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High heat input welding results in coarse prior austenite grains (PAGs) and
slow cooling rates in the coarse-grained heat-affected zone (CGHAZ) of ultra-
high-strength steel. High-temperature laser-scanning confocal microscopy
and electron backscatter diffraction were used to accurately analyze the ef-
fects of PAG size and cooling rate at medium stage on bainite transformation
behavior and grain refinement to combat the coarsened structure (bainite) and
low, worse toughness in the CGHAZ. Higher heat inputs caused larger PAG
size, slower cooling rate, coarser bainite crystallographic structures and lower
CGHAZ toughness. Additionally, the austenite grains grew in opposite
directions, collided and coalesced, and these were responsible for high-tem-
perature grain coarsening. During cooling, austenite decomposed into bainite
with a Kurdjumov–Sachs (K–S) relationship with PAGs, refining the crys-
tallographic grain. Coarser PAG size slowed the bainite transformation and
increased its size. Additionally, bainite nucleation rates and boundaries varied
with cooling rates for the different variants. The CGHAZ with smaller PAGs
and fast cooling rate exhibited an ultra-fine structure because the additional
driving force increased the bainite random orientations. The PAG size
strongly affected the bainite crystallographic grain size more than the cooling
rate, indicating the size limit rather than the nucleation rate.

INTRODUCTION

In recent decades, for sustainable energy and
reducing carbon emissions, ultra-high-strength
steel (UHSS) has become an inevitable choice for
offshore wind power installations.1–3 UHSS, pro-
duced through a thermo-mechanical control process
(TMCP), is used to make the floating wind power
installations lighter and more suitable for further
ocean depths.1–4 High heat input welding is a
necessary processing technology for offshore wind

power installation manufacturing. The increase of
heat input largely affects the mechanical properties
of the welded joint, especially the cryogenic fracture
toughness.5,6 Extensive research has shown that
the coarse-grained heat-affected zone (CGHAZ) is
the location with the poorest fracture toughness in
the welded joint.7–9 Therefore, improving toughness
in the CGHAZ of UHSS is urgently required,
particularly at the weld joints experiencing high
heat inputs.

Refining the grain size has been proved to be a
crucial routine to improve the toughness of
CGHAZ.10–13 However, the higher heat input
induced coarser the prior austenite grain (PAGs,
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austenite grain after welding) formation due to
higher peak temperatures (Tp) and longer austen-
itization duration.14 The coarsening of PAGs and
slow cooling rate allowed nucleation of the bainite
grain boundary, making the crystallographic grain
coarser and less effective at hindering the expansion
of cracks in CGHAZ. Controlling the size of the
PAGs and cooling rate significantly affects the final
microstructure of the CGHAZ of UHSS, which is the
key to grain refinement.10–13 Additionally, control-
ling inclusions and changing chemical composition
hinder the formation of acicular ferrite; the
microstructure of the CGHAZ of UHSS is fully
bainite.15 Extensive research has studied the grain
refinement mechanism in CGHAZ of UHSS. Wen
et al.12 reported that the microstructure of CGHAZ
was characterized by complete martensite, a mix-
ture microstructure (lath martensite and bainite)
and granular bainite, respectively, with the
increase of heat inputs. Yan et al.13 found that
small PAG size modified the microstructure of
martensite-austenite (M-A) constituents from twin
martensite to austenite, contributing to the
improvement of � 20 �C impact toughness from
60.20 J to 163.10 J. However, most of the previous
studies on the grain refinement mechanism in steels
were focused on PAG size or cooling rates. In fact,
when the heat input increases, the PAG size
increases, while the cooling rates at medium trans-
formation temperatures also decrease. It is critical
to investigate the dominant role of PAG size and
cooling rate in forming fine-grained structures.

Investigating grain growth and microstructure
transformation during welding often involves study-
ing the room-temperature PAG size and microstruc-
tural characteristics of the samples after welding or
thermal simulation. The current studies are not
satisfied with characterizing the treated samples
and focus on grain growth and microstructural
transformation during welding.16,17 High-tempera-
ture laser-scanning confocal microscopy (HTLSCM),
under the protection of argon atmosphere by using
halogen light source heating, which can observe the
phase transformation and microstructural evolution
of metal materials on a two-dimensional (2D) plane
in situ. In situ real-time observation at high tem-
perature has been extensively studied in the fields
of metallurgy, materials and welding.17 Austenite,16

widmanstätten,17 acicular ferrite,18 bainite19 and
martensite20 have been previously studied. As a
covariant phase transformation product, the bainite
structure has a predetermined orientation relation-
ship with the PAGs,21 leading to 24 variants22 that
can be classified into four groups based on their
close-packed (CP) arrangement. Each CP group
contains six variants exhibiting a parallel relation-
ship of CP planes with the austenite. Alternatively,
the 24 variants can be grouped based on three
distinct variants of Bain groups.23 The combination
of electron backscatter diffraction (EBSD) and
ARPGE24 (a Python-based computer software

leveraging the theoretical results given by GenOVa
to automatically reconstruct the parent grains from
EBSD data obtained on phase transition materials
with or without residual parent phase) has been
demonstrated as a valuable technique for analyzing
samples exhibiting the bainite structure.

Hence, this study used HTLSCM to observe the
behaviors of austenite growth and bainitic trans-
formation in the simulated CGHAZ. Furthermore,
variant selection mechanisms were investigated
using EBSD under different PAG sizes and cooling
rates during the bainitic transformation. The pri-
mary objective of this study was to explore the
influence of PAG size and cooling rate on the grain
refinement and impact on toughness of the CGHAZ
in UHSS. Additionally, it aimed to provide satis-
factory scenarios of welding parameters and guar-
antee the outstanding performance of the weld
joint.

EXPERIMENTAL

Industrial-strength vacuum refining, continuous
casting, hot rolling and tempering were used to
produce a 30-mm-thick steel plate. The primary
elements that made up this steel were 0.056C-
0.23Si-1.62Mn-0.057Nb-0.21Cr-0.23Mo-0.0015B. The
investigation focused on analyzing the microstructure
and the corresponding fluctuations in impact tough-
ness within the CGHAZ, which was achieved by
replicating a welding thermal cycle using a thermo-
mechanical simulator (Gleeble 3500). The welding
thermal simulation sample was taken horizontally
from the center of an F690 forged steel plate (F690)
and was processed into a 100 mm 9 11 mm 9 11 mm
sample. A 2D Rykalin mathematical model was used
to determine the welding thermal cycle curves to
simulate the welding process of 30-cm-thick plates.
The heating rate was set at 200 �C/s to simulate
different welding heating inputs (E). The Tp was
1350 �C, and the residence time was 1 s. As shown
in Fig. 1a, the time of cooling the molten pool from
800 �C to 500 �C (t8/5) was 4.9, 11.4, 16.2, 32.4, 64.2
and 129.7 s, which was equivalent to 15, 35, 50,
100, 200 and 400 kJ/cm in realistic welding, respec-
tively. Each experiment was repeated five times,
and the temperature was controlled using a K-type
thermocouple wire, resulting in a 350 �C final
temperature. The thermal simulation sample was
processed into a 10 mm 9 10 mm 9 55 mm sample
after the simulation thermal cycle using electric
discharge machining (EDM), and the Charpy V-
notch impact toughness was tested at � 20 �C.
EBSD (Oxford symmetry) was used to describe the
structural morphology and orientation of sample
matrixes and investigate the impacted sample for
lateral dissection of the crack.

Subsequently, cylinders with 5 mm diameter and
4 mm length were cut from the experimental steels
and mounted in a U9 9 4 mm3 alumina crucible.
HTLSCM and infrared furnace imaging were used
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for in situ observation. The furnace temperature
was measured using a thermocouple, which was
accurate to within 0.1 �C, and was placed under the
crucible. As shown in Fig. 1b, the samples were
heated to 1300–1450 �C at a 5 �C/s rate and held
there for 1 s for austenization, followed by rapid
cooling to 800 �C at a 5 �C/s rate and cooling to
500 �C at 1, 3 and 5 �C/s rates. These parameters
were selected based on Ref. 25. During the simu-
lated thermal cycling, five photographs were taken
per second to track the development of PAGs and
their subsequent transformation into bainite. The
heating and cooling rates (± 5 �C/s) in the simulated
welding procedure were intentionally adjusted to be
slower than in the rapid thermal cycle of actual
welding involving high heat inputs to facilitate the
examination of grain boundary migration at ele-
vated temperatures. The mean linear intercept
method was used to determine the average PAG
size. After the heat treatment of the samples, the
field previously investigated using HTLSCM was
analyzed using EBSD through scanning electron
microscopy (SEM, JEOL7000F) operated at 20 kV,
with a 300 nm step size.

RESULTS

Microstructure and Impact Toughness
in the Simulated CGHAZ Subjected to Various
Heat Input Welding

The OM images of the experimental steels sub-
jected to various simulated welding thermal cycles
are shown in Fig. 2. The measured data showed that
the average PAG sizes of the experimental steels
grew larger with increased heat inputs. Heat inputs
influence cooling rates, affecting the microstructure
formation. Investigations have established a direct
relationship between the heat input and cooling

rate, and the cooling rate increased with the
decrease in welding heat input.25 As shown in
Fig. 2a, non-diffusive bainite transformation
occurred at a 15 kJ/cm heat input because of the
rapid cooling rate. Thus, lath-type bainite consti-
tuted the microstructure in CGHAZ at 15 kJ/cm,
respectively. As shown in Fig. 2b and c, austenite
was transformed into lath-type bainite at a 35–50
kJ/cm heat input, similar to 15 kJ/cm, and the
cooling rate slowed down. As shown in Fig. 2d–f, GB
was formed at higher temperatures when the heat
input was 100–400 kJ/cm because of the decreased
cooling rate. Meanwhile, blocky M-A components
were formed in the second phase. The retained
austenite film could transform into M-A components
because of carbon diffusion.

As shown in Fig. 3, PAG morphology was ana-
lyzed using EBSD, and the ARPGE algorithm was
used to reconstruct and calibrate the austenite
grain and bainite variants.24 A close Kurdjumov–
Sachs (K–S) relationship must be maintained with
the parent austenite to theoretically form 24 differ-
ent variants of bainite using variant selection.22 The
minimum misorientation between variant V1 and
other variants is 10.5�.22

Therefore, a ‡ 10� misorientation at the boundary
could indicate the boundary between two crystallo-
graphic grains of bainite blocks. Grains were
assumed to be spherical to assess the grain size
(Fig. 3c–f); no single Bain or CP group was found to
dominate the PAGs with a heat input > 35 kJ/cm.
The variants within the same Bain group exhibited
proximity to each other at 35 kJ/cm, but the
variants within the same CP group were formed in
subdivided parts. The PAG is often combined with
variants of the same Bain group (Fig. 3b). At 15 kJ/
cm, the variants within the same CP group exhib-
ited proximity, but variants within the same Bain

Fig. 1. Heating process diagram for (a) welding thermal cycle and (b) HTLSCM.
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group were divided into multiple parts. PAG com-
bined primarily with variants from the same CP
group (V1/V2/V3 in Fig. 3a). This finding illustrated
that utilizing the 15 kJ/cm heat input resulted in a
more robust variant selection than other heat
inputs, yielding a substantial quantity of V1. Addi-
tionally, the same variant (V1) predominated within
the internal structure of PAGs.

The statistical distribution of the mean equiva-
lent grain diameters, crystallographic grain and
impact toughness in CGHAZ is shown in Fig. 4. The
mean PAG sizes in CGHAZ increased from
36.1 ± 1.1 to 74.9 ± 7.0 lm with the increased heat
input, as shown in Fig. 4a. The crystallographic
grain sizes of CGHAZ also increased and grew from
4.9 lm to 12.9 lm, as shown in Fig. 4b. However,
the toughness of the experimental steels revealed
contrasting tendencies, as shown in Fig. 4c. The
Charpy impact absorbed energy decreased from
213 ± 11.0 J (15 kJ/cm) to only 5.1 ± 0.6 J
(400 kJ/cm) at � 20 �C. The misorientation and
boundary density under different heat inputs are
shown in Table I. The statistical results showed that
the misorientation and boundary density of the
high-angle grain boundaries (HAGBs) significantly
decreased with increased heat input; especially the
HAGBs dropped to 41% at 100 kJ/cm. This was
consistent with the trend of decreased impact
toughness.

Additionally, the crack morphology of the samples
can explain and verify the difference in toughness
generated because of the experimental steels. The

EBSD analysis results for the microstructure of
crack propagation for the 100 kJ/cm simulated
CGHAZ are shown as inverse-pole figure (IPF)
images in Fig. 5. The SEM fracture morphology of
impact samples at different multiples in Fig. 5a and
b showed a typical cleavage fracture, with many
cleavage planes and tearing edges distributed on
the fracture surface. This study presupposed that
the threshold for HAGBs was 10�, implying that a
grain boundary exhibiting a misorientation > 10�
could be considered as the boundary between two
distinct grains. As shown in Fig. 5c, the large
volume of the block structure was readily apparent,
and the cracks were distributed among the block
structures. There were subtle color variations
among bainite blocks, each indicating a slightly
different orientation. The crack moved along the
same or similar block, suggesting transgranular
propagation. The crack would turn if it ran into a
crystal with a different orientation. The crack
progressed slowly and could turn easily when it
reached the HAGBs. The obstructive effect was
more pronounced as the density of the HAGBs
increased. As shown in Fig. 5d, the crack easily
passed through the low-angle grain boundaries
(LAGBs) during propagation but ultimately stag-
nated at the HAGBs. Furthermore, the calculation
of the proportion of variants showed that several V1
variants were dominating. As shown in the misori-
entation statistics in Fig. 5f, LAGBs dominated, and
this was consistent with the results shown in

Fig. 2. Optical micrographs in the CGHAZ subjected to various welding heat inputs of (a)15 kJ/cm, (b) 35 kJ/cm, (c) 50 kJ/cm, (d) 100 kJ/cm, (e)
200 kJ/cm and (f) 400 kJ/cm (the inserted figures are obtained from SEM). BF = bainite ferrite.
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Fig. 5d. Similar results could be observed in low-
carbon bainitic weld metals.26

In situ Observation of Austenite Grain Growth
and Bainite Transformation During
Simulated Welding Thermal Cycles

The in situ observations of austenite grain growth
in the experimental steel during heating, specifi-
cally during the a fi transformation, are shown in
Fig. 6a–f. The dashed lines represent the grain
boundaries. As shown in Fig. 6a–c, the a/c interface
of grain 1 was pushed outward, and it grew in an
isotropic manner with increased temperature. As
seen in Fig. 6d and e, small grains (grains 2–4) were

separated from the a-phase in the early transfor-
mation stage in the experimental steel. As shown in
Fig. 6f, the grains were in contact with each other
over time, progressively enveloping the entire
surface.

The grain boundary migration after cooling from
1400 �C is shown in Fig. 6g–i. The austenite grain
boundary expanded by a total of 47.6lm with 0.7 lm/s
velocity. Expansion of austenite grains was observed
during heating, isothermal holding and cooling. The
austenite grains ceased to grow on reaching a tem-
perature< 1050 �C during cooling. An increase in the
size of austenite grains was observed with increased
temperature or holding time.

Fig. 3. EBSD analysis of microstructure in the CGHAZ subjected to various heat input welding. (a) 15 kJ/cm, (b) 35 kJ/cm, (c) 50 kJ/cm, (d)
100 kJ/cm, (e) 200 kJ/cm, (f) 400 kJ/cm.
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As shown in Fig. 7, the process of austenite decom-
position to bainite within the CGHAZ was observed
directly during the medium temperature stage using
HTLSCM. The austenite microstructure is seen in
Fig. 7a, where the arrowed-out black line denotes the
grain boundary. Depicted as Bainite 1 in Fig. 7b, the
bainite lath formation within block 1 primarily
occurred at the austenite grain boundary and subse-
quently propagated into the grain. The same nucle-
ation sites and growth directions in bainite laths
parallelly align them. As seen in Fig. 7c, they rapidly
grew until they collided with the austenite grain
boundary, where their growth appeared to halt.
Additionally, the secondary bainite (Bainite 3) was
formed when the pre-existing bainite (Bainite 2)
underwent sympathetic nucleation, as seen in
Fig. 7e. The later formed bainite laths maintained a
constantangle (43�) withBainite2 andgrewina block,
as seen in Fig. 7f. Many bainite blocks were formed as
the austenite decomposition proceeded because of
primary and sympathetic nucleation. They grew in
various directions and eventually collided. As shown
in Fig. 7g–i, the expansive austenite grain was
successfully partitioned into multiple smaller and
distinguishable regions, constraining the expansion
of subsequently formed bainite blocks. Consequently,
it was clear that the length of those bainite blocks
shrank as the temperature dropped.

EBSD Analysis and Variant Reconstruction

ARPGE was employed to reconstruct the austen-
ite grain and calibrate the bainite variants, and this
was done utilizing in situ HTLSCM observation and
EBSD post-mortem in the same area after the

transformation was complete. The outcomes in
experimental steels are depicted in Fig. 8. The
primary nucleation of the bainite block B1 occurred
at the boundary between austenite grains and
subsequently expanded into the interior of the
grains. The formation of the bainite blocks B2 and
B3 commenced at the boundary of the austenite
grain and subsequently expanded in divergent
directions towards the interior of the grain. Blocks
B1 and B3 nucleated on opposite sides of boundaries
and grew in the same direction, while the impinge-
ment on the earlier formed B1 apparently halted
bainite formed later (B2), as shown in Fig. 8a2.

As shown in the pole figure and orientation map
in Fig. 8a3, b3, and c3, multiple varieties of bainite,
which were characterized by unique crystallo-
graphic orientations, developed within a single
austenite grain. Additionally, a clear orientation
relationship, either K–S or Nishiyama–Wasser-
mann (N–W), was observed between the bainite
variants and PAGs. Bainite blocks forming in the
same austenite grain and growing in the same
direction exhibited a high degree of similarity in
their orientations and were denoted as B1 and B3.
Conversely, bainite blocks developing within grains
growing in opposite directions displayed distinct
variant selections, specifically B1 and B2.

Finally, partitioning the large PAGs into numer-
ous smaller regions using bainite with a wide range
of variant selection achieved small crystallographic
grains, as shown in Fig. 9. The results demonstrated
that the bainite formation with distinct variants
within larger austenite grains could significantly
refine the final microstructure. The crystallographic

Fig. 4. Relation of heat input with (a) mean PAG size, (b) crystallographic grain size and (c) impact toughness in the CGHAZ of ultra-high-
strength structural steel.

Table I. Statistics of misorientation in the CGHAZ of steels with various heat inputs

Sample 15 kJ/cm 35 kJ/cm 50 kJ/cm 100 kJ/cm 200 kJ/cm 400 kJ/cm

Misorientation (%)
2�–10� 42 45 49 58 69 78
10� 58 55 51 41 31 22

Boundary density (lm/lm2) 0.98 1.18 1.13 0.84 0.65 0.53
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grain sizes in the CGHAZ of the experimental steel
increased from 4.5 ± 4.0 to 10.5 ± 8.9 lm with
raised Tp and lowered cooling rate.

DISCUSSION

Role of Welding Thermal Cycle on Austenite
Grain Coarsening in the CGHAZ

The nucleation and growth processes involved in
the a fi c transformation have gained much atten-
tion in the welding of UHSS. As presented in Figs. 2,
3, 4 and 9, the PAG size increased with the climbing
heat input and Tp. Furthermore, limiting the PAG
size during welding is essential since coarser PAG
resulted in larger crystallographic grain size, dete-
riorating the impact toughness in CGHAZ.

As shown in in situ observation results in this
study in Fig. 6, austenite grains initially formed at

the a-phase boundary and migrated laterally along
the a/c interface, similar to previous studies.16,27

As expected, the transformation until completion
involved the initiation of additional small grains
and the subsequent enlargement of grains through
their collisions. Following the a fi c transforma-
tion, the presence of austenite grains characterized
the microstructures of the samples. Some of the tiny
grains of austenite coalesced to form larger ones
when they were heated. The boundary of a sizable
grain underwent displacement, swallowing the
smaller neighboring grains.

Besides controlling the heat input (Tp and austen-
itization duration), particle pinning and solute-drag
effect are the two methods to control the coarsening
of PAG. The efficacy of grain-boundary pinning by
the second-phase particles was observed, restricting
the growth of austenite grains under the conditions

Fig. 5. SEM fracture morphology and EBSD analysis of crack propagation in the CGHAZ subjected to 100 kJ/cm heat input welding.
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of rapid heating and short dwell time in austenite.
The kinetic strength refers to the thermal energy
produced by the thermal cycle and impacts various
factors such as the rate of dissolution, precipitate
size and density.27–30 Notably, this influence was
different from the equilibrium conditions.30–34 An
increase in Tp increased the kinetic strength for
dissolving precipitation.

The observed correlation between the elevated
dissolution temperature of NbxCy precipitates and
the improved resistance to grain coarsening was
indicative. Additionally, it is well known that grain

coarsening begins before the precipitates dissolve
entirely.35 The presence of precipitates before and
after welding thermal simulation is shown in Fig. 10.
The volume fraction of NbxCy with temperature was
calculated using Thermo-Calc. Temperature cycling
with Tp values between 1190 �C and 1230 �C, corre-
sponding to 35 to 15 kJ/cm heat inputs, completely
dissolved the typical NbxCy precipitates in experi-
mental steel.36 Moreover, the findings indicated that
when exposed to temperatures exceeding Tp = 1168
and 1146 �C, accompanied by corresponding heat
inputs of 15 and 35 kJ/cm, the precipitates would

Fig. 6. In situ observation of austenite grain growth behavior during high temperature process. (a–c) Formation of austenite grain, (d–f) growth
and impingement of austenite grain, and (g–i) migration of grain boundaries between austenite grains.
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undergo rapid dissolution. The precipitates grew to
about 170 Å in diameter, the minimum size neces-
sary to firmly pin the grain boundaries. The ability of
precipitates to act as pins weakened as they became
smaller than the critical size.

The austenite grain size in the CGHAZ exhibited a
rapid increase with Tp across the entire 1100–
1400 �C temperature range. As reported in previous
isothermal heat-treatment studies, this phenomenon
could be attributed to the lack of a significant solute-
drag effect of Nb at elevated temperatures.33,37 Thus,
inducing the particle pinning effects to inhibit PAG
coarsening to augment the impact toughness within
the CGHAZ of UHSS is important for the higher heat
input in actual welding.

Role of PAG Size and Cooling Rate on Bainite
Transformation Behavior

Role of PAG Size on Bainite Transformation
Behavior

PAG size governs the number of nucleation sites
and growth rate, which significantly affects the

morphological characteristics of bainite. On the one
hand, the grain boundary area decreased with the
increased austenite grain size, decreasing the
nucleation sites. Thus, the sample with the larger
austenite grains took longer to nucleate. On the
other hand, the coarse austenite grain samples were
wider and longer, giving more space for bainite
growth.

As shown in Figs. 3, 4, 9 and 11, the coarsening of
PAG led to a slower bainite transformation rate and
a larger bainite size. The PAG size strongly
impacted the crystallographic grain size in bainite
because the PAG size inhibited the bainite size
limit. The coarser PAG refinement substantially
accelerated the bainite transformation rate since
the process of grain refinement augmented the
number of nucleation sites on the surface of austen-
ite grains. Consequently, the increased nucleation
sites resulted in a higher free energy change during
the austenite transformation. Thus, the smaller
PAGs exhibited an ultra-fine structure since the
additional driving force produced more random
orientations of bainite.

Fig. 7. In situ observation of bainite transformation behavior during medium temperature process. (a–c) Bainite nucleated at grain boundaries,
(d–f) bainite nucleated at surface of bainite, and (g–i) the region was restricted by the impingement between the bainite.
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Role of Cooling Rate on Bainite Transformation
Behavior

The nucleation and growth processes involved in
bainite transformation have gained much attention
in the processing of modern UHSS.38 Numerous
studies demonstrated that the bainite formation
arising from the undercooled austenite transforma-
tion was a coherent and diffusion-driven process
that took place at an intermediate temperature. The
supercooling degree was associated with the cooling
rate. Thus, the actual transformation temperature
was lower, and the undercooling was greater for
faster cooling rates.39,40 The variant selection rule41

established the initial orientation of bainite nucle-
ated at the austenite grain boundary. Crystals with
the same crystallographic orientation and the same
habit plane are characterized as belonging to the
Bain group and CP group, respectively.42 The
variant selection was seen at varying heat inputs
in Figs. 3, 5, 8 and 9, consistent with the findings of
previous studies.41

Heat input affects variant selection and pairing in
CGHAZ, resulting in varying densities of HAGBs.

Previous studies showed a substantial correlation
between the variant pairing and transformation
strain, which was generated during shear transfor-
mation and stored in transformation products.43

Heat input> 35 kJ/cm resulted in negligible trans-
formation stress. Bainite formation readily accom-
modated plastic deformation at low driving forces.

The formation of variants belonging to the same
Bain group occurred near each other because of the
low transformation strain observed in this study
(Fig. 3). A correlation where the decrease in heat
input increased the transformation stress was
observed when the heat input was reduced to
15 kJ/cm. Consequently, this necessitated a greater
capacity for accumulating transformation stress in
the resulting transformation products. As reported
earlier, the V1/V2 variation pair with a 60� misori-
entation angle was the best choice for accommodat-
ing the transformation strain.44 Furthermore, the
variants within the same Bain group exhibited
separation, and variants within the same CP group
tended to form adjacent to each other (Fig. 3a).
Morito et al. showed that the transformation strain
could be effectively accommodated in a variant

Fig. 8. (a–c) In situ observation of bainite transformation, respectively. (a1, a2, b1, b2, c1, c2) HTLSCM. The different variants in (a3, b3, c3)
indicate the different bainite packets.
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pair.44 Furthermore, they observed that a variant
pair of the same variants exhibited the best trans-
formation strain among all possible combinations of
variant pairs. Additionally, the formation of all six
variants within the same CP group could facilitate a
reduction in the transformation strain, indicating
that a more robust variant selection process could
effectively accommodate a greater amount of trans-
formation strain. This study elucidated the ratio-
nale behind the enhanced variant selection at 15 kJ/
cm, as shown in Fig. 3a. It was possible to observe a
variant pair consisting of V1 and V223,44,45 and a
variant pair consisting of V1 and V444,46 in marten-
site, increasing the density of HAGBs. The V1/V13/
V24 variant pair predominated at ‡ 35 kJ/cm heat
inputs. In this case, the low density of the HAGBs
was because the variants belonging to the same
Bain group exhibited a comparable crystallographic

orientation. Consequently, the misorientation
between them was smaller,< 15�. The comparison
of the V1/V2 pair at 15 kJ/cm with the other two
variant pairs showed that both these pairs
increased the formation of LAGBs and decreased
the density of HAGBs. Consequently, the abun-
dance of HAGBs formed by multiple variants
refined the crystallographic grain size in the
bainitic microstructure.

As shown in Figs. 9 and 11, the samples with the
same Tp but different cooling rates obtained differ-
ent variants. A high Tp of 1450 �C and slow cooling
rate of 1 �C/s achieved coarser variants compared to
other specimens. Contrarily, the refinement ratio
showed high Tp but the rapid cooling rate was much
higher than for other specimens. Primarily, the
cooling rate influenced the diffusion distance of
interstitial element C and other alloying elements.

Fig. 9. IPF maps of BCC phases in the CGHAZ of investigated steels with various peak temperatures and cooling rates.
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Consequently, this impacted the actual phase trans-
formation temperature, leading to various phase
transformations.46–49 The slower cooling rate for the
same Tp made it easier to form block boundaries
than the rapid cooling rate.50 The effect of different
boundaries on the impact of toughness is discussed
in detail in the next section.

In summary, different cooling rates due to heat
inputs led to distinct microstructures, especially
when the PAG was coarser than 70 lm. As shown in
Figs. 2 and 4a, the mean PAG size was increased
with the gradual increase in heat input. As shown in
Fig. 4 and 11, t8/5 had a weaker influence on the
crystallographic grain size for small PAG sizes.
However, as shown in Fig. 11, t8/5 had a clear effect
on the crystallographic grain size for large PAG size
(> 70 lm), suggesting a positive correlation between
them.

Impact of Grain Refinement on Impact
Toughness

It is widely accepted that the microstructure
significantly impacts the mechanical properties of
the CGHAZ. Refining the grain size of the CGHAZ
in UHSS is crucial for enhancing its properties.
Excellent yield strength due to the barrier to
dislocation movement for HAGBs is reflected in
the well-known Hall-Petch relationship.51 Materials
with fine-grained bainitic microstructures featuring
extensive impingements and intersections showed
superior toughness when subjected to an impact
test.52 HAGBs could alter the cleavage crack prop-
agation path and absorb more energy since they act
as obstacles.53 Thus, the CGHAZ of UHSS benefited
from the fine-grained microstructure of bainite with
abundant HAGBs, resulting in combined high yield
strength and superior impact toughness.54,55

Fig. 10. TEM morphology and volume fraction of the content of NbxCy particles varying with temperature. (a) Base metal; (b) 100 kJ/cm sample.
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M-A constituents and the distribution of grain
boundaries influenced the impact toughness of the
CGHAZ.56 However, M-A constituents exhibited a
reduced influence on impact toughness.57 Therefore,
the correlation between the distribution of bainite
variants grain boundaries and the impact toughness
was examined (Table I and Fig. 4c). The classifica-
tion of grain boundaries depends upon the specific
bainite variant pairs being compared. These bound-
aries could be categorized as sub-block boundaries,
existing between the variants within the same CP
group and Bain group. Additionally, block bound-
aries and packet boundaries were present between
variants belonging to different Bain and CP groups,
respectively. Wu et al.57 showed that several V1/V2
variant pairs could be formed as the driving force of
transformation increases, ensuring a high-density
distribution of HAGBs. The impact absorbed energy
decreased for increased heat input in CGHAZ
(Table I and Fig. 4c). The heat input was inversely
related to the total grain boundary density, and the
density decreased with increased heat input. Among
boundaries between different bainite variants, the
sub-block boundary showed trends identical to the
total grain boundary. The V1/V2 variant con-
tributed to the high-density and high angle grain
boundaries, significantly improving overall tough-
ness. Although the packet boundary density and
heat input had little to no correlation, the density of
the block boundary decreased with the increased
heat input (Figs. 3, 8 and 9).

Previous studies suggested a connection between
the packet size and impact absorbed energy, and the
block size was linked to yield strength.58,59 Other
studies showed that block size and packet size were
the two most important variables in determining
impact absorbed energy.60 Additionally, previous
studies demonstrated that HAGBs (> 45�) slowed

the crack propagation.61 Consequently, all block
boundaries and some packet boundaries (> 45�)
acted as effective grain boundaries, affecting the
impact absorbed energy. Moreover, the higher den-
sity of effective grain boundaries resulted in supe-
rior impact toughness.

CONCLUSIONS

1. The austenite grains grew in various directions
and collided with each other, coalescing the
small grains. These phenomena were responsi-
ble for the grain coarsening in the high-temper-
ature stage. The austenite decomposed into a
bainite structure with a specific K–S relation-
ship with PAGs during cooling, refining the
crystallographic grain.

2. The variant selection got weaker with the in-
creased heat input. Most variant pairs were equal
to V1/V2 at 15 kJ/cm heat input and V1/V13/V24
at ‡ 35 kJ/cm heat input. V1/V2 promoted the
formationofHAGBscompared to the other variant
pairs, increasing the block boundaries that are
attributed to superior impact toughness.

3. The PAG size predominantly affected the impact
toughness in CGHAZ. Coarser PAG size of
140 lm implied coarser crystallographic grain
size (>7 lm) in bainite when the other condi-
tions were similar since it slowed the bainite
transformation rate and coarsened the bainite
size. Furthermore, the cooling rate was impor-
tant for a sufficiently large PAG size (> 70 lm)
since it determined the bainite nucleation rate
and the boundary types among different vari-
ants, which were attributed to the driving force
and free energy change during the bainite
transformation.

Fig. 11. Relation of PAG size and cooling rate with (a) crystallographic grain size and (b) grain refinement ratio in CGHAZ of ultra-high-strength
steel.
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