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Abstract

Through continuous HOP (heating on-line partitioning) coiling technology, X80
pipeline steel acquired a (B+M/A) dual-phase microstructure and large defor-
mation capacity. The microstructural evolution behavior of (B+M/A) X80
pipeline steel under different coiling temperature conditions was investigated
via mechanical property testing, microstructural analysis, and X-ray diffraction
methods, and the influence of microstructure on mechanical properties was an-
alyzed. The results demonstrate that with increasing coiling temperature, the
bainite content and dislocation density decrease, while the retained austenite
content increases, leading to reduced material strength and enhanced ductility.
Under high coiling temperature conditions, carbide precipitation and retained
austenite decomposition are the microstructural factors responsible for increased
strength and decreased ductility. At a certain coiling temperature, the experi-
mental steel exhibits a low yield ratio, high uniform elongation, and high strain
hardening exponent, meeting the technical requirements for large-deformation
pipeline steel.
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Abstract

High deformability X80 pipeline steel with a microstructure composed of bainite
and martensite/austenite (B+M/A) can be obtained through the coiling contin-
uous partitioning process. The effect of coiling temperature on the microstruc-
ture evolution and mechanical performance of (B+M/A) X80 pipeline steel was
investigated using microscopic analysis, X-ray diffraction, and mechanical prop-
erty tests. The results show that as coiling temperature increases, the strength
of the steel decreases while ductility increases due to the reduced bainite con-
tent and dislocation density, as well as the increased retained austenite content.
At high coiling temperatures, both carbide precipitation and retained austen-
ite decomposition lead to increased strength and decreased plasticity. With an
appropriate coiling temperature, the produced steel with this (B+M/A) dual-
phase structure exhibits comprehensive mechanical properties including a low
yield-to-tensile strength ratio, high uniform elongation, and high strain hard-
ening index, meeting the technical requirements for high deformability pipeline
steel.

KEY WORDS metallic materials, (B+M/A) X80 pipeline steel with excel-
lent deformability, coiling continuous partitioning process, coiling temperature,
microstructure and properties

1. Introduction

With increasing demand for oil and natural gas, extraction and transportation
have gradually extended to remote and environmentally harsh regions. Long-
distance pipelines inevitably traverse geologically complex areas such as active
fault zones, earthquake-prone regions, permafrost zones, and loose loess areas.
Under the action of moving strata, pipelines can experience large deformation
failures such as buckling and ductile fracture due to external abnormal load
interference. To enhance the safety of long-distance pipeline systems under
large deformation conditions, a new research direction has emerged focusing
on a novel online partitioning process (Heating on-line partitioning, HOP) to
obtain a bainite + martensite/austenite (B+M/A) duplex microstructure, in
addition to ferrite + bainite (F+B) dual-phase steels.

HOP technology was developed by Japan’ s JFE Corporation in the early 21st
century. In this process, pipeline steel plate is accelerated-cooled to a temper-
ature within the bainite transformation range, where cooling is terminated to
retain some untransformed supercooled austenite. Online heating equipment
then reheats the material to a partitioning temperature for holding, allow-
ing carbon from the bainite to diffuse into the untransformed austenite. The
carbon-enriched supercooled austenite mostly remains untransformed during
subsequent cooling, with a small portion transforming to martensite, forming
fine and uniform M/A constituents. The resulting microstructure after HOP
treatment is (B+M/A). This duplex microstructure significantly reduces the
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yield-to-tensile ratio while markedly increasing uniform elongation and strain
hardening index compared to conventional pipeline steels, thereby meeting the
requirements for high deformability pipeline steel.

However, the HOP process requires heating equipment on the accelerated cool-
ing production line, increasing production difficulty and cost. To address this
limitation, a new coiling continuous HOP technology has recently been devel-
oped based on the isothermal HOP process. This approach utilizes the residual
heat during coil cooling for non-isothermal continuous partitioning, enabling
pipeline steel to obtain (B4+M/A) duplex microstructure and excellent plastic
deformation capacity. This study investigates X80 pipeline steel to explore
the principles of coiling continuous HOP technology, revealing the microstruc-
tural transformation patterns and performance characteristics under different
coiling temperatures, providing a foundation for microstructure control and
performance optimization of high deformability pipeline steel.

2. Experimental Materials and Methods

The experimental material was a microalloyed X80 pipeline steel with a thickness
of 18.4 mm. Its chemical composition is shown in . The measured bainite
transformation start temperature (Bs) was 690°C, and the finish temperature
(Bf) was 336°C.

The (B4+M/A) duplex microstructure was obtained through coiling continuous
HOP technology. As shown in [Figure 1: see original paper], after austenitiza-
tion at 920°C, the experimental steel was cooled at 30°C/s to different coiling
temperatures (380°C, 410°C, 440°C, 470°C, 500°C) between Bs and Bf, where
cooling was terminated to retain some untransformed supercooled austenite and
produce appropriate amounts of bainite and austenite. Subsequent slow cooling
at the coiling cooling rate (0.68°C/s) provided continuous partitioning treat-
ment. During this slow cooling process below the coiling temperature, carbon
from the bainite diffused into the austenite, enriching the untransformed austen-
ite with carbon to enhance its stability. Less stable austenite transformed to
martensite during continued cooling, while more stable austenite was retained
to room temperature, forming M /A constituents. Thus, the final microstructure
after coiling continuous HOP treatment was (B4+M/A) duplex structure. In this
process, coiling temperature is a critical parameter that serves both as the final
cooling temperature, determining the proportions of bainite and austenite be-
fore partitioning, and as the initial partitioning temperature, affecting the final
partitioning effect during continuous coil cooling. Unlike isothermal HOP where
final cooling and partitioning temperatures can be controlled independently, in
coiling continuous HOP both are controlled by the coiling temperature. Previ-
ous studies have demonstrated that the residual heat from coiling continuous
cooling is sufficient to ensure carbon diffusion from bainite to austenite, meeting
the requirements for forming (B+M/A) duplex microstructure during coiling.

Coiling continuous HOP experiments were conducted on a Gleeble-3500 thermal
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simulator using transverse specimens measuring $ $11 mm x 80 mm and 11 mm
x 11 mm x 60 mm, all taken from the mid-thickness of the plate. After HOP
treatment, specimens were machined into tensile specimens ($ $10 mm x 65
mm) and Charpy impact specimens (10 mm x 10 mm x 55 mm) for mechanical
testing. Tensile tests were performed on an MTS-880 universal testing machine
according to ASTM A370, while impact tests were conducted on a JBC-300
instrumented impact tester following ASTM E23.

Microstructural analysis specimens were ground, polished, and etched with 3%
nital solution for examination using a JSM-6390A scanning electron microscope.
TEM specimens were mechanically thinned to 50 m and twin-jet electropolished
in a solution of 10% perchloric acid + 90% acetic acid, then examined using a
JEM-200CX transmission electron microscope. Phase analysis was performed
using a DMAX 2500PC X-ray diffractometer (XRD) with Cu target, step size
of 0.02°, voltage of 40 V, current of 150 mA, scanning range of 40°-95°, speed
of 4°/min, precisely measuring diffraction angle 2 and integrated intensity I to
calculate retained austenite volume fraction according to GB/T 8362-87.

2. Results and Discussion

2.1 Strength and Ductility The stress-strain curves of X80 experimental
steel at different coiling temperatures are shown in [Figure 2: see original pa-
per]. All curves exhibit a round-house shape with smooth profiles and high
strain hardening tendency, indicating strong deformation strengthening capabil-
ity. A flat region near maximum load covers a large strain range, demonstrating
substantial uniform deformation capacity.

The strength and ductility variations after continuous HOP treatment at differ-
ent coiling temperatures are presented in [Figure 3: see original paper]. With
increasing coiling temperature, both yield strength and tensile strength gradu-
ally decrease, though tensile strength shows an increase at higher coiling tem-
peratures. Conversely, uniform elongation and total elongation increase with
coiling temperature, but total elongation decreases at higher temperatures.

The large deformation characteristic parameters of the experimental steel after
HOP treatment at different coiling temperatures are summarized in . At all
coiling temperatures, the yield ratio is below 0.80, uniform elongation exceeds
9%, and the strain hardening index is greater than 0.11, demonstrating excellent
plasticity levels that meet the technical requirements for high deformability
pipeline steel.

2.2 Impact Toughness The impact toughness test results for X80 steel af-
ter HOP treatment at different coiling temperatures are shown in [Figure 4:
see original paper]. As coiling temperature increases, impact toughness values
vary within only 2-5%, and all exceed 340 J across the temperature range, indi-
cating high toughness levels and demonstrating that online coiling partitioning
treatment has a positive effect on pipeline steel toughness.
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2.3 General Microstructural Characteristics SEM images of X80
pipeline steel microstructure after HOP at different coiling temperatures are
presented in [Figure 5: see original paper]. All specimens exhibit (B+M/A)
duplex microstructure, with dark gray bainite matrix and bright white M/A
constituents distributed within or between bainite regions. Since both final
cooling and partitioning temperatures are controlled by coiling temperature,
the proportions of bainite and M/A vary with processing conditions. At higher
coiling temperatures, carbide precipitation in the matrix becomes observable,
with more distinct carbide morphology visible at higher magnification, as
shown in [Figure 6: see original paper].

2.4 Detailed Microstructure and Its Effect on Properties The use of
residual heat from coil cooling for non-isothermal continuous partitioning pro-
duces a (B+M/A) duplex microstructure in X80 pipeline steel. Coiling temper-
ature characterizes and controls both the final cooling temperature for carbon
partitioning and the initial partitioning temperature. Therefore, coiling temper-
ature not only determines the amounts of bainite and austenite before partition-
ing but also influences the partitioning effectiveness during continuous cooling.
Additionally, changes in coiling temperature alter the morphology, substructure
of bainite and M /A, and the retained austenite within M /A, thereby affecting
mechanical properties.

2.4.1 Bainite The (B+M/A) duplex microstructure obtained through coiling
continuous HOP contains bainite whose morphology significantly influences me-
chanical properties. The effect of coiling temperature on bainite morphology is
shown in [Figure 7: see original paper]. At low coiling temperatures near the
bainite transformation finish temperature, bainite forms at lower temperatures,
resulting in fine bainite laths with multiple orientations. As coiling temper-
ature increases, the bainite transformation temperature rises, causing bainite
lath widening.

During coiling, the dislocation configuration in bainite also undergoes significant
changes, as shown in [Figure 8: see original paper]. Since bainite has a larger
specific volume than austenite, low coiling temperatures promote shear and
volume expansion that generate numerous mobile dislocations, forming dense
tangles within the matrix [Figure 8a: see original paper|. With increasing coil-
ing temperature, the higher transformation temperature and increased carbon
diffusion to untransformed austenite reduce carbon solubility in bainite, decreas-
ing dislocation density. At even higher coiling temperatures, the bainite matrix
undergoes tempering during slow cooling, with dislocation recovery forming cel-
lular structures that further reduce dislocation density [Figure 8b: see original
paper]. These changes—bainite lath widening and dislocation density reduction
—contribute to decreased steel strength with increasing coiling temperature.

The mechanical property variations are also affected by bainite content, which
increases with lower coiling temperatures, leading to higher strength and lower
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plasticity. Bainite content was measured using the grid point counting method
from GB/T 1547-2008 and Office software to quantify M/A constituent con-
tent, with results shown in . As coiling temperature increases, bainite content
decreases, causing strength reduction and plasticity improvement.

During coiling continuous HOP treatment, carbon partitioning and carbide pre-
cipitation reduce carbon content in the bainite matrix, decreasing solid solution
strengthening effects, reducing lattice distortion, and relieving transformation
stresses. This softening of the bainite matrix leads to gradually decreasing yield
strength with increasing coiling temperature [Figure 3: see original paper|, while
tensile strength shows an upward trend at higher coiling temperatures (470°C)
due to pronounced carbide precipitation [Figure 9: see original paper|. As a
microalloyed steel containing Nb, V, and Ti—strong carbide-forming elements—
fine and dispersed alloy carbides precipitate during high-temperature partition-
ing, enhancing dislocation pinning and providing precipitation strengthening
that increases strength. Further increasing coiling temperature causes carbide
coarsening, diminishing this strengthening effect.

2.4.2 M/A Constituent In the (B+M/A) duplex microstructure obtained
through coiling continuous HOP, the M/A constituent serves as an important
structural unit whose distribution, size, and content significantly influence me-
chanical properties. At different coiling temperatures, various M/A morpholo-
gies are distributed between bainite laths and prior austenite grain boundaries.
In SEM images, M/A islands appear bright white and blocky or granular [Fig-
ure 5: see original paper|, while TEM reveals black blocky, strip, and film mor-
phologies [Figure 10: see original paper]. [Figure 11: see original paper| shows
bright-field, dark-field images and selected-area electron diffraction patterns of
M/A at 440°C, with typical M/A sizes below 2 mm, beneficial for strength and
ductility improvement.

In (B+M/A) microstructure, bainite strength primarily affects yield strength,
while tensile strength depends on both bainite strength and M/A characteristics.
Under applied stress, soft bainite grains with favorable orientations slip first,
activating dislocation sources in adjacent grains or making sessile dislocations
mobile, producing initial yield extension. When dislocations encounter hard
M/A phases, stress concentrations in soft regions reach levels required for hard
phase deformation, causing M/A yielding and releasing stress concentrations in
soft regions. This delays necking formation and improves load-bearing capacity.
As a hard phase distributed in the matrix, M/A increases flow stress, enabling
sustained deformation even at high strain levels and maintaining high instan-
taneous n-values while increasing relative deformation before fracture, thereby
improving uniform elongation.

During partitioning at different coiling temperatures, M/A volume content
changes, as shown in [Figure 12: see original paper]|, increasing with coiling
temperature. Studies indicate that when M/A volume fraction exceeds 5%,
steel exhibits reduced yield ratio and good deformation performance.
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2.4.3 Retained Austenite In coiling continuous HOP, coiling temperature
controls both the final cooling temperature and initial partitioning tempera-
ture, thereby regulating retained austenite content in M/A. Based on online
coiling partitioning principles and parameter control, a certain amount of re-
tained austenite can be preserved to improve material plasticity.

TEM bright-field, dark-field images and diffraction patterns of retained austen-
ite at different coiling temperatures are shown in [Figure 13: see original pa-
per]-[Figure 15: see original paper]. At low coiling temperatures, the low final
cooling temperature produces more bainite and less untransformed austenite.
Meanwhile, the low initial partitioning temperature limits carbon diffusion from
bainite to austenite, resulting in low austenite stability. Consequently, low-
temperature coiling yields minimal retained austenite, mostly in thin film form
between bainite laths [Figure 13: see original paper]. As coiling temperature
increases, higher initial partitioning temperature and longer partitioning time
enhance carbon diffusion, allowing more carbon from bainite to diffuse into
untransformed austenite and increasing its stability. This increases retained
austenite content and widens austenite films between laths [Figure 14: see orig-
inal paper]. At sufficiently high coiling temperatures, high final cooling and
initial partitioning temperatures produce less bainite, while carbide precipita-
tion in the bainite matrix reduces available carbon for diffusion to austenite,
decreasing retained austenite content [Figure 15: see original paper].

Quantitative XRD analysis of retained austenite is shown in [Figure 16: see orig-
inal paper]. Typical diffraction peaks and the content variation curve demon-
strate that retained austenite content first increases then decreases with coiling
temperature, showing a peak distribution consistent with TEM observations.

In (B+M/A) pipeline steel, retained austenite significantly affects plasticity. As
a face-centered cubic structure with 12 easy slip systems, austenite can activate
multiple slip systems to deform with the matrix during deformation, coordinat-
ing grain deformation and improving plasticity. Retained austenite distributed
between bainite laths separates bainite domains, refining effective grain size
and hindering crack propagation. Additionally, transformation-induced plastic-
ity occurs as retained austenite transforms to martensite under increasing stress,
further improving ductility. This strengthening effect enhances with increasing
retained austenite content. The variation of retained austenite content with
coiling temperature—first increasing then decreasing—correlates well with the
plasticity trend shown in [Figure 3: see original paper].

3. Conclusions

1. Through coiling continuous HOP treatment, the experimental X80 steel
obtained a (B4+M/A) duplex microstructure.

2. With increasing coiling temperature, tensile strength and yield strength
gradually decreased, while total elongation and uniform elongation in-
creased. At higher coiling temperatures, tensile strength increased and
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total elongation decreased.

As coiling temperature increased, decreased bainite content and dislo-
cation density and increased retained austenite content led to reduced
strength and increased plasticity.

At high coiling temperatures, carbide precipitation and reduced retained
austenite content caused strength increase and plasticity reduction.

At various coiling temperatures, the experimental steel exhibited low yield
ratio, high uniform elongation, and high strain hardening index, meeting
the technical requirements for high deformability pipeline steel.

References

1.

Nobuyuki Ishikawa, Mitsuhiro Okatsu, Ryuji Muraoka, Joe Kondo, Ma-
terial development and strain capacity of grade X100 high strain linepipe
produced by heat treatment online process, in: Proceedings of IPC2008
7th International Pipeline Conference, edited by ASME (Calgary, Alberta,
Canada, 2008) p.1-8

. Nobuyuki Ishikaka, Mitsuhiro Okatau, Shigeru Endo, Joe Kondo, Design

concept and production of high deformability linepipe, in: Proceedings of
IPC2006 6th International Pipeline Conference, edited by ASME (Calgary,
Alberta, Canada, 2006) p.2.

. Toyohisa Shinmiya, Nobuyuki Ishikawa, Mitsuhiro Okatsu, Shigeru Endo,

Nobuo Shikanai, Joe Kondo, Development of high deformability linepipe
with resistance to strain-aged hardening by heat, in: Proceedings of the
Sixteenth International Offshore and Polar Engineering Conference, edited
by the International Society of Offshore and Polar Engineers (ISOPE)
(Lisbon, Portugal, 2007), p.2963

. Mitsuhiro Okatsu, Toyohisa Shinmiya, Nobuyuki Ishikawa, Shigeru Endo,

Joe kondo, Development of high strength linepipe with excellent deforma-
bility, in: ASME 2005 24th International Conference on Offshore Mechan-
ics and Arctic Engineering (Halkidiki, Greece, 2006) p.170-176

. Ryuji Muraoka, Joe Kondo, Production of grade X80 high strain linepipes

for seismic region application, in: Proceedings of the 8th International
Pipeline Conference (Calgary, Alberta, Canada, 2010) p. 56

. G. A. Thomas J. G. Speer, D. K. Matlock, Quenched and partitioned

microstructures produced via Gleeble simulations of hot-strip mill cooling
practices, Metallurgical and Materials Transactions A, 42A, 3652(2011)

. G. John, E. Speer, D.E. Moor, K.O. Findley, D.K. Matlock, B.C. DE.

Cooman, D.V. Edmonds, Analysis of microstructure evolution in quench-
ing and partitioning automotive sheet steel, Metallurgical and Materials
Transactions A, 42A, 3591(2011)

chinarxiv.org/items/chinaxiv-202303.00318 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00318

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

ChinaRxiv [$X]

. GAO Huilin, ZHANG Xiaoyong, Research and development of large de-

formability pipeline steels, Welded Pipe and Tube, 37(4), 14 (2014)

. M. J. Santofimia, L. Zhao, J. Sietsma, Microstructural evolution of a low-

carbon steel during application of quenching and partitioning heat treat-
ments after partial austenitization, Metallurgical and Materials Transac-
tions A, 40, 46(2009)

Jianjun Wang, Guipeng Jiao, Yandong Liu, Chunming Liu, Influence of
quenching and partitioning process on microstructure and properties of
a C-Si-Mn steel, Transactions of Materials and Heat Treatment, 34(3),
105(2013)

GAO Huilin, Pipeline and Pipeline Steel (Beijing, China Petrochemical
Press, 2012) p.8

FENG Yaorong, GAO Huilin, HUO Chunyong, Analysis and Identification
of Microstructure of Pipeline Steel (Xi’an, Shaanxi Science and Technology
Press, 2012) p.25-110

YU Qingbo, SUN Ying, NI Hongxin, ZHANG Kaifeng, Effect of different
bainitic microstructures on the mechanical properties of low-carbon steel,
Journal of Mechanical Engineering, 45(12), 286 (2009)

SHANG Chengjia, YANG Shanwu, WANG Xuemin, HOU Huaxing, YU
Gongli, WANG Wenzhong, Microstructure and mechanical properties of
low carbon bainitic steel, Iron and Steel, 40(4), 59 (2005)

HAO Shiying, GAO Huilin, YAN Kaijuan, ZHANG Xiaoyong, JI
Lingkang, LI Weiwei, Microstructure and mechanical properties of
X80 pipeline steel with excellent deformability, Journal of Materials
Engineering, (3), 65(2012)

TONG Ke, ZHUANG Chuanjing, LIU Qiang, HAN Xinli, ZHU Lixia, HE
Xiaodong, Microstructure characteristics of M/A islands in high grade
pipeline steel and its effect on mechanical properties, Materials for Me-
chanical Engineering, 35(2), 4(2011)

ZENG Ming, HU Shuiping, ZHAO Zhengzhi, JIANG Haitao, WANG Zhe,
Effects of process parameters on martensite-austenite island and mechani-
cal properties of pipeline steel X100, Materials for Mechanical Engineering,
35(12), 29(2011)

REN Yonggiang, SHANG Chengjia, ZHANG Hongwei, YUAN Shengfu,
CHEN Erhu, Effect of retained austenite on toughness and plasticity of
0.23C-1.9Mn-1.6Si steel, Chinese Journal of Materials Research, 28(4),
274(2014)

WANG Ying, ZHANG Ke, GUO Zhenghong, CHEN Nailu, RONG
Yonghua, A new effect of retained austenite on ductility enhancement of
low carbon Q-P-T Steel, Acta Metallurgical Sinica, 48(6), 641(2012)

chinarxiv.org/items/chinaxiv-202303.00318 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00318

ChinaRxiv [$X]

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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