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Abstract

The evolution of the microstructure and toughness of APLSL X80 pipeline steel after thermal welding simulation was
investigated by X-ray diffraction, electron backscatter diffraction, and transmission electron microscopy. The results
indicated that primary heat-affected zones can be divided into weld, coarse-grained, fine-grained, intercritical, and sub-
critical zones. The microstructure of the weld zone is mainly composed of bainitic ferrite and a small amount of granular
bainite; however, the original austenite grains are distributed in the columnar grains. The structure of the coarse-grained
zone is similar to that of the weld zone, but the original austenite grains are equiaxed. In contrast, the microstructure in the
fine-grained zone is dominated by fine granular bainite, and the effective grain size is only 8.15 pm, thus providing the
highest toughness in the entire heat-affected zone. The intercritical and subcritical zones were brittle valley regions, and the
microstructure was dominated by granular bainite. However, the martensite—austenite (M/A) constituents are present in
island chains along the grain boundaries, and the coarse size of the M/A constituents seriously reduces the toughness. The
results of the crack propagation analyzes revealed that high-angle grain boundaries can significantly slow down crack
growth and change the crack direction, thereby increasing the material toughness. The impact toughness of the low-
temperature tempering zone was equivalent to that of the columnar grain zone, and the impact toughness was between
those of the critical and fine-grained zones.

Keywords Welding thermal simulation - Impact toughness - Crack propagation - Martensite—austenite constituent -
High-strength low-alloy steel weld - Heat-affected zone

1 Introduction

Since the 1990s, the use of high-strength low-alloy (HSLA)
steel in the oil and gas industry has grown rapidly [1-3],
and the steel used in pipelines has changed from the first-
generation X52, X60, and X65 alloys to current high-grade
steel alloys, represented by X80, X100, and X120 [4-6]. As
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a result of the long length of pipelines, segments must be
jointed by welding. However, the composition and struc-
ture of welded joints are not homogeneous, and faults
impair and weaken their performance [7-11]. A final-fail-
ure study of several pipeline incidents revealed that the
quality issues of welded joint were responsible [12-15],
and the performance analysis of welded joints is a popular
topic in the field of pipeline steel research [16-20]. In
general, welded-joint structures can be divided into weld
seams and heat-affected zones. Cladding is frequently used
along with the base metal to create weld-seam structures,
and the produced seam has a higher strength than the base
metal [21, 22]. During welding, the affected area is
exposed to a range of temperatures and, thus, often exhibits
a range of microstructural states. The presence of these
microstructures makes the material more susceptible to
stress concentration, which can result in cracking under
stress [23]. Furthermore, the welding process frequently
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involves multiple passes and layers that repeatedly affect
the matching structure. Therefore, the structure and func-
tion of welded junctions require further study.

Many researchers have conducted studies of needle
welded joints. For example, Arora et al. [24] used thermal
simulations to simulate the toughness of X80 pipeline steel
at 1050 °C, but when the second peak temperature was in
the intercritical zone (800 °C), many martensite—austenite
(M/A) constituents appeared at the grain boundaries of the
experimental steel, and the impact toughness was signifi-
cantly reduced. Thus, they identified the causes of the
significant decrease in the toughness of the secondary
critical region and offered a plausible explanation for it.
However, their study primarily focused on the major
coarse-grained secondary critical regions in the heat-af-
fected zone, but concerning the entire welded joint, the
weak points are not isolated to the secondary critical area.
Therefore, further work is needed. Jorge et al. [25] sum-
marized the relationship between the composition of
pipeline steel and the toughness of various microstructures
after thermal simulation. High-niobium steel was found to
have the lowest impact energy in the coarse-grained area,
and a significant number of martensitic structures were
evident in its corresponding microstructure, demonstrating
that the formation of M/A constituents must be controlled
by designing an appropriate chemical composition to
reduce the equivalent carbon and welding coefficient.
However, to date, the weld heat-affected zone has only
been studied in a few specific locations.

Yang et al. [26] quantified the microstructure of a sim-
ulated coarse-grained heat-affected zone (CGHAZ) with a
heat input of 10-100 kJ/cm to determine the relationship
between the welding heat input of HSLA steel and the
fracture toughness of the CGHAZ. It was discovered that
the crack tip opening displacement (CTOD) at — 20 °C
decreased with the increase in heat input, and the reason for
this was that the increase in heat input caused the bainite
transition temperature and conversion time to increase.
This resulted in the formation of a large concentration of
granular bainite (GB) and M/A constituents, which lowers
the low-temperature toughness of the material. Ramirez
et al. [27] investigated the microstructure of X80 pipeline
steel and its homogeneity at different cooling rates. Sam-
ples with inclusions and segregation bands had low
hydrogen-induced cracking (HIC) resistance, whereas
samples with only ferrite and GB and no segregation bands
had much higher HIC resistance. It has also been found that
the presence of a medium-angle boundary prevents the
development of microcracks and the spread of fractures in
the microstructure. To date, such studies have focused on
the HIC of the microstructure at different cooling rates and
found that inclusions and segregation regions seriously
affect the hydrogen embrittlement resistance of materials;
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however, further verification and research into the overall
weld toughness, which have a significant impact on the
material, are required. Huda et al. [28] used two different
cooling rates in heating simulations and found that the size,
distribution, and morphology of the M/A constituents
changed, but the M/A constituent content remained com-
parable. Furthermore, the M/A constituents formed at 2 °C/
s were coarse, and the coarse M/A constituent were sur-
rounded by ferrite grains, showing a higher local grain
dislocation. Consequently, there is a large amount of
inhomogeneous deformation and dislocation activity,
which accelerates the development of voids. The studies
described above focused on material toughness and pro-
vided additional detailed characterization, but did not
establish a link between the intact heat-affected zone and
the properties or microstructure.

Because welded joints often fail, the study of the
structural factors that contribute to such failure has been a
long-standing topic of controversy in pipeline steel
research. Although considerable research has been con-
ducted in this area, most studies have focused on a single
temperature range, there is a lack of understanding how the
entire welded-joint structure changes over time. Further-
more, the repeated thermal cycling in actual welded
structures makes it impossible for two simple thermal
simulations to explain the microstructure fully. Therefore,
in this study, thermal simulation technology was used to
characterize the microstructure of each region of the X80
pipeline steel accurately and understand the relationship
between structure and performance.

2 Materials and methods

The composition of the test steel, which was smelted in a
200-kg vacuum induction furnace in the laboratory, is
presented in Table 1. High-purity iron was used as the
primary raw material for smelting to minimize the negative
effects of S, P, O, N, and other impurity elements on the
toughness. After smelting, the ingots were formed into rough
square blanks with a cross-section of 100 mm x 80 mm
cross-section, and the rough billets were divided, heated to
1200 °C in a heating furnace, held for 30 min, and then
rolled into steel plates with a thickness of 18.4 mm on an
experimental rolling mill. The impact samples with size of
10 mm x 10 mm x 55 mm were horizontally cut and
processed from the base metal and the welding heat sim-
ulation sample, respectively, and impact test was carried
out at — 10 °C on the JBN-300N testing machine accord-
ing to the standard GB/T 229—2020. The tensile test was
performed according to the standard GB/T 228.3—2019.
The tensile properties of longitudinal samples were mea-
sured using an Instron-5958 electronic universal testing
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Table 1 Chemical composition of test steel (wt.%)

C Si Mn P S Cr

Mo Cu Nb \" Ti Fe

0.05 0.2 1.5 0.009 < 0.001 0.29

0.1

0.2 0.1 0.05 0.03 0.01 Balance

machine at tensile strain rate of 1 x 107> s~' and loading

rate of 1 mm/min. After electrical discharge machining
(EDM) to shape the steel plate into squares of 11 mm x
11 mm x 80 mm, a Gleeble-3800 thermal-mechanical
physical simulation system was employed to simulate the
self-protection flux cored welding of X80 pipe during the
welding process (Fig. 1). In the welding heat simulation
experiments, each piece was polished using 150-1000 grit
sandpaper before being transferred to a polishing machine
for blow drying and polishing. The surface of the sample
was rinsed with water after corrosion with a 4 vol.% nitric
acid alcohol solution and dried again. Subsequently,
observation by scanning electron microscopy (SEM,
quten650) and elemental analysis using an integrated
energy dispersive spectrometer (EDS) were carried out to
characterize the microstructural evolution of the test steel.
Electron backscatter diffraction (EBSD) was conducted
using an accelerating voltage of 10 kV, a scanning area of
100 pm x 100 pm, and 0.25-um steps (Oxford Nordlys
F +). The sample were mechanically ground, polished, and
electrolytically polished in 10 vol.% perchlorate alcohol
[29, 30]. Three SEM images from various fields of view
were used to calculate the effective grain size (high-angle
grain boundary > 15°) [31-33]. The microstructure, pre-
cipitation, and dislocations of the materials were all
examined by transmission electron microscopy (TEM,
Tecnai G2 F20). The sample for TEM was produced with a
thickness of less than 5 mm, formed into a thin sheet with a
diameter of 3 mm, and then treated with a 10 vol.% per-
chloric acid and 90 vol.% alcohol solution for double spray
polishing, with the double spray parameters of 50-80 mA
and 20 °C [34, 35].
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Fig. 1 Thermal simulation process. 7—Temperature; fgz;—time
needed for temperature drop from 800 to 300 °C

3 Results and discussion
3.1 Weld microstructure

Figure 2 shows a schematic of the microstructure of each
area in the heat-affected zone of X80 self-shielding ring
welding. From left to right, the subcritical heat-affected
zone (SCHAZ), intercritical heat-affected zone (ICHAZ),
fine-grained heat-affected zone (FGHAZ), CGHAZ, and
columnar austenite crystal zone (CACZ) are shown. Based
on the analysis of the microstructural characteristics of
each area of the heat-affected zone under a single heating
cycle, the entire width of the weld was analyzed. The
SCHAZ, ICHAZ, FGHAZ, CGHAZ, and CACZ corre-
spond to 500, 800, 900, 1100, and 1300 °C, respectively.

The detection area undergoes welding thermal cycles,
and the initial primary dendrite structure austenitizes at
high temperatures (i.e., above 1300 °C) and transforms into
coarse equiaxed austenite. Figure 3a, b illustrates the
CACZ structure of the simulated weld, having maximum
and average widths of more than 100 pm and approxi-
mately 70 pm, respectively. Figure 3c, d presents the
microstructure of the CGHAZ, which consists mainly of
M/A constituents and coarse GB. The volume fraction of
M/A constituents in the coarse-grained region ranges from
20% to 40%, having a typical morphology of large square
or circular shapes, with many irregular sharp angles and a
coarse particle size distribution, and having an average
diameter between 2 and 5 pm. The statistical information
was obtained using Image] analysis of the M/A con-
stituents from three different fields of view.

Fig. 2 Schematic of microstructure of heat-affected zone of weld
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Fig. 3 SEM structure of CACZ (a, b) and CGHAZ (c, d). BF—Bainitic ferrite

TEM images of the columnar crystals and coarse crystal
areas are shown in Fig. 4. As shown in Fig. 4a, c, the
bainite lath in the columnar grain region is more obvious,
and the lath width is smaller, whereas the lath character-
istics in the coarse-grained region are not obvious.

According to the literature [36, 37], the high martensite
content in the M/A constituents of the CGHAZ and their
distribution in the weak positions of the crystal are typical
causes of cracks. Figure 4b illustrates the M/A typical

Fig. 4 TEM structure of CACZ (a, b) and CGHAZ (c, d)
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distribution of M/A constituents in the shape of thick rods
at the locations of the crystal bands.

The retained austenite in Fig. 4c, d is formed during
rapid weld cooling. Austenite has a face-centered cubic
crystal structure and excellent flexibility, and inhibits crack
propagation, according to the literature [38]. Figure 4
shows that the retained austenite film distributed between
the parallel laths of the bainite plate was aligned in the
transmission experiments. From a crystallographic per-
spective, the toughness of lath bainite was higher than that
of coarse GB. Crucially, as the BF structure contains many
high-angle grain boundaries, it can hinder crack propaga-
tion [39, 40]. Several studies [18, 24, 38] have shown that
the influence of M/A constituents on the strength and
toughness of materials is related to their composition,
position, size, and shape.

Compared with that of the coarse-grained area, the peak
temperature of the thermal cycling process in the fine-
grained area was lower, and both were higher than As.
However, after austenitization in the fine-grained zone, the
grains became finer, and the structure obtained after the
phase transformation was also finer. In the subsequent
cooling process, the fine austenite grains were less stable,
and the phase transformation temperature increased. Fig-
ure 5a, b shows the microstructure of the FGHAZ, which is
mainly composed of GB and small M/A components. The
M/A constituents content decreased, and the size was
smaller than that of the M/A component in the coarse-
grained region. The average volume fraction of M/A

components is in the range of 12%-25%, and the average
particle size is 1-3 pm.

Based on the definition for characterizing the ICHAZ,
during the welding heat cycle, regions with a peak tem-
perature between A; and A5 undergo partial austenitization.
When the alloying elements in the austenite are high, the
austenite is stable, and the phase transformation tempera-
ture in the subsequent cooling process is low, forming
martensite or room-temperature-retained austenite to form
M/A islands. The amount of austenitization increased with
the increase in the peak temperature of the thermal cycle,
and austenitization only occurred near the grain boundaries
in the temperature region close to Aj.

Therefore, the microstructural distribution of the two-
phase zone in the heat-affected zone of the weld was
generally uneven, and many hard-phase M/A islands were
either clustered or formed island chains. Figure 5c, d shows
the microstructure of the ICHAZ, where the matrix struc-
ture is GB and contains many large-sized M/A compo-
nents. Based on the statistics, the M/A component volume
fraction in the two-phase region can reach about 30% on
average, and the particle size, especially the maximum size
of the M/A island chain, can reach approximately 5-8 pum.

Figure 6a, b shows the TEM images of the microstruc-
ture of the fine-grained region and the lath and massive
ferrite structures in the GB. The massive ferrite has a low
dislocation density, an average diameter of about 2 pm,
and a lath width of between 800 and 1300 nm. Compared
to the lath bainite, which has a higher dislocation density,

Fig. 5 SEM images of FGHAZ (a, b) and ICHAZ (c, d)
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Fig. 6 TEM images of FGHAZ (a, b) and ICHAZ (c, d)

the large ferrite particles have a relatively low dislocation
density. The microstructure also contains a small amount of
fine massive M/A constituents with a length of about 1 pum.
Figure 6¢, d shows the TEM images of the microstructure
in the intercritical region, where a large number of rod-
shaped and layered M/A islands are distributed in the fer-
rite matrix. As shown in Fig. 6¢, there are darker M/A
islands at the grain boundaries of the lath and block
structures, and the M/A constituent also mainly exists in
the form of blocks. Electron diffraction measurements
further confirmed the M/A constituent. Most of the M/A
constituents are located at the grain boundaries (i.e., the
interface between the lath structure and the block structure)
and the edge of the massive ferrite. Most of these con-
stituents are blocky, strip-like, contracted, and thick in size,
and the length between islands is 2—4 pm. The lath bundle
width is in the range of 0.5-1 um, the dislocation density
inside the lath is low, and the dislocations are mainly
entangled near the M/A constituents.

The SCHAZ is typically the region in which the thermal
simulation peak temperature is lower than that of the
ICHAZ. Although there was no austenitization in this area,
as the temperature increased, the substructure in the
structure was further restored, the dislocation density
decreased, and some of the original columnar crystal
structures decomposed into long strips or islands of M/A.

Figure 7a, c shows the comparison of the SCHAZ and
CACZ microstructures. Both matrix microstructures are
coarse lath bainite and GB. Figure 7b, d shows a
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comparison of the M/A components in the two intervals.
Clearly, the size of the M/A island in the CACZ is sig-
nificantly larger than that in the SCHAZ, about 3.5 pm or
even larger on average. However, the M/A components in
the SCHAZ tended to exhibit an island or rod shape, a
smaller size, and a significantly more dispersed visible
distribution. Some M/A components are distributed as long
rods. As mentioned, it has been reported that the M/A
component morphology has a significant impact on the
toughness of the matrix, especially for long rod and lath
M/A components with low toughness [40].

3.2 Impact toughness in heat-affected zone

Figure 8a presents the impact load—displacement curves at
different peak temperatures. The load—displacement curve
shows that the load of more than 3000 N is required to
cause cracks at peak temperatures of 1300, 1100, and
200 °C, indicating the high stress resistance of the material.
However, the load drops to around 2000 N at peak tem-
peratures of 800 or 500 °C, implying that the material is
more prone to cracking at low stress. After reaching the
maximum load, the cracks start to propagate. The curves at
800 and 500 °C show a rapid decline after the maximum
load, suggesting that the crack growth is unstable and
catastrophic. In contrast, the curves at 1300, 1100, and
200 °C show a gradual decrease after a short plateau,
indicating that the crack growth is stable and controlled.
The area between the load—displacement curve and the
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Fig. 7 Comparison of microstructure and M/A in CACZ (a, b) and SCHAZ (c, d)
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Fig. 8 Shock load—displacement curves at several typical peak temperatures. a Stress—strain curve; b impact work curve. F—Impact force; V.S—

crack tip displacement

horizontal axis represents the work done by the material
[41]. Figure 8b displays the impact toughness tests at dif-
ferent peak temperatures. The impact toughness varies
significantly across the experimental temperature range,
which can be roughly divided into three regions according
to the toughness level. When the peak temperature is above
900 °C, the region has the highest toughness level, where
the impact energy at — 10 °C is greater than 90 J. When
the peak temperature is below 400 °C, the region has the
intermediate toughness level, where the impact energy is
between 40 and 60 J. When the peak temperature is
between 800 and 500 °C, the region has the lowest

toughness level, where the impact energy is about 45 J, and
it corresponds to the brittle zone of the material.

3.3 Microstructure and fracture toughness

The size and angle grain-boundary diagrams for the CACZ
and CGHAZ are shown in Fig. 9, where the thick black
line denotes the high-angle grain boundary with an orien-
tation difference greater than 15°, and the thin red line
denotes the low-angle grain boundary with an orientation
difference of 2° to 15°. The microstructure of the CGHAZ
is depicted in Fig. 9c, d, in which the austenite grain size is

@ Springer



2048

S.J. Jia et al.
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Fig. 9 Microstructure of CACZ (a, b) and CGHAZ (¢, d) by EBSD. 6—Grain boundary misorientation

noticeably smaller than that of the columnar crystals, and
the number of MAs in the tissue is noticeably higher.
Figure 9 illustrates the use of EBSD to observe high-
angle grain boundaries in the coarse-grained region. This
reveals that the original austenite grain boundary is a typ-
ical high-angle grain boundary that matches the morphol-
ogy observed through SEM. Additionally, the austenite
grains contained numerous slats and slab blocks. This is
because the lattice constant increased and the volume
expanded as the supercooled austenite transformed into
martensite. Consequently, elastic distortion energy accu-
mulated during the phase transition process. There are
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multiple slats and plates with different orientations within a
single grain, and the boundaries of the slat bundles and
plates are high-angle grain boundaries. This is because,
when the elastic distortion energy builds up to a certain
point, it is frequently released through its own coordination
mechanism.

The inverse pole figure (IPF) and high- and low-angle
grain boundary diagrams of the FGHAZ and ICHAZ were
obtained using EBSD, and the results are presented in
Fig. 10. Comparing the two zones, the structures in the
FGHAZ are smaller, and the density of high-angle grain
boundaries in the structure increases. In contrast, there are
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Fig. 10 Microstructure of FGHAZ (a, b) and ICHAZ (¢, d) by EBSD

small islands of local agglomeration in the ICHAZ struc-
ture, but the overall structural state is relatively coarse, the
density of low-angle grain boundaries is high, and there are
relatively few high-angle grain boundaries. Using the
Channel-5 program to count the effective grain size, the
average effective grain size of the FGHAZ was found to be
the smallest, only 8.15 um. In the two-phase region, the
effective grain size of ICHAZ was still 19.6 pm because of
the large degree of agglomeration of M/A components
from the crystallographic point of view.

Figure 10 illustrates the characteristics of the ICHAZ
size and angle grain boundaries. Clearly, the density of the
high-angle grain boundary is higher in the region where the

M/A components are concentrated close to the original
austenite grain boundary because the M/A component
boundary is also a high-angle grain boundary. As a result,
the high-angle grain boundary in this region is primarily a
closed small circle, indicating that the M/A component
accumulation in this region is the main cause of the high
density of the high-angle grain boundary in this region.
During thermal cycling, the original austenite that has not
undergone austenitization recovers at high temperatures,
and some subgrain boundaries in the crystal vanish or
shrink significantly, resulting in a significant decrease in
the density of grain boundaries at high angles in these
areas.
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The propagation process of the cracks was observed
using the nickel-plating method for impact fracture, and the
results are shown in Fig. 11. Figure 11a depicts the crack
propagation in the CACZ interval when the direction of the
crack was parallel to the direction of the columnar crystals
and crack just touched the austenite grain boundary,
making the crack easy to spread quickly along the austenite
grain boundary, and thus greatly reducing the toughness of
the material. The crack propagated in Fig. 11c is more
tortuous than that in the CACZ, which has experienced
multiple deflections and does not exhibit long-distance
linear propagation. This indicated that cracks were more
hindered when propagating in the CGHAZ, which required
more energy and exhibited a higher degree of toughness.

A significant number of high- and low-angle grain
boundaries caused the crack to deflect constantly when it
was in the FGHAZ interval. Figure 12 illustrates the
propagation condition and fracture morphological charac-
terization of cracks in the FGHAZ and ICHAZ intervals. In
addition, based on the fracture morphology, the fracture
had evident dimples, and the starting locations of the rip-
ping edges and cracks are clear. A typical cleavage fracture
morphology, which is closely associated with the M/A
island chain on the austenite grain boundary in the ICHAZ,
was observed in the almost straight and enlarged crack
propagation in the ICHAZ.

Martensite makes up a substantial portion of the M/A
island in the ICHAZ. Owing to its high hardness and ease
of producing stress concentrations during the deformation

(a)

Nickel plating

Q]
2
Nickel latint

-y

4
- Crack path
N

process, martensite is prone to the emergence and growth
of brittle cracks. Residual stress occurs around the M/A
component because the martensite phase transition causes
volume expansion during the generation of M/A compo-
nent, and stress concentration occurs during the deforma-
tion process because M/A component is harder than the
surrounding matrix. The M/A component stress fields are
superimposed on one another when two or more M/A
components are close to each other, thereby increasing the
stress concentration. Consequently, it is simpler to initiate
and spread brittle cracks when the M/A components are
concentrated or dispersed close to each other, and it is more
difficult to propagate cracks when they are already present.
Therefore, even though the density of the high-angle grain
boundary in this region is high, it frequently serves as the
initiation source and propagation channel of crack in the
original austenite grain boundary region, where M/A is
relatively dense.

4 Conclusions

1. The microstructure of the main heat-affected zone in
X80 pipeline steel was complex and diverse. The
coarse-grained region had a coarse BF and GB struc-
ture. The fine-grained region had a fine GB structure.
The intercritical region had island-chain-like M/A
constituents at the GB grain boundaries. The subcriti-
cal region had a coarse bainite structure.

Torn edges

10"gm

Fig. 11 Crack growth trend and fracture morphology in CACZ (a, b) and CGHAZ (c, d)
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Fig. 12 Crack growth trend and fracture morphology in FGHAZ (a, b) and ICHAZ (c, d)

2.

The impact toughness of each part of the heat-affected
zone of the weld varied significantly according to the
temperature of the thermal cycle. When the thermal
cycle temperature was above A3, the impact toughness
of the FGHAZ increased. EBSD characterization
revealed that a high density of high-angle grain
boundaries in the FGHAZ was responsible for its
excellent toughness. Both the ICHAZ and SCHAZ
were brittle, owing to different reasons. The ICHAZ
was embrittled by the coarsening and chain distribution
of the M/A constituent, and its impact toughness
decreased sharply. The SCHAZ was embrittled by the
redistribution of the M/A constituent, which changed
from an island shape to a long rod-shaped shape. Its
toughness was between that of the brittle zone and the
high-temperature tough zone, which was similar to the
columnar-grain zone.

By examining the relationship between the fracture
toughness and microstructural characteristics in each
region, we found that the high-angle grain boundary
density and the shape and distribution of M/A were the
main factors affecting the fracture toughness of this
region. High-angle grain boundaries also formed a
significant barrier to crack propagation. The coarse
M/A constituents and long rod-shaped M/A could
easily serve as crack initiation or crack propagation
paths.

By studying the relationship between the position of
the hot zone and toughness, we found that the brittle

valley of the heat-affected zone accounted for about
50% of its width. Therefore, improving the toughness
of the brittle valley zone is the main objective for
enhancing the impact toughness of the weld, especially
by optimizing the content, morphology, and distribu-
tion of the M/A constituents in the ICHAZ and
SCHAZ.
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