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Abstract: The Gurson—Tvergaard—Needleman model (GTN model) was employed to analyze bursting behavior in the hydroforming
of stainless steel T-shape. A free-bulging test combined with simulation was conducted to determine the critical porosity and the
failure porosity in GTN model. The effects of the forming pressure and the axial feeding on damage development were investigated
and the influences of stress triaxiality and the plastic strain on porosity variation were also studied. The results show that a higher
forming pressure or a less axial feeding will lead to bursting failure. The stresses of the top of protrusion are in bi-axial tension state,
while the stresses of the side wall of main tube are in hoop tension state and axial compression state, respectively. The plastic strain
has a more significant influence on the porosity than the stress triaxiality under the lower internal pressure; however, the stress
triaxiality will govern the growth of porosity under the higher internal pressure. The simulation results give a good agreement with
the experimentally determined thickness, and the maximum thickness-thinning rate is about 36%.
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1 Introduction

Hydroforming of tubes is an attractive near-net
shape manufacturing technique as it can produce low
weight, high strength and uniform parts while
eliminating  traditional stamping and  welding
operation [1,2]. In tube hydroforming, it is required that
the tubular blank should be formed into a die cavity of
desired shape without any kind of defects, such as
bursting, wrinkling or buckling. Bursting failure is a
major failure mode in tube hydroforming as the result of
excessive high internal pressure or less axial feeding [3].

In general, a frequently used technique for
evaluating busting failure in sheet metal forming is the
forming limit diagram (FLD), where principal strain
pairs are compared with a forming limit curve (FLC).
However, the FLD suffers from some well-known
weaknesses. The experimentally determined FLD is
definitely dependent on the forming history and strain
path to failure which constructs the FLC is assumed to be

proportional [4]. So it cannot be used to predict the
formability limit in tube hydroforming, which subjects to
a complicated stress state [5].

The forming limit stress diagram (FLSD) represents
a failure criterion formulated by principal stresses. FLSD
is much less sensitive to the strain path effect than the
FLD, because material strain hardening and material
anisotropy are also considered [6]. KIM et al [7]
developed the theoretical FLSD based on the local
necking criterion to predict bursting failure in tube
hydroforming processes. The proposed analytical
approach based on the implementation of the FLSD was
verified with a series of bulge tests in three different
loading cases and showed a good agreement with the
experimental results. SIMHA et al [8] and SORINE et
al [9] used an extended stress-based forming limit curve
(XSFLC), which is derived from the strain-based FLC
for the tube obtained from free expansion tests, to predict
necking pressures during hydroforming high-strength-
low-alloy (HSLA) and DP600 steel tubes.

A micromechanics has been extensively used in
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order to analyze and predict ductile fracture by modeling
void nucleation, growth and coalescence. Various
continuum damage models for materials with microvoids
have been developed over the past few decades, starting
with the works of McCLINTOCK [10], RICE and
TRACEY [11] and GURSON [12]. Among them,
Gurson—Tvergaard— Needleman (GTN) [13,14] approach
is one of the well- known microscale models for ductile
fracture which is extensively used for different materials
and processes. ABBASI et al [15] predicted the FLD of
tailor welded blank using ABAQUS software, in which
the GTN model was applied as a failure criterion.
VARMA et al [16] analyzed the localized necking of
free hydroforming aluminium alloy tubes using an
anisotropic version of the Gurson model and studied the
influence of loading conditions, such as prescribed fluid
pressure or volume flow rate in conjunction with axial
end feed. CHEN et al [17] investigated the stretch flange
forming of Al-Mg sheet AA5182 by using a combined
GTN/damage percolation model, and subsequently, gave
a predictive formability band combined with SUN and
WANG?’s lower bound model [18]. BUTCHER et al [19]
also used a variant of GTN model to study the fracture
behavior of hydroforming of an advanced high strength
steel tube (DP600), and the predicted burst pressure,
formability and fracture location from the simulation are
in good agreement with the experiment values.

The distribution of stress and strain in T-shape
hydroforming can be precisely obtained by the numerical
simulation, but the prediction of ductile fracture is still
immature. It is significant to understand the effect of the
related process parameters on bursting failure during
hydroforming process. Here, the GTN model was
employed to analyze bursting behavior in T-shape
hydroforming. The effects of the forming pressure and
the axial feeding on plastic damage were investigated.
The porosity and stress history of typical positions were
analyzed. The influences of stress triaxiality and the
plastic strain on porosity variation were analyzed.

2 Damage model

The ductile failure process in metals involves
void nucleation, growth and coalescence. Further, the
development of porosity induces hydrostatic-stress-
dependence on yield. GURSON [12] proposed an
elastic-plastic continuum damage model which can
represent the above effects. TVERGAARD [13]

introduced three calibration parameters into the model:

qi=1-1.5, ¢»=1 and ¢; = q12 . In the present work, we
assume ¢1=1.5, ¢=1 and ¢3=2.25.

The Gurson—Tvergaard—Needleman (GTN) yield
criterion is written as

2
@D = (U__ej +2q,f" COSh(‘]z BmLflj—(““hf*z): 0 (D
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where oy is von Mises stress; o and o, are the flow
stress and mean stress, respectively; f ‘is the current
effective void volume fraction, which is a function
established by TVERGAARD and NEEDLEMAN [14]
to simulate the rapid void growth after coalescence:

Fitf<r,
= 1/q. —
fﬁﬁ(f—fc) it f, < /< fp

I (2)

where f; is the value of the void volume fraction at the
onset of void coalescence and f; is its value at final failure.

Damage evolution in the material is expressed as
the sum of void growth and nucleation:

f = f growth f nucleation €)

The growth rate of voids is proportional to the
hydrostatic component of the plastic strain rate, £f, , as
follows:

fgrowth =(1- f)gllzk (4)

Void nucleation is considered to be strain-controlled,
and the increase in porosity can be written as

N L& ey |0
_SN\/ﬁexp{ 2(—51\1 ﬂg %)

where fy is the volume fraction of void nucleating
particles; ey is the mean strain for nucleation; sy is the
standard deviation of ey, assuming a normal distribution
in the damage model; ¢” is the von Mises plastic strain;
&P is the von Mises plastic strain rate.

In this work, the values of f;, fy, ex and sy for the
material used in the GTN model are 0.0001%, 0.014,
0.3055 and 0.01 respectively [20]. The critical porosity f;
and the failure porosity frare determined by the inverse
approach, in which the results of free-bulging of tube are
compared numerically and experimentally.

f;nucleation

3 Test material, facility and procedures

3.1 Material

The tube material was 1Crl18Ni9Ti (China). To
determine the mechanical properties of the tube, tensile
specimens were cut from the tube. The chemical
composition and material properties of the 1Cr18Ni9Ti
stainless steel are presented in Tables 1 and 2,
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respectively.

3.2 Hydroforming machine and setup

The special hydroforming machine used in the trials
Table 1 Chemical composition of 1Cr18Ni9Ti (China) (mass
fraction, %)

C Si Mn S P Cr Ni Ti

0.037 0.56 1.51 0.0019 0.028 17.23 9.57 0.5

Table 2 Mechanical properties of tube used from tensile tests
o, /MPa oy/MPa n kMPa  r v /%
325 637 0385 1173 0.8 028 495

is illustrated in Fig. 1(a). It consists of a hydraulic press
for closing the die, three horizontal cylinders, a pressure
intensifier, a hydraulic drive system and a computer
control system. The major parameters are: the maximum
internal pressure=400 MPa, the closing force=3150 kN,
the left and right horizontal axial force=800 kN and the
middle horizontal axial force=500 kN, which provides
the support for the counterpunch. The lower die used for
the experiment is shown in Fig. 1(b).

Fig. 1 Experimental equipment and setup: (a) 3150 kN
hydroforming machine; (b) Lower die

3.3 Procedure

The process of hydroforming involves the following
steps: firstly, the tube is placed in the die; secondly, the
tube is filled with liquid after the die is closed, and
punches are used to seal; then, axial feed force is
imposed by punches and some pressurize medium is

added to form the tube at the same time. T-shape forming
also needs a counterpunch to push the top of the
protrusion to avoid premature rupture. A blank tube with
outer diameter of 103 mm, initial length of 340 mm and
wall thickness of 1.5 mm is used. The diameter of the
protrusion is equal to that of the main tube, and the
height of the protrusion is designed as 55 mm. The fillet
radius between the main tube and the protrusion is 25
mm, and the initial distance between the counterpunch
and the tube is 0. The lubricant used is formulated with
MoS2 (spray type) and is applied to the die and outer
tube surface. Figure 2 shows the hydroforming principle

and geometric shape of T-shape.
R2
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Fig. 2 Schematic diagram of T-shape hydroforming (unit: mm)

4103

ZIl

%78
|

—

d103

///

4 Simulation and experiment of T-shape
hydroforming

4.1 FEM model

The finite element analysis code ABAQUS 6.8 is
employed to study the T-shape hydroforming and to
predict bursting failure. In the FE model, only half part
of the tube is actually analyzed due to symmetry of the
problem, as shown in Fig. 3. The die and punches are
assumed to be rigid and modeled as discrete rigid
surfaces, while the tube is modeled with 8249 C3D8R
(eight-node brick element with reduced integration)
elements. Contact between the tube and die is modeled
using a penalty-based contact algorithm and the
coefficient of friction of 0.07 is applied to the contact
surface.

Die

Counterpunch

Right punch
Tube

Left punch
Fig. 3 FEM model of T-shape hydroforming
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4.2 Free-bulging of T-shape

In order to determine the critical porosity, f;, and the
failure porosity, fr, in GTN model, a free-bulging test of
T-shape was firstly conducted. In the test, no axial
feeding or counterpunch was used, and bursting occurred
when the internal pressure reached 30 MPa. A
free-bulging simulation of T-shape was investigated
based on the GTN model, in which the initial failure
porosity fr and critical porosity f, were both set as a
larger value of 0.5. The maximum porosity versus the
internal pressure is presented in Fig. 4, which shows that
the maximum porosity is always located on the top of
protrusion. It can be seen from the figure that the
porosities are 0.0132 and 0.0262 corresponding to the
pressure of 29.2 MPa and 29.6 MPa, respectively. The
value reaches the failure porosity, fr =0.5, when the
pressure is 30 MPa. So we can assume that when the
porosity reaches 0.026, void coalescence will happen,
and this value is selected as the critical porosity f; in the
following simulation. The failure porosity fr is set close
to f;, and a value of 0.03 is used, to guarantee that as
soon as the material exceeds void coalescence, it reaches
failure immediately. Figure 5 shows the simulation result
compared with the experiment of free-bulging T-shape.

0.5¢ .

0.4}

Porosity
=
[

e
[
T

b
-

0 L

L L 1 1

0 5 10 15 20 25 30
Internal pressure/MPa

Fig. 4 Maximum porosity versus internal pressure

4.3 Bursting prediction of hydroforming T-shape

In hydroforming T-shape, the tube is pre-pressurized
to 30 MPa to avoid buckling before the axial feeding is
applied, and then the pressure is linearly increased to the
designed value. In this work, three loading paths were
designed to investigate the influence of forming pressure
and axial feeding on the forming process. In order to
study the influence of forming pressure, the final forming
pressures of 70 MPa (loading path 1) and 80 MPa
(loading path 2) were used, respectively, with the same
axial feeding of 40 mm. In addition, with the forming
pressure of 70 MPa, the axial feeding of 30 mm (loading
path 3) was adopted, and compared with loading path 1
to investigate the influence of axial feeding.

Porosity

Avg: 75%
2.627%1072
2408%1072
2.189x107
1.970%1072

N\~

4379x10°7
2.190%1073
9.972x107

(b)

Fig. 5 Free-bulging of T-shape: (a) Porosity from simulation;
(b) Experimental result

Figures 6—8 show the porosity distribution and the
corresponding experimental results of the T-shape
formed under the different loading paths. It can be seen
from Fig. 6 that, under loading path 1 (forming pressure
of 70 MPa, axial feeding of 40 mm), a sound T-shape can

Porosity
Avg: 75%
2.274% 1072
2,084 1072
1.895 1072
1,705 1072
1.516% 1072
T 13261072
| 9.475% 1073
7.580% 1073
5.685% 1073
3.790% 1073
18951073
3912x% 1077

(b)

Fig. 6 Porosity distribution and experimental result under
loading path 1: (a) Porosity distribution; (b) Experimental
result
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Porosity
Avg: 75%
3.000% 1072
2.750% 1072
2.500% 1072
2.000% 1072
1.750% 1072
L] 1.500% 1072
1.250% 1072
[ 1.000x 1072
7.500% 1073
5.000% 1073
2.500% 1073
4.564% 1077

(b)

Fig. 7 Porosity distribution and experimental result under
loading path 2: (a) Porosity distribution; (b) Experimental
result

Porosity
Avg: 75%
3.000% 1072
2.750% 1072
2.500% 1072
2,250 1072
1.750% 1072
Tl 1.500x 1072
I 1.250%1072
1.000% 1072
7.500% 1073
5.001% 1073
2.501% 1073
6.590% 1077

(b)

Fig. 8 Porosity distribution and experimental result under
loading path 3: (a) Porosity distribution; (b) Experimental
result

be formed. When the pressure reaches 70 MPa, the
maximum porosity of the tube is 0.027, which is less

than both the critical porosity f;=0.026 and the failure
porosity f-=0.03. However, as shown in Fig. 7, under
loading path 2 (forming pressure of 80 MPa, axial
feeding of 40 mm), when the pressure reaches 78 MPa
and the relative axial feeding of 38.5 mm is applied, the
maximum porosity reaches 0.03, which indicates that
bursting failure has happened. In the experiment, rupture
occurs when the pressure reaches 76 MPa. Figure 8
shows the results under loading path 3 (forming pressure
of 70 MPa, axial feeding of 30 mm). When the pressure
reaches 58 MPa and the relative axial feeding of 21 mm
is applied, the maximum porosity reaches 0.03. In the
corresponding experiment, rupture occurs when the
pressure reaches 55 MPa and the axial feeding of 19 mm
is applied.

The maximum porosity at the final stage is always
located on the top of protrusion, no matter if failure takes
place or not. Therefore, the porosity history of these
elements is extracted and is shown in Fig. 9. The
comparison of porosity history under loading paths 1 and
2 is presented in Fig. 9(a). As demonstrated in the figure,
a higher forming pressure of 80 MPa accelerates damage
development and ductile fracture. Figure 9(b) illustrates
the effect of axial feeding on damage evolution. It can be
seen that a larger axial feeding of 40 mm can prevent

0.030+ (3 _
0.025F
0.020}

0.015F

Porosity

0.010F

0.005r

Axial feeding/mm

0.030F (®

R -

[
0.025| X
!

0.020F :
Axial feeding 30 mm—
]

0.015¢

Porosity

0.010F

0.005r 7/

L .

0 10 20 30 40 50 60 70 80
Internal pressure/MPa
Fig. 9 Porosity history of element on top of protrusion: (a) With

different forming pressures; (b) With different axial feedings
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bursting fracture, compared with the axial feeding of 30
mm.

4.4 Result and discussion of hydroforming sound

T-shape
4.4.1 Porosity

Figure 10 shows the porosity of the tube, under
loading path 1, when the pressure reaches 61 MPa. In the
initial stage, the maximum porosity is not located on the
top of protrusion, but in the side wall of main tube.
Porosities versus the internal pressure at these two points
are presented in Fig. 11. The porosities of these two
positions are all very small before the pressure reaches
30 MPa. It can be noticed that the position of the
maximum porosity shifts to the top of protrusion from
the side wall when the pressure exceeds 66 MPa. In the
pressure range of 30 MPa to 56 MPa, the porosity of the
side wall increases faster than that of the top of
protrusion. The porosity of the top of protrusion then
increases faster after the pressure exceeds 56 MPa.

Porosity

Avg: 5%
1.677 %1072
1.537% 1072
1.398 X107
1.258% 1072
11181072
9,784 1073
8.386 X 1073
6.989 % 1077
5.591 %1073
4.193% 1077
2.796 % 1073
1.398 1073
56591077

Fig. 10 Porosity distribution in initial stage

0.025 :
[]
]
0.020F '
- T_Op
> 0.015F — Side
g
5
A~ 0.010F
0.005
0770 20 30 40 50 60 70 80

Internal pressure/MPa

Fig. 11 Porosity of typical positions versus internal pressure

4.4.2 Stress

Figure 12 shows the stress history of these two
typical positions during T-shape hydroforming process.
At the initial stage, the stresses are all changed linearly
before the axial feeding is applied. At the pressure of 30
MPa, axial stress of the top drops down due to axial

feeding applied. Then, the stresses of the top increase
steadily. It can be seen from Fig. 12(a) that hoop and
axial stresses are all in tension state, and the hoop stress
is always larger than the axial stress before the pressure
reaches 60 MPa.  The stress of the top is in
equal-biaxial tension state when the pressure exceeds 60
MPa. Figure 12(b) illustrates the stress history of the side.
It can be seen that the hoop stress is in tension state,
while the axial stress is in compression state. Absolute
value of the axial stress is larger than that of the hoop
stress.

(a) ry

Axial stress

Stress/MPa
.
(]
=

0 10 20 30 40 50 60 70 80
Internal pressure/MPa

500
a0t ® L e
L s =7

;gg I _ “—Hoop stress

1o _~

0

-100
=200
=300
4001
=500
=600

70020 30

Internal pressure/MPa

Stress/MPa

Axial stress

40 50 60 70 80

Fig. 12 Stress history of typical positions versus internal
pressure: (a) Top; (b) Side

4.4.3 Stress triaxiality and plastic strain

Failure of ductile materials is often related to
coalescence of microvoids. The stress triaxiality (ratio of
the hydrostatic stress to von Mises equivalent stress) and
the plastic strain are the two primary factors that
influence the void growth, nucleation and coalescence.
Figures 13 and 14 show the stress triaxiality and the
equivalent plastic stain of these two points varying with
the internal pressure. It can be noticed that before the
pressure reaches 30 MPa, the stress triaxiality increases
rapidly with pressure increasing, while the equivalent
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plastic stain increases slowly. At the pressure of 30 MPa,
the stress triaxiality drops down due to axial feeding
applied. Then, the stress triaxiality of the top increases
steadily, while the side wall shows a relatively flat trend
with pressure increasing. Figure 14 shows that the
equivalent plastic stain of the side wall is always larger
than that of the top after the pressure exceeds 30 MPa.
The analysis of the porosity, the stress triaxiality and the
equivalent plastic strain shows that the plastic strain has
a more significant influence on the porosity than the
stress triaxiality under the lower internal pressure.
However, the stress triaxiality will govern the variation
of porosity under the higher internal pressure. At the end
of forming, the stress triaxiality of the top is about 0.67,
which corresponds to the equal-biaxial tension value of
2/3.

Stress triaxiality

0 10 20 30 40 50 60 70 80

-0.2 '

Internal pressure/MPa

Fig. 13 Stress triaxiality of typical positions versus internal
pressure

0.8

0.7r
0.6}

0.5¢
04 Side /
03 B 7

0.2F -

Equivalent plastic strain

0.1F -

0 10 20 30 40 50 60 70 80
Internal pressure/MPa

Fig. 14 Equivalent plastic strain of typical positions versus

internal pressure

4.4.4 Thickness

Figure 15 presents the wall thickness distribution of
the experimental product. The minimum thickness is
0.96 mm (the thinning rate of 36%), which locates at the
top corner of the protrusion. The maximum thickness is

1.98 mm (the thickening rate of 32%), which locates at
the feeding region near the end of tube. Figure 16 shows
the plastic strain in the normal direction, obtained from
the simulation. The minimum and maximum plastic
strains are —0.463 and 0.345, respectively, and the
corresponding thicknesses of 0.952 mm and 2.12 mm
agree well with the experimental results.

1.010.961 .03
11099105 O
41.(! 99 Qx\A
1.27 5
1.63 ! %

TTATTTT 1.8
1.811.821.811.92

35

1.56 1 .tf.'ill lTNl 1 B

[

1.92 1.951.92 1.91 1.88 1.84 1.81
I -

AL I s B s s
1.751.981.93 1.911.89 1.851.83

« 130

d103.1
I
I

Fig. 15 Thickness distribution of experimental T-shape (unit: mm)

Strain
Avg: 75%
3.452% 107!
2.779% 107!
2.105% 107!
1432 107"
7.584% 1072
8489107
=5 886X 10~
-1.262% 107!
-1.936% 107!
-2.620<107!
-3.283x 107!
-3.956 107!
~4.630% 107!

Fig. 16 Plastic strain distribution in normal direction
5 Conclusions

1) A higher forming pressure of 80 MPa or a less
axial feeding of 30 mm will accelerate damage
development, which will lead to bursting failure. A sound
T-shape can be formed under the loading path with the
forming pressure of 70 MPa and the axial feeding of
40 mm.

2) The stresses of the top of protrusion are in
bi-axial tension state, and the hoop stress is always larger
than the axial one. The hoop stress of the side wall of
main tube is in tension state, while the axial stress is in
compression state and absolute value of the axial stress is
larger than that of the hoop stress.

3) Compared with the plastic strain, the stress
triaxiality has a more significant influence on the growth
of porosity under the higher internal pressure. At the end
of forming, the stress triaxiality of the top is about 0.67,
which corresponds to the equal-biaxial tension state.

4) The minimum and maximum thicknesses of the
sound T-shape are 0.952 mm and 2.12 mm, respectively.
The maximum thickness-thinning rate is about 36%,
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which is in a good agreement with the experiment
results.
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