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EffEcts of thE coiling tEmpEraturE and anisotropy on thE tEnsilE propErtiEs of  
high-strEngth api X70 linEpipE stEEl

in this study, the effect of the coiling temperature on the tensile properties of aPi X70 linepipe steel plates is investigated 
in terms of the microstructure and related anisotropy. Two coiling temperatures are selected to control the microstructure and 
tensile properties. The aPi X70 linepipe steels consist mostly of ferritic microstructures such as polygonal ferrite, acicular ferrite, 
granular bainite, and pearlite irrespective of the coiling temperature. in order to evaluate the anisotropy in the tensile properties, 
tensile tests in various directions, in this case 0° (rolling direction), 30°, 45° (diagonal direction), 60°, and 90° (transverse direction) 
are conducted. as the higher coiling temperature, the larger amount of pearlite is formed, resulting in higher strength and better 
deformability. The steel has higher ductility and lower strength in the rolling direction than in the transverse direction due to the 
development of γ-fiber, particularly the {111}<112> texture.
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1. introduction

aPi (american Petroleum institute) linepipe steels are re-
quired to have relatively high strength so that they can effectively 
transport natural gas over long distances under high-pressures. 
Currently, API linepipe steels are increasingly expected to have 
good deformability characteristics, such as continuous yielding 
behavior, a low yield-to-tensile ratio, high uniform elongation, 
and a strain hardening exponent [1-9]. These characteristics are 
generally used to guarantee resistance to unexpected deformation 
caused by earthquakes, deep sea conditions, and discontinuous 
permafrost regions. however, aPi linepipe steel plates commonly 
show anisotropy of mechanical properties due to asymmetric 
deformation during hot rolling [10-12]. In the processes of UOE 
forming and electric resistance welding (eRw) when manufac-
turing final linepipe products, aPi linepipe steels are subjected 
to different types of deformation depending on the direction. in 
order to avoid non-uniform deformation and excessive stress in 
the design of linepipe steels, the anisotropy of aPi linepipe steels 
should be considered from the standpoint of structural integrity. on 
the other hand, recently produced high-strength aPi linepipe steels 
are often manufactured through a thermomechanical control pro-
cess (TMcP) involving controlled rolling and accelerated cooling 
process to satisfy required properties. During the TMCP, complex 

microstructures such as polygonal ferrite (PF), quasi-polygonal 
ferrite (QPF), granular bainitic ferrite (gB), bainitic ferrite (BF), 
and acicular ferrite (aF) are usually formed with variations in 
the rolling temperature and cooling rate. accordingly, it is diffi-
cult to measure the anisotropy of tensile properties in relation to 
the microstructure and to determine the correlation between the 
microstructure and the tensile properties [13-14]. For API X70 
linepipe steel plates fabricated with two coiling temperatures, 
therefore, the microstructure is characterized by oM, SeM, and 
eBSD, and the anisotropy of tensile properties such as the yield 
strength, tensile strength, uniform elongation, and strain harden-
ing exponent is discussed in terms of a crystallographic texture.

2. Experimental

The commercial aPi X70 grade linepipe steel plates used 
in this study have the chemical composition of Fe-0.05c-0.16Si-
1.1Mn-0.17cr-0.017Ti-0.056V (wt. %). The steel plate is fabri-
cated by TMcP, with the detailed processing conditions shown 
in Fig. 1(a). after the finish rolling, the steel plate is cooled and 
coiled at 570℃ and 630℃, respectively. For convenience, these 
steels are referred to as “cT 570” and “cT 630” according to the 
coiling temperature (cT). The final thickness of the steel plate 
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is 9.2 mm. The specimens obtained from the rolled steel plates 
are mechanically polished and etched using a 3% nital solution. 
The microstructures of the longitudinal-transverse (L-T) plane 
are observed by a scanning electron microscope (SeM, model; 
eVo10, carl Zeiss, germany). For more detailed microstructure 
characterization, an electron back-scattered diffraction (eBSD, 
model; Aztec, Oxford Instruments, UK) analysis is conducted 
after the specimens are polished using a suspension 0.04 μm 
colloidal silica particles. The acceleration voltage, working 
distance, and step size for the eBSD analysis are 15 kV, 11 mm, 
and 0.18 μm, respectively. The EBSD data is interpreted by Aztec 
Crystal analysis software (Oxford Instruments, UK). 

Fig. 1. Schematic illustration showing (a) the thermomechanical control 
process for the fabrication of the cT 570 and cT 630 steels and (b) the 
direction of the tensile test specimens

Sub-size plate tensile specimens with a gauge diameter of 
6.3 mm and gauge length of 25.0 mm are obtained from the rolled 
plates in the longitudinal direction. To evaluate the anisotropy 
of the cT 570 and cT 630 specimens, tensile test specimens are 
prepared in rolling directions of (0°), 30°, diagonal (45°), 60°, 
and in the transverse direction (90°) for the cT 570 steel and 
in the rolling direction of (0°) and in the transverse direction 
(90°) for the cT 630 steel, as shown in Fig. 1(b). Tensile tests 
are conducted using a 10-ton universal testing machine (model; 

uT-100e, MTDi, Korea) according to the aSTM e8 standard 
test method at room temperature with a crosshead speed of 
4.5 mm/min. Stress corresponding to 0.5% strain is determined 
to be the yield strength of the API linepipe steels [15].

3. results and discussion

Fig. 2(a) shows SeM micrographs and the eBSD analysis 
results for the cT 570 and cT 630 steels. as shown in SeM 
micrographs, both the CT 570 and CT 630 steels exhibit a com-
plex microstructure consisting of polygonal ferrite (PF), acicular 
ferrite (aF), and granular bainite (gB). The microstructures 
of aPi linepipe steels are usually classified according to their 
transformation behavior and morphological characteristic [16]. 
The PF has an equiaxed shape with high-angle grain bounda-
ries. also, the PF has relatively low strength due to its very low 
dislocation density as it transforms into a fully recrystallized 
phase at high temperatures and slow cooling rates [17]. The AF 
is characterized by being aligned with fine and irregular shape 
grains in random directions, as this type of ferrite is mostly 
nucleated in deformed austenite bands caused by severe rolling 
reduction in the non-recrystallized austenite region [18]. Mean-
while, gB contains a sub-grained structure with a large grain 
size and a coarse island-like martensite-austenite (Ma) constitu-
ent [19]. In the case of the CT 630 steel, pearlite is additionally 
formed, due to the relatively high coiling temperature. The PF 
and aF show a fine grain size, while the gB has coarse grains 
with many sub-grain boundaries in the cT 570 steel. in addition, 
the CT 570 steel exhibits the lower fraction of high-angle grain 
boundaries compared to the cT 630 steel because the lower coil-
ing temperature promotes the formation of microstructures that 
transform at a low temperature such as aF and gB (Fig. 2(b)).

The room-temperature engineering stress-strain curves of 
the cT 570 and cT 630 steels are shown in Figs. 3(a,b), and 
the tensile properties for an average of two or three samples 
per direction are summarized in TaBLe 1. The yield strength 
and tensile strength of the cT 570 and cT 630 steels meet the 

Fig. 2. (a) Scanning electron microscope (SeM) micrographs with marking constituent phases (PF: polygonal ferrite, aF: acicular ferrite, gB: granular 
bainite, and pearlite), inverse pole figure (iPF), and grain boundary (gB) maps with the high angle grain boundary (hagB) fractions of the cT 570 
and cT 630 steels, and (b) the distribution of grain boundary misorientation with the grain boundaries classified as the sub-grain boundary (Sub-
gB) and the low angle grain boundary (LagB) obtained from electron back-scattered diffraction (eBSD) analysis of the cT 570 and cT 630 steels
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aPi requirements for X70 (485 MPa minimum yield strength 
and 570 MPa minimum tensile strength) in all directions. The 
cT 570 and cT 630 steels in all directions show discontinuous 
yielding behavior because PF is the dominant microstructure in 
both steels [20-22]. The tensile test data for the CT 630 specimen 
indicate higher yield strength and tensile strength than the cT 
570 specimen at both 0° and 90°. with an increase in the coiling 
temperature, the yield strength increases by 5.7 MPa and 36.9 
MPa, and the tensile strength increases by 18.8 MPa and 18.7 
MPa in the 0° and 90° directions, respectively. The tensile strength 
of high-strength aPi linepipe steels is typically affected by hard 
constituent phases such as BF, Ma, and pearlite because many 
dislocations are generated around the grain boundaries between 
ferrite and the hard phase during deformation [23]. Thus, the yield 
strength and tensile strength of cT 630 steel are higher than those 
of cT 570 steel due to the formation of pearlite, a relatively hard 
microstructure, only in the cT 630 steel. comparing the uniform 
elongation at 0°, the cT 630 steel is higher because the fraction 
of PF increased due to the higher coiling temperature. Lee et al. 
[24] reported that uniform elongation increased with the fraction 
of PF in aPi linepipe steels. The yield strength, tensile strength, 

uniform elongation, and total elongation variations of the cT 570 
and cT 630 steels are shown in Figs. 3(c,d). From variations in the 
tensile properties results with the specimen direction (Fig. 3(c)), 
the yield and tensile strength of the cT 570 show relatively low 
values at 45° and 60°, with the highest at 90°. The uniform elonga-
tion and total elongation (Fig. 3(d)), in contrast to the strength, are 
higher than in the specimens rolled in the directions of 0° and 45°.

according to many studies, anisotropy of tensile properties 
is mainly observed in rolled steels, especially in body-centered 
cubic (Bcc) materials, and it has been reported to be closely 
related to texture [25]. In order to understand the anisotropy 
of tensile properties, therefore, it is important to determine the 
crystallographic texture and the ideal orientations, which can 
be observed during the rolling process. Fig. 4 presents a two-
dimensional contour map at φ2 = 45° section of the orientation 
distribution function (oDF) for the cT 570 steel with the main 
fibers and texture components in rolling. As a result of ODF 
analysis, the CT 570 presents a low level of α-fiber, whereas 
a high level of γ-fiber formed by recrystallization, particularly 
{111}<112> is found, unlike in general plates manufactured by 
TMcP. This is because the finish delivery temperature (FDT) of 

Fig. 3. (a) engineering stress-strain curves of the rolling and transverse directions for the cT 570 and cT 630 steels; (b) engineering stress-strain 
curves of the rolling direction (0°), 30°, diagonal (45°), 60°, and transverse (90°) direction for the cT 570 steel; (c) yield and tensile strength; 
and (d) uniform and total elongations for the cT 570 and cT 630 steels

TaBLe 1
Tensile properties in the rolling directions (0°), 30°, diagonal directions (45°), 60°, and transverse direction (90°) for the cT 570 steel  

and the rolling (0°) and transverse directions (90°) of the cT 630 steel

specimens
ct 570 ct 630

0° 30° 45° 60° 90° 0° 90°
yield strength (MPa) 550.0±7 551.2±11 524.9±6 528.4±8 560.1±6 555.7±14 597.0±8

Tensile strength (MPa) 607.4±2 603.0±2 588.1±1 592.2±2 630.4±9 626.2±10 649.1±2
uniform elongation (%) 14.9±0 14.1±1 15.0±2 15.8±1 13.1±0 16.6±0 14.7±1

Total elongation (%) 28.2±1 27.3±3 29.8±2 29.0±1 23.2±1 28.4±1 25.8±1
yield to tensile strength ratio 0.90±0 0.91±0 0.89±0 0.89±0 0.89±0 0.89±0 0.92±0

https://www.sciencedirect.com/science/article/pii/S0921509314004122#f0025
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the cT 570 is higher than the recrystallization temperature and the 
stress in the rolling process meets the driving force for recrystal-
lization [26]. Bakshi et al. [27] reported that {111}<112> oriented 
grains are formed in intercritical range after recrystallization 
and that they activate slip systems toward the rolling direction 
resulting in increasing elongation. Therefore, when it comes to 
the anisotropy of the tensile properties of the cT 570 steel, it can 
be concluded that {111}<112> oriented grains induce slip in the 
rolling direction easier, which results in higher ductility and lower 
strength in the rolling direction than in the transverse direction.

Fig. 4. Two-dimensional contour map at φ2 = 45° (φ1 = 0-90° and 
Φ = 0-90° section) of the orientation distribution function (ODF) from 
the electron back-scattered diffraction (eBSD) results for the cT 570 
steel, indicating the main textures of the steel plates manufactured by 
TMCP such as α-fiber and γ-fiber

4. conclusions

1. Low-temperature transformation microstructures such as 
aF and gB are more frequently observed in the cT 570 
steel with a lower coiling temperature, while pearlite is ad-
ditionally formed in the cT 630 steel due to its relatively 
high coiling temperature. 

2. The yield strength and tensile strength of the cT 630 steel 
are higher than those of the cT 570 steel due to the forma-
tion of pearlite in the cT 630 steel. The cT 630 steel also 
has relatively high uniform elongation because it contains 
a larger amount of PF, which is formed by higher coiling 
temperature.

3. The {111}<112> oriented grains formed by recrystalliza-
tion activate slip systems and create higher ductility with 
lower strength in the rolling direction than in the transverse 
direction.
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