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Abstract: The influence of centerline segregation on the low-temperature impact toughness of the
heat-affected zone (HAZ) of welded joints was studied by welding experiments on X70 steel plates
rolled from continuous casting slabs with segregation grades of class 2 and class 3. The experimental
results show that the impact toughness at HAZ from class 2 slab steel plate is more stable and has
excellent low-temperature toughness than that of class 3 slab steel plate. The impact toughness of
the HAZ of the class 3 slab steel plate is low to 100 ] at —40 °C and has a severe fluctuation range
(~1507]), and the delamination phenomenon is also observed in the fracture cross-section. The reason
for this phenomenon is due to the enrichment of C and Mn elements in the centerline segregation
zone. The formation of abnormal microstructure (martensite/bainite) in the segregation zone leads
to stress concentration, which easily weakens the low-temperature toughness of the joint.

Keywords: pipeline steel; centerline segregation; heat-affected zone; in-situ microstructure;
low-temperature toughness

1. Introduction

With the rapid development of the global economy, oil and gas resources are increas-
ingly scarce. At the same time, with the increase in the demand for oil and gas resources,
the amount of oil and gas transmission is rising, and the pipe diameter and wall thickness
are also increasing [1]. Because the Super-large Transportation Capacity pipeline often
passes through the alpine region, fault, and seismic activity area, the pipeline must meet the
requirements of low-temperature toughness and longitudinal large strain performance [2].
It is more difficult to meet these requirements while the wall thickness increases signifi-
cantly. The construction of oil and gas pipelines in alpine regions puts forward higher and
more stringent requirements for the low-temperature toughness and service stability of
pipeline steel [3,4]. At present, the typical example in the world is the natural gas pipeline
project of Pavniankovo-Ucha in Russia, which requires that the impact energy of the steel
pipe at —40 °C is not less than 200 ] and the impact energy of the weld metal and HAZ at
—40 °C is not less than 60 J [5]. In addition, the China-Russia Eastern Gas Pipeline, which
was completed in 2019, also requires low-temperature mechanical properties of —40 °C. At
the same time, the project adopts super large diameter, high steel grade, and high-pressure
pipeline steel.

The welded joint of pipeline steel is easy to crack due to the effect of the welding
thermal cycle, which is often the weak link of fracture. A lot of research work has been con-
ducted on the welding performance of the welding process and method [6-12]. Domestic
pipeline welding has experienced manual welding, semi-automatic welding, and automatic
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welding [13]. At present, the commonly used pipeline welding methods mainly include fib-
rin electrode/low hydrogen electrode manual arc welding, STT gas shielded welding/flux
cored wire semi-automatic welding, self-shielded flux cored wire semi-automatic welding,
solid cored wire gas shielded automatic welding, etc. [14-17]. The weldability is mainly
evaluated through two aspects. One is the process weldability [18,19]. Under certain weld-
ing process conditions, defects such as pores and cracks easily appear. The second is the use
of weldability [19,20], that is, whether the welded joint can meet the use requirements, such
as strength, toughness, hardness, etc. At present, the research on the weldability of pipeline
steel mainly focuses on welding methods and processes, while the influence of center
segregation of base metal (BM) on weldability is rarely reported. At the same time, center
segregation will increase the cold crack sensitivity and hardenability of HAZ and will also
deteriorate toughness [21,22]. Therefore, based on the requirements of low-temperature
service performance of pipeline steel, this study combines the double-sided submerged
arc automatic welding experiment to study the influence of center segregation on the
microstructure and mechanical properties of the HAZ of the welded joint and provides
ideas for the design and development of pipeline steel in a low-temperature environment.

2. Experimental Materials and Methods

The steel plate (18 mm) welding experiment of X70 pipeline steel (API 5L) was carried
out by using industrial welding wire to verify the influence of centerline segregation
of continuous casting slab on actual welding performance. The BM plate material has
different segregation degrees, and its chemical composition is shown in Table 1. The
welding experiment was completed on a four-wire automatic multifunctional steel pipe
welding test machine, and the matrix opens the X-shaped groove. According to the actual
welding process requirements of pipeline steel, the two ends of the weld were fixed by
single-wire carbon dioxide gas-shielded welding. The welding current was 500 A, the
voltage was 22 V, and the welding rate was 50 cm/min. After welding, double-sided
four-wire submerged arc filling welding is carried out; the welding wire is HO8C (0.086C-
0.185i-1.54Mn-0.32 Mo-0.03Ti-0.0048B) (Tianjin Golden Bridge Welding Materials Group
Co., Ltd., Tianjin, China), with SJ101 flux (Tianjin Golden Bridge Welding Materials Group
Co., Ltd., Tianjin, China). Firstly, the group pair is pre-welded, and the oil stain on the
groove of the test plate is removed before welding. Rust, the welding current is 500 A, the
voltage is 22 V, the welding rate is 50 cm/min; after the welding, the internal and external
welding, before welding, adjust the inclination, spacing, extension length and linearity of
the center of each welding wire; the center line of the welding wire should be parallel to the
groove center line of the test piece, the surface composed of the center of the welding wire
should also be perpendicular to the surface of the test plate, the internal welding current is
600 A, the voltage is 36 V, the welding rate is 65 cm/min, the external welding current is
700 A, the voltage is 38 V, the welding rate is 60 cm/min, and the welding process is shown
in Table 2.

Table 1. Chemical composition of BM.

C Si Mn Cr P S Mo +V +Ti+Nb Fe
BM  0.07 0.19 1.65 0.2 0.01 0.002 0.124 Bal.

Table 2. Welding process parameters.

Current/A  Voltage/V  Welding Speed cm/min ~ Heat Input kJ/cm

Outside welding 700 38 60 26
Inside welding 600 36 65 20

Figure 1 shows the macroscopic morphology and Charpy impact test position of
typical four-wire double-sided submerged arc welded joints. The black frame line in the
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transverse direction is the sampling position of the impact specimen of the welded joint, and
the black line in the longitudinal direction is the opening position of the impact specimen,
that is, in the HAZ of the welded joint. After observation and detection, no macroscopic
defects such as cracks, pores, and slag were found in the joint, and the inner and outer
surfaces of the weld were good. In order to study the influence of centerline segregation on
welding performance, two steel plates with different grades of centerline segregation were
selected and re-welded after cutting. Sample 1# is a steel plate rolled from a continuous
casting slab with centerline segregation class 3, while sample 2# is a steel plate rolled from a
continuous casting slab with centerline segregation class 2. However, from the macroscopic
morphology of the welded joints, the difference between the two samples in the centerline
zone is almost not observed; the standard of class 2 and 3 is just for the continuous casting
slab; the difference of slabs was published by Guo et al. [21], depending on Mannesmann
Standard Charts [23].

microstructure
observation

18mm

Figure 1. Macro morphology of welded joint and Charpy impact test position:(a) sample 1#;
(b) sample 2#.

The Charpy V-notch sample (55 mm x 10 mm x 10 mm) was used for the impact test.
According to the ISO148-1 standard [24], samples were taken from the welded joint posi-
tion (marked in Figure 1) for processing and then tested at temperatures of —20, —40, and
—60 °C according to the test standard, three identical samples were performed at each tem-
perature for both grades. At the welding joint (marked position in Figure 1), metallographic
samples are machined through cutting and standard mechanical polishing procedures. Both
the optical microscope (OM) and the scanning electron microscope (SEM) observed samples
were made by etching with 3% nitrate alcohol. The fraction of abnormal microstructure
(martensite/bainite and ferrite) was tested by Electron back-scattered diffraction (EBSD);
the samples of EBSD were made by electrolytic etching, the proportion of the electrolyte is
glycerol: perchloric acid: alcohol 0.5:1:8.5, EBSD data acquisition was based on orientation
imaging microscopy (OIM), and its setting conditions: step size—0.15 um; tilt angle—70°;
working distance- 15 mm; acceleration voltage- 20 kV. The post-processing orientation
data of EBSD was obtained through the software Channel 5 from Oxford-HKL. Electron
probe micro-analysis (EPMA) microprobe was used to analyze segregated behavior. The
segregation band in the microstructure was etched by a hydrochloric acid solution (hy-
drochloric acid:water = 1:1, 80 °C), marked by a microhardness tester, and then polished
for EPMA test.

3. Experimental Results and Analyses
3.1. Low Temperature Impact Toughness and Fracture Morphology

The results after the low-temperature impact test are shown in Figure 2. At —20 °C,
the samples all showed good impact toughness, but the impact energy of sample 2# was
slightly higher than that of sample 1#. At —40 °C, the impact energy of sample 2# is
significantly higher than that of sample 1#. At —60 °C, the impact toughness of the two
samples is almost the same. However, an interesting phenomenon is that under all test
temperature conditions, the impact energy fluctuation of sample 1# is significantly higher
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than that of sample 2#, especially as the test temperature decreases and the impact energy
fluctuation increases significantly.

300

250

200

150

100

Impact energy of HAZ/J
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0 T T T
-60 -40 -20
Temperature/°C

Figure 2. Low temperature impacts the toughness of HAZ.

In the low-temperature impact specimens of sample 1# and sample 2#, almost all
the impact specimens of sample 1# have delamination (Figure 3a), while all the impact
specimens of sample 2# have no delamination. The fracture morphology of the impact
specimens of sample 1# and sample 2# was analyzed. From the fracture of sample 1#, it
was observed that the delamination was almost connected from the starting position to the
opening position of the V-notch and ran through the whole fracture. The inclined plane
adjacent to the crack in the middle depression was a cleavage fracture (Figure 3c), while
the section marked by (b) was a ductile fracture (Figure 3b). The sample 2# is completely
different. From the V-notch position to the (e) mark position, it is all ductile fracture
(Figure 3e), while below the (f) mark position, it is all cleavage fracture (Figure 3f). This is
the reason why the impact energy of sample 1# is lower than that of sample 2#, and the
fluctuation of impact energy of sample 1# is much larger than that of sample 2#.

Figure 3. Cont.
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Figure 3. Impact fracture of HAZ: (a,c,e) sample 1#, (b,d,f) sample 2# (tested at —40 °C).

3.2. Microstructure of Centerline Segregated Area at HAZ

The microstructure is characterized at the centerline of plate thickness to the fusion
line, and the SEM scanning results are shown in Figure 4. The microstructure uniformity
of sample 1# and sample 2# is significantly different, and the microstructure uniformity
of sample 2# is better. There is almost no difference between the microstructure of the 2#
segregation zone and the surrounding BM, which is lath bainite (LB). The microstructure
uniformity of sample 1# is poor, and the grains in the segregation zone are much smaller
than the surrounding BM. The grain size in the segregation zone of sample 1# is abnormally
small due to the high segregation content.

Figure 4. Cont.
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Figure 4. HAZ microstructure morphology at 5 mm from the center of plate thickness to the fusion
line: (a,c) Sample 1#, (b,d) Sample 2#.

The above microstructure is further characterized by EBSD, and the BC diagram
(Figure 5a,b) can better present the interface between microstructures, especially the in-
terface between grain boundaries and variants. Through the regression of the original
austenite, it is found that the original austenite size on the segregation zone of sample
1# is small, which is quite different from the original austenite size of the surrounding
BM microstructure. The original austenite size on the segregation zone of sample 2# is
almost the same as that of the surrounding BM. In order to more clearly characterize the
morphology of the variant and the original austenite, the grain boundaries with different
orientations are outlined by different color lines (Figure 5c,d). The white line represents the
interface with an orientation difference of 5-15°, the black line represents the interface with
an orientation difference of 15-45°, and the yellow line represents the interface with an
orientation difference of more than 45°. It can be seen from the grain boundary distribution
that the high-angle grain boundary has a higher distribution density in the segregation zone.
The high-angle grain boundary is the interface between specific variants. The density of
high-angle grain boundaries at the segregation zone is higher, especially in sample 1# with
more serious segregation, which indicates that the microstructure at the segregation zone
appears to be a variant selection. The high-angle grain boundaries are more concentrated
in the packet arrangement position and less distributed in the block position. From the IPF
(Inverse pole figure) (Figure 5e,f), it can be seen that the orientation of the microstructure at
the segregation zone is significantly different from that of the surrounding BM. The KAM
(Kernel average misorientation) diagram (Figure 5g,h) is an image presented according to
the orientation of each point on the microstructure. The larger the orientation difference is,
the larger the deviation angle is, indicating that the stress distribution is more concentrated.
The segregation zone of sample 1# is narrow, and the stress distribution in the segregation
zone is significantly different from that in the BM microstructure. The stress distribution
in the segregation zone of sample 2# is less different from that in the BM microstructure,
which is due to the wide segregation zone and the low content of segregation elements.

Figure 5. Cont.
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Figure 5. EBSD microstructure morphology at 5 mm from the center of the plate thickness to the
fusion line: (a,c,e,g) sample 1#, (b,d f,h) sample 2#. (a,b) BC map, (c,d) BC map with GB, (e f) IPF
map, (g,h) KAM map.

The grains 1# and 2# (Figure 5a,b) in the HAZ segregation area were selected to
compare the detailed stress distribution of a single grain, as shown in Figure 6. Yellow and
red represent stress concentration due to high KAM value, and KAM maps show that the
highest value is in the location of martensite/bainite. Furthermore, the stress distribution
of martensite in the segregation area is higher than that in bainite.

2.0
—o— 1# —o—2#

1.0 4

Fraction

0.5+

0.0+

Kernel average misorientation (°)

Figure 6. Kernel average misorientation by EBSD showing the stress distribution of samples.
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3.3. HAZ Segregation Distribution

The sample was taken at the red frame position in Figure 1 for the detection of
segregation elements in the coarse-grained zone of the HAZ. The EPMA results are shown
in Figure 7. From the EPMA secondary electron imaging pictures (Figure 7a,b), it is
observed that the microstructure at the center line of the field of view is more inclined to
the lath microstructure. In order to explore the distribution of segregation elements in this
zone, surface scanning was carried out. The results show that C and Mn are enriched in
the segregation line of sample 1#, while only Mn is enriched in sample 2#. In addition,
the enrichment degree of Mn in sample 1# is significantly higher than that in sample 2#.
In order to quantitatively analyze the enrichment content of C and Mn elements in the
segregation zone, the vertical segregation zone was quantitatively detected by line scanning.
The red lines of Figure 7a,b are line scanning paths. The results are shown in Figure 7g/h.
The peak value of Mn content in the segregation zone of sample 1# is close to 4 wt. %, while
the peak value of Mn content in the segregation zone of sample 2# is 3 wt. %. In addition,
the Mn content outside the 1# segregation zone of the sample is less than 2.5 wt. %, while
the Mn content outside the 2# segregation zone of the sample is slightly higher than 2.5 wt.
%. The difference in solute elements between the segregation zone and the BM of sample
1#is larger than that of sample 2#.

Figure 7. Cont.
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Figure 7. EPMA results at the position of 5 mm from the center of the plate thickness to the fusion
line: (a,c,e,g) Sample 1#, (b,d,f,h) Sample 2#.

3.4. Discussion

In order to explore the cause of the fracture delamination of the impact specimen,
the sample used to analyze the fracture was cut along the direction and position of the
red line in Figure 8, and then the cutting surface was ground and etched with 80 °C 1:1
hydrochloric acid solution for 10 min to reveal the position of the segregation zone on the
impact specimen.

P Side A
/ I’
A\

<

Side B

Figure 8. Schematic diagram of Charpy-V impact test sample.

The results of thermal acid etching of the impact sample are shown in Figure 8. On
the groove surface of the impact sample (Figure 8 Side A), sample 1# has a more obvious
segregation zone, while sample 2# has a trace of segregation zone, but it is not obvious. In
the cutting surface of the vertical fracture of the impact specimen (Figure 8 Side B), sample
1# also has a more obvious segregation zone, while sample 2# is not observed. Comparing
Figures 3a and 9a, the position of the segregation zone from sample 1# is consistent with
the position of the fracture delamination. Therefore, the delamination of the impact fracture
in the HAZ of the welded joint is caused by the centerline segregation. In addition, the
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decrease in impact energy and the increase in fluctuation may also be caused by the central
segregation.

Figure 9. Charpy-V impact test sample after hot acid etching: (a,c) Sample 1#, (b,d) Sample 2#, (a,b) A
surface, (c,d) B surface.

The above experimental results show that the low-temperature impact fluctuation of
the HAZ of the pipeline steel welded joint is large, and the delamination of the impact
fracture is closely related to the central segregation. The steel plates of welded joints 1# and
2# are from the slab with central segregation grades of 3 and 2, respectively. EPMA results
show that there is not only C enrichment in the core of sample 1# but also Mn enrichment,
which is significantly higher than that of sample 2#. Therefore, it can be seen that the grade
of segregation of the centerline segregation at the center of the steel plate is consistent with
that of the slab, and even in the welding HAZ, the distribution of elements in the segregation
zone is not affected by the welding thermal cycle. The enrichment of C in sample 1# is not
redissolved, and the enrichment of Mn is abnormal and significantly higher than that of
sample 2#. Once the content of Mn in the segregation zone of abnormal microstructure is
enriched to a certain concentration, bainite or martensite can be produced under normal hot
rolling or air cooling conditions. The content and distribution of segregation alloy directly
affect the formation of abnormal microstructure (martensite or bainite). The bainitic and
martensitic transformations can easily occur in the C-Mn segregated area. Therefore, the
segregated behavior of the continuous casting slab with severe segregation would provide
thermodynamic conditions for the formation of abnormal microstructure (martensite or
bainite). Due to the genetic influence of center segregation, when the center segregation
level reaches or exceeds class 3, lath bainite/martensite will be formed in the center of the
normal rolled plate.

In the welding process of pipeline steel, the HAZ is rapidly cooled after large heat
input, and the cooling rate is higher than that in the production process of steel plate, so
the segregation zone of the HAZ is easier to form hard phases such as martensite. The
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experimental results also confirm this point. The segregation zone of sample 1# is finer, and
the stress distribution is more concentrated. When the external force is applied, the crack is
easy to nucleate at the hard phase formed in the segregation zone. In addition, due to the
large difference between the hard phase and the BM microstructure, the uniformity of the
microstructure is poor, which is more likely to cause the crack to propagate along the hard
phase. This also explains the reason why the sample 1# impact fracture has stratification
and impact energy fluctuation.

4. Conclusions

(1) The HAZ of pipeline steel with centerline segregation of class 2 has good low-
temperature toughness.

(2) When the centerline segregation of the slab reaches class 3, the fracture of the impact
specimen in the HAZ of the rolled plate welding appears delamination, and the
fluctuation of the impact energy increases. As the test temperature decreases, the
fluctuation of impact energy increases significantly.

(3) The content and distribution of C and Mn elements enriched in the center segregation
of pipeline steel plate are not affected by the welding thermal cycle.

(4) The delamination of impact fracture and the large fluctuation of impact energy in the
welding HAZ of pipeline steel is caused by the enrichment of C and Mn elements in
the segregation zone. The phase transition point of the segregation zone decreases,
and the cooling rate of the HAZ after welding is faster, which promotes the formation
of martensite with a smaller grain size in the segregation zone. The stress distribution
concentration is formed at the position of the segregation zone, which makes it easy
to form the crack source and the crack propagation path.
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