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EF improves the formability of the hydroformed part by increasing the CFE and
reducing thinning using both displacement [12] and load control [14]. Although the
trends show improvements in formability, a more accurate failure criterion must be
used in these simulations. The same failure modes shown in Figure 4 (a) are also
present for pre-bent tubes, but are too difficult to analytically predict due to pre-
bending. Therefore, experimental and numerical methods must be used to determine
the process diagrams for pre-bent hydroformed tubes.

1.3. Numerical Failure Criterion. In numerical hydroforming simulations of axial
members, many failure criteria exist with the stress-based FLD (σFLD) criterion de-
veloped by Stoughton [15] gaining the most attention by the metal forming industry.
This criterion was developed to overcome the monotonic strain path dependence of the
traditional strain-based FLD (εFLD). The σFLD is constructed from the εFLD, and
is based on a plane-stress assumption. This criterion was validated for free-expansion
(tube expands freely and does not conform to a die) experiments with AKDQ steel
tubes [16] and showed excellent agreement. This approach does not consider the
through-thickness stress component that is present when a tube is hydroformed in an
enclosed die. Hydroforming experiments at the University of Waterloo are conducted
on pre-bent tubes in enclosed hydroforming dies (Figure 5). Experiments have con-
sistently shown that the fracture (burst) location for hydroformed tubes (zero EF) is
at the tube/die contact area, not in the free-expansion zone. This was the motiva-
tion behind the development of the new Extended Stress-Based Forming Limit Curve
(XSFLC) failure criterion by Simha et al. [17, 18], which is a full three-dimensional
stress-based failure criteria.

PP
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A – Roof Header

B – Instrument Panel

C – Radiator Support

D – Engine Cradle

E – Roof Rail

F – Frame Rail

P

DIES
PUNCH PUNCH

END-FEED

DIES

END-FEED

Figure 5. Pre-bent hydroforming dies at the University of Waterloo

2. Tube Bending Model

2.1. Mandrel Rotary-Draw Tube Bending Process. The fully instrumented Ea-
gle EPT-75 servo-hydraulic mandrel rotary-draw tube bender at the University of
Waterloo was used to experimentally bend the tubes and was modelled for the tube
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bending simulations. The repeatability for this method of bending has been shown
to be consistent by Bardelcik et al. [13] and Dwyer et al. [19]. Figure 6 shows the
experimental tube bender and a schematic of the tools involved in the tube bending
process.
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Figure 6. Experimental mandrel rotary-draw tube bender and
schematic [3]

The bend die and clamp die hold the end of the tube and rotate together. This
action draws the tube around the bend die. The moment created at the left end
of the tube during the bending process is reacted by the pressure die. Also, the
pressure die can be used to apply boost during the bending process to change the
strain distribution along the tube [13]. A flexible two-ball mandrel supports the tube
and prevents collapse of the tube during bending. Wrinkling of the inside bend radius
is prevented by the wiper die which also reacts to some of the pressure die clamp
force.

2.2. Material Characterization. In order to successfully simulate the pre-bending
and hydroforming process, accurate representations of the DP600 material properties
and friction characteristics are necessary. The uniaxial tensile test was used to mea-
sure the stress-strain response of the DP600 and the twist-compression test (TCT)
[20, 21] provided the frictional characteristics.

2.2.1. Tensile Testing. The material model used to simulate the DP600 tube material
was based on the standard uniaxial tensile test. The tensile test specimens were cut
along the longitudinal direction of the tube and from different orientation along the
circumference (Figure 7). It was found that specimens from the 3 and 9 o’clock
positions resulted in identical material properties while the 6 o’clock position showed
a slightly higher yield stress due to additional work hardening from the roll forming
process [1, 3]. The engineering stress-strain curves were converted into true stress-
strain curves and averaged to produce the following power law relation [12],

σ̄ = 795.8ε̄0.115 (2.1)
This curve was then converted into a true stress vs. plastic strain curve. The

true stress vs. plastic strain curve was extrapolated to (0.60 mm/mm, 943 MPa) and
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used as the input curve for the FE simulations. A more accurate representation of
the stress-strain behaviour for the tube material would be to conduct free-expansion
bulge tests as proposed by Fuchizawa et al. [22].
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Figure 7. Tensile test results for DP600

2.2.2. Twist-Compression Test. The twist-compression test (TCT) is a common bench
test used to determine the coefficient of friction (COF) between two flat surfaces. In
the TCT, a sheet metal specimen is pressed and rotated against a flat tool steel cup.
The torque developed at the interface is measured and with the interfacial pressure
the static and dynamic COF is calculated (Figure 8) [20, 21]. The relative velocity
between the tube and die during the forming process is replicated in the test. The
sheet metal specimen used for these tests was cut from the same coil that was used to
roll form the DP600 tubes. The tool steel cups are made from the same material as
the bending and hydroforming dies and were heat treated to the same specifications.
For the tube bender, cups made from nitrided 4130 steel represent the bend, clamp
and pressure die, while the wiper die cup is made from untreated 4130 steel. The
hydroforming die cups are made from untreated P20 tool steel.

The interfacial pressure seen by the tools during the experiments was estimated to
select the appropriate COF from Figure 8. Table 1 summarizes the lubricants and
resulting COF that were used in the FE penalty-based contact models.

Bend Pressure Wiper Clamp Mandrel Hydroforming
Die Die Die Die Die

Lubricant Dry Dry D.A. Stuart- Dry D.A. Stuart- D.A. Stuart-
Hydrodraw 615 Hydrodraw 615 Hydrodraw 625

COF 0.08 0.08 0.08 0.08 0.06 0.03
Table 1. Lubricants and resulting COF used for contact algorithms
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Figure 8. Twist compression test results

2.3. Numerical Model. The mandrel rotary-draw tube bending simulation was de-
veloped using LS-DYNA v970. One-half of the model was simulated. The tube
bender tools were modelled as rigid surfaces with 4-noded shell elements. The tube
was meshed with 8-noded solid elements. Five through-thickness elements were used
to represent the tube. A coarse and fine mesh was used for the tube to reduce compu-
tational time. A total of 83,000 solid elements were used to model the tube. Figure
9 shows the bender and tube meshes used in the simulations. The bend model was
run over 30 milliseconds and required 88.2 hours of processor time. After bending, a
springback simulation, which used implicit integration, was carried out. After spring-
back, the tube was trimmed and a die-close simulation was run to prepare the model
for hydroforming simulations. The elemental stress and strain histories were trans-
ferred to all successive computations to account for the loading history of the elements
from the previous deformation.

2.4. Bending Results. To validate the bending model, strain and thickness at dif-
ferent locations along the tube were compared to experimental results. The validation
data was compared along the inside and outside of the bend (θ) and around the cir-
cumference of the tube (φ) at the 45◦ position (Figure 10). Engineering strains were
measured at the outside surface of the tube using circle grid analysis and thickness
was measured with an ultrasonic gauge. The inside and outside of bend measurements
begin at the mandrel end θ = 0◦ and finish at the clamp end θ = 90◦. For θ < 0◦ and
θ > 90◦, the measurements were along the straight section of tube and are shown for
completeness as they do not correspond to an angle. The measurements made at the
45◦ position begin at the weld seam φ = 0◦ and continue 360◦ around the tube in the
direction indicated in Figure 10.

The experimental and numerical strain and thickness distribution results are shown
in Figure 11. Experimental strain distributions for the three different measurement
locations are shown as an averaged curve-fit (measured from three tubes) 6th order
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Figure 9. a) tube bender mesh b) tube mesh, not to scale
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Figure 10. Strain and thickness measurement locations [12]

polynomial line. The experimental error bars represent the 3.0% strain scatter of
the circle grid analysis results. The accuracy of the thickness results is 0.001 mm;
therefore no error bars are shown. Experimental results were recorded approximately
every 3.0◦ . Numerical results were manually extracted from the model using post-
processor software at 10◦ increments.

2.4.1. Outside of the Bend Region. For the outside of the bend region, the major
(tensile) strain is in the longitudinal direction of the tube and is the sum of the
membrane and bending strain. The minor (compressive) strain occurs in the hoop
direction of the tube. Figure 11 (a) shows that experimentally, the steady-state region
20◦ < θ < 70◦ experiences an average of 26.0% major strain with a peak of 28.1%
at 65◦, while the steady-state minor strain is approximately -5.0%. Numerically,
the average major strain is 24.2% for the steady-state region with no peak and the
steady-state minor strain is -7.0%. With the exception of the peak strain not being
captured by the model, the experimental and numerical strain distributions show
good agreement.
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Figure 11. Strain and thickness distribution results for a) outside of
the bend, b) inside of the bend, c) and d) 360◦ around the circum-
ference at 45◦

Due to the major strain, thickness is reduced at the outside of the bend. Experi-
mentally, the average steady-state thickness is 1.56 mm (15.7% thinning), while the
numerical models predicted a thickness of 1.60 mm (13.5% thinning). Again, the
experimental and numerical thickness distributions show good agreement with each
other.

2.4.2. Inside of the Bend Region. In this case, the minor (compressive) strain is dom-
inant and along the longitudinal direction of the tube (Figure 11 (b)). It is also the
sum of the membrane and bending strain. The minor (tensile) strain occurs in the
hoop direction. The experimental steady-state region experiences an average major
strain of 3.8% and an average minor strain of -24.3%, while the numerical models
predict an average major strain of 7.0% and an average minor strain of -23.6%. The
experimental and numerical strain distributions show good agreement.

Due to the large minor strain, thickening occurs at the inside of the bend and the
experimental and numerical steady-state average thickness results agree at 2.25 mm
(21.6% thickening), showing excellent agreement.

2.4.3. 360◦ Around the Circumference. Figure 11 (c) shows the strain measured around
the tube circumference at θ = 45◦. For 0◦ < φ < 180◦, the major strain corre-
sponds to the hoop strain and the minor strain is in the longitudinal direction. For
180◦ < φ < 360◦, the major and minor strains reverse and the major strain occurs in
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the longitudinal direction since the bending strain is now tensile. The agreement be-
tween the two distributions is very good with a slight discrepancy at the 270◦ position
where the experimental strain is greater than the numerical strain.

The thickness distribution follows a sinusoidal trend (Figure 11 (d)) and shows a
peak in thickening at the 90◦ position and thinning at 270◦. Although there is a slight
underprediction of thickening and thinning by the numerical model, the agreement is
acceptable.

3. Hydroforming Model

3.1. Hydroforming Process. Hydroforming experiments are conducted on a 1,000
Ton press at the University of Waterloo. Figure 12 shows the hydroforming die and
EF actuator that are used for the experiments. The EF actuators are hydraulic with
250 kip capacity each. For hydroforming, the EF actuator rams are inserted into each
end of the pre-bent tube until the shoulder engages the edge of the tube (Figure 12).
A polymeric o-ring is used to create a seal between the ram and the inside diameter
of the tube. This sealing concept is easy to model and minimizes friction in the seal
region of the tube. A zero EF case was hydroformed experimentally and simulated
numerically. In this case, the ram remains stationary and provides no EF force to
the end of the tube. For the case of load control EF, only numerical models were
simulated with EF loads of 5, 10, 20 and 30 kip.
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Figure 12. Hydroforming die and EF actuator

3.2. Formability Measurement. To evaluate the formability of a hydroformed
tube, CFE was measured. Figure 12 shows a CAD solid model cutaway of the hy-
droforming die. Two linear variable displacement transducers (LVDT) are located on
the inside and outside of the bend at θ = 45◦ and φ = 45◦, 315◦. They are used to
measure the corner expansion of the tube.

The following equation is used to calculate the %CFE using the Figure 13 section,

%CFE =
14.83 − d

14.83
× 100% (3.1)

where d is in mm.
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Figure 13. CFE measurement location section [12]

As d approaches zero, the CFE becomes 100%, which indicates a fully formed tube.
It is possible to have ’negative CFE’. This is due to tube ovalization during bending
or movement of the tube during hydroforming [3, 13]. Due to differences in expansion
at the inside and outside of the bend LVDT’s, the diametrical corner-fill expansion
(DCFE) is also calculated (due to symmetry plane) to quantify the overall formability
of the tube,

%DCFE =
%CFEinside + %CFEoutside

2
(3.2)

3.3. Numerical Model. Similar to the bending model, the hydroforming die and EF
rams were modelled as rigid surfaces with 4-noded shell elements (Figure 14). Also,
the LVDT’s shown in Figure 12 were modelled as a single beam and shell element and
can be seen in Figure 14. To simulate the internal pressurization of the tube, a very
thin shell mesh was created on the inside diameter tube surface. The nodes between
the thin shell mesh and and tube surface were coincident.
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EF Ram

LVDT 
(inside)

LVDT 
(outside)

EF Ram

Figure 14. Meshed hydroforming tools and LVDT’s
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3.3.1. XSFLC Failure Criterion. This section briefly describes the theory which sup-
ports the XSFLC. For a more rigorous derivation, refer to [18]. The XSFLC is based
on the traditional strain-based forming limit (εFLC) curve, as proposed by Keeler et
al. [23] and Goodwin [24]. The εFLC curve plots major principle strain (ε1) vs. minor
principle strain (ε2) at the onset of necking and is derived from plane-stress experi-
ments. No εFLC was available for the DP600 material; therefore it was approximated
using the findings of Keeler and Brazier [25]. The shape of the curve is given and the
plain strain intercept (FLCo) is approximated using the materials’ strain hardening
exponent, n, and sheet thickness, t.

FLCo(%) = (23.3 + 14.14t)
( n

0.21

)
. (3.3)

The εFLC for the DP600 is shown in Figure 15.
Using Stoughton’s method [15], the principal strains (ε1, ε2) from the εFLC are

converted into principal stress-space (σ1, σ2). The x-axis of the XSFLC is the invariant
mean stress (hydrostatic stress) and is calculated from the principal stresses as follows,

σhyd =
σ1 + σ2 + σ3

3
. (3.4)

Since the εFLC was measured under plane-stress conditions, σ3 = 0, and reduces
to,

σhyd =
σ1 + σ2

3
. (3.5)

The y-axis of the XSFLC is the Von-Mises effective stress, which is an invariant
and calculated as follows,

σ̄ =

√
1

2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] . (3.6)

Again, σ3 = 0, and 3.6 reduces to,

σ̄ =
√
σ2
1 + σ2

2 − σ1σ2 . (3.7)

Using the above procedure, the εFLC is converted into the XSFLC and is shown in
Figure 15. The extrapolated region shown in Figure 15 is assumed due to the uniaxial
stress point (A) of the εFLC.

The following assumptions are made to transform εFLC into the XSFLC,
Assumption 1: The alloys are assumed to be described by the J2 flow theory with

isotropic hardening. Hardening is described by the functional relationship σ̄ = σ̄(ε̄p).

Assumption 2: The invariants: effective stress and means stress that characterize
the formability limit under plane stress loading are representative of the formability
limit under three-dimensional stress states.

In order to attain realistic prediction for the pre-bent hydroformed parts, two ad-
ditional assumptions are required to take into account the tensile and compressive
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Figure 15. : a) εFLC b) XSFLC [18]

pre-strain created by the pre-bending operation.

Assumption 3: The formability of a material element that has a tensile effective
tensile pre-strain at the end of bending, ε̄p, is assumed to be max[σ̄(ε̄p), σ̄XSFLC ].

Assumption 4: The formability of a material element that has a compressive effec-
tive plastic pre-strain at the end of bending, ε̄p, is assumed to be max[σ̄(2ε̄p), σ̄XSFLC ].

3.3.2. Model Implementation. As previously mentioned, LS-DYNA v970 was used to
simulate the bending, springback, die close and hydroforming operations. In order to
use the XSFLC to predict the onset of necking in hydroforming, a user subroutine
was programmed to model the tube material. The XSFLC serves as an input to
the subroutine. In addition to implementing the stress update for the element, the
subroutine also tracks whether the load path (σhyd, σ̄) for each element has crossed
the XSFLC. A formability variable, γ, for a given σhyd, is defined as follows [17, 18],

γ =
σ̄

σXSFLC
0 ≤ γ ≤ 1 (3.8)

All of the simulations with exception to springback were modelled with the XS-
FLC subroutine. Using the post processor software LS-PREPOST, contours of γ are
plotted to determine when the onset of necking has occurred. It is convenient to
represent γ as binary to determine time of necking. Necking is said to occur when all
five through thickness elements have crossed the XSFLC curve as shown in Figure 16.

3.3.3. Pressurization and EF Load Schedules. The hydroforming simulations for this
work include a zero EF case and four different levels of load control EF. All of the
hydroforming simulations were run in 13.0 msec. The first millisecond for all of the
simulations was reserved for the activation of the simulated LVDT’s (Figure 17).

For the zero EF case, the EF ram displacement was set to zero for the entire
simulation. The internal pressure was linearly increased from zero at 1.0 msec to
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Figure 16. Failure locations during hydroforming using the XSFLC
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12.0 ksi at 13.0 msec using the *AIRBAG_LINEAR_FLUID card in LS-DYNA [26]
(Figure 17).

For the load control EF simulations, the scaled EF load curve shown in Figure 17
was used. The EF load was varied at 5, 10, 20 and 30 kip (for a full tube). The y-
coordinate points of the scaled EF load curve were multiplied by the appropriate EF
load scale factor for each simulation. *LOAD_RIGID_BODY [26] cards were used to
apply the load in the appropriate direction of action for each ram. Full EF load was
applied (ramped) from 2.0 to 3.0 msec of the simulation and remained constant until
the end of the simulation. Two different pressurization schemes were used for each



148 A. Bardelcik and M. J. Worswick

different EF load case. The previously mentioned linear pressurization scheme was
used with an additional pre-pressurization scheme. The pre-pressurization scheme
increased the internal pressure from zero at 1.0 msec to 4.7 ksi at 2.0 msec. The
pressure then increased linearly to 12.0 kip at 13.0 msec. The pre-pressurization
pressure of 4.7 ksi is just below the pressure required to yield the tube. This scheme
was selected to show if the effect of pre-stressing the tube would affect the formability
during hydroforming.

3.4. Hydroforming Results. Using the XSFLC, three distinct failure areas were
observed for every simulation. These failure locations can be seen in Figure 16. Al-
though the inside failure location consistently occurred at the lowest internal pressure,
all three regions will be discussed. Figure 18 shows the results of the hydroforming
simulations.
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Figure 18. CFE and necking pressure results

3.4.1. Zero End-Feed Case. This EF case was tested experimentally and modelled for
the work done by Simha et al. [18]. In the experiment, the tube failed at approxi-
mately 6.9 ksi in the middle failure location as shown in Figure 19.

The XSFLC predicted the first failure occurrence at the outside location when the
internal pressure reached 7.3 ksi. The next failure occurred at the inside location at
7.9 ksi while the correct middle failure location was predicted at 8.3 ksi. The XSFLC
overpredicted the failure pressure by 12%, which is acceptable. The additional failure
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Figure 19. Numerical and experimental results for the zero EF case [18]

locations that were predicted are likely due to the approximations made for the DP600
material. These sources of error include the stress-strain curve (bulge test data is more
accurate) and the approximated εFLC. In [17, 18], these approximations were not
made for straight and pre-bent aluminium tube and the results showed significantly
more accurate predictions.

3.4.2. End-Feed Case. Due to the prediction of multiple failure locations, the results
for the inside, outside and middle failure locations will be discussed.

Inside Failure Location
This failure location was the first to occur for all of the EF levels and both pres-

surization schemes. Figure 18 (a) shows an increase in outside CFE from 44% to
approximately 60% for both pressurization schemes. The inside CFE has a decreas-
ing trend from a CFE of 25% at zero EF to 9% for the pre-pressurization scheme.
The negative CFE for linear pressurization was due to extreme buckling of the tube.
Buckling is a result of excessive EF load, which forces the outside radius of the tube
to form more than the inside radius of the tube as shown in Figure 20. In addition
to the effect of EF load, the thinner outside radius region of the tube is more easily
deformed than the thicker inside region of the tube. Buckling usually disappears as
the internal pressure of the tube increases and forms the inside CFE region more. The
effect of buckling is never entirely removed from the tube and results in the condition
that outside CFE is always greater than the inside CFE for all cases and EF levels.
At high levels of EF, risk of wrinkling occurs due to excessive EF force (Figure 20).

The DCFE remains constant as EF increases for both pressurization schemes (with
exception to linear pressurization at 30 kip). This trend is opposite to that of the
published work on the effects of EF on the hydroforming of axial members. The
failure pressure also decreases from 7.9 ksi at zero EF to 5.5 ksi at 30 kip EF.

Figure 21 (a) and (b) shows the stress-path in the last element to cross the XSFLC
at each failure location. The elements were on the outer layer of the tube. The paths
do not begin at the origin due to the non-zero stress after springback. Figure 21 (b)
indicates that failure on the inside occurred after the path surpassed the XSFLC. This
is because a new hardening limit was reached in pre-bending (Assumption 4). For
the path of the inside element, no contact with the die is made. Initially, the EF load
is dominant in the longitudinal direction (compression), but as the internal pressure
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Figure 20. Numerical hydroforming models showing buckling, wrin-
kling and CFE

increases and friction retards the material flow longitudinally, the dominant stress
becomes tensile and is in the hoop direction as the tube experiences free-expansion.
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Figure 21. a) and b) Stress-paths for the three failure location ele-
ments, pre-pressurization 20 kip case, c) stress-path for inside element
failure for increasing EF cases.

Figure 21 (c) is a plot of the stress-path for the inside failure location element at
zero, 10 and 20 kip EF. It serves to show how increasing EF affects the stress-path of
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the inside element. The trend shows a negative shift along the mean stress axis, as EF
increases. This shift is due to an increasing compressive stress component (from EF)
in the axial direction of the tube. The effective stress also increases with increasing EF
along the effective stress axis. Because the stress-path is in the extrapolated region
of the XSFLC at higher EF, the assumption of this extrapolation needs to be verified
experimentally. This is also the case for the outside element failure stress-path shown
in Figure 21 (a) and (b).

Outside Failure Location
This failure location was the second to occur for all of the EF levels and both

pressurization schemes. For the linear pressurization scheme, Figure 19 (b) shows
an increase in outside CFE from 40% to approximately 66% and 59% for the pre-
pressurization scheme. The inside CFE has the expected increasing trend as well with
a CFE of 19% at zero EF to 43% for the linear pressurization scheme and to 32% for
pre-pressurization. The DCFE increases for the linear pressurization and decreases
(after 10 kip case) for the pre-pressurization case, making the linear pressurization
scheme more favourable. The failure pressure increases from 7.3 ksi at zero EF to 11.0
ksi at 30 kip EF for the linear pressurization scheme. Whereas the pressure increases
and then decreases to 7.9 ksi for the pre-pressurization scheme.

The outside failure element is in contact with the die cavity at the beginning of
the simulation. A dominant compressive principal stress in the longitudinal direction
is due to the EF load which causes the mean stress to be negative (Figure 21). As
friction between the tube and die wall increases due to the internal pressure, the
material flow is impeded longitudinally and the dominant stress becomes tensile and
in the hoop direction. The compressive through-thickness stress component becomes
equivalent to the compressive longitudinal stress component during the simulation,
but both are considerably less than the hoop stress component.

Middle Failure Location
The most promising results come from this failure location because of the experi-

mental findings for the zero EF case. Almost no differences existed between the two
pressurization schemes. It should be noted that the final prescribed internal pressure
of 12.0 kip was achieved for the 20 and 30 kip EF cases. Figure 19 (c) shows that the
outside CFE increases from 46% to 69% and the inside CFE increases from 28% to
48%. The DCFE also increases from 37% to 59%. There is potential for greater CFE
due to the fact that necking pressure was not achieved by the 20 and 30 kip cases.
The necking pressure increases from 8.2 ksi at zero EF to the maximum prescribed
12.0 ksi at 20 and 30 kip EF.

The middle failure element is in contact with the die wall at the beginning of
the simulation. There is no dominant stress component for the first part of the
simulation with a tensile stress in the hoop direction and smaller compressive stresses
in the longitudinal and through-thickness directions. Near the end of the simulation, a
dominant tensile stress occurs in the hoop direction and a smaller tensile stress forms
in the longitudinal direction. A small through-thickness component is also present
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near the end of the simulation and causes the stress-path to curve left as shown in
the zoomed graph in Figure 21. The effective stress at this location never reaches the
XSFLC and is therefore safe for the 20 kip EF case in Figure 21.

4. Conclusions

Based on the investigation into the effect of load control EF on the formability of
DP600 steel tube using the XSFLC, the following conclusions can be made:

• The mandrel rotary-draw tube bending operation was successfully modelled
using the material properties extracted from uniaxial tensile tests and the
coefficients of friction from the twist compression test. The strain and thickness
distributions were accurately predicted and validated with experimental data.

• The XSFLC was shown to closely predict the failure (necking) pressure for
the zero EF case. Other failure locations were also predicted, but within a
close necking pressure range, causing questions to arise about the stress-strain
relationship used and the approximated εFLC for the DP600.

• With the application of load control EF, the prediction of failure at the three
distinct locations resulted in different trends for CFE (Figure 18 (d)). The first
location to fail for all models was at the inside which resulted in no change in
formability for increasing levels of EF. The outside and middle failure locations
indicated the expected results of increasing formability due to increased EF.
This will be verified experimentally at the University of Waterloo

• The effect of pre-pressurization showed that it prevents buckling at the highest
level of EF for the inside failure location results. Linear pressurization was
shown to be advantageous for the outside necking location results.

• For the inside and outside necking locations, the effect of the through-thickness
compressive stress component causes a shift in the stress-space load path, prov-
ing it is important to consider in hydroforming.

5. Acknowledgements

Financial support for this research was provided by the Canadian Auto21 Network
of Centres of Excellence, Dofasco, Stelco, General Motors, Eagle Precision Technolo-
gies, D.A. Stuart and Nova Tube.

References

1. Singh, H.: Fundamentals of Hydroforming. Society of Manufacturing Engineers, 2003.
2. Mortimer, J.: BMW breaks new ground with hydroforming. Assembly Automation,

21(4), (2001), 317–320.
3. Dyment, J.: The Effects of Bending Process on the Hydroformability of Steel Tubes.

Master’s thesis, University of Waterloo, 2004.
4. Morphy, G.: Tubular hydroformability: ability and flexibility of pressure sequencing.

In Proceedings of the Tube and Pipe Association Conference on Hydroforming, Tube and
Pipe Association, 1997, pp. 199–213.



Evaluation of Load Control End-Feed in Hydroforming 153

5. Ahmetoglu, M., Sutter, K., Li, X. J., and Altan, T.: Tube hydroforming: current
research, applications and need for training. Journal of Materials Processing Technology,
98, (2000), 224–231.

6. Kim, S. and Kim, Y.: Analytical study for tube hydroforming. Journal of Materials
Processing Technology, 128, (2002), 232–239.

7. Thiruvarudchelvan, S., Seet, G. L., and Ang, H. E.: Computer-monitored hy-
draulic bulging of tubes. Journal of Materials Processing Technology, 57, (1996), 182–
188.

8. Asanfi, N.: Analytical modelling of tube hydroforming. Thin-Walled Structures, 34,
(1999), 295–330.

9. Dohmann, F. and Hartl, C.: Tube hydroforming - research and practical application.
Journal of Materials Processing Technology, 71, (1997), 174–186.

10. Koc, M. and Altan, T.: Prediction of forming limits and parameters in the tube
hydroforming process. International Journal of Machine Tools and Manufacture, 42,
(2002), 123–138.

11. Xia, Z. C.: Failure analysis of tubular hydroforming. Journal of Engineering Materials
and Technology, 123, (2001), 423–429.

12. Bardelcik, A. and Worswick, M. J.: Numerical investigation into the effects of
bending boost and hydroforming end-feed on the hydroformability of DP600 tube. SAE
Transactions: Journal of Materials and Manufacturing. In Press.

13. Bardelcik, A. and Worswick, M. J.: The effect of element formulation on the
prediction of boost effects in numerical tube bending. In NUMISHEET 2005, 2005, pp.
774–780.

14. Kim, J., Lei, L., Hwang, S., Kang, S., and Kang, B.: Manufacture of an automobile
lower arm by hydroforming. International Journal of Machine Tools and Manufacture,
42, (2002), 69–78.

15. Stoughton, T. B.: A general forming limit criterion for sheet metal forming. Interna-
tional Journal of Mechanical Sciences, 42(1-27).

16. Green, D. and Stoughton, T. B.: Hydroforming severity using stress-based forming
limits. In 2nd Annual North American Hydroforming Conference and Exhibition, 2004.

17. Simha, C. H. M., Gholipour, J., Bardelcik, A., and Worswick, M. J.: Appli-
cation of an extended stress-based flow limit curve to predict necking in tubular hydro-
forming. In NUMISHEET 2005, 2005, pp. 511–516.

18. Simha, C. H. M., Gholipour, J., Bardelcik, A., and Worswick, M. J.: The
prediction of necking in tubular hydroforming using an extended stress-based forming
limit curve. Journal of Engineering Material and Technology. Submitted MATS-05-1169.

19. Dywer, N., Worswick, M. J., Gholipour, J., Xia, Z. C., and Khodayari, G.:
Pre-bending and subsequent hydroforming of tube: Simulation and experiment. In NU-
MISHEET 2002, 2002.

20. Schey, J. A. and Nautiyal, P. C.: Effects of surface roughness on friction and metal
transfer in lubricated sliding of aluminium alloys against steel surfaces. Wear, 146(37-
51).

21. Khodayari, G., Reid, J. V., and Garnett, M.: Analyzing tubes, lubes, dies and
friction. Tube and Pipe Journal, 13, (2002), 72–74.



154 A. Bardelcik and M. J. Worswick

22. Fuchizawa, S. and Marazaki, M.: Bulge test for determining stress-strain character-
istics of thin tube. In 4th International Conference on Technology of Plasticity, Advanced
Technology of Plasticity, 1993, pp. 488–493.

23. Keeler, S. P. and Backofen, W. A.: Plastic instability and fracture in sheets
stretched over rigid punches. ASM Transactions Quarterly, 56, (1963), 25–48.

24. Goodwin, G. M.: Application of Strain Analysis to Sheet Metal Forming in the Press
Shop. Tech. Rep. 690093, SAE, 1968.

25. Keeler, S. P. and Brazier, W. G.: Relationship between laboratory material char-
acterization and press shop formability. In Microalloy 75, 1977, pp. 517–530.

26. Hallquist, J. O.: LS-DYNA Keyword Users Manual, Version 970. 2003.























































































































Notes for Contributors
to the Journal of Computational and Applied Mechanics

Aims and scope. The aim of the journal is to publish research papers on theoretical
and applied mechanics. Special emphasis is given to articles on computational me-
chanics, continuum mechanics (mechanics of solid bodies, fluid mechanics, heat and
mass transfer) and dynamics. Review papers on a research field and materials effec-
tive for teaching can also be accepted and are published as review papers or classroom
notes. Papers devoted to mathematical problems relevant to mechanics will also be
considered.

Frequency of the journal. Two issues a year (approximately 80 pages per issue).

Submission of Manuscripts. Submission of a manuscript implies that the paper
has not been published, nor is being considered for publication elsewhere. Papers
should be written in standard grammatical English. Two copies of the manuscript
should be submitted on pages of A4 size. The text is to be 130 mm wide and 190
mm long and the main text should be typeset in 10pt CMR fonts. Though the length
of a paper is not prescribed, authors are encouraged to write concisely. However,
short communications or discussions on papers published in the journal must not be
longer than 2 pages. Each manuscript should be provided with an English Abstract
of about 50–70 words, reporting concisely on the objective and results of the paper.
The Abstract is followed by the Mathematical Subject Classification – in case the
author (or authors) give the classification codes – then the keywords (no more than
five). References should be grouped at the end of the paper in numerical order of
appearance. Author’s name(s) and initials, paper titles, journal name, volume, issue,
year and page numbers should be given for all journals referenced.

The journal prefers the submission of manuscripts in LATEX. Authors should prefer
the AMS-LATEX article class and are not recommended to define their own LATEX
commands. Visit our home page for further details concerning the issue how to edit
your paper.

For the purpose of refereeing, two copies of the manuscripts should initially be sub-
mitted in hardcopy to an editor of the journal. The eventual supply of an accepted-
for-publication paper in its final camera-ready form (together with the corresponding
files on an MS–DOS diskette) will ensure more rapid publication. Format require-
ments are provided by the home page of the journal from which sample LATEX files
can be downloaded:

http://www.uni-miskolc.hu/home/web/pumns/mechanics

These sample files can also be obtained directly (via e-mail) from a member of the
Editorial Board, Gy. Szeidl (Gyorgy.SZEIDL@uni–miskolc.hu), upon request.



Twenty offprints of each paper will be provided free of charge and mailed to the
correspondent author.

The Journal of Computational and Applied Mechanics is abstracted in Zentralblatt
für Mathematik and in the Russian Referativnij Zhurnal.

Responsible for publication: Rector of the Miskolc University
Published by the Miskolc University Press under the leadership of Dr. József PÉTER
Responsible for duplication: works manager Tibor KOVÁCS
Number of copies printed: 200
Put to the Press on March 1, 2011
Number of permission: TU 2011-120-ME HU ISSN 1586–2070



A Short History of the Publications of the University of Miskolc

The University of Miskolc (Hungary) is an important center of research in Central Eu-
rope. Its parent university was founded by the Empress Maria Teresia in Selmecbánya
(today Banska Štiavnica, Slovakia) in 1735. After the first World War the legal pre-
decessor of the University of Miskolc moved to Sopron (Hungary) where, in 1929, it
started the series of university publications with the title Publications of the Mining
and Metallurgical Division of the Hungarian Academy of Mining and Forestry Engi-
neering (Volumes I.-VI.). From 1934 to 1947 the Institution had the name Faculty
of Mining, Metallurgical and Forestry Engineering of the József Nádor University of
Technology and Economic Sciences at Sopron. Accordingly, the publications were
given the title Publications of the Mining and Metallurgical Engineering Division
(Volumes VII.-XVI.). For the last volume before 1950 – due to a further change in
the name of the Institution – Technical University, Faculties of Mining, Metallurgical
and Forestry Engineering, Publications of the Mining and Metallurgical Divisions was
the title.

For some years after 1950 the Publications were temporarily suspended.

After the foundation of the Mechanical Engineering Faculty in Miskolc in 1949 and
the movement of the Sopron Mining and Metallurgical Faculties to Miskolc, the Pub-
lications restarted with the general title Publications of the Technical University of
Heavy Industry in 1955. Four new series - Series A (Mining), Series B (Metallurgy),
Series C (Machinery) and Series D (Natural Sciences) - were founded in 1976. These
came out both in foreign languages (English, German and Russian) and in Hungarian.

In 1990, right after the foundation of some new faculties, the university was renamed
to University of Miskolc. At the same time the structure of the Publications was
reorganized so that it could follow the faculty structure. Accordingly three new se-
ries were established: Series E (Legal Sciences), Series F (Economic Sciences) and
Series G (Humanities and Social Sciences). The latest series, i.e., the series H (Euro-
pean Integration Studies) was founded in 2001. The eight series are formed by some
periodicals and such publications which come out with various frequencies.

Papers on computational and applied mechanics were published in the

Publications of the University of Miskolc, Series D, Natural Sciences.

This series was given the name Natural Sciences, Mathematics in 1995. The name
change reflects the fact that most of the papers published in the journal are of math-
ematical nature though papers on mechanics also come out.

The series

Publications of the University of Miskolc, Series C, Fundamental
Engineering Sciences

founded in 1995 also published papers on mechanical issues. The present journal,
which is published with the support of the Faculty of Mechanical Engineering as a
member of the Series C (Machinery), is the legal successor of the above journal.




	BradelickMiKTeX2006-V7N2.pdf
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	

	CzibereMiKTeX-V7N2.pdf
	
	
	
	

	
	
	
	

	GasparPezerMiKTeX2006-V7N2.pdf
	
	
	
	
	
	

	
	

	KaliszkySandorLogoJanos-V7N2.pdf
	
	
	
	
	
	
	
	
	
	


