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Analysis of forming limit in tube hydroforming process

J. Kim, C. D. Park, Y. S. Kim and J. Y. Lee

Abstract
The automotive industry has recently shown a growing interest in tube hydroforming. Even though many structural

parts in automotives have been produced from the cylindrical tubes, many failures - wrinkling, buckling, folding back,

bursting and so on - are frequently experienced during the tube hydroforming process under improper forming conditions.

In this paper, analytical studies are performed to determine the forming limits for the tube hydroforming process and
demonstrate how the loading path influences the forming limit. The theoretical results for the forming limits of the
wrinkling and bursting are then compared with the experimental results for an aluminum tube.
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1. Introduction

Tube hydroforming is a relatively new technology that
is currently enjoying increasingly widespread industrial
application. This technology has already been widely
utilized in fields such as the pipe fitting industry and
of suitability for
manufacturing light and high-rigidity parts. Recently, the
use of tube forming technology in the manufacture of

bicycle industry because its

automobile parts has increased, where many automotive
part manufacturers have started to make the hollow parts
of structure components using tube hydroforming to
achieve a weight reduction, improve the strength
reliability of the products, and reduce the process
numbers and cost. [1-4] .

The forming principle behind the hydroforming
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process involves a starting tube being aligned to the
internal surface of a tool that encloses the tube through
the combined action of mechanical loading and
hydrostatic internal pressure [5-7]. The implementation
of this principle leads to highly complex process
sequence with a large number of parameters related to
the tube, the tool and the process working together to
achieve a successful forming products. . There is always
a danger of premature work piece failures — buckling,
bursting, wrinkling and so on - because of incorrectly
adjusted process parameters or tube dimensions and
shapes that do not correspond to the required design of
the part. The occurrence of these forming failures
represents the forming limit of the tubes [8,9]. The
selective control of the tube forming process and the
availability of a forming machine that is commensurate
with the requirements of the process are thus of key
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importance for the successful application of this
technology [10-14].

In order to obtain safely formed products without such
forming failures, the loading path between the axial
feeding and the internal pressure must be controlled
simultaneously to improve tube formability.

In this paper we analytically investigate the forming
limits for the tube hydroforming process, especially
bursting and wrinkling failures, and the predicted results
are compared with the experimental results for an
aluminum tube [5]. Due to the insufficiently of Hill’s
anisotropy yield criterion[15] to describe the plastic
behavior of aluminum tube material having R<1.0, we
adopted Hosford Yield criterion[16] in this study.

2. Analytical Study

2.1 Theoretical background

A tube is modeled as a thin-walled axisymmetrical
shell in which the directions of the principal stresses o,
0, and o, atany point are the axial, circumferential
and thickness directions, respectively. It is assumed that
o, |
increments dg,, dg, and dg, coincide with the

is negligible and that the principal axes of the strain

principal stress axes.

Here, Hosford’s yield criterion for anisotropic
material [16] is employed to describe the plastic
deformation behavior of the tube subjected to hydrostatic
pressure. Then, the equivalent stress can be written as
follows:

lo)|" +|o,|" + R, | = (R+1)o” o))

The corresponding flow rules are

] dg, _ de,

a- a-1 a-1 a-

lo|'” + Rlo, — o log|"” - Rlo, -0, ! @)
de, de

) —(|0',

a-1 +R[O'€|a_l) - (1 +R)En—l

Here, R is an anisotropic parameter. And the
exponent g is greater than 2. With g=2 , this
criterion  simplifies to Hill's anisotropic yield
criterion[15]. Kim, et al.[17] evaluated the formability of
tube under hydroforming for anisotropic material using
the Hill’s criterion. They showed that the bursting limit

of tube overestimated the experimental data[5] by
adopting Hill’s anisotropic yield criterion. However, the
crystallographic  calculations are much  better
approximated by a=6 for BCC metals and g =38
for FCC metals.
Also, the work hardening characteristics of the
material is assumed to follow the power law,
o=Ke' )
where, K is the strength coefficient and # is the
work hardening exponent. From the volume constancy,
de,+de, +dg, =0 4)

Assuming that principal stresses maintain constant
their ratios and directions, the ratios of the strain

increments will be fixed, such that
o, _dg _lo”" +Ra-1" )
1-Rla 1"

o, de,

From Eq. (1) and Eq. (2), hoop directional stress and
strain are expressed as follows :

1a
R+1 - :
0-9 = a-1 a-1 a (6)
1+]af™” + Rl -1
£ =————o,|" (1= Rz~ 1" )
(+R)o

Also, substituting Eq. (6) into Eq. (7)

g = 1- Rla —l’ _ z (8)
a) a

(A+R)“(+|a| + Rla -1

Substituting the hoop directional stress o, = £>0
t

into Eq. (7), the following relationship between internal

pressure and strain component is obtained.

1

el o 4R |
r i (1= R~ ©)

1
t —n—{-l 1 a-1
==Kg ° —tR—;:Ea
r 1-Rla -1

where p is the internal pressure in the tube. ¢ is
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the tube wall thickness at any instant and » is the
instantaneous tube radius measured perpendicularly to
the axis of tube during bulging defined as follows :

t=1,exp(e,) =1, exp{= (¥ + e, }

r =r,exp(&,) (10)
Consider the tube is subject to the combination action

of the internal pressure p and axial compressive forces

F as in Fig. 1. For an element at the middle of this
tube, the following equilibrium equations can be written.

o (1)
t

Izﬂ_i (12)
2t 2mt

Assume that the tube hydroforming tool has the shape
shown in Fig. 1.

=
H__rl

r j“ w During

Before

w

Fig. 1 Principle of tube hydroforming (original tube
shape and intermediate shape of tube

Then, the forming force can be defined as

F=W-F, e~ Fpicion The sealing force applied at
both ends of the tube can be written as Foputing = prry -

In this study, we assume there is no friction force

(u=0)

2.2 Necking criterion of tube during the
bulging process
Diffused necking in the circumferential direction can
occur at maximum internal pressure. The critical stresses
and strains in the tube wall at this instant can be derived
as follows [18-19]:

forming

H?H forming

dpzd("_o’]zo (13)
r
That is,
dO‘G (14
=(y +2)de, )
Ty

From Eq.(6), Eq.(14) is also written as follows:

=(y +2)de, (15

Q||§'|

Hence, substituting Eq. (8) into Eq. (15)

do 1-Rla-1""

_ d; (16)
A+R)"“Q+lef + Rla-1") «

a-1
T=(}’+2) 1—R[a—l| _ po 17

1+R)"“(+]e| +Ra-1") =

Using the stress-strain relationship of Eq. (3), above
equation yields the following effective strain at
instability:

a1
"+R|a—1|a) a (18)
1-Rle~1""

- n (+R)"“(1+|a
Emax =
r+2)

It is very interesting to note that the effective strain to
diffuse necking occurrence does not depend on the
loading path since there is no integration over the strain
path in its derivation. Substituting Eq. (18) into Eq. (8),
the following relationship is derived

89 max -——n—_ (‘ 9)
’ y+2
or

8I.max + 2£H,max =n (20)

From the volume constancy, the maximum thickness

strain at instability is given by

g =-L¥L, en
y+2

If we preserve the value of strain increment ratio y
at -1, the thickness strain is zero from Eq. (21). This
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means that the wall thickness remains constant during
tube hydroforming operation. From Eq. (21) we can
conclude that very large bulging forming of the tube is
possible without thickness reduction provided a
sufficiently large axial compression balanced with
internal pressure is applied.

In this paper, as a criterion of instability occurrence,
we adopt the following experimental equation with
FLC, of the forming limit curve (FLC), which was
determined from the tube bulging test [8]:

&) max + 289 max = IM(1+0.01FLC,) (22)

Using this relation and Eq. (9), we can obtain the
following relationship between the bursting pressure and
the strain component:

1

t o 1+R o
Pcr = 1 a-1 gl?.max
r——=\1-Rla-1 (23)

£k

1
t -~ 1+R ot
== KEmi™ | ———05 €6 mux
r 1-Rla -1

2.3 Forming limit of wrinkling during the
bulging process
A second possible mode of failure is a wrinkling of

the tube due to excessively high axial compressive stress.
Although there are several modes of wrinkling, the most
likely mode is the formation of an axisymmetric wrinkle
of the tube. The critical wrinkling stress is obtained as
follows:

If the cylindrical tube is loaded under the combination
action of axial load and internal pressure, the following
differential equation for symmetrical deflection of a
cylindrical shell can be used in calculating the critical
load for wrinkling occurrence.

d*w d*w Et
D——-N,—+Z2w=p @4
dw* Taw?  r?

where NN, is a normal force per unit distance in the
shell (N, = 0,t,) and is considered positive when it
is under compression. W is the displacement in the
thickness direction. D is the flexural rigidity of the
shell defined as follows:

p=_ft (25)
12(1-v)
In addition, plastic deformation may be defined as
follows:
Etg Ertg (26)

D:—-———-—:
120-v) 9

Here E_ is a reduced modulus of elasticity and is
defined as follows:

£ - YEE__ @7
" (VE+JEY
where E is an elastic modulus and FE, is a tangent

modulus. Both moduli are defined as
E=cie=Ke and E =do/de=nKe .

Radial displacement w is assumed by the following
equation for axisymmetric wrinkling formation:

(28)

. max
w=—4sin

where [ is the length of the cylinder and m is the
number of a half wave length.

Substituting Eq. (28) to Eq. (24) and equating the
coefficient of SIN (mmx ) to zero, we obtain the
equation of the critical wrinkling stress.

2.2 2
e Ay
o o r,Dm'n

Assuming that there are many waves formed along the
length of the cylinder during wrinkling formation and

o)

also considering &, as a continuous function of
ma [ [, the above equation can be simplified as follow:

o, =~ JEDr, (30)

Folo
and wrinkling occurs at

mnr _ Eto (31

RACLLR el R
] r,D

Therefore Eq. (30) gives the limit of wrinkling
occurrence of the cylindrical tube under the combination
action of axial load and internal pressure. However this
equation only predicts that the wrinkling of the tube
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occurs along the full length of the tube and that the
amplitude of the wave is constant along the full length of
the tube. In practice, however, this situation rarely occurs
since the major part of the ends of the tube specimen is
constrained by the sealing die compressing both ends of
the tube. The real phenomenon shows wrinkling is
almost confined near both ends of the tube and the
amplitude of the wave decreases towards the center of
the tube.

Substituting Eq. (25) and Eq. (26) into Eq. (30) the
critical stress at wrinkling occurrence is expressed as

follows:
Ex, (32)
O-cr I e
oy 3(1=v?)
4E1, (33)
g

3r0(1+ {Ej
El

Equations (32) and (33) yield the critical stresses at
wrinkling occurrence for elastic and plastic deformation
regions of the tube, respectively.

3. Results and Discussion

The tube considered in this study is aluminum used in
the experiment [5]. The mechanical properties are shown
in Table 1. The parameters of the aluminum tube are as
follows: the tube length of the expansion zone,
L=100mm ; the average initial tube radius,
r,= 24.5mm ; and the initial tube thickness,

, = 1lmm.

Table 1 Mechanical properties of aluminum

K (kg, /mm?*) 15
n 0.24
TS (kg 1 mm?) 8.8
El(%) 35.9
R 0.75

- -n
where, c=K¢

Figure 2 shows the relationship between the forming
pressure and the forming radius obtained by Eq. (9) in
the case of various loading paths, plane strain (y =0),
pure shear ( = —1) and uniaxial tension (y = —0.5).

The forming pressure decreases and becomes slack
after a sudden increase with each drawing mode
according to an increase in the forming radius. After
reaching the maximum forming pressure, the pressure at
the plane strain forming mode drastically decreases with
the forming radius. Also, as the forming mode changes
from y =0 to y =—0.5 and y =-1, the forming
pressures become generally lower and the forming radii
with the maximum forming pressure increase. The
maximum pressure is highest at =0 while lowest at
y =-1. However, for the forming mode of y =-1,
the forming radius denoting the maximum pressure is not
clear, compared with the other drawing modes. The
maximum expansion of the tube occurs at the forming
mode y =-1. This means that the tube forming radius
highly increases as high compression is actively applied
at the both ends of the tube.

e
a

Calculation from Eq.(9)
{ Maximum pressure

o -
rel .
o

’

i/
g

Plane strain(y = 0)
H e Uniaxial tension(y = -0.5)
—=-— Pure shear(y = -1)
0 1 I 1 I 1
245 30 40 50
Forming radius, r [mm]

Forming presssure, p [kg /mm’]
o
o ¢

Fig. 2 Relationship between forming pressure and
forming radius along each forming mode

Figure 3 shows the relationship between the bursting
pressure and the axial strain, as determined by Eq. (23),
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with the occurrence of a neck. The maximum value of
the bursting pressure is near the plane strain forming
mode (&, = 0). The value, thereafter, decreases with an
increase in the axial compressive strain. From the
experimental results with a Cu tube by Fuchizawa [5], it
was reported that the strain state is almost sustained in a
plane strain state for the case of the initial length and
diameter ratio, L/ D > 2. Therefore, it is important to
preserve L/D >2 to estimate the lowest value of the
forming limit for the maximum allowable expansion of a
tube under tube hydroforming process like the FLDo
value in the forming limit diagram of sheet metal.

o
=

Calculation from Eq.(23)

o
w
I

Bursting pressure, p,, [kg/mm?)]
o
Sl

01+
Plane strain(y = 0)
S Uniaxialjtenstony = ~0.5)
== Pure sheary = ~1}
0 R S R RN
-0.6 -0.4 -0.2 0 0.2 0.4

Minor strain, €

Fig. 3 Relationship between bursting and minor
strain

Figure 4 shows a comparison between the theoretical
analysis and the experimental results [5] for the
occurrences of wrinkling and bursting. The yielding limit
of the tube material is predicted from Eqs. (9) and (13).
The bursting limit and wrinkling limit are analyzed on
the basis of Eqgs. (23) and (33) and compared with the
experimental results for an aluminum tube during the
tube hydroforming process. The wrinkling limit obtained
from the theoretical analysis is in good agreement with
the experimental results. As the stress ratio has a lower
value, the axial compressive stress also has a lower

value. Comparing the occurrences of the bursting limit
shows that the theoretical analysis slightly overestimates
the experimental results. However, the theoretical result
by adopting Hosford yield criterion on this study largely
improved compared with that of Hill yield criterion[18].
Furthermore, it must be also recognized that the
wrinkling limit should be considered first when the
forming mode has a negative stress ratio. Conversely, the
bursting limit should be considered first when the
forming process proceeds with a positive stress ratio
during tube hydroforming.

B
8 - R g .—‘E
o of
& 2
g o158
4 8 * =
it
X
i

Axial stress, o, [kgp/mm?)

~——Theory (n =024, R =075)
B ¢ Experiment

N T R
0 4 8 12 16 20

Circumferential stress, O [kge/mm’]

Fig. 4 Comparison between theoretical analysis and
the experimental results[5] for the occurrences
of bursting and wrinkling

4. Conclusions

This paper theoretically investigated the forming
limits for failure occurrence, such as bursting and
wrinkling, under the internal pressure and axial
compression in the tube hydroformng process. The
results were then compared with the experimental
results. The output can be summarized as follows.

(1) The maximum expansion of the circumferential
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direction was obtained with the pure shear forming mode
(y =1

(2) The maximum value for the bursting pressure is
with the near plane strain forming mode (y=0).

(3) The wrinkling limit obtained from the theoretical
analysis is in good agreement with the experimental
results. However, the theoretical analysis slightly
overestimated the experimental results for the
occurrences of bursting.
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