 4 20 1.0 9° 53’

5 4 30 1.5 7° 36

6 4 40 0.5 25° 18’

7 6 20 1.5 6° 44’

8 6 30 0.5 20° 43’

9 6 40 1.0 13°37'

Top plate

Punch

Die

Bottom plate

Fig.6 V-bending die mounted on hydraulic press bed

2 1 de
ckAez.l - yKa,-J-,kAeApl + —d—akAHaiJ’k @)

Aaii’k: 5 Ck

where £ is the accumulated plastic strain, € is temperature,
and ¢, yx (k=1,2,....n) are Chaboche kinematic hardening
material parameters for n pairs. The first term in Eq. (6) is
Prager’s linear kinematic hardening rule, describing the evo-
lution of back stress with plastic strain. The Prager’s rule
does not describe the relationship between back stress and
evolution of plastic strain. Armstrong and Frederick added
the dynamic recovery term in Eq. (6). The third term repre-
sents time recovery.

The effect of various combinations of punch radius, die
opening and sheet thickness on the springback was stud-
ied through simulation as shown in Fig. 5.11-28. Initially,

@ Springer

two points (p,, p,) were selected on the top surface of
sheet at a distance interval in unloading condition. The
displacement position of the points in the X axis and Y
axis at load step 1 and load step 2 were noted. The sub-
traction of initial and displaced position of points at load
step 1 provides(x,, y;) coordinate at node 1. In the similar
manner, (x,, y,) coordinates at node 2 is obtained. The
values of springback are calculated using angle of slope
formula and are shown in Table 5.

5 Experimental procedure

The V-bending assembly consists of components like
punch, die, top plate and bottom plate as shown in Fig. 6.
Three V punches of high carbon high chromium D2 steel
with punch radii of 2, 4 and 6 mm were wire cut and fin-
ished. The die of high carbon high chromium D2 steel
with a die opening of 20, 30 and 40 mm were wire cut and
finished. The components were assembled using fasteners
and dowel pins to arrest the relative motion between parts.
The assembled die set was positioned between the top and
bottom bolster plate of hydraulic press in closed condition.

The specimen of 80 X 30 mm Ti-Grade 2 sheet was ini-
tially arrested for degrees of freedom with the blank holder
and die set up. The punch is loaded into the die to deform
the sheet plastically, and the punch is unloaded to remove
the V-bent component. The V-bent components obtained
after experimentation were measured using profile projec-
tor and is shown in Fig. 7.11-19.

6 Results and discussions

Finite element simulation and experiments were conducted
to understand the influence of punch radius, die opening
and sheet thickness on springback. Three trails were con-
ducted for experiments, and the average was calculated.
The experiment springback results are shown in Table 6.
The finite element simulation and experiment results were
compared in Table 7. It was understood that simulation
results were in close agreement with experimental results.
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Fig 7.11 Punch radius 2mm,die
opening 20mm and sheet
thickness 0.5mm

Fig 7.12 Punch radius 2mm,die
opening 30mm and sheet
thickness 1.0mm

Fig 7.13 Punch radius 2mm,die
opening 40mm and sheet
thickness 1.5mm

Fig 7.14 Punch radius 4mm,die
opening 20mm and sheet
thickness 1.0mm

Fig 7.15Punch radius 4mm,die
opening 30mm and sheet
thickness 1.5mm

Fig 7.16 Punch radius 4mm,die
opening 40mm and sheet
thickness 0.5mm

Fig 7.17 Punch radius 6mm,die
opening 20mm and sheet
thickness 1.5mm

Fig. 7 Experimental springback values in V-bending of Ti-Grade2 sheet

6.1 Optimum combinations of process variables
to minimize springback

The significance of V-bending process variables with
respect to springback was investigated using Minitab 15
version. The analysis of variance (ANOVA) on the experi-
mental result of springback shown in Table 8 was carried

Fig 7.18 Punch radius 6mm,die
opening 30mm and sheet
thickness 0.5mm

Fig 7.19 Punch radius 6mm,die
opening 40mm and sheet
thickness 1.0mm

out to understand the source of variation. Process variable
with a larger F value is identified as a major contribu-
tor on the performance characteristics of the experiment.
The percentage contribution of punch radius, die opening
and sheet thickness were identified as 31.87%, 9.73% and
56.65% from Table 8. The distribution of the means of S/N
ratio for springback is shown in Fig. 8. The optimal level
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Table 6 Taguchi (L)

: S.no  Punch Die open-  Sheet thick- Experimental springback (°) S/N ratio
o.rthogo.nal array Wlt},l radius (mm) ing (mm)  ness (mm) - - -
simulation and experiment Trial 1 Trial 2 Trial 3 Avg.
results
1 2 20 0.5 8°42' 9° 20’ 9° 37 9° 13" —19.209
2 2 30 1.0 3°6' 4° 173’ 3°90’ 4°46" —12.986
3 2 40 1.5 2°9 2°95' 2°92 2°9"  —-9.248
4 4 20 1.0 10° 20’ 10° 24/ 10° 6’ 10° 17" —20.146
5 4 30 1.5 8°12' 8°21" 7° 21" 7°58" —17.593
6 4 40 0.5 24°41"  25°21" 25°24' 25°9" —28.266
7 6 20 1.5 6° 48’ 7° 29 6° 40’ 6°59" —16.377
8 6 30 0.5 19°12"  20°49' 20° 8’ 20°3" —-26.149
9 6 40 1.0 14° 8" 13° 18’ 13° 11" 13°32" —22.490
Table 7 Comparison of simulation and experiment results 6.2 Confirmation test results
Simulated springback Experiment springback %Error . . . . .
The comparison of simulation and experiment results is
9°5! 9°13' 0.37 shown in Table 10. The increase in the S/N ratio of 1.5
3°53 4° 46/ 0.93 times was identified with the optimal bending parameters
2°41 209 0.49 compared to initial bending parameters. The simulation and
9° 53’ 10°17' 0.64 experiment springback results for optimal bending param-
7° 36 7° 58 0.22 eters were found to be minimum.
25°18' 25°9' 0.72
6° 44' 6° 59’ 0.15
20° 43’ 2003 0.13 7 Conclusion
13° 37 13° 32 0.05

of process variables to minimize the springback is inferred
as punch radius =2 mm, die opening =20 mm and sheet
thickness = 1.5 mm based on smaller is better signal-to-
noise ratio. Pearson correlation of simulated and experi-
ment springback is 0.998.

The results of Taguchi method analyzed using Minitab
Software have been presented in Table 6. The process vari-
able with a greater S/N value in Table 9 corresponds to a
better performance. Response table for S/N ratios smaller is
better was calculated. Among the process variables, it was
understood from (ANOVA) that sheet thickness acts as a
dominant factor contributing the most (56.65%) affecting
springback.

Taguchi method with L, orthogonal array was utilized to
improve the consistency of springback performance in the
design of experiments. Based on the results obtained, the
following conclusions were drawn.

1. It was inferred that simulation and experimental spring-
back values were in close agreement with each other and
the percentage of error was found to be minimum.

2. The extent of contributions from the process variables
was investigated in the V-bending process to minimize
springback. The sheet thickness contributed the most
(56.65%), the punch radius ranked the second with the
contribution of 31.87% and the die opening contribution
the minimum with 9.73%.

3. Analysis of S/N ratio and ANOVA has provided the
optimal combination of process variables to minimize
springback. The optimal process variables are punch

Table 8 Analysis of variance

oo Source DF Seq. SS Adj. SS Adj. MS F 4 Contribution (%)
for titanium (Grade 2) sheet
metal Punch radius 2 145.793 145.793 72.897 18.26 0.052 31.87
Die opening 2 44.518 44.518 22.259 5.58 0.152 9.73
Sheet thickness 2 259.096 259.096 129.548 32.45 0.030 56.65
Residual error 2 7.984 7.984 3.992
Total 8 457.392
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Fig. 8 Signal-to-noise (S/N)
ratio for Springback

Punch radius

-15.0

-17.5

-20.0

Mean of SN ratios

-22.5

-25.0
2

4

Main Effects Plot for SN ratios
Data Means

Die opening Sheet thickness

——

6 20 30 40 0.5 1.0 1.5

Signal-to-noise: Smaller is better

Table 9 Response table for S/N ratio

Level Punch radius Die opening

Sheet thickness

Response table for signal-to-noise ratios smaller is better

1 —13.81 —18.58 —24.54
2 —22.00 -18.91 —18.54
3 -21.67 —20.00 —14.41
Delta 8.19 1.42 10.14
Rank 2 3 1

Table 10 Results of the comparison experiment for springback

Initial bending parameters

Optimal bending param-

eters
Simulation Experiment Simulation Experiment
Springback 2.41 2.90 1.45 1. 64
S/N ratio —7.64 —9.248 —3.227 —4.296

radius =2 mm, die opening =20 mm and sheet thick-

ness=1.5 mm.

4. The confirmation experiments were conducted to verify
optimal bending parameters. The reduction in spring-
back values from the initial bending parameters to opti-

mal bending parameters is about 150%.
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