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welding pipe manufacturing process on
the local variation of the yield strength
of the pipe material
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Abstract
In the present research work, a finite element model of the electro-resistance welding pipe forming process chain is
developed using the ABAQUS/Explicit software. The forming process, which is composed of 22 tandem roll stations, has
been fully modeled in the developed finite element simulation. In order to account for the Bauschinger effect on the pipe
material properties as a consequence of the loading and the unloading during the process, a non-linear kinematic harden-
ing model has been utilized in all the proposed finite element simulation models. The constants for the non-linear kine-
matic hardening model were estimated by means of cyclic experiments on the K55 steel pipe material. In order to
properly simulate the electric arc welding (electro-resistance welding) operation, the ABAQUS welding interface has
been utilized to account for the joining between the two edges of the formed pipe as well as to assess the influence of
the welding-induced temperature field on the residual stresses on the pipe material. The sizing operation, which is the
final station of the electro-resistance welding process, has been also accounted in the developed finite element method
model and is composed of six tandem rolls. To export and import the results between two different modules, a mapping
strategy has been utilized and allowed exporting the element results, in terms of stress, strain, and temperature, and
importing them into the following simulation module. Finally, in order to estimate the influence of each process station
on the yield strength of the material, a finite element simple tension test simulation has been implemented in ABAQUS/
Static, mapping the results of each station on the tensile specimen. This mapping operation allowed to estimate the yield
stress of the material after each of the three process stations, a consequence of the residual stresses present in the
material, and has been carried out on eight circumferential locations around the pipe, evenly spaced with a 22.5� angle.
The model has been validated by comparing the geometrical results, in terms of average pipe diameter and thickness,
obtained from the finite element model with those of the relevant industrial production, showing deviations equal to
1.25% and 1.35% (forming) and 1.29% and 1.43% (sizing), respectively, proving the reliability of the proposed process
chain analysis simulation. The results will show how the process-induced residual stresses arising on the pipe material
make the material yield strength to vary from station to station as well as having different values along the circumferen-
tial direction of the pipe.
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Introduction

The ERW (electro-resistance welding) process used in
the production of pipes is a well-established industrial
manufacturing technology in which a flat metal strip is
progressively deformed by sets of rotating rolls
arranged in tandem.1 Pipes produced by the ERW pro-
cess have diameters and thicknesses ranging from 30 to
600 mm and from 3 to 15 mm, respectively, and are
employed, as well as pipelines and structures, in the
automotive industry.

The ERW process (Figure 1) is normally composed
of three main operations: (1) a forming station, where
the metal sheet is deformed from the plane strip to the
pipe shape; (2) a welding station, in which the two edges
of the strip are welded together; and (3) a sizing station,
where the welded pipe passes through several rolls and
is then sized into the final dimensions.

In the literature, different authors have analyzed the
forming station of the ERW pipe forming process, both

from the analytical and finite element method (FEM)

points of view. Han et al.1 utilized a B-spline finite strip

method to describe the evolution of longitudinal

strains, opening value, and springback. Their results

are shown to be in good agreement with the relevant

experiment and proved that, in the ERW pipe forming

process, the springback effect is small and, therefore,

negligible. Walker and Pick2,3 developed an analytical

model for the description of the deformation path dur-

ing the forming process, analyzing the influence of the

process parameters on the quality of the final product.

Jiang et al.4 studied the ERW process from an FEM

point of view, allowing to identify the so-called ‘‘no-

bending area’’ in the strip as well as important para-

meters, such as the longitudinal strain, the opening dis-

tance, and the geometry of the deformed strip; the

validation has been carried out by comparing the

results of the finite element (FE) model with those of

industrial experiments, showing the reliability of their

approach. Recently, Kasaei et al.5 utilized the MSC

Marc/Mentat software to simulate the cage roll form-

ing process of ERW pipes and developed an edge-

buckling criterion, concluding that the edge buckling is

unavoidable if the initially selected width is bigger than

a specific limit.

Concerning the estimation of the yield strength after
the pipe forming process, two recent contributions are
available. Lee et al.6 studied the influence of the varia-
tion in the yield strength of the material due to the
forming process, considering its different values along
the circumferential direction of the pipe. In addition,
Jo et al.7 analyzed the reduction in the yield strength in
the pipe, in comparison to that of the original strip,
from the microstructure point of view. The conclusion
of their research showed that, in order to prevent a sig-
nificant yield strength reduction after the forming pro-
cess, low-temperature transformation microstructures,
coarse grain size, and high pipe thickness/diameters
should be achieved.

Concerning the electro arc welding (ERW) opera-
tion, the second stage in the considered pipe manufac-
turing process, a few contributions related to this topic
are available in the literature, as follows. Wen et al.8

studied both the heat transfer and the heat-affected
zones during the welding process, defining an optimiza-
tion algorithm to reduce both geometrical distortions
and residual stresses. Sattari-Far and Javadi9 developed
an FE model to study the influence of the welding
sequence on the welding-induced distortion in the pipe,
analyzing nine different approaches of pipe front-face
welding and concluding that the choice of a proper
welding strategy can reduce the distortion in the final
product. Deng et al.10 studied the residual stresses in
the front-to-end face welded pipes by means of FE
simulations, determining the welding temperature field
during the welding operation and predicting the resi-
dual stress after the process. In another work, Deng
and Murakawa11 also developed a mixed two- and
three-dimensional (2D and 3D) FE approach for the
residual stresses and temperature field estimation in the
multi-pass welding operations for stainless steel pipes,
proving good agreement with the experimental results.
Furthermore, Akbari and Sattari-Far12 studied the
welding-induced heat influence on the residual stress
after the process for butt welds of pipes realized with
dissimilar materials by means of FE simulations.

Although several authors have analyzed the forming
part of the ERW pipe manufacturing process, only a
few studied the welding operation. In addition to that,
no contributions seem to deal with the whole process

Figure 1. The ERW pipe forming process.
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chain with the aim of determining the combined effect
of forming, welding, and sizing operations on the yield
strength of the material.

In the forming process, since the strip is subjected to
continuous tensile and compression stresses, the yield
stress of the material varies several times due to the
Bauschinger effect. In addition, as a consequence of the
temperature difference between the welding area and
those nearby, the ERW operation creates additional
residual stresses, while partially releasing those from
the forming process. Since both forming and welding
operations result in non-uniform residual stress distri-
bution on the pipe, the yield stress is not uniform along
the circumferential direction and, as it will be shown in
the result section, both results differ from the original
yield stress of the material.

For this reason, a precise estimation of the circum-
ferential distribution of the yield strength of the pipe,
after the whole process (forming, welding, and sizing),
is of critical importance for the industry in order to
provide a precise estimation to the end users. In the real
production process, a direct measurement of the yield
strength of the pipe is not feasible since the cutting
operation needed to realize the specimen would par-
tially or completely release the residual stress, making
the measurement to be imprecise or even meaningless.
Therefore, a reasonable way to estimate the different
amounts of residual stresses along the circumferential
direction is to develop an FE process model including
the whole process chain, from the beginning of the
forming to the end of the sizing.

In the research presented in this article, three differ-
ent FE models have been developed and are relevant
for the (1) forming, (2) welding, and (3) sizing pro-
cesses. The forming FE model is composed of 20 roll
passes carried out by identical twin rolls, with the
exception of the last station, which is composed of 4
rolls. The material fed to the rolling mill has an initial
width and thickness of 680 and 8.84 mm, respectively,
and, at the end of the forming, the pipe reaches a dia-
meter equal to 691 mm. After the forming process, the
results are mapped into the ABAQUS welding interface
(AWI), where the temperature field resulting from the
ERW is first calculated. In addition to that, in the
welding FE simulation, the gap between the two edges
of the pipe is filled by layers of elements, allowing to
simulate the result of the ERW process. After the weld-
ing operation is completed, the results are mapped into
the sizing FE model, composed of six tandem rolls. In
addition to that, in order to understand the influence
of the sizing ratio on the residual stress, three different
study cases, considering a sizing ratio of 0.2%, 1.0%,
and 1.5%, have been analyzed and the results are
detailed in the article.

The FE models have been modeled with hexahedron
type C3D8R elements, and considering a Coulomb

friction coefficient equal to 0.2 (only for forming and
sizing) and in order to limit the computational burden,
only a portion of the whole metal strip, 500 mm long,
has been modeled with fine mesh, whereas the rest,
1500 mm long, has been modeled with a coarser mesh.

After each station, the results belonging to the ele-
ments of the fine mesh section are exported and
mapped into a simple tension test specimen shape. The
data are saved at each 22.5� interval along the circum-
ferential direction and for a length of 165 mm, allowing
to determine the different material properties of the
pipe for different positions around the diameter. As it
will be shown in the result section, the yield strength of
the material is influenced by the three different process
stations, and this results in a range of variation for the
yield strength from 50 to 100 MPa, in comparison to
the original one of the metal strip.

Since, for the above-mentioned reasons, no valida-
tion on the basis of the residual stress is feasible, the
validation of the proposed FE simulation models has
been carried out by comparing the dimensions of the
cross-section of the pipe (diameter and thickness),
resulting from the real production, with those of the FE
models. The comparison is operated after the forming
and after the sizing stations, and the average and maxi-
mum deviations, relevant for pipe diameter and pipe
thickness, have been calculated in 1.25% and 1.35%
(forming) and 1.29% and 1.43% (sizing), respectively.

The proposed mapping operation allows avoiding
any loss of information and grants a proper and precise
estimation of the yield strength of the material for each
one of the tested circumferential positions of the pipe
and after each station of the process. The variation of
the yield strength is directly linked to the amount of
residual stress in the pipe, properly estimated by the
developed FE models.

The full process chain analysis of the ERW pipe
forming process proposed in this article allows the
determination of important pipe geometrical data (dia-
meter, thickness, and circularity) as well as the yield
strength distribution in the final product, giving precise
information to be used as a reference for the pipe utili-
zers. In addition to that, if process modifications are
meant to be tested, the influence of the variation of the
process parameters on the yield strength of the pipe
can also be determined by means of the developed FE
models, allowing to limit the amount of the required
production tests, which are expensive and high-time
consuming procedures.

Non-linear isotropic/kinematic hardening
model

In order to take into account the Bauschinger effect
caused by the continuous application of tension and
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compression loads during the process, the non-linear
kinematic hardening (NLKH) formulation is utilized in
the FE model presented in this article. The general for-
mulation for the yielding surface (F) is defined by
equation (1), which is composed of two terms, a kine-
matic one and an isotropic one. The combination
of these two hardening effects make the yield surface
both to translate, according to the backstress tensor
a, and to expand in the stress space, as a consequence
of the variation of the plastic strain ep

eq, hence the
yield stress ss. This combined effect is shown in Figure 2

F = f s � að Þ � ss ep
eq

� �
= 0 ð1Þ

Being that the yield surface is the combination of
two different types of hardenings, isotropic one and
kinematic one, the two effects can be separately ana-
lyzed. Considering the kinematic hardening part, the
equivalent stress, function of the stress tensor and of
the backstress tensor, is defined as in equation (2) where
the symbol 3 indicates the inner product between ten-
sors. The NLKH formulation was first introduced by
Armstrong and Frederick,13,14 equation (3), and after-
ward modified by Chaboche,15 who widened its range
of application, by considering a superposition of a num-
ber of same models equal to the size of the backstress
tensor.

The formulation reported in equation (4), due to Fu
et al.,16 is a different representation of the original one
due to Chaboche,15 and it is particularly useful for the
implementation of the NLKH model in the FE pro-
gram ABAQUS.17 Thus, in this research work, the

model of equation (4) has been utilized for the develop-
ment of the FE model. The summation of the single
component of the backstress tensor is performed, as
shown in equation (5), where n is the size of the backs-
tress tensor (number of components). The size of the
backstress tensor is normally determined in order to
have an accurate fitting of the experimental results.
Finally, the isotropic part of the hardening is expressed
by means of Voce’s model, as shown in equation (6)

f s � að Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
sdev � adevð Þ3 sdev � adevð Þ

r
ð2Þ

da=
C

ss

s � að Þdep
eq � gadep

eq ð3Þ

dai =
Ci

ss

s � að Þdep
eq � giaidep

eq ð4Þ

a=
Xn

i= 1

ai ð5Þ

ss epð Þ=ss
0 +A 1� eb�ep

eq

� �
ð6Þ

In order to characterize both the kinematic and the
isotropic hardening behaviors, the material constants
ss

0, A, and b, for the Voce model equation (6), and Ci

and gi (as many as the size of the backstress tensor), for
the modified-Choboche model of equation (4), must be
derived from the best fitting of the cyclic loading test
results. In the following paragraph, the material charac-
terization experiments are presented, and the relevant
kinematic and isotropic hardening model constants are
derived.

Characterization of K55 steel mechanical
properties

In order to determine the material constants for the uti-
lized NLKH model, as described in the previous section
of the article, tensile experiments have been carried out
and the details are reported in this section. The pipe
material considered in this research is the K55 steel,

Figure 2. Yield surface change in the principal space due to plastic deformation.

Table 1. Chemical composition of K55 steel.

Steel C Si Mn Cr P

K55 0.37 0.27 1.4 <0.15 <0.02
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largely utilized for the production of pipes in the ERW
process, and its chemical composition is reported in
Table 1. In order to determine the material properties
to be used in the FE model, static and low cyclic load-
ing tests have been conducted on specimens made of
the same material of the pipe. The dimensions of the
specimen utilized in both static and cyclic loading tests
are summarized in Figure 3(a), whereas the test
machine with the installed specimen and strain gauge is
shown in Figure 3(b).

In the experiment, the tensile speed of 1 mm/min has
been utilized in both static and cyclic loading tests. In
the static test, the failure displacement has been mea-
sured in 2.5 mm; thus, in the cyclic test, a stroke ampli-
tude equal to 2.45 mm has been utilized, allowing to
reach the specimen failure after one cycle, as reported
in Figure 4.

In the ERW welding process, no additional material
is applied in the welding zone and the joining is oper-
ated by welding together the edges of the strip. The
material is molten by the electric flow in the pipe and

the application mechanical pressure makes the material
to squeeze in the gap between the two edges of the strip,
creating the weld joint. The additional data required for
the proper setup of the welding simulation have been
derived from the MATILDA� (Material Information
Link and Database Service) archive, an online material
database with referred material data. In Table 2, the
specific heat capacity and the conductivity, for increas-
ing temperature, are reported.

ERW FE process chain analysis

Calibration of K55 steel material properties

The material properties of the K55 steel have been cali-
brated in the FE simulation by considering a size 3 for
the backstress tensor. The FE simulation has been
implemented in ABAQUS/Standard conspiring the
same geometry and the same testing conditions sum-
marized in the ‘‘Characterization of K55 steel mechani-
cal properties’’ section of the article. The parameters
for the NLKH model, equation (4), and for the Voce
flow stress model, equation (6), are reported in Table 3,
along with the Young’s modulus of the material.

The reasoning behind the utilization of a size 3 for
the backstress tensor is given by the need for

Figure 3. (a) Test specimen (ASTM E8 standard) and (b) cyclic loading test.

Figure 4. Static and cyclic true stress–strain curves for the
K55 steel specimen.

Table 2. K55 material data for the welding operation.

Temperature (�C) Specific heat
capacity (J/g�C)

Conductivity
(J/mm�Cs)

0 0.462 0.0146
100 0.496 0.0151
200 0.512 0.0161
300 0.525 0.0179
400 0.540 0.0180
600 0.577 0.0208
800 0.604 0.0239
1200 0.676 0.0322
1300 0.692 0.0337
1500 0.700 0.1200

Quagliato et al. 5



minimizing the difference between experimental and
FE results and, at the same time, limiting the computa-
tional time. For these reasons, FE simulations have
been implemented considering a backstress tensor size
equal to 2, 3, and 4, identifying in the size 3 the best
compromise between accuracy and computation

burden. The difference between the area beneath the
experimental curve and the model-fitted one has been
calculated in 9.12%, showing the reliability of the
choice of the size of the backstress tensor. The compar-
ison between experimental and FEM true stress–strain
curves for the cyclic loading, previously shown in
Figure 4, is reported in Figure 5. These material prop-
erties, relevant for the K55 steel, have been utilized in
the process chain FE simulation described in the fol-
lowing paragraphs.

FE simulation models’ interaction overview

In order to properly estimate the residual stresses in the
pipe after each station of the process, as well as its
influence on the yield strength of the pipe material, all
the three main stations of the ERW pipe manufactur-
ing process have been included in the developed FEM
model. Since the welding simulation requires a different
ABAQUS module, it is necessary to separate each sta-
tion, resulting in three different FE models: one for the
forming, one for the welding, and finally one for the
sizing operation. As it will be shown in this section of
the article, in order to export the results from one mod-
ule and input them into the following one, a data

Table 3. K55 steel properties and NLKH model constants.

E (Gpa) s0
s (Mpa) A b C1 g1 C2 g2 C3 g3

207 390 160 8 9650 95 100 25 20 35

NLKH: non-linear kinematic hardening.

Figure 5. Static and cyclic true stress–strain curves for the
K55 steel specimen.

Figure 6. Process chain analysis and intermediate mapping/testing strategy.
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mapping strategy has been developed, allowing to save
the data of position, stress, strain, temperature, and so
on, of each elements of a fine mesh portion of the pipe,
to be inputted in the input file of the following analysis.
Moreover, after each stage, the results of the fine mesh
section of the pipe are exported and mapped in the sim-
ple tension test simulation, where the yield strength of
the material is calculated. Thanks to the utilization
of the NLKH model, the local residual stresses around
the circumference of the pipe are accounted for, allow-
ing to estimate their influence on the yield strength of
the material. The FE process chain analysis, including
the testing stages, is shown in Figure 6.

In the following four sections of the article, the simu-
lation of the three process stations, as well as that for
the material testing (tensile), is explained in detail,
showing also an introductory perspective of the results
of each stage.

Roll forming analysis

The first part of the FE model focuses on the forming
process, composed of 20 tandem rolls, where the initial
metal strip is progressively bent in order to reach the
pipe shape. The simulation is implemented in
ABAQUS/Explicit, and all the relevant information
about simulation settings and boundary conditions are
described in this paragraph. The initial steel strip is
directly designed inside the ABAQUS interface, with
the following dimensions: 13,170 mm length, 670 mm
width, and 8.83 mm thickness. In order to reduce the
computational time, only a 500-mm portion of the pipe
is meshed with fine elements, whereas the remaining
parts are modeled with coarser one. This strategy
allows keeping the overall stiffness of the pipe while
reducing the computational time. The flat metal strip
and the initial two couples of rolls, at the beginning of
the simulation, are shown in Figure 7, where the two
different mesh zones are identified.

Both fine and coarse zones are meshed utilizing the
C3D8R hexahedron elements, which allows calculating
precise results while reducing the overall computational
time, as demonstrated by Zou et al.18 for the roll form-
ing process, Tajyar and Abrinia19 for the non-circular

tube forming process, Cai et al.20 for the roll forming
process, and Yang et al.21 and Guo and Yang22 for the
ring rolling process. The C3D8R is a general-purpose
linear brick element, with reduced integration, in which
the integration point is located at the center of the ele-
ment volume. In the forming simulation, the fine mesh
elements have the following dimensions: 2.25 mm
width, 10.0 mm height, and 6.0 mm length, whereas the
coarse mesh has the following dimensions: 4.5 mm
width, 10.0 mm height, and 30 mm length, for a total
of 72,000 elements.

The forming simulation is composed of 20 roll
passes, where each roll has a rotational speed set to 4
rad/s and is modeled as analytical rigid. The friction is
modeled by setting the Coulomb coefficient to 0.2, and
the environment temperature is set to the room tem-
perature of 20�C. The schematic representation and the
FEM implementation of the whole forming process are
shown in Figure 8.

At the end of the forming process, although the
whole steel strip has been deformed by the sequence of
all the rolls, the target results are those from the fine
mesh section of the pipe. An example of the 3D repre-
sentation of the fine mesh section of the pipe after the
forming process, and of its cross-section, is shown in
Figure 9. The details in Figure 9(b) show the zone
where the welding operation will be done between the
two extreme edges of the strip.

At this point, as shown in Figure 6, the results of the
elements belonging to the fine mesh section of the pipe
are exported and mapped into a simple tension test spe-
cimen shape, for the estimation of the yield strength of
the material. The export and mapping operation is
hereafter explained, whereas the simple test simulation
is described in the ‘‘Sizing analysis’’ section since its FE
model is the same for all the three intermediate steps.

The output of the forming simulation is exported as
a list of mesh element coordinates and simulation

Figure 7. Beginning of the forming simulation.

Figure 8. (a) Forming process schematic and dimensions, and
(b) forming simulation.

Quagliato et al. 7



results (stress, strain, temperature, etc.), to be inputted
in the following welding module. A graphical example
of the mapping operation is shown in Figure 10, where
the original FEM result model is converted into a cloud
of element nodes. The export of the results is carried
out by an external algorithm, implemented in MS
Excel, which allows extrapolating the selected sets of
results for each element of the mesh and mapping them
into the ABAQUS input file of the following simula-
tion. This operation is carried out for the mapping
from the forming to the welding, from the welding to
the sizing, and also for the mapping after each one of
the three process stations (forming, welding, and sizing)
to the tensile test FE model, as previously summarized
in Figure 6.

Since the mapping operation is a high time-
consuming strategy, authors have chosen to export
three different sections of the fine mesh portion of the
pipe at the end of the forming simulation and to map
them into the input file of the welding simulation. This
approach is based on the assumption that each one of
these three results will cover 1/3 of the total length of
the fine mesh portion of the pipe (Figure 11). The

comparison between the output results of the forming
simulation and the input mapped data for the welding
simulation is shown in the result section, where it will
be shown that the adoption of this approach does not
significantly alter the results but allows a considerable
spare of time.

Welding analysis

The welding simulation is set up in the appropriate
ABAQUS module where, following the data mapping
operated from the previous simulation (forming), the
ABAQUS input file is edited importing the data of the
nodes those belong to the fine mesh portion of the pipe.
In the first step of the welding simulation, the stress–
strain state is the mapped one from the previous simula-
tion, as schematically shown in Figure 11. As previously
pointed out, the mapping operation allows transferring
the data from the ABAQUS/Explicit module to AWI,
and vice versa. In the welding simulation, the material
parameters previously listed in Table 3 are utilized
along with the additional process settings, shown in
Table 4.

In the real ERW process, the material of the two
edges of the strip is molten and, due to the applied pres-
sure, the gap is filled, making the pipe to assume its
final closed shape. In the developed FE model, the
welding operation is simulated by the progressive addi-
tion of mesh elements in the gap between the two edges,
as shown in Figure 12, where the dimensions of the
added elements are reported. Although the addition of
the element in the gap between the two edges of the
pipe is slightly different from the original welding oper-
ation carried out in the ERW process, its influence on
the final geometry of the pipe is almost negligible, as it
will be shown in the ‘‘Results and discussion’’ section of
the article.

Finally, at the end of the welding, the results are
exported and mapped into the sizing simulation, pre-
sented in the next paragraph, following the same proce-
dure shown in Figure 10.

Sizing analysis

As previously operated for the export of the data from
the forming simulation to the welding one, the same
export/mapping procedure is applied to input the data
in the sizing FE model. Also in the sizing simulation,
composed of six tandem rolls, the C3D8R hexahedron
element has been used to mesh the whole domain. In
order not to directly start the simulation with the fine
mesh section, and to properly consider the stiffness of
the whole pipe, before the fine mesh part, a coarse mesh
section of 1500 mm length, with the same diameter of
the fine mesh portion, has been added. This addition is
carried out by linking a 1500-mm coarse mesh portion

Figure 9. (a) Output of the forming simulation and (b) cross-
section of the pipe after forming.

Figure 10. Mapping of the fine section node data (example of
nodes cloud).

8 Advances in Mechanical Engineering



of the pipe to the front of the fine mesh one, and this
operation is carried out directly in the input file of the
sizing FE model.

In the sizing station, all the rolls rotate at the same
rotational speed of 4 rad/s, and they all share the same
geometrical dimensions as schematically shown in
Figure 13(a). In Figure 13(b), the FE implementation in
ABAQUS/Explicit is also shown. Finally, the Coulomb
friction is set to 0.2 as specified by the industrial part-
ner, whereas the environment temperature is specified
to be 20�C.

One of the key parameters for the pipe forming pro-
cess is the sizing ratio, which stands for the ratio

between the pipe diameter before and after this station
of the process and can significantly influence the final
yield stress of the material. For this reason, by utilizing
the same model described in this paragraph, three dif-
ferent sizing ratios have been tested, and the influence
of this variation on the yield stress of the material is
presented in the ‘‘Results and discussion’’ section of the
article.

At the end of the sizing station, also end of the whole
ERW process, the results are exported and mapped on
a simple tension test specimen for the FEM estimation
of the yield strength of the material. In the following
section, the mapping operation to realize the simple ten-
sion test specimen starting from the results of the three
stations of the ERW process will be explained and the
boundary and load condition, relevant for the model,
will be detailed.

Simple tension analysis

In order to estimate the yield strength of the material
after each station of the process, a simple tension
test FE simulation has been implemented in

Figure 11. Output of the forming simulation and mapping operation.

Figure 12. Mesh addition size in the welding simulation (dimensions in millimeters).

Table 4. Additional process settings of welding simulation.

Parameter Value

Welding speed 5 cm/s
Welding temperature 1450�C
Ambient temperature 20�C
Emissivity 0.4
Heat transfer coefficient 25 W/m2 K

Quagliato et al. 9



ABAQUS/Static. The calibrated potion of the speci-
men has been modeled utilizing the C3D8R elements,
with the following size: 2.0 mm width, 1.5 mm length,
and 2.2 mm height, for a total of 384 elements. The
remaining two portions of the specimen have been
modeled utilizing the same element, with the following
dimensions: 3.3 mm width, 3.0 mm length, and 2.3 mm
height, for a total of 360 elements. Based on the data
exports operated after each of the three process sta-
tions, nine different simple tension test specimens are
realized along the longitudinal direction at different
angular positions, starting from the 0� position (weld-
ing zone) to 180� position (opposite to the welding
zone), for a total of 27 results for each complete pro-
cess chain analysis. The dimensions of the specimen are
those from the ASTM E8 Type 1 standard, reported in
Figure 14. One side of the specimen has been fully
blocked in all the directions, whereas on the other side,
a 4-mm displacement has been applied. Moreover, in
order to simulate the areas blocked by the gigs of the
tensile machine, the two extremes of the specimen have
been modeled as rigid and are represented by the gray
zone on the two extremes of the specimen (Figure 14).

For the mapping of the results of each forming sta-
tion into the simple tension test specimen shape, the
procedure explained hereafter is utilized. The pipe is
subdivided into 22.5� sectors along the circumferential
direction and a 165-mm long portion is identified, as
shown in Figure 15(a). For each angular section, an

upper area and a lower area are identified and, for each
of them, the value of the stress and strain components
along with the three directions, as well as the equivalent
plastic strain PEEQ, is exported, averaged, and mapped
into the simple tension test specimen.

The data relevant for the upper section of the simple
tension test specimen are the averaged ones of the
upper section of the relevant pipe section, whereas the
lower one comes from the lower part of the pipe section
instead, as shown in Figure 15(b). Moreover, both pipe
and simple tension test specimen have four elements
along the thickness direction, allowing to map an aver-
age stress state for each of these four layers.

The described procedure allows creating a simple
tension test specimen that includes the mapping data of
two adjacent areas of the pipe, along the longitudinal
direction, taking into account possible variation of the
residual stress even inside the same specimen.
Moreover, the one-to-one mapping along the thickness
accounts for the intrinsic variation of the stress field
between the outer and the inner diameters of the pipe
due to different tension and compression process–
induced stress states.

Results and discussion

In order to validate the proposed FE model, since a
direct verification based on the estimation of the yield

Figure 13. (a) Sizing process schematic and dimensions, and (b) sizing FE simulation.

Figure 14. ASTM E8 standard specimen.
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strength of the pipe is not feasible, the geometrical results
of the FEM simulation, in terms of thickness, average dia-
meter, and circularity of the pipe, have been compared
with those of the real production. To do so, both the
thickness and the diameter of the pipe have been mea-
sured after forming and after the sizing stations, as shown
in Figures 16 and 17, respectively. The results are reported
in Table 5. The average diameter of the pipe has been cal-
culated from the measurement of the circumference of the
pipe, divided by p. For the calculation of the circularity,
the diameter of the pipe has been measured each 60�
around the pipe by means of a graduated scale.

The error intervals shown in Table 5 are due to the
instrument, for the production measurements, and due
to a circularity error detected during the measurement

of the diameter from the FE simulation. In spite of
these small differences, the agreement between the
results of the FE model and those of the real produc-
tion confirms the quality of the developed model in
replicating the real process, since the error is limited to
a maximum of 1.25% in the estimation of the diameter
and to 1.43% for that of the thickness. In order to vali-
date the mapping operation utilized to exchange the
simulation results between different ABAQUS mod-
ules, the results of the von Mises equivalent stress at
the end of the forming simulation and the step 0 (after
mapping) at the beginning of the welding simulation
are reported in Figure 18.

In the same way, the comparison between the results
at the end of the welding simulation and those at the

Figure 15. (a) Angular mapping subdivision of the pipe and (b) data mapping in the simple tension test specimen.

Figure 16. Pipe circumference measurement in real
production (for the diameter calculation).

Figure 17. Pipe thickness measurement in real production.
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beginning of the sizing one (step 0), after mapping, is
shown in Figure 19, same in terms of von Mises equiva-
lent stress. The comparison of the results shown in both
Figures 18 and 19 highlights a very good agreement
between the stress fields before and after the mapping,
proving the reliability of this strategy in exporting and
importing data between different modules of the

ABAQUS software. In addition to the results shown in
Figures 18 and 19, the equivalent von Mises stress after
the sizing process, for the fine mesh portion of the pipe,
is shown in Figure 20 for the three different analyzed
forming ratios.

In Figures 21–23 instead, the results of the PEEQ
(equivalent plastic strain) after each one of the stations

Table 5. Comparison of pipe geometrical results between production and FEM measurements.

Dimension Production measurement (mm) FEM result measurement (mm) % error

Diameter (after forming) 220.7 6 1.0 219.94 1.25
Thickness (after forming) 8.96 6 0.001 8.87 1.35
Diameter (after sizing, ratio 0.2) 217.6 6 1.0 216.63 1.29
Thickness (after sizing, ratio 0.2) 9.03 6 0.001 9.16 1.43
Circularity (after forming) 1.35 1.07 20.7
Circularity (after sizing, ratio 0.2) 0.53 0.46 13.2

FEM: finite element method.

Figure 18. The von Mises equivalent stress field at the (a) end of the forming and (b) beginning of the welding (after mapping).

Figure 19. The von Mises equivalent stress field at the (a) end of the welding and (b) beginning of the sizing (after mapping).
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of the process are presented, detailing the differences
due to different sizing ratios. Finally, the temperature at
the end of the welding operation is shown in Figure 24.

Concerning the FE simple tension tests for each one
of the nine angular positions of the pipe, the results are
presented in Figure 25, after the forming station; in
Figure 26, after the welding one; and in Figure 27, after
the sizing process. In Figure 27, three different curves

relevant for the three tested sizing ratios (0.2, 1.0, and
1.5) allow seeing the influence of this parameter on the
yield strength of the material.

The results of Figures 25–27 show the angular
position-dependent yield strength of the material, which is
different from that of the original strip. Due to the contin-
uous different tension and compression stress applied on
the pipe, especially during the forming operation, the

Figure 20. The von Mises equivalent stress after the sizing for (a) 0.2 sizing ratio, (b) 1.0 sizing ration, and (c) 1.5 sizing ratio.

Figure 21. Equivalent plastic strain (PEEQ) after the forming
station.

Figure 22. Equivalent plastic strain (PEEQ) after the welding
station.
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material of the pipe hardens and reaches higher yield
strength values. Moreover, during the welding process,
due to the temperature increase, part of the residual stres-
ses due to the forming operation are released, as con-
firmed by the results shown in Figure 26, and by the
comparison of the stress field shown in Figures 18 and 19.

Finally, as a consequence of the additional deforma-
tion induced by the sizing process, the yield strength of
the material rises once again as the sizing ratio is
increased from 0.2 to 1.0 and finally to 1.5 (Figure 27).
In the sizing process, the sizing ratio stands for the
amount of diameter reduction between the entrance

Figure 23. Equivalent plastic strain (PEEQ) after the sizing for (a) 0.2 sizing ratio, (b) 1.0 sizing ratio, and (c) 1.5 sizing ratio.

Figure 24. Temperature field at the end of the welding
simulation. Figure 25. Yield strength in the pipe for different angular

positions after the roll forming process.
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and the exit; thus, the higher this ratio, the greater the
process-induced residual stresses.

The analysis of the results shown in Figures 25–27,
after each station of the process, allows concluding that
the whole process strongly influences the yield strength
of the material, making it to increase and to decrease in
comparison to that of the original material. Moreover,
especially in the welding station, the influence of the
local increase of temperature makes the yield strength
to be strongly reduced from that of the original mate-
rial, since the area adjacent to the welding is molten in
order to link the two edges.

In addition to that, in the sizing station, the addi-
tional deformation applied to the pipe makes the mate-
rial to increase its residual stress and, consequently,
also the yield strength of the pipe increases as the sizing
ratio increases. Regardless of the station or the sizing

ratio, two peaks are always present in the 6 45� loca-
tion, positions 2 and 6, as a consequence of the fact that
the sections of the pipe located in those positions are
the farther from the points where the tools apply pres-
sure on the pipe. This makes those locations to undergo
an uncontrolled deformation, both in traction and com-
pression, resulting in higher residual stresses, thus in
higher values for the yield strength.

Conclusion

In this article, an FE model for the study of the influ-
ence of all the stations of the ERW pipe forming pro-
cess is developed and validated. Based on the results of
the stress field in the pipe after each station of the pro-
cess, the amount of residual stress is estimated on the
basis of the variation of the yield strength of the mate-
rial, in comparison to that of the original sheet.

The developed model allowed to promptly and accu-
rately estimate the influence of the process parameters
of the three main stations of the ERW manufacturing
process, allowing to save precious time during the pro-
cess setup as well as to avoid costly trial-and-error pro-
cedures. Moreover, FE calculation of the local residual
stresses in the pipe, and their influence on the yield
strength of the material, allows proving a precise map
of the material properties of the pipe along with its cir-
cumferential circulation.

In addition to that, the proposed mapping proce-
dure allowed verifying the assumption of considering
the results of a middle section of the pipe to be extend-
able to the whole pipe, in a sort of averaging proce-
dure. This concept, if applied to long pipe production,
may allow reducing the computational time by consid-
ering a sort of steady state for the results, after the ini-
tial non-steady state of the calculation is completed.

The proposed process chain FE model is of very
interest for the pipe manufacturing industry since it
provides clear information about the variation of the
yield strength for different angular positions of the pipe
as well as it allows understanding, in a relatively short
time and without any expensive experimental cam-
paign, the influence of process modifications on the
important outputs of the process, such as the geometry
and the yield strength of the pipe.
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Appendix 1

Notation

A, b Voce’s hardening model constants
Ci, gi non-linear kinematic hardening model

constants

a backstress tensor
adev deviatoric backstress tensor
ep

eq equivalent plastic strain
s stress tensor
sdev deviatoric stress tensor
ss current yield strength of the material
ss

0 initial yield stress of the material
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