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Abstract: A study of the migration of the grain boundary misorientation and its relationship with the
residual stresses through time immediately after the completion of a thermomechanical simulation
has been carried out. After physically simulating an intercritically overheated welding heat affected
zone, the variation of the misorientation of grain contours was observed with the electron backscatter
diffraction (EBSD) technique and likewise the variation of the residual stresses of welding with
RAYSTRESS equipment. It was observed that the misorientation of the grain contours in an ASTM
DH36 steel was modified after the thermomechanical simulation, which corresponds to the measured
residual stress variation along the first week of monitoring, with compressive residual stresses
ranging from 195 MPa to 160 MPa. The changes in misorientation indicate that the stress relaxation
phenomenon is associated with the evolution of the misorientation in the microstructure caused by the
welding procedure. On the first day, there was a fraction of 4% of the kernel average misorientation
(KAM) values at 1° misorientation and on the fourth day, there was a fraction of 7% of the KAM
values at 1° misorientation.

Keywords: grain boundary misorientation; welding residual stresses; dislocations

1. Introduction

Fusion welding, despite being one of the most used technologies in the merging
of metals such as high-strength steels, has a considerable number of drawbacks, among
which the internal stresses caused by the transient thermal cycles suffered in welds of
various steps—which form part of the procedures for large structures, such as vessels for
oil extraction—stand out. Thermal stresses, residual stresses, and distortions can cause
fractures in the areas around welds under certain tensile load conditions [1]. In addition
to these, stress corrosion and fatigue problems are also related to these residual stresses.
Residual stresses and corrosion, which affect the lifetime of structural components working
at high temperatures, must be considered [2]. The compressive residual stresses in a 316L
stainless steel increase in the resistance to pit initiation [3]. The cavitation erosion pits have
higher stress levels which lead to fatigue crack nucleation [4]. When a material has low
levels of yield strength, the residual stresses complicate the performance of the welded
joint, reducing its strength. Due to the particularity of welding processes, the mechanical
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properties of welded joint materials, especially the yield strength, are unevenly distributed,
which seriously affects the safety performance of welded joints [5]. The heat softening zone
has a great reduction in strength compared with the base metal when lap joints of 1180 MPa
steel sheets are welded [6]. For example, the magnitude of tensile residual stresses reaches
the yield strength of base metal; this is because, during the welding, the filler wire and base
metal experience rapid heating and a quick cooling process [7].

By monitoring the residual stresses of weld daily by means of X-ray diffraction,
magnetic methods, and vertical displacements of the surface of the welded plate using
laser technology equipment, the redistribution of the residual stresses was observed in a
relatively short period of up to two weeks following the welding procedure [8-10]. This
observable stress redistribution, not observed in other research works, is characterized by
a reduction in and uniformity of the maximum shear stress values 2 weeks after welding.
Microstructural analysis rules out the possibility of stress redistribution owing to the failure
of the material.

Changes in residual stresses over time are related to the misorientation of grain
boundaries. Internal stresses are related to the microstructure on an atomic scale and are
present in areas close to dislocations [1]. Researchers such as Taylor [11], Orowan [12],
and Love [13] have related elastic and plastic distortions and/or deformations to the
dislocations present in the microstructure of materials. The Volterra process shows that
the creation of a dislocation requires energy and the introduction of residual stresses [14].
Fan et al. [15] state that the dislocation glide is a general mode of strain, governing the
strength of metals, so there is a dependence on the rate of strain and the density of a
dislocation with the dynamics of collective dislocation. When there is plastic strain, the
distortion of the crystal lattice is alleviated with the formation of dislocations with a certain
concentration of dislocations, with a net Burger vector other than zero, that cause changes
in the orientation of the crystal lattice [16]. Relating residual stresses at the atomic and
microscopic level, during plastic strain individual grains do not twist as a single element in
magnitude and direction; thus, dislocations are located in the grain contours to maintain the
continuity of the microstructural network [17]. For metals deformed to moderate strains,
the dislocations density increases linearly with plastic strain [18]. In steels, the deformation
introduces dislocation boundaries with a small misorientation in austenite [19,20]. The
behavior of the dislocations within the microstructure is heterogeneous [21]. Hence, the
dislocations are highly heterogeneously distributed, with significant accumulation of high
density near the grain boundaries and relatively low density within the interior of the
grain [22]. The orientations of the crystals within the grains change due to the accumulation
of dislocations and may fluctuate by several degrees, even within the same grain [23].
Therefore, the accumulation of dislocations is expected to change the grain orientation
distribution and the grain boundary misorientation angle. This is also based on the fact that
the nature of any given grain contour depends on the misorientation of the two adjacent
grains and the orientation of the boundary plane with respect to them [24].

The level of deformation can be estimated with misorientation analysis, where the
orientation of two or more data points is compared for individual grains or within calcula-
tional domains [25]. The nature of any given grain contour depends on the misorientation
of the two adjacent grains and the orientation of the boundary plane in relation to them [24].
Misorientation within grains increases with the introduction of plastic strain, which is often
used as a quantitative measure to describe the degree of microstructure deformation [26].
However, the introduction of plastic strain can result in substructure formation associated
with the rearrangement of dislocations [26]. Because of this, small misorientations are
important for understanding the mechanical behavior of materials and it is important that
the orientation measurements are precise [27,28]). The yield stress, as well as the flow stress
after yielding, increases as the grain boundary misorientation angle increases [29]. When a
deformation is applied to a metal, the presence of low-angle grain boundaries (LAGB) is
observed [19]. Free dislocations generated during plastic deformation can readily rearrange
themselves, leading to the development of low-angle grain boundaries [26]. Further defor-
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mation is enabled by the formation of new high-angle grain boundaries [25]. In a work
published by Costa et al. [30], for low-angle grain boundaries, samples with higher stress
levels have a higher percentage of misorientation, and for high-angle grain boundaries the
observed behavior is the opposite. This is due to the fact that the energy of the low-angle
grain boundaries is the total energy of the dislocations within the contour area and depends
on the spacing of the dislocations and the misorientation angle, whereas, for high-angle
grain boundaries, the grain boundary energy is almost independent of the misorienta-
tion [24]. Humphreys et al. [31] state that low-angle boundaries are those that are composed
of an arrangement of dislocations whose structure and properties vary depending on the
misorientation, while high-angle boundaries are those whose structure and properties
generally do not depend on misorientation. This suggests that there is a direct relationship
between the stress—strain level and the amount of grain boundaries, with the low-angle grain
boundaries having a greater influence on the stress—misorientation relationship. From what
was discussed in previous paragraphs, a hypothesis was proposed: the stress relaxation
phenomenon is associated with the evolution of the misorientation of the microstructure
that occurs in the material following the culmination of the welding procedure.

2. Materials and Methods

A 12 mm thick ASTM DH36 steel sheet was used, from which specimens with dimen-
sions of 10 mm X 10 mm x 71 mm were extracted (Figure 1). In the center of this sample
was the intercritically reheated coarse grained heat affected zone (IC CGHAZ), and next
to it was the fine grain heat affected zone (FGHAZ). The elastic limit of the material is
360 MPa. The chemical composition of the steel was obtained in this investigation with
optical emission spectroscopy using a Foundry Master Pro spectrometer from Oxford
Instruments (Concord, MA, USA), and is given in Table 1 with a carbon equivalent (CEj;,,)
of 0.41%, indicating that the solubility is relatively good since it exceeds 0.40% of CEj;.
Steels with CEjj,ys < 0.40% are considered to have good weldability and do not require
special preparation or post-treatment of the weld [32]. The equation for the calculation of
the CEj;,, was formulated by the International Institute of Welding (IIW) [32].
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Figure 1. Simulated specimen with dimensions of 10 mm x 10 mm x 71 mm presenting the IC CGHAZ zone that is located

in the central part of the sample with a width of approximately 8 mm.

Table 1. Chemical composition of the ASTM DH236 steel in wt.%.

C% Mn% Si% Cr% Cu% Ni% M{fioa/“d V% Nb% P% S%  CEjw%
0.141 1.49 0179 0022 00106 00071 <0.0005 0.0429 00322 00224 00102 041

The thermal welding cycles were carried out with a physical simulation for the
determination of the microstructure using Gleeble® 3800 equipment (Dynamic Systems
Inc., Poestenkill, NY, USA). The sample was held rigidly in the jaws of the machine, not
allowing the jaws to move when the material presented volumetric expansion, as shown in
Figure 2. The temperature was measured using a type K thermocouple.
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Figure 2. Specimen (in the center of the image) attached to the Gleeble® 3800 equipment.

The thermal cycle simulation of double pass welding consisted of the following steps.
For the first welding pass simulation, the middle region of the test specimen was heated
to 1350 °C with a heat rate of 450 °C/s, was maintained at this temperature for 0.35 s,
was cooled down to 800 °C in 20 s with a cooling rate of 27.5 °C/s, and then to 200 °C in
tg/5 = 160 s with a cooling rate of 3.75 °C/s. The second pass simulation involved heating
from 200 °C to a peak temperature of 800 °C with a heat rate of 266 °C/s, maintaining the
specimen at this temperature for 0.35 s, and then cooling it to 200 °C in tg/5 = 160 s with a
cooling rate of 3.75 °C/s followed by air free cooling, as shown in Figure 3.
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Figure 3. Thermal cycles simulating two welding passes to generate the IC CGHAZ zone.

These thermal cycles were designed to obtain the microstructure of a heat affected
zone (HAZ) from two welding passes. The first pass reaches a coarse-grained heat affected
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zone and the second pass pertains to an intercritical zone (IC CGHAZ). The temperature
of the second intercritical pass, which was 800 °C, was taken between the temperatures
AC1=695°C and AC3 = 830 °C calculated with the Thermo-Calc® (Thermo-Calc Soft-
ware’s, Pittsburgh, USA) version 1 thermodynamic software based on TCS Steel and
Fe-alloys Database (TCFE) data (Figure 4).
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Figure 4. Intercritical zone of DH36 steel calculated with Thermo-Calc®.

For data acquisition, an FEI Quanta 450 scanning electron microscope (SEM, FEI
Technologies Inc., Hillsboro, Oregon, USA) with a tungsten filament and a BRUKER E-
FLASH EBSD automatic detector (Bruker Nano GmbH, Berlin, Germany) were used. The
BRUKER ESPRIT 2.0 package was applied for data processing. The configuration used for
the microscope had an acceleration voltage of 23 KV, with a step size of 0.72 ym and an
indexing speed (min—-max.) of 94.6-97.9%. The samples were prepared using SiC paper
with a grain from 100 to 1000 for grinding. Polishing was carried out with a diamond
suspension from 6 pm to 1 pm, and finally a fine polishing was applied using a silica
colloidal suspension of 0.25 pm.

The residual stress values were measured using a RAYSTRESS instrument (SYN-
THESIS Co. ltd, Saint-Petersburg, Russia), which is a portable X-ray machine that em-
ploys a double exposure method [8,9]. The principle of the stress measurements via the
RAYSTRESS using double exposure is shown in Figure 5. Two cassette windows cap-
tured the diffraction lines in 26-angular intervals from 148° to 164°. The inclination of the
specimen surface of 12° corresponds to measurements for steel specimens using Cr-Ka
radiation and the {211} reflection with 6211 = 78°. The experimental accuracy of the stress
measurements was 10 MPa. The specimen was maintained at the same measurement
position throughout the entire three-week monitoring period. Stress measurements were
taken from the center of the specimen in the IC CGHAZ area, and in the area located 5 mm
from the center of the specimen, whose microstructure was identified as FGHAZ, which
is the fine grain heat affected zone. The measurements on both areas were performed
simultaneously using two RAYSTRESS machines. Measurements were started around two
hours after the end of the Gleeble simulation and were performed every 12 h.
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Figure 5. Schematics of the stress measurements using the RAYSTRESS machine.

3. Results
3.1. Microstructure of Base Material Obtained by Thermomechanical Simulation

The microstructure of the base material without thermomechanical simulation ob-
tained with the EBSD technique is shown in Figure 6. Figure 6a shows the inverse pole
images (IPF) indicating the crystallographic directions caused by the ferrite, austenite,
upper bainite, and cementite. A predominant direction was not evident since orientations
of the type 001, 101, 111, and 210 were present throughout the microstructure. In Figure 6b,
a predominantly ferritic structure can be observed. The dark regions represent the band-
ing resulting from the thermomechanical treatment of the sheet (Figure 6¢), which was
composed of phases belonging to bainite, austenite, and cementite as shown in Figure 6b.
These phases can also be observed in certain sections of the grain boundaries, but in lesser
amounts. The colored areas of the EBSD micrographs in Figure 6a—c that contain the
cementite, bainite, and austenite phases are related to the pearlitic and grain boundary
zone of Figure 6d. So, it could be said that in the banded areas of the base material, we can
find retained austenite that could be forming the martensite—austenite constituent (MA).
The microconstituent MA with different morphologies is located mainly in the contours of
the anterior austenitic grain, the lathes of other phases, and rarely within the grains [33].
According to the work of Moeinifar et al. [34], the mean diameter of the MA microcon-
stituents in their largest size is, on average, 0.93 um. MA blocks can be approximately 3 to
5 um in size according to Davis and King [35] or 1 um according to You et al. [36].

3.2. Microstructure IC CGHAZ Simulated Thermomechanically

The microstructure of the central part of the thermomechanically simulated sample
(Figure 1) is a microstructure that would belong to a multipass region of real welding,
called IC CGHAZ, which is observed in Figure 7. In the inverse pole figure (Figure 7a), a
predominance of crystallographic orientations of 101 for ferrite and austenite, of 110 for
upper bainite, and 010 for cementite is observed. In Figure 7a,b, within the initial austenitic
grains, phases in elongated lathes are observed oriented according to the crystallographic
directions 110 and 210 belonging to a bainitic structure. The phase map of Figure 7c
indicates that 95.2% belongs to the ferritic phase. From Figure 7d, we can see that the
microstructure belongs to a bainitic structure in the form of blocks with dark phases
between the strips of the bainite, phases that belong to austenite, cementite, and bainite as
indicated by the phase map in Figure 7c. Steels with low carbon content contain cementite
through the matrix as a second dispersed phase [37], due to the excess solubility of carbon
in the ferrite.
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Figure 6. Micrographs of the base material obtained with EBSD: (a) inverse pole figure (IPF) normal to the Y axis, (b) map
of the quality standard, and (c) phase distribution map. Magnitude of 1500 x. (d) Electron microscopy micrograph with

magnitude of 3000 x.
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Figure 7. IC CGHAZ micrographs obtained with EBSD: (a) inverse pole figures (IPFs) normal to the Y axis, (b) quality
pattern map (PQ), and (c) phase distribution maps. (d) Light microscopy micrograph. Magnitude of 500x.

In Figure 7c, black dots are seen representing 1.37% of zero solutions, which are
non-indexed patterns that can indicate an MA microconstituent, precipitates, carbides, or
second phases that are located on the edges of the initial austenitic grain and dark phases
of a smaller size within them. It was not possible to obtain a good quality of Kikuchi
standards from the carbides due to their discontinuities and a high density of dislocations
at the respective interfaces [38]. These black areas are regions of higher dislocation density
and high residual stresses introduced by significant differences in the coefficient of thermal
expansion between the reinforcing particles and the matrix, resulting in a strong dislocation
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MPa
-70 -

field around the precipitates [39]. These dislocations are regions of greater misorientation
that are difficult to index and therefore appear as non-indexed black dots [40].

3.3. Redistribution of the Residual Tension

Figure 8 and Table 2 shows the results of residual stress measurements performed
on IC CGHAZ and FGHAZ, adjacent to the IC CGHAZ zone areas of the specimen over
the 14 monitoring days. Sign “-” denotes compressive stress. The measurements were
performed in the longitudinal direction. Although the stress state on the whole is defined
as a tensor value, these measurements are sufficient to detect the change of the residual
stress state on the analyzed areas for the purposes of this paper.

-110

-130

-150

-170

-190
-210
-230

/

-250

‘\\‘//‘t\'\ /.‘“'__"~1——'//.\\'_“"~|——-——|——|——|——|—

-270

S’

-290

T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Days

Figure 8. Change in residual stress over time. Plot with e corresponds to the residual stresses measured on IC CGHAZ area;

plot with M cor

responds to the residual stresses measured on FGHAZ area.

Table 2. Values of the change in residual stress over time.

Days 1

4 5 6 7 8 9 10 11 12 13 14

I1C
CG-
HAZ
(MPa)

—194

-169

-158 -160 -147 -132 -112 -114 -110 -123 123 -111 118 —122

FGHAZ
Mpa) 212

—238

—247 234 242 262 264 242 246 246 250 250 235 244

We observed a decrease in compressive residual stress in the IC CGHAZ area accom-
panied by an increase of compressive residual stress in the FGHAZ area. This process is
not monotonic and has some variations. The initial difference in the values of the stresses
on two analyzed areas was 20 MPa, and the final difference was 130 MPa. Stabilization
in the process of stress redistribution usually begins from the second week. A two-week
stabilization period is normally applied in real welding samples [8-10].

In Figure 8, we can see that, in the first days of monitoring, the compressive residual
stresses measured in the longitudinal direction in the IC CGHAZ area had a value of
195 MPa and four days later this value became 160 MPa, which represents the absolute
value of the residual stress decrease from the first day to the fourth day of observation. In
the following sections, we will describe how the fractions of the misorientation values vary
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from the first to the fourth day after having completed the simulation of the heat affected
zone, just as the residual stresses calculated with the X-ray diffraction method vary.

3.4. Redistribution of Misorientation in Microstructure
3.4.1. Redistribution of KAM

The kernel average misorientation (KAM) maps represent the mean misorientation
ratio of a given point and the mean orientation of its neighbors with the same grain [41,42].
KAM is designed to show very close local orientation changes. Analysis of the results
based on the KAM parameters are presented in Figures 9 and 10. The KAM results give
us up to an approximate value of 5 degrees of misorientation and these are considered
as low-angle grain contours (LAGBs). This limit on misorientation values was chosen
to elucidate the misorientation between the grain boundaries and interior grains [26]. A
visible variation of the maximum values of the fraction of the misorientation angles was
observed from the first to the fourth day of observation. For example, in Figure 10 it can be
seen that, on the first day, there was a fraction of 4% of the KAM values at 1° misorientation
and on the fourth day there was a fraction of 7% of the KAM values at 1° misorientation. In
heat-affected areas of welded joints, when temperature gradients occur, different internal
strains are noticeable, such strains being related to microstructural changes. The presence
of LAGB is also considered to be due to incomplete recrystallization [43]. In our case, the
redistribution of the residual strain of the IC CGHAZ zone was observed. These areas that
are close to the weld beads are subject to higher cooling speeds and consequently large
internal strains are present, as seen in Figure 9a, which, after the passage of time, gradually
decreased, as can be seen in Figure 9b.

MO Kernel. .
MAG: 500x HV: 25.0 k¥ WD: 155 mm Px: 0.74 ym

Figure 9. Cont.
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Md Ke.rnel :
MALG: 500x - HV: 25.0 k¥ WD: 1586 mm - Px: 0.74 ym
(b)
Figure 9. Maps of kernel average misorientation (KAM): (a) first day of monitoring KAM map and
(b) fourth day of monitoring KAM map. EBSD with magnitude of 500 x.
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Figure 10. KAM changes on IC CGHAZ area during the four days of monitoring: (a) first day of monitoring and (b) fourth
day of monitoring.



Metals 2021, 11, 1850

12 0of 19

3.4.2. Redistribution of GAM

Grain average misorientation (GAM) maps show the correlated mean misorientation
values obtained in a specific grain [44,45] and the degree of intragranular orientation
deviation [7]. This means that each measure contained in a grain is assigned the same local
misorientation value, but the values vary from one grain to another [16]. GAM excludes
some external disturbances and manifests the global orientation deviations within a specific
EBSD observational region [46]. This is a typical way to show orientation changes within
the grain. Figures 11 and 12 show the results obtained by GAM, and a change in the
fraction of the misorientation values can be observed from the first to the fourth day of
observation. In Figure 11a, it can be seen in the red box that misorientation angles between
values of 12 to 15° dropped to values of 5 to 10° in Figure 11b (according to the GAM color
pattern). In Figure 12, we can see that the fraction of GAM values for 2° increased from
the first to the fourth day and from 4° the fraction of GAM values decreased from the first
to the last day of observation. As mentioned above, these changes in misorientation are
related to a change in the concentration of the dislocations over time.

MO Average
MAG: 500x HV: 26,0 k¥ WD: 155 mm Px: 0.74 pm

Figure 11. Cont.
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MO Average
MAG: 500x- HV: 25.0 k¥ WD:15:6' mm Px: 0.74 ym

(b)

Figure 11. Grain average misorientation (GAM): (a) first day of monitoring GAM map and (b) fourth
day of monitoring GAM map. EBSD 500 x.
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Figure 12. GAM changes on IC CGHAZ area during the four days of monitoring: (a) first day of monitoring and (b) fourth

day of monitoring.

3.4.3. Redistribution of Grain Boundaries

Figure 13 shows the high-angle grain boundaries (HAGBs) in yellow and the low-angle
grain boundaries (LAGBs) in blue. Figure 13b shows a greater fraction of the HAGB values
> 50° than the fraction of LAGB <15°. The percentage of LAGBs that consist of a series
of dislocations decreases at ICHAZ with an increase for the cooling elapsed time, which
corresponds to high heat input [22]. The simulated samples of ICHAZ showed a selective
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orientation of misorientation and an apparently ‘bimodal’ feature [47-49]) in the range of
2-15° and 50-62°. The authors of [50] stated that the LAGBs usually distribute between
the parallel or thinner grain laths and the HAGBs locate within the prior austenite grain
boundaries. It can be determined that the preferred orientation phenomenon occurred
during the phase transformation in a different or the same bainite group, which could
generate HAGBs or LAGBs at the boundaries of laths, respectively [22]. HAGBs are more
mobile than LAGBs due to a higher density of dislocations and a large amount of stored
energy [31]. According to Tsuchiyama et al. [51], HAGBs show mobility and a driving force
sufficiently large for migration. LAGBs are mobile because their properties depend on the
density of dislocations [31].
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Figure 13. (a) Maps of boundary grain and (b) fraction of misorientation of boundaries grain.
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4. Discussion
4.1. Microstructure of Base Metal and IC CGHAZ

Figure 6, obtained with the EBSD technique, shows us the typical microstructure of a
DH36 high-strength steel without physical simulation, which is mainly made up of ferrite
accompanied by phases of superior bainite, austenite, and cementite. The black colored
zero solutions in Figure 6b,c may represent the martensite of the MA microconstituent,
which are smaller than 1 um in size. In addition to the fact that EBSD may not have indexed
microstructures smaller than the step size placed before indexing, microstructures such as
martensite that are not present in the EBSD database are also not indexed. Non-indexed
regions (represented as dark areas) contain a high density of dislocations [52]. Martensite
identification is complicated with EBSD, due to the similar lattice structures of ferrite and
martensite [53]. Wright [54] mentions that martensite cannot be indexed using EBSD as
martensite has a body centered tetragonal (bct) structure but is only slightly tetragonal.
Thus, EBSD cannot reliably identify this tetragonality. The c/a ratio is simply very close
to 1, so no information was entered in the data bank to identify martensite. Nowell
et al. [55] usually perform this indexing as a body centered cubic (bcc) ferrite structure and
then use various approximations to try to differentiate martensite from ferrite based on
topographic arguments.

When the two thermal welding cycles were physically simulated, the EBSD technique
still detected phases belonging to the ferrite, upper bainite, austenite, and cementite in
the same way as was detected for the base material. The difference between these two
microstructures is evident: the banding presented in the base material disappeared, the
grain size increased, and the distribution of the bainite, cementite, and austenite phases
within the ferritic matrix varied (all this can be observed by comparing Figures 6 and 7). In
the intercritically reheated coarse grain heat affected zone of an EH36 weld, Tsay et al. [56]
observed microstructures such as lower bainite with carbides between those of upper bai-
nite and with retained austenite. In the intercritically reheated heat affected zone of DH36
presented in slab bainite, this type of bainite generally nucleates along the grain boundary
of the original austenite and then grows into the interior grain [22]. When the maximum
heating temperature is between AC3 and ACl1, the superheated austenite decomposes
into Widmanstatten ferrite, bainite, and microphases consisting of martensite and retained
austenite (MA) [57]. When the cooling time tg,5 is increased, the formation of MA is more
pronounced, and due to the semi-diffusive transformation of bainite and a mixture of ferrite
and carbide, the formation of granular bainite plays a role in separating slab bainite [22].
Hutchinson et al. [58] obtained, by physical simulation, large grains of polygonal ferrite
outlining the contours of the initial austenitic grain and bainitic microstructures with fine
cementite particles.

4.2. Redistribution of the Residual Tension vs. the Misorientation

The study of the variation of the crystallographic orientation and the local strain
gradient for the prediction of stress relief is crucial [38]. Many studies have shown a good
correlation between the degree of misorientation and macroscopic strain in the material [59].
The results of our research work have shown a variation of the residual welding stress
(Figure 8) obtained with X-ray diffraction and a variation of the misorientation of grain
contours (Figures 9-12) obtained with the methods KAM and GAM. Since misorientation
relates microstructural deformation to high- and low-angle grain boundary dislocations,
and residual stresses are the result of the concentration of dislocations within different
regions of the microstructure, there is an obvious relationship for this variation obtained
with the experimental methods used, due to the rearrangement of the dislocations after
immediately having completed the welding process and through time where the stabilizing
of residual stresses occurs, as obtained in the works of Estefen [8] and Gurova [9,10].

According to studies realized by Wright et al. [16], the residual deformation is man-
ifested as a variation in the orientation of the network, and Han et al. [60] indicate that
with increasing strain there is an increase in the density of low-angle grain boundaries.
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Therefore, local misorientations provide an indication of the residual strain distribution
in polycrystalline materials and for their characterization KAM-based methods are suit-
able [16]. Therefore, the KAM is often used as a qualitative measure of plastic deformation
localization [25]. Orientation gradients can be correlated with geometrically necessary dis-
locations (GND) [61], which are generated to accommodate local incompatibilities within
crystallographic parameters [16,62] and orientation gradients which are related to plastic
deformation [63] and to correspond to the applied macroscopic strain when averaged
over multiple grains or entire measurement fields [64]. The development of misorientation
within the grain can be attributed to the high density of dislocations [65]. Regions with high
concentrations of LAGB correspond to areas with a high concentration of dislocations [66].
The KAMs obtained in Figure 10 show that a large concentration of LAGBs was in the
range of 1 to 2° of misorientation and over time the dislocations moved and changed the
internal strain. The results indicate that the glide of the dislocations gives way to the reorga-
nization of the LAGBs and HAGBs. When the deformation progresses, the misorientation
across a specific sub-structural boundary will increase [25]. Thus, the initial dislocation
cell structure created by the low-angle dense dislocation wall will evolve into sub-grain
boundaries and eventually into new high-angle grain boundaries [25]; the HAGBs are
effective barriers for dislocation motion [67]. Experimental results illustrated high KAM
values near grain boundaries at lower strain levels, while a wider distribution in KAM
values outside the grain boundaries was observed in larger strains [62]. At high strains,
due to highly misoriented grains and the formation of submicron dislocation structures, it
is crucial to choose the correct step size [62]. For the four-day observation period inside the
SEM chamber, the same step size was used, ruling out that this had influenced the change
in the misorientation values of the thermomechanically simulated microstructure.

In the GAM results, large changes in principle were found in the LAGBs from 2°
to 10°, and as indicated in the literature, these changes in misorientation are related to a
change in the concentration of the dislocations, in this case, over time. As great dislocations
densities develop within the material, the residual strain is represented as local variations
in the lattice orientation for GAM [68]. GAM maps for misorientations between 0° and
2° can be employed to estimate the internal energy or dislocation density, qualitatively,
where the higher GAM values show higher dislocation densities [69]. According to Hou
et al. [70], the regions close to the fusion zone, such as coarse-grained ones, present high
GAM values. Recrystallization is related to LAGBs, and these values can be obtained using
GAM maps [71]. The GAM evolution for the deformed material showed higher values than
the initial annealed condition because of the significant number of dislocations [68]. When
the deformation occurs and progressively increases, some grains with lower GAM values
are distributed around grains with higher values [68]. When the GAM values obtained over
many grains of a scanned area are averaged out, they can be correlated with macroscopic
values of plastic deformation [72]. The decrease in misorientation obtained with GAM
and the residual stresses clearly shows the effect of the role of the microstructure on the
mechanical behavior of the welded joints [45]. Research related to GAM indicates that
these values are influenced by the step size [72]; for the purposes of the research carried
out, the step size remained constant during the 4 days of observation.

5. Conclusions

It was observed that there was a redistribution of residual stresses, as well as a
redistribution of misorientation in the IC CGHAZ area, four days after having carried out
the thermomechanical simulation. The main results can be summarized as follows:

(a) For the residual stresses, a decrease in residual compression stresses in the range of
196 MPa to 160 MPa was noted.

(b) For 1° of misorientation in KAM, on the first day the fraction values were 4% and on
the fourth day the fraction values increased to 7%.

(c) For the misorientation in GAM, the fraction values for 2° increased from the first to
the fourth day and for 4° the fraction values decreased from the first to the fourth day.
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(d) The high-angle grain contours and the low-angle grain contours showed rearrange-
ment due to a rearrangement of the dislocations over time; these changes were related
to the change in residual stresses that, after two weeks, stabilized.
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