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Abstract: The low-temperature fracture toughness of double-V weld seams is a well-known challenge
due to the essential increased heat input for heavy-wall pipelines. A thorough investigation was
conducted to explore the impact of the heat input on the grain size and precipitate coarsening,
correlating the microstructure with the heat-affected-zone (HAZ) toughness. The results indicated
that the actual weldments showed a toughness transition zone at −20 ◦C, with considerable scattering
in Charpy V-notch (CVN) tests. Gleeble thermal simulations confirmed the decreased toughness of
the coarse-grained HAZ (CGHAZ) with increasing heat input and prior austenite grain size (PAGS).
A specially designed thermal treatment demonstrated its potential for enhancing the toughness of
the CGHAZ, with the recommended thermal cycle involving peak temperatures of 700 and 800 ◦C,
holding for 1 s, and rapid cooling. The toughness of the intercritically reheated CGHAZ (ICCGHAZ)
improved with higher intercritical reheating temperatures and the removal of necklace-type M–A
constituents along the PAG. Despite various thermal treatments, no significant improvements were
observed in the toughness of the ICCGHAZ. Future work was suggested for optimising the use
of tack welds to reduce the effective heat input (HI) associated with double-sided submerged arc
welding (SAW).

Keywords: thick-walled pipeline; welding; HAZ; microstructure; low-temperature toughness; heat
input; thermal treatment

1. Introduction

In response to annually increasing energy consumption, pipeline steels have under-
gone development to achieve high strength, superior toughness, and excellent weldability
for the efficient use of materials [1–4]. A well-known challenge arises in pipe welds, where
the heat-affected zone (HAZ) often exhibits areas of low toughness, becoming the weakest
link in the welded joint and influencing the overall pipeline performance. This primary
concern, particularly at low temperatures (≤−20 ◦C), presents a significant obstacle to the
widespread use of high-grade pipe steels in major infrastructure projects [5]. Therefore,
understanding and addressing the toughening issues within the HAZ remain crucial for
high-strength pipelines, with a specific focus on improving the low-temperature toughness.

In single-pass welds, the coarse-grained HAZ (CGHAZ) next to the fusion line typi-
cally exhibits the lowest toughness values owing to unfavourable microstructures, such
as coarse granular bainite (GB) and bainitic ferrite (BF). In the case of the double-sided
submerged arc welding (SAW) process under the current investigation, the first inner SAW
pass creates a CGHAZ that is partially reheated by the subsequent outer SAW pass, further
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complicating the fracture behaviour in the intercritically reheated CGHAZ (ICCGHAZ). It
is acknowledged that local brittle zones (LBZs) are small regions of a hard, brittle phase
that form in the HAZ of multipass welds and can be either CGHAZ or ICCGHAZ [6,7]. The
fracture mechanics of LBZs depend primarily on the steel chemistry, welding procedure,
post-weld heat-treatment conditions, and fracture toughness test temperature. The extent
of LBZs is a function of the welding heat input (HI) and coarsening behaviour of the steel.

The brittleness of the CGHAZ for different steels is caused by the thermal cycles from a
wide range of HIs and has been widely investigated [8–11]. In general, a low or intermediate
HI can achieve an acceptable CGHAZ toughness. Zhou et al. [12] studied the toughness
properties in the CGHAZ of a 16 mm thick X90 pipe steel under different HIs varying from
1 to 5 kJ/mm. The highest toughness was obtained at an HI of 2.5 kJ/mm owing to the
excellent combination of the GB and BF; however, the impact toughness sharply decreased
from 267 J to 18 J when the HI was higher than 3 kJ/mm. For heavy-wall line pipe steels
with a thickness above about 25 mm, the recommended HI generally exceeds 3 kJ/mm.
As a result, the intention to maintain an acceptable toughness by applying a reduced HI
becomes particularly challenging [13,14]. As the pipe thickness increases, the double-V
seam welding, completed in only two passes, requires a significant high total HI reaching
up to 6 kJ/mm or even higher. Thus, minimising the formation of LBZs and improving the
HAZ toughness by reducing the HI is not always applicable.

It has been found that the initial fine-grained microstructure promotes the formation of more
ductile phases, enhancing the impact toughness [15,16]. Our previous works [11,17–19] have
demonstrated that a good low-temperature HAZ toughness can be achieved through grain
growth and precipitate control. Numerous studies [20–22] have explored strategies for
controlling the grain size by adding microalloying elements or encouraging non-metallic
inclusions in the steelmaking process to improve the HAZ toughness. It has been scientif-
ically concluded that achieving a very fine dispersion of precipitates is crucial to exert a
grain boundary pinning action against the driving force for grain growth [23–25]. Typically,
microalloying additions of Ti, V, and Nb are employed to control austenite grain coarsening
at the peak temperature in the HAZ due to the formation of thermally stable carboni-
trides [19,26,27]. These precipitates provide great potential in nucleating ferrite, leading to
the refinement of the martensite–austenite (M–A) constituent with a consequent increase
in toughness. Nevertheless, the addition of a large number of microalloying elements,
especially Ni, V, Cr, Mo, and Cu, is a significant challenge for the weldability of pipeline
steel owing to the increased equivalent carbon content (Ceq) [28,29].

Earlier investigations [30,31] have also highlighted a significant correlation between
the prior austenite grain size (PAGS) and phase transformation during the decomposition
of austenite. It is widely accepted that austenite tends to predominantly nucleate and
grow along prior austenite grain (PAG) boundaries and bainite lath boundaries. Owing
to the high diffusivity of carbon and its increased solubility in austenite, carbon-enriched
austenite islands form and transform into hard and brittle M–A constituents along PAG
boundaries during the subsequent cooling process. It has been proposed that the presence
of the M–A constituent along PAG boundaries is the main factor contributing to the loss in
toughness. This is highly related to the size, content, and distribution morphology of M–A
constituents [32].

Furthermore, heat treatment after welding is the most famous and important method
for microstructural improvement. The existing literature has extensively studied the
control of the heating temperature, holding time, and cooling rate during the post-weld
heat-treatment process. A recent study [33], in particular, focused on the influences of
different protective atmospheres because choosing an appropriate protective gas is crucial.
It impacts the cooling rate and prevents the formation of detrimental phases during heat
treatment, ultimately contributing to the desired mechanical properties. However, to the
best of the authors’ knowledge, the current post-weld heat-treatment processes are not able
to effectively address the difficulties associated with the low-temperature HAZ toughness
in the pipeline industry.
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In the present research, our main emphasis is on improving the low-temperature
impact performance of thick-walled line pipes, particularly in the context of double-V
weld seams with extremely high HIs. The objective is to investigate the variation in the
fracture behaviour at different locations within actual weldments and representative HAZ
samples, correlating with the microstructure, including PAGs, and the percentage of M–A
constituents. To address these challenges, various pre- and post-welding thermal treatment
processes have been developed with the aim of enhancing the HAZ fracture toughness at
low temperatures.

2. Materials and Methods
2.1. Materials and Welding Conditions

Commercial X70 line pipe steel used in the investigation was produced by Baoshan
Iron & Steel Co., Ltd., Shanghai 201900, China, with a critical thickness of 28 mm, a
diameter of 1422.4 mm, and a wall thickness of 28 mm. The chemical composition and
tensile properties are presented in Tables 1 and 2, respectively.

Table 1. The chemical composition of the investigated X70 line pipe steel in wt.%.

C Si Mn P S Cu Ni Cr Mo V Nb Al Ti N Fe

0.043 0.248 1.73 0.006 0.001 0.010 0.196 0.232 0.135 0.001 0.046 0.034 0.014 0.0030 Bal.

Table 2. The mechanical properties of the investigated X70 line pipe steel.

Sample Position Sample Direction Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)

Pipe Transverse 582 698 23
Pipe Longitudinal 605 687 24

Weld Transverse (fractured at
pipe body) — 663 —

Weld Longitudinal 563 665 26

A double-sided SAW procedure was performed on the X70 steel pipe at Baosteel.
Figure 1 presents a schematic diagram of this typical welding procedure. The procedure
consisted of two welding processes: inner SAW and outer SAW. Each process employed
four wires with diameter of 4 mm each. All the details for the welding procedure are
provided in Table 3.
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Table 3. The double-sided SAW parameters for the investigated X70 line pipe steel.

Pass
Current (A) Voltage (V) Travel

Speed
(mm/min)

Heat
Input

(kJ/mm)1 (DC) 2 (AC) 3 (AC) 4 (AC) 1 2 3 4

Inner
SAW 800–1000 675–825 630–770 540–660 30–34 32–36 34–38 36–40 1100–1400 4–6

Outer
SAW 800–1000 540–660 520–640 500–600 28–32 30–34 32–36 33–37 1000–1300 4–6

Electrode: BH70GX; Flux: JH-SJ101G; Heat Input (HI) was calculated using HI = µ 60VI
1000S , where µ is the welding

process efficiency (0.95), V is the arc voltage (V), I is the welding current (A), and S is the welding travel speed.

2.2. Thermal Simulations

The mechanical properties of HAZ subzones were investigated using the Gleeble®

3500–GTC SYSTEM simulator (Dynamic Systems Inc, Poestenkill, NY, US), which is well
known to reproduce a large volume of materials that are subjected to the same thermal
cycles as real weld HAZs.

The specimens for the thermal simulations were extracted from the X70 pipe body
with dimensions of 10 mm × 10 mm × 80 mm. The experimental parameters and setup
in this study were determined based on our previous work [17] by employing different
HIs or temperatures to better suit the current thick-walled pipe. All the thermal conditions
were designed using the Rykalin-2D model in Gleeble to precisely reproduce the thermal
histories of different HAZs during the actual double-sided SAW process.

2.2.1. Thermal Simulation of CGHAZ

Figure 2 and Table 4 elucidate the selected thermal cycles and simulation parameters
to systematically investigate the influence of the HI on the CGHAZ.
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Table 4. Experimental parameters for thermal simulation of CGHAZ.

Material Peak Temperature Heating Rate Holding Time HI (∆t8/5)

X70 1350 ◦C 200 ◦C/s 0.5 s

3.2 kJ/mm (6.48 s)
3.7 kJ/mm (22.03 s)

4.2 kJ/mm (28.93 s, actual weld HI)
5.5 kJ/mm (48.68 s)
78.83 kJ/mm (100 s)

111.48 kJ/mm (200 s)

In addition to the HI, the PAGS is critical to the mechanical properties of HAZ subzones.
Figure 3 presents the thermal cycles used by Gleeble to produce different PAGS. Six different
temperatures were chosen: 1000 and 1100 ◦C for the fine grain region and 1200, 1250,
1300, and 1350 ◦C for the coarse grain region subjected to an actual welding heat input
(HI = 4.2 kJ/mm). The other parameters were consistent with those used as above.
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A special pre-welding thermal treatment was developed to improve the HAZ tough-
ness. A two-pass thermal simulation was carried out to apply the thermal treatment to
the CGHAZ, as shown in Figure 4. Five peak temperatures (Tp1 = 600, 650, 700, 750, and
800 ◦C) were selected in the first pass at a heating rate of 10 ◦C/s, holding for 1 s, followed
by cooling to 200 ◦C at a cooling rate of 10 ◦C/s. The second pass is to produce the CGHAZ.
The peak temperature was fixed at 1350 ◦C at a heating rate of 200 ◦C/s, holding for 0.5 s,
followed by cooling to 200 ◦C at a cooling time of ∆t8/5 = 28.93 s.

2.2.2. Thermal Simulation of ICCGHAZ

Figure 5 illustrates the thermal cycles applied to reproduce different ICCGHAZ sam-
ples using Gleeble. The cooling time for the first thermal cycle was set at ∆t8/5 = 28.93 s,
according to the actual mill-welding parameters, to accurately duplicate the real CGHAZ.
The subsequent intercritical thermal cycle was determined based on the dilatometry curve
of the current pipe steel (Figure 6). Various reheating temperatures were selected within
the intercritical range to investigate their influences on the microstructure and mechanical
properties of the ICCGHAZ.
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A two-pass thermal simulation was conducted to investigate the influences of the
PAGS on the M–A constituent and toughness in the ICCGHAZ. The corresponding thermal
cycle is depicted in Figure 7. Three peak temperatures (Tp1 = 1100, 1250, and 1350 ◦C) were
selected in the first pass at a heating rate of 200 ◦C/s, holding for 0.5 s, followed by cooling
to 200 ◦C to obtain different PAGSs. The peak temperature of the second pass was fixed at
810 ◦C, which was about 10 ◦C above the Ac1 temperature. During the cooling stage for
both passes, ∆t8/5 = 28.93 s was selected to simulate a HI of 4.2 kJ/mm in a real weld.
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Three-pass thermal cycles were conducted to investigate the influences of a post-
welding thermal treatment, as shown in Figure 8. The typical ICCGHAZ was reproduced
by the first and second passes at peak temperatures of 1350 ◦C and 810 ◦C, correspondingly.
Four peak temperatures were selected for the third pass, including 300, 400, 500, and 600 ◦C,
with a tempering of 1 s, following by rapid cooling (quenching in helium). Then, the peak
temperature of the third pass was fixed at 500 ◦C at different holding times and cooling
rates. The specific rapid tempering conditions of the third pass are provided in Table 5.
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Table 5. Parameters of rapid tempering applied to the ICCGHAZ.

Peak Temperature Heating Rate Holding Time Cooling Time/Rate

1st pass 1350 ◦C

200 ◦C/s

0.5 s ∆t8/5 = 28.93 s
2nd pass 810 ◦C

3rd pass

300 ◦C 1 s Quenching in Helium

400 ◦C 1 s Quenching in Helium

500 ◦C

1 s Quenching in Helium

1 s Controlled cooling at 5 ◦C/s

30 s Quenching in Helium

60 s Quenching in Helium

600 ◦C 1 s Quenching in Helium

2.3. Metallographic Examination

The original weldments and thermally simulated samples were sectioned, ground,
polished, and etched according to the standard metallography procedures for microstruc-
tural observations. Optical micrographs were taken on a Nikon Eclipse LV100NDA optical
microscope (Nikon Metrology NV).

After the standard optical observation, several simulated specimens were selected
to re-polish and etch in supersaturated picric acid for analysis of the PAGS. The average
grain size was determined from at least 500 PAGSs in more than 10 fields of view at a
magnification of 200× using the standard linear intercept methods.

2.4. Mechanical Testing

Hardness can reflect the cold-cracking resistance, strength, ductility, toughness, and
corrosion resistance. In this study, Vickers hardness measurements were carried out
following the test procedure specified in ASTM E384 [35], at 0.5 mm indentation intervals
using 1 kg load (HV1) on the cross-sections of both the original double-sided SAW welds
and Gleeble-simulated samples. The location of the hardness mapping area is highlighted
by the red square in Figure 9. For the Gleeble-simulated samples, an average value was
obtained based on 10 indentations.
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Figure 9. Hardness mapping area (red square) and positions of Charpy V-notch impact test specimen
for double-sided welds. Data from [36].

Toughness is the ability of a material to absorb energy and plastically deform in
the process before the fracture. The Charpy V-notch (CVN) test, a standardised test, is a
commonly used method to measure the amount of impact energy absorbed by materials.
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This test can also be carried out to study the behaviour of the temperature-dependent
ductile–brittle transition. The ductile–brittle transition temperature (TB) can be identified
through the CVN test by cooling samples at different temperatures. In double-sided SAW
pipes, the HAZ from the second welding process (outer SAW) overlaps the HAZ from the
first welding process (inner SAW), giving rise to a variety of partially and fully reheated
zones. To compare the fracture toughness of different regions in the complicated HAZ
and find the LBZ, the CVN impact test specimens were machined in accordance with
DNV-OS-F101 owing to the specific requirements for Charpy V-notch specimen positions
in double-sided welds [36]. As shown in Figure 9, two sets of specimens were taken from
the locations of ¼ T (marked as “Top”, where T is the thickness of the welded pipe) and the
mid thickness, ½ T (marked as “Middle”), respectively. The V-notches are located at the
central WM, fusion line (FL), and at distances of 2 mm (FL + 2) and 5 mm (FL + 5) from the
fusion line. All the tests on the original weldments were carried out at −20 ◦C using an
Instron Charpy machine (MPX motorised impact tester).

The Gleeble-simulated samples were machined to full-sized (10 mm × 10 mm × 55 mm)
CVN bars (refer to ASTM E23 [37]—the widely recognised standard to analyse impact prop-
erties) strategically notched at the position where the control thermocouple was attached
in the thermal simulation. Then, Charpy impact testing was performed at temperatures of
−60, −40, −20, −10, 0, and 20 ◦C.

The test temperature was achieved by mixing different proportions of methanol and
liquid nitrogen to form a bath. The specimens were soaked at the desired temperature for at
least 15 min before testing, and the bath temperature was maintained within ±2 ◦C using
a thermocouple for monitoring the temperature. The time span between removing the
specimens from the bath and the impact test was kept within 5 s for Charpy impact tests.

3. Investigation of Original Weldments
3.1. Microstructural Characteristics

Macrographs of the typical weld in the current thick-walled pipe are shown in
Figure 10. The inner SAW (bottom) was reheated by the outer SAW (top). The average
widths of the HAZ, CGHAZ, and ICCGHA were measured, and the results are summarised
in Table 6. It can be concluded that the CGHAZ accounted for more than 50% of the whole
HAZ for the investigated steel. The proportion of the ICCGHAZ in the HAZ was only less
than 10%, which is much lower than that of the CGHAZ. Therefore, the characteristic of the
CGHAZ was recognised as one of the major contributors to the welding joint properties,
while the influence of the ICCGHAZ needed further investigation.

Table 6. Average widths of HAZ, CGHAZ, and ICCGHAZ in all the sourced steel pipes.

Steel No. Average Width of
HAZ (mm)

Average Width of
CGHAZ (mm)

Percentage of
CGHAZ in HAZ

Average Width of
ICCGHAZ (mm)

Percentage of
ICCGHAZ in HAZ

#1 5.5 2.8 51.0% 437 7.9%

Optical microscopy (OM) was adopted to observe the microstructure in different
subzones of the HAZ in the original weldment. The dominant microstructural constituents
of the BM in Figure 11a were polygonal ferrite together with quasi-polygonal ferrite and
fine islands of pearlite. The boundary of the quasi-polygonal ferrite exhibited a jagged and
blurry appearance with variations in grain size. The polygonal ferrite nucleated from the
prior austenite grain boundary; the growth could cross the prior austenite grain boundary,
and the original austenite boundary profile was obscured. The polygonal ferrite could have
a regular grain shape, isometric, or regular polygon. The boundary was smooth and flat.
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Figure 10. (a) Macrograph of a typical weld, showing different subzones in the HAZ; (b) high-
magnification photo showing the dimensions of the ICCGHAZ.

In the intercritical heat-affected zone (ICHAZ) (Figure 11b), the microstructure con-
sisted of the untransformed bainite, the untransformed ferrite, and the island structures,
which transformed from the austenite during the cooling process. The untransformed
bainite and the ferrite grew constantly during the processes of heating and cooling, respec-
tively, causing the coarsening of the bainite and the ferrite in the ICHAZ.

As shown in Figure 11c, the dominant constituents in the fine-grained heat-affected
zone (FGHAZ) were refined recrystallised austenite. The grain size of the austenite was
smaller than 20 µm. A small of amount of bainite and M–A islands also presented in
this region.

The microstructure of the CGHAZ, as depicted in Figure 11d, was predominantly
populated with bainitic ferrite. As expected, the grain size close to the fusion line was
much larger than that in the remote area (FGHAZ). The feature of the bainitic ferrite was
that ferrite grew from the prior austenite grain boundary towards the inner grain and
formed parallel laths. The bainitic ferrite was the result of a mixture of shear and diffusion
transformations at a high cooling rate. In addition, a small amount of linearly distributed
M–A constituents was located between the laths of the bainitic ferrite.

The optical micrograph of the ICCGHAZ is shown in Figure 11e. The microstructure
was composed of a mixture of bainitic ferrite and granular bainite. The prior austenite
grain boundaries were clearly visible with a discontinuous dark phase, which has been
identified by numerous researchers [7,18,38] as the M–A constituent.

The microstructure of the WM in Figure 11f displayed proeutectoid ferrite and acicular
ferrite, typical features in low-alloy steel welds. The acicular ferrite in the WM generally
nucleated on and grew from non-metallic inclusions, providing an optimal balance of
strength and toughness.

3.2. Mechanical Properties

A hardness mapping was performed on the cross-section of the original weld. As
shown in Figure 12, the hardness values are relatively symmetric from the left BM to the
right BM. The hardness of the WM overmatched those of the HAZ and BM owing to the
strength overmatching of the welding consumables.
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Figure 11. Optical micrographs of different subzones of the HAZ region in Steel #1: (a) BM,
(b) ICHAZ, (c) FGHAZ, (d) CGHAZ, (e) ICCGHAZ, and (f) WM. P: pearlite, PF: polygonal fer-
rite, GB: granular bainite, M–A: martensite–austenite constituent, and AF: acicular ferrite.

Figure 13 shows the distribution of the fracture toughness in the original weld. It is
evident that the lowest fracture toughness at a test temperature of −20 ◦C was observed
at the FL and that the great majority of the values for the FL were significantly above
the minimum requirement of 40 J according to the ISO 3183 standard [39]. Only one test
exhibited the 45 J impact energy at the FL, which was slightly higher than this lower limit.
With increasing distance from FL to FL + 5, the fracture toughness increased drastically. In
general, the distributions for the specimens with a notch located at FL + 2 shifted to higher
values as the CGHAZ was sampled to a lesser extent. The absorbed impact energies at
FL + 5 reached the highest value, indicating a relatively good resistance to fracture.
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Figure 13. Distribution of the fracture toughness in the original weld.

The macrographs of the broken Charpy samples with the lowest toughness values
at different notch locations and the corresponding SEM fractography images are shown
in Figure 14. The WM has undergone plastic deformation. Fine dimples are evident in
Figure 14a for the ductile fracture, and the dimples have a small diameter and a shallow
depth. At the same time, there are also river patterns in the fracture. These patterns
originated in the grain interior and extended outwards, reflecting the characteristics of
the quasi-cleavage fracture. A brittle cleavage fracture mainly occurred near the FL. As
can be seen from Figure 14b, there are a large number of fan-shaped river patterns at the
fractures; the patterns originate from the grain boundary, and a considerable part of the
cleavage steps appear. These characteristics indicate that the FL was poorly shaped and
was susceptible to fracture hazards. The main part of the HAZ penetrated 2 mm outside
the FL. It can be observed from the SEM fracture analysis in Figure 14c that ductile fracture
occurred first, followed by brittle fracture. A large number of dimples are distributed at
the fracture; the density of the dimples is higher than that of the weld fracture, and the
size and depth of the dimple are larger and greater than those of the dimples at the weld,
respectively. Therefore, the toughness there was higher than those at the WM and FL.
Figure 14d shows that ductile fracture also occurred mainly at FL + 5. Compared with the
fracture surface at FL + 2, the dimples at FL + 5 had a pronounced tensile morphology,
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which was probably due to tear or shear stress. These dimples, which stretched in the
direction of the stress, had a greater depth than the dimples at the previously measured
position, so the toughness was higher there than at the other measured locations.
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4. Investigation of Thermally Simulated CGHAZ
4.1. Influence of Heat Input (HI) on Simulated CGHAZ

The micrographs of the CGHAZ simulated at different HIs, as shown in Figure 15,
reveal the prior austenite grain boundaries. The microstructures of the simulated CGHAZ
were composed of lath bainite (LB) and granular bainite (GB) and an aligned second
phase was assumed to be M–A islands. The LB ferrite is mostly lath shaped, and the M–A
constituent (black slender island) can be observed between the ferrite laths. The GB ferrite is
very massive, and a large number of small black islands (the M–A constituent) are scattered
in the massive GB ferrite. Figure 15c presents the identical microstructure with the actual
weld CGHAZ (Figure 11d). During the cooling process, the carbon atoms diffused from
the ferrite lath to the untransformed austenite. When the carbon concentration reached a
critical value and the carbon-rich austenite cooled to a temperature below the martensite
start temperature (Ms), the remaining austenite partially transformed to martensite. This
combination of transformed martensite and untransformed austenite, commonly observed
in the CGHAZ of these steels, is referred to as the M–A constituent.
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Figure 15. Microstructures of CGHAZ samples simulated at different HIs: (a) 3.2 kJ/mm,
(b) 3.7 kJ/mm, (c) 4.2 kJ/mm, (d) 5.5 kJ/mm, (e) 78.83 kJ/mm, and (f) 111.48 kJ/mm. GB: granular
bainite, LB: lath bainite, and M–A: martensite–austenite constituent.
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The bainite sheaf nucleated and grew from prior austenite grain boundaries, and some
of the packets originating from different prior austenite grains were interconnected. With
increasing heat input, the amount of LB decreased and that of GB increased drastically. At
low heat-input parameters and accordingly high cooling rates, the phase transformation
occurred in the simulated CGHAZ at a high degree of super cooling, and carbon diffusion
was slowed owing to the low carbon content of the γ/α interface. This led to ferrite forma-
tion and the subsequent formation of lath bainite [40]. At high heat-input parameters and
accordingly low cooling rates, granular bainite formed (after ferrite nucleation), possibly
resulting from carbon diffusion into the austenite. This diffusion increased the carbon
concentration of the austenite, leading to a decrease in the γ→α phase-transformation
temperature [40,41]. It is also observed that the M–A constituent coarsened obviously, and
the proportion of the M–A constituent increased continuously with increasing HI. At a HI
of 111.48 kJ/mm, the microstructure of the simulated CGHAZ was composed of mainly
GB and a large amount of the coarsening M–A constituent, as shown in Figure 15f.

Figure 16 displays the variation in the Charpy impact energies for the CGHAZs
simulated at various HIs measured at different testing temperatures. As expected, all the
samples exhibited lower Charpy impact energies below −40 ◦C compared to values above
−20 ◦C. However, the impact energy results in the temperature range from −20 to −10 ◦C
were much more scattered than those at lower temperatures. This variability was attributed
to the ductile–brittle transition temperature (TB) falling within the range from −20 to
−10 ◦C. Some of the toughness values at a testing temperature of −20 ◦C were lower than
the minimum requirement of 40 J. In addition, at temperatures above 0 ◦C, the toughness
of all the tested samples was in the range of the upper shelf energy (USE), indicating
excellent toughness.

The difference in the fracture toughness at different heat inputs for each steel sample
showed that the higher HI decreased the toughness when the temperature was above 0 ◦C.
It was also observed from Figure 16e that the impact toughness of the CGHAZ simulated
at −20 ◦C decreased with increasing HI. At higher HI values, a certain amount of bainite
formed during the ∆t8/5 cooling process, whereas following ∆t8/5, the cooling rate was
quite low and was equivalent to a long holding period. The bainite formed during ∆t8/5
would be coarsened during a subsequent cooling process. The increase in the content of
coarse stringers and the massive M–A constituent were also unfavourable to the fracture
toughness.

4.2. Influence of PAGS on Simulated CGHAZ

The microstructures of the HAZs simulated at different peak temperatures of 1000,
1100, 1200, 1250, 1300, and 1350 ◦C are shown in Figure 17. A thermal cycle with a peak
temperature of 1000 ◦C resulted in an overall fine microstructure characterised by a mixture
of polygonal ferrite and quasi-polygonal ferrite, along with the formation of some carbides.
When the peak temperature was increased to 1100 ◦C, the current steel mainly consisted
of fine bainitic ferrite with slight grain coarsening. At 1200 ◦C, there was a greater extent
of austenite grain coarsening, leading to a predominant microstructure of large granular
bainitic ferrite. Further increasing the peak temperature from 1250 to 1350 ◦C resulted in
the continued growth of austenite grains and coarsening of microstructural features, while
no significant changes in the microstructural constituents can be spotted.
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toughness of CGHAZ simulated at −20 ◦C and different heat inputs.

The average values of the PAGS are plotted in Figure 18, showing that this steel
exhibited various degrees of grain coarsening with increasing peak temperature. The corre-
sponding mechanical properties, including hardness and toughness, were also investigated.
It is obvious from Figure 19a that the hardness values increased with increasing peak
temperature from 1000 to 1200 ◦C owing to the corresponding increase in the PAGS and
coarsening of the microstructural features. Interestingly, the further increase in the PAGS
at peak temperatures of 1250−1350 ◦C had little effect on the hardness values. It should
be noted that the microstructural constituents were apparently the same in this tempera-
ture range. It is also well known that hardness variations can reflect the microstructural
constituents. Therefore, the hardness of the current steel slightly fluctuated in the range
210−220 HV1. Figure 19b shows the influences of different peak temperatures and the
corresponding PAGSs on the toughness variation. The PAGSs of the samples subjected
to a thermal cycle with a peak temperature from 1000 to 1250 ◦C gradually increased
from 10 to 30 µm (Figure 18), leading to high impact toughness (220−290 J). When the
peak temperature was increased to 1300 ◦C, the grain size remained virtually unchanged
(Figure 18), while the toughness values were scattered. Increasing the peak temperature
to 1350 ◦C promoted considerable grain coarsening (Figure 18), which resulted in one
extremely low toughness value at −20 ◦C, below the standard of 40 J.
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Figure 17. Microstructures of samples thermally simulated using Gleeble at different peak tem-
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PF: polygonal ferrite, GB: granular bainite, LB: lath bainite.
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Figure 18. Prior austenite grain size measurements at different peak temperatures.
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Figure 19. Mechanical property variations as functions of peak temperature and PAGS in simulated
CGHAZ samples: (a) Vickers hardness and (b) Charpy impact energy.

4.3. Influence of Thermal Treatment on Simulated CGHAZ

The microstructures of the CGHAZs at different peak temperatures of the thermal
treatment are shown in Figure 20. The CGHAZs of all the specimens exhibited a typical
bainitic structure with a mixture of lath bainite and granular bainite. These microstructural
constituents remained unchanged as the thermal treatment peak temperature was increased
from 600 to 800 ◦C. Moreover, increasing the peak temperature of the thermal treatment
coarsened the microstructures of the CGHAZs in comparison to that observed in the original
CGHAZ specimen with no thermal treatment (Figure 15c). Furthermore, the dispersed
M–A constituent appeared to decrease with an elevation in the thermal-treatment peak
temperature. An in-depth investigation into the fraction and size of the M–A constituent is
critical to comprehensively understand its behaviour under varying thermal conditions.

Figures 21 and 22 present the average Vickers hardness values of the simulated
CGHAZ samples after the thermal treatment. The thermally treated samples exhibited
relatively higher HV1 values, as presented in Figure 21. After the thermal treatment, the
hardness values of the CGHAZ presented a noticeable increase compared with those of the
original CGHAZ without the thermal treatment. With increasing thermal-treatment peak
temperature, the hardness slightly fluctuated in the range 225–233 HV1. The Charpy impact
energies of the simulated samples with the thermal treatment are shown in Figure 22. The
low-temperature (−20 ◦C) impact energies of the samples thermally treated at 600 ◦C were
similar to those of the original CGHAZ samples when no thermal treatment was used.
The scattered data mean that −20 ◦C was in the ductile–brittle transition-temperature
range. As the peak temperature of the thermal treatment was increased to 700 ◦C, all the
impact energy values with no scattering met the standard requirement of 40 J. Further
increasing the peak temperature to 800 ◦C did not change the impact energy at −20 ◦C
obviously. It is interesting to notice that the impact energy at −40 ◦C remained unchanged,
showing extremely low values when the CGHAZ samples were thermally treated at a peak
temperature of 700 ◦C. With further increasing the thermal-treatment peak temperature to
800 ◦C, the impact energy clearly improved although the data were scattered. The above
results can be explained by the prevention of the M–A formation. The carbon enrichment
was reduced by the thermal treatment during the bainitic ferrite transformation; thus, the
M–A constituent was difficult to form. This has also been demonstrated by the experimental
results in previous study [42,43].
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Figure 20. Microstructures of simulated CGHAZ samples thermally treated at different peak tem-
peratures: (a) 600 ◦C, (b) 650 ◦C, (c) 700 ◦C, (d) 750 ◦C, and (e) 800 ◦C. PAG: prior austenite grain,
GB: granular bainite, LB: lath bainite, and M–A: martensite–austenite constituent.
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Figure 21. Vickers hardness variation as a function of thermal-treatment peak temperature
(thermal-treatment peak temperature “0” represents the original CGHAZ without the thermal
treatment process).



Metals 2023, 13, 2018 20 of 30

Metals 2023, 13, x FOR PEER REVIEW 20 of 30 
 

 

 

Figure 21. Vickers hardness variation as a function of thermal-treatment peak temperature (thermal-

treatment peak temperature “0” represents the original CGHAZ without the thermal treatment pro-

cess). 

 

Figure 22. The variation in the Charpy impact energies at different testing temperatures as functions 

of thermal-treatment temperature for simulated CGHAZ samples: (a) CVN at −20 °C and (b) CVN 

at −40 °C. 

5. Investigation of Thermally Simulated ICCGHAZ 

5.1. Influence of Intercritical Reheating Temperature on Simulated ICCGHAZ 

This section is an extension of our earlier work [18], which focused on a typical thin-

walled X70 pipe. The current investigation, however, was conducted on a thick-walled 

pipe. The welding of this type of line pipe is challenging owing to the high HI, leading to 

significant HAZ issues, particularly in the ICCGHAZ.  

Figures 23 and 24 present the optical micrographs of the ICCGHAZs simulated at 

three different intercritical reheating temperatures in the investigated thick-walled pipe. 

Compared with the thin-walled pipe in our previous work, the current thick-walled pipe 

samples exhibited ICCGHAZs that had a similar microstructure dominated by bainitic 

ferrite with a secondary M–A constituent. The fraction of the M–A constituent was quan-

titatively analysed, as shown in Table 7. The results indicate that the grain-boundary net-

work of the M–A constituent in a necklace pattern was observed only at the lower end 

(just above Ac1) of the intercritical temperature range. With increasing intercritical reheat-

ing temperature, the M–A constituent dispersed intragranularly at the bainite and ferrite 

boundaries. Significant decreases were also observed in the total fraction and average size 

of the M–A constituent.  

0

50

100

150

200

250

300

350

400

450

C
h

a
rp

y 
im

p
a

ct
 e

n
er

gy
 (

J)

Test temperature = -20 ˚C

700 800

40 J standard

6001350
1350 1350 1350

0

50

100

150

200

250

300

350

400

450

C
h

a
rp

y 
im

p
a

ct
 e

n
e

rg
y 

(J
)

Test temperature = -40 ˚C

650 700 750 800

40 J standard

6001350
1350 1350 1350 1350 1350

(a) (b)
−−

Figure 22. The variation in the Charpy impact energies at different testing temperatures as functions
of thermal-treatment temperature for simulated CGHAZ samples: (a) CVN at −20 ◦C and (b) CVN
at −40 ◦C.

5. Investigation of Thermally Simulated ICCGHAZ
5.1. Influence of Intercritical Reheating Temperature on Simulated ICCGHAZ

This section is an extension of our earlier work [18], which focused on a typical thin-
walled X70 pipe. The current investigation, however, was conducted on a thick-walled
pipe. The welding of this type of line pipe is challenging owing to the high HI, leading to
significant HAZ issues, particularly in the ICCGHAZ.

Figures 23 and 24 present the optical micrographs of the ICCGHAZs simulated at
three different intercritical reheating temperatures in the investigated thick-walled pipe.
Compared with the thin-walled pipe in our previous work, the current thick-walled pipe
samples exhibited ICCGHAZs that had a similar microstructure dominated by bainitic
ferrite with a secondary M–A constituent. The fraction of the M–A constituent was quan-
titatively analysed, as shown in Table 7. The results indicate that the grain-boundary
network of the M–A constituent in a necklace pattern was observed only at the lower end
(just above Ac1) of the intercritical temperature range. With increasing intercritical reheat-
ing temperature, the M–A constituent dispersed intragranularly at the bainite and ferrite
boundaries. Significant decreases were also observed in the total fraction and average size
of the M–A constituent.

Table 7. Fraction (Vf) of the M–A constituent present in the ICCGHAZs simulated at different
reheating temperatures.

Tp2, ◦C 810 840 870

Vf of M–A, vol.% 4.7 ± 0.7 2.5 ± 0.4 2.2 ± 0.5

Fraction of Grain Boundary M–A, vol.% 2.9 ± 0.5 0 0

The corresponding results of the Charpy impact tests at −20 ◦C in Figure 25 present the
variation in the absorbed energy for the simulated ICCGHAZ samples. The intercritically
reheated specimens consistently showed a substantial deterioration in toughness, which
can be attributed to the combined influences of the M–A size, fraction, and location. The
detailed analysis of the microstructural evolution within the intercritical range and its
impact on the fracture toughness can be referred to in our earlier work [17,18].
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Figure 23. Microstructures of ICCGHAZ samples simulated by employing different reheating
temperatures: (a) 810 ◦C, (b) 840 ◦C, and (c) 870 ◦C compared with that of the original CGHAZ
sample. PAG: prior austenite grain, GB: granular bainite, and M–A: martensite–austenite constituent.
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Figure 24. Optical images of microstructures revealed using LePera etchant for simulated ICCGHAZ
samples produced using different reheating temperatures: (a) 810 ◦C, (b) 840 ◦C, and (c) 870 ◦C.
M–A: martensite–austenite constituent.
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Figure 25. Charpy impact energies of ICCGHAZ samples simulated at different intercritical reheating
temperatures compared with those of the base metal and original CGHAZ. (Heating temperature “0”
represents the base metal, while heating temperature “1350” represents the original CGHAZ.)

5.2. Influence of PAGS on Simulated ICCGHAZ

The above investigations have indicated that the frequently occurring necklace-type
M–A constituent along the PAG boundary in the ICCGHAZ has made it scarcely possible
to regulate the toughness because the M–A constituent is particularly difficult to control as
it forms during the second thermal cycle at a peak temperature between Ac1 and Ac3. It is
also essential to conduct further investigations on whether the precursor microstructure
formed in the CGHAZ, especially the PAGS, has any positive effects on the subsequent
microstructure, including the necklace-type M–A constituent, and the impact toughness in
the ICCGHAZ.

The optical micrographs of the ICCGHAZ samples simulated by changing the first-
pass peak temperature are shown in Figure 26. The PAGS was coarsened by increas-
ing the first-pass peak temperature. The microstructure of the ICCGHAZ simulated at
Tp1 = 1100 ◦C primarily comprised polygonal ferrite, quasi-polygonal ferrite, and a small
fraction of the M–A constituent. When the first-pass peak temperature was increased to
1250 ◦C, the M–A constituent predominantly formed along the PAG boundaries. With the
significant coarsening of the PAGS at the first-pass peak temperature of 1350 ◦C, the fraction
of the grain boundaries decorated by the necklace-type M–A increased. The necklace-type
M–A was also found to be coarsened. This observation suggests that the M–A constituent
was dispersed with a refinement in the grain size but was continuously distributed along
large PAG boundaries.

The corresponding Charpy impact toughness data are presented in Figure 27. It
is clear that intercritical reheating at 810 ◦C had virtually no effect on the toughness
when the first-pass peak temperature was 1100 ◦C with a fine PAGS. However, with in-
creasing first-pass peak temperature and, consequently, increasing PAGS, the toughness
considerably reduced. The lowest toughness was obtained for the sample simulated at
Tp1 = 1350 ◦C with a necklace-type M–A constituent. Obviously, when the coarse grains
were decorated by the M–A constituent after two-pass reheating, there was a significant
drop in the toughness. The size of the M–A constituent was also influenced by the PAGS.
Thus, the M–A constituent predominantly governed the toughness. Cleavage fracture-
initiation mechanisms associated with the M–A constituent have been reported in previous
studies [44–46]. It has been proposed that when there is a necklace-type M–A constituent,
there is an “overlap in transformation-induced residual tensile stresses” and an enhance-
ment in the stress concentration due to the strength mismatch between the M–A constituent
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and matrix during deformation. Thus, the M–A constituent, which presents as a continuous
and interconnected structure, is detrimental to the toughness.
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Figure 26. Microstructures of ICCGHAZ samples thermally simulated using Gleeble at differ-
ent first-pass peak temperatures (Tp1) and Tp2 = 810 ◦C: (a) Tp1 = 1100 ◦C and Tp2 = 810 ◦C,
(b) Tp1 = 1250 ◦C and Tp2 = 810 ◦C, and (c) Tp1 = 1350 ◦C and Tp2 = 810 ◦C. PF: polygonal fer-
rite, PAG: prior austenite grain, GB: granular bainite, and M–A: martensite–austenite constituent.
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Figure 27. Charpy impact energy variation as a function of first-pass peak temperature (Tp1) for
simulated ICCGHAZ samples.
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5.3. Influences of Thermal Treatments on Simulated ICCGHAZ
5.3.1. Rapid Tempering after Welding

Rapid tempering at high temperatures (from 500 to 700 ◦C) has recently been sug-
gested to improve the impact toughness via carbide (cementite) refinement [47,48]. The
time-scale of rapid-tempering heat treatments is said to limit the dislocation recovery,
thereby providing increased nucleation sites for the formation of fine, dispersed cementite
particles. The effects of rapid tempering were also investigated for martensitic steel within
a lower tempering-temperature range, and a consistent improvement in toughness was
observed [49–51]. Therefore, rapid tempering is considered as a solution to improve the
toughness of the ICCGHAZ in this work via Gleeble thermal simulation.

Figure 28 presents the microstructural evolution with increasing rapid-tempering
temperature. Similar microstructural constituents were identified in all the simulated
samples, with obvious grain coarsening as the temperature increased. All the simulated
samples showed the formation of a coarse necklace-type M–A constituent along the PAG.
It was found that rapid tempering at 300 ◦C refined the PAG, while rapid tempering at
500 ◦C generated the lowest fraction of the M–A constituent. However, ether a lower
cooling rate or a longer holding time apparently promoted the formation and coarsening of
the M–A constituent throughout the entire microstructure (Figure 29).
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Figure 28. Microstructures of simulated ICCGHAZ samples after rapid tempering at different tem-
peratures: (a) Tp1 = 1350 ◦C, Tp2 = 810 ◦C, and Tp3 = 300 ◦C; (b) Tp1 = 1350 ◦C, Tp2 = 810 ◦C, and
Tp3 = 400 ◦C; (c) Tp1 = 1350 ◦C, Tp2 = 810 ◦C, and Tp3 = 500 ◦C; (d) Tp1 = 1350 ◦C, Tp2 = 810 ◦C, and
Tp3 = 600 ◦C. PAG: prior austenite grain, GB: granular bainite, and M–A: martensite–austenite constituent.
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Figure 29. Microstructures of simulated ICCGHAZ samples after rapid tempering at 500 ◦C, followed
by different combinations of cooling rates and holding times: (a) holding for 1 s and slowing cooling
at 5 ◦C/s, (b) holding for 30 s and He quenching, and (c) holding for 60 s and He quenching.
PAG: prior austenite grain, GB: granular bainite, and M–A: martensite–austenite constituent.

The toughness variation is presented as functions of the rapid-tempering conditions
in Figure 30. Only a slightly increase in toughness was observed after the rapid tempering.
However, most of the toughness values were lower than the standard of 40 J. One or two
values generated by rapid tempering at 300 and 500 ◦C, followed by quenching, barely
met the requirements. The major reason could be that rapid tempering cannot prevent
the formation of the M–A constituent, particularly of the necklace type, which severely
decreases the Charpy toughness. The refined PAGS could contribute one good toughness
value for the sample simulated by rapid tempering at 300 ◦C. In relation to rapid tempering
at 500 ◦C, the two good toughness values for the simulated samples could be due to the
obviously lower amount of the necklace-type M–A constituent compared with those in the
other samples.

5.3.2. Thermal Treatment before Welding

It has been proven by the above results in Section 4.3 that the toughness of the
simulated CGHAZ samples was obviously improved by a special thermal treatment at
a peak temperature of 800 ◦C. To further investigate the influence of this special thermal
treatment on the ICCGHAZ, three passes of Gleeble thermal simulation were also carried
out using a real weld HI of 4.2 kJ/mm. Only 800 ◦C was selected as the peak temperature
of the first pass to apply the thermal treatment, and the remaining parameters for the first
and second passes were kept the same. In terms of the third pass, the peak temperature
was fixed at 810 ◦C with a cooling time of ∆t8/5 = 28.93 s to produce the ICCGHAZ. A
one-pass simulation was also conducted on the BM, using 800 ◦C as the peak temperature
of the thermal treatment.
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Figure 30. Charpy impact energies of simulated ICCGHAZ samples after rapid tempering under
different conditions: (a) rapid tempering at different temperatures and (b) rapid tempering at 500 ◦C,
followed by different combinations of cooling rates and holding times.

The BM microstructure after the single-pass thermal treatment, in Figure 31a, presented
a mixture of ferrite, bainite, and a relatively large volume of the M–A constituent. It is
interesting that the M–A constituent presented a more granular shape instead of the slender,
blocky, or necklace type that was observed previously. A significant microstructural change
was observed in the ICCGHAZ simulated by the thermal treatment (Figure 31b). The
necklace-type M–A constituent was absent in the thermally treated samples compared
with the original ICCGHAZ sample (Figure 23a), while the prominent microstructure was
composed of lath bainite and granular bainite.
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Figure 31. Microstructures of samples simulated using thermal treatment at a peak temperature
of 800 ◦C before welding: (a) BM and (b) ICCGHAZ. PF: polygonal ferrite, GB: granular bainite,
LB: lath bainite, and M–A: martensite–austenite constituent.

Figure 32 summarises the Charpy impact energies of the ICCGHAZ samples sim-
ulated with and without the thermal treatment. The impact energies of the base metal
with and without the thermal treatment, CGHAZ with and without the thermal treatment,
and the original ICCGHAZ were also included. Although the impact energy of the base
metal was significantly reduced by the thermal treatment at a peak temperature of 800 ◦C
before welding, the current steel exhibited acceptable toughness. It has been demonstrated
in a previous study by other researchers [52] that the M–A phase possessing a granular
shape does not initiate brittle fracture, and the bainite–MA steels exhibited no decrease
in the ductile–brittle transition temperature. Therefore, the slight reduction in the impact
energy can be attributed to the apparent grain coarsening. In addition, the special thermal
treatment used in this study prevented the formation of the necklace-type M–A constituent
along the PAG. However, the large PAG and generated microstructure constituents de-
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creased the toughness. Therefore, the pre-welding thermal treatment failed to improve the
toughness of the ICCGHAZ.
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Figure 32. Charpy impact energies of simulated samples with thermal treatment at a peak temperature
of 800 ◦C before welding.

6. Conclusions

The present study focused on the low-temperature toughness (typically at −20 ◦C) of
the double-V weld seams of thick-walled line pipes. A comprehensive study was performed
to understand the effects of heat inputs in a wide range on the grain size and precipitate
coarsening and the correlation between the microstructure and toughness of the HAZ. The
following conclusions are reached:

(1) An investigation was undertaken of the mid-thickness HAZ, using CVN tests at
−20 ◦C, in an X70-grade pipe. The results showed that −20 ◦C was in the transition
zone of the toughness, with a high degree of scattering from more than 200 J to less
than 40 J;

(2) It is considered that a high HI and a large PAGS are both detrimental to the CGHAZ
toughness. It has been confirmed by thermal simulations of the CGHAZ at different
heat inputs and PAGS measurement results that the CGHAZ toughness obviously
decreased as a result of an increase in the heat input and the large PAGS induced by
increased peak temperatures;

(3) A number of thermal treatments were tested using Gleeble thermal simulations, and
opportunities were identified to improve the CGHAZ toughness through the thermal
treatment of the plate before welding. A specially designed thermal treatment for the
plate was recommended to achieve improved CGHAZ toughness. The corresponding
thermal cycle for this treatment involved peak temperatures of 700 and 800 ◦C with a
cooling rate of 10 ◦C/s, holding for 1 s, followed by rapid cooling to 200 ◦C at a rate
of 10 ◦C/s;

(4) The thermal simulations of the ICCGHAZ microstructures at different intercritical
reheating temperatures showed that an increase in the intercritical reheating tem-
perature led to improved toughness. It has been confirmed that the necklace-type
M–A constituent resulted in a decrease in the toughness. The microstructural char-
acterisation revealed that the necklace-type M–A constituent only formed when the
intercritical reheating temperature was just above Ac1. The results also indicated that
large PAGSs promoted the formation of the necklace-type M–A constituent;

(5) Owing to the combined effects of the large PAGs and detrimental microstructural
constituents, the toughness of the simulated ICCGHAZ remained unchanged by either
rapid tempering after welding or thermal treatment before welding;
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(6) In pipe construction, tack welding is typically used to secure the pieces in the correct
alignment before the final, more comprehensive welding is performed. Regarding the
two-pass SAW, optimising the use of tack welds has the potential to reduce the effec-
tive HI associated with the two main welds. Consequently, in future investigations, it
would be valuable to explore the impact of modifying the current welding procedure,
with a particular emphasis on the application of tack welds.
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