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Abstract: Welding thermal cycles with heat inputs ranging from 25 to 75 kJ/cm were performed on a
Gleeble 3500. The impact energy improved significantly (from 10 to 112 J), whereas the simulated
coarse-grain heat-affected zone (CGHAZ) microstructure changed from lath bainite ferrite (LBF)
and granular bainite ferrite (GBF) + martensite/austenite (M/A) to acicular ferrite (AF) + polygonal
ferrite (PF) + M/A as the heat input increased. Simultaneously, the mean coarse precipitate sizes
and the degree of V(C,N) enrichment on the precipitate surface increased, which provided favor-
able conditions for intragranular ferrite nucleation. The Ar3 of CGHAZ increased from 593 ◦C to
793 ◦C with increasing heat inputs; the longer high-temperature residence time inhibited the bainite
transformation and promoted the ferrite transformation. As a result, acicular ferrite increased and
bainite decreased in the CGHAZ. The CGHAZ microstructure was refined for the acicular ferrite
segmentation of the prior austenite, and the microstructure mean equivalent diameter (MED) in
the CGHAZ decreased from 7.6 µm to 4.2 µm; the densities of grain boundaries higher than 15◦

increased from 20.3% to 45.5% and significantly increased the impact toughness. The correlation
of heat input, microstructure, and impact toughness was investigated in detail. These results may
provide new ideas for the development of high welding heat input multiphase steels.

Keywords: low-carbon Mo-V-Ti-N-B steel; heat input; microstructure; intragranular ferrite; im-
pact toughness

1. Introduction

Due to its good toughness and high strength, high-strength micro-alloy steel has been
utilized broadly to build large ships, high-rise buildings, and heavy-duty steel bridges [1–4].
However, high-strength steel comes with many problems and challenges during welding.
For example, high-strength steel suffers from cold cracking when welded in a wet environ-
ment [5,6]. In addition, a CGHAZ forms when high-strength, low-alloy steel undergoes
rapid heating and high peak temperature welding. Coarse grains formed in the CGHAZ at
a peak temperature of 1320 ◦C or higher [7–11]. In CGHAZ, austenite grains coarsened
and brittle structures, such as a M/A constituents, coarse-grain boundary ferrite, and
granular bainite, formed in the grains and significantly deteriorated the toughness [11–14].
This reduction is particularly serious in high heat inputs. However, considering welding
efficiency and economic cost, electroslag welding and gas-electric vertical welding using a
high heat input have been utilized extensively [15,16]. A high heat input caused coarse
CGHAZ microstructures and the impact toughness was seriously affected because of the
slow cooling speed and long high-temperature residence time.
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The microstructures and properties of CGHAZ relate closely to the thermal welding
cycle. Welding heat inputs generally correlate negatively with the CGHAZ mechanical
properties. Higher heat inputs result in coarser microstructures and lower impact prop-
erties [17]. Hence, studying the microstructure and impact toughness of CGHAZ under
different heat inputs is necessary. Lan et al. [18,19] reported the impact toughness of
CGHAZ in low-carbon bainitic steel deteriorated with an increased heat input, which was
primarily associated with the large M/A constituent and coarse bainite. The large-sized,
hard M/A constituent led to local embrittlement and crack initiation [20–22]. A refined
microstructure increases the high-angle boundary density, which is very useful for prevent-
ing crack propagation and enhancing crack propagation energy [23–25]. Acicular ferrite
(AF) partitions the austenite grain into several regions and refines the final microstructure,
which effectively improves the impact toughness of CGHAZ [25–27]. Recently, the addition
of nitrogen into the V-Ti micro-alloyed steel contributed to the intragranular ferrite trans-
formation of CGHAZ. Shi et al. [28,29] conducted a comparison of a simulated CGHAZ
microstructure and mechanical properties between V-Ti and V-N-Ti steels. The N-enhanced
steel contained numerous (Ti, V) (C, N) particles on which AF nucleates, which led to a
lower ductile–brittle transition temperature for the simulated CGHAZ.

To refine the microstructure of CGHAZ under a high heat input, N micro-alloying
provides a good design idea. Zhang et al. [30] revealed that the optimum impact toughness
occurred using a high heat input; the increased formation of AF and HAGB remedied the
detrimental effects caused by the coarsened PAG and M/A constituent. However, one
noteworthy observation is that impact toughness increased along with increases in heat
input in the low-carbon N-enhanced steel, though the details are unclear. Therefore, the
evolution mechanism of the simulated CGHAZ microstructure and the impact toughness
of low-carbon N-contained steel with different welding heat inputs both require further
clarification.

In the present study, low-carbon Mo-V-Ti-N-B steel was modeled for a welding simu-
lation, and the relationships between heat input, microstructure, and impact toughness of
the CGHAZ were investigated in detail. This research plays a significant role in advancing
the steel of high-heat-input welding in engineering applications.

2. Materials and Experimental
2.1. Materials

The chemical composition and mechanical properties of the low-carbon Mo-V-Ti-N-B
steel that was melted in a 40 kg vacuum furnace (Central Iron & Steel Research Institute,
Beijing, China) are listed in Tables 1 and 2, respectively.

Table 1. Chemical composition of low-C Mo-V-Ti-N-B steel (wt.%).

C Si Mn P S Mo V Ti N B Ceq

0.06 0.27 1.55 0.004 0.006 0.28 0.066 0.016 0.0110 0.0011 0.38

Table 2. The basic mechanical properties of low-C Mo-V-Ti-N-B steel.

Yield Stress Tensile Stress Elongation Rate Impact Energy

523 MPa 645 MPa 20.26% 177 J

The equivalent carbon content (Ceq) of the experimental steel was calculated using
Equation (1), which refers to (IIW); the result is shown in Table 1.

Ceq = C +
Mn

6
+

Cr + Mo + V
5

+
Ni + Cu

15
(1)
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2.2. Experimental

Cubical samples of 10.5 mm × 10.5 mm × 80 mm, obtained from hot-rolled plates
in the rolling direction, were used for welding simulations on a Gleeble 3500 (Dynamic
Systems Inc., New York, NY, USA) to study the microstructure and toughness changes in
the CGHAZ with different heat inputs. Figure 1 shows the welding thermal cycle curves
generated by the Rykalin 2D model equipped on the Gleeble 3500. The relationship between
time and temperature can be calculated by using this model, as shown in Equation (2):

T(t) =
E
δ
× 1√

4πλρct
exp
[
− r

4(λ/ρc)t

]
(2)

where T(t): real-time temperature; E: welding heat input (kJ/cm); δ: thickness of the sample
(cm); λ: thermal conductivity of the sample (J/(cm × S × ◦C)); ρ: density of the sample
(g/cm3); t: the time (s); c: Specific heat capacity J/(g × ◦C); r: the distance from a point to
the arc center line. The density of the tested steel in this paper is 7.8 g/cm3, the specific
heat capacity c is 0.586 J/(g × ◦C), the thermal conductivity λ is 0.36, the Tmax is 1350 ◦C,
and plate thickness is 18 mm.
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Figure 1. Thermal welding cycle curves of CGHAZ.

The samples were heated to 1350 ◦C at 100 ◦C/s and held for 1 s, and then the samples
were cooled along the thermal cycles in Figure 1. The t8/5 was selected as 26 s, 50 s, 102 s,
147 s, and 237 s to simulate different welding heating inputs, which equated to 25 kJ/cm,
35 kJ/cm, 50 kJ/cm, 60 kJ/cm, and 75 kJ/cm of in-service welding, respectively.

The simulated samples were processed into standard Charpy V-Notch (CVN) impact
samples (Qinhuangdao Yanbang Machinery Processing CO., LTD, Qinhuangdao, China),
and the absorbed impact energies of the samples were tested at −20 ◦C using a JB-300B
impact tester (JINAN MARXTEST TECHNOLGGY CO., LTD, Jinan, CHN), according to
GB/T 229-2007. The average impact energy was obtained by three impact experiments
for each heat input. The surface morphologies of the impact samples were examined via
scanning electron microscopy (SEM SU5000, HITACHI, Tokyo, Japan). The microstructural
composition and crack propagation paths on the intersecting surface perpendicular to the
fracture surface were examined.

Metallographic specimens taken from the zone adjacent to the thermocouple location
were mechanically ground, polished, and etched with a 4% (by volume) Nital solution, as
per GB/T 13298-2015, followed by an optical microscopy examination via the Olympus
BX51M (Olympus, Aizu, Japan) and SEM. The chemical composition of the precipitated
particles and the intracrystalline acicular ferrite nucleation were characterized by energy-
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dispersive X-ray spectroscopy (EDS, Hitachi Limited, Tokyo, Japan). To characterize
the M/A constituents in the simulated CGHAZ, metallographic samples were remade
and etched using Lepera etchant (a 1:1 mixture of 1% sodium sulfite aqueous solution
and 4% picric acid alcohol solution) for 45 s before being investigated by an Olympus
BX51M optical microscope. Furthermore, the size and amount of the M/A constituents
were calculated using Image-Pro Plus (Image-Pro ®Plus, Media Cybernetics, Bethesda,
MD, USA). Samples for prior austenite and microstructure observations were etched with
supersaturated picric acid and 4 vol.% Nital solutions. A standard line intercept determined
the PAG sizes. Moreover, the precipitates and microstructures were also characterized
using JEM-2010 high-resolution transmission electron microscopy (TEM, Japan Electronics
optics Corporation, Tokyo Prefecture, Japan) and the compositions of the precipitates
were detected by EDS. The samples for the TEM microstructure characterizations were
cut from the metallographic samples and were ground until they were 30 µm thick, and
then thinned by electropolishing in a 7% mixture of perchloric acid/glacial acetic acid with
a voltage and current of 28 V and 50–65 mA, respectively. Finally, the thinned samples
were made into 3-mm diameter disks for TEM observation. To observe the precipitates,
the metallographic samples were polished; the carbon layer was cut into a square and
deposited onto them. Finally, they were extracted with 4 vol.% Nital for TEM examination.
In addition, the MED and the fraction of different misorientation tolerance angles (MTAs) of
the simulated samples were determined by electron backscatter diffraction (EBSD, Hitachi
Limited, Tokyo, Japan).

3. Results
3.1. Impact Results

The impact energies of the samples subjected to thermal welding are shown in Figure 2.
The impact energy increased significantly (from 10 to 112 J) and the average percentage of
the ductile fracture zones that appeared on the fracture surface increased from 0 to 47%, as
the heat input rose from 25 to 75 kJ/cm.
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Figure 2. The impact energy and percentage of the ductile fracture surface of samples with differ-
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Figure 2. The impact energy and percentage of the ductile fracture surface of samples with different
heat inputs.

3.2. Microstructure

The OM micrographs of the simulated samples for the different heat inputs are
presented in Figure 3, and the corresponding microstructure features are summarized in
Table 3. The microstructures of CGHAZ with a 25 kJ/cm thermal input were composed
primarily of LBF and GBF. The LBF decreased and the GBF increased as the heat input
increased from 25–50 kJ/cm. The CGHAZ microstructures were composed of GBF and
AF (Figure 3c). By increasing the heat input to 60/75 kJ/cm, the PF and AF increased,
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whereas the GBF decreased (Figure 3c–e). The 75 kJ/cm input sample contained a mixed
microstructure of AF and PF (Figure 3e).
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Figure 3. OM micrographs of the simulated samples’ heat inputs of 25 kJ/cm (a), 35 kJ/cm (b), 50 kJ/cm (c), 60 kJ/cm (d),
and 75 kJ/cm (e).

Table 3. Microstructure quantifications in the simulated samples.

Heat Input/kJ·cm−1 Microstructure f M/A/% dM/A/µm f MTA > 15◦ MED/µm

25 LBF + GBF + M/A 3.3 1.1 20.3 8.6
35 LBF + GBF + AF + M/A 3.6 1.4 24.7 7.9
50 GBF + AF + M/A 4.0 1.9 31.1 7.1
60 GBF + AF + PF + M/A 4.3 2.1 36.7 6.5
75 AF + PF + M/A 4.5 2.4 45.5 5.2

f M/A—area fraction of M/A constituent, dM/A—average diameter of M/A, MTA—misorientation tolerance angle, f MTA > 15◦—fraction of
boundaries at MTAs higher than 15◦, MED—mean equivalent diameter of ferrite grain with boundaries at MTAs higher than 15◦.

Figure 4 shows the evolution of the M/A constituents in CGHAZ with varied heat
inputs. The M/A morphology changed from slender to blocky, and the levels of M/A
increased along with the heat input (from 25–75 kJ/cm). Table 3 shows the quantified
M/A changes.
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Figure 5 shows the TEM results of the ferrite matrix and the M/A constituents in
CGHAZ with different heat inputs. The parallel LBF and GBF plates decreased while the
AF plates and PF increased with increasing heat inputs. Considerable AF, PF, and M/A
constituents were observed at a heat input of 75 kJ/cm (Figure 5c). Moreover, slender
and blocky M/A constituents were scattered between the ferrite plates. The morphologies
of the M/A constituents changed from slender to blocky with an increasing heat input.
The bright field images (Figure 5d), the dark field images (Figure 5e), and the diffraction
patterns (Figure 5f) show that the islands comprised martensite and austenite.
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Figure 5. TEM micrographs of simulated CGHAZ at (a) 25 kJ/cm (b) 50 kJ/cm, and (c) 75 kJ/cm; the M/A constituent
indicated by (d) bright field, (e) dark field, and (f) the selected area diffraction pattern.

The inverse pole figures (IPFs) of the simulated CGHAZ samples for different heat
inputs are shown in Figure 6, and Figure 7 shows the distribution of the grain boundaries’
misorientation tolerance angles (MTAs). The MTAs of 2–15◦ and >15◦ are represented by
white and black lines, respectively. As Figure 6 shows, the internal MTAs of GBF and LBF
were mainly low-angle grain boundaries, whereas the MTAs of AF and PF were high-angle
grain boundaries. EBSD results revealed a MED decrease from 7.6 µm to 4.2 µm, and
an increase in the f MTA > 15◦ from 20.3% to 45.5%, as the heat input varied from 25 to
75 kJ/cm, respectively.
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Figure 8 displays micrographs of the sample precipitates quenched at 1320 ◦C and in
the CGHAZs of the different heat input samples. Precipitates were divided into coarse and
fine precipitates based on their size. Coarse precipitates, from 0.1–0.3 µm in diameter, were
classified into Ti(C,N) or (Ti,V)(C,N) according to their chemical compositions as analyzed
by EDS. Fine precipitates, from 10–80 nm, were mainly (V,Ti)(C,N) and V(C,N). Figure 9a
shows the statistical results of the precipitates in the quenched sample and the simulated
CGHAZ samples with different heat inputs. An almost-equal density of coarse precipitates,
ranging from 0.47–0.51 per square micron, appeared in each sample, whereas the density of
fine particles increased sharply with increasing inputs (from 25 to 75 kJ/cm). In addition,
the average size of the coarse precipitates increased significantly, as shown in Figure 9b.
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3.3. Fracture Behaviors

The fracture surface micrographs of the simulated CGHAZ samples with different
heat inputs are presented in Figure 10a–c. As shown in Figure 10a-I and Figure 10a-II for
25 kJ/cm, the fracture surface had no ductile fracture zone and the brittle zone comprised
numerous large cleavage facets. Moreover, the micrographs of the ductile zones for 50 and
75 kJ/cm are shown in Figure 10b-III and Figure 10c-V, and illustrate the morphology of
the dimples. Plentiful parabola-shaped dimples connected by micro-dimples appeared
in the ductile zone and the depth of the dimples deepened with increasing heat inputs.
Meanwhile, Figure 10b-IV and Figure 10c-VI exhibit the micrographs of the brittle zones
for 50 and 75 kJ/cm and show the typical fracture surface of the cleavage facet appearance.
Some cleavage cracking facets, with long river pattern trips connected to tear ridges and
the cleavage facet sizes, decreased with increasing heat inputs. Tear ridges, together with
dimples, arose in the brittle zone for 75 kJ/cm.
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4. Discussion
4.1. Effects of Increasing Heat Input on Simulated CGHAZ Microstructures

As shown in Figure 8, precipitates of the quenched samples were primarily Ti(C,N)
with dimensions between 0.1–0.2 µm, whereas (Ti,V)(C,N), (V,Ti)(C,N), and V(C,N) ap-
peared in samples with different heat inputs. Furthermore, the amount of (V,Ti)(C,N) and
V(C,N) increased, and the dimensions of the coarse precipitates increased with increasing
heat inputs.

Thermodynamic computations were conducted and are shown in Figure 11, indicating
that Ti(C,N) and V(C,N) began precipitation at 1503 ◦C and 1012 ◦C, respectively. Most
of the V-rich precipitates dissolved, while only part of the Ti-rich precipitates dissolved
during heating, which resulted in coarse undissolved Ti(C,N) in the sample quenched
at 1320 ◦C. The formation of complex precipitates, namely, (Ti,V)(C,N) and (V,Ti)(C,N),
relates to precipitation behavior during cooling. Because of differences in precipitation
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temperature, the precipitation of Ti-rich precipitates preferentially occurred during cooling,
while V-rich precipitates formed later. Fine Ti-rich precipitates and coarse undissolved
Ti(C,N) acted as nucleation sites for V(C,N), so the complex precipitates comprised a Ti-rich
core and a V-rich cap.
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From the quenched sample to the increasing heat input samples, the cooling rate
decreased and extended the high-temperature residence time, which contributed to the
diffusion of Ti and V. Moreover, the precipitation of V was more intense than Ti during
cooling, due to the more sufficient solution of V during heating. Therefore, the primary
precipitate changed from Ti-rich to V-rich, and the dimension of the coarse precipitates
increased with the increasing heat input.

The relationship between precipitate and intragranular ferrite nucleation was observed
and is now discussed in detail. Figure 12 shows that the 0.3-µm precipitates promoted the
nucleation of intragranular ferrite in the 75 kJ/cm sample. This nucleation was primarily
due to two factors. On one hand, the precipitation of V(C,N) increased and the degree of
V(C,N) enrichment on the precipitate surface increased with increasing heat inputs, which
provided the basic thermal conditions required for intragranular ferrite nucleation. On
the other hand, the average size of the coarse precipitates increased significantly, from
0.14 to 0.25 µm, with increasing heat inputs (Figure 9b), which reached the critical size
for nucleation. These two reasons explain the many effective nucleation positions and the
increased fraction of intragranular AF and PF.

The precipitates act as nucleation sites for intragranular ferrite stemming from the low
interface energy of heterogeneous nucleation. The number density, category, and size of
the precipitates alter its capacity for ferrite nucleation and, hence, affect the formation of
intragranular nucleated ferrite. Ti(C,N) was not an effective nucleation site, whereas V(C,N)
had a small lattice mismatch with ferrite, which promoted ferrite nucleation, as confirmed
by previous studies [31]. The submicron-scale complex precipitates, (Ti,V)(C,N) and
(V,Ti)(C,N), with Ti(C,N) inside and V(C,N) on the surface, can form a certain orientation
relationship with ferrite: (001)precipitate//(001)ferrite, (100)precipitate//(110)ferrite [32]. Zhang
et al. observed the orientation relationship (001) α // (110) V(C,N) using HRTEM [30].
Moreover, precipitates between 0.25-0.8 µm support ferrite nucleation very well [33,34].
The precipitate size positively correlates with ferrite nucleation capacity. An increased
precipitate size enhances the ferrite nucleation capacity and facilitates intragranular ferrite
transformations due to the gradual degradation of the nucleation energy barrier [2,35]. In
addition, large precipitates possibly nucleated around abundant ferrite due to its external
surface area, and the nucleation of intragranular AF or PF occurred at the inclusion surfaces.
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Figure 12. The morphology of intragranular nucleated ferrite (a) and the chemical composition of the precipitate (b).

The type of ferrite changed from LBF and GBF to AF and PF with increasing heat
inputs. As well as heterogeneous nucleation induced by intragranular precipitates, the
microstructural evolution also relates to the degree of supercooling. Dilatation curves
were applied to understand the phase transformation kinetics of simulated CGHAZ with
different heat inputs, as shown in Figure 13. The starting temperature of the ferrite
transformation increased from 593 ◦C to 739 ◦C as the heat input increased from 25 to
75 kJ/cm, which indicated the decreased degree of supercooling.
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The variation of supercooling led to changes in the ferrite nucleation mode. The pref-
erential nucleation sites changed from intergranular nucleation to intragranular nucleation
with a decreased degree of supercooling. For the 25-kJ/cm sample, the diffusion of carbon
was inhibited because of the high supercooling degree. LBF and GBF nucleated on the
austenite grain boundaries and grew rapidly along a certain orientation. As a non-diffusive
transformation, AF transformation occurred more commonly with a lower degree of super-
cooling, due to AF nucleation on the intragranular precipitate. For the 75-kJ/cm sample,
carbon atoms readily diffused due to the low supercooling degree. PF nucleation occurred
mainly on large precipitates and growth was independent of the PF boundary orientation.

Prior austenite grains (PAGs) were observed to estimate microstructural characteristics
further (Figure 14). The mean PAG sizes increased from 45.5 to 53.8 µm as the heat input
increased from 25 to 75 kJ/cm. The coarsening of PAG generally occurs with increasing heat
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inputs. For the low-carbon Mo-V-Ti-N-B steel with different heat inputs, the insignificant
PAG size increase was due to the pinning effect of 10–80-nm precipitates dispersed on the
PAG boundaries.
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Figure 14. The morphology of PAGs of the simulated samples with heat inputs of 25 kJ/cm (a), 50 kJ/cm (b), and 75 kJ/cm (c).

The decrease in the MED and increase in the f MTA > 15◦ was mainly due to the amount
of intragranular ferrite. The average coarse precipitate size, with V(C,N) enrichment on the
surface, reached the critical nucleation size and promoted nucleation of intragranular ferrite
with increasing heat inputs. Moreover, the large austenite grains, with wide intragranular
and limited grain boundary spaces, promoted transformation of intragranular ferrite and
restrained GBF transformation.

4.2. Effects of Different Heat Inputs on the CGHAZ Mechanical Properties

The secondary cracks perpendicular to the fracture surface of the simulated CGHAZ
samples helped elucidate the fracture behavior. The hardness difference between the M/A
constituent and the surrounding ferrite matrix usually resulted in a local stress concentra-
tion [20]. Therefore, the M/A constituent acted as a microcrack indicator that deteriorates
the impact property [36]. The M/A constituents with high hardness initiate cleavage mi-
crocracks in all samples, and as shown in Figure 15, indicates that the crack passes straight
through the GBF matrix and M/A constituents without any sample hindrances at 25 kJ/cm.
The crack was deflected by the PAG boundary and arrested inside the PAG. Moreover,
Figure 15b shows that the crack propagation path was also impeded by intragranular
AF at 50 kJ/cm. However, the crack propagation paths of the sample at 75 kJ/cm were
deflected at the grain boundaries of AF and PF (Figure 15c). The unit crack propagation
path decreased from 18 to 4 µm as the heat input increased from 25 to 75 kJ/cm.
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Figure 15. The crack propagation pathways of simulated samples with the heat inputs of 25 kJ/cm (a), 50 kJ/cm (b), and
75 kJ/cm (c).

To investigate the influence of the grain boundary on crack propagation, the band
contrast map with the grain boundaries was examined. MTAs between 2–15◦ and >15◦

are represented by the red and green lines, respectively. Figure 16 shows that the crack
propagation was continuous and uninterrupted through the low-angle grain boundaries
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(grains 1–2, grains 2–3, grains 6–7, and grains 7–8), whereas the crack propagation deviated
and even stopped at the high-angle grain boundaries (grains 3–4, grains 5–6, and grains
8–9), which indicated that the grain boundaries of AF and PF with an MTA higher than
15◦ impeded crack propagation. As a barrier to crack propagation, the high-angle grain
boundary forces the crack to change its propagation direction to adapt to the new local grain
orientation [37,38]. Moreover, the AF also hinders crack propagation and forms a small
plastic deformation zone around the crack propagation path due to the high deformation
ability of AF [25,39].
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50 kJ/cm.

The mixed microstructure changed from LBF and GBF to AF and PF as the heat input
increased from 25 to 75 kJ/cm (Figure 3e). Combined with the EBSD analysis results shown
in Figure 6, the microstructure variation led to an increase in the relative frequency of high-
angle grain boundaries. With increased heat inputs, the hindering of crack propagation
significantly improved due to the increased high-angle grain boundaries. It was difficult
for cracks to propagate after initiation, which led to increased impact energy.

5. Conclusions

In this paper, the microstructures and impact properties of simulated CGHAZ in low-
carbon Mo-V-Ti-N-B steel with different heat inputs were studied. The main conclusions
are summarized as follows:

(1) The CGHAZ microstructure changed from LBF + GBF + M/A to AF + PF + M/A with
increasing heat inputs from 25 to 75 kJ/cm. Moreover, the MED of the ferrite grains
decreased from 7.6 µm to 4.2 µm, and the boundary fractions at MTAs higher than
15◦ increased from 20.3% to 45.5%;

(2) The degree of V(C,N) enrichment on the precipitate surface and the average size
of coarse precipitates increased with increasing heat inputs, which provided the
necessary thermal conditions and reached the critical size for intragranular ferrite nu-
cleation. Increasing heat inputs also resulted in elevated Ar3, which led to decreased
LBF as well as increased AF and PF;

(3) Increasing the heat input from 25 to 75 kJ/cm led to significantly improved CGHAZ
impact properties due to additional high-angle grain boundaries, which effectively
impeded microcrack propagation.
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