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with the tube bulging test in an industrial setting
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& Pierrick Malécot1 & Gérard Michel1 &
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Abstract It is now well recognized that the material data

obtained from a tensile test is less appropriate than those from

a Tube Bulging Test (TBT) for a finite element simulation of

tube hydroforming. However, the manufacturers still use clas-

sical data (often tensile test data) for designing metal opera-

tions due to the lack of standard for the TBT and a more

complex post processing analysis of experimental measures.

Getting the hardening curve from the tube bulging test re-

quires the use of an analytical or numerical model. In this

paper, three models for post-processing measures obtained

from the TBT are compared based on the same experimental

procedure. Thanks to a preliminary step, consisting of the

validation of the analytical models through the use of finite

element simulations of the TBT, it highlights that the results

obtained for the local (stress and strain) and global compo-

nents (the thickness distribution along the tube and the de-

formed tube profile) are very close, whatever the models.

The test configuration (die radius and free length) seems to

have no significant impact on the resulting stress-strain curve

for the three models. The three models are used for post pro-

cessing tube bulging tests performed on AISI304, INCONEL

and Copper tubes validating their capacity for tube character-

ization on different materials. Finally, this study demonstrates

that the Boudeau-Malécot Model can be used to obtain hard-

ening curve from TBTwithout a loss of accuracy compared to

more complex post-processing models and with an important

gain of quality compared to tensile test.

Keywords Tube bulging test . Hydroforming . Hardening

curve . Analytical model . Finite element simulation

Introduction

Tube hydroforming process consists of forming a tube inside a

closed and shaped cavity by applying an internal pressure. The

internal pressure is most of the time combined to a compres-

sion axial force, to produce complex shapes and to minimize

the critical thinning. This technology is of particular interest

for industry because it allows the achievement of complex

hollow shaped parts with a reduced number of welding spots

and a higher structural quality. Automotive industry is one of

the main users of this technology with different applications

such as exhaust system, chassis, body and safety parts (made

of stainless steels, low to medium carbon steels or aluminium

alloys) shaped with pressure [1].

By contrast, its industrial implementation is relatively com-

plex mainly due to the expensive price of the equipment and

the large number of parameters, which must be set. In partic-

ular, the axial compressive force – internal pressure path must

be optimised to avoid bursting, wrinkling and buckling by

using the Process Window Diagram [2]. Finite element simu-

lations are widely used for determining the process variables

and optimizing the final component quality; for that more and

more complex algorithms are coupled with FE code such as

random search techniques [3]. But numerical results are partly

affected by the modelling of material behaviour [4]. As mate-

rials harden differently with their loading history [5], material

data obtained from classical tensile test are unsatisfying for

performing reliable tube hydroforming simulations. That is
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why the tube bulging test has been developed, where a tube is

freely expanded by applying an internal pressure (Fig. 1).

To get material data such as the stress-strain curve

from this advanced experimental test, researchers have

developed advanced techniques. The technical fashion

for strain measurements is the Digital Image Correlation

(DIC) [6]. Even if the Measurement Departments in the indus-

try increasingly use this kind of systems, their cost is not

negligible and the closed dies used in TBT are not adapted

for measures with DIC systems. The first tests we carried out

gave surprising results like a negative meridian strain during

tube bulging leading to an underestimation of the equivalent

true strain (Fig. 2). A recent paper [8] presents specific

developments for performing stereo-correlation on 3D

complex surfaces; it proves that classical systems are

not entirely satisfying for DIC measurements on tube

under pressure. Moreover, in the TBT developed in

our laboratory, the observation window is relatively

small that introduces an additional difficulty. For stress

evaluation, the up-to-date approach is the reverse iden-

tification method based on the minimization of the error

between experimental measures and finite element (FE)

simulations results based on a FE model of the TBT

[9]. This technique is efficient but the computation time

is quite long.

A more conventional and faster method is the use of ana-

lytical or numerical models. Many of models can be found in

the literature. A short overview is given in the following

paragraphs.

One of the first paper on the experimental application

of tube formability and tube material characterization

with the TBT is credited to Altan’s research group in

2000 [10]. The TBT is carried out on a tube loaded

with an internal pressure and clamped at its two extrem-

ities in such a way as only the centred area of the tube

is bulged. Tests are conducted to determine the minimal

value of pressure leading to plastic deformation, and the

maximal one corresponding to bursting. Between these

two values, different intermediate pressures are tested in

order to estimate the equivalent strain and calculate the

equivalent stress from Fuchizawa’s eqs. [11], according

to the current thickness and the current bulged height at

the pole. These experimental data combined to finite

element simulation permits the determination of the ma-

terial parameters of the Swift’s hardening law with the

help of a least square method. More recently, Bortot

et al. [12] used a similar experimental procedure with

a more advanced analytical model for conducting the

material characterization. The main criticism about these

approaches is that they need of numerous specimens to

get the hardening curve.

By consulting the literature, it has been found that different

bulging apparatus have been developed with different bound-

ary conditions. The tube can be fixed [10, 13–15], free [14],

closed [11], free and closed [11], loaded with an axial com-

pression force [15, 16] or not. In a recent paper from He et al.

[17], it is shown that the obtained stress states are equivalent

for closed-end and fixed-end configurations.

The experimental procedure can also be different from a

laboratory to another. The experiments are more or less

Fig. 1 Schematic view of the

tube bulge test principle

Fig. 2 Comparison of the evolution of equivalent true strain during tube

bulging test obtained from Hwang 2007, Boudeau-Velasco 2008 models

and DIC (Aramis) (from [7])
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complex and time/material consuming. In all the bulge tests,

the pressure is measured during the experiment. On the other

hand, the evaluation of strains needs the knowledge of the

geometry of the deformed tube. In [11], the meridian radii is

measured with three displacement transducers placed along

the tube, centred to the pole of the bulged tube, as a spherom-

eter and two strain gauges are used in [18]. A unique displace-

ment sensor is necessary in [15, 19] for measuring the bulge

height at the pole. In [12], tubes are bulged at different pres-

sure levels and cut to carry out different measures on the

deformed samples.

Strain evaluation is often based on the assumption of plas-

tic incompressibility; it is then necessary to measure or eval-

uate the tube thickness at the pole represented by the point P in

Fig. 1. The pole thickness can be measured continuously dur-

ing the test [11], with the help of a thickness sensor. But it can

also be measured on tubes after testing different pressures [10,

13]. Based on experimental observations, thickness distribu-

tion can be defined by a quadratic function based on thick-

nesses of two characteristic points (the pole and the boundary

between the die radius and the free expanding area of the tube)

such as in [13]. It can also be evaluated from the constancy of

the material volume [15].

According to the approach, the geometrical representation

of the bulged tube can differ from one to another.

Nevertheless, for the majority, the profile of the deformed tube

is assimilated to an arc of circumference [10, 15, 16, 18] or an

elliptical profile [13].

Finally, stress analysis is usually based on the mechanical

equilibrium of an elementary volume centred at the pole [10,

16, 18, 20], except in [15] in which the obtained stress field is

not limited to the pole region of the deformed tube.

At present, no actual guidelines exist for describing the

experimental route and giving recommendations on the meth-

od for processing the experimental results. This lack of rigor-

ous procedure can be an obstacle for an industrial use of the

tube bulging test for tube material characterization.

In this paper, three models are studied: Hwang 2007 [13],

Boudeau-Velasco 2008 [15] and Boudeau-Malécot 2012 [21].

All three are theoretical models for getting the stress-strain

curve from the experimental pressure – bulge height curve

without the help of finite element simulations. They

can easily be used in an industrial laboratory for a rapid

tube characterization.

In one hand, the aim of the paper is to compare the

three selected models of the literature, whose main dif-

ferences and equivalences are summarised in Table 1.

These models are based on the same experimental pro-

cedure allowing mutual comparison: two fixed extremi-

ties and only a central deformation of the tube induced

by internal pressure. In any case, the pressure and the

bulging height are continuously measured, in order to

obtain the strain-stress curve thanks to only one test.

Models [13] and [15], unlike model [21], are both

semi-analytical models and no fully analytic since a

non-linear equation has to be solved. Model [21] is a

full analytical model and experimental results can be

proceeded with a spreadsheet application (Excel©-type)

that can present an advantage in an industrial context.

From numerical simulations, the TBT configuration and

the capability of the three selected models to character-

ize the tube material are studied, where the die radius

and the free bulging length define the test configuration.

In the other hand, its application to different tube materials

is proposed.

As a first step, the study is focused on isotropic material, as

the tube specimen has undergone annealing heat treatment. In

the last section, it is shown that the studied models can also be

used for anisotropic materials.

The paper is organized as follows. Second section

presents the theoretical basis of the three selected

models. Then, third section broaches the procedure used

to validate and compare the three models on different

test configurations. This procedure is mainly based on

finite element simulations and the fourth section is de-

voted to the presentation of the results and their discus-

sions. In fifth section, the three selected models are run

for post-processing experimental results of the tube

bulging test performed on Copper, Stainless Steel and

Inconel tubes and the consideration of anisotropy is

discussed.

Theory

Three models have been selected for these comparisons:

Hwang’s model [13, 22], Velasco & Boudeau’s model [15]

and its simplified form [21].

Table 1 Summary of the differences and equivalences of the three models

Models Geometrical representation Strain evaluation Stress evaluation

Hwang-Lin 2007 Elliptical profile + Thickness repartition law Volume constancy = Non-linear

set of equations

Fuchizawa equations defined at the pole

Velasco-Boudeau 2008 Circular profile Equilibrium of elementary volumes

Valuable all over the tubeBoudeau-Malécot 2012 Meridian strain constant
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Hwang’s model

Hwang’s model is based on three particularities:

– The meridian profile of the bulged tube is repre-

sented by an arc of ellipse in its free expanding

zone and by the die radius at the end of the guid-

ance zone. The ellipse is defined by its major axis

RZ and its minor axis RP:

r

Rp

� �2

þ
z

Rz

� �2

¼ 1 ð1Þ

– The die radius Rd and a point E(RE, ZE) are consid-

ered; the point E corresponds to the boundary be-

tween the free bulging zone and the area under the

die radius (Fig. 3a).

– Thickness along the meridian profile of the tube follows a

quadratic law defined through the pole thickness at point

P, tP and the thickness at point E, tE:

t zð Þ ¼ tP þ
ω

ωE

� �2

tE−tPð Þ

ω ¼ tan−1
RZ

RP

:tanγ

� �

ωE ¼ tan−1
ZE

RE

� �

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

ð2Þ

where γ is the elliptical parameter.

Coordinates of pointE can be determined numerically from

Eq. 1, and tP and tE can be numerically evaluated using the

plastic incompressibility or conservation of volume as

described in [12]:

V iþ1
free þΔV contact ¼ V i

free ð3Þ

where V i
free and V

iþ1
free correspond to the volume of material in

the free region at times i and i + 1 respectively, and ΔVcontact

the variation of volume of material in contact with the die

radius between these two times (Fig. 3b).

The volume of material in the free region is given by:

Vfree ¼ 2π∫
γE

0 RP:cosγ:t zð Þ:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RP:sinγ½ �2 þ RZ :cosγ½ �2
q

dγ

γE ¼ tan−1
RP:ZE

RZ :RE

� �

8

>

>

<

>

>

:

ð4Þ

The increment of volume of tube in contact with the die is

illustrated in Fig. 3b and can be expressed as follows:

ΔVcontact ¼ 2π tE ið Þ R0 þ Rd 1−cosϕE ið Þð Þ−0:5 tE ið ÞcosϕE ið Þ½ �

* Rd þ 0:5 tE ið Þ½ �ΔϕE ð5Þ

where R0 stands for the initial radius and tE for the initial

thickness of the tube at point E, and where Rd corresponds

to the die radius. ϕE represents the angle defined in Fig. 3a.

So it is possible to evaluate the strains at the pole P:

εθ ¼ ln
RP−0:5 tP

r0−0:5 t0

� �

εr ¼ ln
tP

t0

� �

εz ¼ − εθ þ εrð Þ

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

ð6Þ

Stresses at the pole, for an internal pressure p, are calculat-

ed from the following equations:

σz ¼
p ρθ−tPð Þ2

2 tP ρθ−0:5 tPð Þ

σθ ¼
p ρθ−tPð Þ

2 tP ρz−0:5 tP
� � 2 ρz−ρθ−tP

� �

8

>

>

>

>

<

>

>

>

>

:

ð7Þ

with:

ρz ¼
R2
Z

RP

ρθ ¼ RP

8

>

<

>

:

ð8Þ

More details can be found in [20, 22].

Boudeau & Velasco’s model

This model considers that the free bulging zone of the tube

deforms as two arcs of circumference: one of radius R and

centre C(y, 0) in the meridian direction; another of radius r

and centre O(0, 0) in the circumferential direction (Fig. 4). It

assumed that the external (denoted by .e index) and internal

(denoted by .i index) surfaces of the tube deform in such a way:

Rq ¼
d2 þ h2q

2:hq

yq ¼
d2−h2q−2hqrq

2hq

with q ¼ e; i

8

>

>

>

>

<

>

>

>

>

:

ð9Þ
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with:

re ¼ r0 þ he

ri ¼ r0−t0 þ hi

	

ð10Þ

where r0 and t0 are the initial radius and thickness of the tube, d

the half-length of the window in the die for free bulging, he the

bulge height measured on the external surface of the tube and hi
the internal bulge height.

So at each point of the tube, the difference between the

internal and external surface gives the current thickness. At

the pole it gives:

tP ¼ t0 þ he−hi ð11Þ

The volume of material that deforms is then:

Vmaterial ¼ Ve−V i

Vq ¼ 2π ∫
d

0Y q Zð Þ dZ

Y q Zð Þ ¼ −yq−
ffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
q−Z

2
q

8

>

>

>

<

>

>

>

:

ð12Þ

and the plastic incompressibility condition gives finally:

Vmaterial d; ri; re; yi; ye; hi; heð Þ ¼ V0 ¼ πd r2e−r
2
i

� �

ð13Þ

Equation 13 leads to a non-linear equation where the

unique unknown is hi; a Newton-Raphson algorithm

permits its evaluation. Once hi is determined, the inter-

nal and external meridian profiles are known and the

thickness can be evaluated in the whole tube. The following

relations evaluate the strains:

εr ¼ ln
t Zð Þ

t0

� �

εθ ¼ ln
Y Zð Þ

r0

� �

εz ¼ − εθ þ εrð Þ

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

ð14Þ

Fig. 3 a Hwang’s model,

b Calculation of the conservation

of volume (from [13])

Fig. 4 Setting of the Velasco &

Boudeau’s model (from [15])
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Stress state is determined by writing the mechanical equi-

librium of several elementary volumes detailed in [15] leading

to the following expressions:

σz ¼
pY

2t cosϕ

σθ ¼
pY

t cosϕ
1−

Y

2R cosϕ

� �

8

>

>

>

<

>

>

>

:

ð15Þ

where ϕ ∈ [0; ϕmax] and ϕmax ¼ sin−1 d
R

� �

.

Boudeau & Malécot’s model

This model [21] is an evolution of Velasco & Boudeau’s model,

which is a semi-analytic model, as we need a Newton-Raphson

algorithm to solve the non-linear equation Eq. 13. The goal of

this evolution is to obtain a full analytical model in the end. This

is achieved by suppressing the non-linearity. For that, a mean

value for εz is considered; numerical results have revealed a very

weak evolution of the meridian strain εz along the tube and it

was decided to calculate εz by considering the global variation of

the free tube length. The expressions for the strains are now:

εz≈ln
R:ϕmax

d

� �

¼ cste

εθ ¼ ln
Y zð Þ

r0

� �

εr ¼ − εz þ εθð Þ

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

ð16Þ

Thus, the distribution of thickness in the tube is obtained

from the radial strain εr:

t zð Þ ¼ t0e
εr zð Þ ð17Þ

Stresses can be calculated in the same way than in [15] or

as following:

σz ¼
Aþ 0:5 pY 2

t Y cosϕ

σθ ¼ Y :
p

t
−
σz

R
:cosϕ

h i

8

>

>

>

<

>

>

>

:

ð18Þ

with:

A ¼ 0; if ϕmax < ϕlim
max

A ¼ t 0ð Þ r0 þ hð Þσz 0ð Þ−0:5p r0 þ hð Þ2; if ϕmax≥ϕ
lim
max

ϕlim
max ¼ tan−1

2d

r0−h

� �

8

>

>

>

>

>

<

>

>

>

>

>

:

ð19Þ

More details can be found in [21].

Method for comparison and validation

Procedure

In contrast to the tensile test, there are no recommenda-

tions or normalisations for performing experimental tube

bulging test and post-processing its resulting experimen-

tal measures. In order to control the influence of the

geometrical characteristics of the tube bulging test on

the tube material characterization on one hand, and to

evaluate the three selected models for post-processing

the experimental results in the other, it is proposed to

base the analyses on results obtained with finite element

simulations.

Running finite element simulations needs data such

as the loading curve (pressure vs. time) and the harden-

ing curve of the material. For this study the reference

data are based on a previous study [21] performed on a

316 L. The tube bulging test was realized at the labo-

ratory in its reference configuration represented by a

free bulging length of 50 mm and a die radius of

5 mm. The experimental loading curve was a ramp of

0.1 MPa/s.

In the following, this hardening curve is called the imposed

hardening curve.

For validation and comparison of the three models, a

finite element simulation of the tube bulge test in its

reference configuration (free bulging length of 50 mm

and a die radius of 5 mm) is performed. The data for

the simulation are the loading curve and the hardening

curve of the material. The result is the pressure – bulge

height curve that is post-processed with the three select-

ed models to obtain the hardening curve. Figures 5 and 6

describe the procedure:

1. The resulting stress-strain curves are compared to the im-

posed hardening curve used for the simulation (Fig. 5).

2. Global comparisons with experimental measures,

such as the resulting tube profile and the thickness

distribution along the deformed tube, complete the

analysis. (Fig. 6).

3. Strain and stress fields from analytical models and FE

simulations are analysed and compared (Fig. 6).

Then, we run different finite element simulations, for

different test configurations, for studying the influence

of the geometrical characteristics of the tube bulging

test. The input data for the simulations are the same

loading curve and the same hardening curve than be-

fore. Results are once again the pressure-bulging height

data, which are treated with the three models. The

resulting stress-strain curves are compared to the im-

posed hardening curve. Figure 7 explains the procedure.
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Finite element simulations

Finite element simulations are performed with the LS-

Dyna© program based on a mesh of the full geometry

of the TBT, with Belytchko-Tsay shell elements, with

three integration points in the thickness. A pressure-

loading equivalent to 0.1 MPa/s, based on the experi-

mental conditions of the tube bulging test performed at

the laboratory, is imposed. The material behaviour is

considered as an elastic-plastic and isotropic one. For

the tube, the hardening law is given point-by-point

using data obtained from the literature [21]. The main

information on the FE model are summarised in

Table 2.

Study of the influence of the test configuration

The aim of this section is to study the influence of the geomet-

rical characteristics (free length and die radius) used during the

TBT on the obtained hardening curve. For this purpose, 5 con-

figurations are studied, including the previously defined refer-

ence configuration (L = 50 mm and Rd. = 5 mm). Table 3 lists

the different configurations.. Finite element simulations are car-

ried out using these different configurations and the obtained

(p, h) curves are post-processed with the three different models.

Fig. 6 Procedure for validations

and comparisons of the three

selected models relatively to their

ability to represent the

experimental test in terms of tube

profile and thickness repartition

and to predict the strain and stress

fields in the tube at the pole area

Fig. 7 Procedure for the determination of the Influence of the tube

bulging test configuration on the tube material characterization

Fig. 5 Procedure for validations and comparisons of the three selected

models relatively to their capability of getting the hardening curve of the

tube material from the tube bulging test
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Results and discussion

In this section, we adopt the following abbreviations:

– Hwang2007 for the model presented in “Hwang’s model”

section

– BV2008 for the model developed in “Boudeau &

Velasco’s model” section

– BM2012 for the model of “Boudeau &Malécot’s model”

section

Validations and comparisons of models done

on the reference configuration of the tube bulging test

Different types of comparison are done in this section:

– Global comparisons are realized on data, which can easily

be measured, such as the deformed tube profile and the

thickness repartition along the tube (Figures 8 and 9).

– Local comparisons are done on the components of strain

and stress tensors (Figs. 10, 11, 12, 13, 14, and 15), as

well as on the resulting hardening curve for the reference

configuration (Figs. 18, 19, and 20).

For quantitative comparisons, the deviation of results ob-

tained with the models is compared to the reference data. Its

evaluation is based on several points distributed on a regular

basis and, the maximal, minimal and mean values of the var-

iation, expressed as a percentage, are collected in Table 4.

Table 2. Summary of the FE simulations with LS-Dyna© program

Tube Type: shell element

Formulation: Belytchko-Tsay

Number of integration points in the thickness: 3

Average size: 1.7 mm

Tube Thickness: 1 mm

External diameter: 35 mm

Total length; 250mm

Mesh: 8582 nodes and 8404 elements

Material: hardening curve described by

discrete (σ,ε) couples

Die Type: shell element

Average size: 1.7 mm

Mesh: 7750 nodes and 7688 elements

Material: rigid

Friction Coulomb’s law (μ=0,1)

Contact Penalisation algorithm

Loading Internal pressure

Integration scheme Implicit

Boundary conditions Ends of tube clamped.

Table 3 Summary of the differences configurations

N° configuration Free bulging

length L (mm)

Die radius Rd.

(mm)

Reference configuration 50 5

1 50 7.5

2 50 10

3 40 5

4 60 5

Fig. 8 Global comparisons of tube profile at the end of the bulging test

Fig. 9 Global comparisons of the thickness repartition along the bulged

tube at the end of the bulging test
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First global comparisons are conducted. On Fig. 8, the

three models almost give identical tube profiles. Indeed the

comparison with FE simulation results and experimental mea-

sures is satisfying. The offset between numerical results and

experimental measures is due to an overestimation of the

bulge height for the maximal pressure with FE simulations.

Nevertheless, Hwang’s model allows representing the die ra-

dius while the other two models cannot. The value of the

deviation in Table 4 (line 1) is compatible with the observation

done on Fig. 8.

For the thickness repartition in Fig. 9, Hwang2007

and BV2008 are very close one to another at the pole

and near the die radius, but Hwang2007 is the one,

which better matches the experimental measures even

if it tends to underestimate the current thickness.

Quantitative data presented in line 2 of Table 4 confirm

the observations done on Fig. 9. BM2012 corresponds

very well to the FE results (Fig. 9), and presents a good

mean value for the deviation to experimental measures

Fig. 10 Comparison of the evolution of the circumferential true strain

component at the pole, with bulge height

Fig. 11 Comparison of the evolution of meridian true strain component

at the pole with bulge height

Fig. 12 Comparison of the evolution of the radial true strain component

at the pole with bulge height

Fig. 13 Comparison of the evolution of the circumferential true stress

component at the pole with pressure
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(line 2 in Table 4), but with an important amplitude between

the minimal and the maximal deviations.

The evolution of components of strain tensor at the pole

with the bulge height is compared in Figs. 10, 11, and 12. The

circumferential strain evolution is very similar for the three

models and very close to the FE results (Fig. 10); it is due to

the method for its calculation based on Eqs. 6, 14 and 16. For

the radial strain (Fig. 12), variations during the bulge test are

similar whatever the model considered; Boudeau & Velasco

and Boudeau & Malécot’s models are close to the FE results

while Hwang’s model underestimates this deformation; that is

in keeping with the results presented in Fig. 15 relative to the

evolution of the pole thickness with the bulge height.

Figure 11 illustrates the evolution of the meridian strain at

the pole with the evolution of the bulge height during the test.

The Boudeau-Malécot’s model, which is the simplest model,

gives a relatively good representation of the meridian strain’s

evolution. The gap between the FE results and the one

obtained by post-processing the (p,h) curve with the

Boudeau-Malécot’s model is due to the presence of the

die radius which is not taken into account in the model.

The Boudeau-Velasco’s model presents an evolution of

the meridian strain quite different from the FE estima-

tions; the geometrical assumptions and the difference in

the radial strain evolution observed in Fig. 12 explain

these variations. Surprisingly, Hwang’s model gives a

negative value for this strain component; the analysis

of the plastic incompressibility condition enlighten this

effect:

εz ¼ −εr−εθ ð20Þ

with εr < 0 and εθ > 0 . So it can be written that:

εz > 0 if εrj j > εθj j
εz < 0 else

	

ð21Þ

For the Hwang’s model, we have |εr| < |εθ|, due to an un-

derestimation of thickness reduction (Fig. 15) or the radial

strain (Fig. 12).

For stress components (Figs. 13 and 14), the compar-

ison of results obtained with the three models and with

the FE results are quite satisfying. Hwang2007 seems

better for small bulge height as the other two models

seem better for higher bulge height corresponding to the

end of the test. The geometrical assumptions on the

shape of the bulged tube which bases the theoretical

model explains this statement; for small bulge height, an el-

liptical shape is closer to the reality as for an important bulge

height an arc of circumference provides a better representation

of the real bulged tube.

The quantitative analysis in relation with Figs. 10, 11, 12,

13, and 14 (lines 3 to 7 in Table 4) shows that:

– Results obtained with BV2008 and BM2012 are very

close one to another;

– HW2007 permits a better representation of σz; for the

other results, BV2008 and BM2012 also give good re-

sults with deviations less than 5% (except for εz);

– The three models have difficulties to represent εz
(absolute main value of deviation more than 20%).

Fig. 15 Comparison of the evolution of the pole thickness with

bulge height

Fig. 14 Comparison of the evolution of the meridian true stress

component at the pole with pressure
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From these comparisons, we can conclude that the three

models can be applied for tube material characterization.

Nevertheless Hwang’s model slightly underestimates the flow

stress that would lead to an overestimation of the internal

pressure necessary for forming the tube and then to a non-

optimal design of the tube hydroforming process.

Study of the influence of the tube bulging test

configuration on the material characterization

The evolution of the bulge height depends on the test config-

uration as it is illustrated on Figs. 16 and 17. On the Fig. 16,

the die radius is set at 5 mm and the free length takes the

values 40, 50 and 60 mm. On the Fig. 17, the free bulging

length is set to 50 mm and different die radii are considered (5,

7.5 and 10mm). Figures 16 and 17 show clearly that the bulge

height increases substantially with a rising of the free length

and the die radius. Let note that near the bursting pressure,

corresponding to a simulation time close to 0.7 ms, FE results

become uncertain leading to very large bulge height far from

the reality. An adaptive re-meshing during FE calculation

would certainly improve the simulations, but we imposed to

work with exactly the same FE model for carrying out the

comparisons.

On the Figs. 18, 19, and 20, the hardening curve imposed

as input of the FEM is compared with the hardening curve

Table 4 Deviations between

models and reference for results

presented in Figs. 8, 9, 10, 11, 12,

13, 14, and 15

N° Fig. Reference Models Min (%) Max (%) Mean (%)

1 Tube profile (Fig. 8) Measure Hwang −0.65 +2.1 +1.3

BV2008 −12.3 +2.1 −2.5

BM2012 −12.3 +2.1 −2.5

2 Thickness distribution (Fig. 9) Measure Hwang −4.1 +0.2 −1.1

BV2008 −5.3 −2.3 −3.3

BM2012 −7.2 +11.6 −1.6

3 εθ (Fig. 10) FE Hwang +1.6 +2.2 +1.8

BV2008 −2.6 −2.3 −2.4

BM2012 −2.6 −2.3 −2.4

4 εz (Fig. 11) FE Hwang −3100 +2041 −238

BV2008 −656 +907 +21

BM2012 −387 +649 +75

5 εr (Fig. 12) FE Hwang −31.5 −10.6 −18.7

BV2008 −6.6 +8.7 +1.0

BM2012 +2.5 +4.0 +3.0

6 σθ (Fig. 13) FE Hwang −5.2 −1.1 −2.7

BV2008 −0.7 +5.6 +1.5

BM2012 −0.7 +5.4 +1.4

7 σz (Fig. 14) FE Hwang −9.8 +8.4 −0.7

BV2008 +0.5 +19.9 +10.3

BM2012 +0.6 +19.6 +10.2

8 tp (Fig. 15) FE Hwang +1.6 +5.5 +4.3

BV2008 −0.8 +3.4 −0.4

BM2012 −1.7 −0.3 −0.8

Fig. 16 Bulge height vs. simulation time for the three configurations

with Rd. set at 5 mm
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obtained by post processing (p,h) curves from FE simulations

of tube bulging test with the models for different geometrical

configurations, following the procedure described in Fig. 7. A

quantitative analysis of the results, similar to the one proposed

in “Validations and comparisons of models done on the refer-

ence configuration of the tube bulging test” section, is given in

Table 5.

By taking into account the die radius, the Hwang’s model

presents less scattering for the different test configurations

(Fig. 18).

The Boudeau-Velasco’s and the Boudeau-Malécot’s

models give very similar and satisfying results (Figs. 19

and 20), even if both of them present more dependence to

the test configuration.

The hardening curves obtained with the help of the three

theoretical models are very close to the imposed one. Table 5,

which reveals deviations less than 5%, (except in the case of

BV2008 and BM2012 models for the configuration with the

smallest free bulging length) confirms these observations. A

non-negligible influence of the die radius for a small free

bulging length explains the large variations observed for

Fig. 17 Bulge height vs. simulation time for the three configurations

with L set at 50 mm

Fig. 18 Hardening curve obtained from the Hwang’s model

Fig. 19 Hardening curve obtained from the Boudeau & Velasco’s model

Fig. 20 Hardening curve obtained from the Boudeau &Malécot’s model
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models BV2008 and BM2012 for the configuration L40-Rd5.

For all other configurations, Table 5 presents deviations less

than 5%, which demonstrates the validity of the three studied

models.

Application to other tube materials

In this section the aim is to confirm that the results obtained in

the previous part of this work can be generalized to other

materials.

Presentation of the studied materials and TBT results

The three models (Hwang 2007, Boudeau-Velasco 2008

and Boudeau-Malécot 2012) are used for post-processing ex-

perimental results obtained from the tube bulging test per-

formed on three different tubematerials: Copper, Nickel based

alloy and AISI 304. Table 6 gives the tube dimensions and

Table 7, the chemical compositions. The pressure – bulge

height (p,h) curves obtained from the tube bulging test are

given in Fig. 21 and the resulting stress – strain curves in

Fig. 22.

The (p,h) curve is obtained during the TBT by simulta-

neously measuring the internal pressure with a pressure sensor

(P2VA1/2000Bar from HBM) and the bulge height with a

displacement sensor (WA/50 mm from HBM).

Fig. 21 shows that the three tubes present different behav-

iours. Copper tubes are ductile and present a medium bulge

height (5.5 mm) for a reasonable pressure (about 10 MPa).

Stainless steel tubes present an important bulge height (about

9 mm) but need a higher pressure (about 30MPa). The Nickel

based alloy is the less ductile and is difficult to deform: a bulge

height of only 1.5 mm is obtained for a pressure of nearly

50 MPa.

Post-processing of TBT measures considering isotropic

materials

The three models used for post-processing the tube bulging test

results give very similar stress – strain curves. For ductility,

AISI 304 material is the best with a true strain at rupture of

about 0.5; for Copper, it is approximately 0.3 and only 0.1 for

the INCONEL. AISI 304 is the harder material with a true

stress at rupture of about 1100MPa; for the Nickel based alloy,

it is about 900 MPa and only 300 MPa for the Copper. The

following yield stresses are identified: 100 MPa for Copper,

300 MPa for AISI 304 and 600 MPa for INCONEL. In con-

clusion, the three models permit to get the hardening curve for

a wide variety of materials.

Taking into account initial anisotropy of material

Anisotropy was not our main objective. The reasons were

motivated by the following facts:

1) 316 L used in the main part of this study is nearly isotro-

pic considering its Lankford coefficients: r0= 1.01;

r45=0.91; r90=0.91 [23]. Moreover, 316 L is most of the

time considered as isotropic in the literature [24].

2) The theoretical models used in this work are based on

geometrical consideration for the calculation of the strain

tensor components, and on elementary volumes equilib-

rium for the evaluation of the stress tensor components,

without any concern of isotropy or anisotropy.

The studied theoretical models permit the evaluation of the

components of the true strain and true stress tensors. Thus, it is

possible to decide, in another step, to take into account or not

anisotropy for the calculation of the equivalent true stress and

the equivalent true strain.

In case of anisotropic material, more data are required, like

the Lankford coefficients for example. Another requirement is

the choice of a plastic criterion for the calculation of the equiv-

alent stress from the components of the stress tensor.

If the material is isotropic, the equivalent true stress is calcu-

lated with the von Mises plastic criterion whose expression is:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2
θ þ σ2

z−σθσz

q

ð22Þ

Table 5 Deviations between

models and reference for results

presented in Figs. 18, 19, and 20

Reference L40-Rd5 L50-Rd5 L50-Rd7.5 L50-Rd10 L60-Rd5

Hwang Imposed HC −2.7% −1.3% −0.7% −0.08% +0.3%

BV2008 Imposed HC −6.6% −1.5% −2.4% −3.1% +2.4%

BM2012 Imposed HC −5.9% −0.9% −1.9% −2.5% +2.4%

Table 6 Tubes dimensions

Material External diameter

(mm)

Initial thickness

(mm)

Observation

Copper 35 0.9 Extruded

AISI304 35 1.0 Rolled-welded

INCONEL 38.1 1.0 Rolled-welded
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If the material is anisotropic, one has to choose an aniso-

tropic plastic criterion. Amongst the numerous existing plastic

criteria, the Hill 1948 and the Hosford 1979 criteria are con-

sidered [25].

Hill 1948 criterion presents the following expression:

σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2
θ þ

r0 1þ r90ð Þ

r90 1þ r0ð Þ
σ2
z−

2 r0

1þ r0
σθσz

s

ð23Þ

The expression for the Hosford 1979 plastic criterion is:

σ ¼
1

1þ r0
σθj ja þ

r0

r90 1þ r0ð Þ
σzj ja þ

r0

1þ r0
σθ−σzj ja

� �1=a

ð24Þ

where exponent a equals 6 for FCC materials and 8 for BCC

materials.

The corresponding equivalent true strain is obtained by

considering the constancy of the plastic work, which is

expressed below:

σ:ε ¼ σ : ε ¼ σθεθ þ σzεz ð25Þ

For the illustration, the INCONEL, a FCC material, is cho-

sen as it presents the largest anisotropy of the three studied

materials with the following Lankford coefficients: r0=0.86;

r45=1.27; r90=1.0. Figure 23 presents the resulting hardening

curves.

Therefore, three elements can be observed:

1) The three models permit to take into account the anisot-

ropy and to obtain a hardening curve depending on the

chosen plastic criterion.

2) The different hardening curves are very close to

one another. The anisotropy of INCONEL is re-

vealed by the r45 Lankford coefficient, which is

not present in the expression of Hill 1948 and

Hosford 1979 criteria.

3) The hardening curves calculated with von Mises and

Hill 1948 criteria are nearly overlaid as r0 and r90
are close to 1.

With additional data, it would be possible to consider ad-

vanced plastic criteria, such as Barlat family plastic criteria

[25].

Table 7 Chemical compositions

of the tube materials W% Cu P Ni Cr Mo Fe Cr Ni

Copper 99.9 0.03 Nickel alloy 65 22 9 Stainless Steel 70 19 9

Fig. 21 Pressure –Bulge Height curves measured during the tube bulging

test performed on tubes made of INCONEL625, AISI304 and Copper

Fig. 22 Resulting stress – strain curves for tubes made of

Copper, INCONEL625 and AISI304 tested with the tube

bulging test. The experimental results of Fig. 21 have been

post-processed with the Hwang 2007, Boudeau-Velasco 2008

and Boudeau-Malécot 2012 models
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Conclusions

In this paper, three models of the literature for post-processing

experimental results obtained from the tube bulging test are

studied: Hwang’s model, Boudeau-Velasco’s model and

Boudeau-Malécot’s model.

Their programming is validated based on post-

processing pressure – bulge height data obtained by

FE simulations of the tube bulging test. Their validity

for the strain-stress curve characterization of a tube ma-

terial expanded with an internal pressure is demonstrat-

ed. Local comparisons in terms of strain and stress

components are carried out. Surprisingly the simplest

model (Boudeau-Malécot’s model) gives very good

results:

– Deviations less to 5% for the evaluation of the radial and

circumferential true stain

– Deviations not more than 10% for the meridian and cir-

cumferential true stresses

– A large deviation for the meridian true strain but very less

than with Hwang2007 model

As specified in the introduction, no rules exist for

performing such tube material characterization. Therefore,

different configurations are tested based on finite element sim-

ulations. It appears that the Hwang’s model is less influenced

by the test configuration, since it takes into account the die

radius in the geometrical modelling. And it gives very good

results for the stress-strain curve, even if the evaluation of the

meridian strain is not realistic. The other two models studied

in the present work present more dependence to the tube bulg-

ing test configuration, but give satisfying results anyway, with

deviations less than 5% when the free bulging length/die ra-

dius ratio is sufficiently important (more than 8).

The Boudeau-Malécot’s model is the best compromise in

terms of simplicity and efficiency for tube material character-

ization. Indeed, this model treats experimental measures with

a simple spreadsheet application, that present a great advan-

tage in an industrial context.

The three models are used for post processing the experi-

mental measures obtained from TBT carried out on tubes

made of copper, stainless steel and Nickel based alloy. Their

capability to get the hardening curve is demonstrated. The

three models give very close hardening curve so the

Fig. 23 Resulting stress – strain

curves for tubes made of

INCONEL625 tested with the

tube bulging test. The

experimental results of Fig. 21

have been post-processedwith the

Hwang 2007, Boudeau-Velasco

2008 and Boudeau-Malécot 2012

models using VonMises or Hill48

criteria
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Boudeau-Malécot model, which permits to post process ex-

perimental results with a spreadsheet application, is an inter-

esting approach for an industrial use. Moreover, their results

can be used with different plastic criteria since anisotropy data

are available.
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