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Microstructure and mechanical property
improvement of API X70 in asymmetrical
thermomechanical rolling

Microstructure, texture evolution and mechanical
properties of X70 pipeline steel after different
thermomechanical treatments
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2- Switching
7 - BusBar 11 - current transformer-CT 3- SubStation
8 - slack bus 12 - Voltage Transformer- PT 4- Transformator
9 - insoulator 13- protection-relay 5 - Switchgear
10 - Circuit breaker 6 - Bus
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e Secondary v.t. Circuit Tripped
e Auxiliary AC Voltage FAULT
e Auxiliary DC Voltage FAULT
e INTERNAL RELAY #1

e INTERNAL RELAY #2

e Analog inputs

e Phase #1 Current [A]

¢ Phase #2 Current [A
e Phase #3 Current [A]
e Active Power [MW]

e Active Power [MVAR]
* Power Factor

* Frequency [Hz]

¢ Vlotage [kV]
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16 - Digital Input Siemens
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« Over Press Trip

o Winding Temp Trip

o Buchholtz Trip

o Oil Temp Trip

« Winding Temp Alarm

o Buchholtz Alarm

o Oil Temp Alarm

o Oil Level Alarm
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« Ground Switch OPEN

o Ground Switch CLOSE

o Circuit Breaker OPEN

o Circuit Breaker CLOSE

o« Circuit Breaker INSERT

o Circuit Breaker RETRACT

e PT Switch Disconnector OPEN

e PT Switch Disconnector CLOSE

o Active Energy TRANSDUCER

e Reactive Enercy TRANSDUCER

¢ OverCurrent PROTECTION

e Earth Fault Protection

e Undervoltage Protection

e Overvoltage Protection

¢ voltage Protection

e Incoming PTs MV Fuese PROTECTION

¢ Lock-out RELAY

15 - monitoring
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7 - Transducer

18 - Analog Input Siemens
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results for; (a) rolling force, (b) exit thickness of
rolled slab.

Figure 8. Distribution contour plots of: equivalent
plastic strain; (a)VA=1, (b) VA=1.08 and Mises stress
(Pa) through thickness; (¢) VA=1, (d) VA=1.08
(Vu=2400 mm/s, r=10%, h0=250 mm, T=1354 K,
R=600 mm, PH=12.5 mm).

Figure 9. Distribution contour plots of: dislocation
density (cm-2); (a)VA=1, (b) VA=1.08 and yield
strength (Pa) through thickness; (¢) VA=1, (d)
VA=1.08 (Vu=2400 mm/s, r=10%, h0=250 mm,
T=1354 K, R=600 mm, PH=12.5 mm).

Figure 10. Inhomogeneous distribution of: (a) equivalent
plastic strain; (b) dislocation density; (¢) yield stress
and (d) Mises stress through thickness in various
reduction and speed ratio for PH=12.5 mm.

Figure 11. Inhomogeneous distribution of: (a) equivalent
plastic strain; (b) dislocation density; (¢) yield stress
and (d) Mises stress through thickness in various
reduction and speed ratio for PH=35 mm.

Figure 12. Interaction effect of speed ratio and radius
ratio of rolls on the average rolling force.

Figure 13. Interaction effect of pass height and speed
ratio of rolls on the average rolling force.

Figure 14. Interaction effect of radius ratio of rolls
and pass height on the average rolling force.

Figure 15. X70 samples of tensile test.

Figure 16. Optical micrographs of as-rolled samples:
(a) X70- A (VA=1.02); (b) X70- B (VA=1.03); (¢)
X70-C (VA=1.04) and (d) X70- D (VA=1.05).

Figure 17. Mechanical property of X70 plates versus

speed ratio.
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and 2.0S percent in YS and UTS, respectively.

Generally, the asymmetry condition in rolling
process leads to additional shear stress in the roll
gap and uniform distribution of deformation,
consequently. Due to this hemogeny distribution of
deformation, the rolled material exhibits a refined

grain size and a developed mechanical propoerty.
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Fig. 17 Mechanical property of X70 plates versus speed ratio.

4. Conclusion

Based on the material genome package of X70
micro alloy steel, a 2D FE model for industrial scale
of ATMR process was developed to evaluate the
material behavior and rolling force under asymmetry
condition. In asymmetrical condition, heterogeneous
deformation has been improved to provide some
distinguish advantages such as developed grain
refinement and mechanical property in rolling
industry of micro alloy steel. According to verified
model and experiments, the distributions of
microstructure and mechanical property of the
roll gap and tensile samples of some as-rolled X70
plates were discussed, and the conclusions were
fond out as follows:

1.The high value of VA combining with the high
value of PH can improve the dislocation density
distribution of the roll gap.

2.Consideration the interaction effect of VA and
PH implied that the simultaneous increase of VA
and PH has a contrary effect on rolling force. As,
increasing of VA (in low PH levels) leads to a sensible
decrease in rolling force and a considerable growth

the amount of rolling force (in high PH levels).

3.High-value VA combining with high value of PH
can enhance the dislocation density and mechanical
property of the roll gap especially, in the upper
layers of cross-section.

4.The concurrent growth of PH and RI/Ru causes to
infensify the accumulated effects in the roll gap,
and a significant arise of rolling force.

5. Using asymmetry condition in TMR process of
X70, an increase of the speed ratio leads to a
considerable growth of 3.12 and 2.05 percent in YS
and UTS, respectively.

6. Because of a uniform distribution of deformation
in the roll gap during asymmetrical thermomechanical
rolling of X70, an even microstructure with average
grain size of /4 pm is attained for final structure of

as-rolled plates.
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In these experiments, it is tried to execute each test
in a different speed ratio in roughing rolling passes.
The range of the speed ratio is varied between 1.02
and 1.05. After machining the tensile test samples
based on standard ASTM-ES, the tensile tests are
performed by an METROCAM (120 tons) tensile
test machine(Fig. 15). These specimens have a gauge
length and width of 200 mm, 40 mm, respectively.

Tensile tests are performed with an initial tensile
speed of 0.2 mm/s in same direction of the rolling

direction (RD) at room temperature.
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Fig. 15 X70 samples of tensile test.

The yield strength (YS) and ultimate tensile
strength (UTS) of samples are given in Table 8.

It is found that by an increase the speed ratio YS
and UTS are arise of 16.1 and 12 units, respectively.
Meanwhile, elongation to failure (EL) as a formability
parameter is reduced of 2.5 units and ASTM grain
size number of as-rolled plates is improved of 1.5

unite by increasing of the speed ratio, simultaneously.

Table 8 Mechanical property of X70 rolled plates.

As concluded from FEM results, the asymmetry
condition in rough rolling improves the dislocation
density of the austenite microstructure. Hence, this
microstructure improvement accuses to grain
refinement of final ferrite-perlite microstructure of
plates. The optical microscopic images of the
microstructure of X70 samples are illustrated in
Fig. 16. The optical microstructure of specimens
has revealed after machining, grinding, polishing
and etching by Nital 2% at room temperature. The
ferrite-perlite microstructure of sample consists of 3-3.5 %
perlite. The microstructures of the as-rolled plate in
the speed ratio of 1.02 consisted of the unequal and
equiaxed grains with the average size of 7 pm, as
showed in Fig. 16(a). By an increase the speed ratio
to 1.03 and 1.04 in Fig. 16(b and c¢), the shape of
microstructure is being even and the grains are
refined with the size of 6 and 5 pm, respectively.
Due to intensive speed ratio of 1.05 in Fig. 16(b),
the homogeneity of microstructure is improved and
the average size of grains is extra-refined with the

size of 4 pm.

s :
. '_'4“"—'

i

Fig. 16 Optical micrographs of as-rolled samples:
(a) X70- A (VA=1.02); (b) X70- B (VA=1.03);
(¢) X70-C (VA=1.04) and (d) X70- D (VA=1.05).

| o ASTM grain size Based on Hall-Petch relation, there is a closely

Plate VA (Roughing Final Thickness ——— Y8 UTS
- — - ELOY  apy e dependence between yield strength and grain size
(ASTMELLZ) [57]. So, the asymmetrical rolled plates with lower
A 102 214 10.5 2236 5189 ssas  grain size will present an improved strength. The
5 .y e ' 263 A 38 comparing plots of YS and UTS are illustrated in

C 1.04 21.5 115 21.4 528.7 592.6 . R . . )

Fig. 17. As indicated in Fig. 17, increase of the

D 1.05 213 12 20.07 535.1 596.8

speed ratio leads to a considerable growth of 3.12
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effects of VA and RI/Ru on rolling force [the present
work], it is found that in condition of equal radius
of rolls the effect of R in the range of 550-600 mm
on rolling force is very low. However, in this work,
where RI=600 mm and Ru is different from 550 mm
to 600mm, by an increase of RI/Ru in condition of
high value of PH, the rolling force is faced with a

significant growth.

J.4.Microstructure and mechanical property

improvement

Refer to experimental investigations performed by
Lee and Lee [55], it was found that the mechanical
property of rolled low carbon steel is increased by
increasing the asymmetry condition warm rolling

under the temperature of 1023 K. In addition, by

comprising the microstructures and tensile
properties of AZ31 magnesium alloy sheets
fabricated by asymmetric and symmetric warm
rolling (673K), Ma et al. [56] demonstrated that a
good combination of yield ratio and micro-textures
can be achieved through asymmetry rolling. The
performing of required validation experiment tests
for investigation the effect of the asymmetry
condition of thermomechanical rolling on the
property of thick rolled X70 slab cross-section
during roughing passes is very expensive. Nevertheless,
for experimental confirmation of the effect of
asymmetry rolling on the mechanical property of
X70 rolled plates, some experimental tests of asymmetrical
thermomechanical rolling of four X70 slabs are
performed in same pass schedule and different speed

ratio in broadsiding pass (roughing) (Table 7).

Table 7 Rolling pass schedule of X70 slabs.

Rolling
Reduction Thickness Temperature
Pass No. Width (mm) Speed Pass type
(Vo) (mm) (K)
(mnvs)
1 11.85 253.22 1559 1350 3.03
2 13.44 223.22 1562 1348 3.16 Broadsiding
3 11.78 193.22 3967 1347 2.61
4 13.39 170.46 3969 1344 272
5 15.46 147.64 3972 1341 2.74
6 18.24 124.81 3976 1336 2.9
7 22.08 102.05 3980 1319 3.11
8 15.83 79.52 3985 1123 3.29
9 13.16 66.93 4495 1121 3.26
10 13.28 58.12 4498 1119 3.39
11 13.43 504 4500 1117 3.77
12 12.01 43.63 4502 1114 3.84
13 12.19 38.39 4503 1103 39
14 12.34 33.71 4505 1108 3.98 Finishing
15 12.55 29,55 4506 1103 4,06
16 6.11 25.84 4508 1098 4.13
17 6.18 24.26 4508 1092 4.15
18 6.24 22.76 4509 1086 4.17
19 52 21.34 4509 1080 42

Pass Height: 25 mm

Ru= 584.5 mm, RI= 586.5 mm
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In this study, Box-Behnken matrix is applied to
dictate a trial layout for FE model in 17 runs for
assessment of three parameters such as speed rate
(VI/Vu=1,1.04,1.08), pass height (PH=0,17.5,35
mm) and
(RI/Ru=1,1.045,1.09).

After ensuring the precision performance of
the obtained ANOVA model

Design-Expert software, the cumulative effect of

radius ratio of work rolls

computed by

the asymmetry condition on rolling force was
studied using the following 3D surfaces showed
in Figures 12, 13 and 14.

As illustrated in Fig. 12, growth of VA has a
reverse effect on rolling force.

Because in PH= 17.5 mm, the friction stress of the
lower interface of the roll gap and imposed bending
moment on the vertical side of the roll gap being
enlarged, and it leads to a sensible arise in rolling
force. Simultaneous increase of VA and RI/Ru
leads to an increase friction stress and rolling force,

as a result.

RI=600 mm
T=1354 K
SR . r=10%

e
(o

PH=17.5 mm %
Vu=2400 mm

Avg. Rolling force (kN/mm)

1.09 1.08

1.00 1.00

Fig. 12 Interaction effect of speed ratio and radius

ratio of rolls on the average rolling force.

The contrary effect of VA on rolling force is
revealed by precis inspection of Fig. 13. In
condition of PH=0, VA has a sensible decreasing
effect on rolling force (as mentioned in literature).
However, by an increase of PH (0-35 mm), arise of

VA creates a considerable amount of rolling force.

il

RI=600 mm
T=1354 K
=10%

RURu=1.04 %

Avg. Rolling force (kN/mm)

5

Vu=2400 mm/s™=

h'ﬂ:z I 1hRN
35 : 1.08

28 :
. 1.04
o 1.02
PH (mm) 7 VI/'Vu
0 1.00

Fig. 13 Interaction effect of pass height and speed ratio of

rolls on the average rolling force.

Fig. 14 represents a special condition for rolling force
accrued by accumulated effect of concurrent growth of PH
and RI/Ru. The combination of the mentioned parameters
leads to intensify the friction stress in the roll gap and a

significant arise of rolling force.

-~

RI=600 mim

e [VI/'Vu=1.04 :

£ . |Vu=2400 mm/ r=10%
E ” {h0=250 mu =1354 K
w 6

)

=

L=

E 5.5

=

o

£

«

1.09

PH (mm)

1.00 0

Fig. 14 Interaction effect of radius ratio of rolls and pass

height on the average rolling force.

In the last work [25], the interaction effects of VA
and roll radius (R) were studied for calculation of
rolling force with equal radius of upper and lower
roll in condition of constant PH. On the other hand,
in this work, the interaction effects of VA and
radius ratio of work rolls (RI/Ru) were investigated
in conditions of unequal radius of upper and lower
roll and variety of PH. Comparing the interaction

effect of VA and roll radius [25] with interaction
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Fig. 10 Inhomogeneous distribution of: (a) equivalent

plastic strain; (b) dislocation density; (¢) vield

stress and (d) Mises stress through thickness in

various reduction and speed ratio for PH=12.5 mm.
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Fig. 11 Inhomogeneous distribution of: (a) equivalent
plastic strain; (b) dislocation density; (c¢) vield stress
and (d) Mises stress through thickness in various reduc-

tion and speed ratio for PH=35 mm.
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The distribution of dislocation density and
yield stress of FE as-rolled slab are exhibited in
Fig. 9.

As illustrated in Fig. 9(a)-(b), the value and
distribution dislocation density of the roll gap
microstructure was improved in asymmetrical
condition of 1.08. As indicated, the maximum
dislocation density has increased from 4.52E+9
¢cm? (Fig. 9a) to 4.68E+9 em? (Fig. 9b).
Comparing the contour plots of Fig. 9(¢)-(d), it
is revealed that, this even distribution and
increasing trend of dislocation density have
increased the yield strength of material,
especially in middle and lower parts of cross-
section.

The values of the mentioned material parameters
have been monitored in the length of thickness
in Fig. 10 (PH=12.5 mm) and Fig. 11 (PH=12.5
mm) to imply the inhomogeneous deformation
of the roll gap cross-section in different thickness
reduction and VA.

The positions of the paths along the thickness
are located in the middle of the slab just after
rolling process (not during deformation). Fo-
cusing on the performed stratification of the
roll gap in Fig. 10a and Fig. 11a, itis clear that in-
crease of VA considerably alters the plastic
strain distribution, especially in high value of
reduction (r=12%).

Increase in VA not only amplifies the plastic
strain in the upper region of cross-section but
also the transfers the position of maximum plastic
strain from surface layer (UL _1) to sub surface
layer (UL_2).

This expansion of deformation from the upper
layer to the core leads to compensate the lack
of work hardening of the middle layer in
cross-section,

So, by considering the dislocation density distribution
indicated in Fig. 10b and Fig. 11b, it is revealed
that a high value of VA combining with high

value of PH can improve the dislocation

density distribution of the roll gap, especially
in upper layers.

Because, the imposed additional shear stress
and bending moment in CSR are expanded to
upper layers of the roll gap.

Furthermore, homogeneity of dislocation density
distribution is being consolidated through the
microstructure of rolled material.

Generally, it can be concluded that with a
combination of VA and PH, the poor homogeneity in
the upper layers is compensated and a homogeneous
deformation was achieved in the roll gap.
Regarding to the direct relation between
dislocation density and flow stress [S3], by an
increase the PH value from 12.5 mm to 35 mm,
the uniform distribution of yield stress is being
reduced (Fig. 10¢ and Fig. 11¢ ).

However, the yield strength of the sub surface
layer (UL _2) is raised particularly in VA=1.08.
Accordingly, from Fig. 10d and Fig. 11d, it can
be concluded that homogenous material in
rolling causes to a uniform Mises stress (just
after rolling) imposing on rolled material,
especially in PH=35 mm.

This obtained heterogeneous deformation in
the austenite microstructure of X70 provides
some distinguish advantages such as developed
microstructure and mechanical property in
final ferrite- perlite structure of rolled plate.
These found advantages of asymmetry rolling
can promote the quality of steel products in rolling

industry of micro alloy steel.

3.3.Interaction of asymmetrical parameters

In the field of interaction study of the asymmetrical
parameter on rolling force, there is no published
research at this time.

The Box-Behnken design technique can properly
calculate the interaction effects of variable parameters
on response function and estimate a regression

model using analysis of variance (ANOVA) [54].
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Considering the measured and computed values
of rolling force (Fig. 7a) and exit thickness
(Fig. 7b) of the rolled slab, the FE model was
verified in multi-pass rolling.

The comparison of the present FE model outcomes
with experimental results of ATMR signifies a
good acquisition of the rolling force with a
mean error of 3.85 percent and an excellent

adaptation for exit thickness.
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Fig. 7 Comparison of numerical and experimental results

for (a) rolling force and (b) exit thickness of rolled slab.

3.2. Deformation distribution

It can be found that the influencing of rolling

force from asymmetry parameters is caused by

different transformation in the roll gap and
additional shear deformation [S2].

So, in this work, the significant material parameters
of the roll gap such as equivalent plastic strain,
dislocation density, yield stress and imposed
Mises stress have been subjected to evaluate the
effects of VA and PH on the asymmetry deformation of
the roll gap cross-section using the verified FE
model.

Distribution contour plots of these parameters
were shown in Fig. 8 and Fig. 9.

As indicated in Fig. 8b, unlike the symmetry
condition of VA=1(Fig. 8a), asymmetry condition
of VA=1.08 causes an asymmetry plastic strain in
cross-section of the roll gap.

Due to the spreading of the contact surface
between the rolled material and upper work roll
and additional shear stress in the roll gap, the
deformation in the lower region of cross-section
is being more than that of in the upper region.
This wunbalanced deformation leads to the
reduction of deformation in middle and upper
regions (A and C) in comparison with those of
regions A' and C' (Fig. 8a, b).

On the other hand, this asymmetry condition
accused to overtake of plastic strain of region B'
(Fig. 8b) from that of region B (Fig. 8a).

In addition, the deformation condition in core
being improved and the position of part with
minimum plastic strain in the core is transterred
to the upper region with the same procedure, and
the maximum plastic strain has increased from
0.21 (Fig. 8a) to 0.24 (Fig. 8b).

As shown in Fig. 8(c)-(d), by a casual investigation of
the imposed Mises stress of middle regions (D
and D') and upper layer (E and E') of the roll
gap, it is found that the value of Mises stress has
reduced by asymmetry condition of VA=1.08.
Hence, this phenomenon leads to a reduction of

rolling force.




the as-rolled slab is continuously measured by some

pyrometers installed the double side of stand.

I'ig. S 4Hi- heavy plate mill stand.

The rolling force data have been measured by a
couple of Kelk disk type load cells with 56x10° kN

capacity and response time less than 0.1 millisecond.

N —

As indicated in Fig. 6, these load cells have been in-
stalled under the head of operate and drive side

screw-downs.

__‘H_L

-
- -
- -

- %

Fig. 6 The position of Kelk load cell in 4Hi-mill stand [51].

After preheating and de-scaling the as-received
slab, roughing passes were begun in temperature of
1354 (K). The roughing pass schedule of rolled X70

slab is given in Table 6.

Table 6 Rough rolling pass schedule of X70 slab.

Pass Reduction Exit Thickness Width

Temp. (K) Inter pass Rolling Speed

No. (%) (mm) (mm) time (mmy/s)
1 5.67 232.96 455899 13544 - 239
2 6.01 219.75 4560.09  1352.68 4.5 2.64
3 6.4 206.54 4561.27  1350.81 4.5 2.69
4 6.83 193.33 4562.53  1348.86 4.3 2.76
5 7.33 180.12 4563.89  1346.81 4.3 2.83
6 7.92 166.91 4565.36  1344.75 4.1 2.92
7 8.6 153.7 4566.96  1342.52 4.3 3.01
8 9.4 140.48 4568.72  1339.84 4.2 3.08

Initial dimension of slab(mm): 232*1853%4557

Ru= 584.5 mm, RI=586.5 mm

Speed ratio: 1.02
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Rolling Force (kN/mm)

Mesh size (mm)

Fig. 3 Sensitivity of rolling force to mesh size.

2.4. Pass height (PH)

Generally, in the analysis procedure of rolling
process, it is assumed that the mid-line of rolled
plate is aligned with the roll gape in the beginning
of rolling. This although in industrial structure of
rolling the pass draft is imposed by upper work
roll, and the lower work roll is kept motionless. So,
there is a misalignment between mid-lines of the
rolled plate and the roll gap.

Regarding the industrial schematic of 4H- mill
stand illustrated in Fig. 4, the upper surface of
lower work roll is positioned higher above the
upper surface of feed-rolls named pass line (PL).
The distance between upper surface of lower work
roll and PL is named pass height (PH). In mill stand
the PH value is kept constant during rolling
process. The control of PH is an important parameter
affecting on the curvature index of the rolled plate
and feed-rolls life time equipped in the double side
of mill stand [50].

In design concept of the proposed 4H- mill stand,
the maximum value PH is 35 mm. Because in the
performance period of the mill stand maybe the
value of PH being changed for a different reason
such as surface wearing of work rolls or feed rolls,
breakdown foundation of stand or feed rolls and
reduction of HAGC hydraulic pressure. In the
ATMR process, especially in rolling of X70 micro
alloy steel, the rolling force is very high. So, this
high rang value of imposed pressure on HAGC
hydraulic may lead to partial leakage in HAGC cylinder

and the value of PH is reduced during rolling,

consequently. Hence, the study the effect of PH as
an asymmetry parameter in ATMR mechanism is

undeniable.

7Y

+
Upper
back up roll

Upper
work roll

Lower
back up roll

+

~

Fig. 4 Schematic of pass height as an asymmetry

paramefter.

3. Result & discussion

3.1. Experimental verification
According to real condition of TMR in industry, the

wide 4Hi-single stand reversing mill of Khouzestan
Oxin Steel Co. (KOSC) was used to verity the provide
FE model. So, the roughing passes of rolling
schedule of a continuously cast slab of X70 micro
alloyed steel was molded to determine the
confidence limit of simulation. This wide rolling
mill stand is shown in Fig. 5. Gap control of the
rolling passes is performed by signal processing of
X — Ray thickness gauge. The dimensions of the
rolled slab are measured by y — Ray profile meter
device of 1 micron accuracy and processing time of
10 milliseconds. The capacity of rolling force is
10° kN. This mill is equipped with long stroke
hydraulic automatic gauge control (HAGC)
cylinders below bottom back-up chocks and
automatic pass line adjustment is done by automatic

gauge control (AGC) systems. The temperature of
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In this work, all mechanisms of heat losing and generating
of the rolled slab were considered to identify the actual

conditions of ATMR process.

Table S Thermo-physical parameters of indefinite chilled
work rolls [47].

Parameter Value
Young’s modulus Ewr = 182 GPa
; Kg
Density Pwr = 7400 =2
Thermal conductivity Awp = 18.46 it
WE = Tk
Specific heat Cwr =470 —j—
Kg.K

Coefficient of thermal expansion Qi =9 % 107¢ K2

Poisson's ratio Vwr = 0.27

Initial temperature Twr =423 K

2.3. Thermos-viscoplastic FE model

The proposed material flow and constitutive equations
of material genome are non-standard models, and the
material libraries of commercial FE programs are not
implemented with these models. So, this especial material
property must be identified as a user-defined material
for FE model. In the present work, ABAQUS/explicit
was applied to compute a 2D plane strain FE model with
a reasonable time integrating and effective enforcement
the contact constraints in rolling. The subroutine
implemented the user-defined material into FE solver of
ABAQUS/explicit is named VUMAT [48].

Based on a verified algorithm by Gao et al. [49],
a constitutive model of thermos-visco-plastic was
enforced in a subroutine VUMAT code. In this VUMAT,
isotropic hardening low was adopted for strain hardening,
and Mises yield criterion was used for isotropic property
of material flow.

In the present FE model, the slab, work rolls and roller-
tables were modeled by a CPE4RT element type to
simulate the thermal and mechanical concept of ATMR
(multi-pass rolling at the austenite microstructure). The
roller-tables were assumed as a smooth bed with thick
ness of 10 mm and same thermo-physical property of

industrial roller-table, to time consuming in the numerical

analysis. The FEM mesh of the slab consisted of 2376
nodes and 2146 elements. The deformations of work
rolls and roller-tables were neglected by imposing a
rigid body constraint to maintain the heat-transfer
behavior of these components. The dimension of the
modeled slab was designed in thickness of 250 mm and
the length of 500 mm. The length of the slab is designed
lower than that of actual length (3000-4500 mm) to
reduce the time of CPU processing. The radius of the
designed work rolls is §50-600 mm (based on the
industrial size). The FE model is indicated in Fig. 2. The

initial temperature of the preheated slab is determined
of 1354 K (based on industrial setup for TMR of X70).

™ N\
rworkeoll | P
0\ (mim) 4
TEMP Ux = Uy =0 00 ( e / Vu
(Avg: 75%) . Ve db
+1.354e+03 :
e
| 1.3240+03 l?"“““_’g Roller-table
IHAHE Direction (Encastre)
+1.294e+03 4
: / . VA=1-1.08
Ux= ll}' =l - VI=V&*V1:
Y ) Low rk ro b\ '
Ve =600 )
= m/s)
I—o X =

Fig. 2 The FE model of thermomechanical rolling.

In the present study, the displacements, thermal and
contact boundary conditions were defined based on the
industrial scale. For avoid of hitting between slab and
work roll in the onset of rolling, an initial velocity of
2400 mm/s was predefined for the slab in the x-direction
(close to linear speed of work roll). The slab was
assumed to be free of constrained.

All degrees of freedom of work rolls and roller-tables
are constrained, except rotation about the z-axis.

As indicated in Table 4, a rate-dependent Coulomb friction
model was used to define the friction condition for
model components' interfaces.

The evaluation of computed rolling force was subjected
to determine the mesh size.

As illustrated in Fig. 3, the sensitivity of rolling force to
the mesh size represents that in mesh size bigger than 10
mm, the output rolling force undergoes a small change.

So, size of mesh has been selected of 10 mm.
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2.2. Thermal model and boundary condition

The roughing passes of ATMR process can be
described due to following procedure, generally.
First, the preheated slab (1100 'C) is conveyed from
a walking beam furnace to water-descaling box for
scale removing. The spraying of pressurized water
(235 bar) on the surface of the hot slab leads to a
severe thermal gradient through thickness. Then
slab is transferred to vicinity of feed-rolls of re-
verse mill stand by roller table. After the first pass,
belong to the length of the slab and rolling speed,
the slab is perforce kept on the roller-table until the

next pass. Whereas the slab was faced with softening

mechanisms during the inter-pass. In rolling industry, it
was attempted to reduce the inter pass time by
applying an advanced automation system for
improvement the performance of reverse mill stand.
The plate (rolled slab) is moved forward and reverse
during the rolling process until the pass schedule
being finished. Therefore, in rolling mill strand the
heat flow of the roll gap is basically depended on
the initial temperature of slab and work roll
Therefore, it is needed to calculate the heat-transfer
equations of the roll gap continuously. The
thermos-physical properties of slab and work roll

are given in Table 4 and Table 5, respectively.

Table 4 Thermo-physical parameters of X70 slab.

Parameter

Heat transfer coef. (slab to work roll) [36]

Heat transfer coef. (slab to roller table) [36]

Heat transfer coef. (slab to air) [40]

Heat transfer coef. (slab to water) [40]

Heat transfer coef. (slab to scale of 10um thickness)

[43]

heona-wr = 9500

Reong_w = 15000

Poond-s = 2.5

Value/equation

m?. K
W
hcand.—RT =70 m2. K
W
heonv—a = 15 =W

mi. K
W
“m2.K

Surface emissivity [6]

Inelastic heat fraction [14,44]

Stenfan-Boltzmann constant [45]

Friction coef. (mean rolling speed=2.5mv/s) 14

Young's modulus (GPa) [46]
Poisson's ratio [46]

Thermal expansion coefficient [40]

Specific heat (K;—K) [46]
Density [46]

Conductivity (-é}-)[élﬁ]

Environment temperature

T': Slab temp. (K)

Edissipation = 08

n =09

ds_p=56x10°W/ 4
u=105—-5x10"*T —-5.6 x 10~%v

E. = —46322 T2 —9 x 107T + 3 x 101
vg = 0.32

ae= AT X 10K

Cs = 0.058T? + 1163 T — 55438
Kg
ps =T7755(3)

A=352
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2.1.3. Accumulated strain and grain growth
Residual strain is resulting of partial recrystallization
occurring between passes.

This retained strain is related to the stored energy
in material that must be added to imposed strain
of the subsequent rolling passes [40].

So, the concept of accumulated strain was presented
by [41]:

acc

&; — & + & » & = Kncc(l . Xf—.l) Ei-1 (1)

In which, € is the strain of current pass, g is

residual strain, &, . and X . are the strain and the

(i-1) (-1)
recrystallization volume fraction of previous pass,
respectively.
The coefficient of K__ is related to the length of
inter pass time which K_ =0.5 for long inter pass

time and K_ =1 for short one.

d-‘LS — %5

After complete volume fraction of recrystallization,
the grain growth is driven by reduction of free
energy relating to the grain boundary [41]. This
phenomenon causes to a coarsen microstructure,
especially in high inter pass time. The onset of
grain growth is concurrent with diminution of residual
stress |[36]. The proposed grain growth model in

this study is given as follows [42]:

435000
= Aeuy srx,morx + 41 X 1023(“}? — 4.3 lo.s srx,MDRX ) EXp (‘_‘ RT ) 2)

is the time of

Where, the term of 4.3 bus sr asnn

95% recrystallization.

Therefore, based on the mentioned procedure of
microstructural metamorphosis, a flowchart of
calculations has been programmed by FORTRAN
software. Fig. 1 illustrates the workflow for

microstructure evaluation of X70 contributing to

dynamic and static transactions of ATMR process.

( Stat )

Input parameters
At, &, €, o, ...
|

=t + At
|

Update Egle parameters
&(t). T(t), e (1) = e(ty) + &(ti)

|

No (inter pass) | Yes (rolling)
NuYes— YEE@
l_ 1

SRX MDRX DRX
|
@ X sioa=>10.93 X prx > 0.95
NO No Yes
| Yes ‘ Yes ‘ No
| | |
SRX SRX | MDRX MDRX DRX DRX 5
(partial) || (complete) ‘ (partial) || (complete) || (complete) (partial) Z
I
‘ Residual strain ? Grain growth |
eti) ‘
i=i+1 —Yes @
No
End

Fig. 1 Flowchart of the microstructure evaluation in ATMR process of X70.
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2.1.2. Static deformation (inter pass)

In managing of ATMR pass scheduling, controlling
the microstructure plays an important role in
resulting microstructure and final mechanical
property. Good understanding the softening
mechanisms such as static and meta-dynamic
recrystallization during the inter-pass time lead
to an achievable grain refinement and homogenous
dislocation density. Aimed to provide a time-dependent
model of static recrystallization and recovery
during inter pass time, the examined flowcurves of

X70 resulting by Tang et al. |33] have been evaluated

by invers analysis method. As indicated in Table
3, The static material genome consists of static
and meta-dynamic models. According to the
deformation quantity of rolling pass, work softening
can be evaluated during inter pass time. Comparing
the strain of rolling pass with critical strain, the
type of recrystallization has been defined for
inter pass microstructure. If strain is being lower
than critical strain, the structure will face with
static recrystallizations. Otherwise, the rolled
material is encountered with meta-dynamic

recrystallization |34].

Table 3 Static material genome of X70.

Genome

Static dislocation density equation (m=%)

Static recovery coefficient

Time for 50% SRX

Activation energy for static deformation

SRX volume fraction

SRX grain size [35]

Avg. SRX grain size [36]
Time for 50% MDRX [37]

MDRX volume fraction [38]

MDRX grain size [39]

Avg. MDRX grain size [36]

Activation energy for dynamic deformation

Gas constant

p;: Final dislocation density of dynamic deformation
t: Deformation time (8)

tip: Inter pass time (s)

Value/equation

P 1
p; } EE 1.02
exp[b.t — 0.06 (fu.s) ]
—6757
b, = 132.2t7%%*8exp( - )
SRX _ -14 ~—0.1923 Qsrx
tas =3.09% 107 *¢ exp( T )
Qsiy =335 K]
SRX = ol

¢ 0.55
XSRX =1- E!Xp[—ﬂ.693 ("t_') ]

0.5

deny = 0.88d, " g%

d.:j‘qﬂx = dSRXXSRX + (1 R XSRI)dﬂ

153000)

pMDEX = X4 %1077 & 292 exp( —

1.1
Xuprx = 1 — EKP(_0-593(t£p/ té‘? RX) )

—-0.13

dyprx = 1400[ € exp (QE;X)]

dﬁf.ﬂﬁ}f = dﬂRXXDRX + (1 = XDRX)dMDRXXMDRX M (1

— Xprx) (1 = Xuprx)do

= 3352 Kj

Oprx = mol
B ]

R =8.314 X mol

Note: SRX genome of X70 was calculated from the experimental results reposed by Tang et al. [33]




Using an integrated method contributing FEM and
inverse analysis, the extracted stress — strain curve
of hot compression test under various temperatures
(850-1150 oC) and strain rate (0.001-1 s*(-1)) were
evaluated to describe the material genome package
for dynamic Kinetics of material during rolling
129,30]. The calculated dynamic material genome
of X70 is given in Table 2. This package introduces
the constitutive model of dislocation density and
flow stress and parameters of work hardening,
dynamic recovery and dynamic recrystallization.
In TMR process of X70, the roughing passes are

performed in the temperature range of the austenite

recrystallization region. During TMR process,
the austenite microstructure is faced with interaction
effects of hardening and softening mechanisms
[31]. So, the identification of material genome,
including the constitutive equations of flow stress
and microstructure features is necessary to

modelling the TMR process.

Table 2 Dynamic material genome of X70,

Genome

Critical strain

Dynamic dislocation density equation (m=*)

Dynamic recovery coefficient

Work hardening coefficient
Initial austenite dislocation density [32]
Flow stress equation (Kgf/mm™2)

DRX volume fraction

DRX rate

DRX grain size

Avg. DRX grain size

Initial austenite grain size (T=1373 K)
p*: Dislocation density critical strain
t: Deformation time (S)

T:Slab temp. (K)

Value/equation

T

g. = 0.145 l“é exp(

Ccé
p = F(l —e™%) + poe ™" (E<g)
p = poXprx + P*(1 — Xprx) (E=¢g.)
—11608

b = 2735358%643 exp( -

¢ = 1.01:% 10
P{] — 1012.”1—2
g=174x1073/p

Xprx = 1 — exp(—G (& —¢&.)?)

. —4061
G =222 %1% exp( -
. —6533
Appy = 15.41 %1% exp( -
dprx = dprxXprx + (1 — Xprx)do

do =75 um
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In addition to FEM, there are some analytical
methods to analyze the TMR process, including
stream function [16], upper bound [17], slab method
[18], sine velocity field [19], cosine velocity field
[20] and combinational models [21]. In comparison
with FEM, the computational process of the
mentioned analytical methods is fast. But the accu-
racy and performance of FEM have made this
method as a widespread promoted method in metal
forming analysis.

Generally, inhomogeneous property of rolled
material and different physical condition of the
upper and lower work roll such as rotational speed
mismatch (speed ratio), unequal radius (diameter
ratio), contact friction and positioning led to
asymmetry condition in rolling process. Recently,
the analysis of asymmetrical condition of rolling
process has been subjected in industry to investigate
the impressibility of rolled material characterization
and rolling force and torque. Referring to some
analytical studies presented by Salimi and Sasani
[22], Salimi and Kadkhodaei [23] and Gudur et al.
[24], it has been revealed that asymmetrical
condition of rolls' mismatch reduces the rolling
force and torque. Introducing an advanced analytical
model of asymmetrical thermomechanical rolling
(ATMR), Razani et al. [25] imposed the visco-plastic
flow of material into the roll gap. Using analysis of
variance (ANOVA), they evaluated the interaction
effects of asymmetry parameters on the rolling
force in an industrial scale.

Farhat-Nia et al. [26] studied the strain distribution
of the asymmetry condition of friction and rolling
speed using a 2D FEM based on Lagrangian—Eulerian
(ALE) model. They found that the speed ratio is a
suitable parameter to control the strip curvature
index. Focusing the cross shear region (CSR), Tang
et al. |27] found that the minimum achievable thickness
of Q195 steel foil can be considerable reduced due
to speed ratio in asymmetrical rolling. Wronski et
al.[28] studied textures of symmetrically and
asymmetrically rolled aluminum by coupled the

FEM with Leffers-Wierzbanowski (LW) model. In

their research, the distribution of deformation was
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subjected to evaluate the mechanical property and
crystallographic texture. Therefore, the literature
review indicates that the asymmetry condition can
improve the rolling process.

Heretofore, various attempts have been published
for simulation of TMR process of steel grades.
However, there has not reported any comprehensive
study of ATMR for pipeline micro alloy steel group,
until now. The main aim of the present work is to
introduce a new asymmetry parameter in ATMR
mechanism. Based on thermos-visco-plastic
behavior, a 2D ABAQUS/explicit FE model
was developed for ATMR process of X70 micro
alloy steel. Attempting to represent a comprehensive
model, the material genome of X70 was identified
through a subroutine VUMAT code. After the
verification of the FE model by ATMR experiments,
the distribution contours of deformed cross-section
were monitored to evaluate the interaction effect of
asymmetry parameters onto rolling force and
deformation behavior of the rolled material. Using
experimental tests, the effects of the asymmetry
conditions of ATMR on mechanical property and

microstructure of rolled plates were investigated.

2. ATMR modeling

2.1. Material genome package
2.1.1. Dynamic deformation (rolling)

The material used throughout this paper was
API-SL X70 micro alloy steel producing for offshore
pipeline. As indicated in Table 1, this micro alloy
steel is consisted of micro alloy element (Nb, Ti and V)
contributing with a low percentage of carbon and
Sulphur. In order to acquisition the flow stress and
microstructure property of X70, the experimental setups
of hot compression test have been carried out at

temperature range of roughing passes.

Table 1 Chemical compositions of studied X70 (wt.%).

Mn Si 3 S N Al Cr Mo Nb Ti v

1.27 0.39 0.012 0,001 0.0054 (.045 0.005  0.017 0,051 (0.0135 (.05




1. Introduction

The micro alloy steel pipeline is commonly in demand in
the industries of the petroleum and natural gas
transmission and pressure vessel manufacturing. Based
on the standard of American pipeline institution (API),
the micro alloy steel of X70 is a widely used grade to
provide the required long-distance and large-diameter
pipelines [1]. The high performance of X70 pipeline has
assigned by a considerable capacity of offshore industry.
The dislocation strengthening mechanism as an
advanced technique for improvement the yield stress
and ultra-fined grain microstructure of X70 can be
obtained by the thermomechanical rolling (TMR)
process [2].

Recently, TMR process has been widely used to produce
wide plate of micro alloy steel, especially API- SL
pipeline steel grades. The management of pass schedule
rolling in TMR is very complicated. Furthermore,
keeping an under control condition of thermal-
mechanical characters of the rolled slab, the evaluation
of austenite microstructure Kinetics is very considerable.
The common microstructure features during the rolling
are work hardening (WH), dynamic recovery (DRV),
dynamic recrystallization (DRX), static recrystallization
(SRX), dynamice recrystallization (DRX), meta-dynamie
recrystallization (MDRX), strain induced precipitation
(SIP) and grain growth (GG) [3]. During TMR process,
the presence of complex carbonatite of mico alloy
elements (Ti, Nb and V) in the chemical composition of
X70 can restrict the interaction of these metallurgy
features on the microstructure [4].

Finite-element method (FEM) as an applicable and
flexible technique of numerical simulation has been
widely used to evaluate the microstructure of the roll
gap during TMR. Using a visco-plastic constitutive
equation of for C-Mn steel, Liu and Lin [§] predicted
the microstructure of material by FEM simulation
during multi-pass rolling. Phaniraj et al. [6,7] presented
an integrated 2D model of finite element contributing
the rate dependent flow stress to evaluate of strain and
strain rate distribution in thickness of the strip during
the TMR finishing passes.

By implementing a rigid visco-plastic FEM with softening

and hardening mechanisms, Wang et al. [8] presented
the distribution of mean grain size and equivalent strain
of rolled low carbon steel SS400. Performing a coupled
package of 2D FEM rigid plastic and neural network
(NN) model for hot rolled plate of carbon steel, Zhang et
al. |9] predicted the precision rolling force in an acceptable
computational time.

The powerful performance and productivity of FEM
have encouraged the researchers to simulate the
microstructure of hot deformed micro alloy steel. For
evaluation of X60 pipeline microstructure, Li et al. [3]
performed a TMR coupled 3D FEM considering to the
onset time of SIP after roughing passes. They attained to
predict an appropriate inter pass time and rolling speed
contributing the improved DRX and GS of austenite
microstructure. Bianchi et al. [10] studied the effect of
DRX, MDAR and micro alloy element on the rolling
force of AHSS-Nb-Ti steel plate by 3D FEM. Nalawade
et al. [11] investigated the phase distribution (ferrite and
pearlite) and austenite grain size at the cross-section of
38MnVS6 steel during TMR process by modelling a 3D
FEM using FORG software. Their modeling was
successful in the thermal analysis but neglecting the
effect of micro alloy elements on the generalized
constitutive equations of material flow led to increase in
rolling force estimated error.

In the last decade, aimed to modelling the real condition
of hot deformation process, representation of user defined
subroutine codes has developed the simulation of the
TMR. By implementing the implicit 3D FEM simulation
of TMR with user defined material of VUMAT subroutine
code, Wang et al. [12,13] analyzed the phase
transformation induced plasticity (TRIP) and residual
stress of a rolled HP29S steel strip to monitor the thermal
and plastic strain on the cooling bed. For multi-pass
TMR of H-shape Q235 steel, Qinggiang et al. [14] calculated
the rolling force by implementing explicit FE solver into
VUMAT and considering the microstructure
phenomenon during roughing passes. Based on
Tvergaard—Needleman (GTN) damage model, Zhou et
al. [15] studied the edge crack morphology of the hot
rolled 17vol.%SiCp/2009A1 composite by FEM. Using a
VUMAT code, they proposed a rate dependent flow stress

to simulate the formation procedure of edge crack.
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Asymmetrical thermomechanical rolling (ATMR) process of API X70 micro alloy steel was investigated to
evaluate of rolling force and distribution of material property in the roll gap. Applying a user-defined VUMAT
subroutine, the equations of material flow and microstructure kinetics, as material genome package, were
implemented into finite element (FE) solver of ABAQUS for simulation of X70 multi-pass rolling. A rough rolling
schedule was carried out to verify the accuracy of the material genome by evaluation of the computed rolling
force of FE model and experimental results. Considering the interaction of the asymmetrical parameters such
as rolls speed ratio (VA), pass height (PH) and rolls diameter ratio, it was found that coinciding of the high level
PH with high range of rolls speed ratio and diameter ratio lead to arise of the rolling force. Strain distribution
of the roll gap indicated that an increase of the rolls speed ratio can improve the dislocation density and the
strength of rolled material. The study of strain distribution contour in the length of slab thickness revealed that
the homogeneity of deformation can be enhanced in the mechanism of asymmetrical rolling of micro alloy steel.
Experimental test reveals that in asymmetry condition in TMR process of X70, increase of the speed ratio
(1.02-1.05) in roughing passes leads to a considerable grain refinement and growth of yield strength and ultimate tensile
strength of 3.12 and 2.0S percent of final plate structure, respectively.

Keywords: Asymmetrical thermomechanical rolling (ATMR); API X70 micro alloy steel; pass height
(PH); Mechanical property; finite element method (FEM).
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The finish rolling temperature play a key role
in the development of the microstructure and
influenced mechanical properties of API X70
steel. It was found that after accelerated cooling,
the fast cooling rate and low temperature
interruption allows the formation of more bainte
which in turn increased the tensile strength of the

steel.
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13¢ and d show the inverse pole figures for
the surface and mid thickness for WD specimen,
respectively. Figs. 13a and b show the texture
inhomogeneity in sample WE. Figure 10a
indicates that most of the grains at the surface
are oriented towards {110}||ND while the mid
thickness has grains mostly oriented in the
{001}||ND with a spread towards the {111}||ND
(Fig. 13b). Similar texture inhomogeneity can
be seen for WD specimen. As shown in Fig. 1lc¢,
most of the grains at the surface are oriented
towards {110}||ND. However, presence of {111}
orientation grains can also be observed. The
mid thickness of WD (Fig.13d) is characterized
by grains having a spread towards all three
directions. However, {001}||ND and {111} ||ND
seems to be the most preferable orientation of
the three orientations. The texture inhomogeneity
observed is because of shear and tensile strain

resulting from the process.
3.5. Mechanical properties

Figure 14 shows the room temperature tensile
stress-strain curves of WE and WD. It is expected
that line pipe intended for such application
meet the minimum yield and tensile strength
criteria for X70 (483MPa and S65MPa,
respectively). From the curves, it can be seen
that both WE and WD have yield strength
above the minimum ecriteria for X70. The
tensile strength of WD is seen to be higher
than that of WE (~100MPa). However, the
elongation for WD is seen to be less than that
of WE while WD has higher yield stress. The
difference in strength can be attributed to
microstructural variations in terms of it grain
size, ferrite phases present as well as
crystallographic texture. First, previous
research show that controlled rolling and
accelerated cooling of X70 pipelines produces
acicular ferrite, polygonal ferrite, quasi-polygonal
ferrite, granular bainitic ferrite, bainitic
ferrite, and martensite [38-40|. In this case,

though both plates were hot rolled at a relatively

similar temperature, the fast cooling and low
temperature interruption experienced by WD
specimen allow the formation of more bainite.
Again, variation in the mechanical properties
of WE and WD could be influenced by the
difference in grain size. As shown previously
in Figs. 3 and §, the grain size for WD
appears to be smaller compared to WE.
Based on these results, we may well conclude
that the applications of different cooling
rates resulted in the formation of different
amounts of bainite and acicular ferrite in the
final microstructures in WE and WD and,
hence their different responses on yield
strength [41].

4. Conclusions

The microstructure of both WE and WD is not
homogenous and consist of polygonal ferrite,
bainite, coarse and fine acicular ferrite grains.
The presence of fine acicular ferrite and bainite
is more pronounced in WD specimen which
could be attributed to the fast cooling rate.
EBSD images of the microstructural evolution
confirm that dynamic recovery and partial
recrystallization occurred during hot rolling,
however further annealing is required for a
more homogenous equiaxied grain structure.
Macro-texture result obtained by X-ray
measurement show that the main texture
components in the hot rolled steels are Cube,
Goss, Brass, S, Copper, R cube and {331}<1-10>
possibly because the difference between the
finish rolling temperatures is quite small.
However the volume fraction of each fibre
texture were seen to be different.

The development of texture inhomogeneity
during hot rolling were observed for the
different processing parameters. The grains

at the surface are oriented towards {110}||ND

while the mid thickness has grains mostly
oriented in the {001}||ND with a spread
towards the {111}||ND.
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analysis was done in a prior austenite grain with
a large grain size. On a contrary, our observation
shows the presence of boundaries of misorientations
between 20-47°. According to Gourges et. al. [34],
this observation is only possible when the ferrite
plates formed from different austenite grains are
in contact with each other. In addition, in-grain
misorientation distribution for WE and WD is
shown in Figs. 9a and b, respectively. It can be
seen the misorientation is maximum at 0.5° for
WE while WD is maximum at approximately
0.8°. In comparison, a shift in the distribution
towards the higher local misorientations is more
for WD. This indicates a higher residual strain or
stored energy requiring further annealing for
more homogenous microstructure due to
recrystallization. This result is also in agreement
with that presented in the map (fig. 7). It has been
previously reported that areas with high degree

of KAM are preferential paths for stress corrosion
cracking [35-37].

3.3. Macro-texture analysis

Figure 10 shows the orientation distribution
functions (ODFs) calculated from X-ray diffraction
pole figures of the specimens at mid thickness for
specimen WE and WD. Figure 10a shows that
WE has a relatively weaker texture compared to
WD. However, it can be seen that the texture
components for both specimens are relatively
similar. It Comprise of Cube, Goss, Brass, S,
Copper, R cube and {331}<1-10>. This may be due
to the fact that the difference between finish
rolling temperatures for both steels was not
sufficient enough to cause or initiate any
significant change. The volume fraction of each
texture component is depicted in Fig. 11. It must
be noted that despite the fact that no new texture
component was introduced from the process, the
volume fractions of the texture components are
different. The plots shows that the volume fraction
of the Goss, S, Copper and R cube texture component
is higher in sample WD than WE while the Cube,

Brass and {331}<1-10> texture component has

a high volume fraction in WE than WD. With
regards to the texture components observed, it is
generally expected that during austenite rolling,
the crystallographic texture developed in the
austenite phase is inherited upon transformation
by the ferrite. It is known that for a complete
recrystallization of the austenite, the cube {001}<100>
texture is transformed primarily into rotated cube
{001}<110> in the ferrite while texture containing
the brass {110}<112>, copper {112}<111>, and S
{123}<634> components, together with a Goss
{110}<001> will be developed if the austenite is
not able to fully reerystallize during or after
rolling. From Figs. 10 and 11, we may conclude
that during or after the rolling, the austenite in
this region is not able to fully recrystallize as a
result, {110}<112>, {112}<111> and {110}<001>
was observed. From the ODF’s for WD, the rotated
cube {001}<110> and {111}<1-10> intensity is
relatively high. However, there is a spread of
{111}<1-10> towards {332}<1-10} and {331}<1-10}.
In the Fig. 10b the intensity of the {331}<1-10}is
noticeably high (3.81) and shows a spread
towards {332}<1-33> with an intensity of 2.4 in
WE. In comparison, the macro-textural changes
that occurred in WE and WD including Beta and
Epsilon are illustrated in Fig. 12. As shown in
Fig. 12a, the intensities of the brass {110}<112>
and S {123}<634> components are higher in WE
than WD. While the intensity of the copper
{112}<111> component is higher in WD compare
to WE. Figure 12b depicts the epsilon (g) fiber
plot. The intensities of all texture components are
highest in WD compared with WE. As shown in
the ODF and plot, the intensity of the rotated
cube {001}<110> component is significantly high.
This shows the presence of some of the austenite
cube grains as result of partial recrystallization

after the rolling operation.

3.4. Macro-textural changes through thickness

Figures 13a and b represent the inverse pole
figure for the surface and mid thickness for WE

specimen while Figs.
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scale of micrometres [25-27]. Segregation in
pipeline steels for sour service application is
undesirable as the chemical variations can lead
to varying microstructural and mechanical
properties capable of causing failure [28-29].
In order to investigate the variation in composition
around the segregation centre line, EDS scan
was conducted. Figure 4 shows the EDS map
around the segregation center line for WE. The
EDS map of the area shows that the segregation
line is comprised mainly of manganese (Mn)
and this observation is the same for WD.
Previous research shows that region with a
high concentration of Mn elements, has a tendency
for high hydrogen uptake and crack initiation
|30]. While it is expected to see a stringer of
other elements like sulphur and silicon around
the segregation line |30, 31]. It should be mentioned
that our current observation did not reveal the

presence of other elements in this area.

3.2. Micro-texture analysis

The EBSD map obtained from the WE and WD

specimens are shown in Figs. 5a and 5b,
respectively. The black lines are grain boundaries
having misorientation greater than 150.The
morphology and texture of grains are different in
both specimens. The structure is inhomogeneous
(in terms of grain size and grain shape). This
issue is more sever for WD specimen. The
elongated and equiaxed grains seen in both samples
are due to the relatively high stacking fault
energy (SFE) resulting in both dynamic recovery
as well as recrystallization during the
thermos-mechanical processing [32].
Crystallographic orientation of grains (equiaxied
and elongated) are mainly towards <001> and
<111>||ND in WE specimen, while grains in WD
specimen are mainly orientated in the <110> and
<111>||ND.

The effect of TMCP routes for WE and WD on
recrystallization is shown in Fig. 6. Figures 6a
and 6b show the EBSD recrystallization, substructure

and deformed fraction map obtained from the

WE and WD specimens, respectively. As is seen in
this figure, difference in stored energy in
materials is linked to different fractions of
recrystallization. Figure 6a shows that both
recrystallization and recovery occurred in most
of the ferrite grains due to the thermo-mechanical
processing. It can be seen that smaller recrystallized
grains are obtained for WD sample while the
recrystallization texture (small equiaxed grains)
for WE is random. Deformation structure can
also be seen in both samples illustrating that
some of these deformed grains during hot rolling
were not completely recrystallized (or dynamic
recovery was dominant). Further annealing is
required to get more homogeneous structure as
results of recrystallization. The kernel average
misorientation (KAM) maps for sample WE and
WD are shown in Figs. 7a and 7b, respectively.
KAM is used to represent the misorientation
(average) between a given point and its nearest
neighbors which belongs to the same grain [33].
It is an indirect measure of dislocation density
and, as a result, can be used to assess the local
plastic strain developed in the steel during the
process of rolling. It can be seen that the dislocation
accumulation is more pronounced in WD. Higher
KAM and elongated grains for WD means higher
stored energy which is expect to need further
annealing treatment. The crystallographic
features due to the hot rolling were examined
and showed in Fig. 8. Figures 8a and b show the
distribution of grain boundary misorientation in
WE and WD, respectively. As shown, grain boundaries
distribution in both specimens displays a bimodal
structure. The distribution is not homogenous in
both WE and WD. However, the inhomogeneity is
more severe for WD specimen. The boundary
statistic for WE is almost entirely bimodal whereas
WD tend to be skewed towards misorientations in
the range 7 -20°. Nafisi et. al. [6] previously reported
the absence of misorientations between 20-47° in
hot rolled X100 pipeline steel. He stated that this
observation was a consequence of the austenite to

ferrite transformation and the fact that the data
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2. Experimental procedure

In this work, all experiments were carried out on API
X70 pipeline steel. The chemical composition of the X70
steel is shown in Table 1.

Two different thermo-mechanical treatments (WE and
WD), shown in Fig. 1, were applied. The plates were
reheated at 1250 °C for 8 h and then rolled in two stages;
rough rolling (from 203mm to 23mm) and finish rolling
(from 203mm to 9mm) followed by accelerated and slow
cooling to simulate the coiling process. The rough rolling
for both WE and WD was started at about 1125 °C and
finished 1010 °C in nine passes. For specimen WE,
finish rolling was started at 850°C and finished at 805°C
in four passes and cooled in air from 805°C to 780°C in
10 seconds in air followed by accelerated cooling from
780°C to 609°C in 4 seconds (42.75C/s). Similarly, finish
rolling for specimen WD started at 880°C and finished
at 815°C in four passes and cooled in air from 805°C to
780°C in 12 seconds in air followed by accelerated
cooling from 750°C to 544°C in 4 seconds (51.5C/s).
Final cooling and coiling for WE and WD were carried
out at 609°C-584°C and 544°C-500°C, respectively.
Final thickness after rough and finish rolling is 9mm.
Samples for mechanical tensile testing were cut from
each specimen according to standard of??. The strain
rate for the tensile experiment was 0.000787/s.
Metallographic preparation of the samples involved a
pre-grinding using 320 and 800 SiC grit emery papers,
followed by a fine grinding using 9 pm MD-Largo, 3 pm
MD-Mol and 1 pm MD-Nap supplied by Struers.
Etching was done using the standard 2% Nital (2vol%
nitric acid and 98vol% alcohol) solution for 185 sec. A
Nikon MA100 inverted OM and SU6600 Hitachi field
emission SEM operated at an acceleration voltage of 30
KV was used for microstructural analysis. Micro-texture
evaluation was conducted using the EBSD technique.
SEM equipped with a NordlysNano Oxford detector
with an angular resolution of 0.1o, was used to collect
EBSD patterns. EBSD patterns with a binning of 8 X 8
pixels were acquired by AZTEC 2.0 data acquisition
software. Channel S-Oxford Instruments software was
used for the post processing of the collected EBSD

patterns. Macro-texture evaluation of the specimens
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was conducted using Bruker D8 advance diffractometer
with an area detector system and Cr K radiation. For

orientation distribution function (ODF) calculations, we

(200)}. We further treated these measured pole figures
with Resmat TexTools to calculate the ODFs and inverse

pole figures.

3. Results and discussion

3.1. Microstructural study

The room temperature micrographs of WE and WD
specimens at the mid thickness of plate after finishing
rolling are shown in Figs. 2aand 2b, respectively. The
microstructure of both WE and WD is not homogenous
and consist of polygonal ferrite, bainite, coarse and fine
acicular ferrite grains. The presence of fine acicular
ferrite and bainite is more pronounced in WD specimen
which could be attributed to the fast cooling rate.
Figures 3(a) and (b) show the micrographs for WE and
WD specimens after finishing rolling, respectively.
Segregation at the centre line can be observed for both
WE and WD. Figures 3(c¢) and 3(d) show a higher
magnification of the segregation zone. This feature ap-
pears to be more severe in WD plate. In comparison
with WD, the segregated areas in WE are more diffused.
The severity of the centre line segregation has been
related to the strength level of steel by Mohtadi et. al.
[24]|. The authors suggested that as strength level
increases due to rolling conditions, it will lead to
an increased segregation of alloy content at the
mid-thickness of the plate. Regardless of the
processing route for WE and WD, the segregation
line traverse through the centre and parallel to
the rolling direction. During solidification,
diffusion is affected by temperature. The mobility
of atoms during the solidification of phases is
affected. As the material cools, it cools the
outside wall to the core of the metal, allowing
for mobility to be increased towards the center
of the plate since the diffusion rate is a function
of temperature. In the process, solute is
partitioned between the solid and liquid to
either enrich or deplete interdendritic regions

leading to variations in composition on the




1. Introduction

Various techniques have been adopted in improving the
mechanical properties of pipeline steels. Some of these
include hardness and microstructure controls, as well as
modifying the morphology of inclusions |1-4]. Texture control
through various thermo-mechanical cycles is a plausible
means of producing pipeline steels for enhanced
mechanical performance. This is because certain texture
components are found to be beneficial to both yield
strength and anisotropy of mechanical properties [S-7].
Reports show that the development of crystallographic
texture and microstructure in steels can be influenced
by thermo-mechanical control rolling parameters
|8-10]. These parameters include and not limited to
finish rolling temperature, soaking temperature,
amount of deformation, and rate of cooling rolled plate.
In a study of texture and microstructure of API1 SL X100
pipeline steel, Nafisi et al [6] observed the development
of {100}<110>, {113}<110> and {332}<113> texture via
different thermo-mechanical paths. In another study,
Mohtadi-Bonab et. al. [11] showed that {111}||ND,
{112}[|IND and {110}||ND texture were developed at the
near surface planes of an API SL X70 pipeline steel man-
ufactured wusing different thermo-mechanical
treatments.

During thermomechanical treatment, hot and warm
and rolling is achieved by reducing the temperature of
the entire process from 1250-850°C to approximately
1100-700°C. As a result, hot or warm rolling has been
employed for various conditions in alloyed steels.
Researchers have discussed the effects of hot rolling
processes above and below the non-recrystalization
temperature [12-14]. Rolling steel below recrystallization
temperature give rise to austenite with deformation
bands and high density grain boundaries, resulting in
grain refinement and transformation of austenite to
ferrite phase on cooling while hot rolling within the
non-recrystallization region help control texture in hot
rolled steel strip and reduce anisotropy of tensile properties
|15-16].

Different researches have been done on the development
of texture in low carbon steel using hot and warm rolling

technology |6, 8-10]. Venegas et. al. [17] reported a

near-random crystallographic texture in a hot rolled
low carbon pipeline steel, whereas warm rolling was
found to enhance the intensity of {111}||ND texture fiber
and impact larger amount of strain and high fiber
strength. In another study, 30 mm thick steels were
warm rolled, austenized at 1050 °C and finished rolled at
560°C, 620°C and 640°C [18]. The authors observed that
lower finish rolling temperature led to enhanced
mechanical properties, more homogeneous annealed
microstructure and the development of {111}//ND
texture. It is worth noting that researchers have
employed micro alloying elements for texture control
|19-20]. Elements like Niobium, Titanium and
Vanadium were reported to pin down grain
boundaries, hence serve as stabilizing agents during
thermo-mechanical treatment of hot rolled steel.
Conclusions from the references above show that the
elements influence recrystallization, grain growth,
austenite-ferrite transformation. And as a result can be
used in crystallographic texture control in pipeline steel.
Crystallographic texture as a means of improving
pipeline steel resistance to hydrogen induced cracking
has become a subject of investigation [21-23]. Findings
show that {112}||ND, {111}||ND and {011}//ND fiber
textured grains are less susceptible to HIC. While
{001}//ND grains may increase HIC susceptibility by
providing a low resistant cleavage path. These
observations validate the assertion that the resistance
of low carbon pipeline steels to severe service conditions
can be improved by controlling crystallographic texture
and grain boundary characteristics through different
thermo-mechanical treatments.

To the best of authors knowledge, the influence of
different thermo-mechanical routes on an
industrially-manufactured pipeline steels for oil and
gas transportation has not been well studied. The
present work is aimed to determine the effect of
different thermo-mechanical treatments on an
industrial API X70 pipeline steel. Electron
backscattered diffraction and X-ray diffractometry
techniques were used to analyze the micro and

macro-textural evolution during the different TMCP.
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Microstructure, texture evolution and mechanical properties of X70 pipeline

steel after different thermomechanical treatments

J. I. Omale’, E.G.Ohaeri, A.A. Tiamiyu', M. Eskandari’, J.A. Szpunar'

Abstract

The evolution of microstructure, texture and mechanical properties of API X70 pipeline steel after different
thermomechanical treatments has been studied using a combination of X-ray diffraction and electron
backscatter diffraction (EBSD). Our investigations revealed that different microstructure consisting of
polygonal ferrite, bainite, coarse and fine acicular ferrite grains was obtained with a centre line segregation
traversing through and parallel to the rolling direction. EBSD investigations confirmed that both
dynamic recovery and partial recrystallization occurred during hot rolling requiring further annealing for a
more homogenous equiaxied grain structure. X-ray macro-texture measurement showed relatively a random
texture components comprising of Cube, Goss, Brass, S, Copper; R cube and {331}<1-10>. Texture inhomogeneity
during hot rolling were observed for the diftferent processing parameters. The grains at the surface are oriented
towards {110}[|[ND while the mid thickness has grains mostly oriented in the {001}||ND with a spread towards
the {111}||ND. We observed that after accelerated cooling, the fast cooling rate and low temperature

interruption allows the formation of more bainte which in turn increased the tensile strength of the steel.
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