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Abstract: In this present work, a statistical approach based on Taguchi Techniques and finite element analysis were adopted to deter-

mine the formability of cylindrical cup from nickel 201 using cold deep drawing process. The process parameters were punch velocity, 

coefficient of friction, strain rate and displacement per step. The formability of deep drawn cylindrical cups were also constructed. The 

results obtained from the finite element software namely D-FORM were validated experimentally. The strain rate by itself has a substan-

tial effect on the effective stress, surface expansion ratio, damage and height of the cylindrical cups drawn. The extending deformation 

of grain boundary micro-voids towards the tensile direction would contribute more to the total elongation, as the strain rate increases; 

this should be the most possible reason for the increase of surface expansion ratio with an increase in the strain-rate. The plastic defor-

mation increases with the extended yield strength, consequently the damage decreases. 
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1. Introduction 
 
Cold deep drawing of metal sheet is used to form cans, box-
es, and bottles, as well as irregularly shaped products at room 
temperature. A flat blank sheet is formed into a cup by forc-
ing a punch against the center portion of a blank that rests on 
the die. The cold deep drawing process variables, which af-
fect the failure of the cup drawing process, include material 
properties, die design, and process parameters such as coeffi-
cient of friction, strain rate, blank holding force, punch ve-
locity, punch and die corner radii and drawing ratio [1, 2].  
 
Experimental [3] and numerical [4-8] investigation of cup 
drawing was carried out to study of stresses and strains cold 
and warm drawing environments. In the finite element simu-
lations, a forming limit diagram (FLD) has been successfully 
applied to analyze the fracture phenomena by comparing the 
strain status [9-17].  Optimization of the process parameters 
such as strain rate, blank holder force, friction coefficient, 
etc., was accomplished based on their degree of importance 
on the sheet metal forming characteristics. In fact, the metal-
lic material is subjected to large irreversible deformation in 
sheet forming processes. This leads to high strain localiza-
tion zones and then internal or superficial micro-defects 
(ductile damage) This damage causes quality problems such 
as necking and fracture, leading to process interruptions [18]. 
 
Nickel 201 alloy is a nickel-manganese alloy. The manga-
nese addition provides resistance to sulfur compounds at 
elevated temperatures and retains higher strength than Nickel 
200 alloy at elevated temperatures. Nickel 201 alloy has been 
used as fuses in light bulbs and grids in vacuum tubes.  
 
In the present work, the formability of cold deep drawing 
process was evaluated during the fabrication of Nickel 201 
cylindrical cups. The investigation was focused on the 
process parameters such as punch velocity, coefficient of 
friction, displacement per step and strain rate. The design of 
experiments was carried out using Taguchi technique and the 
warm deep drawing process was executed using the finite 

element analysis software namely D-FORM 3D.  
 
2. Materials and Methods 
 
Nickel 201 was used to fabricate cylindrical cups. The levels 
chosen for the control parameters were in the operational 
range of Nickel 201 using deep drawing process. The chosen 
control parameters are summarized in table 1. The orthogon-
al array (OA), L9 was selected for the present work. The 
assignment of parameters along with the OA matrix is given 
in table 2. 
 

Table 1: Control parameters and levels 
Factor Symbol Level–1 Level–2 Level–3 

Punch velocity, mm/s A 2 3.5 5 
Coefficient of friction B 0.1 0.15 0.2 

Strain rate. 1/s C 1 10 100 
Displacement per step D 0.50 0.75 1.00 

 
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 di-
ameter meter 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) 
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D =   d − 2r 2 + 4d h − r + 2πr 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 
thickness 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 ra-
dius should not exceed one-fourth the cup diameter (d). 

3t<Punch radius < d/4              (6) 
 
For smooth material flow the die edge should have generous 
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  the 
pressure  area between the blank and the blank holder, and 
would cease to be under blank pressure. 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 thick-
ening 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) 
 

 
Figure 1: Deep drawing machine (hydraulic type) 

 
The sheets of Nickel 201 were cut to the required blank size. 
The blank pressure was calculated, as in (5). The cups were 
fabricated using hydraulically operated deep drawing ma-

chine as shown in figure 1.  
 
2.2  Finite Element Modeling and Analysis 

 
The finite element modeling and analysis was carried using 
D-FORM 3D software. The pyramidal top punch, pyramidal 
bottom hollow die were also modeled with appropriate inner 
and outer radius and corner radius using CAD tools. The 
clearance between the punch and die was calculated as in Eq. 
(9).  The sheet blank was meshed with tetrahedral elements 
as shown in figure 2. The modeling parameters of deep draw-
ing process were as follows: 
Number of tetrahedron elements for the blank: 21980  
Number of nodes for the blank: 7460 
Number of polygons for top die: 9120 
Number of polygons for bottom die: 9600 

 

 
Figure 2: Deep drawing process for pyramidal cups. 

 
The basic equations of the rigid-plastic finite element analy-
sis are as follows: 
 Equilibrium equation: 

 𝜎𝑖𝑗 ,𝑗 = 0           (10) 
Compatibility and incompressibility equations: 

Strain rate tensor, 𝜀 𝑖𝑗 =
1

2
 𝑢𝑖,𝑗 + 𝑢𝑗 ,𝑖  , 𝜀 𝑘𝑘 = 0    (11) 

where ui,j and uj,i are velocity vectors. 
Constitutive equations: 

Stress tensor, 𝜎𝑖𝑗 =
2𝜎𝑒𝑞

3𝜀𝑒𝑞
𝜀 𝑖𝑗      (12) 

where, equivalent stress,  𝜎𝑒𝑞 =  
3

2
 𝜎𝑖𝑗 , 𝜎𝑖𝑗    and equivalent 

strain, 𝜀𝑒𝑞 =  
3

2
 𝜀𝑖𝑗  𝜀𝑖𝑗   . 

The Coulomb’s friction model was given by 
 𝜏𝑓 = 𝜇𝑝          (13) 

where μ is the coefficient of friction (COF), p is the normal 
pressure, and τf is the frictional shear stress.  
The flow stress based on the strain hardening is computed by 
the following equation: 
  𝜎𝑓 = 𝐾𝜀𝑛                  (14) 
where, K and n are work hardening parameters depending on 
mechanical properties of material. 
The flow stress equation considering the effects of the strain, 
strain rate and temperature is given by  

 𝜎𝑓 = 𝑓 𝜀, 𝜀, 𝑇                (15) 
where, ε represents the strain, 𝜀  represents the strain rate and 
T represents the temperature. 
 
Johnson-Cook Model [19] is among the most widely used 
mode. It connects all the deformation parameters in the fol-
lowing compact form. 
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 𝜎𝑓 =  𝜎 + 𝐾𝜀𝑛  1 + 𝑆𝑙𝑛
𝜀 

𝜀0 
  1 −  

𝑇−𝑇0

𝑇𝑚 −𝑇0
 
𝑚

    (16) 
where, 𝜀0  is a reference strain rate taken for normalization; σ 
is the yield stress and K is the strain hardening factor, whe-
reas S is a dimensionless strain rate hardening coefficient. 
Parameters n and m are the power exponents of the effective 
strain and strain rate. 
 
Hill’s and Swift’s theories used to calculate the forming limit 
strains on the left and the right side, respectively, of the 
forming limit diagram (FLD). Assuming that the strain-stress 
relationship of sheets can be expressed by Hollomon’s equa-
tion the formulae calculating the forming limit strains can be 
written as follows, with stress ratio, 𝛼 = 𝜎1 𝜎2 . 
For 𝜀2 < 0 

 εl1 =
1+ 1−α r

1+α
n         (17) 

 εl2 =
α+ 1−α r

1+α
n         (18) 

 
In the present work, the contact between blank/punch and 
die/blank were coupled as contact pair.  The mechanical inte-
raction between the contact surfaces was assumed to be fric-
tional contact and modeled as Coulomb’s friction model as 

defined in Eq. (13). The finite element analysis was chosen 
to find the effective stress, height of the cup, and damage of 
the cup. The finite element analysis was carried out using D-
FORM 3D software according to the design of experiments. 
 
4. Results and Discussion 
 
Two trials were carried out with different meshes for each 
experiment. For the ANOVA (analysis of variance) the Fish-
er’s test (F = 3.01) was carried out on all the parameters (A, 
B, C and D) at 90% confidence level. 
 

4.1 Influence of process parameters on effective stress 

 
Table 3 gives the ANOVA (analysis of variation) summary of 
the effective stress. The punch velocity (A) had an effect 
(25.64%) on the effective stress. The coefficient of friction 
had contributed a variation of 7.54% in the effective stress. 
The strain rate had a marked effect of 53.74% of the total 
variation observed in the effective stress. The displacement 
per step had tendered a variation of 13.08% in the effective 
stress. 

 

Table 3: ANOVA summary of the effective stress 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 2363 4733 5824 2.1E+06 1 2.1E+06 3.2E+08 25.64 
B 3800 5414 3706 6.1E+05 1 6.1E+05 9.4E+07 7.54 
C 6950 1835 4134 4.4E+06 1 4.4E+06 6.7E+08 53.74 
D 5037 5036 2847 1.1E+06 1 1.1E+06 1.6E+08 13.08 
e    6.5E-03 4 0.0E+00 0.0E+00 0.00 
T 18150 17017 16511 8.1E+06 8   100.00 

Note: SS is the sum of square, v is the degrees 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. 
 

 

 

 

 
Figure 3: Influence of process parameters on the effective 

stress: (a) punch velocity, (b) coefficient of friction, (c) strain 
rate and (d) displacement per step on the effective stress. 
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The effective stress was increased with an increase in the 
punch velocity (figure 3a). A material that undergoes higher 
punch velocity experiences higher punch forces. The use of a 
high punch velocity can lead to rupture of the sheet material. 
This phenomenon was also observed in strip drawing tests 
done by Carignan et al. [19]. The influence of friction on the 
effective stress is shown in figure 3b. In this work, the coef-
ficient of friction was varied from 0.1 to 0.2. Therefore, the 
shear stress due to friction would vary from 0.1P to 0.2P, 
where P is the normal pressure according the Eq. (13). The 
increase in the nominal contact pressure would crush the 
surface asperities of the blank giving rise to more real con-
tact area. Hence, the result was the requirement of high 
drawing pressure to draw the cup. The equivalent stress was 
high for the coefficient of friction of 0.15. When work har-
dening occurs, the real pressure in an asperity is larger than 
the hardness, causing a lower real contact area resulting the 
low value of effective for coefficient of friction of 0.2. Also, 
in the drawing process the friction coefficient decreases with 
increasing drawing velocity. It is known that in warm and 
hot forming the forming speed and with it combined strain 
rate has immense role on material flow in bulk and sheet 
metal operations. In contrast, the influence of the strain rate 
on the flow curve is only rarely analyzed at room tempera-
ture. The required stress in tension necessary to obtain par-
ticular deformation is getting higher with increase of a strain 
rate at a constant temperature. The equivalent stress was in-
creased from 10–100 s–1 (figure 3c) while at quasi-static 
strain conditions below strain rate of 10 s–1 the total elonga-
tion is smaller and the material rupture at lower equivalent 
strains. The effective stress decreases with an increase in the 
displacement per step as shown in figure 3d. In figure 4 the 
punch force evolution acquired during the numerical deep 
drawing process was described. Figure 4 presents the punch 
force evolution with the punch displacement, considering 
anisotropic and isotropic behaviour of the blank, respective-
ly. Some oscillations in the predicted punch force evolution 
due to the relation between the blank discretization and the 
isotropic behavior of the material. Globally, there is always a 
surface layer of nodes entering or leaving contact with the 
tools, leading to a globally smoother evolution, presenting 
more oscillations. 
 

 

 

 
Figure 4: Punch force evolution with the punch displace-

ment 
 

4.2 Influence of Process Parameters on Surface Expan-

sion Ratio 

 
In the deep drawing process the plastic deformation in the 
surface is much more pronounced than in the thickness. The 
term surface expansion ratio was introduced to measure the 
formability of cups [12-17]. This depicts the formability and 
ductility of the blank material drawn into the cup. 

Surface expansion ratio = 
𝐴𝑖

𝐴0
                            (19) 

where, Ai is the instantaneous surface area of the cup drawn 
and A0 is the initial blank surface area. 
   

Table 4: ANOVA summary of the surface expansion ratio 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 6.07 6.38 4.67 0.55 1 0.55 19.93 30.72 
B 5.66 5.47 5.99 0.04 1 0.04 1.45 1.71 
C 4.71 6.35 6.06 0.5 1 0.5 18.12 27.88 
D 4.97 5.32 6.83 0.64 1 0.64 23.19 35.84 
e    0.0276 4 0.01 0.36 3.85 
T 21.41 23.52 23.55 1.7576 8   100 

 
The ANOVA summary of surface expansion ratio is given in 
table 4. The punch velocity (A) would contribute 30.72% 
towards the variation observed in the surface expansion ratio. 
The coefficient of friction was insignificant the surface ex-
pansion ratio. The strain rate and displacement per step, re-
spectively had contributed 27.88% and 35.84% towards the 
total variation in the surface expansion ratio. 

 
The surface expansion ratio would decrease with an increase 
in the punch velocity (figure 5a). In the forming processes, 
the volume of the material remains constant before and after 
the forming process. The punch force is directly proportional 
to the punch velocity. On account of the punch force, the 
blank material undergoes plastic deformation to form the 
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cup. As the plastic deformation is irreversible, the cup retains 
its shape. Experimentally, it has been observed that the sur-
face area of the cup drawn is always higher than the initial 
blank surface area [6]. The coefficient of friction was insigni-
ficant on the surface expansion ratio. The effect of strain rate 
on the surface expansion ratio is shown in figure 5b. The 
surface expansion ration increased with the strain rate (figure 
5b) displacement per step (figure 5c). A sudden change of 
strain rate from e1 to e2 would lead to a corresponding in-
crease of stress from σ1 to σ2. After each sudden change of 
strain rate a stress transient was observed. Depending on the 
previous deformation history, the stress may be at first either 
higher or lower than the expected value. The extending de-
formation of grain boundary micro-voids towards the tensile 
direction would contribute more to the total elongation, as 
the strain rate increases; this should be the most possible 
reason for the increase of surface expansion ratio with an 
increase in the strain-rate. The FEA results of surface expan-
sion ratio are revealed in figure 6 for various test conditions 
as per the design of experiments. For the test trails 3 and 4 
the surface expansion ratio was higher than 2.5. For the trail 
2 the surface expansion ratio was higher than 2.0 but less 
than that of trials 3 and 4. For the trails 1, 5 to 9 the surface 
expansion ratio was less than 2.0. 
 

 
Figure 5: Influence of process parameters on the surface 
expansion ratio: (a) punch velocity, (b) coefficient of fric-
tion, (c) strain rate and (d) displacement per step on the ef-

fective stress. 

 
Figure 6: Surface expansion ratios of all trials 

 
4.3 Influence of process parameters on cup height 

 
As per the Fisher’s test (F = 3.01), the punch velocity (A) 
would contribute 14.16% towards the variation observed in 
the cup heights (table 5). The coefficient of friction gave 
56.26% towards the variation in the cup heights. The strain 
rate would furnish 12.70% towards the variation in the cup 
heights. The displacement per step would share 16.88% to-
wards the variation in the cup heights. 
 

Table 5: ANOVA summary of the cup height 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 190.20 143.38 150.55 423.95 1 423.95 61598.25 14.16 

B 198.64 181.29 104.20 1684.69 1 1684.69 244778.76 56.26 

C 158.47 139.07 186.59 380.44 1 380.44 55276.42 12.70 
D 138.77 153.33 192.04 505.45 1 505.45 73439.88 16.88 
e    0.01 4 0.00 0.00 0.00 
T 686.08 617.07 633.38 2994.52 8   100.00 
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Figure 11: Influence of blank thickness (a) and strain rate 

(b) on the height of cup 
 
The cup height would decrease with an increase in the punch 
velocity (figure 11a). The coefficient of friction decreases 
with increasing of punch velocity. Due to severe friction 
there may be thinning or failure of the side wall in drawn cup 
at the flange area. The cup height would increase with an 
increase in the coefficient of friction as shown in figure 11b. 
The major influential characteristic of the material is the duc-
tility which depends upon the strain rate.  For the strain rate 
100s-1, the cup height was highest. At higher rates of strain 
the flow stress of material increases leading to higher loads 
on the equipment. At low strain rates the flow stress increas-
es with increase in strain rate. At higher strain rates it still 
increases but at a slower rate.  For the trials 1, 7 and 8, the 
cup heights are 67.32 mm, 68.33 mm and 66.07 mm respec-
tively. The lowest cup heights were 25.08 mm and 16.15 mm 
for trials 6 and 9 respectively.  the cup height increases with 
increase of displacement per step as shown in figure 11d.  
 

 
Figure 12: Cup heights under different trials 

 
4.4 Influence of process parameters on damage of cup 

 
The ANOVA summary of damage of cups is given in table 6. 
When the Fisher’s test (3.01) was applied to ascertain the 
influence of process parameters it was found that the punch 
velocity (A), and the strain rate (C), respectively had contri-
buted 19.26% and 71.70% of the variation in the damages of 

cups drawn. The coefficient of friction and displace per step 
were insignificant on the damages of cups. 
 

Table 6: ANOVA summary of damage of the cups 
Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 12.40 51.90 73.25 635.51 1 635.51 4.29 19.26 
B 25.61 61.58 50.36 225.86 1 225.86 1.52 7.53 
C 115.56 3.61 18.37 2466.06 1 2466.06 16.65 71.70 
D 20.97 60.16 56.42 311.93 1 311.93 2.11 10.00 
e    148.16 4 37.04 0.25 8.49 
T 174.53 177.26 198.40 3491.20 8   100.00 

 
The damage factor in the cups is defined as follows: 

 𝐷𝑓 =  
𝜎1

𝜎𝑒𝑠
𝑑𝜀       (20) 

where, σ1 is the tensile maximum principal stress; σes is the 
effective stress; and dε is the effective strain increment. The 
damage was increased with punch velocity (figure 13a). 
However, the damages in the cups was decreased with in-
crease of strain rate as shown in figure 13b. The plastic de-
formation increases with the extended yield strength, conse-
quently the damage decreases. Precipitation strengthening 
and solution hardening have raised the yield line. Figure 14 
illustrates the damages occurred in the cups drawn under 
various trials. For the cups drawn with trial conditions of 6 
and 8 the damages were recorded to be 46.81 and 56.42 re-
spectively. No damage was noticed in the cups drawn with 
trial conditions of 3 and 4.  

 
Figure 13: Influence of blank thickness on the damage of 

cup 
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Figure 14: Cup damages under different trials. 

 
Figure 15 depicts the forming limit diagram with damages in 
the cylindrical cups drawn from nickel 201 sheets of 1.0 mm. 
The cylindrical cups drawn under trials 1 and 2 were frac-
tured on account of biaxial tension and compression induced 
in the blank material. The cup 1 was fractured in the flange 
area while the cup was damaged in the area of punch corner 
radius. No damage was observed in the cup 3 except wrin-
kles. The cylindrical cups drawn under trials 4, 5 & 6 were 
fractured due to uniaxial tension and stretching. No damage 
occurred in the cup 4. For the cups 5 and , the fracture was 
observed at the punch corner radius. The cylindrical cups 
drawn under trials 7 and 8 were torn in the flange area owing 
to equal biaxial tension, whereas the cups drawn under trial 9 
were fractured due to compression at die corner radius (fig-
ure 17). The shear strength induced in the cups 3 and 4 was 
lesser than the shear strength (359 MPa) of nickel 201. For 
the cups 1, 5, 6, 7, 8, and 9 the shear strength was higher 
than 359 MPa. Even though the shear strength for the cup 2 
was 259 MPa, the cup was damaged at the punch corner ra-
dius due to biaxial tension. The deep drawing conditions of 
trials 3, 4 and 9 are illustrated in figure 19.  
 

 
Figure 15: Forming limit diagram with damage in the cups 

of 0.8 mm blank thickness 
 

 
Figure 16: Forming limit diagram with damage in the cups 

of 1.0 mm blank thickness 
 

 
Figure 17: Forming limit diagram with damage in the cups 

of 1.2 mm blank thickness 
 

 
Figure 18: Shear strengths and damages of the cups. 
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Figure 19: Experimental validation of deep drawing nickel 

201 
 

5. Conclusions 
 
In the present work, Nickel 201 was used to fabricate cylin-
drical cups. The investigation was focused on the process 
parameters such as punch velocity, coefficient of friction, 
displacement per step and strain rate. The major process pa-
rameters which could the influence the deep drawing capa-
bility of nickel 201 cylindrical cups, were punch velocity and 
strain rate. The effective stress was increased with an in-
crease in the punch velocity. The equivalent stress was in-
creased from 10–100 s–1 while at quasi-static strain condi-
tions below strain rate of 10 s–1 the total elongation is small-
er and the material rupture at lower equivalent strains. 
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