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Abstract: Formability is one of the important parameter which 

describes the quality of the sheet metal. It is the ability of sheet 

metal to undergo plastic deformation without being damaged. 

There are two types of formability tests. One is a simple test which 

includes tensile, bulge and hardness test, another is simulative test 

like Erichsen cupping test, limit done height test, swift cup test. In 

this paper, numerical and experiemntatal investigations of 

formability of Ti-6Al-4V sheet are presented. Plasm arc welding 

experiment is conducted on thin Ti-6Al-4V sheet and Erichsen 

cupping test is uysed as the test method to determine the Erichsen 

cupping parameters. Tests have been conducted on plasma arc 

welded thin Ti-6Al-4V joint sheet as well as on the parent metal. 

Erichsen cupping index (IE) and  acture load are determined 

during experimentation. Finite element analysis is done using 

commerical ABAQUS code. The simulation results are compared 

with experimental results. Based on the results , it is observed that 

the formability of welded Ti-6Al-4V is more than the base metal 

and the predicted Erichsen cupping index (IE), fracture load are 

good in agreeembnt with the experimental results. 

 
Index Terms: PAW, Dhinakran’s model Erichsen Cupping 

Index, ABAQUS\CAE 

I. INTRODUCTION 

  Sheet metal forming is the process of converting a flat sheet of 

metal into a part of desired shape without fracture or excessive 

localized thinning. One of the many types of forming is stretch 

forming. Stretching is a process where the surface area of a blank is 

increasing as a result of tension and thinning of the metal. Erichsen 

cupping test is generally carried out To  determine stretchability 

(formability). It is a ductility test which is employed to evaluate the 

ability of metal sheets and strips to undergo plastic deformation in 

stretch forming [1, 2]. Ti-6Al-4V is an alloy of Titanium. It has many 

applications such as aerospace, marine and chemical and industrial 

sectors [3,4]. It is also widely used in bio-medical field as it is 

bio-compatible [5]. Welding is a process which is used in all the 

fields which are mentioned above, predominantly for joining two or 

more parts. Many types of welding processes are in practice. In those, 

plasma arc welding is the one which is more in use because of its 

advantages over other methods like low cost, clean weldments with 

small heat affected zone [6-7]. Many research works are done to find 

the formability of different materials with different test parameters 

like thickness, lubrication etc. Yanli  song, et al.[8] studied the 

influence of thickness ratio of tailor welded blanks on formability by 
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Erichsen cupping test. Numerical simulation was also carried usng 

ABAQUS software to determine the formability. Rama Narasimha 

Reddy, et al.[9] performed the Erichsen cupping test for different 

materials having different thickness, and he also used different 

lubricated conditions for experimental trails. Narooie et al.[10] 

developed a FE model for predicting formability of sheet metals in 

stretch forming by assuming strain FEM for removing the major draw 

backs of mesh instability. A new heat source model based on the 

parabolic Gaussian heat source model [11] namely Dhinakaran’s 

model [12] has been used to predict the temperature distribution in 

thin titanium sheet. Kaushik Bandyopadhyay, et al.[13] studied the 

formability of DP600 and DP980 base as well as weld materials by 

erichsen cupping test and compared the results by conducting FE 

anlysis in LS-DYNA explicit finite element code. But many works 

have not been focused on both experimental and numerical studies of 

base and welded blanks of Ti-6Al-4V alloy to crack propogation. In 

this paper the work is focussed on determining formability of plasma 

arc welded thin Ti-6Al-4V sheets. The main objective of this work is 

to determine Erichsen cupping parameters like Erichsen cupping 

index (IE), fracture load of  Ti-6Al-4V alloy to study the crack 

propogation during Erichsen cupping test and validate the results 

with simulated one. 

II. EXPERIMENTATION 

Plasm arc welding experiment is conductd to using Fronius 

MagicWave 4000 welding equipment. The candidate material used 

for experimentation is Ti-6Al-4V . Two plates of 100 x 100 x 2 mm 

thick are  used to prepare butt joint configuration. The chemical 

composition of Ti-6Al-4V material is shown in Table 1. The plasma 

arc welding parameters used for experiementaion is shown in 

Table-3. 

Table-1 Chemical composition Ti-6Al-4V 

Component Al Fe O V Mn Nb Ti 

Weight % 6 0.25 0.2 4 0.009 0.022 Remaining 

 

Table-2 Mechanical Properties Ti-6Al-4V 

 

 

 

 

 

 

 

 

A specimen of 70 x70 x 2 mm dimension is cut from the plasma 

arc welded plate. Erichsen cupping test is conducted using GBW-200 

of Jinan Testing Equipment IE corporation.  
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ensile 

Strength              

(MPa) 

Yield Strength 

(MPa) 

Modulus of  

Elasticity 

(GPa) 

Density 

(Kg/m3) 

1000 880 114 4420 
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The machine has hydraulic clamping device and  computerised 

control system as shown in Figure-1. ASTM E643-78 standards is 

followed to carry out the cupping test. The testing set up consists of a 

drawing die, bank holder, punch and workpiece. The dimensions of 

the set up are shown in the schematic diagram of the Erichsen 

cupping test set up Figure-3[14]. The workpiece is kept on the 

drawing die and  the blank holder  is made to hold the workpiece that 

constraints workpiece in all 6 degrees of freedom. Punch is made to 

indent on a weld region of the blank with the speed of 1mm\min, 

untill the localized necking or fracture occurs. During punching  the 

workpiece experiences biaxial stretching. The result parameters like 

height of the cup which is also called as Erichsen cupping index (IE) 

and fracture load are noted. The same procedure of experimentation 

is followed for the parent materialalso. 

 

Table-3 Welding Parameters 

Weld current Weld speed Weld bead  width 

60 A 250 mm/min 6.6 mm 

 

 
Figure-1 Erichsen cupping machine 

 

 
Figure-3 2D schematic diagram of the Erichsen cupping test set up 

 

III. FINITE ELEMENT ANALYSIS 

Finite element analysis of Erichsen cupping test is carried out in 

ABAQUS\CAE software. The first step was part modeling. The 

punch, blank holder, drawing die and work piece are modeled as per 

the dimensions given in Figure-3. The deformation of machine parts 

is considered to be negligible compared to work piece. Hence, the 

work piece is considered as 3D deformable and all other parts are 

considered as discrete rigid. The work piece is partitioned at 3.3 mm 

on left as well as right from center to assign weld properties.   

 

Ti-6Al-4V alloy of dimension of 70 x 70 x 2 mm is selected 

domain for performing the analysis. A width of 3.3 mm has been 

selected on either side of the plate. A uniaxial tensile test is 

conducted on plasma arc welded specimen and parent metal as per 

the ASTM standard E8.   The properties of yield stress and plastic 

strain of welded specimen and parent metal are taken from the 

stress-strain and given as input for simulation. Table 3 shows the 

properties of material considered for simulation other than yield 

stress and plastic strain. 

Table-3 Material and Interaction properties assigned to FE 

Model 
Density 4.42g/cm3 

Young’s Modulus 114GPa 

Poisson’s Ratio 0.342 

Johnson-Cook Damage Table-4 

Contact General Contact 

Friction Co-efficient 0.005 

 

Johnson cook damage criteria [12] is used as crack initiation 

phenomenon for both parent material and weld material. Dynamic 

explicit step is considered for the simulation. The general contact is 

given for the selected pairs which are in contact. The penalty 

interaction is defined with friction co-efficient 0.05. The blank holder 

and drawing die are ENCASTRED. The punch is allowed to move 

only in z direction with velocity of 1mm/sec. The test condition 

followed for simulating the crack initiation phenomenon is same for 

both welded specimen and parent metal. 

 

 
(a) 

 
                                   (b) 

Figure-4 Stress vs strain graph: a) weld  material  b) base material 

 

IV. MATERIAL MODEL 

In order to model the Erichsen cupping set up in ABAQUS a 

fracture based model is used. Among the many models, J-C ductile 

fracture model is used. This model includes initiation of fracture and 

propagation of fracture.  

* *

1 2 3 4 5ε [ exp( )][1 ln ε ][1 ]f D D D D D T


     

ε f



=equivalent strain to fracture, /m  


 is the stress 

triaxiality, where m is the average of the three normal stresses and 




is the von-mises equivalent stress,  

*ε


=dimensionless strain rate, 

*T =Homologous Temperature 
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In ductile damage the equivalent strain at the fracture and stress 

triaxiality is important. The strain rate also becomes an important 

factor since the punch can move with different speed and ir varies 

according to speed of punch.. Both stress triaxiality and strain rate are 

included in J-C model. This model is represented as, 

Table-4 Johnson-Cook material damage parameters for damage  

Ti-6Al-4V 
 

 

 

 

 

 

V. MESHING 

Blank holder and drawing die are meshed with quad-dominated 

free elements with advancing front. Seed part size is given as 3mm. 

Punch is meshed with quad-dominated sweep elements with seed part 

size 2mm. Element type R3D4 iss used for all discrete rigid parts. For 

work piece hexa-sweep mesh was given with advancing front. The 

seed part size was given as 3.5mm. At the weld region the mesh seeds 

were reduced to 0.3mm using seed edge option. Element type C3D8R 

was given to the plate. In the same way modeling and meshing was 

done for non-welded part also. 

VI. RESULTS AND DISCUSSION  

Tensile test iss conducted in Universal Testing machine (UTM) on 

welded specien and parentmetal. The stress-strain graph of parent 

material (Figure 4a) and weld material  (Figure 4b) show that 

ultimate tensile strength of weld material compared to base materialis 

is increased from 1022MPa to 1040MPa which is around 1.6%. The 

yield stress and plastic strain got from tensile test are used to assign 

plastic properties in FE analysis. 

Figure 6 and Figure 7 show  the expereimental results of Erichsen 

cupping test for parent material and weld material respectively. It is 

observed from the figure 6 that crack initiation of parent materialis at 

23.1kN where it is 25.7kN for weld metal. This shows that load 

bearing capacity is increased by 11.25%. The height of cup (IE) of 

parent materialand weld material are observed to be 5.97mm and 

6.1mm respectively . It means ductility of the weld matrial is 

increased by 2.17%. In total comparision of fracture load and height 

of cup between the weld material and parent materialclearly shows 

that formability of Ti-6Al-4V alloy is increased after welding, the 

force and displacement are nearly proportional. 

 

 
Figure-6 Load vs displacement graph  of parent material        

 
Figure-7 Load vs displacement graph of weld material 

 

 
 

                           (a)  

 

 
 

                     (b) 

Figure-8 Failure of PAW Ti-6Al-4V weld material: a) 

Experimental b) Numerical    

 

 
 

                           (a)  

 

 
 

                     (b) 

Figure-9 Failure of  Ti-6Al-4V base  material: a) Experimental b) 

Numerical 

The simulated fracture load and height of cup are 24.3kN and 

6.11mm respectively for base metal and 27.4kN and 6.42mm 

respectively for weld material. Figure-8  shows the failure occured in 

the weld material in both experimentation and simulation and  

Figure-9 shows the failure occured in the parent material in both 

experimentation and simulation In FE anlysis it is observed that crack 

initiates at non-welded region and it propogates through weld region 

transverly to the direction of weld, as the strength of weld is more 

than that of base material, the base region reaches failure point before 

the weld. For the parent material crack initiates at the center and 

propogates in eighter side. The damage is occured as per the johnson 

cook damage criteria. Figure-10 shows the enlarged view of crack 

propogation of experiment and numerical analysis of parent 

materialand weld material both in experimentation and simulation. 

Figure-11 shows the compared graph of load vs displacement of 

experimental and FE analysis.  

 

 

 

 

 

D1 D2 D3 D4 D5 Ԑ0 

-0.09 0.25 -0.5 0.014 3.8 1 
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The analytical load vs displacement curve for weld material is 

deviated more comparing to parent materialfrom the experimental 

results. It is because of johnson-cook damage parameters considered 

for simulation. For weld material damage parameters are taken same 

as that of base material, but in actual case the parameters vary as the 

plastic stress, strain vary. Figure-11 shows the comparision of load vs 

diaplacement curves of experimental and analytically predicted. 

 

Figure-10 Enlarged view of crack propogation in experimental and 

FE analysis : a) Welded material b) Parent material 

 
Figure-11 Comparision of load vs displacement graphs of 

experimental and FE analysis 

 

 
Figure-12. Progression of punch at different stages during 

simulation 

Figure-12 shows the progression of punch at different stages during 

simulation. Figure-13 indicates the stress distribution at the time of 

failure in both weld model and base model. The stress starts                   

to induce on the plate along the contact region of punch and plate. 

After the moment of punch till certain depth the stress increases at 

inner edge of die-plate contact region as that region offers more 

resistance to the deformation. The yellow colored region in fig-13 is 

the one which is slightly away from die edge and is not in contact 

with punch. There the stress is slightly less compared to above 

mentioned contact region. Figure-14 shows the strain distribution at 

the time of failure in weld as well as base models. The strain is more 

in punch-plate contact region. As the deformation increases the strain 

also increases. The red colored region shows the high strained area of 

the plate.  Table-5 gives the detailed result of both experiment and 

numerical analysis.     

 

                       (a)                                            (b) 

Figure-13. Stress distribution at the time of failure in a) weld model  

b) base model 

 

 
                       (a)                                            (b) 

Figure-14.Strain distribution at the time of failure in a) weld 

model b) base model 
Table-5 Detailed results of experimentation and FE analysis 

 

Experimental Analytical Error 

Load 

(kN) 

Height 

(mm) 

Load 

(kN) 

Height 

(mm) 

Load 

(%) 

Height 

(%) 

Base 

Material 
23.1 5.97 24.3 6.11 5.19 2.34 

Weld 

Material 
25.7 6.1 27.4 6.42 6.61 5.24 

 

In this paper, the effect of welding on the formability of Ti-6Al-4V 

sheet metal is studied by conducting Erichsen cupping test. The 

experimental results are validated by FE analysis which is carried out 

in ABAQUS\CAE software. The comparison of tensile stress-strain 

graphs of parent and welded samples confirm that the tensile strength 

of welded Ti-6Al-4V sheet metal is increased about 1.7%. Erichsen 

cupping results confirm that the plasma arc welded sample is highly 

stretchable than the parent material. It also confirms that the ductility 

of the weld material is satisfactorily good. The FE analysis results are 

also well matched with the experimental results. 
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