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Abstract The weld profiles, weld width, weld positions,
and mechanical property changes in the weld and heat-
affected zones (HAZ) are the most important parameters
that influence the potential formability of the welded tube.
To investigate the effect of weld characteristics on the
forming behaviors of the welded tube, finite element models
which consider the geometric profile and mechanical prop-
erties of the weld and HAZ are employed. The results show
that (1) the mechanical constitutive relation of the weld
region determined by the microhardness empirical formula
obviously decreases the tangent strain, thickness strain, and
cross-sectional deformation ΔD in the weld and HAZ as
compared with that determined by the improved rule of
mixtures, which is contrary to the hoop strain, and the
predicted results determined by the improved rule of mix-
tures are much closer to the experimental ones; (2) different
weld and HAZ widths determined by the microhardness
profile and metallographic section have a little effect on
the tangent strain, thickness strain, and ΔD distribution;
(3) the implementation of weld profile and material proper-
ties decreases the wall variation of the weld region as the
weld line locates on the outside and inside. On the contrary,
both the weld profile and weld material properties increase
the maximum ΔD. The sectorial weld profile has a stronger
effect on the wall variation and maximum ΔD than the
hourglass profile; and (4) the same weld and HAZ volume
have a stronger effect on wall thinning and ΔD.

Keywords Weld characteristics . Welded tube . NC
bending . FE simulation . Rule of mixtures

1 Introduction

In the automotive industry, the application of tailor-welded
blanks (TWBs) and welded tubes is becoming more wide-
spread in recent years from the viewpoints of automobile
weight reduction, improved collision safety, and cost reduc-
tion [1–3]. In many applications, the welded tubes require a
bending operation for making a wide variety of structural
components. Numerical control (NC) rotary draw bending is
one of the most commonly used tube bending processes due
to its advantages such as being an efficient, economical, and
stable forming process and making easier to achieve the
digital precision forming process [4]. The welded tube NC
bending process is shown in Fig. 1.

Despite the numerous benefits, the welded tube NC
bending is challenging due to the significant reduction of
formability. The welded tube is generally divided into three
different regions: the fusion zone, or weld metal, the heat-
affected zone (HAZ), and the unaffected parent zone. Each
of these zones possesses individual mechanical properties.
The inherent characteristics of some welding processes such
as high strength, high hardness, low ductility, and wide weld
make the weld region be regions of stress concentration
where fatigue cracks are likely to initiate. The non-uniform
deformation induced by differences in material properties,
thickness, and weld location will reduce the potential form-
ability of the welded tube. Panda et al. [5] showed that the
weld ductility and the extent of difference in properties were
the most important parameters for formability in TWBs with
differences in properties.

Different welding techniques may produce welds with
different profiles and properties. Many researches have
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shown that there are obvious differences in the weld profile,
microstructure, microhardness, and mechanical properties of
the weld metal, HAZ material, and parent metal. Regardless
of the frequency of the power source used to make longitu-
dinal butt welds in tube and pipe, a discernible hourglass
shape signature is present when the high-frequency electric
resistance welding (HF-ERW) process is used. Kim et al. [6]
concluded that the weld metal had larger strength coeffi-
cient, strain hardening exponent, and microhardness than
the parent metal of the steel welded tube produced by HF-
ERW. Bhagwan et al. [7] showed that the weld of the
AA5182-O TWBs manufactured by the gas tungsten arc
welding process had a crown shape with a smooth elevation
in the middle section of its topside; the weld was about
4.6 mm in width, with a maximum height of about
1.96 mm in the middle of the profile, and the weld had
lower strength coefficient and strain hardening exponent as
compared with the parent metal. Panda et al. [8] reported
that the weld specimens produced by laser welding was
significantly higher in strength and lower in ductility com-
pared with the surrounding material. The weld of ZK21
magnesium alloy sheet joined by laser welding had only
slightly lower values in hardness than the parent metal [9].
The different material properties in the weld region make a
notable distinction between the welded part and homoge-
neous tube and sheet deformation. Hamidinejad et al. [10]
reported that the specimens showed a failure type initiating
in the softened region located in the HAZ during Erichsen
cupping test. In addition, the weld geometry has a signifi-
cant effect on the forming quality of the weldment.
Bhagwan et al. [7] modeled the weld region as a separate
zone and calculated that weld profile was possibly more
important than considering the mechanical properties of
the weld zone during the TWB forming analysis, and the
welding process used to join the blanks, the weld orienta-
tion, the weld geometry, and the mechanical properties of
the weld could affect the deformation behavior of the weld
region. Imaninejad et al. [11] showed that a semi-circular

weld moved the failure location further away from the weld
center compared to a rectangular weld, and the weld width
had little effect on the maximum stress. Nguyen et al. [12]
showed that the fatigue life and fatigue strength of the weld
region were greatly affected by the geometry of the weld.
However, in the published literature on numerical investi-
gations of the formability of TWBs and welded tube, for
modeling of the weld region, most of the analyses that have
been carried out are based on simplified models that neglect
either weld geometry or weld properties [13–15]. In some
special cases, especially when the weld suffers a large
deformation, ignoring the weld characteristic would cause
a significant loss in accuracy [16]. So far, the effect of weld
geometry parameters on the deformation behaviors in
welded tube NC bending process is rarely determined.
Therefore, modeling of the weld profile is essential for the
finite element (FE) analysis of the welded tube NC bending.
In three-dimensional solid finite element models, the weld
geometry profile can be exactly described based on the
etched metallographic section of the weld region.

Knowledge of the mechanical properties of the weld is
critical to develop a numerical model that can accurately
predict the forming behaviors of the weld region. Generally
speaking, since the different regions of the welded tube
should be individually modeled in the simulation, the
mechanical properties of weld metal and HAZ material
must be provided quantitatively for the simulation. Sev-
eral techniques have been employed to determine the
mechanical properties of the weld region, which mainly
include the subsize specimen tensile test [17], empirical
formula based on microhardness test [18], and rule of
mixtures [19]. Recently, the rule of mixture had become
a commonly used method for estimating the mechanical
properties of the weld region [20–22]. To obtain a more
precise mechanical property of a welded tube with an
extremely narrow weld that cannot cut into specimens,
an improved rule of mixtures [23] is adopted in this
paper. Meanwhile, the mechanical properties of the weld

Fig. 1 Schematic diagrams of welded tube NC bending process and weld position
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region determined by the microhardness empirical for-
mula are achieved for comparison.

Waddell et al. [24] found that the formability of the
TWBs produced by laser welding was related to weld hard-
ness and weld width. The accurate measurement of weld
width is necessary to demonstrate the forming features of
the weld region. There are a number of methods by which
the width can be determined, including direct measurement
of weld width by visual inspection, estimation of weld width
from a metallographic section, and microhardness profiles.
Kim et al. [6] determined the width of the weld and HAZ
through the microhardness profile according to the principle
that the microhardness across the weld metal and HAZ was
different from the parent metal. Kridli et al. [25] obtained
the weld width through metallographic analysis according to
the principle that the microstructure across the weld metal
and HAZ was different from the parent metal. However, for
some welding processes, the widths determined by
microhardness profile and metallographic analysis may be
different. This may be due to the mechanical properties of
the parent metal adjacent to the weld which have changed as
a result of heat input of the welding process. Meanwhile, the
microstructure of the parent metal in the vicinity of the weld
is free from the influence of the thermal cycle for the
temperature does not reach the values that make the micro-
structure change. Therefore, the metallographic analysis
must be combined with microhardness profile to obtain the
width of the weld metal and HAZ accurately.

In the present research, the microhardness empirical for-
mula and the improved rule of mixtures in conjunction with
the mixed material and parent metal tensile tests configura-
tion are applied to extract the mechanical properties of the
weld metal, HAZ material, and parent metal in studying
the formability of the QSTE340 welded tube. Based on
ABAQUS platform, the FE method is employed to
evaluate the contribution of the weld geometrical char-
acteristic and mechanical properties on FE simulation
results of the welded tube NC bending.

2 Materials and methods

The material used in this study is Nb–Ti microalloyed steel
QSTE340. The welded tubes with the outside diameter D
78 mm and wall thickness t 2.7 mm are produced from flat
sheet material by continuous roll forming and HF-ERW.

2.1 Material properties of the welded tube

2.1.1 Tensile test

Three standard uniaxial tensile testing specimens of the parent
metal and three specimens of mixed material containing weld

metal, HAZ material, and partial parent metal are cut from the
welded tube. For the mixed material specimens, the weld line
is located in the center of the tensile specimen and is oriented
parallel to the load direction. Tensile test is performed using a
CSS-44100 Electronic Universal Materials Testing Machine
(100KN, accuracy ±0.05% of the indicated load) at a constant
speed of 2 mm/min until necking occurred. The tensile prop-
erties for the QSTE340 parent metal and mixed material
specimens are shown in Table 1.

2.1.2 Microhardness test

Vickers microhardness measurements are carried out in
three zones of the weld region consisting of weld metal,
HAZ, and parent metal using a HX-1000 microhardness
tester produced by Shanghai Taiming Optical Instrument
Co., Ltd. To improve measuring precision and reflect the
microhardness throughout the entire zone across the weld,
HAZ, and parent, the arc cross-sectional specimens are cut
from the welded tube. Microhardness tests are done on the
polished cross-sectional area; the Vickers hardness number
are obtained by traveling the indenter in a straight path along
the direction that is perpendicular to the weld line at an
interval of 0.1 mm in the weld, 0.2 mm in the HAZ, and
1.0 mm in the parent with an indentation load of 300 gf for a
duration of 15 s. Along the thickness direction, the hardness
and width of the weld typically vary from the outside
surface to the inside surface, so the average of six measure-
ment points along the thickness direction is taken.

The microhardness distribution across the weld, HAZ,
and parent metal of QSTE340 welded tube is shown in
Fig. 2. As seen from the figure, it clearly shows the
increased hardness in the weld compared with that of
the parent metal and indicates that the HAZ extends
over a distance of approximately ±10 mm from the
center of the weld. The microhardness in the weld is
greatest, the maximum reaches 210 HV, and that in the
parent zone is the least, about 158 HV.

According to the distribution of microhardness across the
weld, HAZ, and parent metal, the width of the weld is

Table 1 Mechanical properties of the QSTE340 parent metal and the
mixed material

Parameters Parent metal Mixed material

Young's modulus, E (GPa) 218.518 236.582

Elongation percentage, δ (%) 32.2 26.4

Yield strength, σ0.2 (MPa) 416.970 463.415

Ultimate tensile strength, σb (MPa) 467.642 495.665

Strength coefficient, K (MPa) 749.528 695.571

Hardening exponent, n 0.207 0.123

Anisotropy coefficient, R 0.765 0.884
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determined as approximately 0.4 mm and that of each HAZ
is about 9.0–10.0 mm.

2.1.3 Microstructure test

The arc cross-sectional specimens are cut from the welded
tube, mounted, and polished as per standard metallographic
procedures to observe the microstructure of the weld metal,
HAZ, and parent metal. The polished specimens are etched
with 3 % nital solution (3 ml HNO3, 97 ml ethanol) for 20s
and observed under an optical microscope.

The weld profile of the QSTE340 welded tube is observed
as shown in Fig. 3. Note that the weld region is shaped like an
hourglass. This is because the heat generated by the HF
current enters the strip edge from the top and the side of the
edge. The average width of the hourglass at the outside and
inside surface of the welded tube is 2.9 mm; the width of the
hourglass at neutral axis is about 2.7 mm; the area of the
hourglass is about 7.435 mm2. Since the average thickness
of the weld region is 2.65 mm, the effective width of the weld
is thus determined as bw=2.8 mm, which is different from
values obtained from the microhardness test method. It is
found that the weld width obtained from the microstructure
test is equal to the distance of the two troughs (the red open
circles) of microhardness distribution, as shown in Fig. 2.
Figure 3b displays the microstructure image of the weld area.
The bright band in the center is the fusion zone, which is
called the true weld [26]. It is seen that the weld consists of a
narrow central weld of less than 0.5 mm, which is identical
with the weld width obtained from the microhardness test.

The microstructures of the parent metal and weld region
of QSTE340 welded tube under higher magnification are
shown in Fig. 4. Figure 4a shows that the significant grain
growth is observed in the center of the weld, and the grain is
of irregular shape and size. Acicular ferrite and lamellar

pearlite are distributed in the weld. The development of
the microstructures of the region that is 1.2 mm away from
the weld centerline is represented by Fig. 4b; the grains are
more equiaxed than those in the fusion zone, and the grain
sizes in the weld region become smaller as the distance from
the weld centerline increased and the influence of the heat is
reduced. Meanwhile, the amount of grain growth increases
rapidly as the weld fusion zone is approached, leading to the
formation of the coarse-grained microstructural region.
Figure 4c depicts the visible boundary between the weld
region and parent metal; the fine-grained region of the weld
metal is shown on the left of the figure and those of the
parent on the right. It clearly indicates that the distinct
change in grain size and rapid transformation between the
grains of the weld metal and the parent due to the gradient of
thermal conduction and the changes in the grain structure
compare well with the rapid reduction in hardness (red open
circles in Fig. 2). Figure 4d shows the microstructure of the
parent metal, which is composed of equiaxed ferrite grains;
small regions of pearlite are present in the parent metal
microstructure at grain boundary edges and corners.

By analyzing the microstructure image and microhardness
distribution of the weld region of the QSTE340 welded tubes,
the width of the weld is calculated. In the first case, the width
of the weld is determined by the obvious variation of

Fig. 2 Microhardness profile of the QSTE340 welded tube

Fig. 3 The weld geometry of F-ERW welded tube: a weld region, b
microstructure image of the weld area
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microstructures, so the weld width is determined as bw=
2.8 mm, which is identical with the rapid reduction in

hardness (red open circles in Fig. 2); in the second case, the
fusion line is considered to be the weld, so the weld width is
determined as bw=0.4 mm, which is identical with the weld
width obtained from the microhardness test. However, the
width of the HAZ cannot be determined from the microstruc-
ture. The HAZ is the transition zone between the fusion zone
and the parent metal. The varying mechanical properties and
the microstructure of the heterogeneous HAZ are the result of
the non-uniform heat treatment applied during the weld ther-
mal cycle. Regions closest to the fusion zone experience the
highest temperatures and the fastest cooling rates. The me-
chanical properties of the parent metal that is adjacent to the
weld have changed; however, the microstructure of the parent
metal near the weld is free from the influence of the thermal
cycle for the temperature does not reach the values that make
the microstructure change. This can be proved by Fig. 4c, d;
the microstructure of the parent metal in Fig. 4d is the same as
the microstructure of the HAZ material on the right of Fig. 4c.
Therefore, a quantitative description of the HAZ width is
provided by its microhardness profile. The approximate
boundaries of the parent and HAZ are delineated in Fig. 2,
and the total width of the weld region including the weld and
HAZ is determined as bh=19.4 mm.

2.1.4 The relation of the weld metal and HAZ
of the welded tube

The constitutive relationship of QSTE340 welded tube
is obtained based on microhardness empirical formula
[18] and improved rule of mixtures [23], as shown in
Eqs. (1), (2), and (3).

σweld
y ¼ σparent

y
HVw
HVp

; σhaz
y ¼ σparent

y
HVh
HVp

ð1Þ

where HV represents the microhardness, σy represents
the yield stress, and the subscripts w, h, and p refer to
the weld metal, HAZ, and parent metal, respectively.

σw ¼ Am HVw � HVp

� �

Aw HVw � HVp

� �þ Ah HVh � HVp

� �

� σm � σp

� �þ σp ð2Þ

σh ¼ σp þ HVh � HVp

HVw � HVp
σw � σp

� � ð3Þ

where A represents the area, and the subscript m refer to
the mixed material.

The average width of the weld observed in the
microhardness and microstructure test is about 0.4 and

Fig. 4 Microstructure observed in the cross-section of QSTE340
welded tube: a fusion region, b 1.2 mm away from the fusion line, c
boundary of weld region and parent, d parent metal
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2.8 mm, respectively; the total width of the weld region
including the weld and HAZ is approximately 19.4 mm.
Due to the nonsymmetrical nature of the welding process,
the width of HAZ is not symmetric with respect to the weld
centerline. So, the average width of HAZ and the values of
microhardness in the weld, HAZ, and parent metal are given
in Table 2; the areas of the cross-section of the weld and
HAZ of QSTE340 welded tube are obtained according to
the metallographic section, the width and thickness of the
HAZ. Then, substitute the stress of parent metal and mixed
material, the area, and the microhardness of weld metal,
HAZ, and parent metal into Eqs. (1), (2), and (3). The
strength coefficient K and strain hardening exponent n of
weld metal and HAZ of QSTE340 welded tube based on
different constitutive relation are obtained, as presented in
Table 2. It is found that the weld metal has minimal K and n
based on improved rule of mixtures. K corresponds with the
microhardness values and n is the same in each zone based
on microhardness empirical formula.

2.2 Weld profile

Generally speaking, regardless of the frequency of the pow-
er source used to make longitudinal butt welds in tube, a
discernible hourglass shape signature is present when the
HF-ERW process is used. In order to evaluate the effects of
weld profile on the deformation behaviors of the weld
region, two typical cross-sections of the HF-ERW weld
geometry are considered.

The first case deals with the weld according to the
true form of the weld profile, and the size of the weld
is acquired metallographically in the macro condition, as
shown in Fig. 5.

The second case reduces the weld to a sectorial weld
profile. The width of the weld is determined according to
the assumption that the hourglass and sectorial weld profile
have equal volume of weld material, so the sectorial angle of
the sector is 4.19°, as shown in Fig. 6.

2.3 Establishment of FE models for NC bending
of welded tube

3D FE model is established to simulate the welded tube
NC bending process using ABAQUS/Explicit, as shown
in Fig. 7. In order to numerically describe the effects of
weld characteristics on the forming quality of the
welded tube in NC bending process, two types of
welded tube in FE model are employed, i.e., 3D solid
element model with weld and HAZ, wherein the weld
profile is sectorial (shortened as model-WSS), and 3D
shell element model with weld and HAZ (shortened as
model-WS), and for the models that include the weld,
the weld width is 2.8 mm.

The whole bending process of welded tubes includes
bending, ball retracting, and unloading. The explicit
dynamic FE code is applied to simulate the tube bend-
ing and retracting processes. The universal flexing
mandrel is modeled as comprising a mandrel shank
and two flexible balls; the link between the mandrel
shank and the first mandrel ball and successive flexible
balls is modeled by a “connector element”. Hill aniso-
tropic quadratic yield function is used to describe the
thickness anisotropic plasticity.

For contact pairs, the “surface-to-surface contact”
method is used to define the contact conditions. For
different contact interfaces, Coulomb friction law is
chosen to represent the friction behaviors between tube
and dies. The boundary constraints and loading paths
are applied by “velocity/angular”.

For one specific forming process, the determinations of
the number of elements, element shapes, and element types
are very important to get more precise results based on
reasonable computational fees. In this study, 3D linear re-
duced integration continuum elements with eight nodes and
hourglass control R3D8R are used to model the solid tube;
also the four-node doubly curved thin shell S4R is used to
model the shell tube. The relatively rigid tools are treated as

Table 2 The width, average
microhardness, and material
properties based on improved
rule of mixtures and
microhardness empirical formula
for different zones of
QSTE340 welded tube

Zone bw=0.4 mm bw=2.8 mm

Parent HAZ Weld Parent HAZ Weld

Width (mm) 9.5 0.4 8.3 2.8

Microhardness (HV) 158.809 178.751 205.771 158.809 175.151 191.932

Improved rule of mixtures K (MPa) 749.528 732.109 645.871 749.528 709.489 670.985

n 0.2069 0.1790 0.0183 0.2069 0.1375 0.0629

Microhardness empirical
formula

K (MPa) 749.528 800.927 870.772 749.528 791.597 834.973

n 0.2069 0.1930 0.1769 0.2069 0.1954 0.1848
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discrete rigid bodies with four-node 3D bilinear quadrilat-
eral rigid element R3D4.

Additionally, the tube is divided into weld zone, HAZ,
and parent zone for the models including weld and HAZ,
and each is assigned corresponding mechanical properties.
The mechanical constitutive relations of the welded tube are
shown in Table 2. For simplification, the weld and
subdivided HAZs are symmetrical about the weld center-
line. The different forming parameters are shown in Table 3.

2.4 Experiment equipment and conditions

To validate the established FE models, comparisons between
the FE simulation and experimental results are carried out with
respect to the strain variations and cross-sectional deforma-
tion. According to Fig. 1, the weld locates on the outside of the
bend as the weld angle is 0°, in the middle as the weld angle is
90° and 270°, and inside as the weld angle is 180°.

The experiments are carried out using a GQ W27YPC-
159 PLC hydraulic bender, as shown in Fig. 8. The exper-
imental conditions are the same as in the simulation, as
shown in Table 3. The push assistant level is defined as

the ratio of the speed of the pressure die Vp to the
instant tangential linear speed Vb measured at the cen-
terline bending radius of bend die (Vb=ωRd). The
QSTE340 welded tube bending is conducted.

2.5 Forming quality index

The key deformation behaviors of welded tube in terms
of wall thinning degree Δtout, wall thickening degree

Fig. 5 Schematic of the welded tube with an hourglass weld profile

Fig. 6 Schematic of the welded tube with a sectorial weld profile

Fig. 7 3D FE model for NC bending of welded tube

Table 3 Forming parameters for different bending sizes

Forming parameters Values

Tube outside diameter, D (mm) 60 78 100

Wall thickness, t (mm) 4.0 2.7 1.7

Weld width, (mm) 1.89 2.8 (0.4) 4.45

Total HAZ width, (mm) 11.205 16.6 (19) 26.36

Bending radius, Rd (mm) 120 156 200

Mandrel diameter, d (mm) 51 71.9 96.2

Ball diameter, d0 (mm) 50.9 71.8 96.1

Ball thickness, k (mm) 20 25 25

Number of balls, N 2 2 3

Mandrel extension length, e (mm) 5 5 5

Final bending angle, (rad) π/2 π/2 π/2

Push assistant level, (%) 100 100 100
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Δtin, and cross-sectional deformation degree ΔD are
described as follows:

Δtout ¼ t
0
out � t

t
� 100% ð4Þ

Δtin ¼ t
0
in � t

t
� 100% ð5Þ

where t is initial tube wall thickness, t'out is the wall thick-
ness outside the bend after bending, and t'in is the wall
thickness inside the bend after bending, as shown in Fig. 9.

ΔD ¼ D� D
0

D
� 100% ð6Þ

where D is initial tube outer diameter, D′ is the cross-
section length in the vertical direction after bending, as
shown in Fig. 9.

2.6 Verification of the FE models

To validate the established FE models, comparisons be-
tween the FE and experimental results are carried out with
respect to the wall thinning, wall thickening, and cross-

sectional deformation degree. The weld locates on the out-
side of the bend, and the improved rule of mixtures is
adopted to describe the mechanical constitutive relations of
the welded tube. Figure 10 shows the comparison results. In
terms of the maximumΔtin, it is found that the relative errors
between experiment and simulation for model-WSS and
model-WS are less than 6.03 and 0.71 %, respectively. As
for the maximum Δtout, the relative errors are less than 2.37
and 1.70 %, respectively. For the maximum ΔD, the relative
errors are less than 13.05 and 10.16 %, respectively. The
overall comparison of the FEA results with the experimental
ones shows that the established FE models are reliable.

3 Results and discussion

3.1 Effects of the mechanical constitutive relations

Figure 11 shows the predicted strain distributions along the
mid-cross-section of welded tube with different mechanical
constitutive relationships. 3D shell element model with weld
and HAZ is used to simulate the welded tube NC bending
process, the weld line locates on the outside, and the weld
width is 2.8 mm; the weld and HAZ are within 0~14.76°. In
order to testify the computational accuracy of different
mechanical constitutive relationships for welded tube NC
bending, the experimental results are also illustrated in the
figure. The maximum relative errors of simulated tan-
gent strain, hoop strain, and thickness strain determined
by the improved rule of mixtures and microhardness
empirical formula are 1.33 and 1.75 %, 17.60 and
24.95 %, and 3.25 and 5.95 %, respectively, as com-
pared with the experimental results. The overall com-
parison of the FE results with the experimental ones
shows that the established FE models are reliable, and
the predicted results of FE model based on improved
rule of mixtures have a good agreement with the ones
from the experiments as compared with that based on
the microhardness empirical formula.

Fig. 8 NC hydraulic tube bender W27YPC-159 and the formed
QSTE340 welded tube

Fig. 9 Schematic diagrams of
measuring positions for tube
bending deformation
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As can be seen from Fig. 11, the tangent strain and
thickness strain determined by the microhardness empirical
formula decreases obviously in the weld and HAZ as com-
pared with that determined by the improved rule of mix-
tures. On the contrary, the hoop strain becomes larger in the
weld and HAZ. The variation trend is almost the same for
the two cases. The maximum relative discrepancies of tan-
gent strain, hoop strain, and thickness strain of the two
models are 1.62, 12.49, and 5.01 %, respectively. As seen
from Table 2, the flow stresses of the weld and HAZ
determined by the microhardness empirical formula are
higher than that determined by the improved rule of mix-
tures in the large deformation condition; it will decrease the
deformation capacity of the weld region. The larger relative
discrepancies of hoop strain indicate that the weld metal
undergo more deformation along the hoop direction, which
is similar to the welded tube hydroforming wherein the
initial fracture took place on HAZ near the welding line
[27]. Meanwhile, the differences of the tangent strain and

thickness strain are gradually diminishing for the parent
metal away from the weld region; this is because of the
higher hardening behaviors of the weld and HAZ material
impose a stronger constraining effect on the deformation of
the weld region. There is another important factor in that the
hardening behaviors of the weld and HAZ material

Fig. 10 Comparisons of wall variations and cross-sectional deformation
degrees between FE and experiment: a wall thinning and wall thickening
along the extrados and intrados, b cross-sectional deformation

Fig. 11 Predicted and experimental strain distributions along the mid-
cross section of welded tube with different constitutive relationships: a
tangent strain, b hoop strain, c thickness strain
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determined by the microhardness empirical formula are
almost identical to the parent metal, and that was not in
accordance with the fact [22], for the material properties are
continuous changes from the weld center to the parent. There-
fore, the improved rule of mixtures is used, which can dem-
onstrate the forming features of the welded tube well.

Figure 12 shows the comparison between simulation and
experimental cross-sectional deformation degree with dif-
ferent mechanical constitutive relationships. It can be seen
that the ΔD distributions determined by the microhardness
empirical formula are close to the experimental ones, and
the ΔD determined by the improved rule of mixtures is
larger than that determined by the microhardness empirical
formula. The maximum relative errors of simulated max-
imum ΔD determined by the improved rule of mixtures
and microhardness empirical formula are 10.16 and
8.87 % as compared with the experimental results. All
things considered, the selection of the improved rule of
mixtures is reasonable in this paper.

3.2 Effects of the weld width determined by different methods

As was noted earlier, the weld may play a crucial role in the
tube failure during NC bending of welded tubes, especially
as the weld line locates on the outside of the bend. Since the
average width of the weld observed in the microhardness
and microstructure test is 0.4 and 2.8 mm, to further inves-
tigate the effect of the weld width determined by the
microhardness and microstructure test on the deformational
behaviors of welded tube, FE simulations are performed
by varying the weld width; the rule of mixtures is
adopted to determine the constitutive relationship of
different zones of QSTE340 welded tube, as shown in
Table 2. 3D shell element model with weld and HAZ is

used to simulate the NC bending process of welded
tube; the weld and HAZ are within 0–14.76°.

Figure 13 shows the comparison between experimental
and predicted strain distributions along the mid-cross-
section of the welded tube with different weld widths. The

Fig. 12 Cross-sectional deformation distributions with different con-
stitutive relationships

Fig. 13 Predicted strain distributions along the mid-cross-section of
welded tube with different weld widths: a tangent strain, b hoop strain,
c thickness strain
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maximum relative errors of simulated tangent strain, hoop
strain, and thickness strain determined by 0.4 and 2.8 mm
weld width are 2.83 and 1.33 %, 15.73 and 17.60 %, and
3.53 and 3.25 %, respectively, as compared with the exper-
imental results. The overall comparison of the FE results
with the experimental ones shows that the weld widths
determined by the microhardness and microstructure test
almost have little effect on the deformational behaviors of
the welded tube. However, for the same computational
condition, the FE model with 0.4 mm weld width increases
the computing time dramatically. The CPU time for FE
model with 0.4 mm weld width is almost 2.2 times as that
for FE model with 2.8 mm weld width.

Figure 13a shows that the tangent strains predicted in the
FE model with a narrow weld are slightly higher than the
strains measured in the FE model with a wider weld zone;
the relative discrepancies are less than 2.01 %. The compar-
isons show that the different weld widths determined by the
microhardness and microstructure test have a negligible
effect on tangent strain distribution. Figure 13b shows that
the hoop strain distribution is entirely non-uniform along the
mid-cross-section of the welded tube, and the hoop strain in
HAZ is much higher than the strain in the weld and parent
zone, which indicates that the HAZ material undergoes
more deformation along the hoop direction. A significant
gradient of the strain distribution happens between two
neighboring elements of the weld metal and the HAZ due
to the sudden changes of the mechanical properties; the
same phenomenon is observed between the HAZ and the
parent metal. As the weld width changes from 0.4 to
2.8 mm, the hoop strain decreases by 9.02 % at the
extrados and the discrepancies are little in HAZ.
Figure 13c shows that the calculated thickness strain
distribution is non-uniform in the weld and HAZ, and
the strains in the parent metal that is adjacent to the

HAZ are already higher than those in the HAZ but
smaller than those in the weld metal. The thickness

Fig. 14 Cross-sectional deformation distributions with different weld
widths

Fig. 15 Equivalent plastic strain distributions with different weld pro-
files: a model-PCS, b model-WSS, c model-WSH
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strain of the FE model with 0.4 mm weld width be-
comes smaller at the extrados in contrast with the FE
model with 2.8 mm weld width. As seen from Table 2,
the average hardness of the weld is 205.771 HV as the
weld width is 0.4 mm, while the average hardness of
the weld is 191.932 HV as the weld width is 2.8 mm;
the higher hardness will decrease the ductility and plas-
tic deformation capacity, thus leading to a lower thick-
ness strain in the weld. The average hardness of the
HAZ is almost identical for the two models, so the
differences of thickness strain are little in the HAZ.

Figure 14 shows the comparison between the simulation
and experimental cross-sectional deformation with different
weld widths. It can be seen that the ΔD determined by the
FE model with 2.8 mm weld width is larger than that
determined by the FE model with 0.4 mm weld width. The
maximum relative errors of simulated maximum ΔD de-
termined by 0.4 mm weld width and 2.8 mm weld
width are7.72 and 10.16 % as compared with the ex-
perimental results. The comparison shows that weld
widths determined by the microhardness and microstruc-
ture test have little effect on the ΔD.

3.3 Effects of the weld profile and properties

In order to investigate the effects of the weld character-
istics on the forming behaviors in the welded tube NC
bending process, FE simulations are performed by

systematically varying the weld profile and weld mate-
rial properties under certain imposed conditions. There-
fore, a 3D solid element model with weld and HAZ is
established, and the weld profile is hourglass (shortened
as model-WSH); a 3D solid element model with con-
tinuous parent metal (shortened as model-PCS) is also
established for comparison. To assess the effects of weld
profile on the forming behaviors of the welded tube, there
should be a comparison between the model-WSH and model-
WSS, and in this comparison, the elements that represent the
weld locate on the outside of the bend.

Figure 15 shows the distributions of the equivalent plastic
strain of model-PCS, model-WSS, and model-WSH. It is
found that the implementation of the weld profile and weld
material properties increases the maximum equivalent plas-
tic strain; the maximum relative discrepancy is 4.53 % as
compared with model-PCS. The results showed that
model-WSS and model-WSH predicted almost the same
equivalent plastic strain distributions on the outside of
the bent tube; however, a significant gradient of equiv-
alent plastic strain distribution happens at the interface
of the HAZ material and parent metal due to changes of
the mechanical properties.

In order to numerically determine the effect of the weld
profile and weld material properties on the forming quality
of the welded tube, the wall thinning, thickening distribu-
tions along the mid-cross-section of the welded tube, and the
cross-sectional deformation are compared among the three
cases. Figure 16 shows the wall thinning distributions of
model-PCS, model-WSS, and model-WSH along the mid-
cross-section of the welded tube. Table 4 shows the wall
thinning values at the extrados.

The results show that the predicted wall thinning on the
outside of the bent tube is influenced by the weld profile and
weld material properties, and when the weld profile and
material properties are ignored, the model-PCS has the
largest wall thinning at the extrados, the maximum wall
thinning is −18.03 %, and an entirely uniform trend along
the hoop direction is observed.

When the weld profile and weld properties are con-
sidered, the implementation of weld profile and weld
properties in FE models decreases the wall thinning
dramatically in the weld and HAZ; the FE model with
the sectorial weld profile and weld properties has min-
imal wall thinning. The wall thinning of model-WSS
and model-WSH decrease by 5.38 and 4.88 % as

Fig. 16 Predicted wall thinning distributions along the mid-cross-
section of the welded tube

Table 4 Wall variations at the
extrados and intrados Wall thinning/% Difference/% Wall thickening/% Difference/%

Model-PCS −18.03 Base 19.69 Base

Model-WSS −17.06 5.38 18.03 −8.43

Model-WSH −17.15 4.88 18.34 −6.86
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compared with model-PCS; this is most likely due to
the lower ductility and plastic deformation capacity of
the weld region. Also, it indicates that the sectorial weld
profile has a stronger impact on wall thinning than the
hourglass profile, and the differences of wall thinning
are gradually diminishing from the weld to the parent; it
indicates that the constraining effect of the parent metal
on the weld region is gradually decreasing with the
increase of the weld angle. An obvious gradient of the
wall thinning distribution happens at the interface of the
weld profile, HAZ, and parent; this may be attributed to
the strain localization at the interface. The entire varia-
tion trend of the two cases is the same along the hoop
direction. The discrepancies of wall thinning of the
three models are little in the parent metal as the angle
is greater than 24°; it indicates that the constraining
effect of weld profile and weld properties is little on
the parent metal away from the weld region.

Figure 17 shows the wall thickening distributions
along the mid-cross section of the welded tube of three
models. Table 4 shows the wall thickening values at the
intrados. The weld line locates on the inside; the weld
and HAZ are within 165.24–180°.

The results show that the predicted wall thickening dis-
tributions on the inside of the bent tube of the weld region
are influenced by the weld profile and weld material prop-
erties. When the weld profile and material properties are
ignored, the model-PCS has the largest wall thickening at
the intrados, the maximum wall thickening is 19.69 %, and
the variation trend is uniform along the hoop direction.

When the weld profile and weld properties are consid-
ered, the implementation of weld profile and weld properties
in FE models decreases the wall thickening dramatically in
the weld and HAZ; the wall thickening of model-WSS and
model-WSH decrease by 8.43 and 6.86 % as compared with
model-PCS. It indicates that the sectorial weld profile has a
stronger impact on the wall thickening than the hourglass
profile. An obvious gradient of the wall thickening distribu-
tion happens at the interface of the weld profile, HAZ, and
parent. The entire variation trend of the two cases is the
same along the hoop direction. The discrepancies of the
three models are little in the parent metal as the angle is
less than 165°; it indicates that the constraining effect of the
weld profile and weld properties is little on the parent metal
away from the weld region.

Table 5 shows the maximum cross-sectional deformation
with different FE models. The results show that the imple-
mentation of weld profile and weld properties in FE models
increases the maximum cross-sectional deformation value.
As the weld line locates on the outside, the largest cross-
sectional deformation is observed for the model with the
sectorial weld profile and weld properties, and the sectorial
weld profile has a stronger effect on the increase of maxi-
mum cross-sectional deformation than the hourglass profile.

As the weld line locates on the inside, the largest cross-
sectional deformation is observed for the model with the
sectorial weld profile and weld properties. The effect of the
sectorial weld profile on the increase of maximum cross-
sectional deformation is more significant compared with
that of the weld line which locates on the outside.

3.4 Effects of the same weld volume under different D/t

To further investigate the effects of the same weld volume
under different D/t on the forming quality of the bent welded

Fig. 17 Predicted wall thickening distributions along the mid-cross
section of welded tube

Table 5 Predicted maximum
cross-sectional deformation with
different FE models

Maximum cross-sectional
deformation/%(weld-outside)

Difference/
%

Maximum cross-sectional
deformation/%(weld-inside)

Difference/
%

Model-
PCS

2.37 Base 2.37 Base

Model-
WSS

2.52 6.33 2.56 8.02

Model-
WSH

2.45 3.38 2.45 3.38
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tube, the relationships between the model-WS and 3D shell
element model with parent alone (shortened as model-PA)
for the wall variation and the cross-sectional deformation

are studied under three different wall factors D/t, including
15(60×4.0), 28.9(78×2.7), and 58.8(100×1.7). The model-
WS with different D/t have the same weld and HAZ volume
for accurate comparison; the weld line locates on the outside.
The detailed simulation conditions are shown in Table 3.

Figure 18a shows that, with larger D/t, the wall thinning
degree increases greatly. For the sameD/t, the implementation
of weld details in FE models decreases the wall thinning
dramatically compared with model-PA. As the D/t increases
from 15 to 28.9, the relative discrepancies of maximum wall
thinning between the model-WS and model-PA change from
4.78 to 6.88 %, while the relative discrepancies are less than
12.12 % as the D/t is 58.8. It indicates that the same weld
volume has a larger effect on wall thinning with larger D/t.

Figure 18b shows that the maximum wall thickening at
the intrados with larger D/t is nearly similar, and the imple-
mentation of weld details in FE models has a negligible
effect on the wall variation at the inside of the bent tube.
The relative discrepancies of maximum wall thickening
between the model-WS and model-PA are 0.37, 1.18, and
1.26 % as the D/t is 15, 28.9, and 58.8, respectively, which
indicates that the effect of the same volume on wall thick-
ening with different D/t can be ignored.

Figure 18c shows that the cross-sectional deformation
becomes smaller progressively as the D/t increases from
15 to 28.9, while when D/t exceeds 28.9, the maximum
cross-sectional deformation decreases sharply. The im-
plementation of weld details in FE models increases the
cross-sectional deformation. The relative discrepancies
of maximum cross-sectional deformation between the
model-WS and model-PA increase with larger D/t; it
indicates that the same weld volume has a larger effect
on the cross-sectional deformation with larger D/t.

4 Conclusions

The effect of weld characteristics on the formability of welded
tubes in NC bending process is numerically investigated by
finite element method. The results are shown as follows:

1. The predicted results of FE model based on the im-
proved rule of mixtures are in good agreement with
the ones from the experiments as compared with that
based on the microhardness empirical formula. The
tangent strain, thickness strain, and ΔD distribution
determined by the microhardness empirical formula
decrease obviously in weld and HAZ as compared
with that determined by the improved rule of mix-
tures, which is contrary to the hoop strain. Mean-
while, the differences of the tangent strain and
thickness strain are gradually diminishing for the
parent metal away from the weld region.

Fig. 18 Comparisons of wall variations and cross-sectional deforma-
tion degrees with different wall factors: a wall thinning along the
extrados, b wall thickening along the intrados, c cross-sectional
deformation
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2. The different weld and HAZ widths determined by the
microhardness profile and metallographic section have a
little effect on the tangent strain, thickness strain, and
ΔD distribution. The hoop strain predicted in the model
with a narrow weld becomes larger at the extrados in
contrast with the strain measured in the model with a
wider weld zone, and the discrepancies are little in HAZ.

3. The implementation of weld profile and material prop-
erties decreases the wall variation of the weld region as
the weld line locates on the outside and inside. On the
contrary, both the weld profile and weld material prop-
erties increase the maximum ΔD. The sectorial weld
profile has a stronger impact on wall variation and max-
imum ΔD than the hourglass profile. The effect of the
sectorial weld profile on the increase of maximum cross-
sectional deformation is more significant compared with
that when the weld line locates on the outside.

4. With larger D/t, the same weld and HAZ volume have a
stronger effect on wall thinning and ΔD, and the effect
on wall thickening with different D/t can be ignored.
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