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Abstract With the implementation of environmental protection, sustainable development and

conservation-oriented policies, components and parts of thin-walled welded tubes have gained

increasing application in the aircraft and automotive industries because of their advantages: easily

achieving forming and manufacturing process at low cost and in a short time. The current research

on welded tube plastic forming is mainly concentrated on tube internal high-pressure forming, tube

bending forming, and tube spinning forming. The focuses are on the material properties and char-

acterization of welded tubes, finite element modeling for welded tube forming, and inhomogeneous

deformation behavior and the mechanism and rules of deformation coordination in welded tube

plastic forming. This paper summarizes the research progress in welded tube plastic forming from

these aspects. Finally, with a focus on the urgent demand of the aviation, aerospace and automotive

industries for high-strength and light-weight tubes, this paper discusses the development trends and

challenges in the theory and technology of welded tube plastic forming in the future. Among them,

laser tailor-welded technology will find application in the manufacture of high-strength steel tubes.

Tube-end forming technology, such as tube flaring and flanging technology, will expand its appli-

cation in welded tubes. Therefore, future studies will focus on the FE modeling regarding how to

consider effects of welding on residual stresses, welding distortions and microstructure, the inhomo-

geneous deformation and coordination mechanism of the plastic forming process of tailor-welded

tubes, and some end-forming processes of welded tubes, and more comprehensive research on the

forming mechanism and limit of welded tubes.
� 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Compared with seamless tubes, welded tubes have advantages,

such as low production cost, high production efficiency,
stable quality and variety, etc. With the implementation of
environmental protection, sustainable development and
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conservation-oriented policies and the rapid development of
lightweight structure forming manufacturing technology in
the aviation, aerospace and automotive industry, all types of

thin-wall welded tube parts and components are finding
increasingly extensive application.1–4 Especially in the aviation
industry, the tubing system is the core part of the aircraft.

Because of high material utilization rate, high production effi-
ciency, and the properties of expanding and bending forming
having little difference with seamless tube, welded tube is find-

ing wide application in aircraft environmental control and
drain line system. From the perspective of plastic forming,
welded tube plastic forming belongs to the category of inho-
mogeneous materials forming. The welded tube forming pro-

cess is similar to that of homogeneous tubes with wrinkling,
cracking and other possible defects, while inhomogeneous
materials and the performance of the parent metal, the weld

seam (weld line or weld bead) and the heat-affected zone
(HAZ) of welded tubes lead to a complicated nonlinear mate-
rials problem. The width of the weld seam and the HAZ and

their positions in the plastic forming process will result in a
complicated geometrical nonlinear problem. Material and per-
formance differences among the weld seam, the HAZ and the

parent metal in the plastic forming process may also lead to a
complex contact with the tool and die and boundary nonlinear
conditions. These nonlinear problems and their coupling
effects enhance the restriction of the weld (including the weld

seam and the HAZ) on the plastic forming quality of welded
tubes and make the plastic forming quality and forming per-
formance/forming limit of welded tubes more sensitive to the

rules of constraints and deformation coordination among the
weld seam, the HAZ and the parent metal. When the effect
of inhomogeneous deformation among these zones is so strong

that they cannot deform in a coordinated fashion, defects such
as wrinkling and fracture may occur. Furthermore, these
defects will constrain the normal plastic forming process of

welded tubes and the improvement in their forming perfor-
mance. When each zone of the welded tubes can be deformed
in a coordinated fashion, it is likely that the plastic forming
process can be carried out smoothly, thereby improving the

forming quality of the welded tubes and fully exploiting the
tubes’ deformation potential and improving their forming per-
formance. These characteristics make the plastic forming

behavior of welded tubes different from those of homogeneous
tubes. Therefore, it is important to perform research on welded
tube plastic forming theory and technology. This research will

provide a practical engineering theory basis for improving the
quality of plastic forming of welded tubes and for exploring
the deformation potential of these tubes. It is significant and
important for improving the level and capability of the high-

quality, low-cost, and short-cycle manufacturing technology
of welded tubes.

To date, the welded tube plastic forming research mainly

concentrates on three aspects, including internal high pres-
sure forming, bending forming and spinning forming. The
focus is on material properties and the characterization of

welded tubes, finite element modeling for welded tube form-
ing, and inhomogeneous deformation behavior in welded
tube plastic forming and the mechanism and rules of

deformation coordination. Based on these aspects, this paper
summarizes the research progress in welded tube plastic
forming.
2. Material properties and constitutive modeling of welded tubes

Different welding technologies and processes will produce
weld seams and HAZs with different appearances, sizes and

mechanical properties. This has a significant effect on the
forming performance. Therefore, it is necessary to perform
research on welded tube performance and its characterization.

2.1. Weld characteristics of welded tubes

The appearance, size, mechanical properties and plastic form-

ing performance of the weld line and the HAZ are closely
related to the welding process, the speed, the temperature,
the extrusion force and the thickness of the tube. Through met-
allographic analysis and tensile testing, Chen5 investigated the

mechanical non-uniformity of a 304 (SUS304) austenitic stain-
less steel welded joint of tailor-welded tubes that were made
using tungsten inert gas (TIG) welding technology. He ana-

lyzed the variations and differences in the microstructure and
mechanical properties of different zones of welded joints and
ascertained that the width of the weld was approximately

5 mm, and divided the welded joints into four regions, includ-
ing parent metal, HAZ, fusion zone (or in some cases only a
fusion line) and weld seam. Khalfallah6 ascertained that the
weld seam width of a low-carbon steel S235JR tube welded

by high-frequency induction welding was approximately
1 mm and that the width of each HAZ was approximately
2 mm. The weld region in their study was characterized by

much higher hardness (approximately HV= 198) than that
of the parent metal (approximately HV= 115). The yield
and tensile strength stresses of the weld specimen were higher

than those of the parent metal, whereas the strain hardening
exponent and the uniform elongation were lower for specimens
containing the weld than those of the parent metal.6 Ghoo

et al.7 and Panda et al.8 also obtained similar findings. Yang
et al.9 ascertained that the weld width of a QSTE340 welded
tube produced by resistance welding was 4 mm and the width
of each HAZ was 6 mm by analyzing the weld joint

microstructure and microhardness distribution. For high-
frequency electric resistance welding (HF-ERW)10 and extru-
sion welding11, the weld is always funnel-form. Ren et al.12

observed the weld shape to be like a typical drum by means
of microhardness distribution and microstructure analysis.
They found that the difference among the parent material,

the HAZ and the fusion zone was apparent and determined
that the weld seam width of 60 mm � 4.0 mm (d � t:d-tube
outside diameter, t-wall thickness) and 78 mm � 2.7 mm
QSTE340 HF ERW tubes were both 0.4 mm and the width

of the HAZ of both tubes was 2.4 mm. Li et al.13 used tensile
tests and microhardness tests to study the mechanical perfor-
mance of a CP3 pure titanium thin-walled welded tube which

would be used in the drain line system of a civil aircraft. Their
results show that compared with the parent metal, the yield
strength and tensile strength of the weld were higher, but the

elongation of the weld was obviously lower, and a large hard-
ness gradient appeared in the HAZ. Ren14 also obtained sim-
ilar conclusions in the research on QSTE340 steel welded

tubes. A large number of studies show that welding caused a
change in the hardness of the weld area. For example, in laser
welding, the weld area hardness increased by 50%15 to
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250%16. In most cases, the weld hardness increased by approx-
imately 120%17.
2.2. Material modeling of welded tubes

The material properties of the weld seam and the HAZ have a
close relationship with the constitutive model of welded tubes.

Therefore, accurate constitutive modeling of the welding seam
and HAZ is necessary for evaluating the welded tubes’ plastic
formability through theory and finite element analysis (FEA).

There are four main methods for determining the material
properties and constitutive relationship of the weld seam and
the HAZ of welded tubes.

The first method is to obtain the material properties of the
weld seam and the HAZ through uniaxial tensile testing of
standard specimen or non-standard small specimens made
only of the weld seam and the HAZ18,19. In this method, the

results obtained from using a non-standard specimen are dif-
ferent from those using a standard specimen. This is because
as the specimen size increases, the resistance tensile stress of

the weld is weakened; thus, the material properties of the weld
and the HAZ are particularly sensitive to the specimen size20.
When the relative size of the weld on the specimen cross sec-

tion increases, the stress–strain curve of the specimen tends
to be closer to the stress–strain curve of the weld seam, so
many researchers choose to use small specimens or micro-
specimens to determine the material properties of weld

tubes21,22. However, it is difficult to cut the specimen which
contains only the weld or the HAZ because of the narrow
width of the welding seam and the HAZ and their irregular

cross sectional shape. Davies et al.23 showed that the plastic
deformation ability of the tensile specimen decreases as the
proportion of the weld in the cross section of the specimen

increases by tensile testing different sizes of samples. This
means that the results obtained by this method have a great
degree of dispersion.

The second method is to use an empirical formula based on
microhardness; i.e., the material properties of the weld and the
HAZ are determined according to the microhardness distribu-
tion of the weld and its surrounding area, and, using the

directly proportional relationship between the flow stress and
microhardness, the material properties of the weld and HAZ
are determined.24 The microhardness method is simple, conve-

nient, and fast; it does not cause damage to the specimen. And
this method is often used for obtaining weld joint material
properties. However, this method neglects the effect of the

welding method and welding parameters on the weld proper-
ties, and there is no mature hardness criterion for the width
of the weld seam and HAZ.

The third method is commonly used in obtaining the weld

joint material properties and constitutive relationship based
on the rule of mixtures.25–27 This method uses a mixture of ten-
sile specimens that include the weld and the surrounding mate-

rial. Then, based on the strain mixture rule of the weld seam,
the parent metal and the HAZ, the constitutive relation of the
weld and HAZ can be determined. This method is an indirect

method for obtaining the characteristics of the weld material,
avoiding the disadvantages of the first method. When adopting
the rule of mixtures to confirm the plastic constitutive relation-

ship of the weld material, the cross-sectional size must be accu-
rately determined. Because there are no distinct boundaries
among the weld bead, the HAZ and the parent metal in the
macrostructure, it is difficult to distinguish between them.20

Furthermore, during the preparation of the mixed specimen

according to the standard sample requirements, it is inevitable
that some HAZ and parent metal will be included in the mixed
specimen. Thus, the properties determined from the tensile test

of the mixed specimen are not only those of the weld seam and
HAZ but also partly those of the parent metal. In view of the
above shortcomings, Zhan et al.20 proposed a microhardness

measurement method using cross-sectional samples of the tube
to truly represent the microhardness distribution characteris-
tics along the thickness direction throughout the weld zone,
HAZ and parent metal. They also proposed a new method

for establishing the constitutive relation of inhomogeneous
materials based on the rule of mixtures and subdividing the
HAZ into strips. This modified rule of mixtures diminished

the effects of the width of a mixed specimen on the flow
stress–strain to some degree, and it could accurately and con-
tinuously reveal the variation in flow stress across the HAZ.

Using this method, a more precise constitutive model of a
Q215 welded tube was obtained by Zhan et al.20 Using this
method, Ren et al.28 established a high-precision material con-

stitutive model of a QSTE340 welded tube.
The fourth method is the digital image correlation (DIC)

method. This method was initially proposed by Reynolds
and Duvall29 based on the iso-stress load assumption. It is easy

to capture strain distributions in the local area near the weld
line and in the whole deformation area using DIC.30,31 Since
then, this method has been frequently used for characterization

of the mechanical properties of friction stir welds (FSW)32–37

and laser welds.38,39 Louëdec et al.40 proposed an inverse pro-
cedure based on DIC and the virtual fields method to accu-

rately identify the evolution of the mechanical properties
throughout the weld. They applied the method to determine
the local elasto-plastic properties of an Al 5456 FSW weld.

Their results indicated that the plastic parameters in the center
of the weld underwent a significant change even at a low strain
rate. Two-dimensional (2D) DIC can only measure the surface
displacement of the object surface. To solve the error caused

by the displacement of the plane in the process of the 2D cor-
relation operation, Chao et al.41 realized the three-dimensional
(3D) displacement measurement of the curved surface by com-

bining computer vision theory and the 2D digital image
speckle technique. Li et al.42 proposed an identification
method for the mechanical properties of the weld and HAZ

by combining the 3D DIC technique with a genetic algorithm
(GA)-driven inverse approach. They applied the method to
dual-phase high-strength steels (DP600 and DP980) with a
thickness of 2 mm. Dick and Korkolis43 used 3D DIC technol-

ogy to probe the full strain fields during the Ring Hoop Ten-
sion Test (RHTT) of an extruded Al-6061-T4 tube. By
coupling this information with extensive FEA, they decoupled

the effects of the tube wall thickness eccentricity, tube-mandrel
friction and specimen preparation from the recorded response.
Fu et al.44 proposed a refined method for identifying the mate-

rial parameters of a weld line based on the DIC technique and
the hardness test. The material parameters of the power expo-
nent material hardening model of the weld zone and two

HAZs were obtained indirectly by the DIC technique and
the hardness test. Their comparison of FEA and experiments
shows that the refined method was better than the traditional
method. Chen and Lin 45 proposed a performance parameter
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identification partition allocation method of a tailor-welded
blank (TWB) based on the DIC technique. In this method,
the weld was divided into the weld seam and the HAZ, the per-

formance of the HAZ was regarded as continuously varying,
and a calculation model of the weld performance parameters
was established.

2.3. Existing problems and development directions

An in-depth study of inhomogeneous deformation behaviors

of the weld seam, HAZ and parent metal of welded tubes
and their plastic forming properties in the plastic forming pro-
cess requires a constitutive model that can accurately describe

material plastic flow and deformation behavior. However, due
to the non-uniformity in the materials of welded tubes, narrow
weld seams and HAZ widths and their complicated shape, it is
difficult to directly capture tensile samples of the weld and

HAZ to obtain its material property parameters and constitu-
tive model. Therefore, at present, the most widely established
constitutive model of welded tubes is the rule of mixtures

and its improvement. However, even though by using the
improved rule of mixtures method the material properties
across the weld seam and HAZ can be obtained by subdividing

the HAZ, and it is still difficult to identify the material proper-
ties across the weld seam and HAZ with a smooth transition.
Therefore, because of the superiority of DIC technology,
which is a non-contact and whole field measurement, a grow-

ing number of studies choose the DIC method to determine the
material properties of welded tubes and to establish their con-
stitutive model. The accuracy of DIC technology is mainly

influenced by the load system, the imaging system and the cor-
relation algorithm; therefore, how to select the appropriate
algorithm is the primary problem for the application of DIC

technology in the stress–strain measurement of welded tubes.
Meanwhile, due to the complex inhomogeneous material prop-
erties in the weld, the HAZ and the parent metal, develop-

ments are under way to establish a more accurate
constitutive model combining DIC with other methods and
considering the characteristics of welded tubes.

3. Weld characterization in FE modeling

In recent years, the finite element method has been widely used
in the studies of welded tube plastic forming. This research
Fig. 1 Finite element mo
mainly focuses on establishing the corresponding finite element
models of internal high-pressure forming, numerical control
(NC) bending, and spinning forming of welded tubes. How-

ever, the differing appearances, sizes and mechanical proper-
ties of the welds and the HAZs resulting from different
welding processes increase the complexity of the finite element

modeling of welded tube plastic forming process.

3.1. FE modeling for welded tubes

According to the treatment methods for the weld seam and the
HAZ, the finite element models for welded tubes can be classi-
fied into the following four categories.

The first category can be called the pure parent metal FE
model. As shown in Fig. 1(a), the model neglects the weld
and the HAZ, and the whole tube is regarded as a homoge-
neous tube endowed with the material properties of the parent

metal.3 This simplified modeling method will result in incorrect
results in some cases.46 Kim et al.3 established a finite element
model of the welded tube free-bulging process without consid-

ering the weld and the HAZ. The simulation results show that
the fracture integral value along the middle tube ring changed
little. Therefore, it was difficult to predict the fracture failure

location of the welded tube free-bulging process.
The second category is the FE model that includes both the

parent metal and the weld. As shown in Fig. 1(b), this model
only considers the effect of the weld material properties and

ignores the existence of the HAZ.3 There are three methods
for establishing the model of the weld seam.47–55 In the first
method, solid elements based on the size, shape and material

parameters of the weld are adopted to establish accurately
the model of the weld. In the second method, shell elements
are used to establish a model of the weld. In the third method,

changes in the weld material properties are ignored, and con-
sidering only the weld position, the weld is replaced by a
row of beam elements or shell mesh elements or the weld is

treated as a rigid pivot. Zhao et al.48 described the weld using
a rigid pivot, a shell element and a solid element. Comparison
of the simulation results of these models for a free-bend test,
stretch-bend test and limited dome-height test with experimen-

tal results show that the simulation accuracy was the lowest
when the weld was simplified to a rigid pivot, and the accuracy
was quite similar when the weld was simplified to shell ele-

ments and solid elements. In general, although the FE model,
dels of welded tubes.3
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including both the parent metal and the weld, is closer to the
actual situation than the pure parent metal model, it can still
cannot accurately predict the wall thickness variation, rupture

and failure of the HAZ in the plastic forming process,56 while
the HAZ is always a high-failure area with low strength, poor
plasticity and many inclusions and other defects.

The third category is the model that includes the weld, a
single HAZ and the parent metal. As shown in Fig. 1(c), in this
model, the differences of the material properties of the weld

seam, the HAZ and the parent metal are considered.3 Com-
pared with the previous two models, this method can accu-
rately simulate the deformation characteristics of the weld
joint plastic forming. Kim et al.3 created three finite element

models for the parent metal alone (Model A), for including
the weld and the HAZ as well (Model B), and for including
the weld only (Model C) to numerically predict bursting failure

during the bulging process of a seamed tube. The results show
that for model B, the maximum value of the potential initial
fracture site occurred near the weld line, which coincided with

one of the actual bulging tests. Therefore, the finite element
model containing the weld and the HAZ was the best model
among the three models in describing the bursting behavior

numerically. Rogue et al.57 created two models of a welded-
tailor tube, with and without a HAZ, to compare different
approaches to modeling of the HAZ. They show that the
results were clearly influenced by the presence of the HAZ

and that by increasing the difference between thicknesses, the
presence of a well-defined HAZ could have greater influence
on the final results.

The fourth category has an FE model that includes the
weld, the subdivided HAZs and the parent material (see
Fig. 2). This model considers not only the differences in the

material properties between the weld and the HAZ but also
the gradual change in the material properties of the HAZ.28

Using this method, Galdos and Garcia56 subdivided the weld

and HAZ into seven subzones. Their simulation results show
that the thickness distribution of the weld and the HAZ were
consistent with the experimental results. Liu et al.58 studied
an FE simulation of NC bending of 60 mm � 4 mm welded

tubes. They showed that the results obtained by the simulation
of the subdivided HAZ model were closer to the experimental
results. Ren et al.28 established an FE model including the

weld, a subdivided HAZ and the parent material that consid-
ered the varied material properties of each HAZ for the NC
Fig. 2 Weld + subdivided HAZ + parent metal FE model28 for

welded tubes.
bending process of 78 mm � 2.7 mm QSTE340 welded tubes.
As shown in Fig. 2, each HAZ of the welded tube was subdi-
vided into three subzones in this model.

3.2. Existing problems and development directions

To sum up, establishing FE models of welded tubes containing

the weld seam, a subdivided HAZ and the parent material con-
sidering the varying material properties of the weld, the HAZ
and the parent metal for plastic forming of welded tubes has

become a trend. For the model elements, the accuracy and
the efficiency should be considered comprehensively according
to the actual tube size and the weld characteristics.

The mechanical properties of the welded joints are smooth
and continuous along the vertical direction of the weld; while
in the solid FE model, this complex continuity problem in
these domains is discretized by using mesh partitions.59

Because the widths of the weld line and the HAZ are much
narrower than those of the parent zone, the mesh in the weld
line and HAZ have to be much finer than that of the parent

zone to approach the continuity by establishing an FE model
with the weld and subdivided HAZs. This model can improve
the simulation accuracy, on the one hand; however, in con-

trast, the calculation efficiency is low. The FE model simplify-
ing the weld with a row of beam elements, shell element mesh,
or a rigid hinge link has high computational efficiency but low
accuracy because it only considers the effect of the weld posi-

tion and ignores the variation in material properties in the
weld, HAZ and parent zones.

Therefore, how to establish an accurate and efficient FE

model for welded tube plastic forming considering the varia-
tion in material properties across the weld seam, the HAZ
and the parent zone becomes a key problem at present. The

main difficulty in the process is how to model the weld seam
and HAZ as accurately as possible to improve the computa-
tional accuracy on the one hand and how to improve the cal-

culation efficiency on the other hand.
As we all know, welding process also brings about residual

stresses as well as welding distortions and micro-structural
transformation. Even heat treatment after welding can reduce

or remove residual stresses, it will result in variation on tube
geometry and microstructure. However, there is no research
on FE modeling considering all these effects from welding

and heat treating except for some analyses on residual stress
of tubes after welding60–63. Therefore, a macro–micro coupled
FE modeling for the complete process chain including welding,

heat treating, followed by the particular plastic forming is
needed to accurately simulate welded tube plastic forming
process.

4. Constraining effect and deformation coordination in welded

tube plastic forming

Due to that the material properties are different in different
zones of welded tubes, inhomogeneous plastic deformation
and mutual restriction exist in the plastic forming process of
welded tubes. When the effect of inhomogeneous deformation

between each zone is prominent, they are incapable of deform-
ing in coordination; thus, defects, such as rupture, emerge that
constrain the normal process of welded tube plastic forming

and the improvement of forming quality and forming limit.
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Therefore, inhomogeneous deformation and coordination
among the weld, the HAZ and the parent metal will have an
important influence on the plastic forming behavior and form-

ing limit of welded tubes.

4.1. Constraining effect and deformation coordination

Except for the inhomogeneous plastic deformation and coordi-
nation in the outside and inside deformation zones of seamless
tubes,64 there also exist the inhomogeneous plastic deforma-

tion and coordination in the parent metal, HAZ and weld
zones of welded tubes. The inhomogeneous plastic deforma-
tion and coordination of welded tubes were studied by many

scholars whose major in researching NC bending, hydroform-
ing and spinning.

For the NC bending process of welded tubes (see Fig. 3),
Ren14 proposed a constraining factor that considered the geo-

metrical characteristics and materials heterogeneity of the weld
and HAZ in investigating the influence of geometrical charac-
teristics and material heterogeneity of the weld region on the

constraining effect and deformation coordination of welded
tubes. By this constraint factor, Ren et al.28 revealed the con-
straining effect of the weld and HAZ and their positions (see

Fig. 4) on the QSTE340 welded tubes in NC bending forming
and the deformation coordination laws in different areas. They
found that the larger the constraining factor of the weld region
is, the larger the constraining effect of the weld on the tube

bend formability is. They also found that the constraining
effect caused by the weld increased the cross-sectional defor-
mation and the hoop strain in the weld region, decreased the
Fig. 3 Production of bending forming of welded tubes.28

Fig. 4 Schematic diagrams of welded tube
thickness strain compared with the homogeneous tube, and
had little effect on the springback angle. Li et al.13 analyzed
the effect on wall thinning and cross section flattening of the

NC bending of a CP3 pure titanium welded tube. They found
that the wall thinning of the weld region was less than that of
homogeneous tubes and that the weld seam only had a signif-

icant effect on the wall thinning of the material near the tube-
clamping end. Liu et al.59,65 found that the weld and HAZ had
a great influence on the stress across the weld but little influ-

ence on the strain distribution of an HFRW QSTE340 welded
tube and proposed a concept of weld relative strength factor
Sf; then, they studied the influence of Sf on the wrinkling
and wall thickness distribution of welded tubes. Their results

showed that the Sf had the most significant influence on the
degree of wall thinning when the change in Sf was caused by
the weld anisotropy exponent. The ratio of the degree of wall

thinning was reduced greatly (approximately 37.61%), when Sf

increased slightly (approximately 0.89%). Ren14 revealed the
effect of forming parameters, such as the clearance between

the tube and the die, and the push assistant lever and the num-
ber of balls, on the 78 mm � 2.7 mm � 156 mm QSTE340
welded tubes bend formability and deformation coordination.

The results show that the larger the clearance is between the
tube and the wiper die or between the tube and the mandrel
dies, the larger is the friction on the tube-pressure die; addi-
tionally, the smaller the clearance is between the tube and

the pressure die, the smaller is the friction on the tube-wiper
die.

In the hydroforming of welded tubes, Aue-U-Lan et al.66,

Sun and Yang67,68 found that inhomogeneous deformation
had an influence on the material flow of the weld, which
resulted in inhomogeneous distribution of the wall thickness

and asymmetric shape of the welded tubes. Liu et al.69 investi-
gated the ratio of the maximum bulging amount of a thick tube
and the limit bulging amount of a thin tube to scale deforma-

tion coordination of tailor-welded tube hydroforming. Their
results show that with increasing length ratio and thickness
ratio, the deformation coordination was obviously improved.
Chu et al.70,71 revealed the deformation behavior and the weld

seam movement of tailor-welded tubes during hydroforming,
the initiation and expanding of the plastic deformation and
the factors that affect hydroforming together by using FEA

and experiments. Their results show that different strain states
during the bulging process were the intrinsic feature of weld
seam movement, and the deformation coordination could be
NC bending process and weld position.28
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improved by increasing the hardening exponent and the length
ratio. As shown in Fig. 5, Imaninejad et al.72 conducted tube
hydroforming experiments and FEA to develop the forming

limit diagram of AA6082-T4 by utilizing three types of end-
conditions. It was found that ‘‘free-end” hydroforming gave
the lowest forming limits, followed by ‘‘pinched-end” and

‘‘forced-end” hydroforming, and the anisotropy of the weld
material and the end-condition used during hydroforming
experiments had the largest influence on the failure location

with respect to the weld center.
In the deformation behavior of welded tube spinning form-

ing (see Fig. 6), Yuan et al. 73 found that the spinning increased
the formability of 2024-O aluminum alloy FSW joints signifi-

cantly. Their results show significant improvement in the uni-
formity of the microhardness distribution and the tensile and
yield strengths of FSW joints. Moreover, they revealed that

the strengthening mechanism of the tube was that spinning
not only refined grain but also broke the second phase and
increased the density of the dislocation. Wang et al.74 studied

the influence of spinning on the formability of 2024-O alu-
minum alloy FSW tubes by the hydraulic bulge test and
reached conclusions similar to those of Yuan et al.73 They

revealed the difference in grain size and precipitates between
the weld and the parent metal, leading to an asymmetric W-
type microhardness distribution after spinning. When com-
pared with the result of tensile tests, the tube after spinning

showed better formability when the stress state changed from
a uniaxial to a biaxial stress state. Zhang et al.75 obtained an
ultra-thin-wall cylinder with a radius of 558 mm and a wall

thickness ratio of 0.42 mm by deeply cold spinning on a C-
276 nickel-based alloy welded cylinder and analyzed the effect
of deeply cold spinning on the mechanical properties,

microstructure and corrosion resistance of the parent metal
and the weld. Their results show that the grains in the parent
metal were obviously refined, that the orientation of the grains

was enhanced after cold spinning with a thickness reduction of
80% and that the grains in the weld seam were transformed
from coarse and long fishbone dendrites into small granular
grains.
Fig. 5 Schematic illustration of end-con

Fig. 6 Schematic of tube weld
4.2. Forming limit of welded tubes

In the plastic forming process of welded tubes, due to the com-
plex material, geometrical nonlinearity and the coupling effect
between them, the welded tubes often incur defects, such as

cracking and wrinkling. To date, researchers have paid much
more attention to the forming limit of welded tubes in hydro-
forming and bending processes.

Ma et al.77 developed a measurement method for the limit

strain at the tension–tension strain zone of a forming limit dia-
gram (FLD) based on a tube ellipse bulging test. They gener-
ated the FLD of HR340 laser-welded tubes in different sizes.

Their results show that the thickness and diameter of welded
tubes made from the same brand of sheet material not only
affected the limit strain in the plane strain state but also

affected the shape of the forming limit curve (FLC). Chen
et al.78 developed a novel theoretical method to predict the
FLD for welded tube hydroforming, considering the unique

features of seamed tube hydroforming. Based on this theoret-
ical method, they proposed a new prediction model for the
forming limit of welded tube hydroforming using the Swift
hardening equation and the Hill yield criterion. Based on this

prediction model, they calculated the FLD for ERW QSTE340
welded tubes. Their results show that the forming performance
of the welded tubes was obviously inferior to that of the parent

metal blank, so the hydroforming FLC of the welded tubes
could not be replaced by the FLC of the welded blank.

However, in the above methods the influence of the weld

seam and the HAZ on the forming limit of the welded pipe
is not considered. By using the FEM combined with Oyane’s
ductile fracture criterion, Kim et al.3 investigated the forming
limit and bursting pressure level for a seamed tube. Through a

series of FEAs they found that the initial fracture took place in
the HAZ near the weld line. Considering that the over-
thinning resulting from local necking was the dominant failure

for the welded tube with high strength and a small bending
radius and wall thickness, Ren14 proposed a method for deter-
mining the forming limit of welded tube bending (the mini-

mum bending radius) dependent on admitted thickness
ditions used during hydroforming.72

ing and spinning process.76
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thinning and fracture. He found that the weld significantly
reduced the forming limit of the welded tube when the weld
was located on the outside, while the weld showed an almost

negligible effect on the forming limit when the weld was
located on the inside or near the neutral layer; the boost at
the back of the tube or fewer balls could improve the forming

limit of the welded tube. Based on these analyses, the qualified
bent QSTE340 welded tubes with the small bending radius was
successfully obtained by means of NC bending.

4.3. Existing problems and development directions

In recent years, many researchers have shown that the position

and time of occurrence of the bending fracture of the uniform
tubes can be predicted accurately by combining appropriate
ductile fracture criterion with the FEM.3,79,80 A ductile frac-
ture criterion contains at least one or two damage constants;

therefore, at least one or two destructive tests, such as a uniax-
ial tensile test and a plane tensile test, are required to determine
these constants and, thus, the criterion. However, compared

with homogeneous tubes, the welded tubes consist of the weld,
the HAZ and the parent metal, which have different material
properties and widths, even different thicknesses. In addition,

the width of the weld is narrow, for example, the width of
laser-welded tubes is only 0.4–1.0 mm.81 Therefore, it is very
difficult to obtain the damage constants of the weld and the
HAZ accurately. This increases the difficulty in predicting

the occurrence of a fracture in the welded tube plastic forming
process by using a ductile fracture criterion. As a result, with
the wide application of welded tube plastic forming technology

in aviation, aerospace, automobile and other fields, research
on the forming limit based on other defects, such as wrinkling,
other plastic forming processes such as spinning and flaring,

and predicting the fracture location and occurrence time of
welded tube plastic forming using an appropriate ductile frac-
ture criterion combined with FEM are the key issues that need

to be solved in the future.
Much research on welded tubes13,14,28,58,61 and the tailor-

welded plate82 with the same thickness and the same materials
shows that the weld has a significant influence on tailor-welded

plate forming due to the constraining effect on the deforma-
tion of the HAZ and the parent metal of the welding seam
as a quasi-rigid boundary or a rigid inclusion relative to the

parent metal. For tailor-welded tubes with different materials
and thicknesses, this constraining effect will be more signifi-
cant. Therefore, research on the deformation behavior and

constraining effect of tailor welded tubes with different mate-
rials and thicknesses will become one of the trends in the
research of welded tube forming.

Until now, almost all the research on the forming limit of

welded tubes has been performed from a macro point of view.
The macro-scale forming limit model characterizes the instabil-
ity and failure of the material through macroscopic parame-

ters. The micro-scale forming limit model characterizes the
failure of the material using microscopic parameters, such as
voids and micro cracks, and the formation, growth and expan-

sion of the void and the micro cracks are the causes of the fail-
ure of the material.83 Much similar research shows that the
forming limit curve of blanks predicted by the micro-scale

model (such as the anisotropic GTN model) is in better agree-
ment with the experimental results. 84,85Therefore, characteriz-
ing the failure of the material from the micro-scale is a
direction for studying the forming limit of welded tubes.

5. Trends and challenges of welded tubes plastic forming

In response to the urgent demands for accurate and efficient
manufacturing of high-performance and lightweight welded

tubes in the aviation, aerospace and automotive industries,
the trends in welded tube plastic forming theories and tech-
nologies are shown as follows.

(1) Laser welding has high quality, high flexibility and
numerous other advantages. It can not only produce

high-quality tubes with large ratios of diameter to thick-
ness but also adopt the combinations of different mate-
rials and different thicknesses in different parts

according to varying demand. Therefore, with the
urgent need for high strength lightweight tubes in the
aviation, aerospace and automotive industries, wider
use of laser welded high strength steel tube will be a

trend.
(2) At present, the application and research of plastic form-

ing of welded tubes are concentrated on bending, hydro-

forming and spinning processes. Because tube-end
forming technology, such as flaring and flanging, is an
essential process for tube application, welded tube end

forming technology will expand its application in the
aviation, aerospace and automotive fields in the future.

Regarding the above trends in plastic forming of welded

tubes, the challenges needing to be urgently solved are summa-
rized as below.

(1) Compared to welded tubes, research on the inhomoge-
neous deformation and coordination mechanism of plas-
tic forming of tailor-welded tubes become more

important and difficult because they are composed of
different materials and thicknesses. However, at present,
most of the research focuses on the tailor-welded blanks,

while research on tailor-welded tubes is rare. With the
extensive application of laser tailor-welding of high
strength tubes in the aviation, aerospace and automotive
industries, there is an urgent need to carry out research

on the inhomogeneous deformation and coordination
mechanism of plastic forming of tailor-welded tubes
with different materials and thicknesses.

(2) With the plastic forming process of welded tubes
expanding from the bending, hydroforming and spin-
ning toward tube-end forming, such as flaring and flang-

ing forming, it is important to perform research on the
inhomogeneous deformation and coordination mecha-
nism of welded tube-end forming.

(3) To accurately simulate plastic forming processes of

welded tubes, the FE modeling considering effects of
welding on not only property difference but also residual
stresses as well as welding distortions and micro-

structure is needed. For this purpose, how to establish
the modeling for the complete process chain including
thermo-mechanical coupled welding, heat treating, fol-

lowed by the particular plastic forming could be a
challenge.
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(4) The research characterizing the forming limit of welded

tubes is only focused on the fracture forming limit of
welded tubes in hydroforming and bending processes
from the macro point of view, and no general ductile

fracture criterion has been established. To accurately
predict the fracture forming limit, a general ductile frac-
ture criterion that considers the material characteristics
of welded tubes is needed. Considering that other defects

in addition to fracture, e.g., wrinkling, usually occur
easily in the plastic forming process of welded tubes,
research on the forming limit of other defects is needed.

Because the fracture failure of the material has a close
relationship with the voids and micro cracks, to analyze
the fracture mechanism, it is necessary to perform

researches on the forming limit of welded tubes from
the micro point of view.

6. Conclusions

(1) Welded tube plastic forming responds to the current
urgent demands for high-performance and lightweight

components and accurate, short-cycle, low-cost manu-
facturing technology in high-tech industries such as avi-
ation, aerospace and automobiles. The current urgent

demand for high efficiency and precision production
are integrally related to the constraint effect of the weld
zone on the plastic forming of welded tubes and to the
inhomogeneous deformation and coordination mecha-

nism in welded tube plastic forming. This depends on
the insight into the nonlinearity of materials, geometri-
cal effects, the complicated contact conditions and the

boundary conditions of the welded tubes, and the cou-
pling effect among them. Thus, advances in the studies
of these common topics in welded tube plastic forming

are summarized, including material properties and mod-
eling of welded tubes, weld characterization in FE mod-
eling, constraining effect and deformation coordination

in welded tube plastic forming, and the forming limit
of welded tubes.

(2) With the increasing demand for better performance
tubes, more complex welded tubular components with

lighter-weight materials are required. These components
are characterized by their thin wall thickness, large
diameter, and the combination of different materials

and thicknesses. The tubular materials are generally
hard to deform, with limited ductility and high strength.
Considering the facts of tough tolerances in applications

and multiple constraints with nonlinear contact condi-
tions in plastic forming, several challenges need to be
overcome, namely, the FE modeling for the complete
process chain including tube welding, heat treating and

plastic forming process of welded tubes; the inhomoge-
neous deformation and coordination mechanism of plas-
tic forming of tailor-welded-tubes with different

materials and thicknesses; the inhomogeneous deforma-
tion and coordination mechanism of welded tube-end
forming; more comprehensive research on the forming

limit of welded tubes, from the point of view of the
macro or micro ductile fracture criterion considering

the material characteristics of welded tubes, and of other
defects.
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