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Abstract
This paper presents experimental and simulation study to minimize residual stress in cylindrical deep-drawing process.

Eight significant process parameters including initial blank thickness, punch and die shoulder radii, blank–holder force,

punch velocity, and coefficients of friction between die–blank, holder–blank, and punch–blank are considered. According

to number of parameters, the Taguchi’s method is employed to perform design of experiments. The die is designed and

manufactured, and the experiments are carried out using AISI 1006 carbon steel sheet. Hole-drilling method based on

ASTM E 837-99 standard is applied to measure the residual stresses in drawn cups. Moreover, the deep-drawing process is

simulated wholly using ABAQUS/explicit software and the accuracy of finite-element model is verified using experimental

results. Finally, the analysis of variance method is applied to define the most important parameters and obtain an optimum

level to minimize the residual stress in cylindrical deep-drawing process.

Keywords Deep-drawing � Residual stress � Taguchi method � Optimization � Finite-element method � Experiments

List of symbols
BHF Blank–holder force (KN)

rd Die shoulder radius (mm)

rp Punch shoulder radius (mm)

ld Coefficient of friction between die and blank

lh Coefficient of friction between holder and blank

lp Coefficient of friction between punch and blank

1 Introduction

Residual stresses which are defined as stresses remain in

deep-drawn products even after unloading have a key

influence on the quality of products. In fact, residual

stresses occur almost in most of metal forming processes as

a result of non-uniform deformation, production procedure,

treatment, etc. Residual stresses would have influences on

the product dimensions and properties including toughness,

static and dynamic strengths, fatigue life, resistance to

cracking, magnetic characteristics, corrosion, etc. Espe-

cially, in case of large deformation processes such as deep-

drawn cup, the residual stresses remain in the product may

achieve great magnitudes. Hence, unexpected failure can

be happened in these circumstances [1]. Consequently,

significant concerns have been taken into account to

investigate this characteristic in the metal forming

processes.

Although the annealing process can eliminate the

residual stresses considerably, it is preferred in most cases

to avoid that. Maintaining the geometrical and dimensional

tolerances as well as decreasing the final production cost

are the main reasons for not applying an annealing process.

Hence, it is more logical to set the process parameters on

the optimum levels to minimize the residual stresses during

the process.

Deep-drawing process has been used broadly in differ-

ent industries. Considering the effect of input process

parameters on the quality of deep-drawn products, several

investigations have been published regarding different

aspects of this process. However, a limited number of

papers have been reported to study the effect of deep-
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drawing process parameters on the resulted residual

stresses.

A code of FEM for elastic and plastic behaviors of

material has been developed by Kuriyama et al. [2] to

compute distribution of residual stresses in D–I can by

both-sided ironing. From the simulations, they obtained

quite different distributions of residual stresses based on

mutual positions of dies for the ironing. Incandela et al. [3]

presented a procedure to evaluate the residual stress and

strain by finite-element technique with explicit algorithm.

They demonstrated that it is possible to obtain reliable

results from the simulation by containing the process in

quasi-static range during the explicit simulation. Padman-

abhan et al. [4] presented a numerical investigation on the

deep-drawing of LPG bottles. They considered variable

blank–holder forces and contact friction conditions at

specific location during deep-drawing process. Thickness

distribution, punch force, and residual stresses in multi-

stage deep-drawing process were assessed by Pourkamali

Anaraki et al. [5]. They verified the accuracy of their FE

model by comparing with the experimental studies.

Danckert [6] investigated the effect of ironing on

residual stresses in wall of drawn cup by simulation. They

used both slitting and X-ray methods to measure the

residual stresses in deep-drawn products and compared the

results with each other. To determine the effect of ironing

on the residual stresses in deep-drawn cups, an experi-

mental investigation was carried out by Ragab and Orban

[7]. They used a separation technique to find out the

residual stresses in both axial and tangential directions.

Using FE simulation, Singh et al. [8] investigated the effect

of ironing behavior on the quality of the product like

thickness distribution and residual stresses.

To find out the stress conditions and their effects on the

springback manners of deep-drawn tailor-welded blanks,

numerical simulations were performed by Padmanabhan

et al. [9]. The tailor-welded blank models consisting of

different steels were simulated and the springback was

computed using split ring test. Moreover, prediction of

springback using unloading behavior of dual phase steels

DP600, DP1000, and cold-rolled steel DC04 for the deep-

drawing process was investigated by Hassan et al. [10].

They presented a strategy to reduce the springback

according to variable BHF.

Cylindrical deep-drawing process was simulated and

analyzed experimentally by Danckert [11] to investigate

the effect of the geometrical shape of die shoulder on the

resulted residual stresses. The residual stresses created in

deep-drawing of AISI-1010 cups were investigated by

Gnaeupel-Herold et al. [12] using neutron diffraction

method. They found that the axial and tangential stress

profiles are similar to what is expected from a bending–

unbending operation. Using two punches with cylindrical

and conical shapes and applying an FE method, Brabie

et al. [13] studied the effect of punch shape on spring back

and residual stresses distribution in the conical deep-

drawing process. Moreover, an FE model was developed

by Sherbiny et al. [14] to investigate the effects of both

geometrical and physical deep-drawing process parameters

on the thickness distribution, thinning, and the maximum

residual stresses.

Colgan and Monaghan [15] investigated the effect of

deep-drawing process parameters such as die and punch

radii, punch speed, BHF, friction, and draw depth on the

thickness distribution and punch force using design of

experiments (DOE) method. In addition, utilizing experi-

mental analysis in parallel to design of experiments,

Browne and Hillery [16] studied the effects of punch and

die radii, BHF, lubrication position and type on punch

force, and thickness distribution of deep-drawn products.

Applying Taguchi method with experimental work, Raju

et al. [17] investigated the effects of process factors like

punch radius and BHF on thickness distribution in deep-

drawing process. Furthermore, considering FE simulation

based on the Taguchi method, it was shown by Venka-

teswarlu et al. [18] that blank temperature is the most

significant parameter on drawability of aluminum 7075

alloy.

Having investigated the literate, no research has been

reported to study the influences of several input parameters

on minimizing the residual stresses in deep-drawing pro-

cess. In this paper, a study considering simultaneous

influence of eight key process parameters on the resulted

residual stresses in deep-drawn parts as well as achieving

an optimum condition is presented for the first time. The

punch and die radii, blank thickness, blank–holder force

(BHF), punch velocity, the lubrication conditions at the

interfaces of blank–die, blank–punch, and blank–blank–

holder are eight main input parameters considered in this

research. Taking into consideration three levels for each

parameter, the necessary experiments are designed based

on Taguchi’s method. The FE model of whole process is

created in ABAQUS/explicit software package. Further-

more, based on Taguchi’s parameters setting, the experi-

mental facilities were designed and set up, and the required

tests were performed using AISI 1006 carbon steel. Com-

paring the results of FE model with those from experi-

ments, the FE model is fully verified. The analysis of

variance (ANOVA) is considered to evaluate the outcomes

and a condition to have a minimum residual stresses in the

process is obtained.
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2 Experiments

The effect of eight significant process parameters including

initial blank thickness, punch and die shoulder radii, blank–

holder force, punch velocity, coefficients of friction

between die–blank, holder–blank, and punch–blank on the

residual stress are investigated based on the Taguchi’s

method. According to Table 1, three levels for each

parameter are taken into account.

2.1 Design of experiments

According to eight parameters with three levels given in

Table 1, 27 experiments known as L27 designed by

Taguchi method (Roy [19]) are considered. These sets of

experiments defined by statistical package of Qualitek

software are demonstrated in Table 2. By means of data

given in Table 1, a quantity of each parameter level can be

defined for each experiment.

2.2 Experimental setup

The experimental facilities including the lower pad, die–

holder, die, blank–holder, upper pad, and punch–holder

were designed and set up according to Fig. 1. Eight bolts

were used to connect the blank–holder plate to the die–

holder by which the blank–holder force can be adjusted

using a torque meter. Moreover, the punch speed can be

adjusted in three levels using control valve of the hydraulic

machine. The press capacity is 100 tons and loads are

presented in a monitor attached to the machine during the

test.

The geometrical dimension of produced cup is shown in

Fig. 2. The initial blank diameter was 95 mm for three

considered blank thicknesses.

2.3 Measuring procedures

An overview to different methods for residual stress mea-

surement as well as the recent advances in this area was

presented by Rossini et al. [20] to assist the researchers on

selecting the appropriate techniques for each application.

They also summarized physical limitation, and advantages

and disadvantages for destructive, semi-destructive, and

non-destructive methods.

Having done the tests, three cups were produced

according to experiments number 3, 21, and 26 of Table 2.

Since the maximum blank thickness is 1.5 mm, the hole-

drilling method described in ASTM E 837-99 [21] is the

most efficient method to measure the residual stresses. In

this method, the released strains are measured at positions

where the strain gauges are attached. Applying the

numerical calculations given in ASTM E 837-99, the

residual stresses could be obtained by the following

procedure.

As illustrated in Fig. 3, a rosette strain gage with three

or more elements of general type A is attached to the cup at

the area under consideration.

A hole with 1 mm diameter is drilled at the geometric

center of the rosette strain gage, see Fig. 4a. The depth of

hole is equal to 40% of the mean diameter of the strain

gage circle. After drilling process, the residual stresses

close to the hole will be relieved. Using the proper data

logger, as shown in Fig. 4b, the relieved strains are mea-

sured. Using the procedure and formulation defined in

ASTM E 837-99 [21], the residual stresses are calculated.

As presented in Fig. 5, punch nose radius region, the

wall, and die nose radius region are three different posi-

tions in three cups in which the residual stresses were

measured.

3 Finite-element simulation

Taking into account the axisymmetric condition, model of

cup as shown in Fig. 6 was created using ABAQUS/ex-

plicit software. Instead of 3D model, an axisymmetric wire

model was used to save a computational time.

Similar to experiments, AISI 1006 carbon steel was

considered as sheet material in the simulation. To achieve

the anisotropy characteristics of the sheet, the axial tensile

tests were carried out using specimen with 1 mm thickness

in three directions, i.e., 0�, 45�, and 90� based on ASTM

E8M-04 [22]. The obtained mechanical properties of the

sheet are illustrated in Table 3.

According to the measured data given in Table 3, the

stress rate parameters for AISI 1006 carbon steel were

computed based on equations defined in ABAQUS analysis

Table 1 Levels of process parameters in deep-drawing process

Parameter/level 1 2 3

Blank thickness (mm) 0.6 1 1.5

rp (mm) 6 8 10

rd (mm) 5 8 10

BHF (kN) 1.1 1.53 1.95

lp None Paraffin Silicone emulsions

lh None Paraffin Silicone emulsions

ld None Paraffin Silicone emulsions

Punch speed (mm/min) 20 30 40
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user’s manual. These parameters which are given in

Table 4 can be calculated using anisotropic parameters r0,

r45, and r90 from Table 3 as follows:

R22 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r90 r0 þ 1ð Þ
r0 r90 þ 1ð Þ

s

; R33 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r90 r0 þ 1ð Þ
r90 þ r0ð Þ

s

;

R12 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 r0 þ 1ð Þr90
2r45 þ 1ð Þ r0 þ r90ð Þ

s

; R11 ¼ R13 ¼ R23 ¼ 1:

ð1Þ

The mechanical properties obtained for a sheet with

1 mm thickness were also considered for the other thick-

nesses. The achieved data from Tables 3 and 4 were

implemented in Abaqus explicit to define the material

properties of the model.

In sheet metal stamping, several variables must be taken

into account such as the material’s mechanical properties,

tool’s geometry, interface lubrication between punch and

sheet metal, and deformation rate [23]. Performing sliding

friction tests, the coefficients of friction between surfaces

which are affected by lubricants defined in Table 1 were

measured. The measured values for friction coefficients are

presented in Table 5 according to each lubrication condi-

tion. Generating high amount of adhesion as a result of

using Paraffin for lubricant can be considered as a reason

for having a greater coefficient of friction. In this regards,

high viscose lubricant such as silicone emulsion remains

more continuous than the liquid paraffin which effectively

keeps separate the punch and the sheet metal surfaces.

More homogeneous deformation will result into products

with lower residual stresses [23]. The liquid lubricants did

not show the same performance as the silicone emulsion.

The blank has been modeled by deformable axisym-

metric wire and meshed with 200 SAX1 elements. The

number of elements is checked to be appropriate by

applying the mesh sensitivity test. Moreover, the other

components including the punch, holder, and die were

created considering discrete rigid axisymmetric wire

model. Because of decreasing computational time along

with necessity to change the punch velocity, respectively,

dynamic explicit solution was considered for finite-element

analysis. Three steps for simulation were taken into

account and appropriate boundary conditions for each one

Table 2 L27 designed array for

experiments
Exp. no. Blank thickness rp rd BHF lp lh ld Punch speed

1 1 1 1 1 1 1 1 1

2 1 1 1 1 2 2 2 2

3 1 1 1 1 3 3 3 3

4 1 2 2 2 1 1 1 2

5 1 2 2 2 2 2 2 3

6 1 2 2 2 3 3 3 1

7 1 3 3 3 1 1 1 3

8 1 3 3 3 2 2 2 1

9 1 3 3 3 3 3 3 2

10 2 1 2 3 1 2 3 1

11 2 1 2 3 2 3 1 2

12 2 1 2 3 3 1 2 3

13 2 2 3 1 1 2 3 2

14 2 2 3 1 2 3 1 3

15 2 2 3 1 3 1 2 1

16 2 3 1 2 1 2 3 3

17 2 3 1 2 2 3 1 1

18 2 3 1 2 3 1 2 2

19 3 1 3 2 1 3 2 1

20 3 1 3 2 2 1 3 2

21 3 1 3 2 3 2 1 3

22 3 2 1 3 1 3 2 2

23 3 2 1 3 2 1 3 3

24 3 2 1 3 3 2 1 1

25 3 3 2 1 1 3 2 3

26 3 3 2 1 2 1 3 1

27 3 3 2 1 3 2 1 2
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were applied. At the first step, the holder was placed in a

position to hold the blank and punch became tangent to the

blank. In the second time step, which was concerning as

forming process, the punch velocity was defined based on

values extracted from design of experiments. Step three

was used to measure the residual stress at the middle plane

of cup wall when there was no interaction between blank

and the other components. Actually, in this step, punch and

die took some distance from the blank, holder was unloa-

ded, and the interaction conditions were removed to
achieve the most accurate results. In general, the conver-

gence rate of calculation was acceptable and the duration

Fig. 1 a Experimental deep-drawing tool. b Different parts of tool

Fig. 2 Geometrical dimension of produced cup

Fig. 3 Rosette strain gage attached to the cup
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of each numerical process was almost 20 min. According

to Fig. 7, average amount of maximum principal stresses at

five critical nodes in the cup wall was considered to

determine the residual stress in each case.

Fig. 4 a Hole-drilling process at the center of rosette strain gage. b Residual stress measuring device

Fig. 5 Measuring the residual stresses at a punch nose radius region, b wall, and c die nose radius region of the drawn cup

Fig. 6 Finite-element model of deep-drawing process

Table 3 Mechanical properties of AISI 1006 carbon steel

Properties/degree 0 45 90

Yield stress (MPa) 155 165 150

Ultimate stress (MPa) 466 490 470

Young’s modulus (GPa) 210

Density (kg/m3) 7800

Poisson’s ratio 0.3

Table 4 Computed stress rates

for AISI 1006 carbon steel
R22 R33 R12

0.9998 1.007228 0.9959

Table 5 Coefficient of friction between surfaces for each lubricant

No lubricant (none) Silicone emulsion Liquid paraffin

0.216 0.191 0.224
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4 Results and discussion

Referring to Table 2, experiment numbers 3, 21, and 26

were simulated in ABAQUS/explicit. The obtained resid-

ual stresses from FE simulation as well as those ones from

hole-drilling measurements are presented in Table 6.

According to this table, there exists good agreement

between the results of FEM and experiments. Therefore,

the accuracy of present FE model for residual stress mea-

surement in deep-drawing process is verified.

To accomplish the analysis, the residual stresses mea-

sured at the middle plane of the cup wall in each simulation

are considered for all cases. To increase the accuracy, both

the maximum principal and von-Mises residual stresses

have been taken into account. Table 7 indicates the resid-

ual stresses at the middle plane of the cup wall for every 27

simulations.

The effects of eight process parameters on mean residual

stresses are illustrated in Figs. 8, 9, 10, 11, 12, and 13,

separately. In Fig. 8, the variation of mean residual stress

with respect to blank thickness change is shown. Although

there is a deviation in the curve, the inverse relation exists

between mean residual stress and blank thickness. In other

words, the mean residual stress will be increased gradually

when the thickness increases from 0.6 to 1 mm. However,

this quantity be decreased more sharply by increasing the

blank thickness from 1 to 1.5 mm. This sharp downfall

could be resulted by lack of wrinkling and intensive plastic

strain when 1.5 mm sheet is used. Moreover, the higher

spring back in case of 1 mm sheet would cause higher

residual stress when thickness is increased from 0.6 to

1 mm.

The effect of punch shoulder radius on residual stress is

shown in Fig. 9. It is obvious that the residual stress will be

reduced about 15% when the punch shoulder radius

increases from 6 to 8 mm. However, there is no significant

difference between the residual stresses regarding 6 and

10 mm shoulder radii. Hence, 8 mm shoulder radius is

more appropriate to reduce the residual stresses. Actually,

in case of 6 mm punch shoulder radius, thinning is hap-

pened which result into the intensive plastic strain, and

consequently, high residual stresses are achieved. More-

over, for 10 mm punch shoulder radius, sheet forming is

not accomplished and spring back as well as residual

stresses would be resulted.

Figure 10 illustrates that the residual stress will be

decreased for higher values of die shoulder radius. In fact,

material can flow easier by passing a die with bigger

shoulder radius and lower plastic strain will be occurred.

However, according to this figure, in case of big enough

Fig. 7 Procedure to determine the residual stress in the FE model

Table 6 Comparison of residual stresses (MPa) from FE simulation and hole-drilling experiments

Experiments No. 3 (wall region) No. 21 (die nose region) No. 26 (punch nose region)

Max principal from FEM 214.13 159.7 27.8

Max principal from hole-drilling 232.4 176.1 31.7

Deviation (%) 8 10 12

Min principal from FEM 90.6 114.5 - 6.1

Min principal from hole-drilling 96.1 124 - 6.9

Deviation (%) 6 8 11
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radii, the effects on residual stress are not so significant.

Consequently, there is no apparent difference between the

mean residual stresses for 8 and 10 mm die shoulder radii.

Moreover, according to Fig. 11, the optimum BHF to

minimize the residual stress is 1.53 KN. This amount is not

too large to create intensive plastic strain unlike 1.95 KN

and is not too small to cause springback and wrinkling

unlike 1.1 KN blank–holder force.

Figure 12a–c shows the variation of residual stresses

according to the lubrication conditions at three different

interfaces. The friction conditions between both die and

holder with blank are kinematic, while the friction type

between punch and blank is static. This difference would

cause dissimilar trends in the residual stress variation. In

other words, when friction condition between two surfaces

is static, i.e., punch and blank, lower friction coefficient

leads to more homogenous forming which results into

minor residual stresses. On the other hand, in case of

kinematic friction condition, i.e., holder–blank and die–

blank, lower friction coefficient leads to higher residual

stresses.

Consistent with Fig. 13, the residual stress is almost a

linear function of punch velocity, while the direct relation

exists between them. From physical point of view, forming

is more uniform when punch moves slowly. Lack of

intensive plastic strains and non-uniform wrinkling in

lower speeds lead to produce cups with lower residual

stresses.

The analysis of variance (ANOVA) is considered to

obtain the optimum levels as well as define the most

Table 7 Residual stresses

(MPa) at the middle plane of the

cup wall for each simulation

Exp. no. Max. principal von-Mises Exp. no. Max. principal von-Mises

1 137.18 129.38 15 71.08 66.17

2 152.75 139.49 16 175.88 159.2

3 187.93 171.03 17 152.14 148.95

4 100.73 91.37 18 153.23 155.61

5 89.11 80.56 19 29.73 26.94

6 85.82 79.51 20 51.65 47.97

7 125.24 114.79 21 59.36 51.66

8 133.64 117.14 22 106.77 107.51

9 136.1 118.56 23 87.72 81.43

10 114.28 107.15 24 75.12 71.79

11 167.73 155.77 25 81.92 70.97

12 162.29 146.55 26 55.59 49.47

13 147.56 134.38 27 27.08 25.14

14 137.24 120.2

Fig. 8 Effect of initial blank

thickness on residual stress
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important parameters which have influence on the residual

stresses. The results for analysis of variance regarding the

residual stress are demonstrated in Table 8. Moreover, this

table shows the intensity of effect for each input parameter

on the residual stress in form of percentage number. It is

clear that blank thickness has the most effect on the

residual stresses with 56.6%, while the frictional condition

between die and blank ðldÞ has almost no influence in this

case. After blank thickness, die shoulder radius and punch

velocity are the second and third parameters where have

the most influence on the residual stresses with 17.6 and

5.8%, respectively. Since the material should bend and

flow over the die shoulder region, this parameter has a

significant effect on resulting residual stress. The

lubrication condition at holder and blank interface is more

important than the other interfaces. For the reason that the

area of contact surface at this interface is larger and there

exists a kinematic type friction.

Table 9 illustrates the optimum levels to minimize the

residual stress. This table is obtained based on results

presented in Figs. 8, 9, 10, 11, 12, and 13. According to

calculated residual stresses from FE simulation, the opti-

mum levels have been computed by statistical techniques

for each parameter. Setting parameters on the optimum

levels in FE simulation, it is found that the minimum

residual stress is obtained equal to 26 MPa at the middle

plane of the cup wall. This quantity is also less than the

minimum amounts given in Table 7.

Fig. 9 Variation of residual

stress with respect to punch

shoulder radius

Fig. 10 Effect of die shoulder

radius on residual stress

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:157 Page 9 of 12 157

123



Fig. 11 Effect of BHF on

residual stress

Fig. 12 Effects of lubrication conditions on residual stress
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5 Conclusion

Using accurate finite-element model, the effects of eight

important process parameters including punch and die

radii, blank thickness, punch velocity, BHF, lubrication

conditions at blank–die, blank–punch, and blank–blank

holder interfaces on residual stresses in cylindrical deep-

drawn cup are studied. The Taguchi’s method is employed

to perform design of experiments and Analysis of Variance

method is applied to define the most important parameters

as well as obtain an optimum level to minimize the residual

stress. It is concluded that in addition to blank thickness,

die shoulder radius, punch velocity, and BHF are three

main process parameters which have greatest influence on

residual stresses, respectively. Having simulated the deep-

drawing process in the optimum levels, it is found that the

minimum residual stress can be obtained equal to 26 MPa

at the middle plane of the cup wall. To produce a cup with

the least residual stress in deep-drawing process, setting the

Fig. 13 Variation of residual

stress with respect to punch

velocity

Table 8 Analysis of variance

for residual stress results
Factors DOF Sums of squares Variance F ratio Pure sum Percent

1 Blank

thickness

2 57,840.807 28,920.403 127.574 57,387.420 56.616

2 rp 2 3063.116 1531.558 6.756 2609.728 2.574

3 rd 2 18,298.088 9149.044 40.358 17,844.700 17.604

4 BHF 2 4261.580 2130.790 9.399 3808.192 3.757

5 lp 2 541.454 270.727 1.194 88.066 0.086

6 lh 2 2173.095 1086.547 4.793 1719.707 1.696

7 ld 2 370.837 185.418 0.817 0.000 0.000

8 Punch velocity 2 6425.299 3212.649 14.171 5971.912 5.891

Other/error 37 8387.671 226.693 11.776

Total 53 101,361.951 100.000%

Table 9 Optimum levels of process parameters to minimize the

residual stress

Factors Parameter

value

Level

1 Blank

thickness

1.5 3

2 rp 10 3

3 rd 10 3

4 BHF 1.53 2

5 lp Silicon 3

6 lh None 1

7 ld None 1

8 Punch velocity 20 1
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key parameters on optimum levels is essential. In general,

die and punch shoulder radii should be adjusted in the

range that minimum plastic strain and spring back are

occurred. BHF should be selected in the optimum condition

which is not too large to cause severe plastic strain and not

too small to create wrinkling at the edge. Moreover, the

residual stress will decrease when the punch velocity is set

on the minimum state.
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