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Thin-walled tubes are applied in several industrial areas, as heat exchangers, shock absorbers, preforms to other metal forming processes,
etc. In this study an experimental and theoretical investigation is performed invalving tube end expansion, reduction and inversion process-
es using a die. The parameters that govern each process are investigated. A brief description of each process and a summary of the state
of art are presented. The material employed in the experimental tests is an AISI 1010 carbon steel and all the work is carried out at room
temperature. The theoretical investigation is done using FEM software QFORM 3D, version 4.1.5. In order to feed the software with realis-
tic data stress—strain curves for the material were obtained by means of compression tests and the tribological conditions at the contact in-
terface between the tube and the tools was estimated by means of ring compression method. The investigation on the tube end-forming
processes focused mainly on understanding modes of deformation and on establishing formability limits for each of them. The results show

that processes for end-forming of thin-walled tubes are successful only within a compact range of process parameters.
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Introduction

Thin-walled tubes are applied in several industrial areas
as heat exchangers, shock and energy absorbers, setting sys-
tems, preforms for other metal working processes., etc. Usu-
ally the production of these parts involves the execution of
finishing or setting operations in the tube extremity [1-4].
These operations can be divided into four types that can be
combined to generate a great number of geometric forms
[5]. Figure 1 shows the four basic modes of operation: ex-
pansion, reduction, external inversion, and internal inver-
sion.

During end-forming tube operations the material is sub-
jected to strain hardening. This phenomenon, the geometric
characteristics and the frictional conditions define the feasi-
bility of the process and the final mechanical properties of
the tubular part.

Plastic deformation is the result of three different mecha-
nisms: bending and/or ‘unbending’. stretching or compres-
sion along the circumferential direction, 6, and friction.

In expansion and reduction the main geometric parame-
ters are the angle, e, of the punch or die (sce Figures 1a and
1b) and the deformation degree along the diameter. In an
expansion process the first contact between the tube and the
punch is characterized only by the slide between the sur-
faces of the tube and the punch. The plastic deformation be-
gins at point B, where the tube starts bending until point C.
Between points C and D tube stretching occurs along the
circumferential direction. The ‘unbending” occurs between
points D and E where the tube no longer has contact with
the punch. Between points E and F there is a deformation
free region where the behavior of the tube is close to that of
a rigid body. The main influence of friction occurs between
points B and D. The reduction process can be described as
having a similar form. A difference is that between points C
and D the tube is compressed in the circumferential direc-
tion.

The external inversion process occurs as shown in Figure
lc. Bending occurs at point B, where the tube has the first
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contact with the die and at point D where the ‘unbending’
takes place. Stretching occurs along the circumferential di-
rection while the tube is deformed against the die radius,
from point B until point D. The friction exerts influence
from point B to point C where there is contact between the
tube and the tool. The internal inversion process (Figure 1d)
runs in analogous form to the previous one, bending at point
B and ‘unbending” at point D. However, in contrast to the
previous case, the tube is compressed between points B and
D. The influence of the friction occurs in the interface
tube/die between points B and C.

Several papers [1-5, 10-12] on the end-forming process of
thin-walled tubes carried out with aluminium alloys
demonstrate the existence of different modes of tube defor-
mation. Besides the desired mode of deformation in each
process. other modes can occur and make the process im-
practicable.

In the expansion process formability is limited by the oc-
currence of local buckling when high ratios of Ip/rp and
small expansion lengths are used. On the other hand, if
large expansion lengths are used, the limitation of the
process is due to the occurrence of ductile fracture in the
highly stretched regions in the circumferential direction, In
the reduction process the occurrence of local buckling
seems o be the factor that limits the feasibility of the
process to small and to large reduction lengths.

In the external inversion process the tubes suffer local
buckling when a small die radius is used. An excessively
large die radius fracture is observed due to the high tensile
stresses developed in the circumferential direction. In inter-
nal inversion only local buckling is observed if a successful
process is not achieved.

The main objective of this paper is to review and extend
knowledge of end-forming processes of thin-walled tubes
by means of a theoretical and experimental investigation.
Emphasis is focused on understanding the parameters that
govern each process seen in Figure 1.

The processes are investigated through numerical simula-
tion using the finite elements method with commercial soft-
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Figure 1. Four end-forming tubes processes: (a) expansion; (b) reduction; (c) external inversion; (d) internal inversion.

ware QFORM 3D, version 4.1.5. The processes are carried
out at room temperature. The experimental work is per-
formed for the purpose of supporting and validating the nu-
merical simulations carried out.

Literature Review

Expansion and reduction. Literature on end-forming
tube processes is relatively rare. The first work found on ex-
pansion and reduction processes was published by Avitzur
[6] in 1965. In 1996, Sadok et al. [7] used the finite ele-
ments FORGE?2 software to calculate the force and strain
distribution in an expansion process. In 1997, Um and Lec
[8] presented an upper bound solution to tube drawing
processes with a fixed plug and considered that the solution
for the reduction process can be obtained with friction be-
tween the tube and the plug becoming equal to null In
1998, Ruminski et al. [9] used FORGE2 software to study
the effect of convex and concave dies on the mechanical
properties distribution in a reduction process. In 2006 Alves
et al. [10, 11] and Almeida et al. [12] carried out theoretical
and experimental investigations on the expansion and re-
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duction processes of aluminium alloys with IFORM 2D/3D
software.

Inversion processes. In 1966, Guist and Marble [13] car-
ried out the first related experiences with the free external
inversion of tubes. A few years later, in 1972, Al-Hassani,
Johnsons and Lowe [14] developed detailed investigations
on the external inversion of tubes using a die. In that work
a rigid plastic model was assigned to the material and a null
value to the friction. In 1976, Al-Qureshi and Morais [15]
investigated experimentally and analytically the external in-
version of copper and brass 70/30 tubes. They developed an
analytical treatment similar to that presented by Al-Hassani
[14] but with the inclusion of the friction effect in the con-
tact area between the tube and the die. The following year
Al-Qureshi and Morais [16] extended this analysis to the in-
ternal inversion process. The internal inversion of tubes was
studied in 1983 by Kinkead [17] and included strain hard-
ening of the material, {riction in the tube/die interface and
variation of tube wall thickness during the process. Be-
tween 1986 and 1999, Reddy, Reid, Harrigan and Peng
studied the external [18-20] and internal [21, 22] inversion

799



Metal Forming

800
S700 -
=600 -
8500 - -/.,-/
400 4 Strain rate (1/s)
@
2300 - N 1?8
® 200 - —— 01
=
%100

0 . :
0.0 0.2 0.4 0.6 0.8 1.0

Effective strain (-)

Figure 2. Flow curves for AISI 1010 carbon steel at room tempera-
ture.

of metallic tubes using the ABACUS software. Tn 1992,
Yang and Zhaorong [23] presented a model to determine the
die radius for which the tube can be inverted without the
occurrence of plastic instability or rupture. The first inten-
sive study of tube inversion using the finite elements
method seems to have been developed in 2001 by Yang et
al. [24, 25]. In 2003, Rosa et al. [1, 2] presented the results
of extensive study on the external inversion of thin-walled
tubes in a die, guided towards understanding deformation
modes that are associated with the definition of formability
limits. In 2004, Rosa et al. [3] transposed the methodology
used in the work with external inversion [1, 2] to investigate
the parameters that define the internal inversion process. In
the same year Brito et al.[4] carried out studies on the in-
ternal inversion process emphasizing the influence of fric-
tion.

Theoretical Background

QFORM-3D code is based on the flow formulation where
independent variables are velocity vector and mean stress
[26]. This kind of formulation means that the follow varia-
tional equation must be solved:

/66§dv+f péé,dv +[ 2,8p 7fﬂ-5u, ds=0
v v v ¥

6]

where &, ?,, ,& and 8v; are, respectively, the effective stress,
the effective strain rate, the volumetric strain rate and an ar-
bitrary variation of the velocity field, p is the pressure, F;
means the external stresses aplied on the body surface and
Vand § are the volume and surface of the part. A rigid-vis-
co-plastic model is used for the material that is considered
incompressible, isotropic continua and elastic deformations
are neglected. The effective stress is a function of effective
strain, effective strain-rate and temperature. The friction
model that describes the part/die surface contact was pro-
posed by Levanov [27] and can be written as:

ft = Kpf\‘k [] 7exp(_]>25_[‘r/g\'k)] (2)
where f; is friction stress at a given point of the slip super-
face, oy = /31y is resistance to deformation for a thin

near-contact layer, f, is normal stress and K, is a constant
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that depends on the state of the friction surfaces as rough-
ness, adhesion properties and the presence of a lubricant
film [27].

Simulation Planning

The simulation work was planned based on the experi-
ence acquired in previous studies on end-forming processes
of tubes carried out with aluminum alloys [1-5, 10-12].

The external and internal inversion processes were stud-
ied with tubes 100 mm long, walls 2 mm thick and external
diameter 50.8 mm. The study was carried out to verify
process feasibility as a function of the die radius, r., (Fig-
ure 1). Five different die fillet radii (2.54. 5.08. 7.62, 10.16
and 12.70 mm) were tested. Thus the ratios r.,,/r, between
the fillet radius of the die and the outer radius of the tube
were (0.1,0.2,0.3,0.4 and 0.5. In the case of the internal
inversion an additional die equal to 4.5mm
(Fem/r.=0.177) was used.

In an expansion (or reduction) process the influence of
expansion degree (or reduction degres) 2nd of the punch (or
die) angle on the process feasibi was studied. In both
cases the angles were 15, 30 and 45" In expansion defor-
mations of 20, 40 and 60% were used. cor onding to an
outer radius of 30.48. 45.56 and 40 624 mm 1o the tube. In
reduction the deformations were sgual 10 —20, —40 and
-60%, corresponding to outer radii of 2032, 1524 and
10.16 mm. In these cases 200 mm-lonz mhes were used.

radius

Experimental Background

Flow curves. In the experimental tests AIST 1010 carbon
steel was used. The stress—strain curve was obtained by
means of compression tests in diferent strain rate conditions
(0.1, 1.0 and 10.0 ™) and at room temperature. The com-
pression test samples were machined with a 10 mm diame-
ter and 15 mm height from a 12.5 mm diameter cold drawn
rod. Figure 2 shows the curves obtained. The curves were
loaded onto the software by means of a table.

Friction factor. Ring compression tests at room temper-
ature were employed to estimate the tribological conditions
at the tube/tools interface. Ring samples with a ratio of
6:3:2 were used. The tools for these tests were polished and
MoS; was used for lubrication. Under these conditions the
constant, K, (equation 2) was determined by means of an
inverse calibration technique using software QFORM and
was found to be equal to 0.02. Figure 3 shows the calibra-
tion curves which present the relative variation of the inter-
nal radius versus the relative variation of the height for con-
stant values of K,,. In addition, some experimental points are
presented.

Expansion tube tests. The experimental work on tube
expansion confirmed the existence of three different modes
of deformation. For large ratios r,/ry and small expansion
lengths (high values of the angle) the process feasibility is
limited by the occurrence of plastic instability. On the oth-
er hand, for large expansion lengths (small values of the an-
gle) the limit of the process is the occurrence of ductile frac-

steel research int. 78 (2007) No. 10-11



Metal Forming

20

=20 4

+ Experimental points

Decrease in internal diameter (%)

K,=0.05

K,=0.02

60 -
-80 K,=0.01
-100 ‘
0 10 20 30 40 5 80 70 80

Reduction in ring height (%)

Figure 3. Calibration curves for constant values of the friction fac-
tor, K. and experimental values of the ring test.

ture in the highly stretched re-
gions in the circumferential di-
rection. Figure 4 shows three of
the tested samples, each one pre-
senting a mode of deformation.

Simulation Results and
Discussion

Expansion. The simulations of
the expansion process repro-
duced the experimental results
and confirmed the existence of
three modes of deformation: lo-
cal buckling, expansion and frac-
ture. Figure 5 shows force-dis-
placement curves calculated for
the three experimental cases in
Figure 4. The figure also shows
the geometries calculed using
software  QFORM 3D, which
present excellent agreement with
the experimental results.

Reduction. The simulation of
the reduction process indicated
the existence of two modes of de-
formation for the tubes: reduction
or plastic instability. Among the
cases analysed only those in
which the deformation was 20%
had  resulted successful
processes. In the other cases local
buckling occurred. Figure 6
shows the force-displacement
curves of the cases with 20% and
40% deformations and die angle
equal to 45°. In the case of the

n
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ling, expansion and fracture).
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Figure 4. Three different modes of deformation observed in exper-
imental work of the expansion process (from left to right: local buck-
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Figure 5. Force-displacement curves and final geometries calc

ulated by software QFORM for
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Figure 7. Force-displacement curves and the final geometries calculated by the software for

the three modes of deformation in the external inversion process wh
0.3 and 0.50.

a0 0 100 used in the die (repy, in Figure 1).
When a very large fillet radius is
used in the die, the material {rac-
tures. The rupture is caused by
the tensile stresses along the cir-
cumferential direction as well as

by the wall thickness reduction

en rem/Te is equal to 0.10,

140
when the inversion approaches
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ndp=015 fomf16=0.20 displacement curves and the fi-
100 - fom/19=0.177 nal geometries calculated by the
software for the three modes of
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40 4 reached. Then the tube buckles
and the force decreases. This
20 4 on/=0.15  tem=0.177 r””jr"—g'm mode of deformation occurs
when the ratio between the fillet
v T i ' i i radius of the die and the outer ra-
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Figure 8. Force-displacement curves and final geometries calculated by the software for three
different cases in the internal inversion process. The process was only successful with a fillet

die radius equal to 4.5 mm  (rgm/Te =0.117).

successful process the force-displacement curve shows two
distinct stages. In the first stage the curve grows until about
110 kN. Beyond this point the load stabilizes and the
process becomes stationary. When local buckling occurs,
two stages in the curve can also be observed. In the first,
force grows approximately until 120 kN. At this point the
critical instability load is reached, and force decreases while
the material folds on itself. Process continuity leads to the
occurrence of successive force peaks while new folds are
formed. The instability load calculated by the software is
compared with a value calculated by Timoshenko [28] tan-
gent-modulus approach,

1
3.(1—1v?)
where v is the Poisson ratio and E; is the tangent modulus
of the material defined as the slope, do/de, of the flow

stress curve in the plastic range at the current value of
o = P/A.

Ty

y 3
r

O =
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dius of the tube (ru,/r.)is 0.1. At
the ratio r.,,/r. = 0.5 fracture was
observed. In this case the force
grows until about 70 kN and de-
creases quickly when the rupture
starts. The process was success-
ful when ratios r.,/r, equal to 0.2,0.3 and 0.4 were used.
In these cases the force grows until the process becomes
stationary.

Internal inversion. In the internal inversion process two
modes of deformation were observed during the simulation
with different parameters: inversion and instability. Frac-
ture is not observed because in this process stresses in the
circumferential direction are compressive. However, the
range of ratio r.,,/r. where the process is feasible seems to
be smaller in the external inversion process. Figure 8 shows
the force-displacement curves and final geometries calcu-
lated by the software for three different cases. Only for a fil-
let die radius equal to 4.5 mm (r.,/r, =0.117) was the
process successful. Out of the range 0.1< 7, /r, < 0.2 local
buckling was observed. In the successful case the force-dis-
placement curve grows until about 95 kN and then a steady-
state stage is reached. In the other cases the force grows un-
til about 120.13 kN when r.,/r, =0.1 and until 124.38 kN
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when r.,/r. =0.2. When the critical instability load is
reached, the tube buckles and the force decreases quickly.

Conclusions

The manufacture of sound thin-walled tubular parts by
expansion, reduction and external or internal inversion us-
ing a die seems to be limited to components with a compact
geometrical features range. This work shows that the pa-
rameters that govern the processes are the ratio r.,/r, and
the angle of the conical surface of the punch (in expansion)
or die (in reduction). Probably, the ratio between the thick-
ness of the tube wall and its initial radius also play an im-
portant role in the feasibility of the process. However, it is
not verified in the cases analysed in this work. For the ex-
pansion process the simulation and the experimental work
confirmed in the case of steel tubes that for large ratios of
Femire and small expansion lengths (high values of the
punch angle), the occurrence of local buckling limits the
formability. On the other hand, for large lengths of expan-
sion (small values of the punch angle) the limitation is the
occurrence of ductile fracture.

In the inversion processes the ratio r.,/r, between the fil-
let radius of the die and the outer radius of the tube seems
to be the main parameter that governs the process. External
inversion is limited by occurrence of buckling for small val-
ues of r.,/r, while large values of the ratio favour the onset
of cracks along the circumference. In internal inversion the
range of the ratio r.,/r, at which the process is successful
seems to be much more restricted than in external inversion.
In internal inversion the process is limited by the occur-
rence of plastic instability (buckling) at small and large val-
ues of the ratio re,/re.
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