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ABSTRACT

Roll forming is a sheet metal forming process
and is being increasingly used in the oil industry to
mine crude oil. As mining regions experience
unfavorable conditions, such as high pressures,
corrosion, and cold, the quality of steel pipes needs to
be guaranteed by improving the roll forming process.
Several analytical models have been developed to
determine the stress-strain  distribution during
forming. By assuming that the cross-section of the
strip at each roll stands as a single plane, the strain
distribution of the strip during the flower pattern
stage was derived to observe the local deformation.
Most of them does not consider the strain and stress
distributions together or the advanced estimations
including cyclic hardening due to loading and
unloading process. In this work, a novel analytical
model for calculating the strain distribution was
integrated with the stress calculation model, which
includes a cyclic hardening model. Moreover, the
stress-strain results at each roll stand can be shown
by developing the post-processing code to show how
the internal status of the strip briefly. By using the
model, the fact that the stress distribution and yield
conditions are different was proven when the flower
pattern was different.
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INTRODUCTION

The roll forming process forms a strip into a
pipe form while passing through a series of forming
rolls. In South Korea, this process has been applied to
produce oil pipes for export to North America using
the electric resistance welding (ERW) bonding
method (Kang. 2012) (Fig. 1). The process involves
various physical phenomena with many variables,
which makes it difficult to analyze the relationships
among the variables. As a result, most domestic pipe
companies have applied a mass production method
with small items that are required by certain global
markets and major customers. However, due to the
depletion of energy resources, petroleum production
in severe environments, such as deep seas and
extreme regions, demands high-quality and
high-strength steel pipe products. In addition, in the
aftermath of world protectionism, it has become
difficult to supply large quantities to major customers
(Rhee et al. 2018; Kang. 2015). In this situation, the
steel pipe industry is sympathizing with the necessity
of R&D investment to secure a new demand market,
strategic approaches to the existing demand market,
and high value-added products (Choi. 2019).

To ensure the quality and diversification of
steel pipes, the basic activities involve obtaining a
basic model of the product formability and the
relationship between the various variables in the roll
forming process. The finite element method (FEM) is
a powerful technique that can identify the internal
stress and strain of a deformable body based on a
numerical analysis. In particular, the utilization of the
FEM is very high in the roll forming process, which
contains nonlinear phenomena, such as elastic-plastic
deformation of the material and contacts between
bodies. Several works have been conducted to solve
troubleshooting in the field by using commercial
software, such as ABAQUS; Dassulat Systemes,
France, DEFORM; SFTC, United states of America,
Marc; MSC Software, United states of America, and
PROFIL; UBECO, Germany. For instance, types of
thin-walled products formed by the roll forming
process include the forming analysis of a
hydroforming steel pipe (Lee. 2003) and the strength
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evaluation of automobile parts, which is composed of
high tensile strength steel sheets (Kim et al. 2010).
Regarding the design of the process, evaluations of
the stress on the strip when production variables,
such as the roll-to-roll distance, roll gap, and the
number of roll passes, change in the process have
been conducted (Yoon et al. 2015; Kima) et al. 2016;
Kimb) et al. 2016). In addition, the FEM is widely
used for the plastic deformation of various methods,
such as uing-ouing-expansion (UOE) and 3-point
bending (Yi et al. 2017; Kim et al. 2017). However,
the FEM has the disadvantage of requiring much
experience and skill of the interpreter and investment
in  computational  environments.  Additionally,
domestic industries that are accustomed to
developing a product through facility investment and
testing of the roll forming process have difficulty
using the process design because the FEM has
difficulty providing results immediately. To overcome
this problem, several models have been developed
that can confirm product formability in the field by
developing an analytical model customized for each
manufacturing method (Fu et al. 2013). In particular,
the flower pattern diagram was investigated by
developing analytical models (Abeyrathna et al. 2016;
Abeyrathna a) et al. 2017; Abeyrathna b) et al; 2017).
In these works, the cross-section of the strip at each
roll stand is assumed to be on a single plane, and the
stress on the strip is calculated based on the strain due
to the forming path or trajectory of a point at the edge
of the strip during forming. However, these models
do not consider the hardening phenomenon caused by
cyclic loading on the strip. Based on this limitation, it
is difficult to develop an analytical model that can
simulate a three-dimensional nonlinear ERW tube
process. However, if an analytical model is developed
based on the development of a basic model and is
then distributed to the field, and if an engineer can
easily utilize it, it can then be a good tool to
immediately check the product formability and reflect
it in the process design.
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Fig. 1. Roll forming process.

In this study, we developed an analytical model
that calculates the internal stress of the strip based on
the flower pattern on the two-dimensional
cross-section of the strip. The internal stress on the
strip is calculated by mathematically expressing the
change in the strain occurring at any position of the
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cross-section and  substituting it into the
elastic-plastic and cyclic hardening material
properties model. The model was also developed to
include post-processing, such as plotting the time
history of the stress on any point and the yield
condition, which can see whether the point is
undergoing elastic or plastic deformation. The
effectiveness of the model was confirmed by
comparing the internal stress of the strip and
checking several physical properties when different
flower patterns were applied.

ANALYTICAL MODEL

Flower Pattern

Through the roll forming process, a strip is
finally dried in a pipe after each forming stage. The
stage is a set of upper and lower rollers along the
longitudinal direction of the pipe. The deformation of
the strip, which is based on a two-dimensional
cross-section perpendicular to the longitudinal
direction of the strip, results in the rectangular
cross-section to the circle, which is referred to as the
flower pattern (Fig. 2). Fig. 2 shows different flower
patterns by using different shapes of the forming roll
and arrangement. However, there is no difference
between the initial shape of the strip and the final
shape of the strip that is rolled into the pipe form.
Even if there is a difference in the intermediate
process of drying, the strip can be seen and there is
no difference in the final shape of the strip. Based on
this fact, the variation in the internal strain of the strip
between the initial shape and the final shape is
derived using a mathematical expression.

The method to calculate the variation of the
internal strain is comparing the coordinates and the
orientation of any element that is divided in the width
direction and the thickness direction of the strip (Fig.
3). The first step is dividing the strip into internal
elements between the initial shape and the final shape.
At each stage coordinates are given in every element.
By using this code, users can select the number of
parts in the width direction and the thickness
direction according to their computational ability. Fig.
3 shows the flower pattern that has 32 elements in the
initial shape and the final shape by dividing the initial
shape of the strip into 8 equal parts in the width
direction and 4 equal parts in the thickness direction.
Due to the rectangular shape of each element, each
element of the initial shape and the final shape of the
strip consists of 4 boundary points, and is (Nw + 1) x

(Nt + 1). In the case of Fig. 3, Nw is 8 and Nt is 4.
Eq. (1) shows the x-y coordinates of the i-th in the
width direction and the j-th in the thickness direction
of the boundary point in the initial shape. Eq. (2)
shows the x-y coordinates of the i-th in the width
direction and the j-th in the thickness direction of the
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boundary point in the final shape.

Fig. 2. Flower pattern.
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wherei=1,2,3,...,Nwt1,j=1,2,3, ..., Ne+1, |y
is the width length of the strip, I; is the thickness
length of the strip, Xrer and yrer are the reference
coordinates of the circle, r; is the radius of the
circle in the final shape, and 6.1 is the angle of the
circle with respect to the reference coordinates in
the final shape.

Since it is difficult to define the coordinates of

25

each element as a simple matrix for the strain
calculation using the difference between the initial
shape and the final shape, the coordinates of the
boundary point of each element, XYini elem and XYin,etem,
were arranged as shell arrays that had 4 by 4 matrices
in the location of each element, as shown in Egs.
(3-4).

In the coordinates of each element in the initial
shape and the final shape of the strip shown in Egs.
(3-4), the same location means the same element, so
the variation of the length and angle regarding the
same element can be defined to predict the variation
of the strain. To calculate the variation of the normal
and shear strains, each element has a submatrix
including geometric information, such as the length
and angle of the element shown in Fig. 4. Each
element has different deformation, so we need to
classify the length and angle as a matrix in the
specific space; shell matrix to calculate the normal
and shear strain respectively. Eqgs. 5-6 show the shell
type of the matrix to have the geometric information
in the initial shape and the final shape of the strip,
respectively. This shell type has strength to match
state variables such as the angle of the specific
location during the deformation easily.

3T

Fig. 3. Overview of the flower pattern and the number of elements.
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Fig. 4. The length and the angle of an element.
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However, the above processes are based on the
difference between the initial shape and the final
shape of the strip; they do not include the
intermediate process of making a pipe. In other
words, there is no change in the total strain of each
element, but the intermediate process in which the
position of the strip along the width direction is
deformed at different speeds by each stage is not
considered. Fig. 5 shows flower patterns with the
different intermediate processes.
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Fig 5. Comparison of different flower patterns.

In both cases there is no difference in the final
shape compared to the initial shape, but the stress
generated as the hysteresis experienced by each element
varies. In particular, the quality of a product through
plastic forming depends on the stress history due to the
intermediate process. Since the flower pattern varies
depending on the shape and arrangement of the shape of
a forming roll, it is necessary to develop a mathematical
model that can express the deformation history of the
flower pattern and check the internal stress state.

To embody the deformation history of the arbitrary
element from #1 to #32 in Fig. 3, we varied the slope to
time of the strain function as the area under the slope to
time of the strain function is constant. In other words, a
simple strain rate model of the strip was developed to
apply the relative strain rate for each element based on
the target strain € of each element that is the area of the
function. In other words, different strain rates according
to the width of the strip were applied to each arbitrary
element to set the different intermediate processes for a
fixed amount of time.

0 2 4 6 8 10

Stage

Fig. 6. Example of strain rate on an arbitrary element.

Fig. 6 shows the two different strain rates regarding
the one of arbitrary elements from #1 to #32 in Fig. 3,
where the area under the diagram represents the target
strain. The final circular shape of the strip is derived
only when the strain of all elements is changed by the
target strain in a limited time, tend. That is, when the

initial strain rate is determined, the final strain rate can
be determined by calculating the area under the diagram
and comparing the area to the target strain. Egs. (9-12)
derive the strain model over time by applying relative
factors a and b to determine the relative strain rate in the
initial and final states, respectively. This model will be
used in the next section; Section Analysis - Calculation
process to define the relative deformation speed referred
to the reference speed vy, corresponding to a and b, in
the specific regions defined by users prini tO Priin,
referred to the center of the strip along to the width
direction in Fig. 3.

The model cannot change the history of the target
strain linearly, so it is difficult to represent the actual
manufacturing process. In the future, we plan to develop
a strain history model based on images of flower pattern
deformation by assigning the coordinates of each
element in the cross-section of the strip.

Py +é&

elem,ini elem, fin t _
2 end = Celem (9)
ax ‘éelem,ref + b X ée|em,ref
x tend = &elem (10)
2
- Eelem 2
Eelem,ini = X—— (11)
tend (a + b)
axe -bxg
Eelem (t) = elem,rzeth clem,ref X tz +bx 5.'9|em,ref xt (12)
end

Strain-stress Transformation Model

A strain-to-stress transformation model was
established based on the 3 x 3 strain tensor of each
element obtained in the flower pattern process. The
model was modified from the previous MATLAB
code, which transforms strain to stress in the plane
stress (Karolczuk. 2010). After calculating the 3 x 3
strain tensor of each element in every stage, the stress
tensor of each element in every stage is calculated
according to the stress-strain diagram created by the
Ramberg-Osgood equation (Eqg. 13). The developed
model considers several elements that are divided
into the first step, but the previous model only
considers one element. About the coefficient of cyclic
hardening K and the exponent coefficient of cyclic
hardening n, these coefficients are determined by
fitting the Ramberg-Osgood equation to the
hardening behavior of the specific material measured
stress-strain data.

4]
~E K (13)
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Regarding the stress-strain  model, the
Hurber-Mises-Hencky test was used for the yield
criterion, and an  algorithm  with  the
kinematic-isotropic hardening model that calculates
the stress and back stress that changes according to
the strain change via cyclic loading was used (Mroz.
1967; Garud. 1982; Karolczuk et al. 2006; Karolczuk.
2008).

We functionalized the previous model for only
one element so that all the elements of the strip can
undergo a strain-stress transformation. In other words,
the strain in the current time is substituted into the
transformation code in order to calculate the stress in
the current time, and the stress in the current time is
repeatedly used for the strain-stress transformation to
calculate the stress in the next time.

ANALYSIS

Calculation Process

The program begins with the preprocessing
process to determine the initial and final shapes as
well as the deformation process of the strip. Then, it
calculates the internal strain according to the flower
pattern process and the strain-stress conversion
process to give the internal stress distribution in each
stage during post-processing (Fig. 7).

The main variables to be determined during
preprocessing are the width and thickness of the strip.
Additionally, the number of sections in each direction
are divided to determine the total number of elements,
and the divided section and speed difference must be
entered in the width direction of the strip to consider
the relative deformation speed of each element in the
flower pattern deformation process (Table 1).

During post-processing, it is possible to obtain
the stress distribution for every element and the stress
history diagram for a specific element in the entire
stage of the flower pattern. In particular, in the case
of the stress history diagram the elastoplastic change
and back stress experienced by the element can be
confirmed via cyclic loading, thereby confirming the
deformation state of the strip throughout the entire
stage.

Table 1. Main variable to be determined in the
pre-processing.

The initial and final shape The relative deformation speed

Prini; the initial point of the section

w, Width referred to the center of the strip
along to the width direction
priin, the final point of the section
t, Thickness referred to the center of the strip

along to the width direction

Nw, The number of sections in

. L vy, The relative deformation speed
the width direction ' P

referred to the reference speed to

N, The number of sections in
apply from prni tO Prin.

the width direction
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Define an skelp
Divide elements

| Calculate the total deformation of the elements |

1

l Calculate the total strain of the elements l

l

| Define the path of the deformation |

[

‘ Calculate the strain of the elements on each stage

J

Calculate the stress of the elements on each stage
(Isotropic-kinematic hardening, eyclic hardening)

| Post-processing |
|

Fig. 7. Diagram of the calculation process for
calculating the internal strain-stress of the
flow pattern.

Simulation Condition

In the case of different flower pattern processes,
to compare the stress distribution of the final shape of
the strip, two simulations in which all sections of the
strip are deformed at a constant speed in time (case 1)
and are deformed at different speeds according to the
width of the strip (case 2) are defined (Table 2). The
elements that experienced different speeds, such as
the strain rate, have different stress-strain curves
compared to the other elements due to the nonlinear
material properties, hardening status, and vyielding
conditions. The nonlinear material properties shown
in Table 3 are applied to the two cases equally.

To easily see the difference, different speeds
are applied to the edge of the strip. In other words,
the edge of the strip is deformed rapidly at the
beginning of roll forming and is deformed slowly as
the strip approaches the final stage (Fig. 5). In
addition to the stress distribution on all sections of
the strip, an analysis regarding the internal quality of
the strip was conducted to check whether the element
was elastic-plastic, as well as the hardening status of
the element.

Table 2. Simulation condition.

Constant speed Different speed
Prii [0 1
Prin |1 1
vi [l 2.3

- 256 -



Y.H. Park et al.: Model for Calculating the Stress Distribution of a Strip via the Roll Forming Process.

Table 3. Material properties.

Property \Value Property \Value

'Young modulus, E 210 GPa [Poisson ratio, v 0.3

Yield strength, o, boompa  [Coefficient of - cyclid, 4.,
hardening, K

Maximum strength, o, [800 MPa  [Ponent of - cyelidy 547,
hardening, n

RESULTS AND DISCUSSIONS

Stress Distribution

When the strip was deformed at the same speed
in all sections in the width direction, all elements
exhibited the same stress distribution as they were
bent at a constant curvature (Fig. 8). Based on the
neutral axis of the circular strip in the final stage, the
outer section is in tension and the inner section is in
compression, with higher von Mises stress in the
inner section. To examine the stress of each inner
element in detail, the stress in the x-direction, which
is the width direction of the strip, was the largest, and
the stress in the y-direction, which is in the thickness
direction and the shear stress in the x-y plane, were
counted in terms of order of magnitude. In this way,
as it is in the compressed state from the inside and in
the tensile state from the outside, when all the forces
are removed after roll forming is completed, all the
elements are released in the opposite direction of the
stress value, and the spring-back phenomenon occurs
again. In other words, the current circular shape of
the strip is not finished as the circular pipe, so it is
further deformed to maintain the circular shape when
a spring back occurs.

In Fig. 9, the history of the stress of three
elements at the same position in the width direction
but different positions in the thickness direction is
shown based on the center of the strip. As described
above, it can be seen that the history of the stress is
different, depending on the location of the thickness.
The relatively higher stress is derived at the inner
section, and the lowest stress appears near the neutral
axis. In addition, when this code is used, the stress
distribution at each step can be checked together (Fig.
10).

Difference in the Von Mises Stress Distribution
Along the Path of the Flower Pattern

Based on the simulation conditions indicated in
Section Analysis — Simulation condition, the result of
comparing the stress of the strip obtained by the
constant strain rate and the relative strain rate shows
a lower stress distribution in the relative strain rate in
the final stage, even though it shows a higher stress
distribution in the early stages (Fig. 11). When
checking the stress history diagram, while many
strains occurred in the early stages, in the second half
the strains increased in other sections, resulting in

relatively low strain and cyclic deformation (Fig. 12).

von Mises stress [MPa]
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Fig. 8. Stress distribution of the final shape of the
strip of the case 1.
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Fig. 9. History of stress distribution in each stage of
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Fig. 10. Stress distribution in each stage of the case 1.
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That is, as the force for deformation decreases, it
goes down to elastic deformation from plastic
deformation. Accordingly, Fig. 12 shows that the
springback shape also acts as a cause due to the
different internal stress distributions of the strip in the
case of constant strain rate deformation and relative
strain rate deformation. The code could not estimate
the spring back, but since the internal stress value that
may occur depending on the flower pattern process is
derived, it is possible to confirm the possibility of
model development and utilization.

von Mises stress [MPa]
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Fig. 11. Stress distribution of the final shape of the
strip of the case 2.
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Fig. 12. History of stress distribution in each stage of

the case 2.
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CONCLUSIONS

The code for calculating the internal stress is
developed by expressing the process of forming a
pipe, in which a straight-type strip curls into a
circular-type strip, as a two-dimensional analytic
model. The code can be used as a predictive model
for engineers to check the internal condition of strips
according to the roll forming process by combining a

J. CSME Vol.44, No.3 (2023)

simple model that predicts the strain change of the
flower pattern and a model that converts the strain to
the stress of the strip. Using this model it can be
confirmed that the internal stress is different when
undergoing different flower pattern processes.

In the future, we will conduct a study that
calculates and reflects the actual strain through
coordinate assignments in the flower pattern,
develops a deformation model corresponding to the
actual flower pattern process, and takes 3D
longitudinal deformation in 2D into account to
improve the accuracy of the computational model.
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NOMENCLATURE

Nw The number of boundary points along the width

N: The number of boundary points along the
thickness

lw The width length of the strip

I; The thickness length of the strip

Xref, Yref The reference coordinates of the circle
rj The radius of the circle in the final shape

61 The angle of the circle with respect to the
reference coordinates in the final shape

XYinielem, XYfinelem The boundary point of each
element

&x, &, Yxy The normal and shear strains
tend The target strain in a limited time

a, b The relative factors to determine the relative
strain rate in the initial and final states

pr.ini t0 priin, The specific regions referred to the
center of the strip along to the width direction

vy The reference speed in the specific regions pr,ini
to Pr i
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