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• A collet-type device was used to reduce
wrinkling defects in tube-hydroforming
of Mg alloy AZ31B at elevated tempera-
tures.

• Effects of material temperature and
properties on thewrinkling defects dur-
ing tube-hydroforming were analysed
theoretically.

• Effects of die-core temperature and pre-
heating time on wrinkling occurrence
and wall thinning were studied by FE
simulation.

• The most satisfactory barrel-shaped
component was hydroformed at die-
core temperature ≈ 350 °C and pre-
heating time ≈ 10 s.

• A subsequent wrinkle-free bike-frame
component was hydroformed success-
fully using the same approach and pro-
posed tool design.
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Wrinkling defects commonly occur in tube hydroforming (THF) magnesium (Mg) alloy at elevated temperatures
when the tube-end and axial-feeding regions of the workpiece are overheated. Most previously proposed methods
for preventing such defects have been applied at room temperature and restricted by several limitations. Therefore,
this paper presents a breakthrough in tool design through the appropriate control of temperature distribution of the
Mg alloy AZ31B tubularmaterial tominimise thewrinkling defects in THF at evaluated temperatures. The proposed
cost-effective, simple and user-friendly collet-type device designwas able to provide a non-isothermal condition for
THFwithin an appropriate pre-heating time after die closing. An axisymmetric barrel-shaped componentwas taken
as a prime example to demonstrate the methodology, in which various thermal potential differences between the
axial-feeding and deformation regions were investigated using finite-element (FE) simulation so as to evaluate
the wrinkling effects under various non-isothermal conditions. The results showed that the most satisfactory com-
ponent could be obtained when the average temperatures of axial-feeding and deformation regions were around
240 and 330 °C, respectively. Subsequently, with the same approach, a wrinkle-free non-axisymmetric tubular
bike-frame component was hydroformed successfully as a more realistic and practical application example.
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©2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hollow structural component with a complex variable cross-
section are usually produced by sheet metal forming/stamping of
separate simple parts, which can be welded back together subse-
quently [1,2]. Such method has the advantages of being able to
produce large-sized and complex-shaped hollow components,
however, this involves multiple operations resulting in lower pro-
ductivity, and meanwhile increasing the tooling, assembly, and
material preparation costs [3]. Tube hydroforming (THF) process,
which makes use of a pressurised fluid as the forming medium to
bulge tubular metals into the desired shapes, is believed to be an
appropriate alternative method for industrial applications [4].
The tubular-structural components can be produced efficiently by
this one-step process with lower tooling cost, fewer secondary op-
erations, and tighter tolerances [5,6]. Thus, this manufacturing
process is recognized as the most promising technology to produce
high-quality tubular frame structural components. It is also bene-
ficial for the optimisation of vehicle frame design to achieve light-
weight, superior strength, better structural integrity, more stable
skeleton for the power-train and suspension as well as more flex-
ible component geometry, replacing the current practice in devel-
oping areas by using traditional stamping and welding processes
for manufacturing most of the existing automotive components
[7,8].

Owing to good plasticity and formability as well as an affordable
price, ferrous materials such as stainless steel and carbon steel are the
most widely used materials for THF process. The hydroformed steel
products always attract much attention in automotive structural com-
ponents such as exhaust system, suspension frames, cross members
and engine cradles [9,10].With the increasing need of lightweight to re-
duce fuel and energy consumptions in recent years, light metals such as
aluminium (Al) alloy, magnesium (Mg) alloy and titanium (Ti) alloy are
now led to the wide applications in the automotive, bike, aircraft, and
aerospace industries due to their lightweight, higher specific strength
and stiffness structures [11–14]. However, it is relatively difficult to de-
form these light metals into the desired shapes at room temperature. In
feasible practice, the forming processes can be carried out at certain el-
evated temperatures to achieve the higher formability. By analysing the
effects of temperature, blank holding force and lubrication on the deep
drawing formability of Mg alloy sheet AZ31, Zhang et al. [15] concluded
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that the limit drawing ratio up to 2.6 can be achieved at a forming tem-
perature ranging from 105 to 170 °C. Tari et al. [16] investigated the
effect of temperature and temperature gradient on the formability
of Mg alloy AZ31B sheet, and concluded that the formability was
improved significantly with increasing temperature and introduc-
ing non-isothermal conditions within a proper process window.
Tari and Worswick [17] studied the flow stress behaviour of Mg
alloy AZ31B at elevated temperatures at both isothermal and
non-isothermal conditions by using the Cowper–Symonds harden-
ing model and modified Nadai model respectively.

It can be seen that the increase in temperature is crucial for improv-
ing the formability of light metal alloys. Therefore, various tooling
setups and heating approaches have been proposed to accomplish the
THF process at elevated temperatures, in which theworkpieces or spec-
imenswere usually heated by thermal conduction from the contact sur-
faces of warm or hot forming dies and axial-feeding plungers. Yi et al.
[18] developed a heating system which combined an induction coil
and a heating element for thewarmhydroforming of lightweight alloys,
thus a uniform temperature distribution of the tube specimen was
achieved. Liu et al. [19] proposed a concept of non-uniform temperature
field in the warm hydroforming process, i.e., lower temperature in the
feeding zone and higher temperature in the forming zone. Hence, the
thickening of the feeding zonewas alleviated and, as well, the thickness
uniformity of the componentwas improved. The control of temperature
distribution in the workpiece for THF was more significant than it was
for other forming processes carried out at isothermal conditions. The
overheating at the tube-end and axial-feeding regions caused the
over-softening of those regions, at which, the plungers were incapable
providing a proper sealing, as shown in Fig. 1. This caused the leakage
of formingmedia such as thermal-resistant oil and inert gases, and sub-
sequently the decline of internal pressure. Consequently, as illustrated
in Fig. 2, wrinkling defects occurred at that over-softened region,
when the internal pressure (pi) was smaller than the radial stress (σr

z)
generated by the axial stress (σz), which fed the material to the defor-
mation region of the die cavity.

Some experimental methods have been proposed to overcome the
sealing and wrinkling problems in THF. Yang and Guo [20] analysed
two main sealing mechanisms used in THF, i.e., sealing wedge expan-
sion and sealing by ironing, and proposed an experimental sealing
tooling by making use of urethane expansion plugs, binding bolts and
locked nuts for THF with large contracting in the axial direction.
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Fig. 2. The formation of wrinkling defects due to material softening at the axial-feeding
region as the radial stress larger than the internal pressure.
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Abedrabbo et al. [21] improved the sealingperformance of THFby incor-
porating a Teflon ring and a high-pressure polymeric O-ring to the tip of
the end-feed actuator. Park et al. [22] developed a novel sealing system
composed of an additional cylindrical die spring, cylindrical sleeve and
filleted plunger tip to prevent leakage of the forming media. However,
such sealing systems were only tested at room temperature. Their con-
figurations were quite complicated and might limit the maximum
stroke of axial-feeding displacement. In terms of theoretical analysis,
Liu et al. [23] proposed an analytical model based on an energy method
using the energy conservation law to inhibit wrinkling in the thin-
walled THF. The results showed that the increase of material strength
coefficient (K) or the decrease of material hardening exponent (n) in
the Hollomon hardening law could improve the wrinkle-resistant abil-
ity of tubular materials. This also suggested that the sufficient strength
of the material at the axial-feeding regions, which would be fed to the
deformation region, should be retained. Although the study only per-
formed the cold THF with ferrous metals, the theoretical concept
could be applied to the process and tooling design of THF light metals
such as Mg alloy at elevated temperatures.

This paper presents a breakthrough in tool design through the ap-
propriate control of the temperature distribution of Mg alloy AZ31B tu-
bular material to minimise wrinkling defects in THF at evaluated
temperatures. An axisymmetric Mg alloy barrel-shaped component
was taken as a prime example to demonstrate the tool design concept
and methodology. Various thermal potential differences between the
axial-feeding regions and deformation region were investigated using
finite-element (FE) simulation to analyse the wrinkling effects at vari-
ous die temperature distributions. It was planned that, eventually, the
THF process of a non-axisymmetric tubular Mg alloy AZ31B bike-
frame component could verify this concept via the practical application.

2. Wrinkling effect in THF at elevated temperatures

As mentioned in the previous section and illustrated in Fig. 2, in the
THF process, the material at the tube-end and axial-feeding regions
under the die constraints, basically the occurrence of wrinkling effect,
can be expressed as:

σ i ¼ pi−σ z
r ≤0 ð1Þ

where σi is the interfacial stress acted on the tubular workpiece mate-
rial. To avoid the wrinkling defects, the value of σi cannot be a negative
number.

On the other hand, at the bulging and deformation region, the addi-
tional radial stress portion (σr

θ) is required for the plastic deformation
and should be taken into account in the wrinkling criterion model
[23]. Thus, the updated equation expressing the occurrence ofwrinkling
effect in THF was:

σ i ¼ pi−σ z
r−σθ

r ≤0 ð2Þ

The control of the internal pressure (pi) and the radial stress (σr
z) gen-

erated by the axial stress (σz) can be implemented by the hydroforming
machine, whereas the radial stress portion (σr

θ) is mainly dependent
upon the hoop stress (σθ) of tubular material with varied flow stresses,
which can be influenced by the elevated temperature (T). When σi = 0
or pi= σr

z + σr
θ, that internal pressure (pi) is defined as the critical wrin-

kling pressure (pc). According to the theory of elastic-plastic stability, pc
can be calculated by using the energy method [24] and stated as:

pc ¼
3 E0−Ewð Þ
2k1δLw

þ σθ
2t
D

ð3Þ

where E0 and Ew are the strain energies in a perfect cylindrical surface
and awrinkled surface, respectively, L is the tube length,w is the circum-
ferential arcwidth of a small-piece cylindrical surface,D is the tube outer
diameter, and t is the tubewall thickness, δ is themaximumwrinkle am-
plitude that is perpendicular to the direction of the axial feeding dis-
placement (uz) and can be written as:

δ ¼
ffiffiffi
2

p
L

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

L−2uz

L

� �2
s

ð4Þ

k1 is the equivalent factor as:

k1 ¼
sin−1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2− D−δð Þ2

q
D

� D2− D−δð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2− D−δð Þ2

q

2Dδ sin−1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2− D−δð Þ2

q
D

ð5Þ

TheMg alloy AZ31B is a growing lightmetal of selection for automo-
tive and aircraft applications, but usually needs to be formed at elevated
temperatures around 200–400 °C to improve the formability because
the pyramidal plane of its hexagonal close-packed (HCP) crystal struc-
ture can be operated by thermal activation [25,26]. Therefore, the Mg
alloy AZ31B was chosen as the specimen material in this study, and its
forming temperatures of the THF trials were set as 275, 300, 325 and
350 °C. A modified Fields-Backofen constitutive equation proposed by
Chan and Lu [27], taking the thermal softening effect into consideration
[28], was employed to describe the thermal deformation behaviour of
the Mg alloy AZ31B, that is:

σ ¼ C1ε
n _ε

m
exp C2=Tð Þ ð6Þ

where σ is the effective (flow) stress, ε is the effective strain, _ε is the ef-
fective strain rate, C1 is the strength coefficient, and C2 is the thermal
softening coefficient. The work-hardening behaviour is described by
the strain-hardening exponent n and the strain rate sensitivity expo-
nentm.

In each THF process, it is assumed that the ratio of hoop stress to
axial stress is the constant stress condition and expressed as:

α ¼ σθ

σ z
ð7Þ

And thus the effective strain through the axial strain (εz) can bewrit-
ten as:

ε ¼ cεz ð8Þ
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where

c ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

1þ 1þ αð Þ2 þ 2α−1ð Þ2
2−αð Þ2

 !vuut ð9Þ

and

εz ¼ ln
L−2uz

L

� �
ð10Þ

According to the analytical model [23], the critical wrinkling stress
(σc) at the transit axial-feeding displacement (uz/L) can be determined
by:

σ c ¼ C1
_ε
m
exp C2=Tð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ð1þ α2 þ 1−αð Þ2
s

cεzð Þn ¼ D pc−A� Bð Þ
2αt

ð11Þ

where

A ¼ 3k1C1ε
n _ε

m
exp C2=Tð Þt

2 nþ 1ð Þδ ð12Þ

and

B ¼ π
4
cεznþ1−

2
L

tffiffiffi
3

p
� �nþ1

2þ 1þ t

2π= L−2uzð Þ½ �2δ

( )−n

tan−1 2π= L−2uzð Þ½ �δ
2

� �
1þ L2

W2

 !2

ð13Þ

The critical wrinkling stress (σc) is therefore influenced by themate-

rial flow stress properties (i.e., C1, C2,m and n), effective strain rate ( _ε),
elevated temperature (T), stress conditions (α), and axial strain (εz). The
effect of α on σcwas investigated by previous researchers [23]. Under
the same internal pressure (pi), an increase of αvalue could increase
the σc that also reduced the occurrence of wrinkling effects. In addition,
the positive value of α caused by the compression hoop stress could im-
prove the tube stability.

In this study, the effect of elevated temperature (T) was included in
the critical-wrinkling-stress equation. An axisymmetric barrel-shaped
component shown in Fig. 3, was taken as a prime example. Based on
the component geometry and the flow-stress parameters of Mg alloy
AZ31B, the relationship among the critical-wrinkling-stress (σc), inter-

nal pressure (pi), elevated temperature (T) and strain rate ( _ε) was ob-

tained. Fig. 4 shows the effects of T on σc at _ε , where the other
material parameters were taken as C1 = 4 MPa, C2 = 2000 K, n = 0.1
and m = 0.03. When the temperature increased, the critical wrinkling
stress decreased so that the wrinkling defects occurred easily. On the
other hand, the critical wrinkling stress was increased gradually by in-
creasing the strain rate.
Fig. 3. The axisymmetric bar
3. Tool design for non-isothermal THF

For THF Mg alloy components, an elevated forming temperature
can definitely improve the material formability, whereas it proba-
bly increases the risk of wrinkling occurrence due to the lower
critical wrinkling stress. Therefore, the method or approach of tem-
perature control and determination for the tubular workpiece
material is very significant. Traditionally, as the simplest way to
maximise elongation of the material, the cold or preheated work-
piece is usually placed into a high-temperature die core like the in-
tuitive design shown in Fig. 5a, then the workpiece can be heated
directly by radiation and thermal conduction with contact heat
transfer from the die-cavity surface up to the desired temperature
that the die material and forming media can withstand. In this sit-
uation, the temperature of the whole workpiece is distributed
evenly and same as that of the die cavity, which is so-called an iso-
thermal forming condition. In this condition, the process design
and control are straightforward as the thermal potential differ-
ences among various regions of the workpiece are disregarded.
However, the flow of tubular material, as well as its contact-
friction against the die-cavity surface, is varied when the tempera-
ture is rising, particularly for the tube-end and axial feeding re-
gions where the tubular workpiece closely contacts the die-cavity
surface with an increase of frictional coefficient acted. This may re-
strict the material feeding to the deformation region intensely, and
thematerial wall thickness near the tube end is butted or thickened
by the compression axial stress.

In order to facilitate the axial feeding of tubular material and in-
vestigate how to reduce the wrinkling defects in the complicated
non-isothermal THF condition, a breakthrough design of the THF
tool (i.e., the die) was proposed, with the view of attaining the
more reasonable temperature distribution of the tubular work-
piece so as to mitigate the overheating problem at the axial-
feeding regions. Fig. 5b shows the tool configurations and their
materials, in which a pair of temperature relief collets were the
portions to provide the die constraint for axial-feeding and sepa-
rated from the deformation region of the die cavity. Before the
start of THF process, the collets and tubular workpiece stayed out-
side the forming die and remained at room temperature. Both of
them were then placed into the isothermal die and heated together
for a short period of time. The collets were made of austenitic
stainless steel with a much lower thermal conductivity compared
to the Mg alloy (i.e., 20 W/m·K vs. 96 W/m·K), also the collet
grooves acted as insulation to slow down the heat transfer from
the die. This could generate a thermal potential difference within
the tubular workpiece that the temperature of the axial-feeding re-
gion was lower than that of the deformation region. This was a
breakthrough idea to provide the non-isothermal condition effec-
tively for reducing wrinkling defects/effects during THF at elevated
temperatures within an appropriate pre-heating time after die
closing.
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(a) strain rate ( (etarniarts)b(s/10.0=) ) = 0.1 /s 
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Fig. 4. The relationship among the critical-wrinkling-stress (σc), internal pressure (pi), elevated temperature (T) and strain rate ( _ε) in THF.
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4. Process simulation and experimental work

The critical-wrinkling-stress equation implies that a higher temper-
ature of the workpiece material would cause wrinkling defects easily in
THF under the isothermal condition. However, the non-isothermal THF
condition was more complicated because it involved instantaneous
changes of stress states, workpiece-die interface friction, and material
flow-stress properties, when the temperature distribution of the work-
piece was varied by heat transfer from multi-material die components
with their different thermal conductivities and heat capacities. In
order to obtain the related findings from such a complicated case, the
wrinkling effects were investigated against various thermal potential
differences between the axial-feeding and deformation regions of the
AZ31B tubular material with the proposed THF die configuration using
finite-element (FE) simulation. Fig. 6 shows the 3D model of THF
setup for FE simulation,whichwasmodelled using the commercial soft-
ware DEFORM-3D. In order to improve the accuracy of heat-transfer
and material-flow predictions, all geometric models were simplified to
one-eighth of the original 3D models that speeded up the computation
and increased the number of tetrahedral meshes for each volume.

The Mg alloy AZ31B tubular workpiece with an outer diameter of
22mm, a length of 134mmand awall thickness of 1.5mm, anddie com-
ponents were modelled as the rigid-viscoplastic and elastic materials,
respectively, with their thermal properties given in Table 1. The von-
Mises flow criterion and flow-stress properties of Mg alloy AZ31B ac-
cording to the Eq. (6) were employed as the material deformation be-
haviour computation. An average 0.25 Coulomb friction factor was
added at the contact surfaces between the tubular workpiece and die
cavity. Table 2 is the summary of the simulation conditions.

The constant die-core temperature (TD) was assigned to the top die,
bottomdie, outer die core and inner die, when the initial temperature of
the tubular workpiece and temperature relief collets was 20 °C (i.e., the
room temperature). There were four TD of 275, 300, 325 and 350 °C and
preheating times of material after die closing (td) of 10, 20, 30 and 40 s,
and thus sixteen heat-transfer simulations for workpieces under non-
isothermal conditions were implemented. The THF process simulation
was then carried out for each condition under the same loading path
and selected axial-feeding rate, as shown in Fig. 7, where the maximum
internal pressure was determined by Eq. (3) and the average material
temperature. Eventually, the corresponding experimental work for ver-
ification was performed with the setup presented in Fig. 8.

5. Results and discussions

All sixteen FE simulation of THFMg alloy AZ31B barrel-shaped com-
ponents with different combinations of TD and tdwere carried out. Fig. 9
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Fig. 5. The difference between the designs of simplified and modified tool configurations for THF at elevated temperatures.
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shows the average temperatures of the axial-feeding and deformation
regions of the tubular workpiece in different trials, as well as their ther-
mal potential differences upon the THF. The increase of individual TD or
td also increased the average temperatures of the axial-feeding and de-
formation regions, whereas the effect of TD was more significant. By
using the proposed tool design with the temperature relief collets, the
thermal potential difference between these two regions was quite re-
markable. Each average difference divided by the corresponding TD
Workpiece at variable 

temperatures (T )

Temperature  

relief collet 

[Axial-feeding region] 

Axial feeding 

plunger 

Fig. 6. The 3D model of THF setup for FE
was nearly the same, i.e., 27%. Thus, the stability of non-isothermal con-
dition was assured substantially. The values of thermal potential differ-
ences decreased steadily when td was increased. At the higher TD
(i.e., 350 °C), the difference was reduced greatly, but it was still larger
than that in the situation of TD being less than 350 °C. In other words,
to establish a higher thermal potential difference for the improvement
of formability at the deformation region and prevention of overheating
at the axial-feeding region, TD could be increased to the value that the
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simulation having thermal effects.



Table 1
The thermal properties of materials for FE simulation.

Material Thermal conductivity
(W/m·K)

Heat capacity
(J/g·K)

Emissivity

Mg alloy AZ31B 96 1.02 0.2
Stainless steel 304 20 0.38 0.3
Brass 122 0.38 0.2
Tool steel H13 24 0.40 0.3

Fig. 7. The loading path used in the THF simulation.
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die material and forming media can withstand. Normally, 350 °C was
the maximum value of TD when the thermal-resistant oil was used as
the forming medium in THF. Nitrogen or other inert gases would be
the alternative if TD was higher than 350 °C.

Although the increase ofMg alloy AZ31B temperature could improve
its formability and elongation, the tubularmaterial still fractured during
over-expansion. According to the self-experimental data and literature
on the constitutive and fracture behaviours of AZ31B under a wide
range of strain rates and temperature conditions [29,30], the elongation
before fracture of AZ31B at 250 to 300 °C was around 20%. In the THF,
apart from the wrinkling defects, wall thinning usually occurred in the
deformation region. When the wall thickness of the tubular workpiece
was reduced by a percentage that was larger than the limit of material
elongation, the workpiece would tend to fracture, resulting in a failed
outcome. Fig. 10 shows the simulation results of THF barrel-shaped
components with different combinations of TD and td. Trials 08, 10, 11,
12, 14, 15 and 16 failed because thewall thicknesses of their workpieces
were all reduced by more than 20%, fractures might occur easily in this
situation. Themain causewas that the temperature of their deformation
regions was raised over the period and the wall thickness was reduced
by the internal pressure at the early stage of the THF process. Compara-
tively, the temperatures of the deformation regions of Trials 04, 06 and
07 were decreased slightly, and the wall thinning effect was thus mod-
erated. On the other hand, without the wall thinning problem, more se-
rious wrinkling defects were found in Trials 01, 05 and 09, as they were
preheated for 10 s only. The temperatures of their deformation regions
were around 200 and 250 °C, in which the maximum internal pressure
of 20 MPa was insufficient to compensate the total radial stress during
the bulging ofmaterial.When the TDwas increased, thewrinkling effect
was declined gradually. Besides, the wrinkling defects in Trial 02 was
relatively small as the temperature of its deformation regionwashigher.
Therefore, the proposed tool design had provided the non-isothermal
condition that effectively mitigated the wrinkling effects at the higher
temperature under an isothermal condition mentioned in previous
section.

The satisfactory THF barrel-shaped components were obtained in
Trials 03 and 13, in which the wall thinning of the component in Trial
13 was slightly greater that in Trials 03 (i.e., 13% vs. 9%), because the
higher temperature was distributed at the deformation region of Trial
13. Based on the simulation results, the corresponding experiments
were carried out for verification. Fig. 11 shows the results of the actual
Table 2
The summary of simulation conditions.

Simulation parameter Value/setting

Number of elements of the tubular workpiece (1/8) 17,397
Iteration method Direct method
Deformation solver Sparse
Temperature solver Sparse
Coulomb friction factor for workpiece/die interface 0.25
Heat-transfer coefficient between each object 11 MW/m2·K
Constant temperature of die and core die (Td) 275/300/325/350 °C
Initial temperature of workpiece and collets 20 °C
Axial-feeding stroke 12 mm
Axial-feeding rate 4 mm/s
Preheating time of workpiece in a closed die (td) 10/20/30/40 s
satisfactory and failed barrel-shaped components. The failed compo-
nent was taken from the process at TD between 275 and 300 °C, and td
= around 10 s such that the serious wrinkling defects occurred when
the plungers kept pushing the material toward the deformation region.
The shape of the satisfactory component was close to the result pre-
dicted by the simulation of Trial 13 that thus confirmed the accuracy
and reliability of the FE simulation.

Eventually, with the same approach, theMg alloy AZ31B bike-frame
components with 2 mm wall thickness including top tube, down tube,
and seat tube were trial-produced by the self-developed 2500-ton
hydroforming system and THF dieswith themodified collet-type device
design, as shown in Fig. 12. To reduce the friction between the work-
piece and die surfaces, a water-solvable type warm-forming lubricant
W-400 was spread over the surfaces of the die cavity. The seat tube
shown in Figs. 12 and 13 was selected as the example for discussions.
Likewise, when the TD and/or the temperature of deformation region
of the workpiece were insufficient, the wrinkling defects occurred eas-
ily, subject to the maximum internal pressure was being limited for
the prevention of the tube fracture. Use of the collet-type device design
prevented the axial-feeding region from being overheated. The satisfac-
tory wrinkle-free Mg alloy AZ31B non-axisymmetric tubular seat-tube
component was hydroformed successfully under the suitable non-
isothermal condition and an appropriate pre-heating time, i.e., TD ≈
350 °C and td ≈ 10 s.

6. Conclusions

This paper has provided a theoretical analysis to describe how the
temperature of tubular material affected the formation of wrinkling
Fig. 8. The experimental setup for THF Mg alloy AZ31B barrel-shaped components at
elevated temperatures.
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defects in THF at elevated temperatures. Under the isothermal condi-
tion, the increase in temperature decreased the critical wrinkling stress
that the wrinkling defects would occur easily. In order to overcome this
problem, a breakthrough in tool design was proposed, through the ap-
propriate control of temperature distribution of the Mg alloy AZ31B
aeherP
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regions, wrinkling occurrence as well as the wall thinning to the THF
components. The average temperatures of the axial-feeding and defor-
mation regions were raised by the increase of TD or td, where the effect
Fig. 13. The Mg alloy AZ31B bike-frame componen
of TD was more significant. When the temperature of the deformation
region was insufficient, the wrinkling defects were found in the formed
components. However, the wall thinning problems leading to the
50 mm 
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when the temperature of
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insufficient, and the

temperature-relief collets

were not adopted to control

the temperature potential

difference properly
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component 

ts fabricated by THF at elevated temperatures.
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material fracture appeared when the deformation region was over-
heated. Therefore, the suitable TD or td had to be determined carefully
using the FE simulation. The results showed that the satisfactory actual
component could be obtained when TD ≈ 350 °C and td ≈ 10 s, where
the average temperatures of axial-feeding and deformation regions
were around 240 and 330 °C, respectively. Finally, with the same ap-
proach, a wrinkle-free non-axisymmetric tubular bike-frame compo-
nent was hydroformed successfully as a more realistic and practical
application example.
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