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Abstract
Tailor-welded blank is one of the promising technologies in the application of lightweight materials for auto body parts
manufacturing. The material discontinuity across the weld line results in an inhomogeneous deformation and weld line
displacement. In this study, a two-dimensional analytical model is proposed to predict the tension distribution along the
cross section. An energy method is used to calculate the restraining force due to bending, sliding, and unbending phe-
nomena on the die and punch radii. To control the weld line movement, a blank holder force control strategy is pro-
posed to achieve force equilibrium at the bottom of the part across the weld line. Finite element simulations are
performed to study the effect of die and punch radii, friction coefficient, thickness ratio, and blank holder forces on the
weld line displacement in strip drawing process. Under a uniform blank holder force, the weld line moves toward the
thicker/stronger side implying a higher blank holder force is required for the thinner/weaker side. The results show that
the weld line displacement can be controlled by an appropriate blank holder force adjustment. In order to control the
weld line movement in square cup deep drawing, blank holder force on the thinner side is increased and its influences
on the deformation process are investigated. Comparisons of material draw-in, weld line movement, and forming force
show a good agreement between the theoretical, numerical, and experimental results.
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Introduction

In the field of the manufacture of automotive sheet
components, nowadays, lightweight materials and
designs are in the spotlight due to their considerable
influence on savings in energy consumption. In this
regard, the substitution of monolithic blanks with
equivalent tailor-welded blanks (TWBs) has been pro-
ven to be a promising strategy to achieve the aforemen-
tioned goal and also crashworthiness improvement of
vehicle structure. The implementation of TWBs, which
consist of base blanks with differences in the thickness,
coating, or mechanical properties consolidated into a
single blank with a desirable layout using an appropri-
ate welding process prior to the forming, also results in
a higher performance of automotive sheet structures
and a more efficiency in using materials and hence
leads to a reduction in manufacturing costs.1

A successful utilization of TWBs to meet the require-
ments of industry is, however, dependent on how much
the important concerns associated with the forming of
TWBs can be alleviated. One of the problematic issues
affecting formability, springback, and quality of a
product is the tendency of the weld line to move toward
the thicker or stronger base blank.2 The weld line

1Department of Mechanical and Aerospace Engineering, University of

California, Irvine, CA, USA
2Department of Mechanical Engineering, Amirkabir University of

Technology, Tehran, Iran
3Department of Mechanical Engineering, Babol Noshirvani University of

Technology, Babol, Iran

Corresponding author:

Mohammad Javad Mirnia, Department of Mechanical Engineering, Babol

Noshirvani University of Technology, Babol 47148-71167, Iran.

Email: mirnia@nit.ac.ir

 at Dokuz Eylul Universitesi on March 27, 2015pib.sagepub.comDownloaded from 

http://pib.sagepub.com/


movement can be attributed to uneven deformations
developed in the base blanks in each side of the weld
line. In order to control and reduce the weld line move-
ment, some approaches have been proposed such as
using appropriate blank holder forces (BHFs),3–6 draw
beads,7,8 and constraining weld line.9–11

The possibility of using a non-uniform BHF with
respect to the thicker and thinner sides was experimen-
tally and numerically investigated by Ahmetoglu et al.3

to reduce the weld line movement in the circular cup
drawing of a circular AKDQ steel TWB with the differ-
ence in the thickness. It has been shown that the defor-
mation in the thinner blank as well as the movement of
the weld line can be controlled using the proposed
method of applying local BHF. Based on a two-
dimensional (2D) analytical model and assuming a
non-uniform BHF, He et al.4 predicted the required
BHFs on each side of a TWB with difference in thick-
ness to suppress the weld line movement and increase
the formability. In their analytical model, the effect of
bending and unbending on the tension increase was
neglected. The experiments and finite element (FE)
simulations were conducted to validate the analytical
model and further study the deep drawing of TWBs.
As proven by the experiment and the analytical model,
the BHF over the thinner side should be higher than
the one on the thicker side to prevent the weld line
movement and achieve a higher formability. Using an
implicit FE code, the deep drawing of TWBs made of
dissimilar materials was simulated by Padmanabhan et
al.5 to investigate the thickness distribution, the punch
force, and the weld line movement. A non-uniform
BHF was utilized to enhance the formability and con-
trol the draw-in of aluminum–steel TWBs. Hu et al.6

carried out some simulations on the deep drawing of a
square cup made from a TWB of different thickness
with a non-linear weld line under a set of non-uniform
BHFs. It was observed that by increasing the BHF on
either the thicker or thinner side while the BHF on the
other side is kept constant, a more weld line movement
occurs toward the thicker side at the bottom of the part
and a less movement takes place toward the thinner
side at the flange area.

Choi et al.12 reported that the blank shape of TWBs
and the initial position of the weld line are two effective
parameters on the weld line movement and hence can-
not be neglected. In the case of the circular TWB,
smaller movements of weld line were observed com-
pared to the ones in the square TWB. It was concluded
that by positioning the weld line further away from the
center line of the cup, the amount of the weld line
movement and deformations increase. It has also been
shown7,8 that the weld line movement in the box draw-
ing of TWBs with different thickness combinations can
be controlled using an appropriate layout of circular
draw beads in the thinner side.

Kinsey et al.9 simulated the deep drawing of a car
door inner panel from an aluminum TWB with a non-
linear weld line using an FE model considering

clamping components along the weld line in specified
locations to restrict any movement. A reduction in the
weld line movement, an increase in the drawability, and
a more uniform strain distribution were observed by
utilizing the proposed arrangement of restriction forces
on the weld line. The effectiveness of a stepped blank
holder and weld line clamping pins on the weld line
movement and the thickness reduction in the box draw-
ing of steel TWBs were assessed by Chen et al.10

through experiments and FE simulations. Among the
12 schemes consisting of the flat or stepped blank
holder with or without clamping pins for each of three
considered forming depths, the ones utilizing both the
stepped blank holder and weld line clamping pins were
the most effective to obtain a sound quality with a
reduced weld line movement. Morishita et al.11 pro-
posed a new method to eliminate the weld line move-
ment and consequently enhance the formability in the
square cup drawing of TWBs with the material combi-
nation of mild steel–high-strength steel by utilizing a
counterpunch which can be applied either on the whole
bottom of the part or only on the thicker (stronger)
portion. The experimental results showed that the
formability can be significantly improved by increasing
the counterpunch pressure.

Using limiting dome height tests, it was demon-
strated by Panda and Kumar13 that in plane strain
stretching of TWBs with difference in thickness and
properties, the weld line movement can be affected by
the weld orientation such that it is higher for the case in
which the weld line is parallel to the width compared to
the one in which the weld line is parallel to the length.
It was also reported that the weld line movement is
higher in the TWB with different thickness than that of
different properties. Conducting a similar experimental
and numerical study on the biaxial stretch forming of
IF steel TWBs with difference in thickness,14 they
showed that the amount of the weld line movement
increases as the thickness ratio increases and then
becomes constant beyond a certain value of the thick-
ness ratio. An increase in the weld line movement by
increasing the thickness ratio has also been reported by
Korouyeh et al.15 in the ball punch test of st12 steel
TWBs through the experiment and by Aurelian16 in the
square cup drawing of AA5182 TWBs predicted by FE
simulations.

The formability of tailor-welded dual-phase steel
blanks was compared with that of the parent metals by
Bandyopadhyay et al.17 through experiments and FE
simulations. Due to the existence of a soft zone in the
heat-affected zone, the formability of laser-welded
blanks evaluated using the Erichsen cupping test was
lower than that of the monolithic blanks. Vasudevan
et al.18 experimentally and numerically considered the
deep drawing of TWBs of low-carbon steels with differ-
ent material and thickness combinations. They showed
that the Lankford coefficient can affect the weld line
movement and the fracture location in deep drawn
TWBs. Lee et al.19 investigated the mechanical
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properties and the formability of TWBs with different
thickness made from boron steels using the laser weld-
ing process. The hot Erichsen test and the tensile test
were implemented to examine the effect of different
conditions.

As briefly reviewed above, most of the studies have
employed numerical simulations and physical experi-
ments to investigate the weld line movement in forming
TWBs. Besides, due to bending and unbending at the
corner of the die and punch, the effect of tension
increase in the base blanks would be an important issue
in an analytical model, which was neglected in the arti-
cle by He et al.4 with non-uniform BHF assumption
and simply considered in the article by Kinsey and
Cao20 with assuming uniform BHF.

In this study, the deep drawing of IF steel TWBs
with difference in thickness under a non-uniform BHF
is considered. By developing an analytical plane strain
model, the effect of some parameters on the non-
uniform BHF required to suppress the weld line move-
ment is studied. Unlike He et al.4 and Kinsey and
Cao,20 the tension increases as a consequence of bend-
ing and unbending is incorporated more accurately into
the analytical model based on the virtual work princi-
ple proposed by Chen and Tszeng.21 The experiments
and FE simulations are conducted to validate the
results of the analytical model and further study the
weld line movement. As an application of the non-
uniform BHF, the weld line movement in the square
cup drawing is investigated using the FE model and the
experiment.

2D analytical model

Figure 1 shows the 2D plane strain model of the deep
drawing process proposed by Marciniak et al.22 In this
model, the through-thickness stress is assumed to be
negligible. In Figure 1, RP, RD, and RF are the radii of
the punch corner, die, and punch face, respectively.
Due to the symmetry, a half of the model is considered.
It is assumed that the entire blank from the center O to
the outer edge undergoes plastic deformation. From
the center O to B, the blank is in contact with the punch
and sliding outward. From C to D, the blank is in con-
tact with the die corner radius and sliding inward. The
portion from C to B, namely, the side wall, is an unsup-
ported region.

By considering an element of the sheet like the ele-
ment shown in Figure 1 for the contact area of the sheet
and punch face and under the plane strain and incom-
pressibility conditions, the strain state can be written as
follows

e2 =0; e3 = � e1 ð1Þ

where 1, 2, and 3 are the local principal directions along
the section profile, perpendicular to the section, and
through the thickness, respectively. At any instant, the
thickness of the sheet can be expressed as

t= t0e
�e1 ð2Þ

in which t0 is the initial thickness. By assuming Hill’s
quadratic yield criterion and neglecting the through-
thickness stress, the equivalent stress is obtained as
follows

�s2 =s2
1 �

2R0

1+R0
s1s2 +

R0(1+R90)

R90(1+R0)
s2
2 ð3Þ

where R0 and R90 are the Lankford coefficients. From
the associated flow rule and under the plane strain con-
dition and the incompressibility assumption, the fol-
lowing relation can be obtained (details are presented
in Appendix 2)

s2 =
R90

1+R90
s1 ð4Þ

Substituting equation (4) into equation (3) yields

s1 =
(1+R0)(1+R90)

(1+R0 +R90)

� �1
2

�s ð5Þ

The equivalent strain is therefore obtained as

�e=
(1+R0)(1+R90)

(1+R0 +R90)

� �1
2

e1 ð6Þ

The force per unit width of the sheet in direction 1
can be written as follows

T1 =s1t ð7Þ

Assuming the power law strain hardening, �s =K�en,
and substituting equations (2), (5), and (6) into equa-
tion (7), the force per unit width is arrived at

T1 =Kt0
(1+R0)(1+R90)

(1+R0 +R90)

� �n+1
2

en1e
�e1 ð8Þ

Figure 1. The 2D plane strain model of the deep drawing
process.
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where K and n are, respectively, the strength coefficient
and the strain hardening exponent. By knowing the
force per unit width T1 in each section along direction
1 and using an iterative numerical scheme like the
Newton–Raphson procedure, e1 can be calculated from
equation (8).

To determine T1, four sections are considered along
the sheet as depicted in Figure 2. Sections I–IV are,
respectively, at the beginning of the die corner radius,
the location which the sheet is separated from the die,
the location which the sheet is separated from the
punch, and the beginning of the punch corner radius.
In Figure 2, l1 to l5 are the lengths of each segment.

Applying force equilibrium at section I, tension TI

can be expressed as

TI =2mFbh ð9Þ

in which m and Fbh are the friction coefficient and the
BHF, respectively.

Tension TII at section II should be calculated with
regard to the tension increase due to bending and fric-
tion at the die corner radius. As the drawing depth
increases, the tension increase due to unbending should
also be considered. Regarding the material flow from
section I toward section II, TII can be written as a func-
tion of the bending angle u about the die corner radius

TII(u)= (TI +DTb)e
mu ð10Þ

where DTb is the tension increase due to bending–
unbending processes.

Neglecting the friction between the side wall and the
punch, the tension throughout the side wall would be
constant and TIII is found to be

TIII(u)=TII(u) ð11Þ

Taking into account the material flow sliding out-
ward from the center O, like equation (10) the follow-
ing relation can be expressed for the tension at sections
III and IV considering the tension increase at the punch
corner radius

TIII(u)= (TIV+DTb)e
mu ð12Þ

In this article, the theoretical model based on the
principle of virtual work, proposed by Chen and
Tszeng21 to estimate the draw-bead restraining force, is
implemented for calculating the tension increase DTb

due to bending and unbending processes. In this model,
the shear stress, the thickness changes due to the defor-
mation, the Bauschinger effect, and the elastic strains
were assumed to be negligible. The shift in neutral axis
during bending was considered. Unlike Chen and
Tszeng,21 here, the material is assumed to be anisotro-
pic. As the increase in tension cannot be expressed
explicitly, a set of derived equations should be solved
numerically and iteratively using an appropriate proce-
dure. Further details related to the model implementa-
tion can be found in the article by Chen and Tszeng.21

It is now possible to obtain the principal strain along
direction 1, that is, e1, at each section from equation (8)
based on the tensions given by equations (9)–(12). The
stress and strain state can then be determined from
equations (1), (4), (5), and (6) and the strain hardening
law.

Using the condition of volume constancy during the
plastic deformation, the amount of the material draw-in
(Figure 2) can be predicted at each stroke of the punch.
In this way, the length and the thickness of all segments
should be determined at considered strokes. Regarding
Figure 2, lengths l2 to l5 can geometrically be calcu-
lated. The thickness in each section is also given by
equation (2). The thickness in segments I1, I3, and I5 is
constant and, respectively, equal to the thickness of sec-
tions I, II, and IV. It is convenient to assume that the
thickness in segments I2 and I4 is, respectively, equal to
the average of thickness in sections I and II and sections
III and IV. It is worth mentioning that length l1 is an
unknown parameter to be obtained using the volume
constancy assumption.

In this study, strains and tensions are calculated at
each increment of forming height Dh. While the draw-
ing height h is less than Rp +Rd, the effect of bending
is only considered on the tension increase at the punch
and die corner. As h increases beyond Rp +Rd, the
effect of unbending should also be taken into account.
So, it is possible to obtain the variation in the men-
tioned parameters with time or punch stroke. Figure 3
summarizes the proposed 2D analytical model.

Since asymmetry with respect to the weld line exists
in TWBs, a different material flow can be observed in
each blank. This inhomogeneity in the material flow
leading to the different draw-in and the weld line move-
ment is the result of different states of stress and strain
occurred in each blank. In the case of TWB with differ-
ence in thickness, the tension increase in the thicker
blank due to bending and unbending is much higher
than the thinner blank. According to the theoretical
model explained above, the tension increase also affects
friction forces at the die and punch corner.
Consequently, the resultant tension will pull the weld
line toward the thicker blank side and the material
draw-in of the thinner side would be larger.

Figure 2. Assumed sections and segments in the blank.
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Parameters such as BHF, die corner radius, friction
coefficient, and draw beads, that redistribute and bal-
ance the resultant tension across the weld line would
prevent weld line movement. Since the BHF is one of
the most effective parameters on the tension distribu-
tion at the various sections of the blank, it is appropri-
ate to use different BHFs on each blank instead of
similar ones. Neglecting small plastic strains, the fol-
lowing condition must hold at the bottom of the part
to satisfy the equilibrium preventing the weld line
movement

(TIV)Thicker side =(TIV)Thinner side ð13Þ

For instance, the BHF on the thicker side can be
determined first and then the tension TIV on the thicker
side should be calculated. Using an appropriate trial-
and-error method, different BHFs on the thinner side
are examined until tension TIV on the thinner side satis-
fies equation (13). Accordingly, two different BHFs are
obtained such that the force on the thinner blank is
higher than that on the thicker blank.

FE model

A simplified elastoplastic FE model was established
using ABAQUS/Explicit to simulate and further study
the deep drawing of TWBs with different thickness
combinations. Both uniform and non-uniform clamp-
ing forces are incorporated into the model by consider-
ing a segmented blank holder. The four-node shell
elements S4R with 2mm 3 2mm size and five integra-
tion points through the thickness are used to model the
initial blank as illustrated in Figure 4. Smaller elements

are used in the vicinity of the place in which the thick-
ness change has occurred. The punch, die, and blank
holder are also discretized using the rigid shells R3D4.
Like the theoretical model presented above, strain hard-
ening and anisotropy are considered to describe the
plastic behavior of the sheet. The mechanical properties
of the sheet and the dimensions of the die set and blank
are presented in the next section. The weld zone proper-
ties are ignored for simplicity. Based on sensitivity anal-
yses and regarding the drawing depth, the velocity of
the punch is set to 3000mm/s with the appropriate
amplitude in which the ratio of the kinetic energy to the
internal energy is negligible. Considering the symmetry
existing in the box drawing and due to the thickness
change in the blank, a half of the process is modeled as
shown in Figure 4(b). Therefore, symmetry boundary
condition is imposed on the corresponding edge of the
sheet. Friction between the sheet and die components is
defined by Coulomb’s friction law with different fric-
tion coefficients in the range of 0.05–0.1, as considered
by He et al.4. The solving time required by the FE
model for simulating the strip and box drawing varies
from a simulation to another due to the implementation
of different fine elements in the vicinity of the place in
which the thickness change occurs for various cases.
For the strip and box drawing, it varies from 40 to
50min and from 90 to 120min, respectively.

Experimental work

In order to assess the capability of the proposed analy-
tical and FE models, strip drawing and square cup
drawing of both monolithic and TWBs were conducted
experimentally. IF steel sheets of grade DX540 were
used as the experimental material. Tensile tests at 0�,
45�, and 90� from the rolling direction according to
ASTM-E8 were performed to obtain the mechanical
properties of the IF steel sheet as presented in Table 1.

The TWBs with the thickness combination of 0.77
and 1.17mm and dimensions of 185 3 35mm and
185 3 185mm were used for the strip and square cup
drawing, respectively. The CO2 laser-welded blanks
were supplied by Supplying Auto Parts Company
(SAPCO). The monolithic blanks of 0.77 and 1.17mm
thicknesses were also considered in the experiments. A
die with a segmented blank holder capable to exert

Figure 4. FE model of (a) strip and (b) square cup deep
drawing utilized in the simulations.

Figure 3. Utilized procedure for the 2D analytical model.
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different clamping forces on each side of the weld line
was utilized. The punch dimensions are 100 3 100mm.
The clearance between the die and the punch and the
corner radius of both the punch and the die are, respec-
tively, 2 and 15mm. All tests were carried out on a 50-
ton hydraulic press. Figure 5 depicts the experimental
deep drawing setup.

Results and discussion

Validation results

To prevent weld line movement, the analytical model
illustrated in Figure 3 is utilized for the strip drawing at
the experimental conditions mentioned before with a
prescribed BHF of 2.45 kN on the thicker side.
Implementing a trial-and-error procedure and using the
equivalent FE model and the experiment, the corre-
sponding BHF on the thinner side leading to a weld
line movement of about 0can also be found. Table 2
compares the predicted BHFs on the thinner side with
the experimental ones. As compared to the result
obtained from analytical model having a reasonable
agreement with the experimental value, the predicted
clamping force using FE model is much closer to the
experimental one. This is due to the simplifications
involved in the analytical method as mentioned before.
However, the analytical model can easily be implemen-
ted and is capable to calculate BHF on the thinner side
associated with a predefined BHF on the thicker side in
only a few seconds when compared to the FE model by
which this can take hours. So, it would be appropriate
to utilize the analytical model for anticipating an initial
value and then use FE model to predict a nearly exact
one by some trials around the predicted value.

Figure 6 shows the strips deep drawn at various
BHFs and the corresponding configurations predicted
by the FE model. The values of draw-in and weld line
movement obtained using the FE model are compared

with those of the experiment in Table 3, showing a
good agreement between them. The average and maxi-
mum differences between the experimental and pre-
dicted results are 8.6% and 13.9%, respectively. For
further comparison, Figure 7 shows the punch force–
stroke diagram required to form a strip using the BHF
combination of 2.45 and 3.30 kN at which the weld line
movement is eliminated as found experimentally (see
Table 2).

As illustrated above, the results from the analytical
and FE model are in good agreement with those of the
experiment. In the following sections, the mentioned
models are utilized to study the deep drawing of TWBs
under the uniform and non-uniform BHFs.

Weld line movement

In order to reduce the weld line movement under the
condition of a uniform BHF, higher clamping forces
should be applied. This reduction in the weld line move-
ment continues until the blank is released from under
the blank holder. So, Figure 8 illustrates the material
draw-in and the weld line movement for different BHFs
at the punch stroke of 35mm. As a higher BHF is
applied, the amount of draw-in at the thinner and
thicker sides becomes smaller and larger, respectively,
and, therefore, the weld line movement decreases.

As demonstrated above, however, there would be a
difference between tensions induced in the two sides
during the deep drawing of a TWB with different thick-
nesses under a uniform BHF. Therefore, an undesirable
weld line movement occurs. To eliminate the tension
difference, a non-uniform BHF consisting of two differ-
ent forces applied separately on each side of the weld
line can be used in such a way that the BHF on the
thinner side should be higher than that on the thicker
side because of the weld line movement toward the
thicker side. The effect of the BHF ratio of the thinner
side to the thicker side on the weld line movement and

Table 1. Mechanical properties of IF steel sheet of grade DX540.

E (MPa) YS (MPa) UTS (MPa) Poisson’s ratio N K (MPa) Lankford coefficients

R0 R45 R90

210,000 165 310 0.3 0.24 552 2.6 2.2 2.8

YS: yield strength; UTS: ultimate tensile strength.

Table 2. Predicted and obtained BHFs on the thinner side to reduce the weld line movement (the thickness combination is 0.77 and
1.17 mm).

BHF (kN) Error (%)

Thicker side Thinner side

Proposed model 2.45 3.65 10.61
FE model 2.45 3.36 1.82
Experiment 2.45 3.30 N/A

BHF: blank holder force; FE: finite element; N/A: not applicable.
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the material draw-in, obtained using the FE model, is
shown in Figure 9. The thickness combination and the
BHF over the thicker side is, respectively, 0.77 and
1.17mm and 2.45 kN. From the figure, it can be con-
cluded that increasing the BHF ratio from 1 to 1.37
leads to the more symmetric material draw-in and the
less weld line movement. By further increasing the BHF

ratio, a reverse weld line movement toward the thinner
side happens.

Utilizing the proposed analytical model, it is possi-
ble to predict the required amount of the BHF on the
thinner side with respect to the BHF applied on the
thicker side to prevent the weld line movement. Figure
10 shows the effect of the BHF over the thicker side on

Figure 6. Experimental and simulated deformed parts at various BHF ratios.

Figure 5. Experimental platform used in the experiments.
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the necessary BHF ratio at various thickness ratios.
The thickness of the thicker side is 1.17mm and other
parameters are the same as those mentioned in the
experimental work. As can be seen in Figure 10, by

increasing the BHF over the thicker side, the BHF ratio
decreases. This is due to the fact that the difference
between tensions in both sides of the weld line is mainly
related to the amount of tension increase at the die and

Table 3. Comparison of the draw-in and the weld line movement at various BHF ratios obtained by the FE model and the
experiment.

Draw-in (mm)

BHF (kN) Thicker side Thinner side Weld line movement (mm)

Thicker side Thinner side FE Exp. FE Exp. FE Exp.

2.45 2.45 23.18 25.80 40.45 40.50 12.90 11.10
2.45 3.3 35.04 33.20 34.81 33.20 0.90 0.00

BHF: blank holder force; FE: finite element.

Figure 7. Comparison of experimental and predicted forming forces. The BHF and the thickness combinations are, respectively,
2.45 and 3.3 kN and 0.77 and 1.17 mm.

Figure 8. Material draw-in and weld line movement in deep drawing of TWB under various uniform BHFs predicted using the FE
model.
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punch corners. The increase in tension due to bending
and unbending with considering pre-tension induced by
the BHF has previously been calculated using the vir-
tual work principle. By increasing the pre-tension in the
sheet, the tension increase due to bending decreases.4

Accordingly, as the BHF which directly affects the pre-
tension increases, the difference between tensions in the
thicker and thinner sides decreases and, therefore, the
weld line movement becomes smaller. Hence, a smaller
increase in the BHF over the thinner side is required.

The influence of the thickness ratio of two sides on
the BHF ratio at different BHFs for the thicker side is
depicted in Figure 11. When the thickness ratio
becomes larger, the tension difference between the
thicker and thinner sides increases, which leads to more
weld line movement. Hence, it is necessary to increase

the BHF more on the thinner side to prevent such a
movement, as shown in Figure 11. The increased weld
line movement as a result of the higher thickness ratio
is demonstrated in Figure 12 for two different friction
coefficients. At the considered range for the friction
coefficient, this figure also shows the negligible depen-
dency of the weld line movement on the friction
coefficient.

The variation in the required BHF in order to pre-
vent the weld line movement with the die corner radius
can be studied as the following two cases. In the first
case, the same die corner radius is assumed for both
sides. The effect of the die corner radius on the BHF
ratio is illustrated in Figure 13 at various BHFs on the
thicker side. The thickness combination is 0.77 and
1.17mm. It can be seen from the figure that at a

Figure 10. Effect of BHF over the thicker side on the necessary BHF ratio predicted using the analytical model to prevent the weld
line movement.

Figure 9. Effect of the BHF ratio on the weld line movement and the material draw-in predicted by the FE model (BHF on the
thicker side = 2.45 kN).
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constant BHF over the thicker side, a decrease in the
die corner radius leads to the higher BHF to be applied
on the thinner side. In other words, the weld line move-
ment toward the thicker side becomes more significant
by decreasing the die corner radius and, consequently,
higher BHF is needed over the thinner side.

For the other case, a different corner radius is con-
sidered for each side. Figure 14 shows the influence of
the die corner radius at the thinner side on the BHF
ratio for two different thickness ratios. The die corner
radius and the BHF at the thicker side are considered
as 15mm and 2.45 kN, respectively. As seen, by
decreasing the corner radius associated with the thinner
side, the required BHF ratio decreases so that the val-
ues lower than unity can be reached, which is the case
of the thickness ratio of 1.52 in Figure 14. Such a value
means that a lower BHF should be applied over the
thinner side than that applied over the thicker side

because of the weld line movement toward the thinner
side. Figure 15 demonstrates the effect of the die corner
radius at the thinner side on the weld line movement,
obtained using the FE model, under the uniform BHF
of 2.45 kN. At the smaller die corner radius, the tension
increase due to both bending and unbending and corre-
spondingly the tension in the thinner sheet would be
higher so that it might reach or exceed the tension in
the thicker side, which results in a reduced weld line
movement or, reversely, the one toward the thinner
side, as depicted in Figure 15. In this figure, the positive
and negative values are, respectively, related to the
weld line movements toward the thicker and thinner
sides. It is worth noting that increasing the die corner
radius at the thicker side under a constant die corner
radius at the thinner side has the same effect on the
weld line movement and the required BHF ratio as dis-
cussed above.

Figure 12. Variation in the weld line movement with changing thickness ratio obtained by the FE model at a uniform BHF for two
different friction coefficients.

Figure 11. Effect of thickness ratio on the necessary increase of BHF over the thinner side predicted using the analytical model to
prevent the weld line movement.
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Application to square cup drawing

The effects of the uniform BHF and the thickness ratio
on the weld line movement, obtained using the FE
model, are demonstrated in Figure 16. At the center of
the part (the origin of the curve), the weld line moves
toward the thicker side (positive values) and gradually
the movement reduces to 0 at the wall of the cup
(approximately 80mm) and then reaches negative val-
ues at the flange region, which means a reverse weld
line movement toward the thinner side. This movement
toward the thinner side can be attributed to the differ-
ence in the material flow velocity between the thicker
and thinner sides around the weld line on the flange
region at which the thinner side is drawn into the die
more rapidly than the thicker side. It can be seen in
Figure 16 that at a constant BHF, by increasing the
thickness ratio, the weld line movement increases and

also for a known thickness ratio, by increasing the uni-
form BHF, the weld line movement decreases.

According to the promising results for controlling
the weld line movement in the strip drawing of a TWB
using an appropriate non-uniform BHF, some combi-
nations of BHFs acting on each side of the TWB sepa-
rately are examined through the FE model to reduce
the weld line movement in the square cup drawing as
shown in Figure 17. As the BHF over the thinner side
is raised from 8.4 to 13.4 kN, a reduction of 74% in the
maximum weld line movement is observed. The weld
line movement at the flange area also decreases by
increasing the BHF on the thinner side. Figure 18 com-
pares the experimental and simulated configurations of
the square cup deep drawn from a TWB with the thick-
ness of 0.77 and 1.17mm using a non-uniform BHF of
8.4 and 13.4 kN.

Figure 13. Variation in required BHF ratio with the die corner radius.

Figure 14. Variation in required BHF ratio with the die corner radius at the thinner side. At the thicker side, the die corner radius
is 15 mm.
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Conclusion

The main objective of this study was to restrict the weld
line movement using a non-uniform BHF. The pro-
posed analytical model predicts the required BHFs
based on Hill’s quadratic yield criterion and by consid-
ering the effect of frictional forces and bending–
unbending in the die and punch corner radii. The FE
models of strip and square cup deep drawing were
established using the commercial FE code ABAQUS.
It has been shown that the experimental, theoretical,
and numerical results are in a reasonable agreement.
The following conclusions can be highlighted:

� To reduce the weld line movement under the condi-
tion of a uniform BHF, higher clamping forces
should be applied.

� Using an appropriate non-uniform BHF, the weld
line movement can be effectively reduced.

� Increasing the thickness ratio leads to more weld
line movement and hence a further increase in the
BHF on the thinner side would be necessary.

� For the same die corner radius at both sides, a
decrease in the radius leads to the higher BHF ratio.
On the other hand, by decreasing the corner radius
at the thinner side, the required BHF ratio decreases
so that the values lower than unity can be reached.
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Appendix 1

Notation

f yield function
Fbh blank holder force
F, G, H material constants defining the anisotropy
h drawing height
K strength coefficient
li length of segment i
n strain hardening exponent
RP, RD,
RF

radii of the punch corner, die, and punch
face, respectively

R0, R90 Lankford coefficients
t thickness of sheet
t0 initial thickness of sheet
T force per unit width of the sheet (tension)
X, Y, Z tensile yield stresses in RD, TD, and ND,

respectively

1, 2, 3 principal axes along RD, TD, and ND,
respectively

Dh increment of forming height
DTb tension increase due to bending and

unbending
e1, e2, e3 strains in local principal directions
�e equivalent strain
u bending angle
m friction coefficient
�s equivalent stress
s1, s2 stresses in local principal directions

Appendix 2

Derivation of equation (3)

If the principal anisotropy axes of the sheet metal coin-
cide with the principal directions of the stress state,
Hill’s quadratic yield criterion can be written as

F(s2 � s3)
2 +G(s3 � s1)

2 +H(s1 � s2)
2 =1 ð14Þ

where 1, 2, and 3 are, respectively, the principal axes
along the rolling, transverse, and normal directions. F,
G, and H are the material constants defining the aniso-
tropy of the sheet metal and can be expressed in terms
of X, Y, and Z which are, respectively, the tensile yield
stresses in RD, TD, and ND23

F=
1

2

1

Y2
+

1

Z2
� 1
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By defining R2
2 =Y2=X2 and R2

3 =Z2=X2
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� � ð16Þ

On the other hand, from the associated flow rule
(deplij =(∂f=∂sij)dl), the following relations between F,
G, H, and the Lankford coefficients (R0 and R90) can
be obtained23

R0 =
H

G
, R90 =

H

F
ð17Þ

Substituting equation (16) into equation (17) and
solving the resulted equations, the following relations
can be obtained

R2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R90(1+R0)

R0(1+R90)

s
, R3 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R90(1+R0)

(R0 +R90)

s
ð18Þ

Using equation (18) and substituting equation (16)
into equation (14), Hill’s quadratic yield function based
on the Lankford coefficients is arrived at24

1

1+R0

� �
R0

R90
(s2 � s3)

2 + (s3 � s1)
2 +R0(s1 � s2)

2

� �
=�s2

ð19Þ

14 Proc IMechE Part B: J Engineering Manufacture

 at Dokuz Eylul Universitesi on March 27, 2015pib.sagepub.comDownloaded from 

http://pib.sagepub.com/


in which �s=X. As in this article the through-thickness
stress has been neglected, that is, s3 =0, equation (19)
can lead to equation (3).

Derivation of equation (4)

Using the flow rule associated with the yield function
(19), the following relation can be written

de1
(s1 � s3)+R0(s1 � s2)

=
de3

R0

R90
(s3 � s2)+ (s3 � s1)

ð20Þ

Regarding the incompressibility condition and the
plane strain state assumed in this article, it can be stated
that de1 = � de3. Since the through-thickness stress is
neglected, equation (20) can be expressed as

de1
s1 +R0(s1 � s2)

=
�de1

� R0

R90
s2 � s1

ð21Þ

Finally, by simplifying equation (21), the relation
between s1 and s2, expressed by equation (4), can be
obtained.
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