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Abstract Recently, dieless forming processes have been in-
troduced to prevent the high costs of dies and tools. Local
heating and axial compression process is an innovative meth-
od for producing metal bellows. In this research, producing
metal bellows using simultaneous local electric arc heating
and axial compression has been explained and investigated.
SUS304 tubes with an outer diameter of 19 mm and a thick-
ness of 1 mm have been employed to implement the tests.
Various parameters could affect the process. Among these
parameters, effects of applied displacement and device cur-
rent, influencing convolution shape, thickness, and required
forming force, are studied experimentally. It is found that the
height, radius, and angle of the convolution and also the
forming force could be controlled by alteration of these pa-
rameters. Furthermore, the result of buckling test showed that
energy absorption capacity of the manufactured metal bellow
has been increased in comparison to a typical tube. This meth-
od could be a suitable alternative for induction local heating
and can reduce the high equipment costs.

Keywords Metal bellows - Local heating -
Electric arc heating - Dieless forming
1 Introduction

Metal bellows are thin-walled wavy tubes which are used for
flexibility when exposed to axial loads, internal pressures, and
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bending moments [1]. Actually, they possess elastic properties
and are used mostly to improve high-temperature capabilities,
strength, and flexibility. Both mechanical vibrations and di-
mension changes occurred by heating and cooling can be
absorbed by means of these tubes [2]. Recently, there has been
an increasing demand of using the metal bellows in medical
equipment and small sensors [3]. Thus, various shapes of
them are needed for different applications. SUS304 and 316
austenitic stainless steels are usually used materials for metal
bellows. Besides, titanium alloys, nickel-based alloys, Monel,
Inconel, and Hasteloy can be used in particular applications
[4, 5]. General production methods for metal bellows contain
welding, machining, and forming. Welded metal bellows are
formed by welding pairs of washer-shaped discs of thin sheet
metal [6]. Some of the bellow-forming processes need dies
and tools such as: hydroforming [7], tube bulging and folding
[8], combination process of bulging and upsetting [9], gas
bulging at elevated temperatures [10], and roll-type incremen-
tal forming [11]. Because of high cost of dies and leakage
problems, dieless forming processes have been developed
[12]. Development of semi-dieless forming using local
heating technique [13], experimental study of incremental
forming of metal bellows by high-pressure waterjet [14], in-
vestigation of deformation behavior of aluminum alloy tube in
semi-dieless metal bellow forming [15], and development of
the dieless metal bellow forming [16], have been conducted
during recent years.

There are various methods for local heating used in differ-
ent forming processes. Laser heating system causes increased
formability in incremental sheet metal forming [17] and spin-
ning processes [18]. Moreover, local heating using near-
infrared rays has been proposed as a forming process in
order to decrease springback and increase hardenability
of non-quenchable steels [19]. Additionally, electromag-
netic induction is a method for desired heating. An
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induction heating system is composed of induction coil, an
alternating-current power, and a workpiece [20]. In recent
studies, the induction local heating has been utilized to
produce metal bellows [13, 15, 16].

An electrical arc is formed between an electrode and the
workpiece in arc welding processes. The welding arc is a
sustained electrical discharge through high-temperature
conducting plasma which produces sufficient thermal energy
for joint metals by fusion [21]. In this paper, a cost-effective
alternative method has been proposed for heating, i.e.,
implementing the electric arc heating method in dieless metal
bellow-forming process. By applying the arc on the rotating
tube, the yield stress of a narrow part of the workpiece re-
duces. Then, the tube was subjected to axial compressive force
resulting in occurring buckling in the heated region. Hence,
the convolutions could be formed one by one. The purpose of
this study is to introduce a new local heating method in dieless
metal bellow forming. Firstly, the materials and experimental
setup have been declared. Next, the effective parameters of the
process have been investigated, such as applied displacement
and device current. In addition, a bucking test has been done,
and the results have been compared with the results of a typ-
ical tube. The tests have been performed on stainless steel
SUS304 tubes with an initial outer diameter of 19 mm and a
thickness of 1 mm.

2 Material and methods

This article describes electric arc local heating method used in
metal bellows dieless forming process. Firstly, the tube was
mounted on a rotator and arc torch was placed next to the tube
with a specific distance. Then, arc generator was activated
while the tube was rotating at 500 rpm. The electric arc gen-
erated and exerted heat on the tube like a ring. Finally, by
decreasing flow stress in the heated region, the axial compres-
sive force was exerted on the free end of the tube simulta-
neously causing buckling. After formation of the first convo-
Iution with desired dimensions, the electric arc and the axial
force were removed to prevent extra deformations. When the
deformed area was cooled, further convolutions were cre-
ated in a similar way by moving the torch in an axial di-
rection (in this study, the distance between heating regions
was 14 mm). The convolutions were considered to be equi-
distant since the aim of this paper is to introduce a new
method. A load cell was settled between the free end of the
tube and location of applying force for the required
forming process force to be measured. A schematic view
of the apparatus is illustrated in Fig. 1.

SUS304 steel tubes with a height of 100 mm, outer diam-
eter of 19 mm, and thickness of 1 mm were used in the exper-
iments. Generator voltage and the gap between torch and the
tube were 85 V and 5 mm, respectively. Various parameters
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could affect the convolution shape including material, diame-
ter, initial thickness, torch gap, rotator speed, applied displace-
ment, and device current. By performing initial tests as a
screening phase, it was observed that in order to form a
uniform-heated ring on the tube, the rotator speed must be
greater than a specific amount. In this experiment, the least
amount for the rotator speed to form a uniform-heated ring
was 500 rpm. In further experiments, it was perceived that
augmenting the rotator speed to more than 500 rpm did not
affect the tubes geometry and the required forming force re-
markably. Also, there is a standard electrode gap in which the
arc plasma occurs using of a specific voltage and electrons
could flow [21]. Based on the mentioned standard, the gap
distance was fixed on 5 mm. Evidences demonstrate that ap-
plied displacement and device current are more effective in the
proposed process. Hence, other parameters for the forming
process were considered constant for all of the experiments
like rotator speed and torch gap, and influences of the two
parameters on the convolution shape, thickness distribution,
and maximum required force for forming were examined.

To study the effect of applied displacement, displacements
of 1, 2, and 3 mm were applied to the free end of the tube,
while the device current was set to 70 A. Moreover, in order to
examine the effect of device current, currents of 50, 70, and
80 A were used, while the displacement was set to 3 mm. It
should be mentioned that six convolutions have been made on
a tubes for each test by fixed and variable parameters.

To compare the energy absorption capacity of fabricated
metal bellows and a typical tube, a compression test was per-
formed for a sample with speed of 5 mm/min (compression
machine type: SANTAM-STM-50). Table 1 illustrates the car-
ried out tests in the experiment.

3 Results and discussion

Effects of the parameters on the shape (height, outer and inner
diameters, tip angle, and thickness distribution) and required
force for forming will be discussed. Eventually, compression
test (buckling test) results of a produced metal bellow will be
compared with that of a typical tube having the same length.

3.1 Effect of applied displacement

Three tubes were produced using constant current and differ-
ent displacements as illustrated in Fig. 2. The convolution
height in tubes (a), (b), and (c) is 2.74, 3.31, and 3.99 mm,
respectively. These values show that the convolution height
increases by augmentation of the applied displacement. As it
is evident in Fig. 2, convolution pitch decreases by increasing
the applied displacement, and actually, the convolutions be-
come closer to each other. The effect of the applied displace-
ment on the convolution shape is presented in Fig. 3.
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Fig. 1 Schematic view of the
apparatus used in dieless metal
bellows forming process (applied
displacement: displacement along
longitudinal axis of the tube by
applying compressive force)
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According to Fig. 3, by increasing the applied displacement
outer and inner curvature radius and tip angle of convolution
have been decreased.

Figure 3 indicates that more material flows by increasing
the applied displacement and height of the convolution in-
creases. Therefore, by enhancing the material flow in radial
direction, the convolution tip becomes sharper. Thus, both the
tip angle and convolution radius diminish.

High-quality pictures of the convolutions were taken for
the bellows produced using 70 A current and wall thickness
of the convolutions was measured. Thickness distribution
around the crown point is displayed in Fig. 4. In spite of other
typical manufacturing methods, like hydroforming [22], the
thickness in the convolution zone was grown in this method.
Hence, an increment could be achieved in the strength of
manufactured bellows. As it could be figured out from Fig.
4, increase of the applied displacement thickens the tube wall
in the crown point. The crown thickness for the tubes (a), (b),
and (c) was 1.24, 1.26, and 1.29 mm, respectively. For all the
tubes, the wall thickness decreases gradually in both the left
and right sides of the crown point. Then, it improves slightly
and diminishes again till reaching to initial thickness (1 mm)
at longitudinal distance of 5 mm. Later, thickness enhance-
ment occurs in lower regions with curvature. Flow of the
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material caused by the compression from both sides of the
inflection points in lower curvatures could be the reason for
this phenomenon. It is clear that this thickness increase for
tube (a) occurs in the distances far from the crown point.
Flow of the material from one side of the tube is the reason
for the asymmetry distribution in the diagram.

Applied heat flux has a normal distribution form, and the
heat concentration is located in the central point. Performing
initial heating before applying displacement thickens the tube.
By applying displacement, the material flow occurs and ma-
terial accumulates at that region. That is why the thickness of
the crown point in all the tests is the largest one. By the grace
of the material flow, the thickness of the adjacent region re-
duces in this stage in comparison to increased initial thickness.

Maximum force (F), heating time before applying displace-
ment (¢;), and total time (z7) were measured for each tube, and
average value for six convolutions has been reported in
Table 2. Total time for all the experiments was about 15 s.
According to Fig. 5, forming of tube (c) needs a maximum
force, a few more than tube (b), and tube (a) requires the
minimum one.

The deformation augmented by increasing the applied dis-
placement. By considering the strain rate to be constant, big-
ger force amounts are required for higher deformations.

Table 1  Experiment detail

Test Fixed parameter Variable parameter Variation range Output

Effect of applied Material, dimensions, gap Applied displacement 1 to 3 mm Convolution shape, thickness distribution
displacement and device current and the force required to forming

Effect of device Material, dimensions, gap Device current 50to 80 A Convolution shape, thickness distribution
current and applied displacement and the force required to forming
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Fig. 2 Metal bellows produced
with a current of 70 A with
applied displacements of a 1 mm,
b 2 mm, ¢ 3 mm, and d initial tube

3.2 Effect of device current

Three tubes were produced having constant displacement
yet different current values as illustrated in Fig. 6. The
convolution height of tubes (a), (b), and (c) was 3.68,
3.99, and 4.16 mm, respectively. Therefore, the convolu-
tion height increased by raising the device current.
According to Fig. 6, by increasing the device current,

P

Fig. 3 Effect of applied
displacement on convolution
shape: a convolution height, b
convolution angle, ¢ outer radius,
and d inner radius
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both the outer curvature radius and tip angle of the con-
volution lessened. Effect of the device current on the con-
volution shape is reported in Fig. 7. According to Fig. 7,
by increasing the device current, outer curvature radius
and tip angle of the convolution diminished. Inner curva-
ture radius of convolution, nevertheless, decreases first
and then increases by increment of the device current
from 70 to 80 A.

102
100
98
96

94

92

Convolution Angle, 0 (degree)

90
3 4 0 1 2 3 4

Applied Displacement (mm)

o
=N

I
>

Inner Radius, R2 (mm)

e
o N

3 4 0 1 2 3 4
Applied Displacement (mm)

d



Int J Adv Manuf Technol (2017) 93:3211-3219 3215
Fig. 4 Thickness distribution 1.35
around the crown point for metal
bellows produced with current of
70 A
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) Displacement
2 (mm)
g
2
8 _—1
....... 2

Location (mm)

By increasing the device current, heat flux transition
elevated and heating time decreased accordingly. Thus,
less heat was distributed, and the material had to move in
radial direction through a narrow area. Therefore, height of
the convolution increased. As a result, the tip of the con-
volution became sharper, and both the convolution angle
and outer curvature radius decreased. More initial thicken-
ing occurred in the tube at higher currents due to thermal
concentration and inner radius variation trend was
changed. In fact, accumulation of material in heated region
prevents decreasing the inner radius.

Furthermore, other pictures were taken from convolutions
of the bellows produced by applied displacement of 3 mm,
and wall thickness of the convolutions was measured.
Thickness distribution around the crown point is shown in
Fig. 8. As it is observable in Fig. 8, increasing the device
current from 50 to 70 A thickened the tube wall in the crown
point. However, by enhancing it from 70 to 80 A, the

Table 2 Maximum force and time required to forming of the metal

bellows

Applied Displacement (mm) F (KN) t (s) tr (s)
2.55 8 14.2

2 3.14 8 15

3 3.19 8 14

F Maximum force required to forming, #7 Total time (from arc generation
to stop applying displacement), #; Heating time before applying
displacement

thickness remained almost the same. Crown thickness for
the tubes (a), (b), and (c) was 1.15, 1.295, and 1.3 mm, re-
spectively. For all the tubes, the value of wall thickness grad-
ually decreased in the left and right sides of the crown point.
Then, it increased slightly, and finally decreased again till
reaching to initial thickness (1 mm) at longitudinal distance
of' 5 mm. Due to higher heating time in the tube (a), which was
produced by the current of 50 A, the heat was distributed in a
wider region. Considering this, the increase occurring in the
thickness was fewer in the tube.

As explained in Fig. 4, similar influence laws could be
declared about the curves of Fig. 8. Besides, by increasing
the device current, heat flux proliferated and heating time
reduced. Then, because of more heat concentration
resulting from higher currents, more thickening occurred
in the initial stage.

5 3.5
= 35
)
S 29
o
S8
& 2.6
-
& 23
w
<
= 2
0 1 2 3 4

Displacement (mm)

Fig. 5 Effect of applied displacement on maximum force required for
forming
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Fig. 6 Metal bellows produced
using displacement of 3 mm
having currents ofa 50 A, b 70 A,
and ¢ 80 A

For each tube, maximum force (F), heating time before
applying displacement (#;), and total time (¢7) were mea-
sured, and average value for six convolutions is reported in
Table 3. Total time for each test is a diverse value.
Actually, it clarifies that heating and total forming time

Fig.7 Effect of device current on 4.7
the convolution shape: a
convolution height, b convolution
angle, ¢ outer radius, and d inner
radius
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depends on the device current. By means of using higher
current amount, the time diminished. According to Fig. 9,
maximum force required for forming has been increased by
changing current from 50 to 70 A and then decreased.
Higher temperature was achieved by using a current of
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Fig. 8 Thickness distribution 1.35
around the crown point for metal
bellows produced by applied 1.3
displacement of 3 mm
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80 A. So, maximum forming force for tube (c), having
lower flow stress, is less than tube (a).

By increasing the device current to 70 A, maximum
required force increased. This may be due to higher defor-
mation in comparison to 50 A, which leads to higher re-
quired forming force. By increasing the current to 80 A,
yield strength of the material decreased that caused the
forming force to be decreased.

3.3 Stability (buckling) of produced bellows

Buckling test results point out that energy absorption ca-
pacity in manufactured metal bellow (produced by current
of 70 A and applied 3 mm) was increased. Thus, the tube
could be used as a shock absorber expansion joint. The
area under the force-displacement diagram represents work
or energy. As illustrated in Fig. 10, this area for the metal

Table 3 Maximum force and time required for forming of the
metal bellows

Device current (A) F (KN) 1 (s) tr (s)
50 2.87 21.2 26.2
70 3.19 8 14
80 1.94 6.8 9.5

F Maximum force required to forming, #7 Total time (from arc generation
to stop applying displacement), #; Heating time before applying
displacement

bellow is higher than the area for the typical tube. In fact,
the absorbed energy for metal bellow and typical tube is
388 and 186 J, respectively. By increasing the height of the
convolutions and decreasing their pitch of displacement,
absorption capacity may be improved. This issue was not
investigated because of the purpose of this study, i.e., in-
troducing a new method and study of the effect of param-
eters on shape and force.

4 Conclusion

In this research, a new method for producing metal bellows by
local arc heating and applying axial compressive force was
developed. The following conclusions were achieved:

3.5

2.5

1.5

Maximum Force, F (KN)

40 50 60 70 80 90
Current (A)

Fig. 9 Effect of device current on maximum force required for forming
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Fig. 10 Buckling test of a typical Typical Tube = - = - Metal Bellows
tube and a manufactured metal

bellow (produced by current of -25000

70 A and applied displacement of

3 mm) -20000

-15000

Force (N)

-10000

-5000

Displacement (mm)

*  Cost of dies and tools could be eliminated because the
process is fully dieless. This method can be used for pro-
ducing metal bellows with various shapes.

* This method may be a suitable alternative for induc-
tion local heating and reducing the cost of high-
frequency equipment. It is not necessary to utilize
cooler rings to prevent heat distribution because of
the heat concentration in electric arc heating in com-
parison with induction heating.

* Convolution height increased by 46% when the applied
displacement increased from 1 to 3 mm. By increasing the
current from 50 to 80 A, convolution height improved
13%. It clarifies that using higher currents, as well as
higher applied displacements, leads to higher convolution
height and lower convolution outer curvature radius.
Nonetheless, effect of the device current on convolution
height is less than the applied displacement.

* Increasing the applied displacement causes the required
forming force to increase. Forming of tube with applied
displacement of 3 mm has had the highest maximum
required force. By increasing the current from 50 to
70 A, the maximum required force increased; however,
due to high temperature and low flow stress, it de-
creased. Forming of tube with device current of 70 A
has had the highest maximum required force among
other tubes.

* Despite other forming processes, like bulge and
hydroforming, in this method, thickness of the tube
wall at the crown point region increased leading to
higher strength. Crown point had the highest thickness
among all of the samples, and in the tube which was
formed by the current of 80 A and the applied displace-
ment of 3 mm, thickness increased by the 30% in the
crown point.

As described in the paper, it is predicted that the pro-
posed method could be a suitable forming process for the

@ Springer

metal bellows and controlling the parameters of applied
displacement and device current could lead to precise
shape of the convolutions.

Acknowledgements The authors gratefully acknowledge the IUST
manufacturing technology research center for the provision of experimen-
tal set up and research facilities used in this work. Also, Mr. J.
Mosayebnejad is greatly appreciated for his help in some experiments
in this study.

References

10.

Wilson JF (1985) Mechanics of bellows: a critical survey. Int J
Mech Sci 26:593-605

Becht C (2000) Fatigue of bellows, a new design approach. Int J
Press Vessel Pip 77:843-850. doi:10.1016/S0308-0161(00)00078-8
Bardi FC, Kyriakides S (2006) Plastic buckling of circular tubes
under axial compression—part I: experiments. Int J Mech Sci 48:
830-841. doi:10.1016/j.ijmecsci.2006.03.005

Wang G, Zhang KF, Wu DZ et al (2006) Superplastic forming of
bellows expansion joints made of titanium alloys. J Mater Process
Technol 178:24-28. doi:10.1016/j.jmatprotec.2005.10.005
Prasanna Naveen Kumar J, Johns Kumar S, Sarathi Jeyathilak RK
et al (2016) Effect of design parameters on the static mechanical
behaviour of metal bellows using design of experiment and finite
element analysis. Int J Interact Des Manuf:1-11. doi:10.1007/
$12008-016-0306-7

Lee SK, Chang WS, Yoo WS, Na SJ (2000) A study on a vision
sensor based laser welding system for bellows. J Manuf Syst 19:
249-255. doi:10.1016/S0278-6125(01)80004-2

Kang BH, Lee MY, Shon SM, Moon YH (2007) Forming var-
ious shapes of tubular bellows using a single-step hydroforming
process. J Mater Process Technol 193:1-6. doi:10.1016/j.
jmatprotec.2007.02.029

Lee SW (2002) Study on the forming parameters of the metal bel-
lows. J Mater Process Technol 131:47-53

Teramae T, Nakamura K, Ueno K et al (2000) Effects of hydrostatic
forming conditions on shape accuracy of large bellows.
JOURNAL-JAPAN Soc Technol Plast 41:56-60

Faraji G, Mashhadi MM, Norouzifard V (2009) Evaluation of
effective parameters in metal bellows forming process. J] Mater



Int J Adv Manuf Technol (2017) 93:3211-3219

3219

12.

13.

14.

15.

16.

Process Technol 209:3431-3437. doi:10.1016/j.jmatprotec.
2008.07.057

Koyama H, Aoyagi T (2008) Development of pinch roll type incre-
mental forming equipment In: proc. 59th Japanese Jt. Conf.
Technol. Plast. Pp 275-276

Faraji G, Besharati MK, Mosavi M, Kashanizadeh H (2008)
Experimental and finite element analysis of parameters in
manufacturing of metal bellows. Int J] Adv Manuf Technol 38:
641-648. doi:10.1007/s00170-007-1122-9

Furushima T, Hung NQ, Manabe K1, Sasaki O (2013) Development
of semi-dieless metal bellows forming process. J Mater Process
Technol 213:1406-1411. doi:10.1016/j.jmatprotec.2013.03.002
Wei S, Xu L, He K et al (2015) Experimental study on manufactur-
ing metal bellows forming by water jet incremental forming. Int J
Adv Manuf Technol 81:129-133. doi:10.1007/s00170-015-7202-3
Zhang ZC, Manabe K, Furushima T et al (2014) Deformation be-
havior of aluminum alloy tube in semi-dieless metal bellows
forming process with local heating technique. Adv Mater Res
936:1742-1746. doi:10.4028/ www.scientific.net/ AMR.936.1742
Zhang Z, Furushima T, Manabe K -i., et al (2015) Development of
dieless metal bellows forming process with local heating technique.

17.

18.

19.

20.

21.
22.

Proc Inst Mech Eng Part B J Eng Manuf 229:664-669. doi:10.
1177/0954405413519610

Duflou JR, Callebaut B, Verbert J, Baecrdemacker H De (2007)
Laser assisted incremental forming: formability and accuracy im-
provement. CIRP Ann-Manuf Technol 56:273-276. doi:10.1016/j.
¢irp.2007.05.063

Klocke F, Brummer CM (2014) Laser-assisted metal spinning of
challenging materials. Procedia Eng 81:2385-2390. doi:10.1016/j.
proeng.2014.10.338

Lee E, Hwang J, Lee C et al (2014) A local heating method by near-
infrared rays for forming of non-quenchable advanced high-
strength steels. J Mater Process Tech 214:784-793. doi:10.1016/].
jmatprotec.2013.11.023

Zinn S, Semiatin SL (1988) Elements of induction heating. doi:10.
1361/e0ih1988p001

Coft E, Kiepura RT, Sanders BR (1993) ASM Handbook ”’

Faraji G, Hashemi R, Mashhadi MM et al (2010) Hydroforming
limits in metal bellows forming process. Mater Manuf Process 25:
1413-1417. doi:10.1080/10426914.2010.499579

@ Springer



	A new approach in producing metal bellows by local arc heating: a parametric study
	Abstract
	Introduction
	Material and methods
	Results and discussion
	Effect of applied displacement
	Effect of device current
	Stability (buckling) of produced bellows

	Conclusion
	References


