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ABSTRACT

High strength steels are widely used for structural applications, where a combination of excellent strength and
ductile-to-brittle transition (DBT) properties are required. However, such a combination of high strength and
toughness can be deteriorated in the heat affected zone (HAZ) after welding. This work aims to develop a
relationship between microstructure and cleavage fracture in the most brittle areas of welded S690 high strength
structures: coarse-grained and intercritically reheated coarse-grained HAZ (CGHAZ and ICCGHAZ). Gleeble
thermal simulations were performed to generate three microstructures: CGHAZ and ICCGHAZ at 750 and 800 °C
intercritical peak temperatures. Their microstructures were characterised, and the tensile and fracture properties
were investigated at — 40 °C, where cleavage is dominant. Results show that despite the larger area fraction of
martensite-austenite (M-A) constituents in ICCGHAZ 750 °C, the CGHAZ is the zone with the lowest fracture
toughness. Although M-A constituents are responsible for triggering fracture, their small size (less than 1 pm)
results in local stress that is insufficient for fracture. Crack propagation is found to be the crucial fracture step.
Consequently, the harder auto-tempered matrix of CGHAZ leads to the lowest fracture toughness. The main crack
propagates transgranularly, along {100} and {110} planes, and neither the necklace structure at prior austenite
grain boundaries of ICCGHAZs nor M-A constituents are observed as preferential sites for crack growth. The
fracture profile shows that prior austenite grain boundaries and other high-angle grain boundaries (e.g., packet
and block) with different neighbouring Bain axes can effectively divert the cleavage crack. Moreover, M — A
constituents with internal sub-structures, which have high kernel average misorientation and high-angle
boundaries, are observed to deflect and arrest the secondary cracks. As a result, multiple pop-ins in load-
displacement curves during bending tests are observed for the investigated HAZs.

1. Introduction

reheated coarse-grained heat affected zone (ICCGHAZ) are the areas
with the lowest toughness as a consequence of preferential failure sites.

The balance between high strength and high fracture toughness
required for structural applications, such as for components in heavy
lifting equipment and wind farms, is found in high strength steels even at
such low temperatures as — 60 °C (e.g., in the Arctic). However, this
balance usually is compromised by welding processes used for con-
necting structural components. The welding thermal input modifies the
base material microstructure and generates heat-affected zones (HAZ)
with complex microstructures and potentially poor toughness. For sin-
gle- and multi-pass welding — needed for thick-section steel plates —, the
coarse-grained heat affected zone (CGHAZ) and the intercritically
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Due to the formation of brittle zones, the ductile-to-brittle transition
temperature of high strength steels is shifted as a result of welding from
around — 80 °C to approximately — 30 °C, raising concern in terms of
cleavage fracture [1].

Many authors [2-5] have reported that the degradation of fracture
properties of CGHAZ and ICCGHAZ are related to the coarsening of
austenite grains and the formation of martensite-austenite (M-A) con-
stituents. Extensive investigation on the effect of different M-A param-
eters, such as size, volume fraction and morphology, on toughness, has
also been carried out [6-10]. It is well established that the larger the size
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and volume fraction of M-A constituents, the lower the fracture tough-
ness [6-8]. On the other hand, there is no consensus on the morpho-
logical effect of M-A constituents on toughness. The two most
detrimental M-A morphologies are blocky (or massive) and slender (or
elongated). While Bayraktar and Kaplan [6], Kumar and Nath [7], and Li
and Baker [10] observed that the blocky M-A constituents are more
detrimental than the slender ones, Kim et al. [8] and Luo et al. [9] have
found that the slender M-A has a more negative impact than the blocky
ones. Hence, the knowledge available in the literature regarding the
morphological effect of M-A constituents on fracture toughness does not
allow us to understand the cleavage behaviour and micromechanisms in
CGHAZ and ICCGHAZ in high strength steels.

Furthermore, the effects of the microstructural features of the base
material on the fracture toughness of HAZ are barely discussed in the
literature. Although the discussions involving the degradation of the
mechanical and fracture properties of HAZ are mostly related to M-A
constituents, microstructural features in HAZ inherited from the base
material, such as brittle inclusions, may also play a role. In previous
work by the present authors [11], Nb-rich inclusions were recognised as
the most deleterious microstructural feature of a base S690QL high
strength steel. In general, Nb-rich inclusions have higher nanohardness
than M-A constituents (in the range of 20-25 GPa and 4-11 GPa,
respectively), which causes them to be more prone to fracture than M-A
constituents [12-14]. Nevertheless, parameters such as size, area frac-
tion and spatial distribution can also influence the criticality of the
brittle particles, and it is currently unknown which of these features act
as the weakest microstructural sites. Some authors [10,15] analysed
steels containing pre-existing carbides and brittle inclusions in the base
material that could trigger the fracture process in HAZ. Li and Baker
[10] analysed a V and Nb microalloyed steel in which, compared to M-A
constituents, pre-existing carbides and aluminium oxide inclusions did
not have a significant impact on the toughness of ICCGHAZ. In this case,
the carbides were present as thin particles and one order of magnitude
smaller than M-A constituents, behaving as isolated particles and not
having a major effect on toughness, while the number density of in-
clusions was quantified as significantly lower than the M-A density. In
contrast, pre-existing TiN inclusions in an ultra-low carbon bainitic steel
studied by Vassilaros [15] were observed to trigger cleavage fracture in
the thermally simulated CGHAZ instead of M-A constituents. It is thus
clear that no clear trend has been identified on the cleavage initiation
micromechanism in welded steels with different types of brittle parti-
cles. Therefore, it needs to be further analysed in order to fully under-
stand the cleavage micromechanisms involved in a multi-phase steel
such as S690 high strength steel.

In the present study, thermal welding simulations via Gleeble were
carried out to create large sections of CGHAZ and of ICCGHAZ with peak
temperatures of 750 °C and 800 °C. The simulated microstructures were
analysed and quantified using different techniques that include local
chemical composition analysis, microscopy and hardness. The cleavage
fracture toughness of the generated CGHAZ and ICCGHAZs was ob-
tained through three-point bending tests at the lower shelf of their
ductile-to-brittle transition curve. Afterward, the fracture surfaces and
their cross-sections were analysed to investigate the cleavage initiation
and propagation micromechanisms and identify the most critical
microstructural features. Therefore, this work establishes the relation-
ship between microstructure, fracture toughness and cleavage micro-
mechanisms in the most critical HAZs of an S690 high strength steel. As
a result, a microstructure-based failure criterion for the CGHAZ and
ICCGHAZ is developed, allowing the prediction of their fracture
behaviour at low-temperature applications concerning structural safety.
Moreover, the comprehensive qualitative and quantitative microstruc-
tural and fracture data presented in this paper represents the required
data for modelling the continuum-level properties of welded structures.
Thus, this work can assist in the prediction of fracture behaviour of
actual welded structures of high strength steels.
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2. Materials and methods

The commercially available 80 mm thick quenched and tempered
S690 high strength steel used in this study was previously comprehen-
sively characterised in terms of microstructure and cleavage fracture
behaviour [11,16]. The mid-thickness of this steel plate was found to
represent the lowest cleavage fracture toughness and, therefore, was
chosen for further investigation of welded heat-affected zones. The
chemical composition of the middle section of the S690QL high strength
steel plate is given in Table 1. The content range of elements referred as
“Other” are in accordance with the standard EN 10025-6 (maximum wt.
% of Mn:1.7, Ni: 4.0, Cr: 1.5, Nb: 0.06, P: 0.02, N: 0.015, S: 0.01, and B:
0.005) [17].

The microstructures of CGHAZ and ICCGHAZ were created via
Gleeble-1500 thermo-mechanical simulator. The thermal profile to
simulate the CGHAZ was experimentally obtained from an actual gas
metal arc welding (GMAW) procedure with a heat input of 2.2 kJ/mm.
First, the material is heated at 210 °C/s up to 1300 °C and held for 2 s.
Subsequently, the material is cooled down at 25 °C/s from 1300 to
800 °C, 17 °C/s from 800 to 500 °C, and 6 °C/s to room temperature
(Fig. 1 (a)). The same heating and cooling conditions were used for the
subsequent thermal cycle of the ICCGHAZ at peak temperatures of
750 °C and 800 °C (Fig. 1 (b)). The temperatures of start (Ac1) and finish
(Ac3) of austenite formation were determined by dilatometry as 750 °C
and 910 °C, respectively, under the heating rate of 210 °C/s. These
thermal profiles were used to perform Gleeble thermal treatments on
samples for microstructural characterisation, tensile and fracture
testing.

Samples for microstructural characterisation, 80 mm long — parallel
to the rolling direction — with 6 mm diameter, were heat treated with the
schedules of Fig. 1. Subsequently, the samples were prepared metallo-
graphically and etched with Nital 5% for microstructural analysis. Mi-
crostructures were observed via scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS) and electron backscatter diffrac-
tion (EBSD). In order to accurately identify and quantify M-A constitu-
ents, EBSD analysis was used. EBSD data was acquired on a Helios G4
PFIB SEM using a current of 3.2 nA and accelerating voltage of 30 kV, a
tilt angle of 70° using TEAM EDAX software, and was post-processed
with EDAX-TSL-OIM AnalysisTM v7 software. High and low magnifi-
cations were used for M-A characterisation and quantification (step size
0.025 pm) and for prior austenite grain size measurement (step size 1
pm), respectively. In the EBSD scans for the M-A study, the retained
austenite was distinguished from the matrix by its FCC crystal structure,
while martensite was identified by its clusters of randomly indexed
points in the inverse pole figures (IPF) due to its low image quality (IQ),
resultant from the high density of defects and the lattice distortion. In
this case, the poor indexation is used to identify and quantify the M-A
constituents. Therefore, no clean up procedure was performed. To
quantify the M-A constituents, the first post-processing step for EBSD
data is, for each analysed area, to generate a new data set with the points
from the original data set that deviate more than 5° from their neigh-
bours — the randomly indexed points. However, one should be aware
that falsely indexed points from the uncertainties in the Kikuchi pattern
may be present (e.g., overlapping patterns at grain boundaries) and may
lead to inaccurate M-A identification and quantification. These two,
randomly (from martensite) and falsely indexed points, can be distin-
guished by their image quality (IQ). While martensitic areas have lattice

Table 1
Chemical composition of mid-thickness S690QL.
wt.(%)
Fe C Si Al Mo Other
Bal. 0.160 + 0.30 & 0.080 + 0.29 + Mn, Ni, Cr, Nb, P,

0.001 0.03 0.011 0.02 N,S, B
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Fig. 1. Gleeble thermal profiles for (a) CGHAZ and (b) ICCGHAZ 750 °C and 800 °C.
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distortions and, consequently, low IQ, falsely indexed points do not have
a low IQ. Then, points with high IQ were excluded. The threshold be-
tween low and high IQ was defined by comparing the grey-scale rep-
resentation of IQ and the IPF. Afterward, the maps with martensitic
areas were overlapped with the phase maps, allowing for the quantifi-
cation of M-A constituents. For the prior austenite grain (PAG) size
measurement, the PAGs were reconstructed via ARPGE software [18], in
automatic mode using quadruplets with tolerance for parent grain
nucleation and growth of 3° and 6°, respectively. The reconstructed data
was post-processed in the TSL-OIM Analysis™ v7 software where the
distribution of minor (width) and major (length) axis was acquired and
the weighted average grain dimensions were calculated.

To measure the chemical composition of segregation bands Electron
Probe Micro Analysis (EPMA) with a JEOL JXA 8900R microprobe was
used, with an electron beam with energy of 10 keV and beam current of
200 nA employing Wavelength Dispersive Spectrometry (WDS). The
measurements were done through line scans along a 300 pm line in
increments of 3 pm. The line scan initiates and ends at points located
outside the investigated segregation band, and both points are chosen
approximately 150 pm from the centre of the band. Micro-Vickers
hardness measurements, loads of 3 kgf (30 N) and 0.025 kgf (0.25 N),
were performed for the different studied HAZ, providing overall hard-
ness and individual hardness of the most predominant phase present in
each HAZ, respectively.

Tensile specimens (Fig. 2) perpendicular to the rolling direction were
heat treated, and a homogeneous simulated microstructure was ob-
tained along 10 mm of the gauge length. Then, the cross section of the
original tensile specimen was reduced by 50% (Fig. 2) to achieve the
highest stress in this length and, consequently, ensure that the failure
occurs within the simulated material. A set of three specimens per heat
treatment were tested under a crosshead displacement of 0.2 mm/s and
at room temperature using an Instron 100 kN tensile rig. Afterward, the
properties were converted to — 40 °C according to the BS7910:2013 +
A1:2015 standard [19].

The fracture toughness was assessed via three-point bending tests
using sub-sized single edge-notched bending (SENB) specimens (Fig. 3).
Between 5 and 10 SENB, T-L (crack propagation direction parallel to the
rolling direction (RD)) specimens were heat treated via Gleeble resulting
in a homogeneous microstructure along 5 mm of the specimen’s centre.
Next, the notch was machined by electrical discharge machining in the
specimen’s centre. The crack/width ratio (a/W) of all specimens is 0.5,
and the tests were carried out according to ISO 12135 standard [20].
The crack tip opening displacement (CTOD) parameter was used in this
study as a measure of toughness. As the scope of this project is to study
cleavage fracture, it is of interest to perform the tests at a temperature
below the lower transition region of the ductile-to-brittle transition. The
tests were performed at — 40 °C, a temperature at which the cleavage
fracture is dominant for all analysed simulated HAZ, by immersing the
specimen in liquid nitrogen, at a displacement rate of 2 mm/s using a
350 kN MTS 858 servo-hydraulic test rig. During the test, the crack
mouth opening displacement (CMOD) was measured by means of a clip
gauge. Note that specimens were initially immersed in liquid nitrogen at
—196 °C and then placed between the anvils of the hydraulic test ma-
chine, allowing it to warm up slowly, as monitored by a mounted
thermocouple. At reaching the test temperature, the load application
was triggered. Afterward, to identify the microstructural features play-
ing a role affecting cleavage initiation and propagation
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Fig. 2. Tensile specimen of HAZs simulated material. The homogeneous heat-
treated area is represented in grey. All dimensions are in mm.
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Fig. 3. Dimensions of sub-sized SENB specimens used in fracture toughness
tests. The 5 mm homogeneously heat treated region is represented in grey. All
dimensions are in mm. RD stands for rolling direction and TD for trans-
verse direction.

micromechanisms, the fracture surfaces were investigated via SEM/EDS
and their transverse section by SEM and EBSD, respectively. Note that
the analysed transverse section is near the initiation position and,
therefore, the area with highest stress. Detailed information on the
preparation of the transverse section of fracture surfaces for EBSD
analysis is described in Ref. [16].

3. Results
3.1. Microstructural characterisation of HAZs

Figs. 4-6 show the microstructures of the simulated CGHAZ, ICC-
GHAZ 750 °C, and ICCGHAZ 800 °C, respectively. As can be seen, all
investigated HAZs have a complex microstructure composed of a
mixture of phases. The CGHAZ is composed of fresh martensite (M),
auto-tempered martensite (ATM), and coalesced martensite [21] (indi-
cated by white arrows). For both ICCGHAZ 750 °C and ICCGHAZ 800 °C,
the microstructure includes fresh martensite (M), auto-tempered
martensite (ATM), bainitic ferrite (BF), granular bainite (GB), and
polygonal ferrite (PF). Furthermore, a necklace structure at the prior
austenite grain (PAG) boundaries is observed in the ICCGHAZ 750 °C
and 800 °C (Figs. 5(a) and Fig. 6(a)). The same structure is also often
observed inside the PAG. From SEM investigation, this fine structure is
characterised as being composed of auto-tempered martensite.

Fig. 7 exhibits the phase fractions for the base material and the HAZs.
Bertolo et al. [11] reported the presence of tempered martensite (TM),
tempered bainite (TB) and ferrite (F) in the base material, with TB
representing the majority, followed by TM. Nanohardness measure-
ments showed that tempered martensite and tempered bainite, which
make up more than 90% of the base material, present similar properties
[11]. For the HAZs, the phases that are found in the majority are
auto-tempered martensite for the CGHAZ, 90%, and granular bainite for
the ICCGHAZ 750 °C and ICCGHAZ 800 °C, 70% and 80%, respectively.

Furthermore, the material subjected to different thermal profiles

Fig. 4. SEM micrographs of CGHAZ showing fresh martensite (M) and auto-
tempered martensite (ATM). The white arrows indicate areas of coalesced
martensite. ND stands for normal direction.
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(b)

Fig. 5. SEM micrographs of the ICCGHAZ 750 °C showing (a) the necklace structure at prior austenite grain boundaries mainly composed of auto-tempered
martensite (ATM) and (b) the presence of fresh martensite (M), auto-tempered martensite (ATM), granular bainite (GB), bainitic ferrite (BF), and polygonal

ferrite (PF).

RD

(b)

Fig. 6. SEM micrographs of the ICCGHAZ 800 °C showing (a) the necklace structure at prior austenite grain boundaries mainly composed of auto-tempered
martensite (ATM) and (b) the presence of fresh martensite (M), auto-tempered martensite (ATM), granular bainite (GB), bainitic ferrite (BF), and polygonal

ferrite (PF).
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Fig. 7. Phase fractions for the base material, CGHAZ, ICCGHAZ 750 °C, and
ICCGHAZ 800 °C. TM stands for tempered martensite, TB for tempered bainite,
F for ferrite, M for martensite, ATM for auto-tempered martensite, CM for
coalesced martensite, BF for bainitic ferrite, GB for granular bainite, and PF for
polygonal ferrite.

retained the centreline segregation bands parallel to the rolling direc-
tion, which was previously observed in the middle section of the base
material [11]. Table 2 shows the maximum elemental content measured
by EPMA inside the segregation bands for the base material and the
CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ 800 °C. It should be noted that
contrary to the base material where microstructural differences (e.g.,
grain size) were observed inside and outside the segregation bands, no
significant microstructural differences were found in the different HAZs
related to the presence of segregation bands. This is possibly related to
the decreased degree of segregation of Mn, Cr, and Mo after the thermal
cycles in the simulated HAZs, except for the ICGHAZ 750 °C where the
Mo content was slightly increased. In the base material, these were the

Table 2
Maximum elemental content (wt.%) measured by EPMA inside the segregation
bands for the base material and the CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ
800 °C.

Condition Maximum Elemental Content (wt.%)
Mn Cr Mo Si Ni C
As-received 2.2+ 1.1+02 08=+ 0.40 + 0.35 + 0.29 +
0.3 0.3 0.04 0.04 0.04
CGHAZ 1.64 + 0.821 + 0.56 + 0.37 + 0.31 + 0.24 +
0.04 0.002 0.05 0.01 0.04 0.05
ICGHAZ 19+ 1.10 + 1.01 + 0.4 + 0.3 + 0.42 +
750 °C 0.4 0.05 0.15 0.1 0.1 0.05
ICCGHAZ 19+ 1.0+0.2 0.7+ 0.45 + 0.39 + 0.28 +
800 °C 0.4 0.3 0.07 0.04 0.04

elements that most strongly segregated in the bands [11]. Therefore, the
results presented in this work will not make a distinction between
outside and inside segregation bands and will be representative of the
overall material, including the segregation bands.

Inclusions pre-existing in the base material [11] were also observed
in the simulated HAZ. No difference was found in terms of chemical
composition, size, and area fraction between the as-received commercial
S690QL steel and the simulated CGHAZ, ICCGHAZ 750 °C, and ICC-
GHAZ 800 °C microstructures. Spherical inclusions — (Mg,Al,Ca)(0),
(Mg,ALCa)(0,S), and (Mg,Al,Ca,Ti)(O,N) — with a major-axis (diameter)
range of 1-5 pm were present in an area fraction around 3.3 x 10~
Cubic inclusions - (Nb,Ti,Mg,Ca)(O,C), (Nb,Ti)(C), (Nb,Ti)(C,N), and
NbC — with a major-axis (length) range of 1-12 pm were present in all
HAZs, with an area fraction around 2.0 x 10~ Thermodynamic simu-
lations by ThermoCalc predict dissolution temperatures of 1161 °C for
Nb-Ti carbonitrides and of 1754 °C for Al oxides. Although the peak
temperature of the simulated thermal profiles is 1300 °C, the Nb-Ti
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carbonitrides are not affected. This is because the thermodynamic sim-
ulations consider equilibrium conditions for the calculations, while the
welding thermal profiles comprise fast heating, short holding time, and
fast cooling, which prevent the system from reaching the equilibrium.
Hence, the dissolution temperature predicted by ThermoCalc is not
effective for this heat treatment. Fig. 8 shows representative examples of
spherical and cubic inclusions in the ICCGHAZ 800 °C, also found in the
other samples. Note that typical clusters of cubic inclusions and cracks
associated with the inclusions themselves and in the inclusion/matrix
interface, which were observed in the base material [11], are also pre-
sent in the HAZ microstructures.

M-A constituents and PAG size, as key microstructural features in
HAZ notably contributing to the reduction of fracture toughness, were
analysed and quantified. Fig. 9 (a) — (c) illustrate the special distribu-
tion, size, and morphology of M-A constituents in the simulated HAZs.
Areas that refer to M-A constituents are the ones with austenitic (green)
and martensitic regions (dark grey in the image quality map). Austenitic
areas not associated with dark grey areas of the image quality map may
be misindexed points (e.g., grain boundaries). Moreover, Fig. 9 (d)-(f)
show the Kernel Average Misorientation (KAM) maps for the 3rd
neighbour, where the blue and red coloured areas are the ones with the
lowest and highest KAM levels, respectively. Misorientations within a
grain can be attributed to geometrically necessary dislocations (GND) as
they contribute to lattice curvature [22]. The larger the KAM value, the
larger the density of GND and, therefore, the larger the plastic strain that
has occurred during martensite formation [23]. As M-A constituents are
also often observed decorating PAG boundaries, EBSD analysis was
carried out for accurate characterisation of the necklace structure at
PAG of the ICCGHAZs (Fig. 10).

As can be seen, M-A constituents are present in different amounts,
shapes and sizes through the different HAZs. Regarding the presence of
M-A constituents within the necklace structures of ICCGHAZSs, austenite
is associated with low image quality areas, likely to be martensite,
distributed in their necklace structures at the PAG boundaries (Fig. 10).
Hence, the necklace structure at the PAG boundaries in these conditions
is composed of auto-tempered martensite and M-A constituents.
Furthermore, the KAM maps show that the M-A constituents are areas of
high GND density and, consequently, high degree of plastic strain (Fig. 9
(d)—(D). Nevertheless, note that the KAM level, and consequently, the
GND density and the degree of plastic strain, varies depending on M-A
morphology. Some M-A constituents have no internal sub-structure
(grain boundaries) and the austenitic part is dense (highlighted by yel-
low ellipses in Fig. 9 (b), (c), and (f)). In this case, the KAM level is low
(mostly green colour). On the other hand, there are M-A constituents
with internal sub-structures and sparsely distributed austenite (high-
lighted by black rectangles in Fig. 9 (b),(c), (e), and (f)). For this
morphology, the KAM is high (red colour) and the highest values are
associated predominantly with the austenitic areas. The presented
morphological differences of M-A and their resultant KAM can be clearly
seen for the ICCGHAZs.

RD
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Table 3 summarises the area fraction of M-A constituents for each
HAZ, their respective average M-A length, and their number fraction of
slender and small M-A constituents. The remainder represents blocky
and large M-A constituents, respectively. An M-A constituent is consid-
ered slender if the aspect ratio is larger than 4. Else, it is considered
blocky. Regarding the size, it is considered small if the M-A length is
smaller than 1 pm. Else, it is considered large. These values were defined
based on the distribution of morphologies and sizes for all investigated
areas (See Supplementary Fig. S1).

The quantitative analysis (Table 3) indicates that the ICCGHAZ
750 °C stands out with the highest volume fraction of M-A, 14%, fol-
lowed by the ICCGHAZ 800 °C, 6%, and the CGHAZ with the lowest area
fraction, 4%. The CGHAZ has similar fractions of slender and blocky M-A
constituents, while for the ICCGHAZs, the majority is blocky. In terms of
size, all materials have a majority of small M-A constituents with
average M-A length smaller than 0.9 pm.

The reconstructed PAGs for the simulated HAZ show non-equiaxed
grain morphology. For the HAZs, the average ratio of the minor-axis
length and the major-axis length ranges from 0.43 to 0.48, similar to
the observations for the PAG of the base material [11]. Fig. 11 shows the
average grain width and length for the base material and the investi-
gated HAZs. The results indicate that the HAZs have larger PAG size than
the base material. Among the HAZs, the CGHAZ has smaller PAG size
than the ICCGHAZ 750 °C and ICCGHAZ 800 °C. However, the large
scatter present in the ICCGHAZs measurements demonstrates that there
is a heterogeneous distribution of grain sizes within the samples, which
is not expected to be generated by the intercritical cycle, which is the
difference between CGHAZ and ICCGHAZs processing. Therefore, the
large scatter indicates that the larger PAG sizes in the ICCGHAZs may be
due to a sampling effect, being statistically insufficient for an accurate
comparison.

An additional important grain parameter for fracture propagation is
the misorientation angle [24]. The misorientation angle distribution for
the investigated HAZs is shown in Fig. 12. It can be seen that the curves
do not differ through almost the entire angle range, with the exception of
certain ranges of misorientation angles (notably 48°-57°). Hence,
misorientation angles are not expected to cause significant differences
for the different HAZs.

3.2. Mechanical behaviour of simulated HAZs

The micro-Vickers hardness (HV3) and tensile properties for the
simulated CGHAZ, ICCGHAZ 750 °C, and ICCGHZ 800 °C are presented
in Table 4 for room temperature (RT) and — 40 °C. The properties of the
base material are included for comparison [16]. Note that tensile tests
from the base material used standard specimens, without the
cross-section reduction as in specimens from the HAZs. As can be seen,
the hardness and yield strength are proportional, as expected. In
descending order of strength, the HAZs are sorted as CGHAZ, ICCGHAZ
750 °C, and ICCGHAZ 800 °C. To better correlate the overall behaviour

Fig. 8. Representative examples of (a) (Mg,Al,Ca)(0) and (b) (Nb,Ti)(C) and NbC inclusions found in the ICCGHAZ 800 °C. These images are also representative of

inclusions found in other simulated HAZs.
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Fig. 9. Combined grey scale image quality map with coloured phase map showing austenite in green and KAM maps for (a,d) CGHAZ, (b,e) ICCGHAZ 750 °C, and (c,
f) ICCGHAZ 800 °C. Areas that refer to M-A constituents are the ones with the combined austenitic and martensitic regions (dark grey in image quality map). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

PAG boundary areas

Fig. 10. Combined grey scale image quality map with coloured phase map showing austenite in green for (a) ICCGHAZ 750 °C and (b) ICCGHAZ 800 °C. The black
lines delineate the necklace structure found in PAG boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Table 3
Total area fraction of M-A constituent, average M-A length, and the fraction of
slender and small M-A for simulated CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ
800 °C.

Condition Area Fraction ~ Morphology (%)  Size (%) Average M-A
f M-A (% Length
° () Slender (aspect Small ength (um)
ratio >4) (length <1
pm)
CGHAZ 4+1 53+ 4 75+5 0.79 £0.11
ICCGHAZ 14+ 2 42 +10 72+6 0.83 + 0.04
750 °C
ICCGHAZ 6+1 30 +12 75+ 10 0.74 £0.13
800 °C

of the HAZs and their microstructure, the hardness of the predominant
phases of each HAZ was measured (HV( g25). The dominant phase in
CGHAZ, auto-tempered martensite, is much harder than the dominant
granular bainite in the ICCGHAZs.

Fig. 13 (a) displays the average CTOD and the standard deviation
from the average for the base material and simulated CGHAZ, ICCGHAZ
750 °C, and ICCGHAZ 800 °C tested at — 40 °C. For context, with a yield
strength of 1000 MPa (representative of CGHAZ at —40 °C), a CTOD of
0.02 mm and 0.10 mm correspond to a K. of approximately 60, and 130
MPa m'/2, respectively. As expected, the HAZs have lower fracture
toughness than the base material. The fracture toughness difference
between the CGHAZ and ICCGHAZs 750 °C and 800 °C is significant. The
CGHAZ shows the lowest CTOD values, followed by the ICCGHAZ
800 °C and the ICCGHAZ 750 °C, where the latter two have similar
toughness. Note that the calculation of the CTOD values is influenced by
the occurrence of pop-ins in the load-displacement curves. Contrary to
the base material, multiple pop-in behaviour was observed in the
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Fig. 11. Average grain width and length of PAG and their standard deviation
from the mean for base material and simulated CGHAZ, ICCGHAZ 750 °C, and
ICCGHAZ 800 °C.
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Fig. 12. Misorientation angle distribution for the simulated CGHAZ, ICCGHAZ
750 °C, and ICCGHAZ 800 °C.

Table 4

Micro-Vickers hardness (HV3 and HVj g25) and tensile properties of the base
material and the simulated CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ 800 °C at
room temperature (RT) and — 40 °C. Hardness measurements are presented for
the bulk material and for the HAZ dominant phases of each HAZ.

Condition Micro-Vickers Yield Strength Tensile Strength
Hardness (Overall: HV3 (MPa) (MPa)
Predominant Phase:
HV0,025)
RT RT —40°C RT —40 °C
Base Bulk 270 730 780 £ 5 850 + 930 +
Material +10 +5 10 10
CGHAZ Bulk 380 950 1000 + 1350 1470 +
+15 + 20 30 + 50 50
Auto- 440 -
tempered + 50
martensite
ICCGHAZ Bulk 315 690 740 + 1130 1240 +
750 °C +5 + 20 20 + 50 50
Granular 330 -
bainite + 30
ICCGHAZ Bulk 230 660 710 + 1060 1160 +
800 °C +5 +10 10 + 30 30
Granular 330 -
bainite + 10

CGHAZ and ICCCGHAZs in the bending tests (86%, 17 out of 22 SENB
specimens, showed multiple pop-ins). Pop-ins are seen in load-
displacement curves as discontinuities as a consequence of a sudden
load drop accompanied by an increase in displacement, followed by an
increase in load. Fig. 13 (b) shows one load-displacement curve for each
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HAZ as examples of the multiple pop-in behaviour. The curve for the
base material is added for comparison. The perception on the signifi-
cance of the pop-ins in the determination of fracture toughness, CTOD,
varies in literature. The significance of a pop-in can be quantified by a
parameter P, which represents the cumulative increase in crack size and
compliance due to prior pop-ins and the pop-in being analysed and can
be directly determined from the experimental data. Knowing that the
compliance is the inverse of stiffness, P, of the nth pop-in can be
determined by

P,=1- s 1)
where, SY is the stiffness of the material at the first pop-in considering
the upper force value, and S}, is the stiffness at the nth pop-in considering
the lower force value. More details on P and its calculation can be found
in the ISO 12135 [20] standard.

On the one hand, according to the ISO 12135 [20] standard, a pop-in
should be taken as critical CTOD point (point which the data is
considered as maximum force and displacement for CTOD calculation) if
the ratio between the force drop and the maximum force at the pop-in is
smaller than P. On the other hand, the ASTM E—1820 [25] considers the
pop-in as the critical CTOD point if P is larger than 5%. In the present
study we follow the ASTM E—1820 [25] standard and evaluate the
significance of a pop-in as P > 5%, since the ISO 12135 standard [20]
would result in an overly conservative analysis. In the majority of the
specimens, all pop-ins exceeded 5%, where 90% presented P > 20%.

3.3. Microstructural features affecting cleavage fracture in HAZs

3.3.1. Cleavage initiation

Contrary to the base material, clear river lines were not observed on
the fracture surface of HAZs. This suggests the presence of multiple
initiation sites. As a result, the identification of the initiation sites was
challenging, and the fractography at most indicates likely initiation
sites. Fig. 14 shows a representative fractographic image of CGHAZ.
Fractographic images for the ICCGHAZ 750 °C and ICCGHAZ 800 °C are
shown in the Supplementary Fig. S2 and Fig. S3. As can be seen, particles
that resemble M-A constituents are present at cleavage facets where
river lines appear to be converging.

3.3.2. Cleavage propagation

The cleavage crack propagation of CGHAZ, ICGHAZ 750 °C, and
ICGHAZ 800 °C was investigated through SEM directly on the fracture
surface and by SEM and EBSD on their transverse section. All simulated
HAZs presented the same propagation characteristics. Fig. 15 (a) shows
the inverse pole figure (IPF) of the fracture surface profile of an SENB
specimen of the simulated CGHAZ as an example. Additionally, prior
austenite grains involved in the propagation process are individually
analysed (Fig. 15 (b)-(g)). The prior austenite and the martensite phases
for the HAZs follow the Kurdjumov-Sachs (K-S) crystallographic
orientation relationship. The K-S orientation relationship has 24 vari-
ants that can be separated into four groups where variants in each group
share the same habit plane and form a packet [26]. Packets consist of
blocks that share the same habit plane. The different colours in Fig. 15
(c), (e), and (g) represent different variant groups and, therefore, also
represent different packets. Each packet is composed of three blocks of
different Bain variants. The Bain axis is the cube axis in which austenite
was compressed to be transformed into martensite [26]. The colours in
Fig. 15 (b), (d), and (f) represent the Bain variants.

The cleavage fracture in the studied HAZs was found to be trans-
granular. Note that transgranular fracture was also observed in the
ICCGHAZs, meaning that the crack does not progress exclusively
through the necklace structure at PAG boundaries. Moreover, the IPF
contains evidence of microplasticity due to the presence of dense areas
of poorly indexed points along the propagation path as pointed out by
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Fig. 13. Plots of (a) CTOD results and their standard deviation from the mean at — 40 °C for the base material and the simulated CGHAZ, ICCGHAZ 750 °C, and
ICCGHAZ 800 °C and (b) load vs. displacement curve for the base material, CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ 800 °C showing the multiple pop-in behaviour

observed in the simulated HAZs.

Fig. 14. Fractographic SEM image showing (a) local river lines indicating a likely initiation site in a CGHAZ specimen fractured at —40 °C (CTOD = 0.02 mm) and
(b) is a zoom-in of (a) showing a cleavage facet where particles that resemble M-A constituents, pointed out by a white arrow, are likely to have triggered fracture.

Bertolo et al. [16]. Note that accurate data cannot be acquired from
these areas. Hence, they are not considered further. Along with the IPF
in Fig. 15 (a), 3D crystal lattice cubes are used to analyse the crystal
orientations underneath the fracture surface and identify the preferen-
tial cleavage crack propagation planes. When determining which plane
is parallel to the fracture surface, a tolerance angle of 10 °C is applied.
Green and red circles inside the 3D cubes indicate that {100} and {110}
planes are aligned parallel to the fracture plane, respectively. As can be
seen, the study of the fracture profile shows that {100} and {110} are
the most favourable cleavage planes in the CGHAZ. The same is
observed for the ICCGHAZ 750 °C and ICCGHAZ 800 °C. Similarly to the
base material [16], high-angle grain boundaries, such as PAG bound-
aries, are observed to deflect the crack, and packets and blocks also play
a strong role in diverting the crack when the neighbouring sub-structure
has a different Bain axis. However, in some cases, different neighbouring
Bain axes cause no or slight crack deflections. Wang [27] explained that
this can be related to the thickness of the Bain area (regions of constant
colour in Fig. 15 (b), (d), (f)), where thin Bain areas have minor effects
on the crack path.

To investigate the role of the M-A constituents in crack propagation,
higher magnification EBSD near the crack propagation path was carried
out for the investigated HAZs. Fig. 16 shows the image quality map
combined with the colour phase map (austenite in green) and the KAM
map for the CGHAZ as an example. This area is part of Fig. 15 (a) and
refers to the area within the dashed rectangle. The white arrows in
Fig. 16 (a) are pointing at some M-A constituents present on the surface.
As can be seen, only one M-A constituent is observed to interact with the
main crack path. This indicates that M-A constituents do not act as
dominant weak links for crack propagation.

4. Discussion

The M-A presence of the CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ
800 °C through thermal welding simulations via Gleeble is in good
agreement with other studies [6,28]. In the CGHAZ, the material is
heated to very high peak temperatures (above Acs). Then, the higher the
temperature, the higher the degree of carbon homogenisation, and the
less stable austenite is at room temperature. On the other hand, in the
ICCGHAZs, the material is intercritically reheated, between Ac; and Acs,
and partially transformed to austenite, which is enriched with carbon.
During cooling, it partially transforms into martensite and it is partially
retained at room temperature. Nevertheless, the higher the peak tem-
perature, the less the probability of retaining austenite at room tem-
perature. This is because the equilibrium carbon concentration in
austenite decreases with increasing temperature. Then, the maximum
fraction of M-A constituent content is usually formed at a temperature
around Ac; and then it decreases at higher temperatures. This explains
the largest area fraction of M-A constituent present in the ICCGHAZ
750 °C, 14%; followed by the ICCGHAZ 800 °C, which have less than
half of this fraction, 6%; and the CGHAZ, 4%. The necklace structure
observed at the PAG boundaries of the ICCGHAZs is formed upon
heating above Ac;, where austenite preferentially nucleates at PAG
boundaries. During the subsequent cooling, austenite is partially
retained and the rest is transformed to martensite and auto-tempered
due to high martensitic start temperature [29]. Another microstruc-
tural change observed in the simulated HAZs compared to the base
material is the prior austenite grain coarsening, widely reported in the
literature [30,31].

According to many authors [5,32,33], the ICCGHAZs present lower
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Fig. 15. Fractographic profile of the fractured CTOD specimen of the simulated CGHAZ presented as (a) Inverse Pole Figure, (b) and (c) are an individual PAG
located at the right-hand side of (a), (d) and (e) an individual PAG located at the centre of (a), and (f) and (g) an individual grain located at the left-hand side of (a).
The colours in (b), (d), and (f) represent different Bain variants, while the colours in (c), (e), and (g) represent the different groups of K-S variants. Thin black lines
are high-angle (misorientation larger than 15°) grain boundaries and the thick black contour in (a) is the PAG boundary. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 15. (continued).

Fig. 16. Fractographic profile of a simulated CGHAZ CTOD specimen presented as (a) combined grey image quality map and coloured phase map where austenite is
represented as green and (b) Kernel average misorientation (KAM) map. The white arrows in (a) are pointing out to some M-A constituents present on the surface.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

toughness than the CGHAZ. They attribute the main loss of toughness in
the intercritically reheated zones to M-A constituents, that are present in
a larger size, higher fraction, and also along PAG boundaries in a
necklace-like form. Moreover, phases such as bainitic ferrite and gran-
ular bainite, often observed in ICCGHAZs, are also indicated as unfav-
ourable microstructure constituents as they have low toughness [5]. The
abovementioned microstructural characteristics that differentiate
CGHAZ from ICCGHAZ and make the latter more prone to brittle frac-
ture are also observed in the HAZs of the present study. However, in the
present work, the CGHAZ exhibits the lowest fracture toughness. To
understand the differences between the HAZs, the fracture surfaces of
the CTOD specimens were analysed. Contrary to the base material
(plate’s mid-thickness) — tested at —100 °C at different a/W ratios,
which covers the lower transition and lower shelf regimes of the
ductile-to-brittle transition curves [16] — where cubic Nb-rich and oxide
inclusions are observed as cleavage crack initiators, the fracture surface
analyses of the HAZs indicate that the microstructural feature triggering
fracture is likely to be M-A. This happens despite Nb-rich and oxide
inclusions being larger, which increases vulnerability to fracture, and
Nb-rich inclusions being harder, which makes it more brittle and prone
to fracture than M-A constituents. According to the KAM maps, the M-A
constituents are the areas with the highest KAM values, indicating a high
dislocation density and formation of dislocation pile-ups. Consequently,
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high stresses are induced in M-A constituents [34]. Under the combined
applied stress on the structure and the phase-transformation induced
stresses during the heat treatment, M-A constituents are more readily
cracked than Nb-rich inclusions. Note that residual stresses between the
Nb-rich inclusions and the steel matrix are also usually present in steel
plates due to thermal expansion [35]. Nevertheless, these residual
stresses are probably relieved in the welding thermal cycles. Still, if the
difference in fracture behaviour between CGHAZ and ICCGHAZs would
be caused by crack initiation in M-A constituents, the ICCGHAZ 750 °C
would represent the worst case as it has the largest M-A fraction and,
therefore, a higher density of sites to locally initiate cracks. Instead, the
ICCGHAZ 750 °C represents the HAZ with the highest fracture toughness
in this study. This is related to the dimensions of M-A constituents. Ac-
cording to the Griffith criterion [36], the critical cleavage fracture stress
is inversely proportional to the square root of the crack length. In this
work, as M-A constituents are observed as crack initiators, the crack
length can be assumed equal to the M-A constituent size. Hence, if the
M-A size is at least equivalent to the length required for the critical
event, the crack propagates in an unstable manner until final fracture.
Otherwise, the crack would propagate stably until reaching the size of
the critical crack through the particle/matrix interface, into the matrix
and across the matrix/matrix interface [34,37]. In the present study, the
M-A constituents are predominantly small (70-75% is smaller than 1 pm
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in all HAZs), which is likely not sufficient to attain the local cleavage
fracture stress. Hence, the matrix and its properties also influence the
fracture toughness due to the crack propagation step. This explains the
tougher behaviour of ICCGHAZs compared to the CGHAZ. The highest
hardness and tensile properties of the CGHAZ are due to the
auto-tempered martensite along with the smallest PAG dimensions. Due
to the fast welding thermal cycles, the degree of auto-tempering is very
limited and the auto-tempered martensite has properties comparable to
fresh martensite rather than to significantly tempered martensite. For
instance, the CGHAZ is harder and stronger than the base material
composed of tempered martensite and tempered bainite. The ICC-
GHAZs, in turn, have lower hardness and tensile properties than the
CGHAZ as a result of their predominant microstructure of granular
bainite and larger PAG dimensions. The higher hardness and tensile
properties of ICCGHAZ 750 °C compared to the ICCGHAZ 800 °C are
likely due to the difference in the M-A constituent content, 14%, and 6%,
respectively. Therefore, contrary to the findings in the literature [2-5],
the microstructural composition of the HAZ matrix plays a more
important role in fracture behaviour than M-A constituents.

The propagation micromechanisms are similar to the ones observed
in the base material where cracks propagate in a transgranular manner
and the PAG boundaries and packet and block boundaries with different
neighbouring Bain axes are the microstructural characteristics effec-
tively diverting the cleavage crack. It is also seen that, different from the
studies in the literature [38,39], the necklace structure of tempered
martensite and M-A constituents at PAG boundaries are not preferential
sites for crack propagation. M-A constituents are also not observed along
the crack path of the fracture profile, an indication that they are not
playing a significant role in the crack path. This is also supported by the
observation that the crack propagates along the {100} and {110} planes,
known as preferential cleavage planes in BCC steels [40].
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It should however be noted that, contrary to the base material, the
HAZs exhibit distinct pop-ins in the load-displacement curves, indi-
cating multiple crack initiations and arrests (Figs. 13(b) and Fig. 17(g)-
(i)). According to the literature [41-43], a pop-in is a discontinuity in
the load-displacement curve resulting from local unstable crack growth
which is subsequently arrested. A crack can be arrested, for instance, by
surrounding tougher material or by the initiation of cracks perpendic-
ular to the plane of the initial crack, also called delamination or splitting,
and of secondary cracks [41-44]. Usually, the region of the arrested
crack can be seen on the fracture surface as well as delam-
ination/splitting. Fig. 17 shows macrographs of the fracture surface,
micrographs of the fracture surface at the initiation site indicated by the
white arrow (area where the river lines are converging), and the
load-displacement curves for the CGHAZ (a, d, g), ICCGHAZ 750 °C (b, e,
h), and ICCGHAZ 800 °C (c, f, j), respectively. As can be seen from the
macro- and micrographs, there is no sign of delamination/splitting on
the fracture surface. The transverse section of the fracture surfaces were
also investigated. However, very few secondary cracks were observed,
which would not justify the multiple pop-ins. Hence, the surrounding
microstructure should be the cause for this behaviour.

To identify potential microstructural features responsible for
reducing the crack energy and arresting the crack, EBSD analysis was
carried out on secondary cracks on the transverse section of the fracture
surface underneath the crack path (Fig. 18). As can be seen, M-A con-
stituents are found along the propagation path of secondary cracks. In
some cases, for instance in Fig. 18 (a) point 1, (c) points 1 and 2, and (e)
point 1, some M-A constituents are observed to deflect the crack. Note
that point 1 in Fig. 18 (e) resembles an M-A constituent, but it is too
small compared to the crack width to accurately identify it. Moreover,
points 2 and 3 in (e) show a crack initiation and crack arrest in M-A
constituents. On the other hand, there are cases where M-A constituents

M

1.5 2 05 1 15 2

Displacement (mm)

25 3

Fig. 17. Macrographs and micrographs of the fracture surface and respective load-displacement curves of (a,d,g) CGHAZ, (b,e,h) ICCGHAZ 750 °C, and (c,f,i)
ICCGHAZ 800 °C. The white arrows in the micrographs (d,e,f) are pointing out to the location of the initiation site.
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Fig. 18. Image quality and KAM maps of secondary cracks on the transverse section of the fracture surface of (a,b) CGHAZ and (c,d,e,f) ICCGHAZ 800 °C. Blue
arrows in (a,c,e) point out to M-A constituents interacting with secondary cracks. The red arrows in (a,c) are used to highlight the crack deflection. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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do not influence the crack propagation path, as pointed out by point 3 in
Fig. 18 (c). The M-A influence on the crack path is attributed to the
different KAM distributions. KAM gives semi-quantitative information
on geometrically necessary dislocations and, therefore, deformation
localizations [23]. The strain located in M-A constituents is a conse-
quence of the residual stresses induced during phase transformation to
martensite and the retention of austenite during cooling. As an FCC
crystal lattice is more closely packed than BCC, body centered cubic, and
BCT, body cubic tetragonal, lattices, compressive stresses are generated
in the surrounding matrix material during the transformation from
austenite to martensite as a result of volume expansion [4]. Note that the
residual stresses developed in actual welds are not present in thermally
simulated welds. Then, their possible effect on the stress distribution
inside M-A constituents is not considered here. From our observations,
M-A constituents present different KAM distributions, depending on
their morphology. The M-A constituents with internal substructures and
sparse austenitic areas have higher KAM values than M-A constituents
with small parts of martensite and dense areas of austenite. These ob-
servations are in good agreement with the literature [45]. Hence, when a
crack interacts with M-A constituents with high KAM, the compressive
stresses at M-A constituents affect the crack tip stress state, reducing the
stress intensity and, therefore, its criticality. The reduction of crack-tip
stresses due to the interaction of the crack with compressive stresses
explains the crack deflections and also the crack arrest events.
Furthermore, the literature also shows that the internal sub-structures of
M-A constituents include high-angle boundaries, which can also change
the direction of a crack or hinder it [45]. As a consequence, M-A con-
stituents with internal sub-structures are potential microstructural fea-
tures to be responsible for multiple pop-in behaviour. Therefore, it can
be concluded that besides high-angle grain boundaries and Bain axes,
M-A constituents with internal sub-structures and high KAM are
important for the cleavage micromechanisms of HAZs of high-strength
steels. Moreover, for macroscopic fracture, when the first pop-in
within many, such as for the HAZs under study, is taken as the point
of critical CTOD, the result underestimates the material’s fracture
toughness.

In summary, the fracture process is triggered by M-A constituents,
which are too small (less than 1 pm) to reach the stress for unstable crack
growth. Then, the crack continues to grow through the matrix until it
reaches the critical size Thus, the matrix and its properties strongly in-
fluence the fracture toughness. Moreover, M-A constituents, besides
acting as crack initiators, are also observed to influence the propagation
step. Although they are not preferential crack paths, M-A constituents
with internal sub-structures can still deflect and arrest the crack, influ-
encing the crack propagation path. Other features such as PAG bound-
aries, and packets and block boundaries with different Bain axes are also
observed to deflect the crack.

5. Conclusions

The influence of microstructure on cleavage fracture toughness and
micromechanisms of fracture in CGHAZ and ICCGHAZs of quenched and
tempered S690 high strength steels was studied in this work. The
microstructure of CGHAZ, ICCGHAZ 750 °C, and ICCGHAZ 800 °C were
studied via different techniques and the fracture behaviour was studied
through three-point bending tests at —40 °C. The following conclusions
can be made:

1. The ICCGHAZ 750 °C has the highest volume fraction of M-A, 14%,
followed by the ICCGHAZ 800 °C, 6%, and the CGHAZ, 4%. In terms
of morphology, M-A constituents are found in the form of dense
austenitic areas along with a small portion of martensite on one side
and with internal sub-structures where austenite is sparsely distrib-
uted. The latter presents the highest KAM, meaning that these M-A
constituents have high geometrically necessary dislocation density
(plastic strain) and compressive stress.
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2. M-A constituents are found to trigger the fracture in CGHAZ and
ICCGHAZs. However, due to their size (smaller than 1 pm), main
cracks initiated from M-A constituents are likely not representing the
critical crack length for unstable crack and final fracture. Hence, the
matrix also contributes to the crack-growth step. The tougher
behaviour of ICCGHAZs compared to the CGHAZ is associated with
the matrix and its properties. The highest hardness and tensile
properties of the CGHAZ are due to the auto-tempered martensite
along with the smallest PAG. The ICCGHAZs, in turn, have lower
hardness and tensile properties as a result of their microstructure of
granular bainite and larger PAG dimensions.

3. The main crack propagates in a transgranular manner in all inves-
tigated HAZs and, therefore, the necklace structure at PAG bound-
aries of ICCGHAZs is not a preferential propagation path. Likewise,
M-A constituents are rarely observed in the main crack path,
meaning that these brittle particles do not act as favourable routes
for propagation. This is also supported by the observation that the
main crack propagates along the {100} and {110} planes. The PAG
boundaries and packet and block boundaries with different neigh-
bouring Bain axes are found to effectively divert the cleavage crack.

4. Multiple pop-ins are observed in the load-displacement curves of all
investigated HAZs. The analysis of secondary cracks indicates that
the M-A constituents with internal sub-structures have high KAM and
are able to deflect and arrest secondary cracks. This is related to the
reduction of crack-tip stresses due to the compressive stresses inside
the M-A constituents and the high-angle boundaries of sub-
structures. Hence, M-A constituents with these characteristics are
potential features responsible for the multiple pop-in behaviour.

From a statistical and quantitative analysis of the microstructure and
the fracture process, this research establishes the role of different
microstructural features and parameters on the cleavage fracture
micromechanisms of complex, multi-phase CGHAZ and ICCGHAZs of an
S690QL high strength steel. Thus, a quantitative and statistical rela-
tionship between microstructure and cleavage fracture behaviour is
defined, contributing to modelling predictions and, ultimately, the
development of a microstructure-based failure criterion. Furthermore,
this study brings insight into the microstructural aspects of HAZs to be
considered when designing welded joints, which can improve low-
temperature toughness of CGHAZ and ICCGHAZs, such as the size and
morphology of M-A constituents (smaller than 1 pm and blocky with
internal sub-structures) and matrix toughness.
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