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ABSTRACT

ERW pipes formed with the roll forming process show a yield stress distribution along the circumferential
direction and their quality is strongly influenced by the magnitude and by the distributions of the yield stress. In
addition to that, strips are subjected to cyclic loading during roll forming process.

Since ERW pipes are firstly roll formed, welded and then sized, in order to develop an enhanced predicting
method for the calculation of the ERW pipe yield stress, the same process flow has been also applied to authors’
numerical simulations.

The Yoshida-Uemori kinematic hardening model has been applied considering several subdivision of the
strain range, and different parameters, aiming to find the best correlation between the estimated Bauschinger
effect and the one measured in the relevant cyclic loading experiment.

The comparisons between estimated and experimentally-measured values of the thickness distribution, and of
the locally-measured yield stress, prove both reliability and accuracy of the adopted process chain analysis.

The growth of the sizing effect ratio has shown to cause the increase of the yield stress, which becomes more

uniform along the circumferential direction.

KEYWORDS: ERW pipe, roll forming, Sizing effect, Yield stress distribution, Bauschinger effect,
Modified Yoshida-Uemori model, Process chain analysis



1. INTRODUCTION

The continuous growth tendency in the demand for energy power is directly linked to the increasing need for
oil and gas transportation pipes, such as OCTG (Oil country tubular goods) and Line pipes. The ERW (Electric
Resistance Welding) roll forming process is widely utilized for the production of steel pipes and is normally
composed of six different stations: uncoiling, leveling, roll forming, welding, sizing, and straightening, as
shown in Fig. 1. With the rotation of the rollers, the strip deforms continuously to a circular cross-shaped pipe.
Since the grade of change in the material yield stress is also caused by the fabrication process, the same strip of
material has shown different behaviors if utilized by different steel pipes companies.

In particular, it is not easy to predict the yield stress after the production, since tension and compression
stresses are repeatedly applied on the strip. Multiple tensile and compression repetitions cause the yield point of
the material to change several times due to Bauschinger effect and make the yield stress to be completely
different from that of the initial plate. In addition to that, every pipe is manufactured starting from different strip,
which makes the yield stress of the final product to be influenced by initial strip mechanical properties and
welding process, as well it varies along the circumferential direction of the pipe.

Due to the intrinsic difficulty in understanding the change mechanism of the mechanical properties of the pipe,
the know-how of the production operator is a major factor influencing the mechanical properties. If a trial-and-
error procedure is applied in order to determine the best process configurations, it shall result in being a high
time and expensive procedure. For this reason, the understanding of the phenomenon that influence the variation
of the yield stress is a key point to quickly and successfully set up the production process, avoiding trial-and-

error procedures in favor of a more systematic and capable strategy.

In this paper, the work hardening state of the material is studied utilizing numerical analysis technique, aiming
to determine possible changes in its yield stress.

In the past, much effort has been spent by several authors trying to solve this problem. Kim et al.(2003) studied
the edge shape of strip before welding, in order to determine the weld quality of ERW pipe, discovering that the
optimized edge shape, which ensures a good weld ability, can be obtained by pre-machining the strip edge.

Cha et al.(2013), through FE simulations, studied twisting and bowing defects on roll formed products made
of high strength steel using V-channel roll forming process, confirming the possibility of designing edges and
webs those can minimize these two defects.

Wiebenga et al.(2013) analyzed the phenomenon of longitudinal bow and springback defects dependent to roll
gap using a ANOVA (Analysis Of Variance) for U-channel roll forming process. Thehrani et al.(2006) studied
the edge buckling and longitudinal strain of the web during the U-channel roll forming process. Park et al.(2014),
by studying the cross-sectional shapes and the longitudinal strain by using the simplified ICF(Incremental
Counter forming), confirmed that the longitudinal strain occur differently according to the process conditions.
Kasaei et al.(2014, 2014) conducted a study on the edge buckling, the longitudinal strain, and the edge gap
controlled by process parameter using cage roll forming process and flexible roll forming FE model. Zou et
al.(2015), (2016) Ren et al.(2015), and Herynk et al.(2007) studied UOE forming(U-forming, O-forming,
Expansion) based on the numerical model. Their results shown that the O-forming gap is influenced by the

process parameters and an algorithm was developed to obtain the distribution and history of the yield stress



during the process. They showed that U-forming radius is the most important factor in C- and U-forming stages
to determine O-forming gap, and the opening gap width increases with increasing of compression ratio in the O-
forming stage. Gehring et al.(2007) performed an analysis on base of a statistical design approach in order to
identify the effects and interactions of different parameters on profile properties. The parameters included in the
analysis are the roll diameter, the rolling speed, the sheet thickness, friction between the tools and the sheet and
the strain hardening behavior of the sheet material.

During roll forming processes, material are subjected to fast repetition of tension and compression effect
which make the so-called Bauschinger effect and working hardening phenomenon appear. Many studies on the
hardening models capable of accurately simulating this phenomenon have been made.

Prager (1956) proposed a kinematic hardening model able to describe the Bauschinger effect. The yield
surface in Prager’s model is assumed to move in a direction perpendicular to the surface during loading. Ziegler
(1959) modified the Prager’s assumption that the yielding surface move radially by a vector (s-a), where s and
a are the stress tensor and the back stress, respectively. Yin et al.(2012) used NKH (Nonlinear kinematic
hardening) model to have a best fitting of the cyclic-load test results, applying the model to a forming process in
order to simulate the springback effect. The results showed how a NKH model is not able to predict the
compression behavior and estimate the Bauschinger effect.

Yoshida and Uemori (2002, 2013) proposed a yield surface with an additional bounding surface to describe the
Bauschinger effect. The so-called Y-U (Yoshida-Uemori) model, which includes many model constants, has
been applied to various materials and utilized in several different applications, and was expected to describe the
actual Bauschinger behavior quite well. Jia (2014) used the robust integration algorithm in order to simplify the
Y-U model and tried to find the feasibility of the numerical model for the cyclic load test. Instead, Ghaei (2015)
and Sumikawa (2014) demonstrated, with experiments and numerical models, that the Y-U model describes the
Bauschinger effect very well and can predicts the springback precisely in the simulation. Jia and Kuwamura
(2015) proposed a combined method of a damage model and the Y-U model for the accurate prediction of
ductile fracture in conditions of large deformation. Silvestre et al.(2015) used a mixed isotropic-kinematic
hardening model combined with Chaboche model and Lemaitre model to apply and check the feasibility for
cyclic load test of various materials such as mild steel, stainless steel, DP (Dual Phase) steel, and TRIP
(Transformation-induced plasticity) steel. The other studies to simulate the Bauschinger effect and the working
hardening behavior are homogeneous yield function-based anisotropic hardening (HAH) model proposed by
Barlat et al.(2011), non-saturating kinematic Swift (NSK) model proposed by Xiao et al.(2012), and Barcelona
plastic damage model proposed by Barbu et al.(2015).

Studies on the mechanical properties of roll-formed pipes from the strip have been conducted, as follows. Han
et al.(2012) found that the increase of Vickers hardness of the X80 steel pipe after roll forming process resulted
from the pre-strain. They confirmed that the magnitude and the distribution of the yield stress in the thickness
direction varied depending on the level of pre-strain.

Son et al.(2013) also confirmed that the yield stress of pipe in the thickness direction is reduced inside and
increased outside of the pipe by 1.5% to 1.25%, in accordance with the pre-strain effect. Zeinoddini et al.(2015)
evaluated the residual stress using the denting axial compression test. Kraft and Jamison (2012) found that the

flow stress in the longitudinal direction of pipe was higher than that in the circumferential direction after tensile



tests with specimens at each direction. Even they also confirmed that the magnitude of flow stress with the same
material showed differences depending on diameter and thickness. Previous researches have been focused on the
phenomenological observation of pipe after roll forming process.

Since it is not easy to include the history of the longitudinal elongation and the increase of thickness the during
roll forming process in a complicated hardening model, an analysis based on an efficient and accurate numerical
model is required to predict the change of the yield stress.

Due to the multiple tension and compression applied to the strip, it is not easy to include the history of the
longitudinal elongation and of the thickness increase during a forming process that creates a flower pattern
through at least 20 rolls or more. An analysis based on an efficient and accurate numerical model is required to
predict the change of the yield stress.

In section 2, a modified Yoshida-Uemori (MYU) model, which can be configured to precisely express the
hardening of the material, is proposed. Section 3 describes the methods and procedures for the material
parameters used in the model. Section 4 describes the process chain analysis and explains how the numerical
model operates in the roll forming process and sizing process.

The numerical simulation results were validated by comparison with the calculated results with the
measurements for both the circumferential length and the thickness, at various locations along the circumference.
In section 5, the results of the prediction of the yield stress of the pipe, after the process chain, are shown and
commented. Comments and consideration are also drawn in case of differences between computed and
measured yield stress values. The sizing ratio, defined as the amount of thickness calibration during the sizing
phase, is also an important parameter and its influence on the yield stress was investigated and the relevant

results are presented in this paper.

2. The constitutive model

The strip experiences a repetitive deformation of tension and compression during roll forming process then, in
order to properly set-up the simulation, a hardening model able to accurately describe the Bauschinger effect is
required.

The Y-U model consists of the yield surface with the kinematical motion based on the two-surface model in
the bounding surface(Yoshida et al. 2002). The yield surface represents the kinematic hardening, while the
bounding surface is configured to express a mixed isotropic-kinematic hardening. The kinematic hardening or
the movement of the yield surface due to the pre-strain describes the Bauschinger effect, while the bounding
surface compensates for the global working hardening to describe permanent softening.

The yield function f and the bounding surface F, based on the von Mises yield function, are expressed in egns.
(2.1) and (2.2), respectively.

f :‘E(a—a)—a\“ =0 (2.2)

F =58 -(B+R)=0 @2)



, where & and @ are the Cauchy stress tensor and the back stress tensor, respectively. Oy ; is the initial yield

stress, Bj and R are the initial size and isotropic hardening of the bounding surface, respectively. 8 represents
the motion of the bounding surface.

As previously stated, the kinematic hardening of the yield stress describes the Bauschinger effect and the
mixed isotropic-kinematic hardening of bounding surface represents the global work hardening. The relationship

between the yield surface and the bounding surface can be established considering the relative kinematic motion
of the yield surface, with respect to the bounding surface, and is expressed by the parameter @ , egn. (2.3).
O=a-p (2.3)

The evolution of the three back stress tensors are defined as

da =dp +do (2.9)
b —p
dg=m|——(c—-a)-p|de (2.5)
Oy
do=C i(a—a)—ﬁa de’ 2.6)
Oy (7]

- _ _ _ - _
where d& is the equivalent plastic strain, m;, bi , C are model parameters whereas @ is the equivalent value

of 0. The parameter @ ineqn.(2.6) is defined as follows.

a=B+R-oy; (2.7)

R is the kinematic part of the bounding surface and it is defined as

R=R, (1-e™")+hs 2.8)

where R, ; stands for the saturated value of the isotropic hardening stress, and where M; and h, are model

parameters.

Yoshida et al.(2002) shown that the two-surface kinematic hardening model shown in egns. (2.1) - (2.8) shows

limitations in predicting the yield stress, especially during compression after tension. Therefore, in this paper, in

order to precisely calculate the flow stress, a segment-wise material properties GY,i’BURsat,i’bl’mi

approach for the Yoshida-Uemori model parameters, dependent on the equivalent plastic strain & , is proposed.
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In the above strain segments, 5‘1'0 denotes the first maximum tensile plastic strain during the cyclic load test,

while Ezp is the plastic strain at the first maximum compressive yielding after tension. Since it is not natural
that parameters show any discontinuities to describe the flow stress, the linear interpolation parameters

P, P,, P, are considered in order to obtain values for77,,77,, which can be numerically utilized, as
1072013 111121713

summarized in egn. (2.10).

m=P+1-6)(F-P),
1, =P, +1-6,)(R,—R), (2.10)
1, =F

, Where 51, 52 are weighting factors that can linearly change 77;,7),,7); according to the plastic strain& .

-p
0, = f—p (i=12) (2.11)
Ei

After the plastic deformation of a material, it has been found that the elastic modulus decreases during

unloading and it attains to a converged value after certain equivalent plastic strain (Yoshida et al. 2002) and
(Morestin and Boivin 1996).

In the numerical model, the effect of equivalent plastic strain of Young’s modulus, Eep was taken into

account using the following empirical equation (Yoshida et al. 2002).
E., = B, —(E, —E)[L-exp(-xe&”)] (2.12)
where E0 and Ea stand for the elastic moduli at initial and infinitely large pre-strain stage, respectively,

while X; is amodel parameter.

3. Model Parameters

The steel used in this study was an APl (American Petroleum Institute) standards K55 with the material



chemical compositions as summarized in Table 1. The material behavior has been measured in both a uniaxial
tensile test and a cyclic load test. Fig. 3 shows the stress-strain curves of the specimen obtained from the test
results. The Bauschinger effect causes a reduction of yield stress after the re-yielding compared with that of the

initial stress.

The model parameters for material property have been determined in the order to match the behavior of the test
results. All simulation was conducted with ABAQUS, while the constitutive model was applied in the
calculation by supplying the user-defined subroutine VUMAT. The simple-element model with C3D8R type
mesh as shown in Fig. 4 with the same conditions as in tensile test was applied in the simulation.

Several literature contributions in different metal forming areas, such as in: Zou et al.(2016) for the roll forming
process, Tajyar et al.(2009) for the non-circular tube forming process, Cai et al.(2014) for the roll forming
process, Yang et al.(2006) and Guo et al.(2006) for the ring rolling process, have shown that by utilizing the
C3D8R (reduced-integration element), instead of the C3D8 (fully-integrated element) or C3D8I (incompatible-
mode element), it is possible to obtain precise results with a considerable spare of time. Since in the analyzed
process several consecutive complex plastic deformations are involved and being the C3D8 a fully-integrated
element, whereas the C3D8R reduced-integration element, the utilization of the last one allows reducing the

computational time thanks to a reduced number of integration points, while ensuring a precise calculation.

The true stress-strain curve was obtained by a cyclic load simulation using the simple-element model. The area

of the difference Ediﬁ has been defined denoting the discrepancy of the experimental results O, and the

analysis results O, as expressed in equation (3.1). In order to systematically minimize Ediff , the PQRSM

sim
(Progressive Quadratic Response Surface Modeling) technique was used. PQRSM is a method of updating the
Hessian matrix to produce a full quadratic response surface shape of the simulation based on a set of given
design parameters. The aim is to minimize the object function within a variable range. By iterative calculation,

confidence intervals can be reduced and ultimately accurate and reliable minimum values can be obtained.

1 o, —O.
E =— ex sim [ 100
dif =N Z > (3.1)

ex

As shown in Fig. 5, since the area of the difference is 2% or less, the numerical model was confirmed to have a
good representation of the actual behavior. In addition, when using the MY U model, it was possible to obtain far
more accurate results compared to the YU model. MYU model complements the limits of YU model by
applying the variable section separately in the pipe process which undergoes complicated behavior and more

precisely copies the behavior of the material. Calculated Parameters are summarized in Table 2.

4. Process chain analysis of ERW roll forming

ERW roll forming process is used to manufacture the uncoiled flat strip gradually into a pipe with circular



cross section as the strip passes through several roll stands. It is to verify that ERW roll forming process
simulation with the hardening model parameters obtained from the cyclic load test predicts the actual physical

phenomena.

4.1 Numerical simulation of roll forming process

As concerns the numerical simulation of ERW roll forming process, input data of roll shape, roll rotation
velocity, and distance between roll stands as used in the actual roll forming line have been considered. The
simulation conditions and the geometry of the workpiece are reported in Table 3. Even though the mesh was
constructed for the whole region of roll forming process-line, to give enough friction to the strip and limit the
computational time, only region B was modeled with fine meshes, as shown in Fig. 6. Aiming to show the
evolution of the forming process the position of the end of the strip, for each step, is reported in Table 4 where,

the “stand number 0” means the initial state of the strip.

The strip during roll forming experiences deformation in the circumferential, thickness and longitudinal

direction. Each material point at located in the circumference undergoes a specific stress-strain history. For a

roll-formed pipe, the two circumferential locations () of 90° and 180°, respectively, relative to the weld line,
have been tracked in order to record the strain history, as shown in Fig. 7.

It is observed that the inner layer is the first to be interested by a tensile deformation while the outer layer
undergoes a compression deformation; afterwards the patter is reversed. Moreover, also the repetitive loading-
unloading phenomenon is observed while the strip passes through the stands.

Even though the magnitude of the yield stresses looks bounded, the deformation history pattern is much
different if different circumferential positions are considered.

Before the welding process and after the completion of roll forming, only the circumference length can be
measured hence, in order to confirm the accuracy of the simulation, the FE results have been compared with the
those of the experiments, as illustrated in Table 5. The circumference lengths has been measured 10 times on
different positions and averaged along the longitudinal direction. It can be stated that the process chain-analysis
procedure is quite accurate to simulate the actual roll forming line since the discrepancy between simulation and

experimental results is limited to a 0.4 mm range.

The inclusion of the HF-ERW (High Frequency Electric Resistance welding) welding process into the
developed numerical model seemed not realistic considering the computation burden. Therefore, in order to take
into account its effect on the process, the circumferential length has been reduced of 2mm in order to match with

the reality (experiment).

4.2 Numerical simulation of Sizing process

The sizing operation is the process phase where outer diameter and roundness of pipe are controlled by
applying compression on the outer surface, either with the upper and lower rollers or with the left and right
rollers. Briefly, it refers to the sizing step to match the desired dimensions after the roll forming step, after

welding is over. It will produce pipes of the required dimensions via the sizing process. The sizing process has



been also studied in the process chain analysis. Considering the compression or the degree of sizing reduce the

outer diameter of pipe, the following sizing effect ratio has been considered.

.. . ODbefore _ODafter
Sizing effect ratio = x100 (%) (4.1)

before

where OD and OD,.  are pipe diameters before and after sizing process, respectively.

before after

Sizing effect ratio is a process condition generally determined by know-hows of operators but, since a change to
the material itself according to the sizing effect ratio is unclear, it is used primarily in regulating the size of the
outer diameter. The sizing effect ratio in the actual roll forming line has been measured to be about 0.2% as
shown in Fig. 9(a). The simulation results for the case of 0.2% are obtained as shown in Fig. 8. The thickness at
eight different locations is computed and compared with measurements, obtained using a micrometer as shown
in Fig.9(b). The difference between the averaged measured value and the calculated value is found to be about
0.02mm. As it can be seen from both measurement and simulation results, the thickness does clearly increase
after roll forming process but, the amount of growth different from position to position, since the different

deformation history that characterize different positions.

5. Material test of roll formed pipe

5.1 Tensile test and simulation

The simulation results was compared, for cross verification, with those of tensile test, in order to ensure the
reliability of the implementation. Tensile specimens have been selected in the longitudinal or rolling direction
according to ASTM EB8 standards of API 5L, at two pipe's location-4 and 8, respectively, as shown in Fig 10. By
applying the calculated thickness, the plastic strain tensor, and the back stress tensor obtained from the
simulation of sizing process, a simulation of tensile test has been performed.

Although, in general, a flow stress model is used to represent numerically a stress-strain curve obtained from
the tensile test results, the yield stress calculated from a certain flow stress model may be different from those
calculated from other flow stress models, which lowers the reliability of the yield stress prediction. This is
caused by the fitting operation of the tensile test data, which is focused on the overall plastic strain range while
the yield stress is sensitive only to the elastic-plastic boundary or very small plastic strain range.

In the present research work, by using the equation (5.1), the flow stress model is constrained to contain the

measured yield stress; the equation parameters are determined to fit with the measured yield stress and the
stress-strain curve in the range of strain 0.1 (considering that the tensile test has been performed twice). Rj o, ,

defined in egn. (5.1), is the kinematic part of the bounding surface and represents the flow stress in the Yoshida-

Uemori model.

Ry, =143(1—e ¥ )+0.35¢" 5.1)



Fig.11 shows the simulated and the measured load-stroke curves at two different locations after tensile tests,
and the differences are particularly evident after the UTS (Ultimate tensile strength) point. The discrepancy is
also evident if the load-stroke curve is converted into engineering stress — engineering strain curve, as shown in
Fig.12. By regarding the proof stress of 0.2% offset of elastic line as the yield stress, it can be seen that the
differences between the experiments and the computation values are 1MPa at the location #4 and 2 MPa at the
location #8, respectively, as shown in Fig. 12. This last comparison allows stating that the proposed method is

reliable in predicting the yield stress of the material in different position of the strip.

5.2 Effect of the sizing effect ratio on the yield stress

Using the previously described procedure, it is possible to calculate the yield stresses of a roll-formed pipe
with different process parameter, especially varying sizing effect ratio, which can be controlled by changing the
roll gap in the simulation, as it happens in the real production line.

Four different sizing effect ratios of 0.2, 1, 1.5, and 2.5%, which are usually performed in industry, were
applied to the sizing process. Fig.13 exhibits an averaged diameter and thickness according to these ratios. The
averaged thickness increases linearly while the averaged diameter decreases as the sizing effect ratio increases.
This fact shows that it is possible to adjust the geometry of the pipe through a sizing process.

The distribution of the yield stress along the circumferential direction by using the method described in section
5.1 is shown in Fig.14. Due to work hardening, the overall increasing trend of the yield stress appeared. For
example, the yield stress of 586MPa at the location #1 showed 10% increase over the initial one. The local-
based deviation in the yield stress up to approximately 45MPa along the circumferential direction occurs
because of the different deformation history.

It is notable that the high yield stresses at the locations #1, #2, and #3 is to be attributed to the initial

excessive deformation during the early stage of W-bending process as shown in Fig.15.

6. Conclusions

In this paper, a numerical simulation model for the ERW roll forming process, aiming to predict the change in
the yield stress of roll-formed ERW pipe, has been presented. Moreover, by using the segment-wise model
parameters, a modified Y-U model has been derived in order to precisely describe the kinematic work hardening
behavior of the strip. The proposed modified Y-U model has shown to overcome the limitation of the original Y-
U model in the prediction of the yield stress in case of cyclic loading.

We used the M - Y - U model which can express the reduction of yield stress and the Bauschinger effect during
re - yielding, and more precisely replicated the behavior of the material. This allowed the actual simulation
analysis to more accurately reflect the actual situation

A process chain analysis has been applied to roll forming, welding, and sizing process in sequence. The

procedure showed enough reliability after two cross verifications and comparisons between simulations and



experiments results.

As concerns to the change of the yield stress of pipe compared with the strip, it can be concluded that the
magnitude increases as the sizing effect-ratio increases, while the difference along the circumferential direction
reduces.

It must be taken into account that the present study neglected the anisotropy of the strip, which may affect the
yield stress. Finally, in terms of future works, the API test conditions of tensile test in the circumferential

direction after flattening may be simulated with similar numerical procedures.
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Fig. 1 Procedures of ERW roll forming process.

Fig. 2 Schematic illustration of the two-surface model [14]
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(a) Measuring the circumference length of pipe (b) Measuring the thickness of pipe
Fig 9. Measurement and simulation of the roll-formed ERW pipe
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Table 1 Chemical composition of K55 steel

Steel C Si Mn Cr P
AP| K55 0.37 0.27 1.4 <0.15 <0.02

Table 2 Model parameters in the Modified Yoshida-Uemori model.

Parameters Parameters Parameters

E, (GPa) 206 B, (MPa) 457 b, (MPa) 106
E, (GPa) 180 B, (MPa) 397 b, (MPa) 244
X 15 B, (MPa) 340 b, (MPa) 261
oy (MPa) 453 Ryai1 (MPa) 143 m, 87
oy , (MPa) 391 Ryat 2 (MPa) 255 m, 35
Oy 3(MPa) 347 Rext s (MPa) 155 m, 34
&1 0.015 & 0.042 h 0.35

C (MPa) 400




Table 3 The simulation conditions of roll forming of a pipe.

Initial condition

Fine mesh condition (section-B)

Number of roll pass

Initial thickness (mm)

Initial width (mm)

Coulomb friction coefficient

20 Mesh size in the longitudinal direction (mm)

8.84 o
direction

680 Total number of elements

0.2 Mesh type

~

The number of mesh layers in the Thickness

72000

Hexahedron
type C3D8R

Table 4 Bending increment per pass

Stand Strip end-point

Stand number

Strip end-point

Stand number

Strip end-point

number | angle [°] angle [°] angle [°]
0 7 28.11 14 59.59
2.65 8 32.22 15 64.03

2 2.75 9 38.27 16 68.12

3 8.85 10 43.50 17 72.32

4 13.72 11 47.22 18 76.13

5 18.97 12 50.47 19 84.07

6 23.24 13 55.33 20 89.99

Table 5 - Circumference length of pipe before and after welding

Circumference length

Measurement [mm]

Simulation [mm]

After roll forming

(before welding)

Before Sizing(after welding)

691

689

691 (mean value)

689 (mean value)




