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9- AC motor

4 - Torch

5 - Nuzzle

6 - orifice

7 - Pre Heat
8 -Slag
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19 - HMI - Human machine interface

20 - Torch height controller
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Fig. 8- The effect of finish rolling temperature on hardness

of the samples

Summary

1- Decreasing of finish rolling temperature causes decrease
in Ferrite grain size and increasing hardness and toughness.
This phenomenon is due to increasing Zener-Hollomon
parameter with decreasing finish rolling temperature.
2-Rolling of API X70 steel in the vicinity of the A ,
temperature and high strain rate causes the ultrafine
grained structure. Also it causes non-homogeneity
in microstructure. This is due to StrainInduced Transformation.
3-Driving force of grain refinement processes will be
increased with decreasing of finish rolling temperature
which is due to increasing of stored energy, so the final
grains will be finer.

4-Decreasing of finish rolling temperature due to
increasing Zener-Hollomon parameter, causes increasing
yield and tensile strength and also decrease in the

elongation.
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As you can see, by decreasing finish rolling temperature
average coaxial Ferrite grain size has been reduced
from 9 pm at 846°C to about 2-3 pm at 800°C. The
reason for this phenomena is the increasing of
Zener-Hollomon (Z) parameter with decreasing finish
rolling temperature [9,10]. In the microstructure of the
rolled specimen in the finish rolling temperature of
800°C, has been shown that the microstructure contains
mainly of ultrafine and coaxial Ferrite grains and a few
coarse pro-eutectoid Ferrite grains. Existence of ultrafine
Ferrite grains are due to transformation of work hardened
austenite to the Ferrite. Driving force of grain refinement
processes will be increased with decreasing of finish
rolling temperature which is due to increasing of stored
energy, so the final grains will be finer [8]. Existence of
pro-eutectoid Ferrite grains can be explained that the
deformation in the vicinity of the A , temperature and
high strain rate causes increasing of saved strain energy
on the deformed Austenite grain boundaries and consecutive
increasing of the Ferrite nucleation sites and increasing
the starting temperature of Austenite to Ferrite transformation.
So Ferrite nucleated on the Austenite grain boundaries
before reaching A , temperature. This phenomenon is
called Strain-Induced Transformation (SIT) [11,12].

Curves in Fig. 4 and Fig. 5 show vield and tensile
strength of the specimens respectively vs. finish rolling
temperature. As you can see; reducing finish rolling temperature,
significant increases in yield and tensile strength are
shown. The reason of this is the increase of Zener-
Hollomon parameter with decreasing of finish rolling
temperature and consequently decreasing of Ferrite
grain size. Achieving high yield and tensile strength in
the finish rolling temperature of 800°C is due to the ultrafine

grained microstructure in the steel.
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Fig. 4- The effect of finish rolling temperature on yield strength

of the samples
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Fig. 5- The effect of finish rolling temperature on tensile strength

of the samples

Analyzing Fig. 6 shows that increases in yield and tensile
strength with reducing finish rolling temperature,

accompanied with decreasing of the Elongation.
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Fig. 6- The effect of finish rolling temperature on elongation

of the samples

In Curves of Fig. 7 and Fig. 8 results of impact and hardness
tests are shown respectively. As it is shown, with decreasing
of finish rolling temperature, toughness and hardness of
specimens increase due to decrease of coaxial Ferrite
grain size. Achieving high toughness and hardness in the
finish rolling temperature of 800°C is due to the ultrafine

grained microstructure in the steel.
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Fig. 7- The effect of finish rolling temperature on impact energy

of the samples at -20°C
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800°C accompanied with fixing of other hot rolling
parameters. The Schedule for the performed rolling has
been shown in Table 2. After finishing the rolling process,
the specimens were immediately applied to the controlled
cooling operation by water spray and their temperatures
were reduced to about 500°C.

Samples are prepared for metallography, tension and
impact tests. To study the final microstructure, the
samples were polished then were etched by 2% Naytal
solution.

Ferrite grain size is determined with linear method
according to ASTM E112 standard. Tension and impact
tests were performed on the samples according to ASTM
A370 standard in order to investigate the mechanical
properties.

Microhardness of the samples was measured with 500gr
load according to Vickers.

Table 2- The rolling schedule was performed on samples

No. of passes | Entry thick (mm) | Exit thick (mm) | Reduction (%) | Draft (mm)
1 20 16 20 4
2 16 13 187 3
3 13 L] 30.7 4
4 9 7 222 z:
Results and Discussion

Results of the DSC are shown in Fig, 2. This test determined
critical temperature of T =970°C, A =790°C and
A =730 °C for the studied steel. Peaks located in low
temperature relate to spot defection removal and can be
neglected. But the reasons of existence of the peaks in
high temperatures are dislocation removal, transformation
and recrystallization [3].

6 % DSC /{mWimg)
+ ex
100.35 045
100.30 |
{
100.25 :‘o'm
100.20 10.05
5 000
1005
040
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1000
(e S

Fig. 2- Curve of DSC test

Fig. 3 shows the optical microscope images of the rolled
specimens at finish temperatures of 846, 823 and 800°C.
Main part of the microstructures is coaxial Ferrite

grains.

Fig. 3- Microstructures of the samples at three various finish

rolling temperatures a) 846, b) 823 and ¢) 800°C
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Introduction

In recent decades; production of microalloyed steels is
accounted as a significant advancement in the metallurgical
field. Annual production of these steels which have
appropriate properties such as strength, fexibility,
toughness, Formability and weldability provide high
percent of structural steels in the world market [1].
Development of construction in transmission pipeline
for oil and gas evolves the requirement of microalloyed
steels with higher strength and lower price. Increasing
of steel grade will reduce costs of pipe production and
implementing action [2]. API X70 steel is categorized in
the high strength microalloyed steels and is used as the
main steel in production of the transmission pipelines of
oil and gas, due to the mechanical strength. Production
process of these types of steels is the controlled rolling
operation which is a thermomechanical treatment. In
this operation, plastic deformation and phase transformation
are consecutively scheduled in such a way that act with
each other and produce a microalloyed steel with the
best properties [3.4]. An alloy having nature of phase
transformation or precipitation can be performed with
thermomechanical treatment [5].

The trend of development of X-series microalloyed steels is

shown in Fig. 1 [6].

AP grade

X 100 0.08 C 0.2 Mo TM + Acc.
MNbTI Cooling.
. gosc
NO T
X770
(o 12C ™ -
MNbV treatment
X 60
( 23%€ ot rotiea
X 52 and normalizoed

1965 1970 1975 1880 |9I65 1980 1985 2000

TM + Acc.
Cooling.

Fig. 1- Development of X-series microalloyed steels [6]

Overall technology of thermomechanical rolling includes:
1-Selection of appropriate chemical composition.
2-Preheating of the slab in order to compositional
Homogenization and solution of precipitations of microalloyed
elements.

3-Deformation in the recrystallization area.
4-Deformation in the non-recrystallization area (below
T, )

6-Controlled cooling in air or with water (Accelerated
Cooling (ACCQ)).

The purpose of the thermomechanical treatment is to
modify the microstructure for achieving the optimum
strength and toughness simultaneously. In each cycle of
thermomechanical treatment by controlling hot work
parameters such as temperature, strain rate and strain
value the optimized microstructure can be achieved
[7,8]. One of the most important of these parameters is
the finish rolling temperature. In this research, it has
been tried that with fixing other hot rolling parameters,
the Effect of finish rolling temperature for achieving an
ultrafine grained microstructure of API X70 steel are
studied by the experimental rolling operation. Rolling
process are designed in such a way that the rolling of the
specimens finished at 846, 823 and 800 °C.

Experimental

In this research, three specimens of API X70 steel are
used for experimental rolling to investigate the Effect of
finish rolling temperature on microstructure of the steel
for achieving an ultrafine grained microstructure. All
three specimens are prepared from the rolled steel plate.
Chemical composition of the studied specimens is shown
in Table 1.

Table 1- Chemical composition of steel used during research

El L3 Mn Si P 5 N Al Nb

Witta 0.08 148 (.19 | 0018 | 0.002 | 0.003 | 0.033 | 0.035

Elements Cr Mo B Co v Ni Ti

Witte 0.030 | 0.002 | 0.0002 | 0.004 | 0.044 | 0.010 | 0.022

Dimensions of the studied specimens were 20%100*200 mm.
the Preheating temperature of these steels is considered
1200°C according to the mathematical calculation and
analysis of the solution mechanism of the carbonaytrayd
precipitation of microalloyed element, by thermo-cale
software. Differential scanning calorimeter (DSC) test
was used for determination of Tnr, Ar3 and Arl of steel.
These specimens were rolled by the 2-Hi experimental
rolling stand with 1000 tons capacity. First steels were
preheated at 1200°C for 30-35 min. the rolling process
was done in four passes wherein specimen thicknesses
were reduced from 20mm to 7mm.

In order to investigate the Effect of finish rolling temperature,
the process was planned so that the rolling of the
specimens finished at three temperatures including 846, 823 and

AV 5/ Yo o




Production of Ultrafine Grained API X70 Steel with Controlled Rolling
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Abstract

Development of industries in recent years reveals the essential need to the microalloyed steels with high
strength and good ductility. Refinement of Ferrite grains by thermomechanical Treatment is the only lower cost
effective method to improve strength and toughness spontaneously in this type of steels. API X70 steel belongs to high
strength microalloyed steel group. The manufacturing process of this steel is controlled rolling which is a kind
of thermomechanical treatment and it is considered as a grain refining method. In this research, three
specimens of API X70 steel were experimentally rolled in order to achieve ultrafine grained microstructure.
Rolling operations are designed in such a way that the rolling of these specimens finished at 846, 823 and
800°C. Results of the experiments were analyzed by mechanical tests and microstructures observations. The
microstructure observations show that decreasing of finish rolling temperature causes decrease in Ferrite
grain size. Results also show that rolling of API X70 steel in the vicinity of Ar3 temperature and high strain
rates lead to ultrafine Ferrite grains in microstructure. This is due to the transformation of work hardened aus-
tenite to Ferrite. On the other side, Tensile and impact tests show that decreasing of finish rolling temperature

causes increasing in yield and tensile strength and also improves the toughness.

Keywords: API X70 steel, Ultrafine grained steel, Controlled rolling, Microstructure, Mechanical properties.
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NS

il Upper and lower surface temperature of slab, respectively
Vy Speed rate of roll
Vi Vi Circumferential speed of upper and lower roll, respectively
X Distance of rolled element from exit of roll gap
O 30 Distance of upper and lower rolled element from the exit of roll gap, respectively
Greek letters

Exir €y Critical equivalent strain of upper and lower surface of slab, respectively
Emaxy’ Emax, Maximum Equivalent strain of upper and lower surface of slab, respectively
Eng Equivalent strain of upper and lower surface of slab, respectively
Euw &l Equivalent strain rate of upper and lower surface of slab, respectively
s Upper and lower friction coefficient, respectively
a Stress at any element of the vertical side of roll gap
0w, Oy Stress at any upper and lower element of vertical side of roll gap, respectively
Oxs Oy, Txy Normal and shear stresses at any element of roll gap, respectively
T Mean shear stress at any element of the vertical side of roll gap
Tw Ty Shear stress at the upper and lower surface of roll gap, respectively
Ah Rolling draft
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Nomenclature

ay, q
4

Core. Total
C.V.

D

Degrees of freedom (D.F)

F

E,FyFast
Fp. Fz;

Fu R

h

hi, h,

hiu' hﬂ

o, by

k

k. Kk

L

Mean square
Model sum of squares
Model D.F
Model F-value
m

m,,m

Qu. @

PRESS

Pu» pt

Residual sum of squares

Residual D.F
RSM

RZ

Req

R, R

Std. Dev.
T
Ty

Material constant of upper and lower surface of slab, respectively

Temperature sensitivity of slab

The contrast sum of squared of the single examination versus the Comprehensive average of

Coeflicient of Variation
Work roll material constant
The number of separate attainable collations for estimation a parameter

Rolling force per width unit
Slab material constant

Material constant of upper and lower surface of slab, respectively
Material constant of upper and lower surface of slab, respectively
Variable slab thickness
Slab thickness in entrance and exit of roll gap, respectively
Upper and lower slab thickness in entrance and exit of roll gap, respectively
Upper and lower variable slab thickness, respectively
Mean yield shear stress of the slab
Upper and lower mean yield shear stress of the slab, respectively
Contact length of roll gap
The sum of squares divided to the degrees of freedom parallel to variance
Total of the sum of squares for the all of model terms
Generally it is equal to the sum of model terms minus 1
A trial for comparison of model versus residual variance
Strain rate dependent parameter of slab
Upper and lower friction factor, respectively
Upper and lower differential stress factor, respectively
Predicted Residual Error Sum of Squares
Upper and lower rolling pressure, respectively
The total of the sum of squares of the model terms not counting the model

Adjusted total degree of freedom minus the model one
Response surface methodology

Coefficient of determination

Equivalent roll radius

Upper and lower roll radius, respectively

Thickness reduction

Standard deviation

Slab temperature

Reference temperature
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Conclusions

In this work, based on the slab analysis method and
RSM’s design, an advanced analytical model for calculation
of TMR force is presented. In the present model, in addition
to imposing visco-plastic flow stress of the rolled material
(X70 and P265GH steel grades), the effects of rate dependent
and strain hardening condition on yield shear stress of
upper and lower surfaces of the rolled slab are investigated.
A new index of asymmetry (ARI) is introduced for the
rolling process. In comparison scenario, the ranges of
the calculated results of the rolling force in the present
model are higher than other models and have a good
agreement with experimental data. The outcome results
of the presented model are implied the following
concepts:

1. By imposing the strain hardening condition the positions
of neutral points are moved in the rolling exit direction.
2. Increasing of the rolling temperature and thickness
reduction per rolling passes reduces the dimension of
the ARI and leads to a reduction of the asymmetrical
rolling intensity.

3. The initial thickness has a minimum effect on the ARI
level and the speed rate roles as an intensifier of parameters'

effect on the ARL

4. The interaction of thickness reduction and initial
thickness increase the value of rolling force.

The combination of the high value of speed rate with the
low percent of thickness reduction lead to the restrict
arise of the ARI level.

Acknowledgment

This work has supported by the Khouzestan Oxin Steel
Co.(KOSC).

The authors sincerely appreciate the continuous cooperation
and encouragement of R&D management.

References

1. Aboutorabi A, Assempour A, Afrasiab H (2016)
Analytical approach for calculating the sheet output
curvature in asymmetrical rolling: In the case of roll axis
displacement as a new asymmetry factor. International
Journal of Mechanical Sciences 105:11-22

2. Kadkhodaei M, Salimi M, Poursina M (2007) Analysis of
asymmetrical sheet rolling by a genetic algorithm.
International journal of mechanical sciences 49
(5):622-634

3. Qwamizadeh M, Kadkhodaei M, Salimi M (2012)
Asymmetrical sheet rolling analysis and evaluation of
developed curvature. The International Journal of
Advanced Manufacturing Technology 61 (1-4):227-235
4. Hwang Y-M, Tzou G-Y (1995) An analytical approach
to asymmetrical hot-sheet rolling considering the effects
of the shear stress and internal moment at the roll gap.
Journal of materials processing technology 52 (2):399-424
5. Hwang Y, Tzou G (1995) Analysis of asymmetrical hot
strip rolling by the slab method. Journal of materials
engineering and performance 4 (3):265-274

6. Hwang Y-M, Tzou G-Y (1997) Analytical and
experimental study on asymmetrical sheet rolling.
International Journal of Mechanical Sciences 39
(3):289-303

7. Tzou G-Y (1999) Relationship between frictional
coefflicient and frictional factor in asymmetrical sheet
rolling. Journal of Materials Processing Technology 86
(1):271-277

8. Salimi M, Sassani F (2002) Modified slab analysis of
asymmetrical plate rolling. International Journal of
Mechanical Sciences 44 (9):1999-2023

9. Mousavi SA, Ebrahimi S, Madoliat R (2007) Three
dimensional numerical analyses of asymmetric rolling.
Journal of Materials Processing Technology 187:725-729
10. Gudur P, Salunkhe M, Dixit U (2008) A theoretical
study on the application of asymmetric rolling for the

——— | R




60

50 | V1/Vu=1.03
ap | £=15(%)

ARI (%)

600

Fig. 8 The interaction effects of parameters on the ARL

Fig. 8d shows the interaction effects of initial thickness
and reduction on the ARIL In constant speed rate with
an increase of the levels of reduction, the ARI range is
raised. But the variation of initial thickness has a negligible
effect on the ARI. In the high level of reduction, reduction of
the imposed moment on the vertical side of the deformation
zone leads to decrease the length of CSR and ARI,
consequently. The speed rate has a considerable effect
on the ARI, generally. Also, this parameter performs an
intensifier for the ARI in the rolling process.

As indicated in Fig. 9(a, b and ¢), increasing the parameters
of reduction, initial thickness and roll radii leads to
increase the pressure distribution, bending moment
onto the vertical sided of roll gape and friction stress,
respectively. Hence, the rolling force value arise, consequently.
Whereas, in this range of parameters, the roll radii has
negligible effect on the rolling force (Fig. 8c, e and f).
Furthermore, Speed rate and its interaction with roll
radii have an unnoticeable effect on the rolling force
(Fig. 9¢).

As the speed rate and the roll radii have a revers effect
on ARI (Fig. 8¢), the interaction of them neutralizes their
effects on the rolling force.

A considerable feature is shown in Fig. 9d where the interaction
of thickness reduction and  initial thickness increase the
value of rolling force, intensively.

The reason cause of this overlapping is the simultaneous
growth of shear stress and imposed moment on vertical
sides of the deformed region.

Also, as indicated in Fig. 9¢ the interaction effect of roll
radii and thickness reduction leads to intensify the
imposed friction stress onto vertical side of roll gap and

increase the rolling force, consequently.
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The adequacy of the ARI and rolling force models are
checked in Table 7.

Table 7 - The adequacy of the ARI and rolling force model.

. Value Value
Terms Tems
ARIL Force ARI Force
St Dev, 0.58 005 R 0.9988 T.0000
Mean 27.64 11.48 Adjusted R? 0.9976 1.0000
CV. % 209 013 Predicted R? 0.9930 0.9999
PRESS 26.84 0.01% Adequate Precision 115.416 R22.407

The high computed coefficient of the regression amount
reveals the precision performance of the obtained
model. In addition, the favorable values for the adjusted
coeflicient of regression and Adequate Precision in high
values (value > 4) demonstrate the adequacy of the
models[29].

3D graphs and interaction effects

The interaction effects of the studied parameters on the
ARI and rolling force are evaluated using the following
3D graphs. From Fig. 8, it is clear that ARI reduces with
an increase in thickness reduction and rises due to
increase of speed rate [30]. The combination of the low
amount of thickness reduction with the high value of
speed rate intensifies the rise of the ARI (Fig. 8a).
Because in low reduction, the presence of speed rate
increases the difference of bending moment in upper
and lower interface of the roll gap. Hence, in higher
values of thickness reduction and lower value of speed
rate, the amount of the ARI is at the lowest level. Also
the high level of thickness reduction compensates the
effects of speed rate when the initial thickness is constant.
Fig. 8b shows the interaction effects of initial thickness
and speed rate on the ARIL Regarding to this figure and
based on the presented ANOVA model terms given in
Table 6, the term of initial thickness has the lowest effect
on the ARI model and high values of the ARI is occurred
in high levels of speed rate. From Figures 8(c, ¢ and f), it
is found that the parameter of roll radii, initial thickness
and their interaction have minimum effect on ARIL
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The dictated analytical layout of the Box-Behnken
matrix and their factors' levels are introduced in
Table 4.

Table 4 - Analytical layout of the Box-Behnken matrix (material=X70;
rolling speed=2500 mm/s; mu=ml=0.57; Ru=RI=586.5 mm; T=1373K).

of quadratic model terms are given in Table 6. The
Model “P-value” less than 0.0001 demonstrates the precise
estimation of the models.

Table 5- Model Summery Stafistics of ARI and rolling force.

Sid. Dev, o) Adjusted R? Predicied B PRESS

Moded

ARl Fare AR Torce | ARI Force AR Foree ARl Force

Responses B
Parameters Parameters
Run {Analyticall)  Rum {Analytical)
No. r hy R AR force Mo, r hy R ARL  force
WiV Vv
) (mmy  (mm) (%) (kN) %6y (mump (%6 (kN)
T 103 15 150 515 27. 146 15 103 15 200 550 284 1204
20 15 IS0 S50 G 1S3 06 105 15 150 @00 400 1119
3 105 1 150 575 56. 69 17 Lo 10 100 575 35 1an
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Boles 15 oo 575 39 1182 b 105 15 200 575 416 40
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ANOVA analysis

The Box-Behnken design technique can evaluate
the interaction effects of variable parameters on response
function and estimate a regression model by
implementation of analysis of variance (ANOVA) [26].
The ANOVA is a precise method that by overall estimation of
variance of response function and evaluation of the
influence of each parameter on reactions, runs statistical
trials to reveal which variables have a major effect on
the test runs. When the “P-value” be less than 0.05, the
factor is taken into account that has a significant effect
on response function with confidential level of 95% [27].
In this study, ANOVA is used for identification of the
confidence level of parameter's effect on the ARL In
Table 5, the models summery statistics are given with
their regression terms and predicted residual error sum
of squares (PRESS). R2, Adjusted R2 and Predicted R2
are the criterion for determination of the range of
variation of response toward the mean value described
by the model; the number of predicted model's terms
correspond to the points in the design matrix and the
range of variation for new predicted results, respectively.
The definitions of other ANOVA terms are presented in
nomenclature. Regarding to Table §, The minimum
value of Predicted Residual Error Sum of Squares
(PRESS) and the maximum value of adjusted R2 and
predicted R2 is the most suitable model suggested by
ANOVA. Hence, this model is selected for analysis the
data[28]. The response surface model of the ARI and
rolling force and the contribution effect of parameters

on the model's terms are analyzed by ANOVA. The significance

Lingir 252 05 0S601  D9%G2 09535 09935 09376 OOM0 239 084
2F1 203 0077 0SB0G 09992 09609 09988 00361 09976 2449 033

Quadeatic 058 0015 (OUER  LODO 0.9976 10000 0593 09999 2684 (019  Suseesied

For ARI function, the comparison of parameters “F-value”
and contributions indicated that the speed rate with the
highest level of criteria's and the initial thickness with
the lowest ones have the major and minor influence on
the ARI, respectively [29]. In addition, interaction effect
of speed rate - reduction and reduction-roll radii have
the major and minor effect on the ARI, respectively.

Table 6 - ANOVA for quadratic model of the ARI and rolling force.

St ol Soquares Wcan Sopaare Fovalic Fvahie Conmbulon(¥a)
Source DE

ARL Foree ARI Fore ARl Fome  ARI Foce ARl Foree
Model 382726 0G4 14 17338 000 2129 4297983 < 00001 <0008

AN Vu 271984 96E3 271984 96E3  BITIOS 4139 <0000 <0000 7106 6E3

1

B (M) 95830 11365 1 B39 11365 IR4D.08  AEREsS <0000 <0000 2477 BLIS
Cehi fmm) 1066 24.68 1 10,66 2468 o dizd L06E+S  <O0000] <00001 027 1762
LR fmm 012 T 1 0.1 7 os? 500835 04625 <0001 dED 0
AH nas 25ES 1 TS ASES MM LA < 0,000] 080 202 23RS
AT 0Er  40E4 | 08 A0E4 246 L2 0139 0200 00 4Ed
Al 0014 15ES 1 a4 23ES DMl o 08382 MED Jod  2SES
BC 039 LEY] 1 03 03 Ly 167830 0,297 <0000 000 an
BD GAE3 o 1 GADE-3 034 DH