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Abstract

In recent years, strong increases in energy demand have become the most important issue in every
section. High strength pipeline steels make large contribution to cost reduction for fuel transportation in oil
and gas industries due to their great combination of optimal strength and toughness properties. Mechanical
properties of pipeline steel tubes are significantly influenced by their microstructure characteristics, which in
turn are controlled by the production. In this work, the JCO forming process of gas pipeline tube made of
hot-rolled steel grade X65with ferrite/pearlite microstructure was investigated by means of a FE multi—scale
modeling approach. Three different scales including the nano—scale of a ferrite—cementite bi-lamella of
pearlite, pearlite/ferrite microstructure on the micro—scale and macro—scale tube were considered. Firstly,
local mechanical properties of the X65 steel were examined, in which steel specimens were heated up to
austenitization temperature and cooled down to room temperature with high and low cooling rate. Obtained
microstructures from both conditions represented material in the center and at the skin of the tube. Stress—
strain responses of both different zones were determined by tensile test. Subsequently, FE representative
volume element (RVE) models were generated taking into account existing phases and morphologies.
Effective flow stress curve of pearlite was predicted by the nano—scale model. In the micro—scale RVE,
pearlite with different morphologies distributed in a ferritic matrix was modeled. It was found that stress—
strain curve of the X65 steel described by the micro—scale model agreed well with experimental flow curve.
Then, two FE simulations of the JCO forming were carried out, by which one was defined with the same
microstructure for all area of the tube and other incorporated different microstructures for the skin and center
area of the tube. Obviously, the most critical stresses on the formed tube calculated by both models were
deviated. Finally, RVE simulations were carried out for the skin and center area of the tube subjected to the
JCO forming process. Stress and strain distribution in the microstructure of the X65 steel tube could be
evaluated and discussed.
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Introduction by long distance pipeline on ground or under seawater.
To reduce cost of oil and gas transportation, special
Nowadays, global energy demand has high strength steel grades haven been widely used

rapidly risen from year to year. Natural gas is
mostly used as energy source in Thailand and it is
predicted that its usage will be increased up to 39%
in the future. High amount of natural gas is used
for power generation, fuel in industries and raw
materials for chemical industries. Applications of
natural gas in Thailand are fuel in industries,
transportation, raw materials for chemical industries
and especially up to 59% of produced natural gas is
taken for power generation. It was reported that 79%
of the overall natural gas in Thailand is produced
in the country.”’ Generally, natural gas must be
transported to production plants and sub-stations

for the pipelines. High strength and optimum
toughness are the most common requirements of
pipeline steels. Mechanical properties and fracture
behavior of pipeline steel tubes are influenced by
their microstructure characteristics, which are
controlled by the production process.” Thus, better
understanding of mechanical behavior of pipeline
steels and pipeline tubes after forming is necessary,
by which production process parameters should be
taken into account. By this manner, pipelines under
applications could be more accurately investigated
and subsequently optimized.
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Microstructures of two pipeline steels grade
X52 and X65 were examined by Wang et al.® It
was found that morphologies of developed pearlite
in these steels depended on different pearlite
formation mechanisms including the traditional
manner of nucleation at ferrite—austenite interfaces,
formation of carbides at ferrite-ferrite grain boundaries,
formation of carbides at ferrite—austenite interfaces,
and growth and branching of carbides at ferrite/ferrite
grain boundaries. Internal stress evolutions of
ferrite—pearlite steels under plastic deformation
were examined by Allain et al.®) Significant strain
incompatibility between ferrite and pearlite was
observed as large internal stresses were generated
in pearlite during overall strain. Furthermore,
mechanical properties of the steels were affected by
lamella spacing of pearlite. It was stated that for
pearlitic structure, increasing flow stress due to
strain hardening was not depended on inter—lamellar
spacing, but only on plastic strain. Lascher et al.”
calculated effective macroscopic stress—strain curve
of a ferrite—pearlite pipeline steel tube by using a
multi scale approach based on the homogenization
method. A model for ferrite—cementite bi—lamella
structure of pearlite was used to calculate effective
mechanical behavior of the pearlitic phase. In case
of cementite, it was shown that both elastic and
plastic properties were anisotropic. Thus, anisotropy
behavior of each phase in the pearlitic steel tube
was considered in a representative volume element
(RVE). Anisotropy of ferrite was defined due to
that the ferritic matrix exhibited smaller grain sizes
in the transverse direction to the rolling direction.
Finally, macroscopic stress—strain curve of the
pipeline steel could be predicted with regards to its
microstructure characteristics.

U- and O- forming steps by production of gas
pipeline steel tube were simulated by Laschet et al.®)
A nano—scale model of ferrite—cementite bi—lamella
structure in pearlite and a two phase ferrite/pearlite
microstructure model were introduced by using
RVE technique. Individual anisotropic elasto—plastic
stress—strain curves of each phase constituents
were applied to predict overall flow stress of X65
steel pipe. It was found that microstructure of tube
surface exhibited slightly less pearlite content,
reduced lamella spacing and lower residual dislocation
density than that of tube center. Thus, different
flow curves were defined for both regions and then
applied for FE simulation of the U- and O—forming
process. Finally, the most critical local stresses and
strains of the pipeline steel tube after the O—forming
were predicted. A pipeline forming process was
investigated by Palumbo et al.® In this work, tube

forming included forming of longitudinal border of
steel blank (C—forming), air bending of the C—formed
blank (U-bending) and forming inside a circular
shaped die of the U—formed blank (O—forming). FE
simulations of all subsequent forming steps were
carried out. Stress and strain states in the tube
during each forming procedure were investigated.
Effects of each forming step on tube section end
profiles and on tube lengthwise inflection were
evaluated. A strong influence on the tube shape
was observed by the C—forming step. A complete
UOE pipe forming process of X80 steel grade was
numerically analyzed by Ren et al.” that incorporated
crimping, U-forming, O—forming, joining, welding
and expanding. A kinematic hardening model was
taken into account to describe Bauschinger effect
under loading—reverse loading deformation. Hereby,
open seam distance could be very well predicted.
The U—shaped plate was subjected to bending and
reverses bending during the O-forming step.
Springback of the reverse bending section tended
to narrow open—seam, while springback of the
crimping tended to enlarge open—seam. A good
lubrication was helpful for high—quality pipes.
Liu et al.® investigated failure of natural gas buried
X65 steel pipeline under deflection load. Strain
softening properties of pipeline after plastic collapse
were simulated, in which effects of soil types and
model sizes on the maximum deflection displacement
were considered. Based on this method, the maximum
deflection displacement of pipeline was calculated
and an effective engineering criterion for the safety
performance was introduced.

It could be seen that from production to
application of high strength pipeline steels are
subjected to various complex heat treatment cycles
and mechanical loadings. Thus, in this work, a
microstructure based FE multi—scale approach was
applied to investigate effects of the JCO forming
on a gas pipeline tube made of hot-rolled steel
grade X65. Austenitizing with following medium
and low cooling rate was performed for the X65
pipeline steel, in which obtained microstructures
from each condition approximately represented
material in the center and at the skin of the tube.
Stress—strain responses of both different zones could
be thus determined by tensile test. Three different
scales including the nano—scale of a ferrite-cementite
bi—lamella structure in pearlite, pearlite/ferrite
microstructure on the micro—scale and macro—scale
tube were considered. RVE models were generated
taking into account existing phases and morphologies,
which were characterized by optical and scanning
electron microscope. Effective flow stress curve of
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pearlite was determined by the nano—scale model
composed of a ferrite and cementite lamellae. In the
micro—scale RVE, pearlite with different morphologies
distributed in a ferritic matrix was modeled. Then,
two FE simulations of the JCO forming were
carried out, by which one was defined with the
same microstructure for all area of the tube and
other incorporated different microstructures for the
skin and center area of the tube. Finally, micro—
scale RVE simulations were carried out for the skin
and center area of the tube subjected to the JCO
forming process in order to evaluate stress and
strain distribution in the microstructure of the X65
steel tube.

Materials and Experimental Procedures

In this work, a pipeline tube of the steel
grade X65 grade that was produced by JCO forming
process and had an outer diameter of 28 inch and a
thickness 0.874 inch. It was used to verify stress—
strain responses calculated by the microstructure
based approach. Furthermore, hot-rolled steel plate
grade S450J0, which was comparable to the X65
steel plate according to EN 10025-2 standard, were
taken to determine material parameters for RVE FE
simulations. Chemical compositions of the investigated
X65 pipeline steel tube and S450J0 steel plate were
analyzed by optical emission spectrometer, as given
in Table 1. It was found that the chemical composition

of the X65 steel tube was similar to the S450J0
hot-rolled plate. It was reported®” that pipeline
steel tube exhibited different ferritic/pearlitic
microstructure characteristics at the skin and center
area of the tube, since materials in both locations of
a thick plate were subjected to unlike cooling rates.
Therefore, in this work the S450J0 steel plates
were used to generate these microstructures of both
zones by applying two heating and subsequent
cooling procedures. Initially, steel plates were
heated up to the temperature of 950°C and held for
20 minutes in order to obtain a homogeneous
austenitic structure. Then, the plates were cooled
down to room temperature under two atmospheres,
namely, in air and in furnace, which represented
cooling condition of surface and center region of
the tube, respectively. Subsequently, for characterizing
occurred microstructure, steel plates after heat
treatments were grinded and mechanically polished.
Hereby, a solution of nitric acid with 3% concentrate
was used as etchant. Micrographs of the steel plates
from each cooling conditions were taken by optical
microscope (OM) and scanning electron microscope
(SEM) and microstructure parameters for example,
grain size, phase fraction and lamella spacing,
required for the modeling were obtained. In addition,
stress—strain responses of the steel plates were
determined by tensile test of specimens taken steel
plates from each condition. The tensile samples
were prepared according to ASTM E8/ESM standard.

Table 1. Chemical composition of the investigated X65 pipeline tube and hot rolled steel grade S450J0 (in wt.%).

Material C Si Mn P S Cr Nb Ni Al
Pipeline grade X65 0.095 0279 1.505 0.010 0.002 0.012 0.043 0.003 0.013
S450J0 0.089 0300 1.468 0.014 0.002 0.020 0.048 0.015 0.035

Micromechanical modeling

Definition of elastic behavior of pearlite on the
nano—scale

Initially, a bi—lamella structure of pearlite,
which consisted of cementite and ferrite in eutectoid
pearlite with the volume fraction of V., = 1/9 and V;
= 8/9, respectively was generated on the nano—

scale.More details about the nano—scale RVE were
given later by definition of elasto—plastic behavior
of pearlite. Elastic properties of the bi-lamella
pearlite in the center and at the surface were defined
according to Hooke law as reported in [5]. The
effective Hooke matrices (in GPa) for both zones
are expressed in Eq. (1). It could be seen that the
elastic behavior of the pearlite at the plate surface
was slightly stuffer than that in the center.
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Definition of elasto—plastic behavior of ferrite in pearlite
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(1)

Ferrite in eutectoid pearlite was defined as isotropic material on the nano—scale. Its isotropic stress—strain
behavior could be calculated according to the Gutierrez—Altuna physically based model”, as given in Eq. (2).

o,=0,+A0c =0, +aMGb\/;

2

Where the first term o represented the Peierls stress for dislocation movement that depended on the

chemical composition of the examined steel'”

and the second term Ao described material strengthening by

dislocation density evolution, as presented in Eq.(3) and Eq.(4), respectively.

&y =77+ T50(%P) + 60(%Si) + 80(%Cu) + 45(%Ni) + 60(%Cr)

3
1+80(%Mn) +11(%Mo) + 5000(%N ) ©)
Ac = aM,ub\/ble [1 - exp(—kzMe_”l)]+ P, exp(—k, Mg ") 4)
2

Where « is a material constant (o = 0.33), M
is the Taylor factor (M = 3), u is the shear modulus
(u = 80,000 MPa), b is the Burgers vector (b =
2.5x10"°m) and py is the initial dislocation density.
It was found that dislocation densities in ferrite
lamella were higher than those in ferrite matrix."'" A
reduction of nearly 40% of dislocation density near
free surfaces of thin sheets was calculated by Keller
et al."® in comparison to the central region. Hence,
in this work, an initial dislocation density of py of
1x10" was presumed for ferrite lamella in pearlite at
the skins, while the value of 3x10" was defined for
that in the central microstructure. k> is a factor
representing recovery of dislocation and was defined
as 10°/d,, by which d,, was basically the ferritic
grain size. L is the dislocation mean free path and

equal to dy. Note that lamella spacing of pearlite in
the skin and in the central area of 6.25 um and 16
um, respectively, was determined for the examined
steel by SEM. In this study, this lamella spacing was
used as the dislocation mean free paths L. Thicker
lamella, for example in the central region, exhibited
larger L value. With regard to this model, stress—
strain curves of the ferrite in pearlite were predicted
for both zones, as depicted in Figure 1. It can be
seen that at the beginning of deformation, flow
stress of the central area was higher than that of the
skin due to higher dislocation density. However,
higher strain hardening was definitely observed for
the surface region, because smaller lamella (lower

i» value) led to larger work hardening rate with
respect to the Hall-Petch effect.
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Figure 1. Calculated true stress—strain curves of the ferrite in pearlite of the examined steel.

Definition of elasto—plastic behavior of cementite in pearlite

It was stated that the hard and brittle cementite
phase in pearlite showed some anisotropic elasticity
and plasticity.(4) However, Lugue et al.(5) performed
nano—indentation tests on single cementite plate and
found a mean tensile strength of about 4 GPa. By
analyzing hysteresis area below force—displacement

o =4270*"

4500

curves from the nano—indentation tests""”, it was found

that plastic deformation done by cementite was nearly
40% of the ferrite one. Based on this consideration,
plastic flow stress of cementite in pearlite could be
described by Eq. (5), as shown in Figure 2. Hereby, the
cementite exhibited a quasi—perfect plastic behavior
with a small strain hardening. This stress—strain
curve of cementite was used for pearlite in both zones.
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Figure 2. Modeled true stress—strain curves of the cementite in pearlite.
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Moreover, the quadratic Hill’s yield criterion was applied for representing anisotropic plastic

behavior of the cementite, as expressed in Eq. (6).

F(o)= \/F(ny ~o. )2 +G(o,~0,) +H(Gm -0, )2 +2Lt; +2Mt. 2NT,, (6)

Where F, G, H, L, M, N are coefficients obtained by uniaxial tensile and shear tests. They are
defined by the six anisotropic yield stress ratios, as provided in Eq.(7)

(e
RYZ = = (7)

It was assumed that the yield stress ratio is similar to the stiffness ratio in the corresponding

direction. Thus, following stress ratios were taken for a polycrystalline cementite lamella.

(%)

R,=1,R, =089, R =083 R, =0.18 R_=07and R, =0.7 ®)

Determination of effective flow stresses of pearlite

On the nano scale, the bi—lamella structure
of pearlite was modeled by a two layer RVE, as
shown in Figure 3a. The phase fractions of 1/9 and
8/9 were wused for ferrite and cementite,
respectively. In this work, two types of the bi-
lamella RVE were investigated, namely, for the
skin zone (high cooling rate) and for the central
zone (low cooling rate). From SEM micrographs,
lamella spacing of the skin and central zone of 6.25
um and 16 um were measured, as seen in Figure
3b. Virtual tensile tests in 3 principal directions (x,
y and z) and virtual shear tests in other 3 directions
(xy, xz and yz) were carried out for the modeled bi—

Skin pearlite: R, =1, R, =099, R_ =095, R

lamella RVE. Effective stress—strain curves of the
pearlite were obtained by averaging micro—stresses
and equivalent plastic micro—strains, as depicted in
Figure 4. It was observed that strain hardenings of
pearlite in the skin region were larger than those in
the central area for all directions. Additionally,
higher equivalent stresses in x direction than other
directions were predicted for both areas. For each
effective flow stress, local stress ratios R were
calculated by averaging stresses at selected plastic
strains in the range of 0 to 0.12. The predicted
stress ratios in all directions were summarized in
Eq. (9) and (10). It can be seen that pearlite in the
skin area showed a little lower anisotropy than that
in the central area.

=0.96, R, =0.83and R, =0.90 9)

Central pearlite: R, =1, R, =095 R_=094, R =093, R_=088and R =0.88 (10)
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Figure 3. (a) Nano-scale RVE model for a bi-lamella structure of pearlite and (b) SEM micrograph of the
investigated steel.
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Figure 4. Determined stress—strain curves of pearlite in the skin (high cooling rate) and in the central (low cooling rate)
area of the examined steel.
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Definition of elasto—plastic behavior of ferrite matrix

To define anisotropic plastic behavior of
the ferrite matrix, the Gutierrez—Altuna model was
applied again, in which different dislocation mean
free paths, which corresponded to the mean grain
size, in the rolling and transverse direction of the
ferrite matrix were taken into account. The mean
grain sizes in the rolling and transverse direction of
Ly =11.86 mm, Lt = 6.85 mm and L = 13.10 mm,
Lt = 7.56 mm were measured for the skin and
central area, respectively. It was found that the central
region showed microstructure with a larger ferritic
grain size than the skin regions in all directions.
Furthermore, different initial dislocation densities
po of 2.5:10" and 1.5-10" were defined for the

ferrite matrix in the central and skin microstructure,
respectively.”” Calculated flow curves of the ferrite
matrix in different zones and directions were
depicted in Figure 5. It was seen that the skin
region of the investigated steel exhibited higher
flow stresses than the central region. This was due
to higher C content in the ferrite matrix of the skin
zone as a consequence of slightly lower amount of
pearlite. On the other hand, the flow stresses in the
transverse direction were higher than those in the
rolling direction because of smaller grain size of
microstructure in the transverse direction. Finally,
the yield stress ratios for the ferrite matrix were
calculated by assuming isotropy in the transverse
plane T-N as following.

Ry =1, Ry =0, Ry =0, Ry =1, Ryy =1, Ry =1and R, =0 (11)

Where v =1.0937 for the center and v =1.0941 for the skin were defined.”
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Figure 5. Predicted true stress—strain curves of ferrite matrix in the skin and central area of the examined steel.
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Determination of effective flow stress of pipeline steel

For the micro-scale RVE, pearlites with
different morphologies with stress—strain behavior
obtained from the nano-scale calculations distributed
in a ferritic matrix were generated, as shown in
Figure 6a. Two micro—scale RVEs were examined,
namely, RVE for the central area that consisted of
14.1% pearlitic and 85.9% ferritic phase fraction
and RVE for the skin area that consisted of 13%
pearlitic and 87% ferritic phase fraction. Moreover,
two types of pearlite were defined in the RVEs,
namely, elongated pearlite and prismatic pearlite
with the phase fraction of 48.19% and 51.81%,
respectively.® Orientations of the pearlite lamella

65

were also taken into account, in which it was
assumed to have pearlite lamella oriented in 0°, 45°,
90° and 135° with the volume fractions of 22, 31, 17
and 30%, respectively.® Subsequently, for obtaining
effective properties of the X65 steel, virtual tensile
tests were performed for the RVEs, as illustrated in
Figure 6b. It was found that stress—strain curves of
the X65 steel predicted by the micro—scale RVE
model agreed well with experimental flow curves
for both zones, as seen in Figure 7. Note that large
deviations occurred at the strains between 0 and
0.04 because of the Lueders strain effects. However,
it should be no effects on further analyses, since plastic
strains, which were expected in pipe during the JCO
forming process, were beyond this strain region.

Figure 6. (a) Micro—scale RVE of microstructure of the investigated X65 steel and (b) calculated stress distributions of

the RVE under tensile loading.
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Figure 7. Comparison between flow stresses of the investigated X65 steel experimentally determined and calculated by

RVE simulation.
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JCO forming simulation of steel pipeline

Two FE simulations of the JCO forming
were performed. By the first model (1—zone model),
microstructure in the central area was assumed for
the whole area of the tube. In case of the second
model (2-zone model), different microstructures
were incorporated in the skin and central area of the
steel tube, in which2 layers of elements with the size
of 1.58 mm x 2 were defined for both surfaces of the
steel plate, as shown in Figure 8. Microstructures of
each zone were described by applying the predicted
flow curves for the skin and central area of the X65
steel plate. After that, JCO forming simulations
were carried out for both models until reaching the
final pipeline shape. FE models of the concerned

THIANNGOEN, W. et al

JCO forming process consisted of die, pusher,
support, which were defined as analytical rigid body,
and steel plate, which was defined as a 2D deformable
part, as illustrated in Figure 9. As a result, the most
critical areas with the maximum stress on the
formed tube were predicted by the 1— and 2—zone
model, as shown in Figure 10. It can be observed
that the maximum stress of the pipelinetube after
forming occurred at the outer skin but at different
positions in the l-zone and 2-zonemodel. The
maximum stresses of 482 MPa and 437 MPa were
calculated by the 2— and 1-zone model, respectively.
Considering different microstructures of the steel
tube could significantly affect prediction of the
critical area and following damaged site.

Skin region

- —

{
A
\\
b
e = y I

Figure 8. FE model of steel plate for defining different microstructures at the skin and central region (2—zone model).
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Figure 9. Geometries of FE models for (a) die, (b) pusher, (c) support and (d) steel plate in the JCO forming process.
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Figure 10. Most critical areas with the maximum stress on the formed tube predicted by the 1-zone and 2—zone model.

To verify the introduced approach, micro—
scale RVE simulations were firstly carried out by
applying deformation fields from the macroscopic
tube forming simulation as boundary conditions
and followed by uniaxial tensile loading. Note that
both 1-zone and 2—zone models were considered.
Figure 11 illustrated stress distributions of the
deformed RVEs based on the 1-zone and 2—zone
model after tube forming and tensile loading.

A96.503
821.794

- 522.960

448.251
- 373.543
- 298,834
224.126

Effective stress—strain responses from the RVE
models were determined and compared with the
experimental tensile test results of the pipeline
steel grade X65 at the same region, as seen in
Figure 12. It was found that flow curves obtained
from both models were a little bit higher than that
from the experiment at the beginning. On the other
hand, predicted strain hardenings were lower than
the actual one.

Figure 11. Calculated stress distributions of the RVEs after tube forming and tensile test for the (a) 1-zone model and

(b) 2—zone model.
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Figure 12. Comparison between stress—strain curves determined by experimental tensile test of the examined pipeline
tube and calculated by the RVEs based on the 1-zone model and 2—zone model.

Finally, calculated deformation fields from
the critical areas in the 1-zone and 2—zone models
were taken and given as boundary conditions to the
micro—scale RVEs for the central and skin
microstructure, respectively. By this manner, local
stress and strain distributions in the microstructure
of the formed pipeline tube could be investigated.
The deformed RVEs showed that the maximum

Max. 795.89 @
(@)

stress of each model was observed at the harder
pearlitic phase, as seen in Figure 13. The maximum
stress of the RVE based on the 2—zone model was
796 MPa that was somewhat higher than that of the
RVE based on the 1-zone model. This local critical
stress value is rather larger than that obtained from
the macro—scale model.

Max. 787.038

2-Zone model

(b)

Figure 13. Calculated local critical areas in the microstructure of formed pipeline tube based on the (a) 1-zone model

and (b) 2—zone model.
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Conclusions

In this work, multi-scale modeling approach
for determining flow stress behavior of the pipeline
steel tube grade X65 was introduced. Different
microstructure characteristics of surface and central
area of the tube due to unlike cooling rate by hot
rolling process were taken into account. Effective
stress—strain curves and anisotropy yield stress
ratios of pearlite were determined by the bi—lamella
RVE simulations. Then, stress—strain curves of the
steel tube were obtained by macro-scale RVE
simulations, for which anisotropic yield behavior
was defined for the pearlite with various configurations
and ferrite matrix. The results for both zones were
comparable with the ones from tensile tests.
Macroscopic simulations of the JCO forming were
carried out by using effective properties derived
from the RVE calculations. Critical areas of the
formed tube were then investigated. The main
findings of this work could be drawn as following.

— By calculation at the nano—scale, flow stresses in
the xx and yy direction of pearlite in the skin area
were similar, while flow stresses in the yy and zz
direction were similar in the central zone of the
pipeline tube. The strain hardenings of pearlite in
both zones were identic.

— Different cooling rates of the skin and central
areas significantly affected flow stress behavior of
the steel pipe.

— The critical location on the tube after JCO
process occurred on the surface area between left
and bottom side.

— The macroscopic maximum stress obtained from
by the 2—zone model was higher than that from the
1—zone model.

— Local maximum stress in the microstructure of
pipeline tube after forming determined by RVE
based on the 2—zone model was higher than that
from the 1-zone model because of finer ferritic
grain and smaller lamellar spacing at the skin area.
However, the maximum stresses occurred at the
hard pearlitic phase in both RVE models.
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