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Formability, it is the capacity of a material to be formed into a particular shape without failure, it is 
an important property of sheet metals to create complex sheet parts effectively. Prediction of 
Formability, Thickness distribution in deep drawing process will decrease the production cost and time 
of material to be formed. In this study, Experimental analysis is using to draw cylindrical cups at elevated 
temperatures i.e. Room temperature (32°C), 150°C, 300°C and with different thickness of blanks i.e. 
1mm, 1.5mm, 2mm with 105mmm dia, 110 mm dia. Influence of forming temperature on maximum 
drawing load is measured. Influence of forming temperature on thickness strain, Influence of forming 
temperature on radial strain, Influence of forming temperature on Hoop strain were tabulated and 
experimentally analysed. Experimentally thickness distribution at various locations in half cut cup along 
with flange region is identified. Forming limit curves are plotted based on the experimental results 
predicted safe zone for sheet metal for different thickness of blanks. 
 
 

 
 
 

 
 

 

 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 
  
 
 
 

INTRODUCTION 
 

In automobile they test the formability of newly developed 
materials to introduce new models with better performance to 
get customer satisfaction or to select them for specific 
applications [1]. For that experimental analysis is needed 
number of experiments have to conduct to get good product. 
Theoretical analysis of deep drawing of cups was first   
reported by Hessenberg (HESSEBGERG, 1954), and Danckert 
(Danckert, 1995) studied the effect of residual stress in deep 
drawing of cylindrical cups by process modelling the die 
profile. The results of the parametic variation of the numerical 
simulation by Kobayashi and co-workers (Kobayashi and 
Alton, 1989; Kobayashi, 1978) compared reasonably well with 
experimental work of swift and chung (swift and chung, 1951), 
introduced plasticity matrices with elasto-plasto model for 
analysing cup drawing.D Swapna, S Radhika were reported a 
review on deep drawing (swapna and radhika, 146-149, 2018), 
Venkateswarlu. G and.; Davidson, M were (venkateswarlu, 
Davidson and Tagour, 2(11), 41–49 (2010).) worked on the 
influence of process parameters.A. C. Reddy, T. Kishen Kumar 
Reddy and M. VidyaSagar (vol.4, no.3, pp.53-62, 2012.) 
studied the characterization of warm deep drawing process. 
Yamuna, B., Reddy, A. C. Parametric (6(4), 2015, pp. 416-

424)) worked on influence of elevated temperatures on warm 
deep drawing process. 
 

Table 1 Chemical composition of AA 6061-T6 
 

Component Al Cr Cu Fe Mg Mn Si Ti Zn 
WT % 98.6 0.04 0.4 0.7 1.2 Max 0.15 0.8 Max0.15 Max 0.25 

 

Table 2 Mechanical properties of AA6061 
 

Property Metric English 
Hardness, Rockwell B 60 60 

Hardness, Vickers 107 107 
Ultimate Tensile Strength 310 MPa 45000 psi 

Tensile Yield Strength 276 MPa 40000 psi 
Elongation at Break 12 % 12 % 

Modulus of Elasticity 68.9 GPa 10000 ksi 
Poisson's Ratio 0.33 0.33 

Fatigue Strength 96.5 MPa 14000 psi 
Fracture Toughness 29 MPa-m½ 26.4 ksi-in½ 

Shear Strength 207 MPa 30000 psi 

 
The main tools used in deep drawing process are blank, punch, 
die and blank holder.Fig.1 will give the basic idea of deep 
drawing as follows. 
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Fig 1 Deep drawing of cylindrical cup formation
 

Aluminium alloys [4] are indispensable as an important material 
in sheet metal industry because of their superior properties such 
as acceptable cost, low density, good    mechanical properties, 
structural integrity and simple fabrication pr
Aluminium alloys are used in the production of railcars, marine 
hulls, military vehicles and aircraft. Sheet metal fabrication 
industries require materials that do not undergo necking, 
wrinkling and fracture during the forming process so that 
dimensional accuracy is maintained. The forming limit diagram 
was introduced by Keelar, an extensive work was done by 
Goodwin and the evaluation of the FLD was made simple by 
Hecker. Strano and Colosimo emphasised an approach to 
determine the forming limit curve based on experimental 
results. Their work focused on the separation of safe strains and 
failure strains[14].Many investigations have been reported on the 
sheet metal formability. However, a combined study of the 
construction of a FLD, the prediction of a FLD using a model 
and influence of parameters at different temperatures with 
different diameter blanks and with different thickness has not 
yet been carried out. The present investigation has been 
undertaken with the aim of establishing the forming l
diagram of Three different thickness blanks 1mm, 1.5mm, 
2mm with two different diameters 105mm & 110mm at three 
different temperatures Room Temperature 32°C, 150°C, 
300°C. This paper has attempted to experimental evaluation of 
aluminium sheets at elevated temperature. Also the Strains 
along radial strain, hoops strain [6] is measured. Thickness 
variation measured along the cup portions like Base, punch 
corner, wall, Die corner, Flange portion were measured. By 
using experimental investigation Forming l
plotted for all thickness blanks, Safe zone fo0r better forming 
was predicted. 
 

Experimental Procedure  
 

In experimentation first aluminium sheets are cut into Blanks as 
per the requirement. The aluminium Blanks are set apart with line 
examples of circles by using electric discharge machining. Blank 
is clamped at movable blank holder. The starting operations 
directed at three distinct temperatures (Room temperature, 150°C, 
300°C). At the point when sheet metal is formed, It is subjected to 
Different stresses. These stresses create non-uniform strains and 
many prompt wrinkling or crack in the formed specimen. 
forming procedure causes the line patterns to disfigure by a 
sum which relies upon the neighbourhood twisting experienced 
by the sheet metal. After the sheet metal is shaped, the circles 
will turn into an oval unless disfigurement is unadulterated 
biaxial stretching.    
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The longest measurement of the circle is the major axis and the 
measurement opposite to the major axis is called the minor 
axis. Estimation of major and minor axes of extended circles is 
measured by using Tools makes microscope can see i
By measuring the change in circle due to deep drawing i.e. 
Major and minor axis, figuring the estimations of real strain 
and minor strains, plotted FLD OF AA6061
experimental setup shown in figure
 

Fig 2 Hydraulic deep drawing 

Fig 3 Die with heater setup 
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The longest measurement of the circle is the major axis and the 
measurement opposite to the major axis is called the minor 
axis. Estimation of major and minor axes of extended circles is 
measured by using Tools makes microscope can see it in Fig.2. 
By measuring the change in circle due to deep drawing i.e. 
Major and minor axis, figuring the estimations of real strain 
and minor strains, plotted FLD OF AA6061-T6. The 
experimental setup shown in figure 2. 

 
 

Hydraulic deep drawing machine 
 

 
 

Die with heater setup  
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Fig 4 Drawn cups with different thickness
 

RESULTS AND DISCUSSION 
 

A total of 27 experiments are performed and the results were 
plotted from Graph 1  to Graph 11. 
 

 From graph 1 It can be observed that 
forming load is decreased at full draw when the 
processing temperature is increased. This is due to the 
flow stress decrees and ductility increases when the 
temperature is increased. 

 From graph 2 and graph 3. It can be observed that the 
maximum thinning occurs in the deep drawn cup at the 
punch corner radius region due to this region is subjected 
to biaxial tensile stress. The thickness variation at the 
bottom of the cup is negligible at all temperatures and it 
indicates no cold work is done at this region. The 
reduction of the thickness at the cup bottom decreases as 
the temperature is increasing.  The effect of thinning 
increases at all temperatures and the temperature 
increases at 150°C, and subsequently, it decreases on 
increasing the temperature. This is due to flow stress is 
decreased as the temperature is increased. 

 From graph 4 and graph 5. It can be observed that the 
percentage of radial strain variation at the bottom of the 
cup is negligible at all temperatures it is due to no cold 
work done at this region. The radial strain increases as the 
temperature is increased and the maximum variation in 
radial strain is observed at the bottom of the cup. As the 
temperature increased the radial strain decreased at all 
temperatures and then subsequently, decreases on 
increasing the temperatures. This is due to the easy flow 
of metal as the temperature is increased.

 From graph 6 and graph 7. It can be observed that the 
percentage of hoop strain variation at the bottom of the 
cup is negligible at all temperatures it is due to no cold 
work is done at this region. The hoop strain is decreased 
as the temperature increased. As the temperature is 
increased, the hoop strain decreases at all tempera
150°C, and then decreases on increasing the 
temperatures. This is due to the easy flow of metal as the 
temperature is increased and also the required load to 
cause this flow is decreased. 

 

From the above graph 8 to graph 11, FLD can be observed to
a curve of the major and minor strains. The right side of 
forming limit diagram, which is indication for positive major 
and minor strains. The left side of forming limit diagram 
indicates pertinent for positive major and negative minor 
strains. From the graph 8 we can observe forming limit 
diagram for 1mm thickness with two different diameter 
specimens, in this we can clearly see that safe zone, neck zone 
and unsafe zone. As we increase the thickness of the test 
specimen it can observe that fld limit is increasing from 1mm 
sheet to 2mm sheet we can see this variation in graph 11. It can 
be seen that from the graph 10 to 11Forming limit diagrams 
that thickness of specimen impacts forming utmost curves of 
AA6061. Identified that the optimum forming thickne
experiment, the FLD curves are shifted up significantly along 
themajor strain axis. By increasing the thickness of the 
specimens the formability is increasing. 
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Graph 2 Engineering thickness
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Maximum draw load at various processing temperatures 
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Graph 4 Engineering Radial strain 
 

 
 

Graph 5 True Radial strain 
 

 
 

Graph 6 Engineering Hoops strain 
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Forming Limit Diagram 
 

Specimens were sheared from the aluminium sheet metal 
AA6061-T6 with a thickness of 1mm,1.5mm, and 2mm, with a 
diameter of 105mm and 110mm. All specimens were marked 
with circles by using electronic discharge machining, with circle 
of 5mm diameter. And were formed up to the point of fracture 
using the hydraulic press. Sheet specimens were subjected to 
different states of strain namely tension plane strain and 
tension-compression because of the varying width. During 
formation, the circles were distorted to ellipses. A Tools maker 
microscope (Computer operated) with an accuracy of 0.01 mm 
was used to measure dimensions of the ellipses. The true major 
strain and the true minor strain were calculated using the 
formulae as 
 

True major strain = ln (Final D major/ original diameter) 
True minor strain = ln (Final D minor/ original diameter) 

 

The true major strain and the true minor strain were measured 
in the necked region, the fractured region and the safe region. 
The forming limit diagram was drawn using the true minor 
strain on abscissa and the true major strain on the ordinate. The 
safe region was identified by drawing a curve using the strain 
values obtained in the necked region. The strain states above 
the curve represent failure. The strain states below the curve 
represent the safe region. 
 

Forming Limit Diagrams for the different thickness and 
different diameters of blanks are as follows. 
 
 

 
 

Graph 8 FLD for 1mm Thick sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Graph 9 FLD for 1.5mm thick sheet 
 

 
 

Graph 10 FLD for 2mm Thick sheet 

 
 
 

 
 

Graph 7 True Hoops strain 
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Graph 11 Combined FLD 
 

CONCLUSON 
 

The chemical composition of the AA6061
reveals that high Mg concentration and low Mn, Si and Fe 
concentrations, it results in better formability compared to 
other series of aluminium alloys. The results also shown that 
the 2mm thick AA6061 has the highest major limiting strain at 
a particular minor strain for the tension-tension, plane strain 
and tension compression strain states therefore, the workability 
range of this sheet metal is good. In forming of sheet metal, the 
AA6061-T6 sheets exhibited higher limit strains at 300
the 1500C and room temperature. As the temperature increases 
we can observe good formability with low application of load. 
As thickness increases the level of FLD increases up to 2mm, 
identified that at the forming thickness1mm,1.5mm and 2mm, 
the FLD curves are shifted up significantly along the major 
strain axis. After experimentation on AA6061
drawing, it can be concluded that the working temperature
working thickness of AA606-T6 material is between 150
3000C and 1.5mm to 2mm for producing quality products and 
smooth operations for AA6061-T6 materials.
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