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1. Introduction

The metal forming processes implies processing
without cutting removal, giving the material a wanted
shape by using different methods of plastic forming. Indus-
trial branches where the changes occur with the introduc-
tion of the new technologies in a very short period are au-
tomobile and aviation industries, because the securing and
ergonomic criteria had to be achieved. These demands ini-
tialized setting of the new productive philosophy, which is
based on a modern production, so-called unconventional
processes like plastic forming with an incompressible fluid
(Fig. 1). With the knowledge implementation, in this field,
the new different procedures of hydraulic plastic forming
developed like: deep drawing, bending, stretching, extru-
sion, expansion, connecting etc. All these processes are
greatly applied in automobile and other branches of indus-
try.

This paper provides researches and analyses of
hydroforming of thin-walled tube elements [1-10]. In metal
processing with hydroforming, the friction between a die
and workpiece significantly influences on a material flow
and presents the crucial parameter in determining of work
pressures in hydroforming process.
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Fig. 1 Shape of the tubular elements produced by hydro-
forming processes

The conditions of the contact friction are con-
stantly changing during the hydroforming process and pre-
sent a complex analytical problem, which complicates ob-
taining of a reliable mathematical friction model. It is
completely understandable that even the tribological
mechanism in model experiments is alike, and also com-
plicated, like in real processes.

The friction research of the contact between mate-
rial and die for hydroforming is of a significant importance
considering the duration of the die, product accuracy and
synchronous device work for hydroforming. A large num-
ber of researches are dealing with this problem, even
though the hydroforming processes are considered as pro-
cesses with decreased or friction of a small intensity.

2. Friction influential zones in tube hydroforming

In tube hydroforming process the friction influ-
ence is significantly important on overall functioning of
forming force. The areas of friction influence in fluid
forming process (Fig. 2) can be separated on different in-
fluential zones.

For the purpose of easier analytical model under-
standing of friction coefficient determining between the
workpiece-tube and die in hydroforming forming process,
it is necessary to differ friction zones shown in Fig. 2.
There are three zones: expansion zone, transition zone and
guided zone.
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Fig. 2 Friction zones in tube hydroforming

The pressure of an incompressible fluid in a tube
has to be in allowed limits. Any other deviation leads to-
wards an error in tube hydroforming process. The in-
creased pressure ppax Can cause protractions of tube wall in
a cross section of a bulge part, and consequently the bulge
can burst/tear in tube hydroforming [12, 13].

Due to the material flow in expansion zone, stress
o, of tube wall is caused by starching of material. There-

fore, the stress o, and o¢ are caused by material compres-
sion all over the tube length, while stress o, changes from
compression on tube ends till the stretching in transition
Zone.
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Fig. 3 Zones scheme of stress states in zones I, 11, 111, IV

[1]

Theoretical researches imply the calculation of
fluid pressure and axial force for a shape part in Fig. 3. The
fluid tube pressure that forms the T shape tube is deter-
mined with an equation in a form [11-15]:
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The force necessary for plastic deformation
(compression) of a tube is calculated with the equation:
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Researches of friction influence in the guided
zone of the tube part have been analysed by a group of
researchers (Schmoeckel and others), while at the same
time Dohrmann has been researching all zones of friction
influence for a selected tube form.
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- topography of an area
- contact pressure
- lubricants
- slip velocity

Fig. 4 Influential friction parameters in hydroforming

With the friction analysis between a tube and die
in hydroforming differently then of an authors [13-15], a
new approach of analytical determining of friction coeffi-
cient has developed. In Fig. 2 the guided and expansion
zones in tube hydroforming have been shown. In order to

approach to analytical modelling of friction coefficient, it
is necessary first to analyse contact between the work-
piece-tube and die (detail ,,A*). With the analysis of a de-
tail ,,A“ (Fig. 4) it is obvious that the friction coefficient
and contact stresses depend on valuation of influential pa-
rameters in hydroforming. The authors [15] carried out the
analytical model of friction coefficient defining through
the stress analysis in different zones, like it is shown; they
also determine the friction force in an experimental way.
After the analysis of stress and strains all over the tube
size, authors come to the analytical expression for the fric-
tion coefficient:
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where F, is friction force which is determined experimen-
tally [15], L is tube length, ry is external radius, o is contact
angle.

ﬂ:

The analytical model of friction coefficient de-
termining by G. Ngailu [15] is defined through the stress
analysis in zones, and is carried out for the guided zone,
which is expressed with the Eq. (3). When determining the
friction coefficient, by G. Ngailu, the friction force is de-
termined experimentally. This model also contrasts the real
model, considering that the expansion zone is not taken
into account. If analytical models of friction coefficient
determining in hydroforming between the workpiece and
die by authors [13, 14] are analysed, it can be concluded
that the solutions for friction coefficient x4 take into ac-
count the increase of the contact pressure caused by load
on outer diameter, while solutions [14] assuming that the
stresses are in contact of the tube and die (ok)ok = Puc
doesn't take into account. This way of analytical model
determining of friction coefficient refers to the deformation
of symmetrical workpiece where the expansion zone is not
taken into account, and contrasts with the real deformation
model in tube hydroforming.

Analyzing the friction between the tube and the
die in hydroforming differently than the above authors
analyzed, we come to the new analytical model for friction
coefficient determination in hydroforming of thin-walled
tube elements. Fig. 5 shows an analytical approach which
is taken into account guided zone and free expansion zone
of workpiece.
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Fig. 5 Analysis of forces and stresses in hydroforming of
thin-walled tube elements

Taking into account the equations [16] and re-
spect to the Hooke's law over the equilibrium conditions of
the infinitely small element dx, following equations are
obtained:
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After analytical procedure, we come to the new
analytical model of the friction coefficient between the
workpiece and die for thin-walled tube elements which is
very significant for hydroforimng processes:
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C=K=R,(e/n)" is constant depending on a material

type, n is hardening curve exponent of third order, u is
friction coefficient between the workpiece and die; ¢ is
equivalent strain in direction of 6, ¢, is equivalent strain
direction of radius r, x is observed contact length of die
and workpiece.

In this paper new approach to analytical model of
friction coefficient determining in hydroforming has been
analysed, where the guided zone and expension zone has
been taken into account, and with the equation derived (5).

With the analytical model of friction coefficient
determining, it is in the function of the dimensions: work-
piece material, workpiece wall thickness, fluid pressure
and deformation ratio. The analytical model for friction
coefficient determining in hydroforming is practical for
application and describes a real model of hydroforming.
Direct measuring of contact friction between the die and
workpiece in plastic forming process can be carried out
with the application of the needled sensors.
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Fig. 6 Position of needled sensors in hydroforming process

This method of experimental measuring is one of
the most reliable and accurate method, because the contact
friction is directly measured by sensors placed into the die,
through which normal or tangential stress has been meas-
ured. The Fig. 6 presents the way of placing the needled
sensors of contact friction measuring in T part hydroform-
ing process.

The needled sensors can be successfully applied
in other processes of plastic forming. With the application
of experimental way of contact friction measuring by the

needled sensors, the information about tribological state
between workpiece and die occur. Though, this method is
very expensive and demands sensor installation into a die.

3. Conclusions

In the process of hydroforming, the friction be-
tween a die and workpiece significantly influences on a
material flow and presents the crucial parameter in deter-
mining of work pressures in hydroforming process. The
conditions of the contact friction are constantly changing
during the hydroforming process and present a complex
analytical problem, which complicates obtaining of a relia-
ble mathematical friction model. A key factor in physical
simulation of process is an election of an adequate lubri-
cant, in order to establish conditions of similarity of the
real and model process, and validity of modelling results.

The contact of a workpiece and die for hydro-
forming in a work process manifests with the friction force
which has an influence on: axial force, axial punch feed
and workpiece wall thickness. The stress-strain state and
their disposition during the tube hydroforming are founda-
tion where the friction influence in tube hydroforming is
based on. Theoretical researches imply the calculation of
fluid pressure and axial force. The fluid tube pressure that
forms the T shape tube is determined with the Eq. (1),
while the force necessary for plastic deformity of tube is
given with the Eq. (2). With the friction analysis between a
tube and die in hydroforming, a new approach of analytical
determining of friction coefficient has been developed.

The new approach to analytical model of friction
coefficient determining in hydroforming has been ana-
lysed, where the guided zone and the expansion zone has
been taken into account, and with the equation derived (5).
With the analytical model of friction coefficient determin-
ing, it is in the function of next dimensions: workpiece
material, workpiece wall thickness, fluid pressure and de-
formation ratio.

The analytical model for friction coefficient de-
termining in hydroforming is practical for application and
describes a real model of hydroforming. Direct measuring
of contact attrition between the tool and preparation in
plastic forming process can be carried out with the applica-
tion of the needled sensors, like it is shown in Fig. 6.

References

1. Karabegovi¢, E. 2009. Modeling and optimization of
parameters in hydroforming thin-walled tubular ele-
ments, University of Biha¢, Faculty of Technical Engi-
neering, Doctoral dissertation, 9-29 (in Bosnian).

2. Musafija, B. 1991. Metal forming processes, Svjetlost
Sarajevo, 480-485 (in Bosnian).

3. Kuzman, P.; Kampus, Z. 2000. Suggestions for plas-
tic forming process planning, University of Ljubljana,
Faculty of mechanical engineering, Ljubljana, 12-15 (in
Slovenian).

4. Nikoli¢, M.D. 2001. Forming processes, University of
Belgrade, Faculty of mechanical engineering, Beograd,
58-62 (in Serbian).

5. Cristina, J.B. 2008. Mechanics of ultrasonic tube hy-
droforming, The Graduate Faculty of North Carolina
State University, Raleigh, North Carolina, 40-49.

6. Puki¢ H. 1998. Experimantal methods, University of



DzZemal Bijedi¢, Faculty of mechanical engineering,

Mostar, 66-70 (in Boshian).

Karabegovi¢, E.; Jurkovi¢, M.; Jurkovi¢, Z. 2007.

Theoretical analysis of hidroforming of tubes, Journal

of Manufacturing Engineering 5(3): 58-62.

. Jurkovi¢, M.; Karabegovi¢, E.; Jurkovié¢, Z.;

Mahmié, M. 2007. Theoretical analysis of the tube hy-

droforming process parameters and a suggestion for

experiment, 11th International Research/Expert Con-
ference, Trends in the Development of Machinery and

Associated Technology TMT 2007, Hammamet, Tuni-

sia, 83-86.

Plan¢ak, M.; Vollertsen, F. 2003. A Contribution to

determining the friction coefficient in hydroforming of

tubes, Tribotest Journal 9(3): 219-230.

http://dx.doi.org/10.1002/tt.3020090305.

10. Randi¢, B. 1989. Determining of working pressure and
force of T shape forming process with bend narrowing,
22nd Yugoslavian symposia in production engineering.

11. Jurkovié¢, M.; Karabegovi¢, E.; Pukié¢, H. 2006. fric-
tion influence on the stress state at the hydroforming of
tubes, Mechanika 124-128.

12.Plancak, M.; Vollertsen, F.; Woitschig, J. 2005.

Analysis, finite element simulation and experimental

investigation of friction in tube hydroforming, Journal

of Materials Processing Technology 170: 220-228.

http://dx.doi.org/10.1016/j.jmatprotec.2005.04.109.

Bogoyavlenskij, K.N.; Serjakov, E.; Hidravliceska-

ja, 1. 1972. Formovka trojnikov i krestovin (Hy-

draulisches Formen von T- und Kreuzstiicken), Kuz-

njecnoe-Stampovocnoe Proizvodstvo 4: 22-25.

Hartl, C. 1995. Ein Beitrag zur Flexibilisierung der

Innenhochdruckkumformung Dissertation Universitat —

GH Paderborn, Verlag Shaker, 48-67.

Ngaile, G.; Yang, C. 2009. Analytical model for the

characterization of the guiding zone, tribotest for tube

hydroforming, Journal of Manufacturing Science and

Engineering 131: 865-873.

http://dx.doi.org/10.1115/1.3090888.

Mahmi¢, M. 2012. Modeling and optimization of die

for plastic forming using experiment and knowledge

bases, University of Biha¢ Faculty of Technical Engi-

neering, Doctoral dissertation, 41-52.

13.

14.

15.

16.

E. Karabegovi¢, 1. Karabegovi¢, M. Mahmi¢, E. Husak

PLONASIENIU VAMZDINIU ELEMENTU
HIDRAULINIO FORMAVIMO TRINTIES
KOEFICIENTO ANALITINIS MODELIS

Reziumé

Naujos technologijos sparCiausiai diegiamos au-
tomobiliy ir aviacijos pramonéje, nes jos yra siejamos su
saugumo ir ergonomikos kriterijais. Sie reikalavimai pa-
skatino kurti nauja gamybos filosofija, kuri siejama su mo-
dernia gamyba — plastiky formavimu ir modeliavimu nes-
pudziais skys¢iais.

705

Vamzdziy hidraulinis formavimas ypa¢ paplito
per pastaruosius penkerius metus ir laikomas sparc¢iai besi-
vystan¢ia technologija. Siame straipsnyje pateikiami plo-
nasieniy vamzdziy elementy tyrimy ir analizés rezultatai.
Kontaktuojant ruoSiniui ir presui hidraulinio formavimo
metu pasireiSkia trinties jégos. Tai ver¢ia analizuoti T for-
mos vamzdzio deformacijos formavimo metu zonas. Pasit-
lytas trinties tarp vamzdzio ir preso koeficiento pokycio
analitinis modelis. Sio straipsnio tikslas — pateikti naujo
trinties koeficiento nustatymo formuojant plonus vamzdziy
elementus analitinio modelio i$raiska, kuri realiausiai api-
budinty procesa. Straipsnyje apraSomas adatinio jutiklio
irengimo, matuojant kontaktine trintj T formos vamzdzio
hidraulinio formavimo metu, eksperimentas.
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ANALYTICAL MODEL FOR FRICTION
COEFFICIENT DETERMINATION IN
HYDROFORMING OF THIN-WALLED TUBE
ELEMENTS

Summary

Industrial branches where the changes occur with
the introduction of the new technologies in a very short
period are automobile and aviation industries, because the
securing and ergonomic criteria had to be achieved. These
demands initialized setting of the new productive philoso-
phy, which is based on a modern production like plastic
forming and modelling with an incompressible fluid.

A tube hydroforming got a significant role in the
last five years and is considered as a technology of rapid
development. This paper provides researches and analyses
of hydroforming of thin-walled tube elements. A work-
piece and die contact for hydroforming in a work process
manifests with the friction force which has an influence on:
axial force, axial punch feed and workpiece wall thickness.

The stress-strain state and their disposition during
the tube hydroforming are foundation where the friction
influence in tube hydroforming is based on. It provides an
analysis of deformation zones and friction in T shape tube
hydroforming. An analytical model of friction coefficient
change in hydroforming between a tube and die has been
carried out. The main objective of this paper is to suggest
new analytical model for friction coefficient determination
in hydroforming of thin-walled tube elements which de-
scribes process the most realistically. This paper provides
an experimental way of needle sensor setting in measuring
of the contact friction in T shape tube hydroforming.

Keywords: friction, thin-walled tubes, analytical model,
hydroforming.

Received January 16, 2013
Accepted November 28, 2013


http://dx.doi.org/10.1002/tt.3020090305
file:///F:/Jurković/prikazi-rad
file:///F:/Jurković/prikazi-rad
file:///F:/Jurković/prikazi-rad
http://dx.doi.org/10.1016/j.jmatprotec.2005.04.109
http://dx.doi.org/10.1115/1.3090888

