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Abstract: The effect of martensite–austenite (M–A) constituents and simulated microstructure
on low-temperature toughness was investigated in YS 500 MPa grade structural steel welds.
The specimens were fabricated using a direct quenching and tempering process. After simulated
weld thermal cycles, the coarse-grained heat-affected zone (CGHAZ) and intercritically reheated
coarse-grained heat-affected zone (IRCGHAZ) were produced using a Gleeble tester and real welded
joint to support the simulation results. The largest low-temperature toughness was observed in
the fine-grained heat-affected zone (FGHAZ) owing to the fine-ferrite microstructure. However,
the toughness decreased in the IRCGHAZ because of the slender morphology of the M–A constituents
that formed primarily along the prior austenite grain boundaries in the IRCGHAZ.

Keywords: heat-affected zone; M–A constituent; submerged arc welding; IRCGHAZ; slender M–A

1. Introduction

Recently, more offshore plants and ships have been operated in extreme environments such
as those commonly found in the polar regions [1]. Low carbon bainitic steels are candidate
materials used for their combination of high strength and low-temperature toughness by applying
thermomechanically controlled processes (TMCPs) [2–4]. Although the base metal (BM) has excellent
toughness, deterioration of the toughness in welded joints occurs for large heat input welds.
The deterioration of the fracture toughness of TMCP steels after welding is attributed to the formation
of local brittle zones in the heat affected zones (HAZs) [5]. For single pass welding, the coarse-grained
heat-affected zone (CGHAZ) exhibits the lowest toughness and forms near the fusion line [6].
For multi-pass welding, the most degraded part in the HAZ is known as the intercritically reheated
coarse-grained heat-affected zone (ICCGHAZ) [7,8] and is caused by the formation of coarse M–A
constituents, which are composed of high carbon martensite and retained austenite [9]. It is generally
recognized that cleavage fracturing in welded joints is mainly controlled by the microstructure, such as
the M–A constituents. The micro-mechanism of cleavage cracks in simulated HAZs is controlled
by the size and volume fraction of the martensite–austenite (M–A) constituent [10,11]. Furthermore,
it should be noted that the morphologies of M–A constituents are sensitive to cleavage cracking [12,13].
The M–A constituents can exhibit various morphologies such as massive, slender, and small dot
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shapes [14,15]. Specifically, the M–A constituents with small dot as well as dispersed and distributed
shapes to not significantly contribute to the decrease in toughness [16]. A previous study reported
that the slender M–A constituents crack more easily than massive M–A constituents in YS 480 MPa
grade steel welds [17]. However, the micro-mechanism of cleavage cracking and the effects of M–A
constituents were not systematically studied for high strength steel welds. Therefore, this study aimed
to investigate the effect of volume fraction, location, and morphology of M–A constituents on the
low-temperature toughness of the simulated HAZs and real multi-pass welds in YS 500 MPa grade
steel welds.

2. Experimental Details

The BM used in this study was S500G2 plates of YS 500 grade [18] and the BM to ensure good
weldability was designed with a relatively low carbon equivalent (Ceq). The chemical composition of
the BM is listed in Table 1. The fabrication process of the BM is shown in Figure 1. A solidified slab
was reheated and homogenized at 1150 ◦C for 4 h, and hot rolling was started at 950 ◦C and ceased
above Ar3. During rolling, the slab thickness was reduced from 250 to 62 mm, followed by water
quenching. After accelerated cooling, tempering was performed at 600 ◦C for 100 min to increase the
toughness of the BM.

Table 1. Chemical composition of the base metal and filler metal.

C Si Mn Ni Cr Cu Mo Ti Nb Ceq

Base metal 0.07 0.15 1.55 0.6 - 0.25 0.15 0.012 0.02 0.41
Filler metal 0.08 0.25 1.55 0.8 0.03 0.09 0.46 - - -
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To simplify the real welding conditions and ensure an accurate region of each HAZ, HAZ 
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plate. The specimens were cut from 1/4 t of the fabricated steel plate of 11 mm (thickness) × 11 mm 
(width) × 90 mm (length). The thermal cycles used in this study are shown in Figure 2. Test 
specimens were heated to a peak temperature of 1350 °C (TP1) at a rate of 500 °C/s and were held at 
this temperature for 3 s. Thereafter, the specimens were cooled to 200 °C and the cooling time (t8/5) 
between 800 and 500 °C was 31 s in accordance with the Rosenthal equation [19]. Subsequent cycles 
were conducted at peak temperatures (TP2) of 900, 750, and 600 °C to simulate FGHAZ, IRCGHAZ, 
and subcritically reheated CGHAZ (SRCGHAZ), respectively. The other conditions were held 
constant including TP1, holding time, and cooling rate (t8/5). 

Figure 1. Schematic illustration to produce the base metal.

To simplify the real welding conditions and ensure an accurate region of each HAZ, HAZ
simulation was conducted using a Gleeble 3500 tester (Gleeble, New York, NY, USA). The thermal
cycles were designed to simulate a submerged arc weld with heat input of 5 kJ/mm to a 62 mm
thick plate. The specimens were cut from 1/4 t of the fabricated steel plate of 11 mm (thickness) ×
11 mm (width) × 90 mm (length). The thermal cycles used in this study are shown in Figure 2. Test
specimens were heated to a peak temperature of 1350 ◦C (TP1) at a rate of 500 ◦C/s and were held at
this temperature for 3 s. Thereafter, the specimens were cooled to 200 ◦C and the cooling time (t8/5)
between 800 and 500 ◦C was 31 s in accordance with the Rosenthal equation [19]. Subsequent cycles
were conducted at peak temperatures (TP2) of 900, 750, and 600 ◦C to simulate FGHAZ, IRCGHAZ,
and subcritically reheated CGHAZ (SRCGHAZ), respectively. The other conditions were held constant
including TP1, holding time, and cooling rate (t8/5).
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reagent (1% Na2S2O5 solution and 4% picric acid, alcohol solution). The segregation of composition 
of the M–A constituent was performed using field emission-electron probe microanalysis 
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Figure 2. Schematic diagram of the simulated thermal cycles.

The real weld joint was produced on the BM with a size of 62 mm (thickness) × 500 mm (width)
× 1000 mm (length), which was cut along the longitudinal direction. A single V-type butt weld with a
groove angle of 30◦ was performed with twenty-six-passes to produce a relatively wide HAZ region.
The filler metal wire had a diameter of 4.0 Φ and fluxes (S-500Y) for the submerged arc welding (SAW).
The composition of the filler metal was listed in Table 1. The detailed welding conditions of the SAW
process are listed in Table 2.

Table 2. Welding conditions to produce the welded joint [18].

Main Parameter Current
(A)

Voltage
(V)

Travel Speed
(cm/min)

Heat Input
(kJ/cm)

InterpassTemperature
(◦C)

Range 680–720 32–36 25–30 46–55 ≤250

The thermal cycle of the Gleeble test was applied to rectangular specimens taken from the BM
of 11 mmT × 11 mmW × 55 mmL. Thereafter, the specimens were machined to produce Charpy
V-notched (CVN) standard specimens of 10 mmT × 10 mmW × 55 mmL [20]. For the welds, CVN
impact specimens with a standard size were prepared along the transverse direction of the welding
passes. Notches in the impact specimens were made near the fusion line. Impact testing was performed
at −40 ◦C, in triplicate to obtain the average value of CVN. The phase of each regional HAZ was
observed using X-ray diffraction (XRD) (Bruker, Dresden, German). at a scan time of 0.5 s, range
of 30–130◦, voltage of 40 kV, and current of 30 mA using Co Kα radiation. The metallographic
specimens were cut from the centerline of the HAZ simulated specimen. For microstructural analysis,
the specimens were polished and etched using a 3% Nital solution. Their microstructure was then
observed using light optical microscopy (LOM) and scanning electron microscopy (SEM). In the real
welded joint, the fraction of various HAZs and WM from the notch line was averaged from the LOM
images of 5 ea (×200) following Recommended Practice for Preproduction Qualification for steel plates
(API RP 2Z) [21]. To identify the morphology and amount of M–A constituents in the various HAZs,
the specimens were re-polished and etched using the LePera reagent (1% Na2S2O5 solution and 4%
picric acid, alcohol solution). The segregation of composition of the M–A constituent was performed
using field emission-electron probe microanalysis (FE-EPMA) and the fracture surface morphology of
the impact specimens was examined using SEM.
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3. Results and Discussion

3.1. Microstructure and Mechanical Properties of the Base Metal

Figure 3 shows various microstructures of the BM. The microstructure of the BM was composed
of a mixed structure of acicular ferrite (AF), granular bainitic ferrite (GBF), and bainitic ferrite (BF).
The major constituent was AF, and the combined fraction of GBF/BF was present in small amounts
(~20%). AF had fine ferrite lath approximately 3 ± 1 µm in size and formed irregularly, with no
secondary phase inside the AF. BF showed a microstructure where the laths were well developed
and the prior austenite grain boundary (PAGB) was observed. Furthermore, BF had relatively coarse
grains of packet 50 ± 5 µm in size as compared with AF. The secondary phase was distributed along
the block boundary of the bainitic structure (Figure 3c). GBF existed in the secondary phase of the
island type in the interior of the grains, and its grains were coarse and 30 ± 5 µm in size. Detailed
characterization of the secondary phase will be explained in Section 3.2.1. It was previously reported
that a microstructural fraction of GBF and BF below 25% produced excellent balance between impact
toughness and mechanical properties [22]. The yield strength, ultimate tensile strength, and elongation
were approximately 550 MPa, 640 MPa, and 26%, respectively. The CVN energy at −40 ◦C was 284 J
and the ductile-brittle transition occurred at −80 ◦C. These values satisfy the EN 10025 and NORSOK
M–120 standards [23,24].
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AF, BF, and GBF.

3.2. Microstructure and Mechanical Properties of Simulated HAZ

3.2.1. Microstructural Behaviour for Various HAZs

Figure 4 shows the LOM microstructures of the simulated HAZs. CGHAZ had only one pass
(TP1 1350 ◦C) and consisted of AF, BF, and a small fraction of GBF (Figure 4a). The secondary phase
of the M–A constituent existed in the GBF grain of CGHAZ. The microstructure of the fine-grained
heat-affected zone (FGHAZ) was influenced by the subsequent passes (TP1 1350 ◦C + TP2 900 ◦C) and
was transformed into fine polygonal ferrite (<15 µm) and AF (Figure 4b). This was mainly due to
the complete recrystallization at a relatively low peak temperature (TP2 900 ◦C). Figure 4c shows
the microstructure of IRCGHAZ composed of AF and BF owing to the effect of subsequent passes
(TP1 1350 ◦C + TP2 750 ◦C). The microstructure (AF, BF, and GBF) of SRCGHAZ was similar to that of
CGHAZ (Figure 4d) except for its small grain size. Figure 5 shows the XRD patterns of each HAZ region,
indicating that the SRCGHAZ was composed of the α-ferrite phase, and CGHAZ started to show a
γ-austenite phase peak. FGHAZ/IRCGHAZ clearly showed two phases (α-ferrite + γ-austenite).
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Figure 6 shows the microstructures of each simulated HAZ using the LePera reagent. Figure 6a,b
show the distributions and morphology of the M–A constituents, respectively. LOM images of
the microstructures indicate that the M–A constituents appear as the white phase. For CGHAZ,
a small amount (~0.9%) of lath-shaped M–A constituent was observed on the PAGB and inside the
BF microstructure [26]. The volume fractions of the M–A constituent in FGHAZ and IRCGHAZ
were similar and greater than 2%. However, the shapes of their M–A constituents differed
significantly. Unlike FGHAZ with a well-developed massive-shaped M–A constituent, both massive-
and slender-shaped constituents coexisted in the IRCGHAZ. The location of the M–A constituents
in these microstructures also differed for each simulated HAZ. For FGHAZ, the M–A constituents
were randomly observed in the inter-ferrite grain. On the other hand, the M–A constituents in the
IRCGHAZ were concentrated primarily along the PAGB [27,28]. For SRCGHAZ, the M–A constituent
was hardly observed, and coarsened cementite was detected in the BF microstructure. Various HAZs
showed consistent trends of M–A content measured by the LePera reagent (Figure 6), as compared
with the XRD results (Figure 5).
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and (d) SRCGHAZ.

The M–A constituents were observed using XRD pattern analysis (Figure 5) and LOM with the
LePera reagent (Figure 6). To verify the presence of the M–A constituents, Figure 7a shows the massive
M–A constituent in the lath BF matrix of the IRCGHAZ, and Figure 7b indicates the corresponding
carbon/silicon concentration distributions determined by FE-EPMA along the black-scanning line.
The carbon and silicon were concentrated in the M–A constituent in the IRCGHAZ. The carbon
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of the massive M–A constituent was significantly concentrated compared to the matrix. However,
the segregation degree of silicon on the massive M–A constituent was insignificant compared to the
carbon segregation due to the lower diffusion coefficient of silicon compared to carbon [29]. Carbon
significantly improves the stability of the retained austenite and lowers the martensite start temperature
(Ms) in these regions. The silicon in the steel is known to delay the decomposition of retained austenite
and increase the amount of M–A constituent [30]. Therefore, carbon and silicon segregation in the
study encouraged the formation of the M–A constituent.
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3.2.2. Mechanical Properties of the Various HAZs

Figure 8 shows the CVN-absorbed energy and hardness distribution for each simulated HAZ.
The impact-absorbed energies at −40 ◦C were 150 J for CGHAZ, 220 J for FGHAZ, 25 J for IRCGHAZ,
and 70 J for SRCGHAZ. The CGHAZ mainly consisted of AF, which has excellent impact toughness
and a slight amount of brittle BF. The M–A constituent content was low for the CGHAZ, resulting
in the large CVN value. The FGHAZ had a decreased fraction of brittle BF and increased fraction
of ferrite (quasi-ferrite and AF) with excellent impact toughness [31,32]. Therefore, its CVN energy
increased dramatically and Vickers hardness decreased by more than 20 Hv with an increasing ferrite
fraction despite the FGHAZ having a large fraction of massive M–A. The IRCGHAZ mainly consisted
of AF and BF, contributing its high hardness value of 220 Hv similar to that of the CGHAZ. However,
the slender shaped M–A constituent was observed at the PAGB, and some of the M–A constituent was
also observed in the lath of BF. Therefore, the average CVN energy of the IRCGHAZ was quite small
(~25 J). The microstructure (AF and BF) and hardness distribution of the SRCGHAZ was similar to that
of the CGHAZ. However, the CVN-absorbed energy in these regions was quite low (~70 J) because
of the coarse cementite in the BF microstructure. The shape and amount of M–A constituent were
determined to the main reasons for the decrease in the CVN-absorbed energy.

Figure 9 shows the Charpy-fractured surface of the FGHAZ and IRCGHAZ. The fracture
mode of FGHAZ was composed of mixed dimples and cleavage fractures (Figure 9a). The M–A
constituent particles, indicated by the white arrows, were uniformly distributed in the grain and
grain boundary of the FGHAZ. The IRCGHAZ fracture mode was principally composed of cleavage
fractures (Figure 9b). Large M–A constituent particles were observed close to the grain boundary of
the IRCGHAZ. Specifically, the cleavage surface was initiated near the M–A constituent along the
grain boundary. The amount of cleavage surface in the FGHAZ was significantly smaller than that of
the IRCGHAZ. The minimum crack initiation energy of the IRCGHAZ specimens can be attributed to
the slender shaped M–A constituents and those located at the grain-boundary [29].
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3.3. Properties of a Real Welded Joint Formed Using the Fabricated Steel Plate

In real welding processes, superheated microstructures close to the fusion line are generated by
the significant heat input and shape of the stacked groove. In addition, various HAZ microstructures
(CGHAZ, FGHAZ, IRCGHAZ, and SRCGHAZ) coexist, which are determined by the stacking shapes
of the deposited bead. Submerged arc welding was performed to evaluate the CVN impact value
of a SMYS 500-MPa-class steel plate. The macrostructure of the welded joint is shown in Figure 10a.
The I-side and V-side of the welded groove was applied to produce various HAZ microstructures
as a function of the beveled groove shape. I-Side produced the notch by penetrating the CGHAZ of
the weld beads, and V-Side produced the notch so that the areas of WM and HAZ were equivalent.
To observe each fraction of the HAZ microstructure according to the groove shape (I- and V-side) at the
fusion line, the specimens were cut 10 mm below the surface (Figure 10b). The V-side of the welded
groove showed the following fraction of each microstructure: 30% BM, 20% WM, 8% IRCGHAZ,
and 42% FGHAZ. The I-side of the welded groove was observed to have the following fraction of each
microstructure: 20% welded metal, 2% IRCGHAZ, and 78% FGHAZ.

Figure 11 shows the CVN impact-absorbed energy for each notch location of the welded HAZ near
the fusion line tested at −40 ◦C. The overall CVN-absorbed energy near the I-side of the welded groove
was relatively higher than that near the V-side. Furthermore, the CVN-absorbed energy increased
with increasing distance from the fusion line. For the location of the fusion line (FL) −2 mm and FL
+5 mm, both the V- and I-sides of the welded groove showed equal values of CVN-absorbed energy.
This result highlights our confidence in the V- and I-side experiments, as the notch location was hardly
affected by thermal cycles. Therefore, the I-side of the welded groove had superior low-temperature
toughness to that of the V-side. The inferior low-temperature toughness of the V-side HAZ region was
strongly dependent on the fraction of the IRCGHAZ, which was determined to have slender M–A
located primarily along the PAGB (Figure 6). The superior toughness of the I-side HAZ region was
related to the large fraction of the FGHAZ, which was determined to consists of a large amount of fine
ferrite and massive M–A randomly distributed in the inter-ferrite grain.



Metals 2018, 8, 638 9 of 11

Metals 2018, 8, x  8 of 11 

 

particles, indicated by the white arrows, were uniformly distributed in the grain and grain boundary 
of the FGHAZ. The IRCGHAZ fracture mode was principally composed of cleavage fractures 
(Figure 9b). Large M–A constituent particles were observed close to the grain boundary of the 
IRCGHAZ. Specifically, the cleavage surface was initiated near the M–A constituent along the grain 
boundary. The amount of cleavage surface in the FGHAZ was significantly smaller than that of the 
IRCGHAZ. The minimum crack initiation energy of the IRCGHAZ specimens can be attributed to 
the slender shaped M–A constituents and those located at the grain-boundary [29]. 

 

Figure 9. The fracture surface morphology of the specimens with different weld positions: (a) 
FGHAZ; and (b) IRCGHAZ. 

3.3. Properties of a Real Welded Joint Formed Using the Fabricated Steel Plate 

In real welding processes, superheated microstructures close to the fusion line are generated by 
the significant heat input and shape of the stacked groove. In addition, various HAZ microstructures 
(CGHAZ, FGHAZ, IRCGHAZ, and SRCGHAZ) coexist, which are determined by the stacking 
shapes of the deposited bead. Submerged arc welding was performed to evaluate the CVN impact 
value of a SMYS 500-MPa-class steel plate. The macrostructure of the welded joint is shown in 
Figure 10a. The I-side and V-side of the welded groove was applied to produce various HAZ 
microstructures as a function of the beveled groove shape. I-Side produced the notch by penetrating 
the CGHAZ of the weld beads, and V-Side produced the notch so that the areas of WM and HAZ 
were equivalent. To observe each fraction of the HAZ microstructure according to the groove shape 
(I- and V-side) at the fusion line, the specimens were cut 10 mm below the surface (Figure 10b). The 
V-side of the welded groove showed the following fraction of each microstructure: 30% BM, 20% 
WM, 8% IRCGHAZ, and 42% FGHAZ. The I-side of the welded groove was observed to have the 
following fraction of each microstructure: 20% welded metal, 2% IRCGHAZ, and 78% FGHAZ.  

 

Figure 10. Macrostructure and notch location of the real welded joint: (a) macrostructure of a real 
welded joint; (b) notch location of the CVN impact specimen at the fusion line according to the 
groove shape (I- and V-sides). 

Figure 10. Macrostructure and notch location of the real welded joint: (a) macrostructure of a real
welded joint; (b) notch location of the CVN impact specimen at the fusion line according to the groove
shape (I- and V-sides).

Metals 2018, 8, x  9 of 11 

 

Figure 11 shows the CVN impact-absorbed energy for each notch location of the welded HAZ 
near the fusion line tested at −40 °C. The overall CVN-absorbed energy near the I-side of the welded 
groove was relatively higher than that near the V-side. Furthermore, the CVN-absorbed energy 
increased with increasing distance from the fusion line. For the location of the fusion line (FL) −2 mm 
and FL +5 mm, both the V- and I-sides of the welded groove showed equal values of CVN-absorbed 
energy. This result highlights our confidence in the V- and I-side experiments, as the notch location 
was hardly affected by thermal cycles. Therefore, the I-side of the welded groove had superior 
low-temperature toughness to that of the V-side. The inferior low-temperature toughness of the 
V-side HAZ region was strongly dependent on the fraction of the IRCGHAZ, which was determined 
to have slender M–A located primarily along the PAGB (Figure 6). The superior toughness of the 
I-side HAZ region was related to the large fraction of the FGHAZ, which was determined to consists 
of a large amount of fine ferrite and massive M–A randomly distributed in the inter-ferrite grain.  

 

Figure 11. CVN-absorbed energy as a function of notch location. 

4. Conclusions 

The microstructural and mechanical properties of SMYS 500 MPa-grade steel welds were 
investigated by HAZ simulation and analysis of a real welded joint. The main conclusions of this 
study can be summarized as follows: 

(1) The Gleeble simulator produced various HAZs including CGHAZ, FGHAZ, IRCGHAZ, and 
SRCGHAZ in the real welded joint. IRCGHAZ contained AF and BF microstructures, and 
FGHAZ contained mostly fine polygonal ferrite and AF. The microstructure of CGHAZ mainly 
consisted of AF, BF, and a small fraction of GBF. SRCGHAZ had the same type of 
microstructure as CGHAZ except for the small grain size. Therefore, various HAZs produced 
mostly same type of microstructure, i.e., AF, BF, and GBF. 

(2) The volume fractions of the M–A constituents in FGHAZ and IRCGHAZ were similar and 
greater than 2%. Unlike FGHAZ with massive-shaped M–A constituents that were randomly 
distributed in the inter-ferrite grain, both massive- and slender-shaped constituents coexisted in 
the IRCGHAZ primarily along the PAGB. The M–A constituent was hardly observed in 
SRCGHAZ. The CGHAZ contained a small amount (~0.9%) of lath-shaped M–A constituent on 
the PAGB and inside the BF microstructure. 

(3) The morphology and distribution of the M–A influenced the low-temperature impact 
toughness of the simulated HAZs. The FGHAZ exhibited superior toughness and showed 
mixed dimples and cleavage fractures due to the randomly distributed massive M–A in the 
inter-ferrite grain. However, the IRCGHAZ exhibited inferior toughness and typical cleavage 
fractures because its slender M–A located primarily along the PAGB. As a result, the 
low-temperature impact toughness was deteriorated as the volume fraction of M–A 
constituents increased and the distribution of the slender-shaped M–A constituents 
concentrated in the PAGB. 

Figure 11. CVN-absorbed energy as a function of notch location.

4. Conclusions

The microstructural and mechanical properties of SMYS 500 MPa-grade steel welds were
investigated by HAZ simulation and analysis of a real welded joint. The main conclusions of this
study can be summarized as follows:

(1) The Gleeble simulator produced various HAZs including CGHAZ, FGHAZ, IRCGHAZ,
and SRCGHAZ in the real welded joint. IRCGHAZ contained AF and BF microstructures,
and FGHAZ contained mostly fine polygonal ferrite and AF. The microstructure of CGHAZ
mainly consisted of AF, BF, and a small fraction of GBF. SRCGHAZ had the same type of
microstructure as CGHAZ except for the small grain size. Therefore, various HAZs produced
mostly same type of microstructure, i.e., AF, BF, and GBF.

(2) The volume fractions of the M–A constituents in FGHAZ and IRCGHAZ were similar and
greater than 2%. Unlike FGHAZ with massive-shaped M–A constituents that were randomly
distributed in the inter-ferrite grain, both massive- and slender-shaped constituents coexisted
in the IRCGHAZ primarily along the PAGB. The M–A constituent was hardly observed in
SRCGHAZ. The CGHAZ contained a small amount (~0.9%) of lath-shaped M–A constituent on
the PAGB and inside the BF microstructure.

(3) The morphology and distribution of the M–A influenced the low-temperature impact toughness
of the simulated HAZs. The FGHAZ exhibited superior toughness and showed mixed dimples
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and cleavage fractures due to the randomly distributed massive M–A in the inter-ferrite grain.
However, the IRCGHAZ exhibited inferior toughness and typical cleavage fractures because
its slender M–A located primarily along the PAGB. As a result, the low-temperature impact
toughness was deteriorated as the volume fraction of M–A constituents increased and the
distribution of the slender-shaped M–A constituents concentrated in the PAGB.

(4) During the real submerged arc welding process, the I-side groove produced a smaller amount
of the IRCGHAZ than that of the V-side groove. Therefore, the I-side of the welded groove
was superior to the V-side in terms of CVN-absorbed energy tested at –40 ◦C. The design of
multi-pass weld joints with less IRCGHAZ is recommended and can be achieved by applying
optimized groove design to improve the toughness of the welds for the structure used in
extreme environments.
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