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Abstract
An ultra-low carbon (0.035 wt%) high-strength steel plate was produced. The coarse-grained heat-affected Zone (CGHAZ) 
was simulated with different heat inputs of 25–200 kJ/cm. The low-temperature impact toughness and microstructure of 
CGHAZ were analyzed. The results indicated that the impact toughness of CGHAZ exhibited a favorable value at −20 °C 
under high heat input conditions. The Ti-containing complex inclusions stimulated the crack initiation and induced the 
nucleation of acicular microstructure. With the increase of heat inputs, the morphology of carbides or martensite–austenite 
(M–A) constituents changed from strip to block gradually, and the volume fraction decreased gradually, which increased the 
crack initiation absorbed energy. The coarse grain boundary ferrite (GBF) occupied by massive low-angle grain boundaries 
was not conducive to the crack propagation absorbed energy. In addition, the kinetic effective activation energy of GBF and 
acicular ferrite/granular bainite (AF/GB) were calculated to be ~175 kJ/mol and ~227 kJ/mol respectively, which revealed 
the kinetic reason for the preferential precipitation of GBF.
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1  Introduction

In recent years, with the increase of high efficiency weld-
ing requirement for high-strength plates in the industrial 
fields, low carbon microalloyed steel with superior strength 
and toughness obtained by thermomechanical controlling 
processing (TMCP) technology has become the preferred 
base material of choice. The welding performance of high-
strength base metal (BM) has been attach much attention 
in related fields [1–3]. Although reasonable metallurgical 
methods and thermal processing technology are used to 
improve the comprehensive mechanical properties of BM 
to promote welding adaptability [4–7], The deterioration of 
low-temperature impact toughness of the welded joints has 
always been a worrying issue [8–10].

As is known, Welding heat-affected zone (HAZ) is the 
inescapable position of the welded joint, which is composed 
of intercritical HAZ (ICHAZ), fine-grained HAZ (FGHAZ) 
and coarse-grained CGHAZ [11–13]. The CGHAZ is the 
most affected by the higher peak temperature (generally 
1350–1400 °C), and the mechanical properties of CGHAZ 
have the greatest tendency to deteriorate. Therefore, the 
CGHAZ has become the most important position of concern 
[14, 15]. Numerous references have focused on the micro-
mechanism and influencing factors of CGHAZ toughness 
deterioration in order to improve the low-temperature impact 
toughness as much as possible [1, 9, 16].

As far as the welding process is concerned, the heat input 
is a very critical technical parameter, which has an impor-
tant influence on the microstructure and impact toughness 
of CGHAZ [9, 12]. It characterizes the heat energy absorbed 
by the welding process per unit length. The heat input is 
related to the current, voltage and welding speed [8, 17]. 
Although high heat input welding can improve the produc-
tion efficiency, it also causes the longer high-temperature 
austenitization residence and slower cooling rate, which has 
an important influence on the microstructure and element 
diffusion behavior of CGHAZ [9, 18–20]. Relevant studies 
have shown that the toughness of CGHAZ is related to the 
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M–A constituents, GBF and AF et al. [21–23]. Ramachan-
dran et al. studied the comprehensive effects of M–A con-
stituents and boundary microstructure on the toughness of 
CGHAZ in low carbon high-strength steel plates under high 
heat input conditions and pointed out that the segregation 
of carbon atoms at the grain boundaries results in a large 
number of blocky M–A constituents due to the influence 
of high heat input. Besides, the M–A constituents, which 
together with the coarse GBF and GB reduce the toughness 
of CGHAZ [22]. Zhou et al. also pointed out that although 
the high-angle grain boundaries can hinder the crack propa-
gation effectively, the massive M–A constituents precipitated 
at the grain boundaries always reduce the absorbed energy 
of crack initiation [24]. It can be seen that it is not easy to 
obtain favorable CGHAZ toughness under high heat input 
welding conditions. Therefore, the research on the improve-
ment of CGHAZ toughness is particularly important.

For high-strength BM, the deterioration of CGHAZ 
toughness is more serious under high heat input conditions, 
because the increasing strength of BM is at the expense of 
the increase of carbon equivalent, which will inevitably 
lead to a large amount of brittle-hardening phases such 
as carbides or M–A islands. This is not conducive to the 
improvement of CGHAZ toughness [23, 25]. Mohseni et al. 
pointed out that for high-strength steel with a carbon content 
of 0.06 wt%, the hardness value of the M–A constituent is 
between 600 HV and 1000 HV, which is significantly higher 
than the surrounding matrix, and the carbon concentration of 
the M–A constituents is also higher than that of the matrix 
[1, 22]. Under the condition of high heat input welding, 
although the reasonable microalloying will promote the for-
mation of a certain amount of AF microstructure in the prior 
austenite grains due to the effect of heterogeneous nuclea-
tion, it also provides greater driving force for the nucleation 
of massive GBF microstructure. The coarse blocky BF is 
not conducive to the improvement of impact toughness [26]. 
Based on the ultra-high heat input of 800 kJ/cm in a low-
carbon high-strength steel, Shi et al. pointed out that the aus-
tenite grain size of CGHAZ increases significantly, while the 
proportion of AF microstructure is greatly reduced. Besides, 
a large amount of GBF precipitates at the grain boundary, 
which significantly reduces the toughness of CGHAZ [27]. 
Lan et al. studied the CGHAZ toughness of a 690 MPa high-
strength bainite steel and believed that the main reason for 
the decrease of toughness, on the one hand, is the change 
of the size and shape of M–A constituents, which provides 
convenience for the crack initiation; On the other hand, the 
high-angle boundary within the coarse austenite grains is 
reduced, which decreases the hindrance of crack propagation 
[28]. Therefore, the effective control of the ratio of acicular 
microstructure and boundary microstructure in CGHAZ is 
the key factor for obtaining excellent toughness of CGHAZ 
under high heat input conditions.

According to the Chinese national standard GB/T712-
2011, a favorable impact toughness value of CGHAZ at any 
heat inputs should be greater than 46 J at −20 °C, which cor-
responds to the D-grade ocean engineering structural steels. 
For 690 MPa high-strength steel, most of the researches are 
mainly focused on the mechanism of toughness deteriora-
tion and influencing factors. It is not easy to obtain favora-
ble CGHAZ toughness under high heat input conditions. 
In this paper, based on the “oxide metallurgy” and TMCP 
technology, the carbon content and carbon equivalent were 
controlled reasonably and the Nb element was prevented 
strictly to avoid more carbide enrichment under high heat 
input conditions. Only reasonable two-stage rolling process 
(TMCP technology) was used to ensure the comprehensive 
mechanical properties of the base metals. In addition, the 
ideal oxide inclusions were obtained by Ti/Al/V deoxidation/
nitrogen controlling methods, which gave full play to the 
role of inducing AF nucleation under high heat input condi-
tions. The main purpose is to effectively control the acicu-
lar microstructure and boundary microstructure in CGHAZ. 
Successfully, an ultra-low carbon (0.035 wt%) high-strength 
steel plates with the yield strength of ~690 MPa was pro-
duced in the laboratory. The analysis of the microstructure 
and impact toughness of simulated CGHAZ with different 
high heat inputs were carried out, which provided a new 
theoretical idea and industrial guiding significance for the 
research of low carbon high strength steel used for high heat 
input welding conditions.

2 � Materials and Methods

The investigated steel was obtained through an electromag-
netic induction heating furnace in the laboratory based on 
“oxide metallurgy” technology. The main precautions and 
process are as follows: The category, content and addition 
order of alloying elements were strictly controlled during 
the melting process. Cr, Ni, Cu were selected as the main 
strengthening elements, and the addition of Nb was pro-
hibited; The carbon content in the molten steel during the 
melting process was strictly controlled to ensure low-carbon 
design principles; The whole deoxidation/nitrogen of melt-
ing process was carried out strictly in the order of Si, Mn, Al 
and Ti/V to ensure the oxygen content at each stage to obtain 
ideal oxide inclusions in the molten steel. The weight of the 
solidified ingot was ~20Kg. After removing the defects of 
heads and tails, the ingots were homogenized by heating to 
austenite temperature zone, and then forged into the square 
blank of 80 × 80 mm respectively. The main chemical com-
position of the investigated steel is shown in Table 1.

After holding for 6 h at 1250 °C, the blank was rolled 
through a Ø450 × 450 Two-high Reversing Hot Rolling Mill 
based on the TMCP technology. The rolling temperature in 
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austenite recrystallization and non-recrystallized zone were 
controlled above 1150 °C and 800–850 °C respectively. The 
final rolled plate was cooled to room temperature by water 
and tempered at 350 °C for 1 h. The final plate thickness 
was ~13 mm, and the tensile/impact tests were conducted 
according to the international standard ISO 6892-1 and ISO 
148-1. The average values of basic mechanical properties 
are shown in Table 2.

All sampling processes were as close to the center of the 
plate as possible, and the welding thermal simulation were 
sampled parallel to the rolling direction with the size of 
11 × 11 × 55 mm. Gleeble 3800 thermal simulator was used 
to simulate the CGHAZ with different heat inputs. Rykalin-
2D curve model was used in the welding thermal simulation, 
under which the cooling time from 800 °C to 500 °C (t8/5) 
during the welding thermal cycle was obtained by different 
heat inputs and relevant parameters. The curves and param-
eters of welding thermal simulation are shown in Fig. 1 (air 
cooling below 400 °C was used to save experimental time).

The samples subjected to the welding thermal simula-
tion were machined to the size of 10 mm × 10 mm × 55 mm. 
Charpy impact test was carried out on an instrumented 
impact testing machine at −20 °C according to the inter-
national standard ISO 148-1. Dilatometric test was con-
ducted using a Formastor-FП machine to analyse the phase 
transformation dynamics of CGHAZ under different heat 
inputs. The size of the sample was φ3 × 10 mm and the 
equivalent welding thermal cycles of different heat inputs 
are shown in Fig. 2 (air cooling below 400 °C was used to 
save experimental time).

The metallographic specimens of simulated CGHAZ 
were ground and polished. The microstructure and chem-
ical composition were analyzed by Optical Microscope 
(OM) and Electron Probe Micro-analyzer (EPMA) after 
being etched by 4% nital. A Field Emission Scanning Elec-
tron Microscope (FE-SEM ZEISS Ultra-55) equipped with 
EBSD technology was used to analyze the crystallographic 
orientation. The step size was set to 1 μm. The scanning 
magnification was 200 times. The EBSD samples were 

electropolished with 12.5% perchloric acid ethanol solu-
tion to remove the surface stress layer. The HKL Channel 
5 software was adopted for data processing. A Field Emis-
sion Transmission Electron Microscope (FETEM) was 
used to observe the substructure with the output voltage 
of 200 keV. The thin film sample used for TEM detection 
was manually polished to within the thickness of 0.05 mm 
and then punched into a φ3 disc. Twin-jet electropolisher 
equipment was used for further double-jet thinning pro-
cess. The electrolyte was 90% acetic acid and 10% per-
chloric acid.

Table 1   Main chemical 
composition of the investigated 
steels (wt%)

C Si Mn Al ≤P ≤S Ti/V Cr/Ni/Cu

0.035 0.2 1.7 0.013 0.009 0.007 0.04 1.45

Table 2   Average values of basic mechanical properties of the inves-
tigated steel

Yield strength/
MPa

Tensile 
strength/MPa

Uniform elon-
gation/%

Impact energy/J 
(−20 °C)

~ 678 ~ 764 ~ 11.9 ~ 192

Fig. 1   Cooling curves of welding thermal simulation with different 
heat inputs

Fig. 2   Equivalent welding thermal cycling process of different heat 
inputs based on dilatometric test
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3 � Results and Discussion

3.1 � Microstructure and Phase Transformation

Figure 3 shows the microstructure of CGHAZ at different 
heat inputs. As can be seen from Fig. 3a, there is no obvi-
ous AF observed at 25 kJ/cm condition, the microstructure 
is mainly occupied by GB and a large amount of carbides. 
With the increase of heat input, the intragranular acicular 
microstructure appears gradually and the AF and GB can 
not be clearly distinguished in the prior austenite grains. 
However, the size of GB packets seems to change appar-
ently with the increase of heat input. At 25 kJ/cm, no obvi-
ous GB packets are observed because the GBF is almost 
absent. With the increase of heat input, the GB packets 
gradually appear and show the maximum size at 100 kJ/
cm. However, when the heat input continues to increase 
to 200 kJ/cm, the GB packets are segmented by a large 
number of GBF and the size decreases to some extent. In 
addition, compared with lower heat input conditions, the 
carbide enrichment under high heat input is affected by the 
formation of GBF and mainly concentrates in the interior 
of GB packets, which is obviously affected by the diffusion 
of carbon atoms under high heat input conditions. It’s also 
worth noting that the average size of prior austenite grain 
was only ~60 μm at 25 kJ/cm. With the increase of heat 
input, the prior austenite grains were coarsened signifi-
cantly. When the heat input reached 200 kJ/cm, massive 
GBF was precipitated, making it different to distinguish 
the prior austenite grains (Fig. 3e). Most of the observed 
prior austenite grains was close to ~200 μm approximately 
as shown the blue dotted grain in Fig. 3e

The effect of heat input on microstructure is mainly 
manifested in the formation of AF, the size of GB packets 
and the precipitation of carbides. It is generally believed 
that AF is a special bainite with a slightly higher phase 
transformation temperature affected by heterogeneous 
nucleation and shear mechanism, which is related to the 
cooling rate [10, 29, 30]. At the low heat input of 25 kJ/
cm, the cooling rate is relatively fast. The AF has no time 
to meet the heteronucleation condition at the higher tem-
perature and quickly enters the bainite phase transforma-
tion zone. Liu et al. also believed that bainite transfor-
mation occurs faster at lower heat input, and the bainite 
transformation includes two processes of bainite ferrite 
and the precipitation of carbides [31]. At fast cooling rate, 
the diffusion of carbon atoms is relatively slower, result-
ing in the dispersed carbide precipitation to be formed 
easily. This lead to the bainite laths to be divided by a 
large number of carbide to form GB microstructure as 
shown in Fig. 3a. Therefore, for the low carbon and high 
strength microalloyed steel, low heat input is favorable to 

the formation of GB, but unfavorable to the precipitation 
of AF. This is consistent with the microstructure obtained 
by Lan et al. at lower heat inputs [28].

However, under the condition of high heat inputs, the 
driving force for atomic diffusion increases due to the pro-
longed residence time at high temperature, which not only 
intensifies the probability of migration of the PAGB to 
cause the coarser austenite grains, but also stimulates a large 
amount of GBF precipitates at the boundaries [27]. Slower 
cooling rate, on the one hand, is favorable for AF nucleation 
under the combined influence of heterogeneous nucleation 
and shear-diffusion mechanisms [5], on the other hand, the 
carbon atoms are able to migrate sufficiently from the inter-
face to the interior of the grains to form the denser carbide 
enrichment. Massive GBF microstructure occupies most of 
the growth space of intracranular needle-like microstruc-
tures under high heat input conditions, and the two inhibit 
each other to form the complex GB packets, as shown in 
Figs. 3b–e. Therefore, the size of GB packet is affected by 
the prior austenite grains and GBF content. The results are 
also basically in line with the researches of Zhang and Shin 
et al. [3, 26].

The static dilatometric test was used to capture the slight 
change of volume of thermal expansion during the phase 
transformation, and the dynamic curves were obtained dur-
ing the cooling process at different heat inputs. As shown in 
Fig. 4a, the approximate straight sections at both ends of the 
curves represent that the phase transformation have not yet 
occurred and have been completed respectively during the 
cooling process. It can be seen that the phase transformation 
process is mainly concentrated at 460–680 °C, which shows 
a typical bainite-ferrite transformation regions. The starting 
and finishing temperatures of the phase transformation under 
different heat inputs are shown in the figure embedded in 
Fig. 4a. As the heat input increases, the starting temperature 
increases gradually, while the finishing temperature do not 
change significantly. It can be seen that the heat input has a 
greater influence on the starting temperature than finishing 
temperature, which is directly related to the precipitation of 
GBF as shown in Fig. 3.

According to the classical lever principle of thermal 
expansion curve, the volume fraction transformed with 
temperature f T

v
 at a given temperature can be obtained by 

formula (1) [15, 32].

The corresponding physical meanings of the mathemati-
cal symbols in formula (1) are shown in Fig. 4a, where 
�L∕L

0
(T) is the total linear thermal expansion rate after the 

phase transformation occurred completely at temperature T. 
�Lb∕L0(T)and �La∕L0(T) represent the corresponding values 

(1)f T
v
=

�L∕L
0
(T) − �Lb∕L0(T)

�La∕L0(T) − �Lb∕L0(T)
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Fig. 3   Microstructure and statistical data under different heat input conditions. a 25 kJ/cm; b 50 kJ/cm; c 100 kJ/cm; d 150 kJ/cm; e 200 kJ/cm; f 
Statistical data. The embedded images show the electronic microstructure at larger magnification. PAGB: Prior austenite grain boundary
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at the beginning and finishing moments of phase transforma-
tion respectively. According to the calculation results shown 
in Fig. 4b, Rapid phase transformation rate is observed at 
heat input of 25 kJ/cm, which seems mainly to be affected 
by the complete GB microstructure under this conditions. 
However, as the heat input increases, the formation of GBF 
and AF/GB packets cause the rate of phase transformation 
to slow down. This is related to the fact that GBF occupies 
most of the AF/GB growth areas in the prior austenite grain 
[3]. It is worth noting that different degrees of slow peaks 
was observed on all the curves in Fig. 4b, which indicates 
the formation of new phases. Considering that the effective 
activation energy of phase transformation is a constant that 
will not be changed with the transformed volume fraction 
and cooling rate, the effective activation energy of different 
phases can be estimated through the linear regression curve 
of Ln

T2

f

Φ
 vs. 1

Tf
 in formula (2) [15, 29, 30, 33].

where Tf  is the temperature corresponding to a fixed percent 
of transformation completion; Φ is the cooling rate under 
different heat inputs corresponding to t8/5 in Fig. 2. Ea is 
the effective activation energy, R is the gas constant and 
C is the constant. Combining the microstructure and phase 
transformation rate in Figs. 3 and 4b, the effective activation 
energies of GBF and AF/GB were calculated with the trans-
formed volume fractions of 20% and 80%. The results are 
shown in Fig. 5. It can be seen that the effective activation 
energy of GBF is ~175 kJ/mol, while the value of AF/GB is 
slightly higher of ~227 kJ/mol. This explains the reason for 

(2)Ln
T2

f

Φ
=

Ea

R
⋅

1

Tf
+ C

the preferential precipitation of GBF under high heat input 
conditions from the perspective of kinetics, and it is also the 
key to influence the mechanical properties of CGHAZ. The 
calculation results are similar to the research of Gupta et al. 
on the kinetics of phase transformation during continuous 
cooling of bainite [29].

3.2 � Impact Toughness

Figure 6 shows the impact performance of the samples at 
−20 °C under different heat inputs. As can be seen, the 
average value of impact energy is ~158 J at 25 kJ/cm. With 
the increase of the heat input, the average values decrease 

Fig. 4   Phase transformation of BM at different heat inputs during 
cooling process based on dilatometric test. a Typical dilatometric 
curves; b Volume fraction of the phase transformation varies with 

temperature; The figure embedded in Fig. 4a shows the change of ini-
tial (Bs) and final temperatures (Bf) of phase transformation

Fig. 5   Fitted curves of effective activation energy of phase transfor-
mation. Ea: Effective activation energy
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significantly. When the heat input reach 200 kJ/cm, the value 
is only ~40 J. Although the high heat input is not helpful 
for the impact energy, the investigated steel still maintains 
a favorable low-temperature impact energy within 150 kJ/
cm, because according to the Chinese national standard GB/
T712-2011, a favorable impact toughness value of CGHAZ 
at any heat inputs should be greater than 46 J at −20℃. Fig-
ure 7 shows the typical loading force-time curves under dif-
ferent heat inputs based on the instrumented impact test. The 
peak loading force can reflect the total impact performance, 
and has a negative correlation with the heat input. As can be 
seen from Fig. 7, when the heat input is lower, the loading 
force drops gently, and when the heat input is higher, the 
loading force dropps rapidly and even presents a cliff-like 
trend. This is basically consistent with the negative effect 
of high heat input on the total impact energy. It is generally 
believed that the total impact energy is composed of the 
crack initiation energy and propagation energy, and when 
the loading force reaches the peak value, the crack initiation 
starts to proceed [24, 28]. Figure 7f indicates that as the heat 
input increases, the proportion of the crack initiation energy 
increases, while the propagation energy presents an opposite 
trend. It can be seen that the essence of heat input on impact 
performance depends on its effect on crack initiation energy 
and propagation energy. Therefore, it is necessary to analyze 
the influencing factors and mechanism of crack initiation 
and propagation.

3.3 � Crack Initiation

Figure 8 shows the electronic scanning morphologies of the 
impact fracture of the typical samples under different heat 
inputs. It can be seen that a large number of dimples are 
observed with massive tearing ridges in the impact fracture 

under the heat inputs of 25–100 kJ/cm as shown in the yel-
low dashed boxes and the red arrows in the images. The 
microstructure is undoubtedly conducive to the improve-
ment of impact toughness. However, when the heat inputs 
increase to 150-200 kJ/cm, the fracture morphologies are 
dominated by obvious cleavage fracture planes as shown 
by the blue arrows in the figures. The increase of cleavage 
planes indicates the deterioration of impact toughness under 
high heat input conditions. In addition, most of the observed 
cleavage planes spreads around in a river pattern at some 
specific central points as shown by the white arrows in the 
figures. Related references pointed out that this is the typical 
fracture morphology related to the carbides or M–A con-
stituents during crack initiation process [9, 23]. Based on 10 
images at 200x field of view in the fiber area of each fracture 
surface, the ductile appearance ratio at different heat inputs 
was processed by Image-Pro Plus 6.0 software. The results 
are shown in Fig. 8(f). As can be seen from Fig. 8(f), the 
ductile appearance ratio in fiber areas of the fracture surface 
decreases gradually with the increase of heat input, which is 
consistent with the decreasing ratio of propagation energy 
in Fig. 7, suggesting a disadvantage for impact toughness.

Relative researchers believed that there are three possi-
ble compositions for M–A constituents in low carbon steel: 
one is a complete martensite constituent with twins and/or 
high dislocation density, and the second is a fully retained 
austenite phase with stacking defects. The third is a mixed 
constituent of austenite and martensite phases [10, 34, 35]. 
The M–A constituents observed based on TEM technology 
under the condition of 100 kJ/cm heat input are shown in 
Fig. 9. It can be seen that the M–A constituents under the 
experimental conditions presents both twin martensite con-
stituents (as shown in Fig. 9a,b) and complete body-centered 
cubic martensite structure (as shown in Fig. 9c, d). This is 
basically in line with the researches of Lan and Lambert 
et al. [10, 35].

The influence of carbon atoms on the formation of M–A 
constituents is critical. The morphology of M–A constituents 
and the change of carbon contents based on EPMA technol-
ogy are shown in Fig. 10a. To be precise, the M–A constitu-
ents involved in Fig. 10 are mainly the carbide enrichment 
that may contain M–A constituents because the carbides and 
M–A islands are often mixed together. Generally, it is dif-
ficult to distinguish accurately under both optical and elec-
tronic microscopes. However, as a brittle phase, the carbides 
and M–A islands have the similar critical effect on crack 
initiation. This is why the twin martensite and complete 
martensite are also defined as M–A islands in related stud-
ies [10, 34, 35]. As can be seen from Fig. 10a, the enrich-
ment of carbon atoms is obvious. In fact, the carbon atoms 
can be enriched in the retained austenite, improving the 
stability of the retained austenite, reducing the starting tem-
perature of martensite in the local regions, which creates 

Fig. 6   Impact energy under different heat input conditions
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a possible condition for the twin M–A constituents [10]. 
Figure 10b shows the typical morphologies and volume 
fractions of the carbide enrichment that may contain M–A 
constituents under different heat inputs. It can be seen that as 

the heat input increases, the volume fraction of the carbide 
enrichment decreases gradually. However, the morphology 
changes from strip to blocky shape, and the trend of adhe-
sion increases. The heat input is the main factor affecting 

Fig. 7   Variation of loading force and total impact energy with time 
in the typical samples a–e. The ratio of initiation and propagation 
energy to total absorbed energy in a–e under different heat input con-

ditions is shown in f. a 25 kJ/cm; b 50 kJ/cm; c 100 kJ/cm; d 150 kJ/
cm; e 200 kJ/cm. Wi/Wt refers to the ratio of initiation energy to total 
impact absorbed energy
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Fig. 8   Impact fracture morphologies of typical specimens under different heat inputs. a 25 kJ/cm; b 50 kJ/cm; c 100 kJ/cm; d 150 kJ/cm; e 
200 kJ/cm; f Ductile appearance ratio in fiber area of the fracture surface with different heat inputs
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the morphology and size of the carbide enrichment when 
the chemical composition of the BM is fixed beacuse the 
carbide enrichment tends to precipitate at grain boundaries 
[24]. The higher heat inputs will cause the morphology to 
change with the coarse microstructure and the coarse prior 
austenite grains also make it easy for carbon atoms to seg-
regate at the grain boundaries. Li et al. also believed that 
the coarser the prior austenite grains, the coarser are the 

M–A constituents [25]. In addition, under high heat input 
conditions, the carbon atoms tend to be enriched at grain 
boundaries due to increased diffusion efficiency. In other 
words, high heat input conditions allow enough time for 
carbons to diffuse from the center of the grain to the grain 
boundary to form coarse carbon domains. Therefore, with 
the increase of heat input, the size of M–A constituents or 
carbides increases. The investigated results are consistent 

Fig. 9   Typical morphologies a, c and SAD patterns b, d of M–A con-
stituents based on 100 kJ/cm heat input. The white arrows in figures 
a, c are the positions corresponding to the SAD patterns in figures b, 

d; the embedded image in a is the corresponding dark field morphol-
ogy of twin martensite
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with the studies of Xie and Chandran Ramachandran et al. 
[16, 22].

Although the crack initiation energy increases with the 
decrease of the volume fraction of carbides at high heat 
input, the coarse blocky carbides or M–A constituents 
actually increase the risk of crack initiation. Kim et al. 
pointed out that both the increase in the volume fraction 
and the coarse morphologies of the M–A constituents have 
an critical effect on the low-temperature impact toughness 
[17]. Under high heat input conditions, the reason for the 
increase of crack initiation absorbed energy is likely to origi-
nate from the tearing and stripping process between multi-
ple M–A constituents [23]. Relevant researchers proposed 
four mechanisms for the influence of M–A constituents on 
crack initiation [13, 28, 36, 37]: (1) As the hardened phase, 
M–A constituent itself has a tendency of stress concentra-
tion, causing the crack initiation to form in itself and then 
propagate to the matrix; (2) Because the M–A constituent 
has a higher hardness than the matrix, it is easy to cause 
stress concentration at the interface with the adjacent matrix, 
causing crack initiation at the edge of M–A constituent; (3) 
The high-carbon martensite in M–A constituent originates 
from the transformation of retained austenite at low tempera-
ture. The residual stress caused by the phase transformation 
leads to the stress concentration in the surrounding matrix, 
causing cracks to initiate; (4) The debonding of the non-
coherent interface between M–A constituent and the matrix 
leads to the initiation of microcracks. It can be seen that the 
morphology of the M–A constituent has an adverse effect 
on the crack initiation. At high heat input conditions, the 
coarse carbides or M–A constituents as well as GBF may 
be the main factors causing the decrease of toughness [25].

In addition, it is worth noting that under different heat 
input (25–200 kJ/cm) conditions, some micro-inclusions 
appear to promote crack initiation as shown in Fig. 8. In 
fact, inclusions can be used as the source of crack initiation 
to affect the impact toughness, acting as the similar role of 
coarse M–A constituents or carbides [9]. The difference is 
that although some inclusions can be used as the source of 
crack initiation to reduce the absorbed energy, some certain 
effective inclusions can also induce AF or multi-directional 
bainite nucleation, which is conducive to the accumulation 
of crack absorbed energy [5, 7, 19]. In this study, the sam-
ples still present favorable low-temperature impact tough-
ness at high heat input, which is directly related to the large 
amount of AF and multi-directional bainite microstructure. 
It can be seen that the effective control of inclusions during 
the melting process is the key factor for CGHAZ to obtain 
more AF or multi-directional bainite after welding thermal 
cycle. Therefore, it is very important to analyze the morphol-
ogy, composition and size of the effective inclusions in the 
matrix. Figures 11 and 12 show the typical morphology, size 
and composition of inclusions based on EPMA technology. 
As can be seen, the typical inclusions that can induce the 
formation of acicular microstructure are generally round, 
with the size of ~2 μm, and the compositions are mainly Al-
Ti-Mn-O. It is worth noting that the content of Ti in most 
of the inclusions always accounts for a larger proportion as 
shown in Figs. 11b3, e3 and 12a, b. This is consistent with the 
research on AF nucleation by Ti-containing complex oxide 
inclusions mentioned in most studies [7, 38–40]. The influ-
ence of inclusions on impact toughness is twofold. Although 
the crack initiation can be stimulated by inclusions, the car-
bides or M–A constituents appear to have a greater impact 

Fig. 10   Carbon contents in carbide enrichment a based on heat input 
of 100 kJ/cm and the volume fraction of carbides under different heat 
input conditions b. The embedded figures indicate the line scanning 

path (a1) and morphology obtained by image software at different 
heat inputs. (b1) 25 kJ/cm and (b2) 200 kJ/cm
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as shown in above analysis. Therefore, reasonable control 
of the characteristics of inclusions to induce more acicular 
microstructure is conducive to the improvement of impact 
toughness during high heat input welding process.

3.4 � Crack Propagation

Figure 13 shows the distribution of high-angle grain bounda-
ries in the micro regions under different heat inputs based on 

the EBSD technology. The red solid lines represent the mis-
orientation greater than 15°, which is generally considered as 
the high-angle grain boundaries [4, 28, 36]. As can be seen 
from Figs. 13a-c, the GB/AF microstructures were domi-
nated by high-angle grain boundaries and the misorientation 
inside the boundary ferrite is obviously lower. According to 
the scanning position of the blue solid lines in Fig. 13c, the 
statistical data of the misorientation in Fig. 13d shows that 
the misorientation in GBF microstructure is generally within 

Fig. 11   Morphology and composition of typical inclusions with AF potential under different heat inputs. a1-a5 25 kJ/cm; b1-b5 50 kJ/cm; c1-c5 
100 kJ/cm

Fig. 12   Line scanning results of typical inclusions with AF potential in CGHAZ at heat inputs of 150 kJ/cm a and 200 kJ/cm b based on EPMA 
technology
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5°, while the misorientation of acicular microstructure in the 
prior austenite grains is generally 50–60°. This is consistent 
with the analysis of Ramachandran et al. [22]. As the heat 
input increases, the distribution probability of the misori-
entation less than 5° is increased, while the misorientation 
greater than 50° presents a decreasing trend as shown in 
Fig. 14. The large amount of GBF precipitation caused by 
the increase of heat input is the main reason for the increase 
of low-angle grain boundaris, which may greatly affect the 
impact performance of CGHAZ.

Figure 15 shows the morphologies of the crack propaga-
tion paths. It can be seen that the cracks consisted of initial 
cracks (as shown by the blue arrows in Fig. 15) and second-
ary cracks (as shown by the red arrows in Fig. 5) at both 
lower and higher heat inputs, and the propagation paths are 
dominated by transgranular fracture model. In addition, it is 

worth noting that the AF (200 kJ/cm) is more conducive to 
causing the crack propagation to be deflected or arrested than 
GB (25 kJ/cm), while massive blocky GBF microstructure 
can cause the crack paths to almost propagate along straight 
direction by the transgranular fracture mode at high heat 
input (200 kJ/cm). According to the experimental results 
shown in Fig. 13, the interior of GBF is mainly dominated 
by low-angle grain boundaries within 5°. The deflection and 
arrest of crack propagation are to a large extent determined 
by the high-angle grain boundary misorientation, while the 
low-angle boundary has a weaker effect on the crack propa-
gation path [28, 41]. Generally, the grain boundary misori-
entation greater than 15° can be defined as effective grains in 
an unit area, and the effective grain size is a very important 
parameter to characterize the crack arrest ability [28]. There-
fore, the high density of low-angle grain boundaries in GBF 

Fig. 13   Distribution of grian boundary of CGHAZ at different heat inputs based on EBSD technology. a 25 kJ/cm, b 100 kJ/cm and c 200 kJ/
cm. The solid red lines in the figures refer to the boundary misorientation greater than 15°. The solid blue line in c is the scanning position of d 
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microstructure is not beneficial to improve the toughness, 
which explain why the GBF always causes secondary cracks 
as shown in the Fig. 15.

4 � Conclusions

In this paper, a low-carbon high-strength plate with the yield 
strength of ~690 MPa was obtained in the laboratory based 
on ʺoxide metallurgyʺ and TMCP technology. The micro-
structure and low-temperature impact toughness of CGHAZ 
at different heat inputs were characterized by TEM, EBSD, 
EPMA and other methods. The conclusions are as follows:

1.	 Under lower heat input of 25 kJ/cm, the average value 
of impact energy in simulated CGHAZ at −20 °C was 
~158 J. With the increase of the heat input, the average 
values decreased. However, even at the heat input of 
150 kJ/cm, the CGHAZ still presented a favorable low-
temperature impact toughness of ~60 J.

2.	 The coarse carbides or M–A constituents provided con-
venient conditions for the initiation of cracks. At high 
heat input conditions, the typical M–A constituents 
detected by TEM could be body-centered cubic mar-
tensite structure or twinned martensite structure. With 
the increase of heat input, the sensitivity of crack ini-
tiation increased obviously because the morphology of 
coarse carbides or M–A constituents changed from strip 
to bulk gradually.

3.	 The Ti-containing inclusions could be used as the source 
of cracks to stimulate crack initiation, while they could 
also induce the formation of AF to hinder the crack 
propagation effectively, which improved the crack prop-
agation absorbed energy. Therefore, reasonable control 
of the characteristics of inclusions to induce more AF 
was conducive to the improvement of impact toughness 
during high heat input welding process.

4.	 As the heat input increased, the coarse GBF with more 
low-angle grain boundaries increased obviously, which 
was not conducive to the crack propagation absorbed 
energy. The massive blocky GBF was mainly responsi-
ble for the deterioration of impact toughness in CGHAZ 
under high heat input conditions.

5.	 The effective activation energies of GBF and AF/GB 
were obtained by the dilatometric test at different heat 
inputs, which were ~175 kJ/mol and ~227 kJ/mol. This 
explained the reason for the preferential precipitation of 
GBF under high heat input conditions from the perspec-
tive of kinetics.

Fig. 14   Distribution of grain boundary misorientation with different 
heat inputs. b1 25  kJ/cm, b2 100  kJ/cm, b3 200  kJ/cm. The red and 
black lines in the embedded figures represent misorientation less than 
5° and greater than 50° respectively

Fig. 15   Propagation paths of 
microcracks at heat inputs of 
25 kJ/cm a and 200 kJ/cm b. 
The embedded images show the 
corresponding morphologies 
under electron microscope
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