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Abstract:

Hydroforming has gained increasing attention in the manufacturing industry
in recent years due to the demand for fast yet reliable production for parts,
the applications of which accept a wide range of dimensional tolerances. In
this study, tube hydroforming in conical dies has been analyzed. The study
consists of two parts: computer simulations and experimental work. The
simulation results were utilized to find the load paths which produce
successful hydroforming for the selected tube specimens. Twelve load paths
were identified and implemented with two friction coefficients and three
pressure ranges. During the simulation process, the tubes were given an
end movement that ranged from a sealing distance to twice that distance.
The experimental work was implemented to verify some of the simulation
results. The results showed that the best hydroforming limit was reached
when the axial feeding was twice as much as the sealing distance. Also, the
maximum amount of deformation rate happens shortly after the specimen-
die interface starts having relative motion, and it is at its slowest when the
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hydroforming reaches the fully-formed specimen’s shape.

1. INTRODUCTION

Hydroforming is a metal forming process in
which a tubular blank or a piece of sheet is placed
in a closed die and imposed to conform to the
shape of the die’s cavity by applying hydraulic
pressure. Tube Hydroforming (THF) can be
classified into feed-driven and expansion-driven.
The distinction between the two types emerges
from whether there is a significant application of
material feeding by means of mechanical tools,
which is required in cases of complex geometries.
THF process utilization assists in designing and
optimizing parts for transportation vehicles, such
as engine exhaust manifolds, engine cradles,
chassis, and many other tubular parts [1-7].

The product from THF process is distinguished
from products that are produced by other classical
means by the reduction of the production steps,
improving the product strength, and reducing the
weight and cost of the equipment. On the other

hand, the high tooling cost is a disadvantage for
the process, especially the sealing mechanisms [8],
as well as the un-deterministic nature of the
resulting dimensional tolerances [9]. Several
parameters affect the hydroforming process
related to the material, geometry, and loading
pattern. The material parameters include
mechanical properties of tube material, such as
elongation, tensile strength, strain hardening rate,
etc., while process parameters represent the load
path which is, generally speaking, the loading of
internal pressure and the amount of axial feeding.
Also, the die’s geometric configuration and the
status of the lubrication at the specimen — die
interface have significant impact on the outcome
[10,11].

The definition of a successful hydroforming
process is that the product takes the shape of the
die after implementing a pre-determined loading
path with the expected shape and mechanical
specifications. Several works have shown that
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controlling the loading path between the hydraulic
pressure and the axial feeding simultaneously
improves the tube shaping capabilities without
failures [12-14]. By loading paths, it is meant the
internal pressure and the forced axial movement
of the lower edge of the tube. The paths' choice
and timings affect the final product's shape and
mechanical characteristics [15-17]. If tube
hydroforming is performed under proper loading
conditions, a successful product result. If, however,
the process is done under improper forming
conditions, failures, such as buckling, bursting, or
wrinkling may occur. Bursting happens when the
material’s hardening reaches its limit, as well as
the internal pressure keeps increasing at the same
time. When it comes to the improper feeding rate,
the wrinkling or buckling failure modes may
happen if more tube material is provided due to
axial feeding than what can be compensated by
the material deformation from the increase of
internal pressure, and the material’s ductility was
found to be a major contributor to it. Additionally,
the failure could happen via a combination of all
the events above if the internal pressure and tube-
end feeding are not correctly applied [18,19].

One of the significant parameters that influence
the quality of the product is the amount of friction
between the die and the specimen during the
hydroforming process. The friction at the
specimen-die interface usually causes a non-
uniform distribution in terms of shear stress, as
well as variation in the thickness of the formed
product along its length [11,20-22]. The degree to
which the friction is present depends on the
geometrical features and the loading conditions
between moving surfaces since hydroforming is an
active process of deformation in different
directions.

Hydroforming studies have investigated the
related parameters such as geometry, friction, and
loading path. When it comes to special cases with
simple geometrical shapes, some studies
considered square dies in order to have some
insight into the major parameters affecting the
hydroforming. Orban and Hu [21] presented
analytical models for the planar tube hydroforming
in square die and used the models for parametric
studies. In their study, they investigated several
parameters, including friction and geometric
configurations. Also, a detailed analysis was
presented on the timing of the loading steps as
well as the adhering (sticking), which helps in
understanding the formability limit. It was found
that friction has the most significant impact on the

variation of thickness of the wall of the product.
Later, the analytical models were validated
numerically and experimentally on regular and
irregular polygon dies. Yang and Ngaile [23]
presented a planar tube hydroforming analytical
model. In the model, several polygon shapes were
considered for the hydroformed products. Also,
several parameters were taken in the study, such
as wall thinning, corner filling, and plate bending.
The results were compared with ones from finite
element analysis and experimental results. The
results showed the potential benefit of such
models in providing preliminary insight into
hydroforming prior to performing extensive
research with other tools.

One of the significant limiting features of
hydroforming is corner filling (acute angle filling).
During the design process of the specimen-die
loading path, special care must be taken for the
corners in the desired shape of the product.
Several studies focused on corner filling, and one
of the main conclusions is that increasing the
hydraulic pressure may not be enough to fill the
corners as a solo acting factor [9,24]. In research
[24] and based on previous works, a proposal for
an experimental validation procedure for a
constitutive model with excessive feeding for the
worked conical specimen was presented. It was
pointed out that this type of geometry is
formidable in terms of the need for a high rate of
feeding in order to have complete products where
there are acute angles with the relative difficulty of
corner filling. During the tests, the thickness
distribution was measured and compared against
the model’s limit and capacity. However, friction
was not considered in the simulation. Their results
showed the possibility of having a strong and
accurate prediction for the hydroforming after
completing  the  verification and  taking
measurements for the deformation and strains at
different stages and multiple points. Furthermore,
in research [9], two plastic stability criteria were
utilized to study the limiting strains in tube
hydroforming. Moreover, the cases were also
considered for finite element analysis, then
compared with experimental tests of conical dies
for the consideration of corner filling. It was found
that although the FE analysis agrees well with the
two criteria, disagreements with the experimental
work were reported between the free bulge and
constraining die hydroforming.

From the above, it may be concluded that
choosing the proper loading path for both the
internal pressure and axial feeding rates have
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influenced the outcome in a direct manner,
especially on corner fillings, being the critical
components of the process and limiting factor for
any die design. Hence, in this study, a conical tube
hydroforming process was performed to
investigate the choice of loading path on the
resulting specimens. The shape of the die was
chosen to focus on the corner filling since it is a
challenging aspect of any hydroforming process.
The analysis was performed in a plane where the
die’s corner lies in a plane parallel to the tube’s
longitudinal axis since there is still no analytical
model for this type of analysis (Fig. 1) [9,24]. The
study has two parts; in the former one, ANSYS
simulation of 2D model was considered in order to
determine the best possible loading path via an
iterative procedure. This gave the advantage of
reducing the cost of prototyping and
experimentation [25]. In the later part,
experimental work was conducted on copper tubes
in order to study and observe the resulting
specimens in terms of the generated shape as well
as to validate the simulation results with
gualitative assessment.

The results show that in order to form the tubes
into the geometry of the die and to get the best
corner filling in a conical die, the axial feeding
would be twice as much as the sealing feeding.
This has to be done in coordination with the
increase in internal pressure. Also, the study
showed that the process is susceptible to the
adhering effect between the outer surface of the
specimen and the die at the beginning of the
deformation, and that it exists regardless of the
friction value. This results in the inner part of the
tube being thinner than the outer one.

2. MATERIALS AND METHODS
2.1 Finite element modeling

The finite element analysis has been used
extensively by researchers to investigate the
hydroforming process because of its versatility in
covering the physical aspects with verifiable
accuracy [26-28]. Fig. 1 shows a schematic diagram
of one-side axial feeding conical THF. The process
was modeled using ANSYS, a finite element
analysis software package. Since the problem is
axisymmetric, a 2D version was adapted to save
computational time with quasi-static analysis.
Planel83 eight-node element was used to model
the deformable tubular body with elastic-plastic
material behavior, whereas a Targetl69 element

was used to model the die. By using the contact
172 (3-node element), the tube-die interface was
modeled. Two values of coefficient of friction, v,
were utilized in this study; 0.03 for dry condition,
while 0.045 when mineral oil was used as a
lubricant. These results were experimentally
determined for the samples from ring tests as this
is a practical test configuration given the nature of
the hydroforming deformation [29]. Furthermore,
it is worthy to point out that small one mm-radius
arcs replaced the two sharp corners at the die
entrance to prevent the material adhering and
obstruction. In regard to the mesh, four layers of
elements in the thickness direction were chosen.
The material properties were represented as
power law as follows,
&G=Kzg". (1)
Where K is the strength coefficient, n is the
strain o

hardening exponent, @ the true

representative stress, and € is the true
representative strain.

fixed end
i

post-

deformation

Axial feeding X

Fig. 1. Conical Tube Hydroforming

The boundary conditions were applied to the
model. With respect to Fig. 1, The upper end has
fixed nodes in all DOF, while the lower ones were
given axial, inward motion in accordance with the
loading paths. The inner nodes were loaded with
pressure evenly on the surface in a concurrent
manner with lower edge motion. The resulting
shape was reached once the lower edge
movement stops, and there is no more
deformation happening as the internal pressure
reaches the assigned limit. To start the analysis of
the cases, a proper loading path had to be chosen
based on the desired outcome. To overcome the
lengthy procedure of determining the proper paths
experimentally, and since this is a non-linear
problem with large deformations, several runs
were executed with ANSYS. The initial runs were
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utilized to determine the range of the best loading
paths that would cause the sample to deform
without failure. The loading essentially started
with increasing the internal pressure only without
any axial feeding to get a quantitative
understanding of the behavior of the deformation.
Subsequently, the axial movement of the lower
edge was given in specific increments. Those

results were later utilized in the experimental work.

Out of several runs, three pressure ranges were
determined to be in the best scope of the
hydroforming of the selected specimen. Table 1
shows these ranges, each range of pressure was
applied in nine steps for both numerical simulation
and experimental work.

Table 1. The selected pressure ranges for the
hydroforming

Hydraulic Pressure Range [MPa]
P 0-24
P, 0-33.5
P3 0-36.5

There were two phases in the application of the
loading configuration for the internal pressure and
axial feeding rate. In the first phase, the axial
feeding distance was just enough to create a
sealing for the internal fluid; therefore, we call this
distance the sealing distance, 6. This distance is
necessary due to the lateral shortening of the tube
after internal pressure is applied. The internal
pressure causes the tube to bulge outwards, as
well as causing it to shorten as a direct result of
the conservation of the material’s mass and the
applied boundary constraints. This distance was
determined directly from ANSYS runs. After
determining the shortenings, 6, for each step
within each pressure range, more axial feeding was
added to the lower edge so that the total axial
feeding was according to the following equation,

Xi =5+Yi . (2)

Where X; is the total axial feeding distance (the
movement of the lower edge), and VY; is the
additional distance. The distance increment Y;was
necessary to increase the deformation amount and
to force more hydroforming deformation of the
tube into the die. The value assigned to it ranged
from zero to a maximum value of twice as much as
the sealing distance &, namely, Y, =i * 6. Where j =
{0, 1, 1.5, 2}. This results in the corresponding X.
Eventually, all the runs were performed for both
friction coefficients. For each one of the pressure

ranges, the hydroforming process was repeated for
all the axial feedings in equation 2.

2.2 Experimental work

Fig. 2 shows the tube hydroforming rig, which
was designed and manufactured at the Mechanical
Engineering Laboratory of the College of
Engineering at Tikrit University. This hydroforming
apparatus has the benefit of being versatile in
terms of its adaptability by altering a few tooling
components. The main part of this rig is the conical
die shown in Fig. 3, which gives the shape of the
hydroformed tube.

Controlled-displacement plunger /

die

sample

Pressurized hydraulic fluid I
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T |

Fig. 2. Schematic drawing of the hydroforming rig
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Fig. 3. Schematic drawing of the die

The material used for the tube was copper. To
determine the mechanical properties for the
material, tensile test was conducted using a
universal testing machine (UH-X/FX Shimadzu, 600
kN) shown in Fig. 4.

g
\ \/ { .

Fig. 4. Shimadzu, 600 kN Universal testing machine
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The tests were conducted according to the
ASTM E8/E8M standard. Table 2 shows the
mechanical properties of the material. The liquid
delivery pump that was used to apply the internal
pressure had a capacity of 45 MPa.

Table 2. The mechanical properties of the tubes

Property Value
Young's modulus 12 GPa
Poisson's ratio 0.35
Yield stress 120 MPa
Strain hardening exponent 0.2
Strength Coefficient 428.87 MPa
Density 8800 kg/m3

The selected tube pieces had a total length of
60 mm, a diameter of 35 mm, and a thickness of 1
mm. The other details are shown in Fig. 5. Only
one end of the tube was open, which was used to
deliver the pressurized liquid into the cavity.

P35

- ‘

g0

1

Fig. 5. Geometry of the specimens (dimensions in mm)

3. RESULTS AND DISCUSSION

After running the simulations with the pressure
ranges in Table 1 and the two friction coefficients,
the results obtained are shown in Fig. 6 for the
relationship between the internal pressure and
axial feeding for successful hydroforming cases.
The results are shown in a two-column format; one
for each friction coefficient, and each plotting
group shows the results for the application of a
pressure range.

For all the plots, the lower curves (blue)
represent the axial feeding versus the internal
pressure relationship for the case where the axial
feeding is barely enough to cap the hydroformed
tube’s end (Xp), whereas the remaining curves are
for the other values of axial feeding. The first
observation is that for a range of internal pressure,
there was no axial movement. The reason for this

is that there is a reciprocal relationship between
lateral deformation and longitudinal contraction.
However, for the initial application of the pressure
(up to ~10 MPa), there was no lateral movement
of the tube’s end because of the frictional forces.
Once the shear forces at the die-specimen
interface take over, the tube end starts moving.
For axial feedings higher than the sealing axial
feedings, Xi.,, the shape of the curves was
consistent with the expectations — with a slight
increase in the amount of the axial feeding with
the lower friction coefficient, as can be observed
from Fig. 6 A-C for u = 0.045 and Fig. 6 D-F for u =
0.03.
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C) Ps3 pressure range response
Fig. 6 A-C. Axial feeding — pressure diagrams (for u =
0.045)
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Fig. 6 D-F. Axial feeding — pressure diagrams (for u =
0.03)

All these axial feeding values have caused the
specimen to fill the die’s cavity without any failure
modes, and it can be noticed that the axial feeding
amount increased with the applied pressure range
during the nine steps. Furthermore, for each
friction coefficient, as the pressure increases and
once there is relative movement at the specimen-
die interface, the slope of the curves, dXx/dP,
decreases because the filling of the cavity,
including the corner, is reaching its limit. Hence,
the highest rate of change happens shortly after
the beginning of the relative motion at the
specimen-die interface. Furthermore, when the

deformation is approaching the limit, the energy
spent at this phase might not make a huge
difference in terms of the corner fillings and gaps
reductions. Although it was possible to have
samples with more axial feeding than X;, it is clear
from Fig. 6 that any higher values would only result
in small amounts of additional forming. In order to
verify that the simulation results were valid, some
of them were implemented in the experimental
setup with the specimen characterized in Table 1.
Initially, some out-of-range cases were tried to
check the failure modes. Fig. 7 shows one of such
results in which the hydroformed tube was
wrinkled after giving more end movement value
than what the internal pressure could have
compensated by lateral expansion. The bursting
failure mode could not be obtained with the
current geometric configuration of the setup and
with the relatively high ductility of the tube’s
material.

Fig. 7. Wrinkled tube

After that, the successful runs were put in focus
in order to get successful hydroforming. By
considering the load steps and the proper timing of
pressure application, Fig. 8 shows the experimental
result corresponding to the simulation result
shown in Fig. 6-C for X,. The right-hand part of Fig.
8 shows the original tube prior to the process.
Then the succeeding ones are the hydroformed
tubes at the nine loading stages. For each loading
stage, a new tube was used to reach the pressure
of that particular step, then was taken out of the
testing rig for observation and assessment. It can
be noticed that even though this was the highest
pressure with the highest end-feeding, the
hydroforming was successful with the intended
shape. As a result of this, it was concluded that the
finite element procedure was accurate as
theoretical bases for this study.

Fig. 8. The nine steps of conical THF for the case shown
in Fig. 6-C for Xz
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To assess the quality of the hydroforming, the
final shape of the specimen must be studied. Fig. 9
shows the last six steps for the loading paths that
correspond to the one shown in Fig. 6-B for Xgs.
For the purpose of this work, the quality of the
resulting shape was quantified by studying both 4,
and A;, which are shown in Fig. 9. These two gap
readings represent the result of defects of two
different regions of the plastic deformation, with
two individual characteristics. At the end of each
loading path, gap A; is the maximum gap between
the die’s surface and the outer surface of the tube
wall at the die’s entrance. This gap results due to
the effect of the plastic bending as well as the
support caused by the lower corner of the die [23].
On the other hand, A4, is the maximum gap
between the surface of the tube and the corner of
the die. The process of forming the two gaps is
demonstrated as follows:

1. As a result of internal hydraulic pressure, the
tube wall bulged without circumferential
constraint, while at the same time, the axial
feeding causes plastic bending at the entrance
of die, Fig. (9-A).

2. After that, the contact between the tube wall
and the internal surface of the die appears in
the form of the A; gap between two contact
points, Fig. (9-B).

3. Increasing the contact area due to both
pressure and axial feeding without drawing the
wall toward the cone base causes the gaps to
be maximum at this step, Fig. (9-C).

4. Further increasing the hydraulic pressure with
the contribution of the axial feeding, the
material will be drawn more toward the bases
of the gaps, which results in reducing the gap
and that will progressively lead to the final gap
values; A4; and A, Fig. (9-D-F).

Fig. 10 gives an insight into gap A; and how it
interacts with the other parameters. As can be
noticed, when the axial feeding is Xo, the gap is
relatively smaller than when it is X;. The reason for
that is the influence of the internal pressure acting
to reduce this gap. However, when the axial
feeding starts giving more end-movement, the
immediate effect is that there is an increase in the
gap since the axial feeding was more than
necessary, and, at the same time, it caused the
tube to bend inwards due to the friction at the
surfaces interface as well as the entrance notching
effect. In other words, since the axial feeding was
not enough to contribute to the drawing tube wall
toward the cone base, it caused the accumulation
of material at the die’s entrance (Fig. 10 for Xi).

Nonetheless, when axial feeding is X15 or more,
the tube tends to overcome the sticking condition
at the die-surface interface; at this point the
hydraulic pressure draws the wall towards the
cone base, which results in the reduction of A
(Fig. 10 for axial feeding X3). On the other hand,
and by observing Fig. 11, the same axial feeding
that was applied initially caused gap A, to shrink
progressively without an intermediate increase.
The reason for that is this gap benefits directly
from the axial feeding with no bending effect that
affected gap A;. Hence, the same axial feeding
amount had different influence patterns on both
gaps. In the same way, as for the first gap, the
second one continuously got smaller as the axial
feeding increased.

&
!

A- Bulging and C- Sticking (no relative motion).
bending maximum gap at point C

B- First contact

D- Drawing E- More drawing

F- Final step

Fig. 9. Deformation mechanism in conical THF
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Fig. 10. Variation of A; with pressure, axial feeding, and
coefficient of friction
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Fig. 11. Variation of Az with pressure, axial feeding, and
coefficient of friction

In regard to the direct effect of friction
coefficient on the gaps, 4; and A; were affected in
mixed ways. By studying Fig. 10 and 11, the
coefficient of friction caused the gaps to become
smaller while enlarging them in other instances.
On one hand, for gap A it is not clear how to
isolate the bending effect coming from the
entrance edge. Fig. 9-C shows the contact points (G
and H) of this gap which shows potentially variable
frictional forces at these points. On the other hand,
gap A, shows apparent proportional behavior in
which the lower the friction coefficient, the smaller
the gap value. The reason for this is that the
material’s flow had no restrictions in terms of the
bending effect over the corner. This behavior in
both gaps highlights the importance of including
the bending effect in the hydroforming studies for
yielding and failure criteria [23]. It is worth
mentioning that A; closure could be enhanced if
there is feeding from both sides of the tube since
this would result in reducing the frictional forces
impact on the process.

4. CONCLUSION

In this study, twelve load paths were
considered for tube hydroforming in a conical die.
The simulation results were utilized to study the
process at different phases. Then, the results were
compared to experimental observations. Here are
the main conclusions:

1. The effect of bending at the entrance where
the material feeding is given is high and might
overcome the frictional forces impact on the
process;

2. The highest rate of deformation happens
shortly after the die-specimen interface starts
having relative motion;

3. The energy consumption at the limiting end of
the process is higher than at the beginning.
Hence, the design process of the dies should
include having most of the required
deformation at the beginning;

4. For successful and complete hydroforming, the
axial feeding would need to be twice the
sealing distance;

5. The inclusion of friction at the die-specimen
interface is crucial in hydroforming studies and
has mixed impacts on the resulting shape.
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