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Available online 25 January 2019 hydrostatic pressure, on the stress state, yield locus, fracture surface formation, and fracture
strain was evaluated. The simulation results revealed that sufficiently high external pres-
Keywords: sure can change the stress state of the tube in double-sided hydroforming from an in-plane
Hydrostatic pressure biaxial tensile stress state to a three-dimensional stress state, and it can increase its
Hydroforming hydrostatic pressure in a superimposed manner. Moreover, double-sided free bulging
Fracture and corner filling experiments were conducted on 5A02 aluminum alloy and 2A12 aluminum
Bulging deformation alloy tubes. It was found that the external pressure has a significant impact on the fracture
External pressure behavior of these tubes. The increasing external pressure could change the type, number,

size, and proportion of the dimples on the fractured surface, and transform the fracture
mode from a void accumulation fracture to a pure shear fracture, which significantly
improves the fracture limit of the tubes. These results are significant for the consolidation
of the theoretical and numerical simulation prediction of the superimposed hydrostatic
pressure effect in the hydroforming process.
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respect to lightweight integral hollow-structure components
[1]. During the hydroforming process, the tubes are bulged
under internal pressure and independent axial feeding. Due to
In recent times, tube hydroforming technology attracted the negligible through-thickness normal stress induced by the
considerable attention in the automobile and aerospace internal pressure, when compared with the in-plane stresses,
industries, for its superior manufacturing capabilities with the stress state on the tube is always simplified as a plane
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stress state; i.e., axial compressive stress and circumferential
tensile stress in the first forming stage, and biaxial tensile
stress in the subsequent calibration stage [2]. Under such a
stress state, several failures such as localized wrinkling and
cracking [3] are easy to occur on the tubes, especially with the
aluminum alloy [4] and magnesium alloy [5] tubes with an
intrinsic low ductility [6]. Consequently, several studies have
been conducted on the tube bulging deformation and fracture
in the hydroforming process [7].

It is probable that premature ruptures occur before the
complete formation of the aluminum alloy and magnesium
alloy tubes; thus, a method to improve their ductility is
required, for example, changing the stress state in the forming
process [8]. In practice, following the studies by Bridgman [9],
a significant number of studies on the effect of hydrostatic
pressure on the formability of a variety of engineering
materials were conducted [10]. These materials are mainly
polycarbonate [11], brass [12], copper [13], steel [14], and
aluminum alloy [15]. The ductility of these materials increases
in accordance with an increase in the hydrostatic pressure. In
addition, their fracture strains were also found to increase
significantly with an increase in hydrostatic pressure. It should
be noted that all of these studies were focused on either the
round bar [16] or the sheet [17] tensioned uniaxially at the
desired level of the superimposed hydrostatic pressure.

Based on the above results, researchers in the manufactur-
ing field introduced the superimposed pressure effect into the
metal forming process [18], such as the double-sided tube
hydroforming process [19]. In double-sided tube hydroform-
ing, the external pressure is exerted on the outer surface of
the tube coupled with the internal pressure. In this case, the
through-thickness normal compressive stress induced by
the external pressure cannot be ignored, and the stress state
changes from the plane stress state to the three-dimensional
(3D) stress state. In particular, the hydrostatic pressure
imposed on the tube increases simultaneously. Recently,
researchers [20] established several theoretical models based
on the classical plastic instability theory and M-K theory, to
predict the effect of the through-thickness normal stress
on the deformation ability of sheet and tube metals. The
conclusions obtained was that the theoretical formability
increases due to the through-thickness normal stress, and
that the forming limit curves (FLCs) are shifted upwards along
the major strain axis when the normal compressive stress
increases [21]. However, almost no systematic experimental
study was conducted until a dedicated experimental setup for
the double-sided tube hydroforming process was established
by our research group [22]. In the preceding work, our main
focus was on the experimental verification of the effect of
external pressure on the uniform deformation behavior of
aluminum alloy tubes before the necking occurrence. It was
found that the external pressure has little influence on the
forming limit strain before necking [23].

With respect to the fracture behavior of tubes under
double-sided hydroforming, a limited number of studies
under the relative low external pressure [1.50¢ (127.5 MPa)]
were discussed in the paper [24]. It was preliminarily found
that a higher external pressure (superimposed hydrostatic
pressure) applied on the outside surface of the tube can affect
the fracture morphology of a 5A02 aluminum alloy tube in the

double-sided hydroforming of a square section, and signifi-
cantly improve its fracture strain. Recently, Shi et al. [25] used
the numerical simulation to evaluate the effect of the
superimposed hydrostatic pressure on necking (uniform stain
and localized necking), fracture initiation, and fracture surface
formation in double-sided tube hydroforming. In the study, an
axisymmetric finite element model was established. However,
the axisymmetric finite element model could only be used
to evaluate the bulging deformation before necking and the
fracture development in the circumferential direction. In
addition, it was reported that the axisymmetric methodology
cannotbe used to differentiate the fracture developmentin the
circumferential direction from the axial direction. In practice,
the fracture always develops in the axial direction [24]. It is
therefore necessary to further investigate the effect of super-
imposed hydrostatic pressure on the deformation and fracture
of tubes in double-sided hydroforming, especially the experi-
ment under higher external pressures or other hydroforming
modes.

In this paper, a detailed numerical investigation of the
bulging deformation behavior was firstly carried out, to conduct
the stress analysis of the tubes under the effect of super-
imposed hydrostatic pressure in double-sided tube hydro-
forming. Furthermore, 5A02 aluminum alloy tubes and 2A12
aluminum alloy tubes were bulged freely and in a square-
section die cavity under double-sided pressures in the experi-
ments. The fracture behavior of the tubes under the effect of
superimposed hydrostatic pressure are discussed in detail with
respect to the experimental results.

2. Preparations
2.1. As-received tube materials

The as-received tube materials used in this investigation were
5A02 aluminum alloy tube and 2A12 aluminum alloy tube. The
5A02 aluminum alloy tubes were drawn from extruded tubes
and then annealed at 380 °C for approximately 2 h, with outer
diameter of 63 mm and nominal thickness of 2 mm. The 2A12
aluminum alloy tubes were annealed samples from hot-
extrusion, with outer diameter of 66 mm and nominal
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Fig. 1 - True stress-strain curve of as-received tube
materials along the axial direction.
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Table 1 - Mechanical properties of as-received tube materials along the axial direction.

Mechanical parameters Values
S5A02 tube [24] 2A12 tube

Initial yield stress, o5 (MPa) 85.9 96.9
Ultimate tensile strength, o}, (MPa) 222.9 246.5
Total elongation, &, (%) 26.1 235
Uniform elongation, § (%) 18.2 15.3
Strength coefficient, K (MPa) 454.1 504.7
Strain hardening exponent, n 0.304 0.280

8- LA 2
D Clamping force

Fig. 2 - Double-sided tube hydroforming experimental setup [22]: (a) hydroforming die in operation; (b) schematic diagram of
internal structure of the die.

Table 2 - Loading paths for double-sided hydroforming of 5A02 and 2A12 aluminum alloy tubes.

Materials Loading paths Pressure (MPa)
a (free bulging) b (bulging in square-section die)
To T T, T3 To Ty T; Ts
5A02 1 (pe=0) [24]
Di 0 0 15 0 0 0 25 0
Pe 0 0 0 0 0 0 0 0
2 (pe = 1.005) [24]
pi 0 90.8 100 0 0 90.8 110 0
De 0 85 85 0 0 85 85 0
3 (pe = 1.505) [24]
Di 0 136.1 142.5 0 0 136.1 152.5 0
De 0 127.5 127.5 0 0 127.5 127.5 0
4 (pe = 2.505)
pi 0 217.5 227.5 0 0 217.5 237.5 0
De 0 212.5 212.5 0 0 212.5 212.5 0
2A12 5 (pe=0)
pi 0 0 25 0
Pe 0 0 0 0
6 (pe = 1.004)
pi 0 106.7 122 0
Pe 0 97 97 0
7 (pe =2.005)
Di 0 213.4 219 0

Pe 0 194 194 0
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31.5 mm

Internal pressure

31.5 mm

Fig. 3 - Numerical simulation model of tube deformation under internal and external pressures: (a) free bulging; (b) corner

filling [22].

thickness of 3 mm. The uniaxial tensile tests were conducted
on an Instron 5569 machine along the axial direction of the two
types of tube materials. Their true stress-strain curves are
presented in Fig. 1, and the corresponding mechanical
parameters are listed in Table 1.

2.2.  Double-sided hydroforming experiment

Fig. 2 shows the specially designed experimental setup for
double-sided tube hydroforming, and a schematic diagram of
the internal structure of the die was provided for clarity.
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Fig. 4 - Stress distribution of 5A02 tubes in free bulging under internal and external pressures: (a) circumferential stress; (b)

axial stress; (c) normal stress.
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Considering a safety factor of Ny = 1.2, the sealed cylinder can
withstand a maximum external pressure of 240 MPa. More
detailed descriptions about this experimental setup can be
found in the published literatures [22].

During the hydroforming process, the expansion of the tube
is driven by the pressure difference between the increasing
internal pressure and the constant external pressure. Different
superimposed hydrostatic pressures can be introduced
according to the change in the external pressure. The loading
paths can be found in the literature [24], and the detailed load
history data are presented in Table 2. In Table 2, the pressures
at the T, moment are sufficiently high to crack the tubes. The
fracture behavior of 5A02 aluminum alloy tubes under loading
paths 1b, 2b, and 3b were discussed preliminarily in the
double-sided hydroforming with square-section die. In this

paper, to explorer the effect of higher superimposed hydro-
static pressures, path 4 (higher external pressure) was used in
the investigation. Moreover, the fracture behavior of the 5A02
and 2A12 aluminum alloy tubes in the free bulging process was
also investigated. In this case, loading paths 13, 2a, 3a, and 4a
were used for the 5A02 tubes, whereas loading paths 5a, 6a
and, 7a were used for the 2A12 tubes. In the experiments, all
the used tubes had a total length of 234 mm, and the length of
bulging area was 140 mm.

2.3.  Fracture analysis
To reveal the effect of superimposed hydrostatic pressure on

the fracture behavior of tubes in double-sided hydroforming, a
FEI Quanta 200FEG scanning electron microscope (SEM) was
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Fig. 5 - Hydraulic pressure and Lode parameter of 5A02 tubes under internal and external pressures: (a) hydraulic pressure; (b)

Lode parameter.
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used for the fracture surface observation. First, the fracture
morphologies under different external pressures were com-
pared to distinguish the transformation of the fracture mode.
Second, the thicknesses of the tubes at the fracture were
measured on the SEM images with a 100x magnification, to
calculate the fracture strain of the tubes.

2.4. Finite element model

The general finite element analysis software ABAQUS/Explicit
was used to conduct the simulation of the double-sided tube
hydroforming process of aluminum alloy tubes with a
dynamic explicit analysis. Fig. 3 presents the established
finite element model of the tube free bulging and corner filling
deformation under double-sided pressures. In general, the
shell element was used to model the deformable sheets or
tubes in the forming process due to the negligible through-
thickness normal stress. However, the solid element should
be used to construct the tubes subjected to double-sided
pressures, for the consideration of the superimposed hydro-
static pressure. For the tubes deformed under the three-
dimensional (3D) stress state, a 3D model should be con-
structed. However, with the consideration of a significant
number of elements for the 3D model, the simplified solid
element model is recommended.

In the free hydro-bulging process, the tube and the die were
established with an axisymmetric model according to their
symmetrical features. The CAX4R elements (a four-node
bilinear axisymmetric quadrilateral, reduced integration,
hourglass) were assigned to the tube, and it was divided into
ten layers along the thickness direction with an element size of
0.2 mm. For the corner filling process in a square die, a one
quarter plane strain finite element model was established. The
tube metal was modeled by the plane strain solid elements
CPE4R (a four-node bilinear plane strain quadrilateral, reduced
integration, hourglass control), and it was also divided into ten
layers along the direction of the thickness. All the dies were
defined as analytic rigid shells. In addition, the isotropic
hardening model (annealed tubes) and the surface to surface
contact relationship were adopted in these simulations. The
loading paths used in the simulation were the same as that in
the experiment, as shown in Table 2.

3. Results and discussion

3.1. Stress analysis of tubes under effect of superimposed
hydrostatic pressure

3.1.1. Stress state and yield locus in tube free bulging process
Theoretically, the external pressure can be as high as the
maximum applicable pressure of the pressure boosting device
in the double-sided tube hydroforming process. Thus, the
stress state of the tube is tri-axial. Fig. 4 shows the simulated
stress distribution of the 5A02 aluminum alloy tubes in free
bulging under different external pressures when the bulging
height reached 3.67 mm. At this instant, the tube was in the
last stage of uniform deformation. The circumferential stress,
axial stress, and through-thickness normal stress were found
to decrease in accordance with an increase in the external

pressure. When the external pressure reaches 212.5 MPa, i.e.,
2.5 times the yield strength of the 5A02 tube, at the pole of
bulging area, its circumferential stress decreases from
230.3 MPa to 17.6 MPa, in addition to its axial stress from
120.9 MPa to —92.1 MPa, and its normal stress from —0.6 MPa to
—213.1 MPa. It is a 3D stress state in this case, with the tension
in the circumferential direction and compression in the axial
and normal directions. Furthermore, the decrease in the three
stress components was almost equal to the increase in the
external pressure.

Fig. 5 presents the distribution of the hydraulic pressure
and Lode parameter of the 5A02 tubes in the free bulging area
under different external pressures obtained from the simula-
tion. The hydrostatic pressure on the tube is superimposed
with the magnitude of the external pressure, whereas the Lode
parameter is not dependent on the imposed external pressure,
irrespective of the external pressure level. These simulation
results are consistent with the theoretical derivation under the
plane strain assumption in the previously published paper
[24].

As mentioned above, the circumferential stress, axial stress
and through-thickness normal stress all decreased with an
increase in the external pressure. However, the occurrence of
yielding in double-sided tube hydroforming is directly related
to the equivalent stress. Hence, Fig. 6 shows the equivalent
stress contour of the 5A02 tubes in the double-sided free
bulging with external pressures of 0 MPa and 212.5 MPa. From
Fig. 6, it can be seen that the occurrence of yielding under an
external pressure of 212.5 MPa is similar to that of the tube
hydroforming without external pressure.

The case of the external pressure of 212.5 MPaisused as an
example to explain the occurrence of yielding in the double-
sided tube free bulging process. From Fig. 6(b), it can be seen
that the entire bulging zone of the tube starts to yield when
the internal pressure reaches 218.5 MPa. With an increase in
the internal pressure, the higher pressure difference drives
the tube to bulge, and the deformation is gradually concen-
trated toward the center of the bulging zone. Thus, an
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Fig. 7 - Stress locus of 5A02 tube in free bulging under
internal and external pressures.
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equivalent stress gradient is generated between the center
and die entrance, and the maximum equivalent stress is
located at the center. When the internal pressure increases to
225 MPa, the equivalent stress gradient is more pronounced.
During the bulging process, the maximum bulging heightis at
the center of the bulging zone, i.e., the pole of the bulging
zone.

At the pole of the bulging zone, the maximum equivalent
stress is located on the inside surface of the tube. Therefore,
the stress components at the point of maximum equivalent
stress were determined and described on the von-Mises 3D
yield cylinder, to compare the stress loci under different
external pressures, as shown in Fig. 7. It can be seen from Fig. 7
that the stress loci can directly visualize the 3D stress states
that act on the tube and their development process. Without
external pressure (0 MPa), the tube is in a plane stress state,

which evolves linearly in the biaxial tensile stress zone of the
elliptical yield locus. Once the plane stress state reaches the
initial elliptical yield locus, the tube starts to yield. Due to the
continuous increase in the internal pressure, the plastic
deformation of the tube is maintained, and the stress locus
basically develops along the direction of its original trajectory
outside the initial yielding ellipse. However, if the external
pressure is imposed, the stress path of the tube deviates from
the plane stress yielding ellipse at the outset, and it is directed
in the negative semi axial direction of the generatrix of the
von-Mises yielding cylinder. The stress path evolves linearly
until it reaches the von-Mises yielding cylinder, after which
the tube materials are deformed. Thereafter, the stress path is
re-orientated to the direction parallel to that of the stress
trajectory of the 0 MPa external pressure. It can be seen that
the stress locus develops in the plane with the normal stress of
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Fig. 8 - Stress distribution of 5A02 tubes in corner filling process under internal and external pressures: (a) circumferential

stress; (b) axial stress; (c) normal stress.
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—De after the tube yields in the double-sided tube free bulging
process. In summary, when the tube is bulged under the
double-sided pressure with a constant external pressure, the
stress locus initiates at the origin co-ordinate and evolves
linearly to a plane with a normal stress of —p.. Moreover, the
turning point occurs at the stress locus, which leads to its
continuous development in the plane with a normal stress of
~Pe.

3.1.2. Stress state and yield locus in tube corner filling process
Fig. 8 shows the stress distribution of the 5A02 tubes in the
corner filling process under a pressure difference of 20.1 MPa.
From Fig. 8, it can be seen that the variations of all the stress
components are similar to those of the abovementioned
free bulging process, i.e.,, a decrease trend in accordance
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with an increase in the external pressure. Similarly, if the
external pressure of 212.5 MPa, which is 2.5 times as big as
the yield strength of the 5A02 tube, was imposed on the
tube, the circumferential stress would decrease from
224.7 MPa to 12.5 MPa, in addition to the axial stress from
111.6 MPa to —100.7 MPa, and the normal stress from —0.9 MPa
to —213.5 MPa. The stress state was clearly translated from an
in-plane biaxial tensile stress state to a 3D stress state (tension
in the circumferential direction and compression in the axial
and normal directions). In addition, the reductions of all three
stress components are nearly equal to the increase in the
external pressure.

For the hydrostatic pressure and Lode parameter in the
tube corner filling process under double-sided pressures, it
was also found that the hydrostatic pressure for the tube is
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Fig. 9 — Hydraulic pressure and Lode parameter of 5A02 tubes during corner filling process: (a) hydraulic pressure; (b) Lode

parameter.
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Fig. 11 - Stress locus of 5A02 tube in corner filling process
under internal and external pressure.

superimposed with the magnitude of the external pressure,
whereas the Lode parameter is not dependent on the imposed
external pressure, as shown in Fig. 9. The stress variation with
an increase in the external pressure is in good agreement with
the results from the double-sided tube free bulging process.

Fig. 10 presents the equivalent stress contour of the 5A02
tubes in the corner filling process with external pressures of
0MPa and 212.5MPa. It can be seen from Fig. 10 that the
occurrence and development of yielding in the tube corner
filling process under double-sided pressures is similar to that
of the tube corner filling without external pressure. Moreover,
the case of the external pressure of 212.5 MPa is used as an
example to explain the occurrence and development of
yielding in the tube corner filling process under double-sided
pressures.

It can be seen from Fig. 10(b) that there is only a line contact
between the tube and square-sectional die cavity before
deformation, and the tube yields at the internal pressure of
218.9 MPa. The equivalent stress on the inner surface is greater

p~194MPa

p=127.5MPa | p=2125MPa

Fig. 12 - Cracked aluminum alloy tubes obtained via double-sided hydroforming process: (a) free bulging of 5A02 aluminum
alloy tubes (image partially obtained from Ref. [24]); (b) free bulging of 2A12 aluminum alloy tubes; (c) corner filling of 5A02

aluminum alloy tubes (image partially obtained from Ref. [24]).
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than that on the outer surface, which resultin a stress gradient
along the direction of thickness. As the internal pressure
increases, the tube bulges toward to the die corner and
attaches to the straight wall of the die cavity. When the
internal pressure increases to 225.7 MPa, the maximum
equivalent stress is located on the inner surface of the
attached area. As the corner filling process progress, the
contact area between the tube and die cavity gradually
increases, and the filet radius of the tube decrease. During
this process, the maximum equivalent stress is always located
on the inner surface of the transition region, which led to the
maximum deformation and the final fracture.

The stress locus at a point on the inner surface of the
transition region was described on the von-Mises 3D yield
cylinder for different external pressure conditions, as shown in
Fig. 11. From Fig. 11, it can be seen that the stress locus on the
von-Mises yield cylinder for the double-sided tube corner
filling process is the same as that for the double-sided tube free
bulging process (see Fig. 7).

3.2 Fracture behavior of tubes under effect of
superimposed hydrostatic pressure

3.2.1. Cracked aluminum alloy tubes

Fig. 12 shows three types of cracked aluminum alloy tubes
from the double-sided hydroforming process, the cracked
5A02 aluminum alloy and cracked 2A12 aluminum alloy tubes
from the double-sided free bulging, and the cracked 5A02
aluminum alloy tubes from the double-sided tube corner filling
process. For the consistency of the initial tubes, a longer tube
was divided into several tube samples for the same experi-
ment, to eliminate the interference of the performance
difference and the difference in the initial thickness. From
Fig. 12(a) and (b), it can be seen that the fracture occurred at the
pole of the bulging area. Moreover, from Fig. 12(c), it can be
seen that the fracture favored the transition region. This is due
to greater stresses at these regions, as discussed in Section 3.1.
It was also found that the fracture develops along the axial
direction under double-sided pressures. This is different from
the case in Ref. [25], in which the fracture developed in the
circumferential direction.

300

—@— —O- Free bulging of 5A02 tubes
|—— —O— Free bulging of 2A12 tubes
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Fig. 13 - Fracture pressures for tube in free bulging and
corner filling under internal and external pressures.

The internal pressure and pressure difference at the
fracture moment are presented in Fig. 13. It should be noted
that, as shown in Fig. 13, the pressure difference at the fracture
moment is insensitive to the external pressure in both the
double-sided tube free bulging process and double-sided tube
corner filling process.

3.2.2.  Fracture morphology

Fig. 14 shows the effect of the external pressure, i.e., the
superimposed hydrostatic pressure, on the fracture morphol-
ogy of the 5A02 aluminum alloy and 2A12 aluminum alloy
tubes in the double-sided free bulging and corner filling
experiments. From a comparison of the fracture morphologies
of the tubes, as can be seen in Fig. 14, numerous equiaxial
dimples with significant depths were present on the fractured
surface of the tube without any external pressure applied to its
outer surface. Upon the application of the external pressure,
the higher hydrostatic pressure decreased the depth of the
equiaxial dimples on the fractured surface, and their number,
size, and proportion all decreased with an increase in the
external pressure. Moreover, as the external pressure in-
creased, the direction of the dimples changed. For example,
the direction of the dimples is the same as that of the
circumferential tensile stress when the external pressure is 0;
however, an increase in the external pressure could alter the
direction of the dimples, and divert it to another direction,
which may result in drag marks on the fractured surface. This
is because the fracture mode of the tube shifts from the micro
void accumulation fracture to shear fracture with an increase
in the external pressure. Especially for the 5A02 aluminum
alloy tubes in double-sided corner filling process, only a
few dimples were presented on the fractured surface when
the external pressure reached 212.5 MPa (2.505). Hence, it is
approximately dominated by the pure shear fracture.

Based on the discussion above, it was concluded that the
higher external pressure can not only change the type,
number, size, and proportion of the dimples on the fractured
surface, but also transform the fracture mode from a void
accumulation fracture to a pure shear fracture. The results are
similar to those in the published paper [25], which stated that
the fracture surface of sheets and hydroformed tubes shifted
from a planar (P-type) profile to a chisel (C-type) shape in
accordance with an increase in the superimposed hydrostatic
pressure increases.

3.2.3. Fracture strain
Fig. 15 presents the SEM images with a 100x magnification of
the fracture surface, for the estimation of the thickness of the
tubes at fracture, t. In Fig. 15, the subscript of t denotes the ratio
of the external pressure to the yield strength of the tube.
After the measurement of the thickness at the fracture, it
was found that tyo=0.78 mm, t; o=0.60 mm, t,5=0.42 mm,
and t, s = 0.22 mm for the double-sided free bulging of the 5A02
aluminum alloy tubes; too=2.37 mm, t;o=1.96 mm, and
too=1.26 mm for the double-sided free bulging of 2A12
aluminum alloy tubes; and too=0.94mm, t;o=0.66 mm,
ty5 =0.46 mm, and t, 5 = 0.14 mm for the double-sided corner
filling of 5A02 aluminum alloy tubes. Thus, it was concluded
from the measurement results that an increase in the external
pressure results in a decrease in the thickness at fracture in the
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Fig. 14 - Effect of external pressure on fracture morphology of tubes under internal and external pressures: (a) free bulging of
5A02 tubes; (b) free bulging of 2A12 tubes; (c) corner filling of 5A02 tubes (image partially obtained from Ref. [24]).

double-sided tube free bulging process and double-sided tube can be seen from Fig. 16 that the thickness compressive
corner filling process, or the different tubes that were used. strain at the fracture increased gradually with an increase

Fig. 16 presents the thickness strain at fracture of in the external pressure, and the amplitude increases
the different tubes under different external pressures. It simultaneously.
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Fig. 15 - Effect of external pressure on thickness of tubes at fracture under internal and external pressures: (a) free bulging of
5A02 tubes; (b) free bulging of 2A12 tubes; (c) corner filling of 5A02 tubes (image partially obtained from Ref. [24]).

Assuming that the tube has a plane strain fracture in the
longitudinal direction, i.e., the axial strain ¢, =0, the rela-
tionship between the circumferential stain ¢ and
through-thickness normal strain ¢ is ¢ = — ¢ based on the
incompressibility of the tube. Therefore, the equivalent fracture
strain of the tubes can be expressed as follows:

2 2
& =3\ bt et :ﬁ\éd (1)

From Eq. (1), it can be seen that the equivalent fracture strain of
the tubes can be directly calculated from the thickness strain
at fracture. Thus, by substituting the thickness strain at frac-
ture, as shown in Fig. 16, into Eq. (1), the equivalent fracture
strain of the tubes under different external pressures can be
calculated, as shown in Fig. 17. It can be found from Fig. 17 that
the equivalent fracture limits of the tubes can be significantly
improved by increasing the external pressure. For the 5A02
aluminum alloy tubes, when the external pressure increased
from 0 MPa to 212.5 MPa (2.505), the equivalent fracture strain
increased from 1.022 to 2.466 in the free bulging process, which
corresponds to an increase of 141.3%. Moreover, the equivalent

fracture strain increased from 0.860 to 3.054 in the corner
filling process, which corresponds to an increase of 255.1%.
Furthermore, the influence of the external pressure on the
2A12 aluminum alloy tubes in the free bulging process is
similar to that of the 5A02 tubes, and its equivalent fracture
strain increased from 0.227 to 0.956, which corresponds to an
increase in amplitude of 321.1%.

With respect to the mechanism of the external pressure
effect on the fracture limit, it is attributed to the increased
superimposed hydrostatic pressure due to the imposed
external pressure, which can strongly inhibit the nucleation,
growth, and coalescence of micro voids, thus increasing the
fracture strain of the tubes [10].

4, Conclusions

In this investigation, the finite element analysis and experi-
ments were conducted to investigate the bulging deformation
and fracture of tubes in double-sided hydroforming. The effect
of the superimposed hydrostatic pressure, which is deter-
mined by the external pressure, on the stress state, yield
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Fig. 16 - Effect of external pressure on the thickness strain at fracture of tubes: (a) free bulging of 5A02 tubes; (b) free bulging of
2A12 tubes; (c) corner filling of 5A02 tubes (image partially obtained from Ref. [24]).
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Fig. 17 - Effect of external pressure on the equivalent
fracture strain of tubes under double-sided pressures.

development, fracture surface formation, and fracture limit
strain of the tubes was evaluated. The following conclusions
can be drawn from the above discussion:

(1) The external pressure has a significantimpact on the stress

state of the tube in the double-sided hydroforming process.
Under a sufficiently high external pressure, the stress state
can change from an in-plane biaxial tensile stress state to a

~
&

-~

=

three-dimensional stress state (tension in the circumfer-
ential direction and compression in the axial and normal
directions), and the reductions of all the three stress
components are nearly equal to the increase in external
pressure. Moreover, the hydrostatic pressure for the tube
was superimposed with the magnitude of the external
pressure, whereas the Lode parameter is not dependent on
the imposed external pressure.

When the tubes are hydroformed under the double-sided
pressure with a constant external pressure in the double-
sided free bulging or corner filling processes, their stress
lociinitiate at the coordinate origin and evolve linearly to a
plane with a normal stress of —p,. The turning points then
occur at the stress loci, which lead to their continuous
development in the plane with a normal stress of —p,.
The experimental results for the 5A02 aluminum alloy and
2A12 aluminum alloy tubes revealed that the fracture of
the tubes develops along their axial direction under
double-sided pressures. Moreover, it was concluded that
the higher external pressure could change the type,
number, size, and proportion of the dimples on the
fractured surface of the tubes, and transform the fracture
mode from a void accumulation fracture to a pure shear
fracture.

The fracture limits of the tubes can be significantly
improved by increasing the external pressure. This is
mainly because the superimposed hydrostatic pressure,
which is determined by the external pressure, can strongly
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inhibit the nucleation, growth, and coalescence of micro
voids. For the 5A02 aluminum alloy tubes, their equivalent
fracture strains increased by 141.3% and 255.1% in the
double-sided free bulging and corner filling, respectively,
when the external pressure reached 2.50;. For the 2A12
aluminum alloy tubes, the increase in the amplitude of the
equivalent fracture strain reached 321.1% when the
external pressure was 194 MPa (2.005).

It should be noted that this work is significant for the
consolidation of the theoretical and numerical simulation
prediction of the superimposed hydrostatic pressure effect in
the tube hydroforming process. In addition, it also can be used
to support the development of a ductile fracture criterion
considering the stress triaxiality and the Lode parameter.
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