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Numerical investigation of plastic
flow and residual stresses generated
in hydroformed tubes

A Ktari'’2®, A Abdelkefi®, N Guermazi' ®, P Malecot* and

N Boudeau®

Abstract

During tube hydroforming process, the friction conditions between the tube and the die have a great importance on the
material plastic flow and the distribution of residual stresses of the final component. Indeed, a three-dimensional finite
element model of a tube hydroforming process in the case of square section die has been performed, using dynamic and
static approaches, to study the effect of the friction conditions on both plastic flow and residual stresses induced by the
process. First, a comparative study between numerical and experimental results has been carried out to validate the
finite element model. After that, various coefficients of friction were considered to study their effect on the thinning
phenomenon and the residual stresses distribution. Different points have been retained from this study. The thinning is
located in the transition zone cited between the straight wall and the corner zones of hydroformed tube due to the die—
tube contact conditions changes during the process. In addition, it is clear that both die—tube friction conditions and the
tube bending effects, which occurs respectively in the tube straight wall and corner zones, are the principal causes of the

obtained residual stresses distribution along the tube cross-section.
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Introduction

Cost reduction and product improvement has always
been among the main goals of advanced metal-forming
processes. Thus, several researches have been developed
to study the metal-forming processes. During the last
decades, various industries pay a great attention to
tube hydroforming (THF) process and, therefore, it
has become one of the most commonly used in metal-
forming processes and the leader in automobile indus-
try.! Moreover, this process was implanted in aerospace
industry due to its capability of manufacturing complex
shapes with a simpler technique than accustomed stamp-
ing, forging, and welding processes.” Indeed, the THF is
a metal-forming process, which consists of deforming
plastically a tube in a shape die with the conjunction of
the internal pressure only. In this case, we talk about
pure expansion as a single-step THF process.
Moreover, an axial compressive force can be applied in
the extremities in order to facilitate the flow of material
and thus a better distribution of deformation.’

The THF process presents many advantages
including weight reduction, lower tooling cost, and

low spring-back. Nevertheless, it presents some draw-
backs as well as costly equipment and lack of knowl-
edge bases for manufacturing process and tool design.
During a THF operation, several defects may occur in
the final workpiece like the plastic instability. For the
main failure modes, we find bursting, wrinkling, and
buckling. However, there exist other kinds of defaults
like sealing problems and bad thickness distribution.
These defects are mainly associated to the THF pro-
cess parameters, tooling, and tube material.* Among
these parameters, we can mention loading paths,’ die
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design,® friction at the tube—die interface,” and mate-
rial properties.®

The thickness distribution of hydroformed tube
depends on several parameters, especially those relat-
ed to the material’s plastic behavior such as the strain-
hardening exponent and the anisotropy coefficients.
Fuchizawa® studied the effect of strain hardening
coefficient “n”. The obtained results showed that,
the pressure needed to bulge a certain height
decreases and that the thickness distribution becomes
more uniform when n increases. In this context,
Khalfallah et al.'” have investigated the effect of
two anisotropy Lankford coefficients R, and Rgq
according to the axial and circumferential directions,
respectively. The result reveals that R, coefficient has
a nonsignificant effect on the thickness distribution
especially in the guiding zone. However, a high
value of anisotropy coefficient Ry improves consid-
erably the thickness uniformity of the tube wall.

In order to investigate the effect of coefficient of
friction (COF) on the thickness distribution,
Khalfallah et al.'® have carried out a set of finite ele-
ment analysis for different COF values. Thus, they
prove that the increase of COF reduces the thickness
distribution uniformity especially in the expansion
zone. Hwang and Chen'' developed a mathematical
model, taking into account the sliding friction
between the hydroformed tube and the tool, to esti-
mate the pressure needed to form a tube in a square
cross-section die and to predict the thickness distribu-
tion in the final structure. The authors have found
that a good lubrication can reduce any risk of buck-
ling and wrinkling. Geiger et al.'> used a specific
lubricant to improve the formability in THF by
decrease of friction. Indeed, the lubrication helps to
soften the contact and permits the sliding between the
tube and the tool surface. Fiorentino et al.'® experi-
mentally studied the effect of the lubrication in
T-shape section. The experimental test has been per-
formed with pin-on-disk test. In fact, the use of dif-
ferent lubricants leads to deduce various friction
coefficients and therefore their effect on the final
part as well as the bulge height and thickness distri-
bution. Yuan et al.'* achieved experimental tests for
different geometries as square and rectangular shapes.
The numerical results obtained with the dynamic-
explicit finite element (FE) code LS-DYNA have
shown the validity of the models. The authors have
shown that the thickness is maximal at the middle of
the flat part of the shaped tube, while thinning occurs
in the transition zone between the flat part and the
radius of the formed tube.

Several authors have also studied and investigated
the effect of the process parameters as internal pres-
sure on the THF process. Chen et al.'> proposed a
theoretical model, which concerns the relationship
between the corner radius and the pressure bulge.
Numerical studies correlate well with the analytical
model. Indeed, when the hydraulic pressure increases

the corner radius decreases. Nikhare et al.'® studied
the effect of the high and low pressure in the hydro-
forming process through numerical simulation. In
fact, the thinning is more important in the high-
pressure THF than in the low-pressure THF. The
stress and the thinning without friction is less than
with friction for the test with high pressure.

In view of the foregoing section, it is clear that
THF process in a square section die is widely studied
in literature. However, the effect of the friction on
plastic strain and residual stresses and its correlation
with mechanics involved in hydroforming is not well
studied. The residual stresses’ prediction generated on
hydroformed tube seems to be very important since
they can influence the result of a later process step'’
and can affect the structure lifetime in service.'® As a
result, the present paper aims to study the effect of the
COF and relative die-tube slip distribution on the
tube thinning and residual stresses distribution, and
investigate the relationship between the plastic flow
and the die—tube contact condition during the studied
THF process.

Material and techniques

Studied material

In the present work, the studied workpiece is an
extruded tube made of deoxidized copper (Cu-
DHP)," and manufactured by Wieland Group
according to the NF EN 1057 standard. According
to the specification, the outside mean diameter of the
tube is 35 mm and the average thickness is 0.9 mm.
The material properties parameters are identified
using free bulge tests. The hydraulic bulge test is
widely used for determining the strain-hardening
properties of sheet materials in biaxial tension.?’
This test consists of a deformation of a metal tubular
specimen with internal pressure until bursting occurs.
The strains in hydroforming process are
normally larger than the uniform strain range
obtained by the conventional uniaxial tensile test.
Hence, the bulge test can better describe the plastic
properties of a sheet at large strain.’! By measuring
the internal pressure and the tube deformation, a set
of mechanical properties data can be obtained (i.e.
the internal hydraulic pressure and the maximum
bulge height are monitored). Then, post-
processing with the Boudeau and Malécot model
allowed for the hardening curve (Figure 1). Here,
Swift’s law was considered according to equation
(1), where ¢ and ¢ represent the equivalent
stress and strain respectively and Swift’s parameters
(¢y, K, and n) determined based on the hardening
curve (Table 1)

o =k(e +e) (1
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Figure |. True stress—strain curve of deoxidized copper
(Cu-DHP) at room temperature.

Tube hydroforming in a square section die

In order to carry out the THF in a square section die,
a modular tool in closed die has been considered and
a hydraulic press, with a capacity of 150 MPa, has
been used. All the THF process parameters are sum-
marized in Table 2. This test consists of deforming
tube with the effect of internal pressure by means of
fluid (Figure 2(a)). At the beginning of the test, some
parameters, such as (i) the maximal internal pressure,
(1) the sealing force that ensures the clamping of the
tube ends, and (iii) the position of the displacement
sensors, which are made in order to capture the evo-
lution of the internal pressure during the test, must be
adjusted. During the THF in a square section die,
several experiments were performed under different
lubrication conditions in order to study their effect
on the tube formability and then on residual stresses
that can be generated after the tube spring-back. The
different samples obtained after the spring-back were
cut using the wire electrical discharge machining pro-
cess to avoid additional deformations and to obtain
precise contours (Figure 2(b)). From these tube sec-
tions, the outer and inner profiles are measured with a
contactless metrology machine (Werth IP 250) work-
ing with an image outline analysis. The machine auto-
matically followed the sample’s profile and acquired a
cloud of points. For each part of the hydroformed
tube, the inner and outer profiles were measured
taking into account an average of 60,000 points.
The collected data were analyzed with an original
program to determine the thickness repartition
along the profile with a repeatability of +1pum."
For more details about the experimental procedure,
see Abdelkefi et al."”

Three-dimensional FE modeling of the problem

In order to model the THF process and to guarantee
an efficient and accurate computation, many key
techniques need to be considered, such as geometry
modeling, definition of material properties,

Table I. Mechanical properties of Cu-DHP material used in
FE simulation.

Materials parameters Value
Density p (tonne/mm?) 849 %1077
Young’s modulus, E (GPa) 132
Poisson’s ratio (v) 0.34

Yield stress (MPa) 80
Elongation at break (A%) 19

Initial strain, &y 75x%x 1073
Hardening coefficient, K (MPa) 442
Hardening exponent, n 0.349
Table 2. The tube THF process parameters.

Process parameters Values
Die corner radius 5 mm
Square die side 35 mm
Length of tube 250 mm
Thickness of tube 0.9 mm
Internal pressure 280 bar

assembling, treating of contact boundary conditions,
and mesh.? In this study, two steps were defined to
simulate the THF process during loading and unload-
ing phases. Since the implicit methods can be
extremely time-consuming when solving dynamic
and nonlinear problems with a severe die-workpiece
contact conditions, the explicit simulation schema
was chosen for the loading stage (step duration =0.01
s). However, since the spring-back process, in the
unloading stage, involves only mild nonlinearities
and no die-workpiece contact, the implicit schema
was selected. This combination of explicit forming
and implicit spring-back simulations has been
widely applied by researchers to predict residual
stresses in metal-forming processes by the use of
numerical simulations.*

Tool geometry and mesh

In this section, the FE modeling of THF process in a
square section die is carried out. In view of the prob-
lem symmetry (geometry, material, load, and bound-
ary conditions), only one eighth of the problem is
modeled (Figure 3(a)). The tube is defined as a
deformable body with a thickness of 0.9 mm (i.e.
the initial cross-section is assumed to be perfectly cir-
cular and the initial thickness is uniform) while the die
is modeled as a discrete rigid body. The die and the
tube were meshed using respectively R3D4 (a four-
node 3D bilinear rigid quadrilateral) and C3D8R (a
eight-node linear brick, reduced integration, hour-
glass control) elements on both explicit and implicit
computations® (Figure 3(b)). The tube was divided
into four layers in the thickness direction in order to
avoid hourglassing® and a mesh refinement is carried
out near to the die square section side in order to
increase the analysis accuracy. The generated FE
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Figure 2. Tube after expansion in a square section die (P=28 MPa).
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Figure 3. 3D-FE model of a THF process in a square section die: (a) one-eighth of the model; (b) mesh and dimensions (in mm).

mesh includes 14,968 elements, which corresponds to
18,861 nodes (2256 nodes for the die and 16,605 for
the tube).

The workpiece material is defined as an elastic-
plastic behavior using Young’s modulus E, density
p, and Poisson’s ratio v as presented in an earlier
section. The strain isotropic hardening is described
using several points outcome from the true tensile
stress versus plastic strain over the yield strength
and below the tensile strength. In order to simplify
the simulation answer, the tube material is supposed
to be isotropic.

Boundary conditions and contact definition

During the first step of the THF process (Figure 4),
the die is embedded on its reference point since rigid
motion is always represented on the reference point as
reported by Zhao et al.,”® whereas the tube is con-
strained to translate along the global X-axis, Y-axis,
and Z-axis respectively in (yz), (xz), and (xy) surfaces
to ensure the symmetry conditions. In addition, a
pressure of 28 MPa is applied to the tube inner sur-
face. In the second step of this simulation, all the
boundary conditions applied in the first step remain
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Figure 4. Applied load and boundary conditions.

identical except the pressure value that change to zero
(i.e. the die-tube contact equivalent forces are pro-
portionally reduced to zero?”).

The contact between the die and the tube outer
surface under dry condition is modeled, for the two
steps (stages), by a master—slave contact approach
using the “finite sliding” formulation, which gives
the possibility of separation between the two surfaces
during sliding. The friction coefficient on the contact
surfaces meets Coulomb friction law and it is assumed
to be constant during the THF process. This formu-
lation provides accurate results with just one input
parameter, which is Coulomb friction coefficient pen-
alty. A literature review has shown that the COF in
hydroforming process, under similar studied dry con-
ditions, varies from 0.075 to 0.1.* Consequently,
the COF is assumed equal to 0.1 in this FE
validation part.

In the studied process, it is impractical to run the
metal-forming analysis in its physical time scale using
the dynamic explicit approach since the computation
time would be very large. Increasing artificially the
density of the material by adding some “nonphysical”
mass that is called mass scaling is an effective method
for increasing the stability limit and minimizing the
computation time. However, high values of the mass
scaling increases the kinetic energy of the moving
mass. Indeed, to obtain reasonable results the mass
scaling should be carefully chosen. In the present
work, the optimal mass scaling factor, with a value
of 100, was selected to run FE computations.

3D FE model validation

In order to validate the FE model, a set of numerical
simulations are carried out. The numerical results
obtained under a friction coefficient of 0.1 were

compared with the experimental ones. Figure 5
shows that the thickness change along the cross-
section of the hydroformed tube, performed with
FE computation, is in good agreement with the exper-
imental results. The average error between numerical
and experimental results corresponds to 0.92% and
10.02% for the value and the position of the minimal
thickness, respectively. Consequently, the proposed
FE model can correctly predict the tube wall thick-
ness along its cross-section length.

FE simulations reveal also the presence of a quasi-
uniform thickness at the corner zone of the hydro-
formed tube. This result is in accordance with those
found by Hwang and Chen'' and Kridli et al.”® when
they have studied the THF process in a square die
with the FE method. These authors have shown
that the thickness variation in tubes, made up respec-
tively of aluminum A4A46063-T4 and copper alloy
C12200, appears to be constant at the corner zone
in which the expansion is free.

In addition, to validate the FE model, both the
internal pressure and the tube deformation are mon-
itored by means of two displacement sensors placed at
120° of each other during the hydroforming process
(Figure 6). This permits to plot a pressure—height
expansion curve for the considered displacement
sensor. In this case, only the first sensor (sensor 1)
is considered to follow the deformation during expan-
sion test (i.e. sensor 2 gives the same displacement
than sensor 1). The comparison between experimental
and numerical displacement of the tube outer surface
near sensor 1 zone, shows that maximal deviation is
observed in a pressure range from 15 to 21 MPa in
which the error does not exceed 10%. However, the
error measured at the end of the process remains less
than 1.6%.
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30 4 Sensor 2
25 -
= 20 1
&
6
g 15
-]
a
4
A« 10 A
5 1 Experiment
3D simulation
0 1 L T T T L]
0 05 1 1.5 2 25 3
Displacement (mm)

Figure 6. Evolution of the internal pressure against the displacement (sensor 2) in a square section die.

Finally, it is clear from the above that the FE
model is valid and can be exploited to study the
effect of the friction coefficient in plastic flow and
residual stresses along the tube during and after
hydroforming process.

Results and discussions

In term of product design, two main objectives should
be taken into account. They consist of reducing the
spring-back effects and minimizing the excessive thin-
ning on the shaped tube in order to minimizing geo-
metrical errors and maintain uniform thickness
respectively. Then, to guarantee a suitable

functioning of the hydroformed part the product
must be free from cracks or wall failures. In addition,
the residual stresses should be controlled to avoid
post production annealing processes. Indeed, all
these studied parameters will be discussed later as
function of friction coefficient and die-tube contact
conditions.

Effect of the COF and the relative die—tube slip
distribution on the tube thickness distribution

Numerous numerical simulations have been carried
out with different COFs to study the effect of this
parameter on the THF process. The obtained results
(Figure 7) show that this coefficient can affect
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considerably the thickness values along the tube
cross-section. Three different zones can be clearly dis-
tinguished: straight wall, transition zone, and corner
radius (free expansion zone). It is clear that the small-
est thickness (Figure 7(a)) (maximum of thinning
values (Figure 7(b)) was observed in the transition
zone for all studied COFs.

Nagaile et al.*® demonstrated when they studied the
effect of the friction coefficient in a THF process, for
both T-shape and limiting dome height test, the pres-
ence of these three different zones. Furthermore, they
have shown that the difference in the material flow
and the state of stress can expose these zones to dif-
ferent friction conditions that vary along the tube
straight wall zone. Since the friction is directly related

to the normal pressure applied into the surface, by
increasing the forming pressure, friction between the
tube and the die prevents the material flow. Figure 8§
shows that relative die-tube slip goes through a max-
imum (minimum) approximately in the middle of the
straight wall zones. When the applied pressure during
the THF process grows higher than 24 MPa, the rel-
ative slip remains quasi-constant in the region of the
stick point. The change in the contact conditions from
stable sliding to stick-slip, which take place in the
transition zone, can be the principle cause of the
excessive tube thinning obtained in this zone.
Hence, the higher friction generated in the die-tube
contact area appears to be the cause of the additional
thinning observed in the tube transition zone
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Figure 9. Residual stress and plastic strain distribution on the hydroformed tube before and after springback (COF =0.15).

(thinning values varies from 16% to 28.9% when
COF changes from 0.05 to 0.25, respectively;
Figure 7(b)). This reduces the possibility for
application of further pressure to achieve sharper
corners.

Assessment of the COF effect on plastic
deformation and residual stresses

To achieve a successful THF process, some parame-
ters need be appropriately controlled in terms of
material behavior and lubrication conditions. These
parameters can affect the plastic deformation and
residual stress repartition of the hydroformed tubes.
Uniform thickness distribution and low residual
stresses are suitable for most formed parts. Figure 9
shows the distribution of von Mises equivalent stress
and the plastic strain throughout the tube before and
after the tube spring-back. At the beginning of the

first stage of the THF operation, the equivalent von
Mises stress is uniformly distributed throughout the
square section until the material yields stress value.
With higher internal pressure (28 MPa; Figure 9(a)),
the equivalent stress increases and presents higher
values near the transition and the corner zones,
whereas the plastic strain appears to be confined
around the transition zones. These results are consis-
tent with those reported earlier by Cui et al.*! in their
work about the deformation of double-sided THF,
made of 5A02-O aluminum alloy, in square die.

At the end of the THF process (Figure 9(b)), it is
observed that the values of residual stresses are more
important near the inner surface in the corner zone
(up to 110 MPa) compared to the outer side. In addi-
tion, the plastic strain values seem to be invariable in
the corner zone due to the negligible contribution of
elastic strain part to the total strain at large strain
domain.
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Figure 10. Relative die—tube slip in the end of the THF process at different COF values.

Figure 9(b) shows that the neutral axis in the
corner zone is shifted to the inner surface. The neutral
axis is defined as the axis in the cross-section of a
beam along which there are no longitudinal stresses
or strains. The neutral axis generally located in the
middle between inner and outer surfaces, in a bending
process, can be shifted to the inner surface when
the tube corner radius-to-thickness (r/f) ratio
decrease.’*** The identification of the repositioned
neutral axis location in the tube after hydroforming
process is essential since it permits to identify the area

within the tube under tensile (expansion) and com-
pressive (compressed) stresses. The influence of neu-
tral axis position in the plastic deformation and
residual stress will be discussed later with more
details.

In addition, in order to study the evolution of the
residual stresses and plastic strain along the cross-
section of hydroformed tube it is crucial to examine
the evolution of die—tube contact conditions with the
process parameters. The relative die-tube slip in the
end of the THF process is presented in Figure 10 with
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Figure 11. Distribution of residual stress (0resiqual) and plastic strain (g;) in the tube cross-section after hydroforming process.

different COF values. It is clear that die—tube slip
region appears as a continued compact zone for the
lowest value of the studied friction coefficient
(COF =0.05). Nevertheless, for higher COF values,
it seems that die—tube slip regions present two adja-
cent slip zones separated by a third one that corre-
sponds to the stick zone (the relative die—tube slip
goes through a local minima). The evolution of rela-
tive die—tube slip values along the hydroformed tube
cross-section (Figure 10(b)) shows, as found in the
previous section, that the stick zone seems to play
an important role in the tube plastic flow. This
change in contact condition can limit the
maximal thinning zone at the border between the
straight wall zone and the corner zone for all
studied COF.

Finally, the subsequent residual stresses and plastic
strain along the cross-section are discussed in the sec-
tion with more details by correlating the problem with
mechanisms involved in the studied hydroforming
process. The residual stresses and plastic strain evo-
lution on both inner and outer tube surfaces are
depicted in Figure 11.

The plastic strain values in the straight wall
zone are slightly lower in the outer surface compared
to the inner one. This can be explained first by

the fact that die-tube friction can slightly reduce
the material flow in this zone. This phenomenon
became more pronounced when the COF values
increase. In addition, it can furthermore be
explained by the flattering of the circular tube
during the THF process, which is close to the bend-
ing process (i.e. the outer surface layer contracts and
the inner layer expands). Indeed, both frictional and
bending effects can lead to the larger plastic strain
observed on the inner surface of the straight well
zone. Nevertheless, the values of plastic strain, in
the corner zone, seem to be independent of the stud-
ied COF values. This can be explained by the fact
that the corner zone was deformed only under the
free bulge conditions. The slight upper values of
plastic deformation observed in the outer surface
(0.158 <¢,<0.179) compared to the inner surface
(0.114<¢,<0.126), in the corner zone, can be
attributed to the shift of the neutral axis to the
inner surface as shown above (i.e. r/t ratio is rela-
tively small). This result is in close agreement with
the analytical results found by Chinnaraj and
Ramasamy>>* when they studied the effect of shift
neutral axis on formed plastic strain and residual
stresses in cold-formed steel with the assumption of
elastic-perfectly plastic material model.
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The studied tube, obtained by hydroforming pro-
cess, is typically accompanied with an elastic spring
back, which largely occurs in the corner sections. The
main reason for the elastic spring back is the presence
of small elastic region during plastic deformation,
which has a tendency to recover to its original
shape. Due to the partial elastic recovery and the
unrecovered elasticity working against a permanently
set plastic deformation, the resulting residual stress
manifests as a nonlinear through-thickness in the
direction of tube cross-section bending. This occurs
in the absence of any external loads. Figure 11 shows
the evolution of residual stresses, in both inner and
outer surfaces along the tube cross-section for differ-
ent COF values. The first examination of residual
stresses subfigures show a nonsignificant difference
between both inner and outer surface in the straight
wall zone. This difference appears very small in the
transition zone due to the effect of die—tube friction
on the outer surface. However, it became more
important in the corner zone. The residual stresses
are always higher near the inner thickness of corner
sections than the outer surface. This result is princi-
pally explained by the shift of the tube neutral axis, in
the corner zone, from the middle tube thickness to the
inner axis due to the small value of r/t ratio. This
result is also in a good agreement with the analytical
results found by Chinnaraj and Ramasamy.’*** In
addition, it is clear that the COF affects significantly
the values of the residual stresses principally in the
corner zone (Figure 11). The maximum values of
residual stresses vary from 71 MPa to 132MPa
when the COF value increases from 0.05 to 0.25,
respectively. As a result, it is clear that both die—
tube friction conditions and the tube bending effects,
which occur respectively in the tube straight wall and
corners zones, are the principal causes of the obtained
residual stresses distribution along the tube cross-
section. This confirms that a good lubrication can
reduce not only the maximum thinning but also the
residual stresses.>*

Conclusion

The work presented in this manuscript is based on a
3D-FE analysis of THF process in a square section
die to study the material plastic flow and to predict
residual stresses induced in tube after the spring-back
phenomenon. Based on the obtained results, the fol-
lowing conclusions can be drawn:

e A comparative study between the FE model and
the experimental measurements has shown a good
correlation in prediction of (i) the location and the
value of the maximal thinning and (ii) the tube
corner displacement measured via a sensor. As a
result, the FE model was validated and retained to
study the effect of friction coefficients on the

die—tube contact condition and its effects on plastic
flow and residual stresses.

e Three different zones can be clearly distinguished:
straight wall, transition zone, and corner radius
(free expansion zone). It is obvious that the small-
est thickness (maximum of thinning values) was
observed in the transition zone for all studied
COFs.

e The difference in the material flow and the state of
stress can expose these zones to different friction
conditions, which vary around the edge situated
between the tube straight wall and the corner
zone. Since the friction is directly related to the
normal pressure applied on to the surface, friction
between the tube and the die prevent the material
flow especially around the stick point located in the
transition zone, which can be the major cause of
the excessive tube thinning obtained in this zone.

e The evolution of the plastic strain on both inner
and outer surfaces presents the same tendencies. In
addition, the values of plastic strain in the corner
zone seems to be quasi-uniform since the corner
zone is deformed under free bulge mechanical con-
dition independently of different COF values. In
addition, the slight upper values of plastic defor-
mation observed in outer surface compared to the
inner, still in the corner zone, are attributed to the
shift of the neutral axis to the inner surface.

e The residual stresses are higher near the inner
thickness of corner sections than the outer surface.
This result is mainly explained by the shift of the
tube neutral axis, in the corner zone, from
the middle tube thickness to the inner axis due
to the small value of r/r ratio. In addition, it is
clear that the COF affects significantly the values
of the residual stresses particularly near the outer
surface of the tube corner zone.
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