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Abstract 

Metal forming operations are optimized by using finite element simulations. The numerical results are strongly dependent on the material data 
and the friction conditions. The present paper focuses on the tube hydroforming process and methods, developed by the authors, for the 
evaluation, the closest to the process conditions, of the hardening curve and the friction coefficient. For the hardening curve, an experimental 
set-up has been developed and instrumented, and an analytical model permits to translate the measures into stress-strain curve. Its capability to 
evaluate the best plastic criterion and its importance for a good prediction of forces during the tube hydroforming are illustrated. For the friction 
evaluation, the study of tube expansion in a square section die is proposed. By analyzing the thickness along the perimeter of the shaped tube, it 
is possible to evaluate the Coulomb’s friction coefficient, which can be different from the evaluation done with the classical pin-on-disk test.  
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1. Introduction 

Nowadays, all metal forming operations are developed with 
the use of finite element simulations for reducing the 
adjustment on press and the time-to-market [1]. 

Numerous commercial code propose material database for 
the classical metals worked with forming processes and even, 
authorize the users to integrate their own material data for the 
plastic behavior. For the friction conditions, it is often 
recommended to impose a value in the range of 0.1 – 0.18 for 
the Coulomb’s coefficient with no real physical basis [2]. 

These data give quite good predictions for simple forming 
operations and well-known metals, and seem quite well 
adapted for classical metal forming operations like stamping 
and deep drawing, certainly due to a large research activity in 

this field during the 1980-2000 period. But there is no 
assurance it is convenient for the new metals [3] and for other 
metal forming processes like spin forming or tube 
hydroforming for example [4]. 

Generally, these material hardening curves and the 
recommended values for the friction coefficient are obtained 
with the classical tensile test and the pin-on-disk test 
respectively, which are not representative of the real loading 
conditions met by the metal during forming operations [5,6]. 

The authors propose simple experimental procedures to get 
the hardening curve and the friction coefficient under 
experimental conditions very close to the ones met during tube 
hydroforming. Section 2 presents the tube bulging test and an 
analytical model to post-process the experimental results to 
get the hardening curve. Section 3 is devoted to the 
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characterization of the friction coefficient with the tube 
expansion test and the Orban-Hu model [7]. 

 
Nomenclature 

𝜀𝜀           strain tensor  
𝜎𝜎           stress tensor 
𝜀𝜀𝜃𝜃  circumferential strain 
𝜀𝜀𝜑𝜑  longitudinal strain 
𝜀𝜀𝑟𝑟  radial strain 
𝜎𝜎𝜃𝜃  circumferential stress 
𝜎𝜎𝜑𝜑  longitudinal stress   
𝜀𝜀  equivalent strain 
𝜎𝜎  equivalent stress 
𝑟𝑟  the die radius 
𝑑𝑑  the tube diameter 
𝑡𝑡0  the initial thickness of the tube 
𝑝𝑝  the internal pressure in the tube 
ℎ  the bulge height 
𝑡𝑡  the current thickness of the bulged tube 
𝑅𝑅  the curvature of the bulged tube 
𝑦𝑦  the position of the centre of the arc of circumference 
𝑌𝑌 the Y-coordinate of the points on the arc of 

circumference representing the bulged tube 
𝑟𝑟𝑐𝑐 the current corner radius 
𝑙𝑙𝑤𝑤 the contact length in the wall 
𝜀𝜀𝑐𝑐 the strain in the corner 
𝐹𝐹𝑐𝑐 the friction force 
𝜇𝜇 the Coulomb’s friction coefficient 
𝑇𝑇𝑇𝑇𝑇𝑇  Tube Bulging Test 
𝐵𝐵𝐵𝐵2012 Boudeau-Malécot 2012 model 
𝐹𝐹𝐹𝐹  Finite Element 

 

2. Material characterization 

In metal forming, the material is subject to biaxial efforts 
and so, the material behavior cannot be well represented with 
the standard tensile test. For that, the flange bulging test has 
been developed and, in parallel, several analytical models 
have been developed [8]. An extension of this biaxial test has 
been proposed for tube: the Tube Bulging Test (TBT). In the 
literature, two main versions exist: ones load the material in 
expansion with an internal pressure; others combine an 
internal pressure and axial compressive forces. The seconds 
are particularly interesting for building Forming Limit 
Diagrams because it permits to explore different strain paths 
in the expansion domain. The TBT developed in the following 
belongs to the first category. 

2.1. The Tube Bulging Test (TBT) 

The Tube Bulging Test (TBT) developed in our lab is 
represented in Fig. 1. The tube is clamped at its two 
extremities with a cone-on-cone contact. The conical punch is 
grooved in order to realize the sealing. One of the punch is 
drilled to feed the interior of the tube with a fluid under 
pressure. The tube is guided along its length in a die 

presenting a window where the tube can bulge freely. The 
pressure is measured with the help of a pressure sensor and 
the bulging of the tube at its central part is measured with a 
displacement sensor. The resulting experimental curve is a 
(p,h) curve illustrated in Fig. 2. In our lab, the important 
dimensions are listed in Table 1. 

 

 

Fig. 1. CAD model of the Tube Bulging Test in the lab. 

 

Fig. 2. An example of the resulting (P,h) curve from a TBT. 

Table 1. The important dimensions for the TBT in the lab. 

Tube length 250 mm 

Tube outer diameter 35 mm 

Tube thickness 0.5 – 2 mm 

Tube free length 50 mm 

 

2.2. A short review 

Different analytical models exist in the literature to get the 
stress-strain curve from the (p,h) curve. They all present 
drawbacks and advantages. Some of them are based on a time 
and material consuming experimental procedure [11, 14-16]. 
Others need only one tube and are based on on-line 
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measurement [9,10,12,13]. For post-processing the 
experimental (p,h) curve, some need FE simulations to run 
inverse method for identification and so, need a strong 
assumption on the hardening law, but no assumption on the 
shape of the bulged tube [11,12,14]. Others are based on the 
slice method [9,10,13,15] and then need a geometrical 
representation of the bulged tube. It is an arc of circumference 
in [9,10], an arc of ellipse in [13] taking into account the die 
radius; it is measured in [15] leading to a long experimental 
procedure. The Hwang model [13] needs to do an additional 
assumption on the thickness distribution. And, only one is 
capable to post-process the experimental results to get the 
stress-strain curve with a spreadsheet (Excel-type) 
application: it is the Boudeau-Malécot 2012 model [10] for 
which the theory is developed in Section 1.3. Thus, it 
constitutes a very interesting “tool” for a use in an industrial 
context.  

2.3. The Boudeau-Malécot 2012 model 

For developing the analytical Boudeau-Malécot 2012 
model (BM2012), a geometrical parametrization of the bulged 
tube (Fig. 3) permits the calculation of the strains. The 
stresses can be evaluated with the help of the slice method, by 
studying the mechanical equilibrium of two elementary 
volumes (Fig. 4). 

As we consider thin tubes, we can do the hypothesis of 
plane stress. The tube presents a revolution symmetry, which 
is respected by the pressure loading. So the strain and stress 
tensors can be considered as following: 

  𝜀𝜀 = [
𝜀𝜀𝜃𝜃 0 0
0 𝜀𝜀𝜑𝜑 0
0 0 𝜀𝜀𝑟𝑟

]     𝜎𝜎 = [
𝜎𝜎𝜃𝜃 0 0
0 𝜎𝜎𝜑𝜑 0
0 0 0

]                         (1) 

In our study, it was found that 𝜀𝜀𝜑𝜑 was quite constant. 
Therefore, the strain components at the apex are defined by 
the following equations: 

{ 
 
  𝜀𝜀𝜑𝜑 

(𝜑𝜑) ≈ 𝑙𝑙𝑙𝑙 (𝑅𝑅.𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑 )             

𝜀𝜀𝜃𝜃 (𝜑𝜑) ≈ 𝑙𝑙𝑙𝑙 (
𝑌𝑌(𝜑𝜑)
𝑟𝑟 )                  

𝜀𝜀𝑟𝑟 (𝜑𝜑) = −𝜀𝜀𝜑𝜑 (𝜑𝜑) − 𝜀𝜀𝜃𝜃 (𝜑𝜑)
                                              (2) 

with: 

𝑅𝑅 = ℎ2+𝑑𝑑2
2 ℎ                                   

𝑦𝑦 = 𝑟𝑟 + ℎ − 𝑅𝑅                         
𝑌𝑌(𝜑𝜑) = 𝑦𝑦 + √𝑅𝑅2 − [𝑍𝑍(𝜑𝜑)]2
𝑍𝑍(𝜑𝜑) = 𝑅𝑅. 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                        
 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (

𝑑𝑑
𝑅𝑅)                      

                                              (3) 

The mechanical equilibrium of the elementary volumes of 
Fig. 5 gives: 

{
𝑡𝑡(𝜑𝜑). 𝑌𝑌(𝜑𝜑). 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝜎𝜎𝜑𝜑(𝜑𝜑) −

1
2 𝑝𝑝. [𝑌𝑌(𝜑𝜑)]

2 = 𝐶𝐶
𝜎𝜎𝜃𝜃(𝜑𝜑)
𝑌𝑌(𝜑𝜑) + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

𝜎𝜎𝜑𝜑(𝜑𝜑)
𝑅𝑅 = 𝑝𝑝

𝑡𝑡(𝜑𝜑)                                 
                     (4) 

 

Fig. 3. Parametrization of the Tube Bulging Test 

 

Fig. 4. The mechanical equilibrium of two infinitesimal representative 
volumes. 

To get the constant C, it is necessary to consider the 
equilibrium of a half longitudinal slice of the bulged tube 
illustrated in Fig. 5. The longitudinal stress at the pole can be 
found to be equal to: 

𝜎𝜎𝜑𝜑(𝜑𝜑 = 0) = 𝑝𝑝
𝑡𝑡(0)

. (ℎ + 𝑑𝑑
𝑡𝑡𝑡𝑡𝑡𝑡 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚

)                                         (5) 

When the curvature is very weak, corresponding to a very 
small deformation of the tube, Eq. (5) leads to numerical 
problem and it is necessary to define the φ angle which can do 
the distinction between enough or not enough curvature: 

𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚
𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ( 2𝑑𝑑

𝑟𝑟−ℎ
)                                                              (6)            

Taking into account Eq. (4-6), the C constant is defined by: 

 𝑖𝑖𝑖𝑖 𝜑𝜑 < 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙  𝐶𝐶 = 0                                                 
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  𝐶𝐶 = 𝑡𝑡(0). (𝑟𝑟 + ℎ). 𝜎𝜎𝜑𝜑(0) −

1
2 . 𝑝𝑝. (𝑟𝑟 + ℎ)

2                    (7) 

When C = 0, σφ(φ = 0) = 𝑝𝑝𝑝𝑝 2𝑡𝑡⁄  corresponding to the 
longitudinal stress of a tube closed at its extremities, 
under an internal pressure. 
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Fig. 5. Model the equilibrium of a half longitudinal slice of the bulged tube 
for the C constant evaluation. 

2.4. Results and discussion 

The first step is to validate the model. The experimental 
procedure proposed in [9] is conducted. FE simulations of the 
TBT are run with an imposed hardening curve. The global 
results (p,h) obtained with the simulation are post-processed 
with the model, in place of the experimental ones. The results 
corresponding to the reference configuration (Ref. Config. in 
Fig. 7) show the good capability of the BM2012 to get the 
stress-strain curve from the TBT. 

The full analytical model (BM2012) is compared to the 
Hwang’s model. The experimental procedure is the same for 
these two models: 1 tube, 1 test, 1 (p,h) curve without FE 
simulations. Their sensitivity to the configuration of the TBT 
is studied. Table 2 gives the different studied configurations, 
and the resulting flow curves obtained with BM2012 are 
given in Fig. 6. The Hwang’s model presents less scattering 
than BM2012, especially for the smaller free bulge length and 
for the larger die radius. With respect to St Venant’s principle, 
for a given free length, more the radius is large, more its 
influence is important; in the same way, for a given die radius, 
more the free length is short, more the influence of the die 
radius is important. Because the Hwang’s model takes into 
account the die radius in its mathematical developments, it is 
less sensitive to the test configuration. Table 3 permits a 
comparative analysis of the sensitivity to the TBT 
configuration for the two models, and it can be observed a 
very good capability of the full-analytical BM2012 to get the 
(𝜎𝜎, 𝜀𝜀) curve from the (p,h) curve. 

The main interest of these models is that no hypothesis is 
made on the hardening law. Moreover, they permit to evaluate 
the components of the strain and stress tensors and then, 
different plastic criteria (see Appendix A) can be studied to 
define the hardening curve, meaning the (𝜎𝜎, 𝜀𝜀) curve, as it is 
illustrated in Fig. 7.  It would permit, by further analyses 
(inverse method for example), to define the best plastic 
criterion for representing the plastic behavior of tubular 
materials. 

By the way, the comparison of plastic flow curve for a 304 
stainless steel obtained with a tensile test and a TBT shows 
clearly a very different behavior (Fig. 8). These two hardening 
curves have been used to simulate a tube hydroforming 
process (Fig. 9). Fig. 8 shows that the material behavior 
obtained with the classical tensile test presents a higher 

rigidity and a lower ductility than with the TBT. The maximal 
stress is around 800 MPa for a maximal strain of less than 0.2. 
With the TBT, the maximal stress is evaluated to 550 MPa 
and the maximal strain is 0.25. These differences of plastic 
flow will lead to an overestimation of the needed pressure to 
obtain the desired shape of the hydroformed part. From the 
results presented in Fig. 9, if the desired hydroformed part 
corresponds to the reference displacement of 1 mm, it will 
give an effort on the tools of 480 kN or 425 kN depending we 
use the hardening law obtained with the tensile test or the 
TBT respectively. This loading difference represents an 
overestimation of around 15% and then, to an over-
dimensioning of the tools leading to the generation of over-
cost for the company. The comparison with the experimental 
measures show clearly than the hardening curve obtained with 
the TBT gives process efforts closer to the measures. 

 

 

Fig. 6. Hardening curve obtained by post-processing the (p,h) curve with the 
Boudeau-Malécot 2012 model (from [15]). 

Table 2. The different configurations of the TBT. 

Configurations Free bulging 
length L (mm) 

Die radius Rd (mm) 

L40-Rd5 40 5 

L50-Rd5 (Ref. Config.) 50 5 

L50-Rd7.5 50 7.5 

L50-Rd10 50 10 

L60-Rd5 60 5 

Table 3. Deviations between models and reference  

Data Ref Model Min % Max % 

𝜀𝜀𝜃𝜃  FE Hwang 

BM 2012 

+1.6 

-2.6 

+1.8 

-2.4 

𝜀𝜀𝜑𝜑  FE Hwang 

BM 2012 

-3100 

-387 

+2041 

+649 

𝜀𝜀𝑟𝑟  FE Hwang 

BM 2012 

-31.5 

+2.5 

-10.6 

+4 

𝜎𝜎𝜃𝜃  FE Hwang 

BM 2012 

-5.2 

-0.7 

-1.1 

+5.4 

𝜎𝜎𝜑𝜑  FE Hwang 

BM 2012 

-9.8 

+0.6 

+8.4 

+19.6 
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Fig. 7. The resulting (𝜎𝜎, 𝜀𝜀)̅ curve for different plastic criteria 

 
Fig. 8. Comparison of the plastic flow curve obtained with the tensile test and 

the TBT 

 

Fig. 9. Estimation of hydroforming forces in tube hydroforming process with 
the flow curves obtained with the tensile test or the TBT. 

3. Friction testing for tube hydroforming 

Friction is generally evaluated with the pin-on-disk test 
which is not representative of the friction conditions during 
the tube hydroforming process. Several tests have been 
developed for the evaluation of friction in the guiding zone, or 
in the expansion zone [6]. We concentrate in the present paper 
on the friction conditions in the expansion zone and we 
consider the analytical model developed by Orban-Hu [7]. In 
section 3.1, the theory of the selected model is shortly 
presented. Its validation is proposed in section 3.2 and results 
are presented in section 3.3. 

3.1. Theory of the Orban-Hu model 

“The Orban-Hu model [9] deals with the corner filling in 
tube hydroforming in a square die. It considers two distinctive 
parts named the corner and the wall as represented in Figure 
10. Mechanical equilibrium of the corner is only related to the 
internal pressure. For the wall, tangential forces, due to 

friction effect, are also taken into account; moreover, stick 
and slip conditions are considered. With this mathematical 
model, it is then possible to evaluate the evolution of the 
corner radius, wall length, corner thickness and thickness 
along the wall within the internal pressure. Its theoretical 
development has been possible by considering the material 
following a Swift hardening law.  

The Orban-Hu model can be solved with the following set 
of equations: 

[
2 − 𝜋𝜋

2
−𝑝𝑝
0
0

  2
  0
  0
  1

  𝜋𝜋𝑟𝑟𝑐𝑐
2

  0
  1
  0

  0
  1

 −𝛽𝛽𝑐𝑐
 −𝑐𝑐2

] [
∆𝑟𝑟𝑐𝑐
∆𝑙𝑙𝑤𝑤
∆𝜀𝜀𝑐𝑐
∆𝐹𝐹𝑐𝑐

] = [
0

𝑟𝑟𝑐𝑐. ∆𝑝𝑝
0

𝑐𝑐1. ∆𝑝𝑝
]                                   (8) 

where ∆p is the incremental in internal pressure, r𝑐𝑐 the current 
thickness of the tube, βc  a parameter linked to the current 
corner thickness and the current slope of the hardening curve, 
c1  and c2  two “constants” which depends on the friction 
coefficient, the current internal pressure, the current slope to 
the hardening curve and the increase in length of the contact 
surface in the wall area lw.  
The Orban-Hu model has been programmed with Matlab© 
and validated with results presented in their paper [7].” (from 
[18]). The input data are the square side (target for the final 
shape of the hydroformed tube), the values of the Swift’s law 
parameters, the friction coefficient and the final pressure. The 
resolution of the set of equations Eq. (8) permits  to calculate 
the increase of the corner radius ∆r, the contact length in the 
wall ∆lw , the strain in the corner ∆εc  and the friction force 
∆Fc . The knowledge of the friction force Fc  gives the 
Coulomb’s friction coefficient 𝜇𝜇. 

 

 
Fig. 10. Model for the development of the Orban-Hu model (from [18]) 

3.2. Validation of the Orban-Hu model 

The Orban-Hu model has been programmed with Matlab© 
and validated with results presented in their paper [7]. We 
propose other validations using FE simulations. 

The tube expansion in a square section die is modeled with 
FE simulations using Ls Dyna© software for a referent tube 
with the following geometry: a 35 mm external diameter and 
a 1 mm initial thickness, corresponding to a configuration 
adapted to our experimental device. A referent material, 
represented by the following Swift law, has been used to run 
FE simulations and the Orban-Hu model: 

𝜎𝜎0(𝜀𝜀𝑝̅𝑝) = 263.63 (0.0043 + 𝜀𝜀𝑝̅𝑝)0.287 (𝑀𝑀𝑀𝑀𝑀𝑀)                      (9) 
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Different FE models are considered; they are listed in 
Table 4 and illustrated in Fig.11. For the 3D solid model, 3D 
solid fully integrated quadratic 8-nodes elements are used. 

Table 4. Description of the studied FE models (FEM means “finite element 
model”, EL means “element” and IP means “integration point”) 

Models Type of FEM Details  Total EL 

2D_2E 2D plane strain 2 EL/thickness 108 

2D_4E 2D plane strain 4 EL/thickness 432 

3D shell 3D shell 5 IP/thickness 53500 

3D solid_4E 3D solid 4 EL/thickness 52000 

 

 
Fig. 11. The final shape of the tube hydroformed in a square section die 

obtained with different FE models (a) 2D plane strain (b) 3D shell (3) 3D 
solid 

In reference to [7], the following results have been 
compared: 
 The corner thickness 𝑡𝑡𝑐𝑐vs. the corner radius 
 The wall length vs. the internal pressure 
 The corner radius vs the internal pressure 

The thickness distribution along the perimeter of the 
shaped tube is also studied and illustrated in Fig. 12. 

The comparison between results obtained with the FE 
models and with the analytical model are summarized in 
Table 5 where the adopted rating is from -2, for a very weak 
correlation, to +2, for a good correlation. 

It appears from the decision matrix of Table 5 that the 3D 
shell and 3D solid FE models are the most appropriate to 
study the friction behavior. The 3D shell model will be 
privileged as it needs less computation time to get the results 
and seems better to get the thickness repartition (Fig. 12). 

The Orban-Hu model permits to model the main behavior 
of the tube expansion in a closed die due to the friction 
conditions. Next section will study the way we could use it for 
the evaluation of the friction coefficient in tube hydroforming. 

Table 5. Summary of correlation between FE results and the analytical results 
obtained with the Orban-Hu model. 

 2D_2E 2D_4E 3D shell 3D solid_4E 

𝑡𝑡𝑐𝑐 vs. 𝑟𝑟𝑐𝑐 -2 +2 -1 +1 

𝑙𝑙𝑤𝑤 vs. 𝑝𝑝 -2 -2 +1 +2 

𝑟𝑟𝑐𝑐 vs. 𝑝𝑝 -2 -2 +2 +2 

Fig. 12 -2 -2 +2 -1 

Summary -8 -4 +4 +4 

 
Fig. 12. The thickness repartition along the perimeter of the shaped tube 

obtained with the Orban-Hu model and with the different FE models 

3.3. Evaluation of friction  coefficient 

From section 3.2, the thickness distribution along the 
perimeter of the shaped tube seems an interesting 
characteristic for the Coulomb’s friction coefficient. We will 
focus on such a characteristic for evaluating the friction 
conditions. 

For that, FE simulations and experiments are carried out on 
Copper tubes with a 250 mm total length, a 35 mm external 
diameter and a 0.9 mm initial thickness. 

The square section die is centered on the tube with a square 
section of 35 mm side, a 60 mm length and 5 mm fillet radii. 

We have characterized the plastic behavior of the Copper 
tube material with the TBT and its representative Swift’s law 
is given below: 

𝜎𝜎0(𝜀𝜀𝑝̅𝑝) = 441.97(0.0075 + 𝜀𝜀𝑝̅𝑝)0.349 (𝑀𝑀𝑀𝑀𝑀𝑀)                     (10) 

 Experiments are conducted with and without lubricant. 
The distribution of thickness along the perimeter of the 
transversal section of the tube is measured and is represented 
in Fig. 13. It shows the capability of the expansion test in a 
square die to reveal the effect of the friction conditions. The 
results are analyzed in Table 6 where it can be affirm that: 
 The presence of lubricant leads to a repartition of thickness 

more uniform along the tube perimeter 
 The lack of lubricant leads to a more important thinning in 

the corner 
 The transition zone is the location of an important thinning 

even the test is run with or without lubricant  

Table 6. Analysis of experimental results presented in Fig. 13 (initial 
thickness is 0.9 mm) 

 Without lubricant  With lubricant 

Maximal thickness 0.85 0.84 

Minimal thickness 0.69 0.72 

Delta thickness 0.16 0.12 

Thickness in the corner 0.82 0.84 

Thickness in the wall 0.815 0.84 

Thickness in the transition 
zone 

0.69-0.71 0.72-0.73 
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Fig. 13. Thickness distribution measured in tube expansion in a square section 

die performed with and without lubricant 

The experimental results have been compared to results 
obtained with the Orban-Hu model for different friction 
coefficients in Fig. 14 and from it, it could be concluded that a 
friction coefficient of 0.5 is the more representative of the 
friction conditions. With the pin-on-disk test, it was evaluated 
to 0.1 in the same lubricant conditions. The values of the 
friction coefficient are very different for the two testing 
methods. The differences can be explained by the very 
different experimental conditions: 
 For the pin-on-disk test, a 100Cr6 ball rolls during 1 hour, 

with a rotation rate of 150 turns per minute and loaded 
with a normal force of 2 or 5 N, on a Copper disk with 
back-and-forth trips. So, the movement of the contactor is 
a rotation. Considering the 100Cr6 steel and the classical 
theory of contact, we can evaluate the contact pressure of 
about 1500 and 2000 MPa. This pressure is constant during 
the whole test. 

 For the tube expansion in a square section die, the pressure 
at the contact is the internal pressure limited to 28 MPa at 
its maximum. The contact zone is progressive with the 
deformation of the tube. There is very few relative 
displacement between the contactor and the tube. 
  

 
Fig. 14. The thickness repartition along the perimeter of the shaped tube 

obtained with the Orban-Hu model for different friction coefficients and 
compared to the experimental measures 

The analysis of the thickness distribution along the 
perimeter of the shaped tube can be relatively complex. 
Moreover, the analysis of the figures presented in Table 6 and 
visible in Fig. 13 reveals that the thickness amplitude along 
the tube perimeter seems more discriminatory than the 
minimal thickness: 
 The study of the evolution of the minimal thickness 

between the tests run with or without lubricant shows a 
variation of about 4% 

 The same study based on the thickness amplitude gives a 
variation of about 30% 
Thus, we propose the study of these two characteristics, 

meaning the thickness variation and the minimal thickness. 
For that, the Orban-Hu model is run with different friction 

coefficients for tube with different thicknesses. The thickness 
variation and the minimal thickness in the perimeter of the 
deformed tube obtained for the different friction coefficients 
and a given loading condition are illustrated in Fig. 15 and 
Fig. 16. Finally, the variation thickness is not a so 
discriminatory measure as the resulting curves are very close 
to each other for different thicknesses (Fig. 15). In the 
contrary, the minimal thickness is more selective (Fig. 16) and 
could be used to estimate the friction coefficient. For a tube of 
0.9 mm and a given pressure, the minimum thickness is 
searched in the specimen. It is marked in the graphic as it is 
shown in Fig. 17 permitting to evaluate the friction coefficient 
to be equal to about 0.4, closer to the quick evaluation done 
from Fig. 14 than the one given by the pin-on-disk test. 

 
Fig. 15. The resulting thickness variation along the tube perimeter for 

different friction coefficients and different initial tube thickness. The results 
are obtained with the Orban-Hu model. 

 
Fig. 16. The resulting minimal thickness along the tube perimeter for different 

friction coefficients and different initial tube thickness. The results are 
obtained with the Orban-Hu model 
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Fig. 17. Graphic evaluation of the friction coefficient value with the minimal 

thickness curve 

4. Conclusion 

The present paper focuses on the characterization of two 
important data for the simulation of the tube hydroforming 
process: the plastic flow curve and the friction coefficient. 
The main and common goal is to propose experimental 
procedure and analytical models, which can be easily 
implement in an industrial context. 

For the hardening curve, the TBT is proposed and a simple 
experimental procedure is defined where experimental 
measures are obtained on-line with a very simple 
instrumentation based on a pressure and a displacement 
sensors. In parallel, a full-analytical model permits to treat the 
experimental measures to get the stress-strain curve with a 
spreadsheet application generally available in the devoted 
industrial services. The results are very satisfying: no 
assumption on the material model for the hardening and the 
plastic criteria. Simulations done with this characterization 
lead to better evaluation of the process parameters (ie. the 
maximal internal pressure to get the good shape). 

For friction evaluation, the tube expansion in a square 
section die is proposed associated with the Orban-Hu 
analytical model. The procedure can be easily carried out in a 
measurement industrial service. The results show that the tube 
expansion in a square section die is an interesting test: the 
friction conditions lead to different final part in terms of 
thickness repartition. And, for high friction conditions, the 
final part presents a large variation in thickness. A procedure, 
based on the analysis of the minimum thickness, is proposed. 
It permits to evaluate the friction coefficient, which is very 
different from the one given by the classical pin-on-disk test. 
 

Appendix A. Plastic criteria 

The plasticity criteria used in section 2.4 and Fig. 7 are: 
 The von Mises criterion: 

 𝜎𝜎2 = 𝜎𝜎𝜃𝜃2 + 𝜎𝜎𝜑𝜑2 − 𝜎𝜎𝜃𝜃𝜎𝜎𝜑𝜑  
 The Hill 1948 criterion: 

𝜎̅𝜎2 = 𝜎𝜎𝜑𝜑2 − 𝑐𝑐. 𝜎𝜎𝜃𝜃𝜎𝜎𝜑𝜑 + 𝑎𝑎. 𝜎𝜎𝜃𝜃2  
 The Hill 1993 criterion: 

 𝜎̅𝜎2 = 𝜎𝜎𝜃𝜃2 − 𝑐𝑐. 𝐴𝐴. 𝜎𝜎𝜃𝜃𝜎𝜎𝜑𝜑 + [(𝑝𝑝 + 𝑞𝑞) − 𝐵𝐵. 𝜎𝜎𝜃𝜃 − 𝐶𝐶. 𝜎𝜎𝜑𝜑]. 𝜎𝜎𝜃𝜃𝜎𝜎𝜑𝜑 

where 𝑎𝑎, 𝑐𝑐, 𝑝𝑝, 𝑞𝑞, 𝐴𝐴, 𝐵𝐵, 𝐶𝐶 are plastic characteristics. 
The equivalent plastic strain is evaluated with the 

following relation: 
𝜀𝜀.̅ 𝜎𝜎 = 𝜀𝜀𝜃𝜃𝜎𝜎𝜃𝜃+𝜀𝜀𝜑𝜑𝜎𝜎𝜑𝜑  
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