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In this paper, the multi-layer multi-pass welding process was used to weld 115mm 08CrOW3Co3VNbCuBN
(G115) steel pipe, the gas tungsten arc welding (GTAW) was used in root pass welding, subsequent
welding by dynamic hot wire gas tungsten arc welding (TIP TIG) welding method, while the post-weld
heat treatment (PWHT) of 770°C x 10h was carried out afterward. The microstructure and mechanical
properties of different zones of the welded joint were analyzed by OM, SEM, XRD, microhardness and
impact tests. The results showed that the ferrite and martensite were observed in the weld metal (WM),
the fine-grained heat-affected zone (FGHAZ) and the coarse-grained heat-affected zone (CGHAZ)
consisting of prior austenitic grain boundaries (PAGBs) and martensite, and more precipitates including
coarse M,,,C, carbides with fine MX-type carbonitrides were observed inside the grain boundaries and
grains. The hardness distribution patterns along different locations (Cover, Fill, Root) on the welded
joint cross-section were the same, from base metal (BM) to WM hardness gradually increased, and
WM hardness was the highest. WM impact toughness was worse than HAZ, impact fracture mode

was a mixed tough-brittle fracture but biased towards brittle fracture.

Keywords: G115 steel, multi-layer multi-pass, TIP TIG, precipitates, microstructure, mechanical property.

1. Introduction

At present, 600°C ultra-supercritical (USC) power
generation technology is widely used in thermal power
plants around the world'. Thermal power generation meets
the needs of people’s life and also emits a large amount of
CO,, SOx, NOx, and other harmful gases, thus causing a
great impact on the environment. To achieve the purpose of
energy saving and emission reduction, the higher parameter
ultra-supercritical thermal power units have gradually become
the development direction of thermal power units*3. The
efficiency is improved by increasing parameters such as
steam temperature and steam pressure of boilers in thermal
power units, resulting in higher coal utilization, lower
consumption, and consequently lower CO, emissions*®.
Currently, 9%-12% Cr martensitic heat-resistant steels are
used as thick-section components in supercritical coal-fired
power plants with steam temperatures of about 600°C because
they have the advantages of high thermal conductivity,
low coefficient of thermal expansion, low cost, and better
thermal stability and excellent high-temperature durability
compared with austenitic heat-resistant steels and nickel-based
high-temperature alloys”!°. However, these conventional
steels cannot break the maximum working temperature
of 600°C", so it is necessary to develop high-temperature
section heat-resistant steels.

In recent years, a novel martensitic heat-resistant steels
have been developed worldwide based on the traditional
martensitic heat-resistant steels P91 and P92, such as
MarBN"? and SAVE12AD" in Japan and IBN-1'* in the UK.

*e-mail: liupeng1286@163.com

However, in China, G115 steel is the most promising candidate
at 650°C. Unlike the above-mentioned steels, an appropriate
amount of Cu is added to G115 steel to achieve a further
increase in precipitation strengthening'>!¢. The steel has
good organizational stability, excellent high temperature
creep performance, better resistance to steam oxidation in
the range of 630~650°C, its lasting strength at 650°C is 1.5
times that of P92 steel, and its resistance to high temperature
steam oxidation and weldability is comparable to that of P92
steel. The steel can be used in the manufacture of thick-walled
components such as large-diameter tubes and collectors, as
well as small-diameter superheater and reheater tubes'”.
However, the application of G115 steel to key components
of boilers in ultra-supercritical units at 630~650°C will
inevitably involve welding. During the construction of
coal-fired power plants and boiler installation, pipes and
tubes are reliably connected by welding technology, so the
performance of welded joints of high-temperature components
of coal-fired power plants plays a key role in the safe and
reliable operation of coal-fired power plants. Therefore,
the quality of 9%-12% Cr martensitic heat-resistant steel
welded joints is very important for the safe operation of
coal-fired power stations.

Li et al.” welded dissimilar 9%Cr heat-resistant steels
(G115 and CB2) by tungsten inert gas welding and studied
the microstructure and mechanical properties of the welding
metal. Maduraimuthu et al.?, studied the effects of TIG
and A-TIG welding processes on the microstructure and
mechanical properties of P92 steel welded joints and confirmed
that the precipitates at the grain and slab boundaries were
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M,,C, type carbides, and the precipitates in the grain were
MX type niobium and vanadium rich nitrides and carbides.
Cai et al.” successfully prepared a 15mm thick G115
welded joint by using the cold metal transition plus pulse
(CMT+P) welding method, and studied the effect of heat
input on the microstructure and mechanical properties of
G115 steel welded joint. With the increase of heat input, the
high-temperature duration of the welded joint increased, and
the precipitation phase precipitated along the grain boundary
and grain increased. Yang et al.>* characterized the mechanical
properties of G115/Sanicro25 dissimilar steel welded joints
and studied the fine grain heat affected zone and base metal
on the side of G115 steel. The results showed that FGHAZ
on the G115 steel side had dynamic recovery after post-weld
heat treatment, and the precipitates increased. However, the
plates used for these jobs are around 15 mm, and thick plate
G115 steel welding has not been reported.

To the author’s knowledge, these welding operations
were carried out on steel plates with a thickness of around
15 mm, necessitating an examination of the connection
strategies for thick-walled pipes. However, partial fusion,
poor impact performance, and damaging residual stresses
were common with thick plate welding. Based on this,
this paper examined a welding procedure that successfully
joins 115 mm ultra-thick G115 pipes using gas tungsten
arc welding (GTAW) + dynamic hot wire automation
gas tungsten arc welding (TIP TIG)*%. It also examined
the microstructure and mechanical characteristics of the
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future practical welding application of G115 heat-resistant
steel and helps advance the creation of ultra-supercritical
thermal power plants.

2. Experimental

2.1. Materials and welding process

The experimental material in this work was a G115
heat-resistant steel pipe of ©530x115mm (115mm is the wall
thickness). The BYH15 welding wire was trial produced by
Beijing Beiye Functional Materials Co. Ltd. The wire diameter
used for root pass welding was 2.4 mm and for subsequent
filler welding was 1.0 mm. The chemical composition of
materials was shown in Table 1. In this experiment, the
gas tungsten arc welding (GTAW) was used for root pass
welding, the dynamic hot wire gas tungsten arc welding
(TIP TIG) was used for filler welding (see Figure 1). The
groove of V type was selected, and the welding process and
groove form were shown in Figure 2. The root surface and
root space were 1.5Smm and 3mm respectively. The number
of weld layers was 48, and the number of weld beads was
179 (see Table 2). The welding process parameters were
shown in Table 3, both the front shielding gas and the back
shielding gas were argon gas, the gas flow rate of the front
shielding gas was 10-15L/min, and the back shielding gas
flow was 15~20L/min. The actual wire feeding speed can
be expressed by the equation.

welded joints. As a result, our research encourages the v=Vxa
Table 1. The chemical composition of G115 steel and BYH15 filler (wt.%).
Materials C Si Mn Cr Ni Al Co
G115 0.07 0.34 0.58 8.82 0.03 0.002 2.99
BYHI15 0.112 0.31 0.63 8.93 0.45 <0.01 2.97
Materials Mo w \% B Nb N Cu
G115 - 2.66 0.19 0.02 0.08 0.01 0.94
BYHI5 <0.05 2.58 0.2 0.005 0.03 0.0023 -
B —
Wire Feeder

Conductive tube

Heating wire power source

4 ‘Welding current
_—

‘Welding torch

‘Welding power source

Workpiece

Figure 1. Schematic diagram of TIP TIG welding.
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Table 2. The number of weld layers and weld beads.

Where v is actual wire feeding speed (m/min), V is the
equipment setting parameter, the fill setting is 10-20, and the

Welding method Weld layers Weld beads R X ”
cover setting is 10-16. ¢ is equipment factor (0.074). After
TIPTIG 48 6 calculation, the actual wire feeding speed is 0.74-1.18m/min
TIPTIG 43-47 5 and 0.74-1.48m/min (Table 3). As shown in Figure 3, the
TIPTIG 14-42 4 preheating temperature was maintained at 200°C. The
TIPTIG PRy 3 interlaye'r temperature was maiptained at 200~%50°C during
the welding process. After welding, the whole pipe weldment
GTAW 5 3 was subjected to post-weld heat treatment at 770 °C for 10h.
GTAW 3-4 2 This was a result of the wall of the G115 steel pipe was too
GTAW 12 1 thick, enough heat preservation time was required to ensure
the effect of heat treatment.
Table 3. Welding process and parameters.
Region Welding method Wire ?‘;meter Weldm(i ;urrent Are (v‘(]);tage \t’rei::ll:nng] isnp_eie)d ere(ieie::]iil:_gl ;peed
Cover TIP TIG 1.0 150-180 11-15 50-80 0.74-1.18
Filling TIP TIG 1.0 170-200 11-15 50-80 1.74-1.48
Root GTAW 2.4 90-120 8-10 30-50 -

\

Root face

125

Root gap
Imm

]

mm

Figure 2. Schematic diagram of the welding heat treatment process.

4

Figure 3. Schematic diagram of the welding process.
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Nikon Epiphot 300U/200 horizontal metallographic
microscope (OM), a Zeiss supraTM55 scanning electron
microscope (SEM), energy dispersion spectrometer (EDS),
and D/MAX-rc RU-200B X-ray diffractometer (XRD) were
used to analyze the macrostructure and microstructure of
the weld zone (WM) and the heat affected zone (HAZ). The
samples were etched using mixed solution 5g FeCl, + 50ml
HCI + 100ml H,O. Hardness tests on the cross-sections
region of the welds were performed using a Vickers Hardness
Tester (DHV-1000) at room temperature for obtaining the
hardness profiles in the WM, HAZ and base metal at a load
of 0.02kg and dwell time of 10s.

The Charpy V-notch impact toughness test was
carried out at room temperature. The test conformed to
the NB47014/GB/T229 (20°C, KV2) standard (China). A
sample with a size of 55mmx10mmx10mm was made for
the impact test, as shown in Figure 4. The charpy V-notch
impact test was carried out using a pendulum impact testing
machine (JBW-300H type). The impact samples were
respectively taken from the BM, the WM and the HAZ.
The WM samples were taken from the positions shown in
Figure 5a, and the HAZ samples were taken from Figure 5b.

45°

yom™

Figure 4. Schematic of impact shear test.
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Three samples were taken from each position, and the
average value was taken after the impact absorption energy
was measured.

3. Results and Analysis

3.1. Microstructures

The macro-morphology of the G115 steel welded joint
was shown in Figure 6. Due to the large sample, the corrosion
effect was not ideal, but the joint was well formed. Due to
the large depth of the weld, the welded joint was divided
into upper, middle, and lower areas, which were the cover
area, filling area, and root area respectively. In each area,
heat affected zone and weld metal samples were prepared
with a size of 10mmx10mmx10mm.

The microstructure of G115 base metal is shown
in Figure 7. The main structure for the steel was lath
martensite, which was more complex than that of
austenitic steel. It was composed of original austenite
grain, packet, block and lath. Several (3-5) martensitic
lath packets with random orientation were in the prior
austenite grain. Several parallel lath blocks were in the
lath packet, several parallel martensitic laths were in the
lath block, and a large number of dislocations existed in
the lath. Each prior austenite grain was divided by these
subunits, which were also called substructures. During
tempering, numerous carbides (M,,C,) were produced
between the substructure, and these carbides could prevent
the recovery and merger of the substructures of G115 steel
during service, and stabilize the martensitic structure.
In addition, two main strengthening phases existed in
G115 steel including M, ,C, carbide (M: Cr, Fe, W) and MX
nitride (M: Nb, V, Cr; X: C,N). M,,C, carbide precipitates
mainly along the prior austenite grain boundary, its
existence hindered the slip of grain boundary, inhibited the
recovery of lath martensite, and played a role in stabilizing
the structure. The MX-type nitrides had fine particles,
which played a dispersion strengthening effect on G115
steel, formed a pinning effect on the grain boundaries, and
could achieve precipitation strengthening of the material
by inhibiting the movement of dislocations.

The microstructure of the weld was shown in
Figures 8, 9, and 10. According to the thermal effects of
the welding process, perpendicular to the weld centerline
direction, the welded joint had significant differences
in the organizational characteristics of each region.

(a)

Figure 5. Schematic diagram of intercept position of impact sample: (a) WM, (b) HAZ.
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The heat-affected zone was an important part of the welded
joint, and because the heat-affected zone was far from
the weld and absorbed different amounts of arc heat, the
internal organization was extremely heterogeneous, which
included the fine-grained heat-affected zone (FGHAZ) and
the coarse-grained heat-affected zone (CGHAZ).

Figure 6. The structure in cross-sectional region for the G115 thick
plate welded joint.

@D ,
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Packet
boundarie

Block boundaries
(BBs)

Figures 8, 9, and 10 showed the presence of prior
austenitic grain boundaries (PAGBs) and lath martensite
in both the FGHAZ and CGHAZ of the cap-filled zone,
respectively. The temperature range of 1200-1300°C that
CGHAZ experienced throughout the welding process?’, which
was much higher than Ac3, led to complete austenitization.
High temperatures in CGHAZ caused precipitation to
dissolve, which eliminated their pegging impact. As a
result, the pegging effect of these precipitations was lost.
The rise in grain size was typical of CGHAZ because the
dissolution of precipitates promoted grain growth and the
consequent considerable growth of austenitic grains in this
area. Lath martensite developed and nucleated inside the
austenite grains as it cools, eventually creating PAGBs and
lath martensite. The temperature experienced by FGHAZ
was 1000-1100°C?’, and although it was higher than the
critical temperature Ac3, the residence time of FGHAZ
at this temperature was short and the temperature was
not sufficient for coarse grain growth?. Because more
undissolved precipitate pegging forces occurred on the
grain boundaries and prevented the growth of austenite
grains during welding, FGHAZ had smaller grains than
CGHAZ.

—— PAGBs
PBs
— BBs

® M,,C
= MX

Figure 7. (a) The microstructure of base metal for G115 steel. (b) Schematic illustration of the microstructure of lath martensite and

precipitated phase.

a

Lathmariesire
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Figure 8. The microstructure in cover area of welded joint: (a) FGHAZ, (b) CGHAZ, (c) WM.
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Lathmartensite
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Figure 9. The microstructure in filling area of welded joint: (a) FGHAZ, (b) CGHAZ, (c) WM.

Figure 10. The microstructure in root area of welded joint: (a) FGHAZ, (b) CGHAZ, (c) WM.

The weld organization had two morphologies of equiaxed
grains and columnar grains, the microstructure was composed
of lath martensite, and ferrite was discovered. The weld
metal also displayed a tempered martensitic structure.
During the welding process, the coarse columnar grains
grew in the direction opposite to the heat transfer, and the
equiaxed grains were the result of the tempering effect of
the next weld bead in the welding thermal cycle. From
Figure 8c and 9c. It is obvious that the filler weld metal
primarily had columnar grain martensite organization with
different growth directions. This was caused by the high
melt pool temperature and low base material temperature,
which created a significant temperature gradient from the
weld center to the base material as well as one between the

weld bead center and the nearby area. Each temperature
gradient caused a separate development direction for the
liquid metal, which formed columnar grains.

As seen in Figure 10c, the weld root organization was
primarily composed of equiaxed grain. This was due to
two factors: (1) The first was the presence of just one weld
bead at the weld root, which caused the grain to grow
simultaneously from both sides of the base material to the
weld center without showing any obvious columnar grain
characteristics or only a few smaller-sized columnar grains.
(2) Second, the filler layer had reheated the weld root, and a
small number of columnar grains that were present during
the subsequent welding operation were also changed into
equiaxed grains.
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3.2. EDS and XRD analysis

To further investigate the type of the above-mentioned
large amount of precipitation in the FGHAZ of the root
zone, EDS analysis was performed for the FGHAZ of the
filled zone and root zone, as shown in Figure 11. From
Figure 11a, it could be seen that the FGHAZ of the filled
zone was rich in Fe and Cr, and contained a certain amount
of Co and a small amount of W. The tissue composition was
more uniformly distributed. However, FGHAZ in the root
zone not only contained Fe, Cr, Co, and W, and contained V
and C, as shown in Figure 11b. Elements V and C were the
constituent elements of MX precipitation, which indicated

Electron Image 1

that a large number of precipitation in the FGHAZ of the
root zone contained MX precipitation, in the multi-layer
multi-pass welding process each weld played a tempering
effect which formed new M,,C, and MX precipitation, and
in the post weld heat treatment increased the density of
precipitation in the FGHAZ, a result that further verified
the above-mentioned phenomenon of large amounts of
precipitation in the FGHAZ of the root zone.

The results of the EDS analysis of the welded joints
were shown in Figures 12, 13, and 14. From the plots
with higher magnification, it could be seen that along the
previous austenite grain boundaries (PAGB) there were some
precipitates with a width of 200nm, which contained a large

H:82

7290
474
329
21
pa4

Electron Image 1

Figure 11. SEM observation and analysis in FGHAZ of welded joint: (a) Filling area, (b) Root area.
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Figure 12. EDS analysis in FGHAZ of welded joint: (a) Cover area, (b) Filling area, (¢) Root area.
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Figure 14. EDS analysis of the WM of (a) Cover area, (b) Filling area, (c) Root area.

amount of Fe and Cr and a small amount of W, as M,,C,
precipitates. More minute precipitates were located inside
the lath block, which contained Nb and V (see Figure 14b),
as MX precipitates. During the welding process, each weld
had a tempering effect on the previous weld that caused
the precipitate content to increase significantly the longer
it stayed at high temperatures. The smaller grain size of
FGHAZ increased the grain boundary area compared to
CGHAZ, which led to an increase in the location of the
nucleation of the precipitated phase and an increase in the
number of precipitated phases?.

The phase composition of the HAZ and WM products
were analyzed using XRD and the diffractograms were shown
in Figure 15. The HAZ diffractograms (Figure 15a) showed
peaks at20=31.166°,44.675°,65.026°, and 82.339° with the
maximum intensity of the peak at 44.675°. The precipitation

was identified by XRD analysis as V-rich MX particles and
Cr-and Nb-rich M, ,C_ particles. The peak intensity at 31.166°

2376
confirmed the phases as VN and VC, the peak intensity at

44.675° confirmed the phases as a-Fe, Cr,.C_, and VC, and

23767

the peak intensity at 65.026° confirmed the phases as aFe,
Cr,.C_, and VN, and the peak intensity at 65.026° confirmed

2376

the phases as a-Fe, Cr,,C_, VC and NbN.

The XRD results i2131 V?/M of welded joint (Figure 15b)
showed peaks at 20 =44.675°, 65.026°, and 82.339°, with the
maximum intensity of the peak at 44.675°. The precipitation
was identified by XRD analysis as V-rich MX particles
and Cr- and Nb-rich M2,C, particles. The peak intensity
at 44.675° confirmed the phases as a-Fe, Cr,,C,, and VC,
the peak intensity at 65.026° confirmed the phases as o-Fe,
Cr,.C, and VN, and the peak intensity at 65.026° confirmed

2376

the phases as a-Fe, Cr,,C_, VC and NbN.

23767
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Figure 15. XRD patterns of different regions for welded joints: (a) HAZ, (b) WM.

Similar results were described by Zala et al.?®, who
confirmed that the weld microstructure a-Fe phase of
9Cr-1Mo steel had three main peaks, similar to the base
material. Saini et al.?’ determined by XRD analysis that
P92 steel precipitates as Fe-rich Fe,C, Nb- and V-rich MX
particles, and Cr-rich Cr,.C,, after creeping for 720h, the

2376

W-rich Fe,W (Laves phase) was observed.

3.3. Mechanical properties

According to the test results, it could be observed that the
hardness distribution pattern of the welded joint cross-sectional
area was the same, from the base material to the weld area
hardness gradually increased, and the weld area hardness was
the highest, as shown in Figure 16. The difference between
the hardness of the base material and the heat-affected zone
was small. The hardness range of the base material was
220-240 HV0.2, with an average hardness of 229.6 HV0.2.
The hardness range of the heat-affected zone was 240-260
HVO0.2, with an average hardness of 248.9 HV0.2. And the
hardness range of the weld zone was 260-300 HV0.2, with
an average hardness of 280.7 HVO0.2.

The highest hardness values in the WM were due to the
presence of M,,,C, carbide precipitated in the weld zone and
its uniform distribution, which provided some reinforcement.
The lower hardness values in WM were attributed to the
presence of ferrite®®. The average hardness of the HAZ was
lower than that of the WM, but higher than that of the BM.
This was due to the HAZ of the weld experienced thermal
cycle and recrystallized, which was finer than the tempered
martensitic grain of the base metal.

The impact test results were shown in Figure 17, the
impact toughness of TIPTIG welds was lower than that of
the base metal. Cai et al.® also reported the same results.
Compared with Cold metal transfer plus pulse (CMT+P)
welding, TIP TIG welding used in this work had better weld
impact toughness. The impact test results show that the
G115 pipe weldments obtained comply with the NB/T47014
standard (China) and the ASTM E23 standard for pressure
equipment welding process assessment.

The impact fracture morphology in WM was shown
in Figure 18, the V-notch location of the crack initiation
zone was narrow, and the microscopic fracture of the crack
initiation zone was mainly composed of dimples of different
sizes and accompanied by deep holes, cracking dimples
were generally composed of large particles of precipitates
under the impact load to produce stress concentrations.

A%
N
3B
B

——

Microhardness, H
N [
N 2R R
15 5 2 2

IS
S
T

W
S
3

300 20 -10 0 10
Distance from Weld Center, millimeters

Figure 16. The hardness distribution profile of welded joint for
G115 steel.

Cover
Fill
77 Root

BM

HAZ

wzZ

Figure 17. Charpy V-notch impact properties of welded joint for
G115 steel.

The most dominant absorption region of the impact absorption
energy was the crack initiation zone, which was very narrow
in the fracture due to the low impact absorption energy, and
the vast majority of the fracture was the extension zone. the
pattern of the cleavage facets was a river pattern, consisting
of' smaller cleavage facets connected by a tearing ridge. The
tear ridge had several dimple bands, whose flow direction
coincides with the direction of crack expansion. Local presence
of large smooth and cleavage facets with intergranular
fracture. This was because the metal had inclusions or brittle
precipitates that prevent plastic deformation. As a result, the
material was unable to continue through the deformation to
protect itself from damage and external force, and eventually
along the crystal inside the particular crystal surface cracks
and forms a cleavage fracture.



10 Liu et al.

The impact fracture morphology in HAZ of welded
joint was shown in Figure 19, which exhibited dimples of
different sizes with holes. The cleavage facets with a river
pattern were connected by a tear ridge with a large number
of dimples. The fracture mode is a mixed tough-brittle
fracture mechanism according to the fracture morphology.

It could be seen that the dimple size of the root zone of
the weld and the HAZ was smaller than that of the filling
zone and the covering zone. The filler layer would reheat
the weld, which made the weld root structure undergo

R
WO+ 89mm ag= 8E0KX
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phase transformation and recrystallization in the subsequent
welding process, the formation of self-tempering martensitic
improved the plastic toughness of the weld metal. The small
spherical second phase particles (the yellow circle) in the
fracture of the sample were observed, it could be seen that
these spherical second phase particles were one-to-one
corresponding to the fear around them, indicating that a
second phase particle was the nucleation position of a micro
pit, determined that the second phase particles were MX
nitrides combined with the literature®'-3.

Dintplesis

prrery ™
Mige 300KX Tme 10105

Figure 19. Impact fracture morphology in HAZ of welded joint: (a) Cover area, (b) Filling area, (c) Root area.
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4. Conclusions

In this work, the welding process of GTAW +TIP TIG

was used to achieve the welding of G115 thick-walled
steel pipe and welding joints of good quality including no
porosity and cracking were obtained. The microstructure of
the welded joints was characterized by OM, SEM, XRD,
and EDS. The mechanical properties of welded joints were
studied by hardness and impact tests at room temperature.
The following conclusions could be obtained:

(1) The microstructure of FGHAZ and CGHAZ consisted
of prior austenitic grain boundaries (PAGBs) and
lath martensite, with ferrite and martensite observed
in the weld metal. A large number of precipitates
were observed at the grain boundaries and inside the
grains. The coarse precipitates precipitated along
the grain boundaries were M,,C, carbides, and the
fine precipitates precipitated inside the grains were
MX-type carbonitrides.

(2) The EDS and XRD analysis showed that the G115
steel precipitates as a-Fe, Cr,,.C,, VC, VN and NbN in
the joint were observed. In addition, the precipitation
was identified by XRD analysis as V-rich MX particles
and Cr- and Nb-rich M,,C, particles.

(3) The hardness distribution of welded joints was
the same in different regions, however, from BM
with an average hardness of 229.6 HV to WM
(average 280.7 HV) gradually increased. The
maximum hardness appeared in the WM of the joint
fill, with a value 0f297.7 HV. The impact absorbed
energy of the WM was lower than that of the HAZ,
while the average impact absorbed energy in the
WM was 60.3J, and the average impact absorbed
energy in the HAZ was 105.7].

(4) The crack initiation zone of fracture was narrow,
accompanied by dimples and holes, and most of the
fracture area was the extension zone, accompanied by
river pattern and deconstruction surface. The fracture
morphology was analyzed as mixed tough-brittle
fracture, but biased toward brittle fracture.
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