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ABSTRACT— In this present work, a statistical approach based on Taguchi and Anova techniques and fininte element 
analysis were adopted to determine the degree of importance of sheet thickness, temperature, coefficient of friction 
and temperature on the formability of cups from 1070A aluminium alloy using warm deep drawing process. The ex-
perimental results were validated using a finite element software namely D-FORM. The Erichsen deep drawing test 
was conducted to study the formation of wrinkles in the cups.  The thickness of sheet, temperature and coefficient of 
friction would influence the effective stress. The major parameter which could influence the effective strain, the vol-
ume of the cup was the thickness of sheet. The damage in the cups was occurred at thin sheets, high coefficient of fric-
tion, high strain rate and high temperature.  
 
Index Terms— warm deep drawing, 1070A  aluminium, sheet thickness, temperature, strain rate, coefficient of friction, wrinkles,damage.   

——————————      —————————— 

1 INTRODUCTION                                                                     
ANY investigations have been carried out to obtain an 
optimal blank shape that can be deformed into the near-
net shape. Chung et al. [1] have proposed a direct de-

sign method based on an ideal forming theory to get an initial 
blank shape. But real forming conditions such as blank holder 
force, friction force, tool geometry are not considered. Shehata 
et al. [2] have demonstrated the formability can be improved 
using differential temperature rather than a uniform tempera-
ture rise. Finch et al. [3] investigated the effect of warm form-
ing on drawbility of both rectangular and circular cups from 
annealed and hardened aluminium sheet alloys. The results 
indicated significant improvement in the drawability in terms 
of cup height at a temperature of about 1500C even for the pre-
cipitation hardened alloys (like 2024-T4 and 7075-T6). Toros et 
al. [4] have developed an analytical model to evaluate deep 
drawing process at elevated temperatures and under different 
blank holder pressure (BHP) and identified that blank temper-
ature, punch speed, BHP, and friction are the main factors that 
influence formability. Jeyasingh et al. [5] have carried out in-
vestigations on failures of hydroforming deep drawing pro-
cesses. The punch deforms the blank to its final shape by mov-
ing against a controlled pressurized fluid, which acts hydro-
statically via a thin rubber diaphragm. As a result of the con-
trollable backup pressure, a favorable pressure path, with re-
spect to the punch travel, can be sought in order to delay the 
premature failures. The failure by rupture results from an ex-
cessive fluid pressure, while wrinkling results from insuffi-
cient fluid pressure. The range of pressure in between these 
two boundaries, give the working zone. Reddy et al. [6] have 
carried out the experimental characterization on the warm 

deep drawing process of extra-deep drawing (EDD) steel. The 
results of the experimentation conclude that the extent of 
thinning at punch corner radius is lower in the warm deep-
cup drawing process of EDD steel at 2000C. Reddy et al. [8] in 
their work have simulated that the cup drawing process with 
an implicit finite element analysis. The effect of local thinning 
on the cup drawing has been investigated. The thinning is ob-
served on the vertical walls of the cup. The strain is maximum 
at the thinner sections. Reverse superplastic blow forming of a 
Ti-6Al-4V sheet has been simulated using finite element meth-
od to achieve the optimized control of thickness variation [9]. 
The strain hardening rate and fracture toughness are usually 
affected by strain rate and temperature. At low and interme-
diate strain rates (<500 s-1) the strength increases with the 
strain rate. Reddy [10] has used taguchi technique which can 
save the cost of experimentation to optimize the extrusion 
process of 6063 alumimium alloy. Industrial pure aluminum 
can not be heat strengthened, through increased intensity of 
cold deformation, the only form of heat treatment is anneal-
ing. The strength of 1070 aluminum can be improved by small 
addition of different amount of borax. 1070 aluminium alloy is 
highly resistant to chemical corrosion and has good crack re-
sistance. 1070 is being widely used in less demanding on the 
strength of the product, such as chemical equipment, sheet 
metal processing parts, deep drawing or spinning hollow-
ware, welding parts, heat exchangers, bell surface and disk, 
plate, kitchenware, decorations, utensils and other reflective.  

The objective of the present work is to optimize the warm 
deep drawing process of 1070A aluminium alloy using taguchi 
technique. In this present work, a statistical approach based on 
Taguchi and Anova techniques was adopted to determine the 
degree of importance of each of the process parameter on the 
formability of deep drawn cup. All the experimental results 
have been verified using D-FORM software.  
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2 MATERIALS AND METHODS 
1070A aluminium alloy was used to fabricate deep drawing 
cups. The tensile and yield strengths of this alloy are 150 and 
120 MPa respectively. The elastic modulus is 70 GPa.  The 
poisson’s ratio is 0.33. The percent elongation is 12. The con-
trol parameters are those parameters that a manufacturer can 
control the design of the product, and the design of process. 
The levels chosen for the control parameters were in the oper-
ational range of 1070A aluminum alloy using deep drawing 
process. Each of the three control parameters was studied at 
three levels.  The chosen control parameters are summarized 
in table 1. 

TABLE  1 
Control Parameters and Levels  

 
Factor Symbol Level–

1 
Level–
2 

Level–
3 

Thickness, mm A 0.40 0.80 1.50 
Temperature, 0C B 30 300 500 
Coefficient of Fric-
tion C 0.02 0.05 0.08 

Strain rate D 100 500 1000 
 
The orthogonal array (OA), L9 was selected for the present work. 

The parameters were assigned to the various columns of O.A. The 
assignment of parameters along with the OA matrix is given in table 2.  

TABLE 2 
Orthogonal Array (L9) and control parameters 

 
Treat No. 

 
A B C D 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

2.1 Fabrication of Deep Drawn Cups 
The blank size was calculated by equating the surface area of 
the finished drawn cup with the area of the blank.  The diame-
ter of the blank is given by: 
𝐷 = √𝑑2 + 4𝑑ℎ   for d/r > 20    (1) 
 
𝐷 = √𝑑2 + 4𝑑ℎ  - 0.5r     for 20 < d/r < 20  (2) 
 
𝐷 = √𝑑2 + 4𝑑ℎ  - r for 15 < d/r < 10   (3) 
 
𝐷 = �(𝑑 − 2𝑟)2 + 4𝑑(ℎ − 𝑟) + 2𝜋𝜋(𝑑 − 0.7𝑟)  for 2d/r < 10  (4) 
 
where d is the mean diameter of the cup (mm), h is the cup 
height (mm) and r is the corner radius of the die (mm). 

The force required for drawing depends upon the yield 
strength of the material σy, diameter and thickness of the cup: 
Drawing force, 𝐹𝑑 = πdt⌈𝐷/𝑑 − 0.6⌉𝜎𝑦   (5) 
where D is the diameter of the blank before operation (mm), d 
is the diameter of the cup after drawing (mm), t is the thick-
ness of the  cup (mm)  and σy is the yield strength of the cup 
material (N/mm2). 

The drawing punches must have corner radius exceeding 
three times the blank thickness (t). However, the punch radius 
should not exceed one-fourth the cup diameter (d). 
3t<Punch radius < d/4     (6) 

For smooth material flow the die edge should have gener-
ous radius preferably four to six times the blank thickness but 
never less than three times the sheet thickness because lesser 
radius would hinder material flow while excess radius would 
reduce the pressure area between the blank and the blank 
holder. The corner radius of the die can be calculated from the 
following equation: 
𝑟 = 0.8�(𝐷− 𝑑)𝑡     (7) 
The drawing ratio is roughly calculated as 
DR = D/d      (8) 
The material flow in drawing may render some flange thicken-
ing and thinning of walls of the cup inevitable. The space for 
drawing is kept bigger than the sheet thickness. This space is 
called die clearance.  
Clearance, 𝑐 = 𝑡 ± 𝜇√10𝑡     (9) 
 

The sheets of 1070A aluminium alloy were cut to the re-
quired blank size. The blank specimens were heated in a muf-
fle furnace to the desired temperature as per the design of ex-
periments. The blank pressure was caluculated using equ (5). 
The cups were fabricated using hydrolically operated deep 
drawing machine as shown in figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Deep drawing machine (hydraulic type). 
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2.2 Conduction of Tests 
The following tests were conducted on the materials used in 
the present work: 
• Tensile test to find true stress-true strain curve 
• Volume of the deep drawn cups 
• Thickness of deep drawn cups 
• Inspection of fracture and wrinkle formation on the cups 
• Erichsen deep drawing test 

The Erichsen deep drawing test (figure 2) was conducted 
for testing the deep drawing quality and ear forming tendency 
on 1070A aluminium alloy sheet. The test consisted of forming 
an indentation by pressing a punch with a spherical end 
against a test piece clamped between a blank holder and a die, 
until a through crack appears. The depth of the cup was 
measured. 

 

 

 

 

 

 

 

 

 

 
 
 
 
Note: a is the thickness of the sheet, h is the depth of the indentation during the 
test and IE is the Erichsen cupping index. 

3  FINITE ELEMENT MODELING AND ANALYSIS 
The finite element modeling and analysis was carried using D-
FORM 3D software. The circular sheet blank was created with 
desired diameter and thickness. The cylindrical top punch, 
cylindrical bottom hollow die were modeled with appropriate 
inner and outer radius and corner radius [10]. The clearance 
between the punch and die was calculated using equ (9).  The 
sheet blank was meshed with tetrahedral elements [11]. The 
modeling parameters of deep drawing process were as fol-
lows: 

Number of elements for the blank: 6767 tetrahedron 
Number of nodes for the blank: 2375 
Top die polygons: 9120 
Bottom die polygons: 9600 

The initial position of the die, punch, blank holder is shown 
in figure 3. The contact between blank and punch, die and 
blank holder were coupled as contact pair.  The mechanical 
interaction between the contact surfaces was assumed to be 
frictional contact. The finite element analysis was chosen to 
find the effective stress, effective strain, volume of the cup, 

and damage of the cup. The finite element analysis was con-
ceded to run using D-FORM 3D software according to the de-
sign of experiments for the purpose of validating the results of 
experimentation.  

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Erichsen deep drawing tester. 

 

 
Fig. 4. 1070A aluminum alloy tensile stress-strain curves. 

 

 
Fig. 3. Deep drawing operation using D-FORM 3D software. 
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4  RESULTS AND DISCUSSION 
The experiments were scheduled on random basis to accom-
modate the manufacturing impacts (like variation of tempera-
ture, pressure). Two trials were carried out for each experi-
ment. 

The specifications of the tensile test specimen are diameter, 
12.7 mm and gage length 203.2 mm.  The properties are as fol-
lows: nominal tensile strength, 194.8 MPa, true tensile 
strength, 218 MPa, nominal yield strength (0.2% offset), 102 
MPa, and elongation (in 50.8 mm), 40.0% A log-log plot of the 
stress-strain curve would yield a slope (n) of 0.23 in the area of 
uniform plastic deformation (figure 4). 

3.1 Influence of Process Parameters on Effective Stress 
Table 3 gives the ANOVA (analysis of variation) summary of 
raw data. The Fisher’s test column establishes all the parame-
ters (A, B, and D) accepted at 90% confidence level. The per-
cent contribution indicates that the thickness parameter, A 
contributes 10.71% of variation, B (temperature) assists 85.78% 
of variation, and D (strain rate) contributes 3.34% of variation 
on the effective tensile stress. 

TABLE 3 
ANOVA summary of the effective stress  

 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 632.19 568.60 473.21 2134.16 2 1067.08 103.28 10.71 

B 800.57 520.96 352.47 17075.22 2 8537.61 826.35 85.78 

C 555.74 553.27 564.98 12.71 2 6.35 0.61 0.05 

D 507.52 593.29 573.19 670.78 4 167.70 16.23 3.34 

Error    10.33 7 1.48 0.14 0.12 

T 2496.01 2236.12 1963.86 19903.20 17   100.00 

Note: SS is the sum of square, v is the degres of freedom, V is the variance, 
F is the Fisher’s ratio, P is the percentage of contribution and T is the sum 
squares due to total variation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The influence of thickness on the effective stress is shown fig-
ure 5. The effective stress of the cups decreases from 105.37 to 
78.87 MPa with increasing thickness of sheet. This is practical 
as the denominator component of ‘stress = force/area’ in-

creases the stress value decreases. The effective stress decreas-
es from 133.43 to 58.75 MPa with increasing temperature from 
30 to 5000C (figure 6). This is owing to the softening of materi-
al with an increase in the temperature. The maximum forming 
load decreases as the working temperature is increased. The 
maximum forming load is found to decrease from 12KN to 
4KN over the working temperature range 1000C<T< 500 0C.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The influence of strain rate on the effective stress is shown 
in figure 7. It is observed that the effective stress increases 
with an increase in the strain rate.  Lee and Yeh [12] made 
some experiments to determine dynamic relation between 
yield strength and deformation of steel alloy. Obtained results 
showed that yield strength is magnifying with increasing of 
strain rate or decrease of the temperature. 

The FEA results of effective stress are shown in figure 8. 
The test condtions (treat no. 2) of thickness, 0.40 mm, tempera-
ture, 3000C, coefficient of friction, 0.05 and strain rate, 500 has 
yielded the effective stress of 95.20 MPa with fracture in the 
cup.The test condtions (treat no. 3) of thickness, 0.40 mm, 
temperature, 5000C, coefficient of friction, 0.08 and strain rate, 
1000 has yielded the effective stress of 75.10 MPa with fracture 
in the cup. In both the cases the strain rate and temperature 
have played a dominant role. Kobayashi and Dodd [13] pro-
posed the following equation with a term for temperature sof-
tening: 

 
Fig. 5. Influence of sheet thickness on the effective stress. 

 

 
Fig. 6. Influence of temperature on the effective stress. 

 

 
Fig. 7. Influence of strain rate on the effective stress. 
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𝜎 = 𝐾𝜖𝑛𝜖̇𝑚(1− β∆T)                                                                (10) 
where σ is the flow stress, ε the strain, n the work-hardening 
coefficient, έ the strain rate, m the strain-rate sensitivity index, 
T the temperature and K and β are constants.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Influence of Process Parameters on Effective Strain 
The ANOVA summary of the effective strain is given in table 
4. The Fisher’s test column ascertains all the parameters (A, B, 
C, D) accepted at 90% confidence level influencing the varia-
tion in the elastic modulus. However, the major contribution 
(70.14%) is of sheet thickness towards variation in the effective 
strain. The other influencial parameters are coefficient of fric-
tion (12.71%), strain rate (10.95%) and temperature (5.92%). 

TABLE 4 
ANOVA summary of the effective strain  

 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 27.95 18.96 7.79 34.02 2 17.01 466.40 70.14 

B 21.36 17.82 15.52 2.89 2 1.44 39.48 5.92 

C 23.13 16.50 15.07 6.18 2 3.09 84.73 12.71 

D 22.56 17.50 14.64 5.35 4 1.34 36.74 10.95 

Error    0.04 7 0.01 0.27 0.28 

T 95.00 70.77 53.02 48.48 17   100 

 
 
 

 

 
 

 

 
 

 

 
 

The effective strain decreases with an increase in the thick-
ness of blank sheet as shown in figure 9. The characteristic 
equation that describes superplastic behavior is usually writ-
ten as 𝜎 = 𝐾𝜖̇𝑚m, [14] where σ is the flow stress, K is a material 
constant, έ is the strain rate and m is the strain-rate sensitivity 
index of the flow stress. The m-value is a function of the form-
ing parameters, such as the strain rate and the temperature, 
and is also connected with the microstructural characteristics. 
The FEA results of effective strain are shown in figure 10. The 
failure of cup fabricated under test conditions of treat no.3 was 
due to the high effective strain of 3.78. It is seen that the tem-
perature dependency for the fracture strain is evidently strain 
rate sensitive. 

3.3 Influence of Process Parameters on Volume of Cup 
The ANOVA summary of volume is given in table 5. The Fish-
er’s test column ascertains all the parameters (A, B, C, and D) 
accepted at 90% confidence level influencing the variation in 
the flexural strength. The percent contribution indicates that 
thickness of sheet gives 100%of variation and rest of the pa-
rameters has negligible influence of variation. The volume of 

 
Fig. 8. Influence of process parameters on the effective stress. 

 

 
Fig. 9. Influence of sheet thickness on the effective strain. 
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cup increases with an increase in the thickness of sheet as 
shown in figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 5 
ANOVA summary of the volume of cup  

 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 15964 31960 59947 165207823 2 82603912 76468 100 

B 35945 35954 35972 61 2 30 0 0 

C 35964 35938 35969 93 2 47 0 0 

D 35923 36022 35927 1042 4 260 0 0 

Error    1080 7 154 0 0 

T 123795 139874 167815 165210099 17   100 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4 Influence of Process Parameters on Damage of Cup 
The ANOVA summary of specific wear rate is given in table 6. 
The Fisher’s test column ascertains the parameters (A, B, C 
and D) accepted at 90% confidence level influencing the varia-
tion in the impact strength. The percent contribution indicates 
that the thickness of the sheet only contributes half (82.67%) of 
the variation, parameter, T (temperature) aids 6.01% of varia-
tion, coefficient of friction contributes 5.16% of variation and 
strain rate contributes 6.14% of variation. 

TABLE 6 
ANOVA summary of the damage of cup  

 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 26.64 4.39 3.49 57.33 2 28.67 5541.60 82.67 

B 10.30 8.73 15.49 4.17 2 2.08 402.04 6.01 

C 9.93 9.31 15.27 3.58 2 1.79 345.99 5.16 

D 9.76 9.14 15.61 4.26 4 1.07 206.82 6.14 

Error    0.01 7 0.00 0.00 0.02 

T 56.62 31.57 49.86 69.35 17   100.00 

 
The effect of thickness on the damge of cup is shown in fig-

ure 12. The damage decreases with an increase in the thickness 
of the sheet. As the temperature increases the damage increas-
es (figure 13) because of softening of the material. In the case 

 
Fig. 10. Influence of process parameters on the effective strain. 

 
Fig. 11. Influence ofsheet thickness on the volume of cup. IJSER
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of friction between the piece and the dies, the increase of the 
coefficient of friction determines the wrinkling to reduce, but 
high values of the coefficient can cause cracks and material 
breakage [12]. As the temperature increases from 300 to 5000C 
the damage of cups increases as shown in figure 13. The dam-
age in the cups increases with an increase in the friction coeffi-
cent as shown in figure 14. As the friction increases the dam-
age also increases. It was observed that if the friction forces are 
low, the wrinkling is more pronounced, but if the friction forc-
es are too high the material can break. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the case of deep-drawing, under the effect of the defor-
mation force, the blank is subjected to a tangential compres-
sion stress and a radial extension stress. For instance, in the 
case of the thin sheets, although the radial extension stress of 
the flange is relatively high, the tangential compression stress 

can lead to the risk of its wrinkling (figure 16a), a risk which is 
very likely to appear when the difference between the outer 
diameters of the blank and the finished piece is big and the 
sheet thickness is small. It is observed form figure 15 that the 
damage in the cup increases with an increase in the strain rate.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is clearly observed from figures 16a, (figure 17-1), 16b (fig-
ure 17-2) & 16c (figure 17-3) that the damage in the cup was 
due to low thickness of sheet, high temperature, high coeffi-
cent of friction and high strain rate.  

The result of figure 16a (figure 17-1) was due to thickness  
0.40 mm of the sheet metal. The result of figure 16b (figure 17-
2) was due to temperature (3000C) and strain rate (500). The 
result of figure 16c (figure 17-3) was due to temperature 
(5000C), high friction coefficient (0.08) and strain rate (1000). 
Very good quality of cup with test conditions of treatment 8 

 
Fig. 13. Influence of temperature on the damage of cup. 

 
Fig. 14. Influence of friction on the damage of cup. 

 
Fig. 15. Influence of strain rate on the damage of cup. 

 
Fig. 12. Influence of thickness on the damage of cup. 

 
Fig. 16. Experimentally drawn cups 
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(figure 17-8) was resulted (figure 16d). This is also provided 
with the FEA results as seen in figure 17. The damage was 
observed with treat number 1,2&3. With test conditions of 
treatment 3 the damage was very high (6.47). In this case it 
was also observed that heavy thinning was occurred near the 
punch radius. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of temperature on the results of the Erichsen 
deep drawing test is shown in figure 18. The volume of the 
cup increases with an increase in the temperature. From figure 
19a, 19b &19c it was observed that 0.40 mm sheets at room 
temperature, at  3000C and at 5000C show cleavage which was 
an indication of the formationn of wrinkles in the cups. From 
figure 19d there was an indication of forming wrinkles at 
room temperature for 0.80 mm thick sheets. No wrinkles (fig-
ure 19f) were formed at 5000C temperature for 0.80mm thick 
sheets. The wrinkles were not formed for thick (1.50mm) 
sheets of cups. 

4. CONCLUSION 
The thickness of sheet, temperature, and coefficient of friction 
influence the effective stress. The major parameter which can 
influence effective strain, volume of the cup is the thickness of 
sheet. The damage in the cups was less with thick sheets and it 
was more at high coefficient of friction, strain rate and tem-

 
Fig. 17. Influence of process parameters on the damage of cups 

 

 
Fig. 19. Cups drawn on Erichsen deep drawing tester. 

 
Fig. 18. Influence of temperature on the volume of cup 
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perature. The formation of wrinkles was less with medium 
coefficient of friction anfd with thick sheets. 
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