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EffEct of cooling RatEs and intERmEdiatE slab blank thicknEss on thE micRostRuctuRE  
and mEchanical PRoPERtiEs of thE X70 PiPElinE stEEl 

in this study, the microstructures and mechanical properties of X70 pipeline steels produced with varying Mo contents, ac-
celerated cooling rate and intermediate slab blank thickness are systematically investigated. Results showed that the microstructures 
and mechanical properties of the X70 pipeline steels were strongly affected by Mo addition. The pearlite and proeutectoid ferrite 
formation is obviously inhibited in containing-Mo steel and the acicular ferrite (af) is obtained in a wide range of cooling rates. 
With the increasing the cooling rates, the af constituent amount increases. The grains can be refined by increasing the thickness of 
intermediate slab for enhancing the cumulative reduction rates, and meanwhile increase the number density of precipitates. it was 
proved by simulation and industrial trials that the low-alloy X70 pipeline steels can be produced increasing cooling rates and the 
thickness of intermediate slab without strength and toughness degradation which also reduce alloy cost.

Keywords: cooling rate; microstructure; pipe steel; acicular ferrite; low-alloy

1. introduction

Pipeline steels used to transport oil or gas are critical due 
to continually growing demand in energy. The transmission 
environment is becoming complicated and the delivery pressure 
is increasing. in modern pipeline design standard, high strength 
and good toughness are the most common requirements for high 
level pipeline steels (X70-X100 grades) in order to improve the 
transportation efficiency [1-6]. High strength means cost reduc-
tions by decreasing the plate thickness and production costs 
which seems to enhance transportation efficiency [7,8]. under 
the condition of reduced toughness, the improvements in strength 
are easy to achieve, while toughness is an imperative property 
to ensure the safety of service, especially operate in extreme 
environmental such as earthquake-prone areas [9,10]. in order 
to improve the strength and toughness of the pipeline steels, the 
design of composition together with suitable thermo-mechanical 
controlled processing (TMCP) achieve the ideal microstructures, 
and through them enhancing mechanical properties [11-13]. 
in order to obtain the properties requirements, the traditional 
high-grade pipeline steels need more expensive microalloying 
elements additions (ni, Mo, nb and Ti) for promoting the acicu-
lar ferrite and bainite formation, and precipitation strengthening 

[14,15]. However, the alloys Mo, ni are very expensive, and the 
addition of these microalloying elements will obviously increase 
the production cost. 

it is well understood that TMCP parameters are the main 
manufacturing technology in controlling the mechanical 
properties of high-grade pipeline steels. The properties are 
mainly dependent on the chemical composition, slab heating 
temperatures, reduction ratio in the different rolling regions, 
rolling temperatures and the cooling rate et al. [14-20]. These 
parameters strongly affect the microstructure evolution and 
mechanical properties. Some groups have found that different 
levels of Mo addition had a remarkable effect on the micro-
structures and mechanical properties of the X80 grade pipeline 
steels [21]. The appropriate microstructure for low carbon high 
strength steels are formed at low transformation temperatures as 
non-equilibrium, non-equiaxed structures like very low carbon 
acicular ferrite which contain high dislocation densities and 
precipitates for achieving an optimum combination of strength 
and high toughness [22-24]. Compared to a microstructure of 
polygonal ferrite, acicular ferrite contains higher density of dis-
locations and sub-boundaries, which is beneficial to the strength 
and toughness [16]. acicular ferrite is usually composed of 
nonparallel ferrite laths with high number density of dispersed 
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precipitation of  carbonitrides. The acicular ferrite provides a 
continuous yielding phenomenon and rapid work hardening 
during the fabrication pipes [22,24-26]. up to now, the acicular 
ferrite forms through a mixed diffusion or shear mechanism dur-
ing continuous cooling after hot rolling. The temperature range 
slightly is above bainite and usually nucleates on dislocations or 
other defects within the grains. in pipeline steels, an increase in 
the amount of finish rolling in the austenite non-recrystallization 
región during deformation increases the volume fraction of 
acicular ferrite after cooling at the expense of bainitic and fer-
rite [22,25-27]. The total deformation degree of roughing and 
especially the final deformation passes have a great influence 
on the toughness and strength. 

up to now, the mechanical properties of alloy reduction can 
be improved by using ultra fast cooling process on the new gen-
eration thermo-mechanical-controlled processing (ng-TMCP) 
[21]. However, it needs extra investment in the equipment aspects. 
We can make full use of the advantage of precipitates strength-
ening, grain refinement and optimize the rolling parameters for 
solving this problem. in addition, the effect of intermediate slab 
blank thickness on the microstructure of X70 grade pipe steels 
require further systematically investigation. 

Therefore, the goal of the present work was to investigate 
the microstructure of X70 pipeline steels with different Mo 
contents and cooling rates in the laboratory. on the other hand, 
the evolution of precipitation states, grain characteristic and 
mechanical properties with different intermediate slab blank 
thickness are also described in this paper. on the basis of above 
research, the effect of cooling rates intermediate slab blank 
thickness on alloy cost reduction X70 pipe steels was verified 
by an industrial trial. 

2. Experimental

The investigated steels were industrial aPi 5L X70 type 
pipeline steels containing different levels of Mo. The actual 
chemical compositions are shown in TaBLe 1. The minor dif-
ference for the steels is the Mo contents. The cylindrical com-
pression samples of 15 mm in height and 8 mm in diameter were 
fabricated from the billet. Thermo-mechanical processing simu-
lations were isothermally compressed on a thermal-mechanical 
simulator gleeble-3800. Specimens were heated to 1200°C at the 
rate of 10°C/s and then kept for 300s to homogenize the micro-
structure, and then cooled to 860°C and held for 30s to eliminate 
the thermal gradient before the compression tests. The true strain 
was 0.4 and the deformation rate was 10s–1. after compression, 
the specimens were cooled to room temperature at different rates 
(1, 5, 10, 15, 20, and 30°C/s). The thermal simulation procedure 
on the specimens is shown in fig. 1. an overall intermediate slab 
blank thickness effect was expected by rolling with a high roll-
ing reduction ratio (over 75%) in the non-recrystallized region 
of austenite after austenitization at 1120°C in X70M pipeline 
steel. The intermediate slab blank thickness was 50 mm, 60 mm 
and 70 mm, respectively. Rolling was finished in the range of 

ar3+60°C, which were the temperature of austenite single phase 
region, to produce two steel plates. The accelerated cooling exit 
temperature was 400°C with the cooling rate 15°C/s.

TaBLe 1

Chemical composition of the X70 pipeline steels  
with different Mo contents (wt%)

steel c si mn P s cr nb ti mo
ST1 0.054 0.23 1.62 0.012 0.008 0.20 0.05 0.015 0
ST2 0.053 0.23 1.63 0.011 0.008 0.19 0.05 0.015 0.04
ST3 0.053 0.22 1.62 0.012 0.008 0.19 0.05 0.014 0.08
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fig. 1. Thermal simulation procedure of the X70 pipeline steel

The deformed specimens in different status for microstruc-
ture characterization were cut parallel to the compression axis 
at geometric center or the middle of plates along transverse 
direction with full thickness. Specimens for optical and scanning 
electron microscopy (SeM) observations were mechanically 
polished and etched in a 4% nital solution. The microstructure 
evolution in X70 pipeline steel with different intermediate slab 
blank thickness was determined using by electron backscattered 
diffraction (EBSD) with a step size of 0.8 μm and transmis-
sion electron microscopy (TeM). The eBSD specimens were 
mechanical polished and then electro-polished by electrolytic 
polishing with 10%HClo4+90%ethanol solution in order to 
remove the deformation layer introduced during mechanical 
milling. TeM specimens were prepared by using the extraction 
replica technique. The precipitates extracted from ϕ3 mm disks 
of the X70 pipeline steels were retrieved in a thin carbon film. 
The procedures for the preparation are as follows: ϕ3 mm disks 
mechanically polished were pre-etched in a dilute acid solution 
(10%HClo4+90%ethanol) for 5 min. The chemically etched 
surfaces were then coated with an amorphous carbon film to a 
thickness of about 1200Å, and subsequently chemically etched 
again in a similar acid solution to make the separation of carbon 
films from the substrate of the steel disks. The floating carbon 
films, after cleaned carefully in an ethanol solution, were finally 
retrieved on some ϕ3 mm copper meshes. 

The tensile specimens were cut from the rolled plates in 
the transverse direction. The dimension of tensile specimens is 
12.7 mm in diameter and 50.8 mm in length. Tensile tests were 



651

conducted at room temperature at a cross-head speed of 5 mm/
min. The drop weight tear test (DWTT) specimens were ma-
chined into the dimensions of 75×22×305 mm3 (T-L). The DWTT 
test temperatures were performed at –15°C. full size Charpy 
impact specimens were machined from the hot-rolled plates in 
the transverse direction with their notch parallel to the rolling 
direction (T-L), and impact tests were performed at –20°C.

3. Results

3.1. microstructures evolution with different  
cooling rates

fig. 2 shows oM in the ST1 specimen without Mo addition 
cooled at different rates. When the cooling rate was less than 
15°C/s, the microstructures were composed of polygonal ferrite 

(Pf) and pearlite (P). as the cooling rate increased, polygonal 
ferrite content decreased, and the acicular ferrite content in-
creased. When the cooling rate increased to 20°C/s, the polygo-
nal ferrite transformation was reduced and acicular ferrite and 
bainite became the dominant feature. When the cooling rate was 
further increased, microstructures became more refined. after 
the continuous cooling simulation was completed, the collected 
expansion-temperature curves were plotted to determine phase 
transition points. 

fig. 3 shows the optical micrographs (oM) of the ST2 
specimen cooled at different rates. it can be seen that when the 
cooling rate was less than 10°C/s, the microstructures were mainly 
composed of polygonal ferrite and pearlite. When the cooling 
rate was larger than 20°C/s, the acicular ferrite (af) and granular 
bainite (gB) was the dominant microstructure component with 
the increasing cooling rate. fig. 4 shows the optical micrographs 
(oM) of the ST3 specimen cooled at different rates. it can be seen 
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fig. 2. optical micrographs in the ST1 specimen cooled at different rates. (a) 1°C/s, (b) 5°C/s, (c) 10°C/s, (d) 15°C/s, (e) 20°C/s, (f) 30°C/s
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that when the cooling rate was less than 5°C/s, the microstructures 
were mainly composed of polygonal ferrite and pearlite. When the 
cooling rate was larger than 15°C/s, the acicular ferrite (af) and 
bainite was the dominant microstructure component with the in-
creasing cooling rate. When the cooling rate was further increased 
to 30°C/s, the large quantity of granular bainite microstructures 
became the dominant microstructure. The measured ar3 is 895°C, 
898°C and 903°C with the increasing the Mo content according 
to the calculation following equations ar3 = 937.2–436.5C+  
56Si–19.7Mn+4.9Cr+38.1Mo+ 136.3Ti–19.1nb [28]. it can be 
inferred that the Mo addition could improve the stability of aus-
tenite and hinder the formation of proeutectoid ferrite (polygonal 
ferrite) and pearlite. Therefore, acicular ferrite was obtained over 
a wide range of cooling rates. However, polygonal ferrite was 
formed over a wider range of cooling rates and pearlite was also 
formed at lower cooling rates in the ST1 specimen.

3.2. Effect of the intermediate slab blank thickness  
on the microstructures and mechanical properties

fig. 5 shows the results of metallographic analysis obtained 
by SeM. it is demonstrated, that the intermediate slab blank 
thickness of 50 mm provides microstructure, consisting mainly 
of quasi polygonal ferrite and small amount globular bainite 
(gB). With the increasing the intermediate slab blank thick-
ness, the microstructure mainly consist of af and gB. Due to 
this, microstructure gets more refined. These effects were also 
observed in similar studies [22].

fig. 6a and b shows the grain boundaries maps for ST3 
specimens with different intermediate slab blank thickness. 
it can be seen that very similar results were obtained from SeM 
results. in addition, there were high densities of HagBs (red 
lines) in the af; in contrast, it was few in Pf. With the increase 
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fig. 3. optical micrographs in the ST2 specimen cooled at different rates. (a) 1°C/s, (b) 5°C/s, (c) 10°C/s, (d) 15°C/s, (e) 20°C/s, (f) 30°C/s
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in intermediate slab blank thickness, the content of af varied 
significantly. in the 60 mm thickness, Pf was dominant with 
less BF (≈35% in volume fraction). In the 70 mm thickness, the 
content of af was greatly to 60% at the expense of Pf. fig. 6c 
shows the histogram of misorientations with different intermedi-
ate slab blank thickness in the specimens. in the 60 mm thickness, 
the proportion of HagBs (black lines) was about 38% and the 
average grain size was 7.35 μm. In the 70 mm thickness, the 
proportion of HagBs increased to 68%, whereas the average 
grain size decreased to 3.78 μm. The finer grain size and higher 
fraction of HagBs can strongly hinder the fracture propagation 
and decrease the ductile-brittle transition temperature.

The morphologies of the extracted precipitates formed at 
different intermediate slab blank thickness are shown in fig. 7a 
and b. The increase in the intermediate slab blank thickness has 
a great effect on the average size and number density of pre-

cipitates. These led to a decrease in the frequency of the largest 
precipitates (>20 nm) and an increase in the frequency of the 
smallest precipitates (<20 nm). The average size is 18.2 nm 
and 13.1 nm in the intermediate slab blank thickness of 60 nm 
and 70 nm, respectively. High resolution transmission electron 
microscope (HRTeM) imaging was performed to identify the 
crystal structure of these precipitates in the 70 mm intermediate 
slab blank thickness with different size. according to the statistic 
results of HRTeM analyses, HRTeM and its ffT filtered image 
was performed to determine the crystalline structure of these big 
precipitates (diameter, 60 nm), as shown in fig. 8. The lattice 
structure of these precipitates from the image is in good agree-
ment with cubic structure Ti2n with zone axis of [0 1 0]. The 
two measured atomic planes are indexed as (0 0 4) and (2 0 0), 
respectively. fig. 9 shows an HRTeM lattice image of these 
small precipitates (diameter, 15nm), its fast fourier transform 
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fig. 4. optical micrographs in the ST3 specimen cooled at different rates. (a) 1°C/s, (b) 5°C/s, (c) 10°C/s, (d) 15°C/s, (e) 20°C/s, (f) 30°C/s
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fig. 5. effect of intermediate billet thickness on microstructure of X70M pipeline steel. (a) 50 mm, (b) 60 mm, (c) 70 mm
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fig. 6. grain boundary maps with different intermediate billet thickness (LagBs 2-15° and HagBs >15° indicated by red and black lines). (a) 
60 mm, (b) 70 mm, (c) Histogram of misorientation
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(ffT) image and ffT filtered image with an incident electron 
is parallel to the [0 1 –1] zone axis. Two measured atomic plane 
distances are 2.55Å and 2.21Å with an angle of 56°. This result 
is in good agreement with the cubic structure nbC. 

The measured mechanical properties with different inter-
mediate slab blank thickness are shown in TaBLe 2. it is seen 
that different intermediate slab blank thickness has a strong ef-
fect on the mechanical properties. it can be concluded that the 
refinement of grain and precipitates could improve mechanical 
properties with increasing the intermediate slab blank thickness, 
which satisfied the requirements of X70 pipeline steel.

TaBLe 2

Comparasion of mechanical properties obtained with different  
intermidiate slab thickness of X70 pipeline steels

intermediate 
slab blank 
thickness 

/mm

Rp0.2
/mPa

Rm
/mPa

–15℃Akv2
/J –15℃DWTT%

50 486 572 201 85
60 503 588 213 88
70 528 612 245 92

Standard 485-635 570-760 ≥150 ≥85

(b)(a) 

200 nm 200 nm

fig. 7. Morphologies of precipitates with different intermediate billet thickness. (a) 60 mm, (b) 70 mm
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fig. 8. TeM analysis of Ti2n precipitates. (a) Bright field, (b) HRTeM images of precipitates, (c) ffT diagram of the micrographs in (b), (d) 
ffT filtered images derived from the images (b)
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fig. 9. TeM analysis of nbC precipitates. (a) Bright field, (b) HRTeM images of precipitates, (c) ffT diagram of the micrographs in (b), (d) 
ffT filtered images derived from the images (b)
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4. discussion

4.1. Effect of mo on the microstructures

By comparing microstructures (fig. 2-fig. 4) in the X70 
pipeline steel with different Mo contents, it was found that Mo 
addition could expand the region of af formation regions and 
hinder the formation of proeutectoid ferrite (polygonal ferrite) 
and pearlite at low cooling rate. owing to the scientific research 
and save the production cost, several groups have carried out on 
the effect of Mo addition on the γ-α transformation [29]. The 
formation of proeutectoid ferrite were postponed and suppressed 
by Mo addition. at immediate temperatures, the steels with Mo 
addition own a deep bay [30]. The above phenomenons are may 
attributed to the segregation of Mo atoms at γ/α boundaries. 
The boundaries collect large quantity of Mo atoms during the 
transformation. as a result, Mo atoms experience an impurity 
drag or solute drag [31,32]. The Mo elemental accumulated at γ/α 
boundaries below the TTT-diagram bay could be reduced by de-
formation due to the solute drag effect [33]. af is an intermediate 
temperature-transformed phase, which also called intragranularly 
nucleated bainite [34]. Therefore, the formation of proeutectoid 
ferrite was suppressed due Mo addition by promoting the forma-
tion of af and bainite. otherwise, the nucleation and growth rate 
of the pearlite were also affected by Mo addition [35]. The Mo 
elemental addition strongly inhibits pearlite formation. on the 
contrary, the pearlite reaction only occurred when the austenite 
was refined and severely deformed [33]. Base on the above 
analysis, in order to ensure the properties of X70 pipeline steel 
without Mo addition, the cooling rate should be increased by 
avoiding the formation of proeutectoid ferrite (polygonal ferrite) 
and pearlite areas. otherwise, al deoxidation is used in pipeline 
steel. Some specific al2o3 non-metallic inclusions could promote 
af nucleation at these non-metallic inclusions [34].

4.2. Effect of intermediate slab blank thickness  
on the microstructures

By comparing microstructures (fig. 5, 6 and 7) and me-
hchaical properties (TaBLe 2) in the ST3 specimen, it can be 
seen that strength and toughness values are the function of the 
intermediate slab blank thickness. Thus, with the increasing of 
the intermediate slab blank thickness, the tensile strength, Charpy 
V-notch impact energy and DWTT values increases. This effect 
is associated with refinement of grain size and increased content 
of af. Moreover, its precipitates and grain size become finer and 
the number density of precipitates are higher. This is because 
of the high stored energy introduced by increasing the cumula-
tive reduction rates that led to the decreased activation energy 
for nucleation and increased driving force for precipitation in 
addition to the increased diffusion rate of the microalloying ele-
ments in the strained austenite due to the formation of a larger 
amount of af. The strain-induced nb(C, n) precipitation exist 
in the pipeline steels. The nb(C, n) precipitated in austenite, 

which impedes the growth of the recrystallization of austenite 
grains. it promotes austenite grain refinement. otherwise, it also 
increases the dislocation density of austenite, which is beneficial 
for the formation of sub-grain boundary of the deformed austenite 
[2]. in addition to the prior austenite grain boundaries, the new 
introduced subgrain boundaries and dislocations as a result of de-
formation led to the increasing nucleation sites and the kinetics of 
precipitation through pipe diffusion along with dislocation core 
[35]. Similar results were also obtained in in the nb-Ti-bearing 
high-strength low-alloy steel [36]. The precipitation kinetics in 
this low-alloy steel is accelerated in deformed austenite com-
pared with undeformed austenite and becomes more significant 
with the decreasing deformation temperature. 

The precipitates formed in the deformed austenite were also 
finer than those formed in the undeformed austenite. The finer 
precipitates lead to a increase in the grain boundary pinning ef-
fect, and refine the grain size. This increases the grain boundary 
pinning effect, thereby retaining a finer recrystallized austenite 
grain size at this stage of the forging process. as far as grain 
size was concerned, it decreased significantly with the increas-
ing the cumulative reduction rates. The formation temperature 
of af was higher, and the misorientation between different af 
and bainite was big. Thus, it was rather to form higher ratio of 
HagBs than origin LagBs. in the industry production, The 
two principles of conventional-accelerated continuous cooling 
(aCC) still insist on the conventional TMCP, namely the con-
trol of austenitic hardening and the phase transformation of the 
austenite. Therefore, aCC plays an important role in improving 
the microstructure and mechanical properties by grain refine-
ment. The steel was still in the state of non-recrystallization in 
a very short time after hot deformation with a large number of 
“defects”. it promote the nucleation for the phase transforma-
tion. owing to the implementation of aCC, the cooling rate 
between 15-30°C ensured passing through the austenite region 
in a very short time, which results in hardened austenite before 
phase transformation. The hardened austenite was beneficial to 
refine the transformed steel plates. Therefore, it is important to 
adjust the cooling rates in controlling the microstructure, which 
depends on the Mo contents.

5. conclusions

This research addresses the effect of thermo-mechanical 
treatment with different cooling rates and intermediate billet 
thickness on the microstructure and mechanical properties of 
the X70 pipeline steels. The results can be summarized as fol-
lows:
(1) The hot simulation experiment showed that Mo content had 

obvious influence on the microstructure of the X70 pipeline 
steel. in the high-Mo steel, af was obtained within a wide 
range of cooling rates owing to the inhibition of polygonal 
ferrite and pearlite. in the low-Mo steel, the dominant af 
microstructure could be obtained only when the cooling 
rates reached up to 20°C/s.
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(2) With the increase in the intermediate billet thickness from 
60 mm to 70 mm, the proportion of HagBs significantly 
increased from 38% to 68%, accompanied with the decrease 
in average grain size from 7.35 to 3.78 μm. Otherwise, the 
content of af was greatly to 60% at the expense of Pf in 
the 70 mm thickness. The increase the intermediate slab 
blank thickness could refine the average size and increase 
the number density of precipitates.

(3) The improvement of microstructure could enhance the 
mechanical properties with increasing the intermediate slab 
blank thickness, which satisfied the requirements of X70 
pipeline steel.
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