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Abstract 

A novel buckling-induced forming method is proposed to produce metal bellows. The tube billet is firstly treated by 
local heating and cooling, and the axial loading is applied on both ends of the tube, then the buckling occurs at the 
designated position and forms a convolution. In this paper, a forming apparatus is designed and developed to pro-
duce both discontinuous and continuous bellows of 304 stainless steel, and their characteristics are discussed respec-
tively. Furthermore, the influences of process parameters and geometric parameters on the final convolution profile 
are deeply studied based on FEM analysis. The results suggest that the steel bellows fabricated by the presented 
buckling-induced forming method have a uniform shape and no obvious reduction of wall thickness. Meanwhile, the 
forming force required in the process is quite small.
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1 Introduction
The purpose of this paper is to develop a dieless forming 
method for metal bellows based on controllable buckling 
deformation.

Metal bellows are thin-walled axisymmetric shells com-
posed of a series of ring-shaped convolutions, which have 
the flexibility to absorb irregular expansion and contrac-
tion caused by axial force, external pressure and bending 
moments in the piping system [1]. Metal bellows usually 
possess higher pressure and buffer capacity than ordi-
nary straight pipes, especially in the working conditions 
of the forced axial and bending displacement [2, 3]. They 
have been widely applied as expansion joints, flexible 
connectors, pressure relief valves and energy-absorbing 

components in vacuum systems, aerospace industries, 
micro-electromechanical systems, etc., playing an impor-
tant role in weight reduction, strength improvement and 
energy absorption [4].

The hydroforming process and the mechanical form-
ing process are two of the most widely used approaches 
to fabricating metal bellows [5]. Lee [6] applied the finite 
element method (FEM) and the Taguchi method to ana-
lyze the influence of hydroforming parameters such as 
wall thickness, internal pressure and die stroke on the 
convolution contour, among which the die stroke is the 
biggest influencing factor on determining the final shape. 
Faraji et  al. [7] analyzed the effects of internal pressure, 
die stroke, axial feeding and material property on thick-
ness distribution, crown diameter and spring back. It 
was observed that an increase in axial feeding, die stroke 
and internal pressure leads to excessive thinning. Zhan 
et  al. [8] proposed a mandreless neck-spinning forming 
process to produce both single and double corrugated 
cylindrical parts successfully, and they also found that 
the small roller fillet radius and big feed rate lead to poor 
geometric accuracy. Shi et  al. [9] proposed an internal 
spinning incremental forming technology for metal bel-
lows by combining incremental forming technology with 
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a tube spinning forming process. The tube wall in the 
transition region of the arc and the tensile region of the 
inclined plane is prone to produce excessive deformation 
and crack. The prementioned approaches have some defi-
ciencies. The hydroforming process generally requires 
expensive tools and complicated sealing modules, which 
is not efficient for small-batch manufacturing. And the 
mechanical forming process normally forms the convo-
lutions through the contact force between the tool and 
the tube, which decreases the surface quality of bellows. 
Some other forming technologies have also been used 
to produce metal bellows, such as rubber-pad forming, 
electric-assisted forming [10], viscous medium pressure 
forming [11], etc. It is noted that most of the premen-
tioned forming methods cause the wall thinning since 
the deformation area of the tube billet is mainly under a 
tensile stress state, which induces a high risk of cracking 
during the forming process and significantly affects the 
subsequent service life.

When the plates or shells are subjected to the compres-
sion load within the plane, if the load reaches the critical 
value, the structures will suddenly produce out-of-plane 
deformation, which is called buckling. Traditionally, 
buckling is regarded as a failure mode and should be 
avoided in structural design and manufacturing. How-
ever, the rational utilization of buckling instability is a 
burgeoning trend recently, which even gained a dedi-
cated name of Buckliphilia [12].

In terms of buckling application on mechanism design, 
Borchani et  al. [13] investigated the control of snap-
through events by using buckled beam elements to gen-
erate high-rate excitations for piezoelectric transducers. 
Erbil et  al. [14] developed an all-electrostatic architec-
ture composed of efficient actuators and multiplexed 
shape-shifting devices to control the compressive force, 
as well as the direction and degree of buckling. Based 
on the ancient arts of origami/kirigami, Zhao et al. [15] 
developed three-dimensional morphable mesostructures 
through local controllable buckling and twisting, which 
has great application potential in the field of flexible 
electronics. In terms of buckling application in manu-
facturing, Yuan et al. [16] introduced useful wrinkles by 
axial loading before tube hydroforming, which can effec-
tively improve the formability of tubes. Alves et  al. [17] 
developed an innovative tube connection technology 
by using the convolutions produced by local buckling 
of thin-walled tubes, which led to significant economic 
and time savings. Supriadi et  al. [18] developed a semi-
dieless metal bellow forming method with a local induc-
tion heating technique in which a mandrel was inserted 
into the metal tube. They also studied the effect of com-
pression ratio and wall thickness on the bellows’ charac-
teristics. Based on this principle, Furushima et  al. [19] 

proposed a two-step method to further increase the 
convolution height and obtained a quite stable bellow 
shape. Zhang et  al. [20] manufactured the aluminum 
alloy bellows, confirming that the semi-dieless metal bel-
low forming process is applicable to materials with high 
thermal conductive coefficients. Sedighi et  al. [21] pro-
duced metal bellows with local electric arc heating and 
axial compression. The influence of compression stroke 
and working current on the forming force, the convolu-
tion height, as well as the wall thickness, were investi-
gated. Actually, buckling deformation makes the material 
mainly in a compressive stress state, thus the wall thick-
ness is usually not reduced but increased, which is quite 
attractive because the common forming methods such as 
hydroforming usually have a thinning rate of 20–30% [22, 
23].

The motivation of this paper is to introduce the idea 
of controllable buckling into the metal bellow forming, 
where the thermal buckling-induced forming process 
involving local induction heating and axial compression 
is proposed. Concretely, an experimental forming appa-
ratus is developed and two forming modes can be chosen 
to produce the SUS304 stainless-steel bellows. The form-
ing apparatus does not require dies or sealing modules, 
which avoids the surface defects of bellows caused by 
mechanical friction and reduces production costs. Fur-
thermore, the effects of forming parameters on deforma-
tion characteristics are investigated with the help of finite 
element analysis.

2  Forming Apparatus and Process
2.1  Forming Apparatus
2.1.1  Design Principle
The thermal buckling-induced forming process of metal 
bellows described in this paper is based on the buckling 
behavior of the material in the softening region when 
subjected to axial compression, so it is necessary to form 
a gradient property distribution along the tube through 
rapid heating and cooling. The joint control of heating 
and cooling sources makes the high temperature distrib-
uted in the local target region, where the material has 
lower bending stiffness because the high temperature 
reduces the effective tangent modulus. When the tube 
is subjected to compression loading, a quite small force 
can cause local instability of the low stiffness region. And 
the increase in deflection, as a geometric factor, further 
reduces the bending stiffness of the deformation zone 
and eventually leads to the formation of a single target 
convolution. Actually, the thermal buckling-induced 
forming process is a typical strain-path change behavior. 
And the plastic flow of material in this condition is quite 
complicated and usually does not follow the associated 
flow rule. More details can be found in Ref. [24].
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Figure 1(a) shows the schematic illustration of the ther-
mal buckling forming apparatus for metal bellows. With 
the combination of induction heating and annular air jet 
cooling, the temperature of a local area (called deforma-
tion area) rises to a certain value that diminishes the flow 
stress of the material. After that, the different moving 
speeds of the two ends (V2 > V1) induce an axial compres-
sion force, leading to an outward axisymmetric buckling 
deformation to form a convolution. When the formed 
convolution moves to the cooling region, its strength and 
stiffness increase rapidly, which prevents further plastic 
deformation. At the same time, the temperature of the 
adjacent area is elevated by the heating source. With the 
cycle of the above operations, a high-quality metal bellow 
of no obvious wall-thinning is fabricated.

Based on the prementioned design principle, an 
experimental forming apparatus with a dimension of 
2.5  m×1.2  m×1.5  m has been produced, the schematic 
diagrams of which are illustrated in Figure 1(b)–(f ).

Two sets of independent linear motion systems control 
the moving speeds of the two ends separately. The tem-
perature of the deformation zone is elevated rapidly and 

limited to a specific region with the help of the induc-
tion heating system and the annular air jet cooling sys-
tem. Moreover, the adjustment of process parameters 
and command inputs are realized by the programmable 
logic controller (PLC) control system, and the measuring 
system records the data of temperature and compression 
force. Concretely, the forming apparatus mainly consists 
of four modules, including the mechanical module, the 
induction heating module, the annular cooling module 
and the feedback control module.

2.1.2  Mechanical Module
As depicted in Figure 1(c), two push plates are separately 
driven by two servo motors (1 kW) cooperating with the 
lead screws, synchronous belts and reduction gears, to 
achieve high-precision movement and positioning. The 
two ends of a metal tube are fixed on the push plates by 
a three-jaw chunk and a thimble respectively, which are 
arranged at the center of the push plates to ensure that 
the compression force is concentric with the axis of the 
tube. The limit displacement of the push plates in this 

Figure 1 Schematic illustration of the forming apparatus: a Principle drawing, b Assembly drawing, c Mechanical module, d Induction heating 
module, e Annular cooling module, f Feedback control module
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apparatus is 1.2  m and the movement speed range is 
0.1–25 mm/s.

2.1.3  Induction Heating Module
As shown in Figure  1(d), a high-frequency induction 
heating device is employed to produce a local rapid heat-
ing area on the tube, its maximum output power is 25 kW 
and the frequency range is 30–100  kHz. The induction 
coil is replaceable so that it can meet the requirements of 
different heating lengths and tube diameters.

2.1.4  Annular Cooling Module
In order to limit the length of the high temperature zone, 
two annular cooling sources are placed adjacent to the 
induction coil. As shown in Figure 1(e), various nozzles 
are evenly arranged in a ring to ensure uniform circum-
ferential cooling. Compressed gas or water or their mix-
ture with different cooling effects can be injected by a 
high-pressure pump. And the temperature distribution 
along the longitudinal direction of the metal tube can be 
controlled by adjusting the distance between the heating 
coil and the coolers.

2.1.5  Feedback Control Module
An infrared thermometer is installed above the tube 
to capture the temperature history of the heating zone. 
Meanwhile, the compression force is measured by a pres-
sure sensor fixed between the push plate and the thim-
ble, as illustrated in Figure 1(f ). In addition, a high speed 
8-channel analog data acquisition card is utilized to 
record the values of temperature and compression force 
simultaneously. Through the PLC control system, differ-
ent moving and heating conditions can be set and per-
formed, and all the data measured by sensors are fed back 
instantly.

With the collaboration of each module, the ther-
mal buckling forming apparatus of metal bellows has 
been developed, as presented in Figure  1(b). The form-
ing process can be driven step-by-step manually or 
automatically.

2.2  Forming Modes
The forming apparatus is capable of producing metal bel-
lows in two forming modes: the discontinuous bellow 
forming process and the continuous bellow forming pro-
cess, which are respectively detailed in Section 2.2.1 and 
Section 2.2.2.

2.2.1  Discontinuous Bellow Forming Process
Discontinuous bellow forming process means that there 
is a straight tube interval between one convolution and 
the next. As shown in Figure 2(a), the forming steps are 
as follows: Step 1, the positions of the heating and cool-
ing sources are adjusted appropriately, and the tube is 
heated to the target temperature at a stationary state 
(V1 = V2 = 0). Step 2, a proper compression speed (V2 > 
0) is set at the moving end and the other end is left still 
(V1 = 0), then the axisymmetric buckling occurs and 
induces a convolution at the heated region where the 
material has been softened. Step 3, the tube is moved to 
the next position which is one convolution pitch away, in 
this step V1 and V2 are set to the same value. Step 4 and 
Step 5, the heating and buckling processes are repeated 
successively. Therefore, by controlling the speed variation 
at the two ends of the tube, a discontinuous bellow can be 
fabricated. The compression displacement of the moving 
end to form a single convolution is defined as the com-
pression stroke, which is a key parameter of this forming 
process.

Figure 2 Schematic diagrams of thermal buckling-induced forming process: a Discontinuous bellow, b Continuous bellow
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2.2.2  Continuous Bellow Forming Process
Continuous bellow forming process means that there is 
no straight tube interval between one convolution and 
the next, and all convolutions are closely arranged. This 
kind of bellows can also be formed by the prementioned 
process (Section 2.2.1), in which the translation distance 
should be set as the convolution width. While in this sec-
tion, a more efficient process is introduced.

The forming steps are shown in Figure 2(b). Step 1, the 
heating and cooling sources are turned on, and their state 
is maintained during the whole process. Both ends of the 
tube are moved with an equal speed (V1 = V2 > 0), and 
the tube billet is heated to the predetermined tempera-
ture. Step 2, V1 should be kept constant, and adjusted 
the moving speed of the other end (V2 > V1). The speed 
difference between the two ends induces an axial com-
pression force to form a convolution in the softened area. 
Step 3, with the continuous movement of the tube, the 
first convolution enters the cooling area, and it will not 
be further compressed due to the increase in strength. 
Meanwhile, the temperature of the adjacent forming area 
is increased, and then buckling deformation develops 
in this region. Step 4, the second convolution is accom-
plished and enters the cooling area, while the tempera-
ture of the next forming area is elevated. The ratio of the 
speeds at the two ends during Steps 2–4 is defined as the 
compression ratio, which is a key parameter of this form-
ing process.

2.3  Formed Bellows
2.3.1  Tested Material and Tube Billet
The experimental material used in this paper is 304 stain-
less steel with a composition of 0.043C-0.218Si-1.229Mn-
0.037P-0.004S-8.213Ni-18.02Cr wt.%. The diameter and 
thickness of the tube billet in this test are 25  mm and 
1 mm, respectively.

The elastic modulus and density of material at the 
default temperature of 950  ℃ are 118.2 GPa and 
7.5  g∙cm−3, while the thermal conductivity, expan-
sion coefficient and specific heat are 26.8  W∙(m  °C)−1, 

20.5×10−6  °C−1 and 633.9 J∙(kg  °C)−1 respectively. The 
thermophysical and elastic parameters vary with temper-
ature, as shown in Table 1 and Figure 3.

The hot compression tests under different tempera-
tures have been conducted on the Gleeble-3500 test 
machine. The test specimens are small cylinders cut from 
the thick-walled tube billets. The Johnson-Cook model 
with the temperature term is used here to represent the 
mechanical properties of the material, and the final fit-
ting form is determined as

where σY denotes the yield stress, εp denotes the equiva-
lent plastic strain, and T denotes the current temperature 
(K).

2.3.2  Characteristics of the Formed Bellows
Figure 4 shows the pictures of the formed discontinuous 
and continuous bellow samples respectively. And their 
characteristics are discussed in this section.

(1)

σY =

(

291+ 2226ε0.988p

)

[

1−

(

T − 298

1375

)0.423
]

,

Table 1 Thermophysical parameters of the material

Temperature T(℃) Thermal conductivity 
λ(W∙(m∙℃)−1)

Density ρ(g∙cm−3) Specific heat c(J∙(kg∙℃)−1) Expansion 
coefficient 
α(×10−6∙℃−1)

25 14.6 7.90 462 17.0

200 16.1 7.83 512 18.0

400 18.0 7.75 540 19.1

600 20.8 7.66 577 19.6

800 23.9 7.56 604 20.2

1200 32.2 7.37 676 20.7

Figure 3 Elastic parameters of 304 stainless steel of different 
temperatures
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In order to form a discontinuous bellow, the tube is 
heated to the forming temperature of 950  °C, then the 
compression stroke of 3 mm and the translation distance 
of 15  mm are recycled to produce convolutions one by 
one. A bellow sample with 5 convolutions is formed as 
shown in Figure 4(a). It has a configurational symmetry 
in the circumferential direction. Furthermore, the shape 
profiles of the five convolutions are quite similar, and the 
variation range of convolution height and convolution 
width is no more than 5%. Figure 4(b) shows a continu-
ous bellow sample, which is formed with a compression 
ratio of 1.6 (V2 = 0.7 mm/s and V1 = 0.5 mm/s), and the 
forming temperature is set as 950 °C, same as that for the 
discontinuous bellow. And it is revealed from Figure 4(b) 
that the continuous bellow also has good uniformity and 
stability in its convolution profile.

At present, the forming precision of the new process is 
controlled through the response surface method (RSM). 
Specifically, based on RSM, the expected convolution 
profile can be formed by the joint control of the compres-
sion stroke, heating temperature, heating width and other 
factors. More details on the forming precision of the 
thermal buckling-induced forming process can be found 
in Ref. [25].

3  Forming Simulation
3.1  FEM Modelling
The finite element model has been established on the 
ABAQUS platform to get a clear inspection of the defor-
mation mechanism of the thermal buckling forming 
process. According to the geometrical feature and its 
deformation way, an axisymmetric FEM model is estab-
lished, as shown in Figure 5. The size of the original tube 
billet is 25 mm in diameter and 1 mm in thickness.

The model mainly consists of four parts, including the 
fixture chuck, heating source, cooling sources and tube 
billet. The lengths of the heating and cooling sources 
are set as the actual values, as well as their distances. 
For simplification, the induction heating source is repre-
sented by a coil with a given heating flux, and the cooling 
sources are represented by coils with a given heat dissipa-
tion coefficient. Such simplification must obey the rule of 

temperature equivalence, i.e., the equivalent heating flux 
and heat dissipation coefficient are determined by using 
the reverse calculation based on FEM simulations and 
the following two experiments:

(i) The induction heating source is turned on while 
the cooling sources are turned off. And the tube 
is heated until the temperature of the center point 
reaches 950 °C. Then the heating source is turned off 
and the tube is naturally cooled to room temperature. 
The temperature data of the center point during the 
process are recorded.
(ii) The heating source and the cooling sources are 
turned on. And the tube is heated until the temper-
ature of the center point reaches 950  °C. Then the 
heating source is turned off and the tube is cooled 
to room temperature under the action of the cool-
ing sources. The temperature data of the center point 
during the process are recorded.

Through the comparison of FEM results and the above 
experimental results, the equivalent heating flux and 
the forced heat dissipation coefficient are determined 
by reverse calculation. Specifically, the temperature data 
of (i) are used to fit the equivalent heating flux because 
the cooling sources are turned off in this condition and 
the forced heat dissipation can be ignored. Then the 
temperature data of (ii) are used to fit the forced heat 
dissipation coefficient since the equivalent heating flux 
is known. Ultimately, the equivalent heating flux and 
the forced heat dissipation coefficient are determined 
as Hf = 500000  J∙(s∙m2)−1 and Df = 250  W∙(m2∙K)−1, 
respectively.

Without loss of generality, the fixture chucks are set as 
rigid bodies. In order to accurately simulate the clamping 
way of the three-jaw chuck and the thimble in the experi-
ment, one end of the tube is restrained with the chuck by 

Figure 4 Formed metal bellow samples: a Discontinuous bellow, b 
Continuous bellow

Figure 5 Schematic diagrams of FEM model
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Tie Constraint and the hard friction contact condition is 
adopted at the other end.

The stainless steel is considered as a thermal-elastic-
plastic material, where the Von Mises yield criterion and 
isotropic hardening model are used in the simulation. 
The four-node coupled thermal-mechanical axisymmet-
ric element with reduction integration (CAX4RT) is used 
for the tube billet, and the model has been divided into 6 
layers of elements in the thickness direction.

3.2  Verification of the FEM Model
The convolution height and the wall thickness at the crest 
are selected as indicators to verify the FEM model. As 
soon as the measuring point on the tube is heated to 950 
℃, the tube is compressed by the push plates and then a 
convolution is produced. After that, the heating source is 
turned off and the tube is cooled to room temperature. 
The experiment is repeated three times to obtain the 
mean values. The outer diameter of the bellow at the con-
volution crest has been measured and then the experi-
mental data of the convolution height can be obtained by 
simple data processing. After that, the bellow is cut along 
the axis (as shown in Figure 4), and then the wall thick-
ness at the crest can be measured. The above measure-
ment is conducted by the digital vernier caliper with a 
resolution of 0.01 mm and an error of ±0.02 mm. And 
the simulation is completely consistent with the experi-
mental condition. As depicted in Figure  6(a), the value 
of convolution height increases with the augmentation 
of the compression stroke, keeping a linear relationship 
approximately. It can be observed that the simulated con-
volution height fits the experimental one quite well with 
a relative error of less than 5%. As shown in Figure 6(b), 

the wall thickness at the convolution crest is basically 
maintained at 1.1–1.2 mm, and the simulated wall thick-
ness is slightly smaller than the experimental data. There-
fore, the reliability of the FEM model is basically verified 
by the evaluation of the convolution height and the wall 
thickness at the crest.

3.3  Analysis of the Convolution Profile
In this section, the simulated convolution profile is ana-
lyzed, and the wall thickness and the uniformity of con-
volution heights are taken as indicators to reflect the 
quality of bellows. High forming quality usually refers 
to the small thickness reduction and the small difference 
between the convolution heights.

Figure  7(a) shows the convolution height and wall 
thickness distribution of the discontinuous bellow along 
the axial direction. It can be found that all thickness val-
ues are larger than that of the original tube billet, which 
means the wall thinning that appears in other forming 
methods doesn’t exist in this test. It is also found that the 
thickness of each convolution profile is distributed in the 
shape of an “epsilon” glyph, and the convolution crest has 
the maximum thickening rate, i.e., 9%. The heights of dif-
ferent convolutions almost keep consistent (i.e., the vari-
ation range is less than 5%). In addition, the maximum 
load (corresponding to the critical buckling load) is only 
about 4500 N in this test, which is much smaller than 
that in hydroforming or other bellow forming processes, 
so its forming force can be provided by a simple small 
servo motor.

Figure  7(b) depicts the convolution height and thick-
ness distribution of the continuous bellow. It is noted that 
the convolution height of the first convolution is greater 

Figure 6 Comparison of simulation results and experimental data: a Convolution height and b Wall thickness at the convolution crest
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than others. That is because the tube is in a static state at 
the beginning of compression and then converted to the 
moving state in the subsequent forming process, which 
causes the high temperature area to be offset by a cer-
tain distance. While after that, the forming process keeps 
stable and the subsequently formed convolutions are 
uniform. Furthermore, the continuous bellow has a cer-
tain degree of concave at the convolution trough, which 
is manifested by the value of height below 0. This phe-
nomenon doesn’t appear in the forming of discontinuous 
bellows. The reason is that during the thermal buckling 
of continuous bellows, the high temperature zone of the 
tube moves continuously. And in the later stage of form-
ing a convolution, the high temperature zone is located 
near the convolution trough and the material in this area 
will flow inward during the subsequent compression, 
resulting in the increase of convolution depth.

In addition, it can be observed from Figure 7 that there 
is an apparent difference in wall thickness distribution 
between the two types of bellows. The maximum wall 
thickness appears at the convolution crest for the discon-
tinuous bellow while it appears at the convolution trough 
for the continuous bellow. The thickness distribution of 
the latter is more like the letter “W”. However, it should 
be noted that the thickness at any position of the contin-
uous bellow is still greater than that of the original tube 
billet.

4  Influence of Forming Parameters
In this section, the effects of the process parameters 
(compression stroke, heating length and heating tem-
perature) and the geometric parameters (tube thickness 
and diameter) are discussed based on FEM simulations 

of the discontinuous bellow forming process. All the 
studied parameters are listed in Table  2, where the val-
ues with bracket are considered as the default values in 
this experiment. A single convolution is formed during 
the process, and the parameter effects on the convolution 
height and the wall thickness are investigated, where the 
wall thickness is also considered as an indicator to evalu-
ate the quality of the formed bellows.

4.1  Effects of Process Parameters
4.1.1  Compression Stroke
The compression stroke is a key process parameter that 
directly affects the profile of convolution. The profile data 
of the formed convolution under different compression 
strokes are shown in Figure 8(a). The convolution height 
increases with the augmentation of compression stroke 
and shows a linear relationship approximately. Mean-
while, the compression stroke has a weak influence on 
the wall thickness as shown in the red line of Figure 8(a), 
and the wall thickness at the convolution crest stays in 
a small range of 1.08–1.09  mm. For the studied bellow 
forming process, the plastic deformation occurs before 
buckling deformation, and the wall thickness increases 

Figure 7 a Curves of wall thickness and convolution height of the discontinuous bellow, b Curves of wall thickness and convolution height of the 
continuous bellow

Table 2 Values of the forming parameters

Parameters Value

Compression stroke L(mm) 2, (3), 4, 5

Heating length w(mm) 8, 10, (12),14

Heating temperature T(℃) 850, (950), 1050, 1150

Initial wall thickness t(mm) 0.8, (1), 1.2, 1.5

Diameter d(mm) 15, (25), 35, 45
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at this stage within a quite small compression stroke. 
After that, the post-buckling flow occurs and the main 
deformation behavior is the bending deformation. Thus, 
the contribution of the compression stroke is mainly to 
increase the bending deflection of the tube billet, i.e., the 
convolution height.

4.1.2  Heating Length
The heating length determines the temperature distribu-
tion of the tube, and further affects the buckling deforma-
tion region. Figure 8(b) shows the convolution height and 
convolution thickness at the crest under different heating 
lengths (8 mm, 10 mm, 12 mm and 14 mm). The convo-
lution height gradually rises with the increase of heating 
length, while the wall thickness presents an opposite law 
with a slight decline.

The augmentation of heating length increases the buck-
ling deformation area, and then results in a higher convo-
lution height at the same compression stroke. However, 
the larger high temperature zone also reduces the critical 
buckling value, which means the pure plastic deformation 
stage is shortened and the wall thickening is weakened.

4.1.3  Heating Temperature
The heating temperature affects not only the temperature 
distribution of the tube, but also the plastic flow behavior 
of the material. Figure 8(c) shows the convolution height 
and crest thickness under different heating temperatures 

(850 °C, 950 °C, 1050 °C and 1150 °C). It is demonstrated 
that the thickness at the convolution crest increases sig-
nificantly with the augmentation of heating temperature, 
and the effect is much more apparent than that of com-
pression stroke and heating length.

Besides, there is a slight positive correlation between 
convolution height and heating temperature. The convo-
lution heights at different heating temperatures are close 
to each other, of which the variation range is less than 6%.

4.2  Effects of Geometric Parameters
The initial tube diameter and wall thickness are the two 
main geometric parameters for the tube billet. Their 
effects on the final bellows are analyzed, where the wall 
thicknesses are chosen as 0.8  mm, 1  mm, 1.2  mm and 
1.5 mm, and the initial diameters are chosen as 15 mm, 
25 mm, 35 mm and 45 mm, respectively.

Figure  8(d) and (e) shows the convolution height and 
width at different geometric parameters. When the initial 
wall thickness increases, the convolution height dimin-
ishes and the width increases. However, the increase in 
tube diameter leads to the augmentation of both convo-
lution height and width. The reasons can be summarized 
as follows:

The increase of initial wall thickness results in a larger 
critical buckling value, which means that the plastic 
deformation course increases, and the post-buckling 
deformation course is shortened, leading to the decrease 

Figure 8 Curves of convolution profile at: a different compression strokes, b different heating lengths, c different heating temperatures, d different 
initial tube wall thicknesses, e different tube diameters, and f thickening rate at different geometric parameters
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of the convolution height and the increase of plas-
tic thickening, as shown in Figure 8(d) and (f ). And the 
large wall thickness makes it difficult for local deforma-
tion to develop, so the convolution width increases. On 
the other hand, the increase in tube diameter means that 
the critical buckling value decreases, shortening the plas-
tic deformation course and increasing the post-buckling 
deformation course, which leads to the decrease of the 
thickening rate and the augmentation of the convolution 
height, as shown in Figure 8(e) and (f ).

5  Conclusions
The present study focuses on the controllable buckling 
deformation of metal bellow forming. Through reason-
able allocations of the technological parameters, the 
buckling deformation can be used as an effective forming 
method for metal bellows with attractive advantages. The 
conclusions are as follows:

(1) The compression stress is the major engine during 
the thermal buckling forming process, which leads 
to remarkable improvements in lower forming force, 
better material flowability and higher forming limit. 
Furthermore, there is no obvious thickness thinning 
in the formed bellows, which gives them a better 
energy absorption performance.
(2) Both discontinuous bellows and continuous bel-
lows can be produced by the thermal buckling form-
ing process. The convolution profile uniformity of 
discontinuous bellows is favorable, of which the wall 
thickness is distributed in the shape of an “epsilon” 
glyph, and the maximum thickness appears at the 
convolution crest. The curve of the wall thickness 
distribution of continuous bellows is in the shape of 
a “W” glyph, which has the largest value at the con-
volution trough.
(3) Compression stroke, heating length and heating 
temperature have different degrees of positive cor-
relation with the convolution height. The increase 
in wall thickness leads to lower convolution height, 
higher convolution width and higher thickening rate, 
but the initial diameter shows an opposite law.

It also should be noted that the presented buckling-
induced forming method still needs further studies. One 
of the main shortcomings is that its forming precision is 
not as good as that of die-forming methods, which we 
believe can be improved by tool assistance and some 
work is ongoing.
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