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Abstract

Stress states on a multi-branch tubular part are the most complicated change in all types of hydroforming process, which
result in severe variation of thickness. In this paper, an experimental and numerical research was conducted on a multi-step
hydroforming process including intermediate annealing treatment to obtain effect of stress state on the thickness variation
of a superalloy GH4169 complex T-shaped tubular part with expanded diameter, which corresponds to a real product used
in aerospace industry. The material flow behavior at typical points on hydroformed tube blank was first analyzed. Then, the
thickness variation on the hydroformed GH4169 tube blanks was discussed in every step. It is shown that the materials have
different flow directions to form the side branch, where the thickness is always thinned during the four-step hydroforming
process. Large axial feeding induces a continuous thickening between transition areas and tube ends. The thickness invari-
ant dividing line in the side branch zone moves toward the tube ends with forming going on. However, in the hemisphere
zone, it moves slightly towards the center of the side branch. Moreover, the stress states at three typical positions, as well
as their effect on the thickness variation, were analyzed based on a sequential correspondence law between stress and strain
components. On this basis, the mechanism of thickening in the left transition area, thinning at the top of side branch and
thickness variation at the hemispheric pole was revealed. These results are very important for obtaining the thickness dis-
tribution of a complex T-shaped tubular part in multi-step hydroforming, and revealing the thickness variation mechanism
by using engineering plasticity theory.
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1 Introduction

Nickel-based superalloys are commonly used in the key
components of aerospace engines and gas turbines given
their excellent mechanical properties, favorable oxida-
tion resistance, and fatigue resistance in high-temperature
environment [1]. To achieve lightweight and high reliabil-
ity, many superalloy thin-walled components are used as
engine piping system, air inlets, exhaust air duct, and so
on. For example, T-shaped tubular part of superalloy is an
important pipe joint of the aerospace engines. Hydroform-
ing is an advanced forming technology for manufacturing
thin-walled components with varied cross sections, which
has gained great development in recent years [2]. Therefore,
the hydroforming process is a good choice for the forming
of T-shaped tubular parts of superalloy.

Generally, according to diameter difference between
main tube and side branch, the T-shaped tubular parts can
be divided into three categories: equal diameter, reduced
diameter, and expanded diameter. Up to present, many inves-
tigations regarding the hydroforming of T-shaped tubular
part with equal diameter and reduced diameter have been
conducted. Ray et al. [3] used tube hydroforming process
to form a simple T-shaped tubular part with equal diameter.
They found that the developed height of side branch and the
thickness distribution were in good agreement with experi-
mental results. Crapps et al. [4] presented a parametric finite
element analysis on hydroforming process of T-shaped tube
with equal diameter for side branch using a history-depend-
ent internal state variable model. Zadeh et al. [S] made a
numerical simulation and experiment of the tube hydroform-
ing of unequal T shapes with different branch diameters
smaller than of the main tube, and finally, the reasonable
loading paths were determined. Hwang et al. [6] proposed an
adaptive control algorithm to determine appropriate loading
paths in T-shaped tube hydroforming with different outlet
diameters not larger than that of the main tube. Moreover, a
design guideline for die surface shapes in T-shaped magne-
sium alloys tube hydroforming was also proposed by Hwang
et al. [7]. However, hydroforming of T-shaped tubular part
with expanded diameter still faces severe challenges because
of its complexity and larger expansion ratio. Especially for
the hard-to-deform nickel-based superalloys, it is not pos-
sible to obtain the expanded side branch using conventional
one-step hydroforming process at room temperature. To
overcome these difficulties, a multi-step hydroforming pro-
cess at room temperature followed by intermediate annealing
treatment was recently proposed by our research group to
manufacture the complex superalloy T-shaped tubular part
with expanded diameter [8].

It is well known that change of stress states on multi-
branch tubular part is the most complex in all types of
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hydroforming process, which affects not only the forming
defect form but also the thickness variation. For thin-walled
components, the thickness uniformity is the most important
technical indicator. In the position with most severe thick-
ness thinning, it is usually subjected to a large tensile stress.
Therefore, it is very important to study the effect of stress
state on the thickness. Based on this, the stress state at the
most severe thickness thinning position can be adjusted by
changing the blank shape or the loading scheme, which can
further improve the thickness uniformity [9]. In tube hydro-
forming, the thickness reduction should be as small as pos-
sible. In this case, analysis of the thickness variation and the
stress state on both sides of the thickness invariant divid-
ing line is essential. Cheng et al. [10] analyzed the thick-
ness distribution of a Y-shape tube during the hydroform-
ing process. It is found that the maximum thickness occurs
in the leftward fillet transition region, rightward takes the
second place, and the top of the side branch is the thinnest.
With the increase of internal pressure, the biggest thicken-
ing ratio is not obviously changed; however, the maximum
thinning ratio increased significantly. As the height of the
side branch increases, an over-thinning and even splitting
on the top of side branch will be caused [11]. Guo et al. [12]
investigated the effects of the loading path and the friction
coefficient on the side branch height and the thinning ratio
distribution of Y-shapes. Their results demonstrated that the
maximum thickening ratio occurred near the right transi-
tion fillet of Y-shapes. Moreover, the maximum thinning
ratio was 11.92% and the side branch height was 90.3 mm.
Peng et al. [13] proposed a multistage punch to change
the internal pressure distribution in the guiding zone and
to reduce the friction force between the tube and the die.
Hence, the thickening ratio in the guiding zone is reduced
by 20% and the thinning ratio of the side branch is reduced
by 6%. Moreover, Hwang et al. investigated the thickness
distribution of T-shape [14] and Y-shape [15] magnesium
alloy tubular parts in hydroforming process at elevated tem-
peratures of 150 °C and 250 °C by comparing the simula-
tion and experimental results. Lei et al. [16] introduced the
Oyane’s ductile fracture integral to predict that the maxi-
mum thinning and bursting failure is located at the tip of side
branch of a T-shaped tube in hydroforming. Lorenzo et al.
[17] developed a proper optimization strategy on Y-shaped
tube hydroforming process to increase as much as possi-
ble the bulge height of the Y-region obtained at the end of
the process also guaranteeing the minimal thinning on the
tube. In addition, Rajenthirakumar [18] first investigated the
hydroforming process of Inconel 625 superalloy tube with
equal diameter through numerical simulation and experi-
ment, and the effects of strain hardening exponent, friction
coefficient and normal anisotropic coefficient on thickness
distribution were analyzed.



Archives of Civil and Mechanical Engineering (2021) 21:111

Page3of14 111

It can be seen from above overview that most of the inves-
tigations focus on the analysis of thickness distribution and
the effect of process parameters. The effect of stress state on
the thickness variation in the hydroforming process of a tee
tube, especially the tubular parts with expanded diameter,
has not been investigated so far. Compared with T-shaped
tubular part with equal and reduced diameter, the superalloy
tubular parts with expanded diameter are more difficult to
be hydroformed, and the stress state and thickness variation
are more complex. Therefore, it is urgent to investigate the
thickness distribution and its relationship with stress state
in the hydroforming process of a complex T-shaped tubular
part with expanded diameter.

In this paper, the thickness variation and stress state of
a complex T-shaped tubular part of nickel-based superal-
loy with expanded diameter was investigated during a four-
step hydroforming process. The hydroformed tube blanks
after every step were first given, on which the material flow
behavior at typical positions was analyzed. Then, the thick-
ness distribution of several typical sections on the hydro-
formed complex GH4169 T-shaped tubular part was given.
Finally, the relationships between the thickness variation and
stress state, as well as the stress state and the strain distribu-
tion patterns at typical position, were all discussed in detail.

2 Specimen and experimental procedure
2.1 Specimen and materials

Figure 1 shows the geometric shape and dimension of a com-
plex T-shaped tubular part with expanded diameter, which
corresponds to a real product used in aerospace industry. It
has a side branch with larger diameter than that of the main
tube and a varied diameter zone, which leads to it being an
asymmetric structure along left-right and up—down direc-
tions. The outer diameters of the main tube and the varied
diameter zone are 52.3 mm and 60.2 mm, respectively. The
side branch has an outer diameter of 90.6 mm, which is
1.732 times the diameter of the main tube. Moreover, a hem-
isphere zone with radius of 45.3 mm is located at the bottom
of side branch. The transition fillet radius between the main
tube and the side branch is 14 mm, while that between the
varied diameter zone and the side branch is 10 mm.

The complex T-shaped tubular parts will be manufactured
using nickel-based superalloy GH4169 tubes, whose outer
diameter and nominal thickness are 52.3 mm and 5.0 mm,
respectively. The chemical composition of the GH4169
superalloy is given in Table 1 based on Chinese standard
GB/T 14,992-2005. Mechanical properties of the GH4169
tube along axial direction were tested at room temperature
using an Instron 5569 uniaxial tensile test machine. Figure 2
shows the true stress—strain curve, which tends to follow an
ideal elastic-plastic linear hardening model. Moreover, the

Fig. 1 Geometric shape and ) Unit: mm
dimension of the complex Main tube @90.6 A
T-shaped tubular part with R14.0 R10.0 |
expanded diameter
| (@)
Side branch 0
A |
“ N |
o o
0 ‘ © |
Q o A Q
9 Hemisphere zone
Q_
. %
78.0 68.0 Varied diameter zone
. A
Section A-A
Table 1 Standard chemical composition of GH4169 superalloy (wt. %) [19]
Composition C Cr Ni Co Mo Al Ti Nb
Standard content <0.08 17.00-21.00 50.00-55.00 <1.00 2.80-3.30 0.20-0.80 0.65-1.15 4.75-5.50
Composition Fe B Mg Mn Si P S Cu
Standard content Bal. <0.006 <0.010 <0.35 <0.35 <0.015 <0.015 <0.300
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Fig.2 True stress-strain curve of nickel-based superalloy GH4169
tube along the axial direction

Table 2 Mechanical property parameters of nickel-based superalloy
GH4169 tube

Mechanical parameters Value
Yield stress, o, (MPa) 414
Tensile strength, o, (MPa) 818
Total elongation, &, (%) 60.0
Uniform elongation, & (%) 51.4

mechanical property parameters of the nickel-based super-
alloy GH4169 tube along the axial direction are listed in
Table 2.

2.2 Multi-step hydroforming process

In Fig. 1, the larger diameter of the side branch than that of
the main tube will result in an expansion ratio of 116.2%,
which is far beyond the plasticity limit of the GH4169
superalloy tube at room temperature. Therefore, the com-
plex T-shaped tubular part must be manufactured using a
multi-step hydroforming process, as shown in Fig. 3a. Dur-
ing the multi-step hydroforming process, every hydroform-
ing step was conducted at room temperature (RT) in the
same hydroforming tool shown in Fig. 3b. Moreover, an
annealing treatment obeying the process shown in Fig. 3c
is essential to regain the ductility of the tube blank after
every hydroforming step. During every annealing process,
the tube blanks are placed in a furnace and heated to 600 C
for about 10 min, then continued to 900 “C for about 10 min
and kept at 1020 “C for about 20 min. The purpose of holding
at 600 C, 900 °C and 1020 C is to dissolve the y” phase, 3’
phase, and § phase into the matrix phase as fully as possible
[20].The maximum heating temperature is 10 “C higher than
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the 1010 °C recommended in Chinese machinery industry
standard JB/T 7712-2007, while the holding time is 20 min
which chooses the lower limit of the recommended range of
20—45 min in the standard. Argon gas is then rapidly filled
into the furnace to lower the temperature of tube blank to
500 °C quickly, which is followed by a furnace cooling to
room temperature.

2.3 Experimental scheme

Experiments for manufacturing the nickel-based superalloy
GH4169 T-shaped tubular part were conducted on a 3150 kN
tube hydroforming machine. Table 3 shows the reasonable
process parameters for the four-step hydroforming process of
the T-shaped tubular part obtained from our previous investi-
gation [8]. In the experiments, the as-received GH4169 tubes
were first cut into tube blanks with a length of 300 mm,
which were then placed in the die cavity for hydroforming.
During every hydroforming step, the axial feeding of three
punches and the internal pressure inside the tube blank can
be controlled precisely according to the process parameters
previously set in the computer-control system. After every
hydroforming step, the thickness distributions are measured
at intervals of 10 mm using a micrometer along several typi-
cal paths. Moreover, the strain distributions in several typical
positions on the hydroformed tube blank will be measured
by a grid analysis method. To measure the strain, square grid
with size of 2 X2 mm should be first printed on the initial
tube blank using electrochemical etching. After hydroform-
ing, a camera is used to take two or more photographs of
the measurement area from two different angles. Finally, the
photographs are imported into the ASAME software, and the
strain distribution on the measurement area can be obtained
after certain analysis.

2.4 Finite element modeling

To investigate the material flow behavior and the stress and
strain distribution during the four-step hydroforming process
of the GH4169 T-shaped tubular part, finite element simula-
tion was conducted using the ABAQUS/Explicit software.
Figure 4 shows the established three-dimensional (3D) finite
element model, which consist of the die, the left punch, the
right punch, the middle punch and the tube. The die, the left
punch, the right punch and the middle punch were designed
to be discrete rigid shells, while the tube was designed as a
3D deformable solid. The C3D8R elements (an 8-node linear
brick, reduced integration, hourglass control) were assigned
to the tube, and it was divided into 33,750 elements. In addi-
tion, the process parameters shown in Table 3 were used
in the numerical simulations. Because the deformed tube
blank after each hydroforming step was fully annealed in
the experiment to restore its ductility, as shown in Fig. 3,
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Fig.3 Principle of multi-step hydroforming process for complex T-shaped tubular part of nickel-based superalloy [8]: a forming process, b

hydroforming tool, ¢ annealing process

Table 3 Process parameters for the four-step hydroforming of nickel-
based superalloy GH4169 T-shaped tubular part [8]

Hydroforming step number 1 2 3 4
Internal pressure/MPa 80—17 80—16 80—20 80—20
0 0 0 0

Total axial feeding length/mm 60 25 12 9

Axial feeding ratio 4 4 4 14 35

Axial feeding length of left 12 5 5 2
punch/mm

Axial feeding length of right 48 20 7 7
punch/mm

Retreating displacement of 18 7 8 6

middle punch/mm

it is possible to assume that the mechanical properties of
the tube blank were restored to its initial state after each
step. Therefore, in the numerical simulations, the mechani-
cal properties related to initial tube material were taken for
all steps of hydroforming.

Left punch
Right punch

Fig.4 Finite element model for the hydroforming of the complex
GH4169 T-shaped tubular part [8]
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Fig.5 Four-step hydroforming experimental results of complex
GH4169 T-shaped tubular part

3 Results
3.1 Hydroforming process and the tube blank

Figure 5 shows the four-step hydroforming experimental
results of complex GH4169 T-shaped tubular part. It can be
seen from Fig. 5 that the side branch has not been formed at
the end of the first step. Only a varied diameter tube blank
was formed, and the diameter on the right side of deforma-
tion zone is larger than that on the left side. When the second
step is completed, the side branch has been formed. In the
third and fourth steps, the height of the side branch increases
gradually, and the radius of the corner area at the top of the
side branch decreases gradually. The experimental results
show that after four steps of hydroforming, the tube blank
can be completely attached to the die cavity.

3.2 Materials flow behavior at typical points
in forming process

To analyze the material flow behavior during the hydroform-
ing process of the complex GH4169 T-shaped tubular part,
the flow trajectories at four typical points on left corner,
top center, right corner and front corner of the side branch
obtained by numerical modeling are shown in Fig. 6. The
selected typical points on the left corner, the right corner
and the top center are all located on the symmetric surface
of the main tube.

It can be seen from Fig. 6a that the left corner is formed
by the upward flow of the material in the deformation area.
In the first step of hydroforming, the material basically flows
vertically upward, and then deviates to the left due to the
larger axial feeding length on right side than that of the left

D — W S

Fig.6 Flow trajectory of typical points at the top of the side branch in forming process: a left corner, b right corner, ¢ top center, d front corner
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side. In the subsequent hydroforming steps, the material con-
tinues to deviate to the left under the action of axial feeding
and internal pressure until it flows to the left corner of the
side branch.

It can be seen from Fig. 6b that the material not only has
a long flow distance, but also has a big change in direction
for arriving the right corner due to the greater axial feed-
ing length on the right side. In the first and second steps
of hydroforming, the material flow is mainly controlled by
axial force due to the relatively larger axial feeding of right
punch, so it flows towards the upper left. Then, the mate-
rial moves vertically upward under the equilibrium action of
internal pressure and axial force. In the final stage, the mate-
rial flow is significantly affected by internal pressure and it
flows outward along radial direction of the side branch, so
its flow direction begins to shift to the right.

In Fig. 6¢, d, typical points on the top center and the front
corner of the side branch have similar flow characteristic,
both of which shift to the left and up first, and then flow
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Fig. 7 Thickness distribution of several typical sections on the hyd-
roformed GH4169 T-shaped tubular part: a path A-A; on the vertical
longitudinal section; b path B-B; on the horizontal longitudinal sec-

vertically upward again. The difference is that the top center
point moves in the symmetry plane while the point at the
front corner moves in a 3D path. This is also because of the
larger axial feeding on the right side in the early stage, which
will cause the flow of material to the left side. In the later
steps, the action of axial force is weakened, and the material
moves vertically upward under the internal pressure.

3.3 Thickness distribution

Figure 7 shows the thickness distribution of several typical
sections on the hydroformed GH4169 T-shaped tubular part
with expanded diameter which are obtained experimentally.
After the first step of hydroforming, the thickness distribu-
tions on paths of A-A;, B-B, and C-C, indicate that thicken-
ing is the most severe in the left and right transition areas.
The thickness in the zone between the transition area and
the tube ends increases to different degrees. Thickness thin-
ning zone is between the transition areas on both sides. On

7
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path D-D,, the thickness is always reduced, and the thinnest
point is located slightly above the axis intersection point of
the main tube and the side branch.

After the second step of hydroforming, the thickness
increases more obviously in the transition areas. The main
reason is that the material flow direction changes 90°
through the transition area from the main tube to the side
branch, which will increase the flow resistance and accumu-
late the material here. On the path A-A,, the thickness was
significantly reduced in the side branch zone due to a greatly
bulging, and the maximum thickness thinning point locates
between the corner and center of the side branch top. The
thickness distributions on the paths of B-B; and C-C, are
basically like that on the path of A-A,. However, the thick-
ness thinning ratio between the left and right transition areas
on the paths B-B, and C-C, is smaller. On the path D-D,
the thickness is further reduced compared with that of the
first step, and the thinnest point is located at the corner of
the side branch top.

In the third step, the thickness at both ends of the tube
blank continues to increase on the path A-A,, while it is
further reduced in the side branch zone. A thickness invari-
ant dividing line moves toward the tube ends, so the thick-
ness thinning area is slightly enlarged. On the paths of B-B,
and C-C,, the thickness at tube ends is further thickened,
while it is almost unchanged between the transition areas
at both sides. The thickness invariant dividing line moves
toward the center of the side branch, thus the thickness thin-
ning area is reduced. On the D-D, path, the thickness in the
hemisphere zone did not change compared with that in the

second step, and the thinnest point has shifted to the top of
the side branch.

After the fourth hydroforming step, the thickness invari-
ant dividing line on the A-A,; path further moves toward
the tube ends, and the thickness thinning area is further
enlarged. At the same time, the thickness of the side branch
zone is further thinned, where the minimum thickness is
1.939 mm. The thickness distributions on the paths of B-B
and C-C, are almost the same as that in the third step. Fur-
thermore, on the path of D-D,, the thickness in the hemi-
sphere zone did not change, but it is further reduced in the
side branch.

Figure 8 shows a contour map of the thickness variation
in the four-step hydroforming process from the numerical
simulation results. It can be seen from Fig. 8 that the thick-
ness thinning and thickening areas, as well as the movements
of the thickness invariant dividing line, are consistent with
the experimental results in Fig. 7.

4 Discussion

It is known that different stress states occur in the tube blank
under different matching conditions of axial feeding length
and internal pressure in the hydroforming process, and the
thickness variation trend is closely related to the stress state
[21]. According to a sequential correspondence law between
stress and strain components [22], if the magnitude sequence
of the stresses o, > o, > o5 and the associated principal axes
of strain remain unchanged during the plastic deformation
process, the sequence of the principal stress components

0%
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Fig. 8 Contour map of thickness variation ratio of the T-shaped tube in the four-step hydroforming process [8]: a first step; b second step; ¢ third

step; d forth step
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corresponds to the sequence of the principal strain compo-
nents, viz. €, > &, > &5 (¢, > 0, £; < 0). Furthermore, an
>

unchangeable relationship o, = 6‘;
<

% gives €, =0. Because
the Lode parameter can be expressed as: p, = W
Therefore, the deformation type is related to the Lode
parameter y,. When u_, > 0, a compression deformation will
be generated; when y, < 0, an elongation deformation will
be produced; moreover, the y, = 0 corresponds to a plane
strain deformation [23].

In the four-step hydroforming process of complex nickel-
based superalloy T-shaped tubular part, let the three princi-
pal stresses be 0, 0, and o, respectively, and 6y > 0,0, <0,
then the thickness variation trend completely depends on the
relative magnitude of axial stress ¢, and normal stress o,. It
can be mainly divided into following cases:

(1) When the axial direction is subjected to great com-

pressive stress, i.e., 6y > 0, > 0., the Lode parameter can be

20,~(0y+o0,
expressed as p, = M, then:
0yg—0;

o Ifo,> (0,+0,)/2, u, >0, the compressive deforma-
tion will be generated, and de, > 0, which corresponds
to a thickness thickening;

o Ifo, = (69 +o0,) / 2, u, = 0, the plane strain deformation
will occur, and de, = 0, which indicates the thickness
will remain constant;

e Elseifo, < (0,+0,)/2, u, <0, the elongation defor-
mation will be produced, and de, < 0, which results to a
thickness reduction.

It can be seen from above that there is a one-to-one corre-
spondence between the Lode parameter 4, and the thickness
variation trend when the through-thickness normal stress o,
is the middle principal stress.

(2) When there is no axial stress or the axial direction is
subjected to less compressive stress or tensile stress, i.e.,
6y > 0, > o, then the Lode parameter can be expressed as

26, (640, . .
= M In this case, de, < 0 1is always true no matter

l’lo' 070z
how the Lode parameter y,, changes, which indicates that the
thickness is thinning.

Therefore, the thickness variation at a certain position
of the T-shaped tubular part can be judged according to the
stress state during the multi-step hydroforming process.
Table 4 shows the stress state and thickness variation in left
transition area (the corner area between the main tube and
side branch) of the complex T-shaped tubular part obtained
by numerical simulation results and calculation. In the first
hydroforming step, the left transition area is in a triaxial
compressive stress state. It can be deduced that the left tran-
sition area is thickened by substituting the three principal
stress components into the sequential correspondence law
between stress and strain components. It can be seen from
Figs. 7a, 8a that the thickness thickening in the left transition
area is about 10-15% at the end of the first hydroforming
step, at which the thickness invariant dividing line is located
on the wall of the side branch.

In the second step, the compressive circumferential stress
and axial stress in the left transition area decrease. The thick-
ness in the left transition area continues to thicken, and the
thickness invariant dividing line is still located on the left
wall of the side branch. Figure 9 shows the strain distribu-
tion in the left transition area of side branch measured by the
grid analysis method after the second step of hydroforming
experiment. It can be seen from Fig. 9 that the normal strain
decreases gradually from the transition area to the top of
the side branch, and there is a thickness invariant dividing
line on the wall of the side branch where the normal strain
is zero, as shown in Fig. 9d.

In the third and fourth steps of hydroforming, the axial
stress in the left transition area of the side branch changes
into tensile stress, and the thickness is reduced. This will
make the thickness invariant dividing line move toward to
the tube end, thus the left transition area of the side branch
enters the thickness thinning area. The same results can also

Table 4 Stress state and thickness variation in left transition area of side branch of the complex T-shaped tubular part

Hydroforming step number 1 2 3 4
Stress state g, = —85 MPa o, = —82 MPa 0, = —253 MPa g, = —215 MPa
h L "\ N \ N
; g, = —825MPa , g, = —223 MPa a, = 40 MPa g, = 86 MPa
S v S v -, .,
Zy = —750 MPa Z = —665 MPa Z = —380 MPa Z[) = —344 MPa

Sequence of stress components 0,> 0y >0,
Sequence of strain components £, > €y > E,

£>0,6<0,e, <0
Thickness variation Thickening

o,>0,>0,
g,>€ >¢g
g>0,e <0,g<0
Thickening

o, > 0,> 0y 6, > 0,> 0y
E,> € >¢&

g, <0,6>0,6<0

E,>€E >¢&
g, <0,6>0,€<0

Thinning Thinning
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Minor Strain
-15.65

-16.40
-17.16
-17.91
-18.67
-19.43
-20.18
-20.94
-21.69
-22.45
-23.20
-23.96
-24.71
-25.47
-26.22
-26.98
-27.73
-28.49
-29.25
-30.00
-30.76
-31.51
-32.27

Cc

Major Strain
54.78
52.74
50.71
4867
46.63
44,60
4256
4052
38.49
36.45
34.41
3238
3034
28.30
26.27
2423
2220
20.16
18.12
16.09
14.05
12,01
9.98

Thickness Strain
-29.1
272
-25.3
-234
-21.4
-19.5
-17.6
-15.6
-13.7
-11.8
9.8
-7.9
6.0
-4.0
-21
-0.2
1.8
3.7
56
76
9.5
14
133

Fig.9 Strain distribution in the left transition area of side branch after the second hydroforming step: a measurement area; b major strain; ¢

minor strain; d thickness strain

be found from Figs. 7a, 8c, d. Figure 10 shows the strain
distribution in the left transition area of the side branch after
the fourth step of hydroforming experiment. It can be seen
from Fig. 10 that the maximum principal strain on the wall
of the side branch increases gradually from 11.20 to 58.84%,
while the minimum principal strain remains low and varies
from — 6.79 to 4.76%. For the normal strain, it varies from
— 14.3 to — 54.1%. All the normal strain are negative values,
indicating that the left transition area of the side branch is
thinning.

Table 5 gives the stress state and thickness variation in
top area of the side branch during the four-step hydroform-
ing process obtained by numerical simulation results and
calculation. It can be seen from Table 5 that the top of the
side branch has not contacted with the middle punch at the
end of the first hydroforming step. At this moment, the stress
state can be simplified to a plane stress state. According to
the sequential correspondence law between stress and strain
components, it can be concluded that the thickness thins
during the first hydroforming step. From the second step of

@ Springer

hydroforming, the top of the side branch is in contact with
the middle punch. Therefore, the normal stress cannot be
ignored, and the stress state changes into a 3D stress state
with two-direction tension and one-direction compression,
in which the normal stress is the minimum principal stress.
Therefore, no matter how the relationship between circum-
ferential stress and axial stress changes, the thickness always
decreases.

Figures 11, 12 show the strain distribution in the top area
of side branch after the third and fourth steps of hydroform-
ing experiment. Clearly, after the third step, the deformation
on the top of the side branch are very uniform. The maxi-
mum strain is between 67.34 and 68.94%, while the mini-
mum principal strain is between — 27.40 and — 24.32%. For
the normal strain, it varies from — 44.0 to — 41.4%, which
indicates that the thickness has thinned. When the fourth
step is finished, the thickness at the top of the side branch
is further reduced.

Table 6 gives the stress state and thickness variation at
pole of the hemisphere zone in the four-step hydroforming
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Minor Strain
476

c

Major Strain
58.84

d

Fig. 10 Strain distribution in the left transition area of side branch after the fourth hydroforming step: a measurement area; b major strain; ¢

minor strain; d thickness strain

Table 5 Stress state and thickness variation in top area of side branch of the complex T-shaped tubular part

Hydroforming step number 1 2 3 4
Stress state _/r—w o, = =119 MPa 0, = —174 MPa 0, = —202 MPa
[ g, =-3MPa / i ’) / g &
y y (e y y y
k g, = 408 MPa A g, =661MPa | a, =657 MPa
0g = 1436 MPa Y lf
0p = 721 MPa 0y = 598 MPa 0y = 540 MPa

Sequence of stress components ¢, > 0, > 0,

6y >0,>0,

o, >0y >0, o, >0y >0,

Sequence of strain components g, > &, > €, g9 > €. > ¢ E,>€)> ¢ E,> €9 > ¢
g9 <0,,>0, e, <0 g9 <0,¢e, <0,¢ >0, g, <0, <0, >0 g, <0, <0, ¢>0
Thickness variation Thinning Thinning Thinning Thinning

process obtained by numerical simulation results and cal-
culation. It can be seen from Table 6 that in each step of
the hydroforming process, the pole of hemisphere zone is
subjected to compressive axial stress and tensile circumfer-
ential stress. In the first step of hydroforming, it is subjected
to a great circumferential stress of 1305 MPa, under which
the circumferential strain reaches 52.7% and the thickness
is reduced by 11.9%. In the subsequent hydroforming steps,
the hemisphere zone adheres to the die cavity, and the ten-
sile circumferential stress received at the pole decreases.
Therefore, the thickness thinning at the pole of hemisphere

zone decreases gradually. In the fourth step, almost no plas-
tic deformation occurred in the thickness direction. This is
agreement with the variation rule of thickness distribution
measured in experiment shown in Fig. 7c. In brief, the thick-
ness variation of the superalloy GH4169 T-shaped tubular
part with expanded diameter is very complex during the
four-step hydroforming process. The stress state at a certain
position can be used to qualitatively predict the thickness
variation trend according to the sequential correspondence
law between stress and strain components.

@ Springer
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Measurement area

Fig. 11 Strain distribution in the top area of side branch after the third hydroforming step: a measurement area; b major strain; ¢ minor strain; d

thickness strain

Measurement area

Fig. 12 Strain distribution in the top area of side branch after the fourth hydroforming step: a measurement area; b major strain; ¢ minor strain; d

thickness strain

5 Conclusions

In this investigation, the thickness variation and stress state
of a GH4169 T-shaped tubular part with expanded diameter
have been analyzed in four-step hydroforming process. Con-
clusions can be drawn from this work as follows:

@ Springer

The flow trajectories of typical points on the tubular part
were analyzed to reveal the material flow behavior. It is
found that material flow at the top of side branch occurs
in a large space, and they have the different flow direc-
tions to form the left corner, the center, the right corner
and the front corner.
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Table 6 Stress state and thickness variation at pole of hemisphere zone of the complex T-shaped tubular part

Hydroforming step 1 2 3 4
number
Stress state o, = —88 MPa oy = —150 MPa o, = —197 MPa o, = —192 MPa
., @ =-394MPa G =-549MPa G =—468MPa | G'= =499 MPa
{,/, AV Tw W \ e </ -V
/Un = 1305 MPa /;U — 402 MPa /I(; =177 MPa ag = 106 MPa
Sequence of 0y >0,> 0, 0y > 0,> 0, 0y > 0,> 0, 0y > 0,> 0,
stress components
Sequence of gg>€ > €, Eg>€ > €, g > € > €, Eg> €, >E,
strain components g9 <0,6,>0, e, <0 g9 <0,6,>0, e, <0 g9 <0,6,>0, e, <0 g9 <0,6,>0, e, <0
Thickness variation Thinning Thinning Thinning Unchanged

2. The thickness variations of the GH4169 T-shaped tubu- also would like to thank for the contributions of Xiaohui Lu to the

lar part in four-step hydroforming process are discussed. ~ €Xperiments.

Due to a large axial feeding, the material accumulates
in the transition area on both sides of the side branch,
which induce the continuous thickening between the
transition areas and the tube ends in all hydroforming
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