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Introduction

The corrosion resistance of weathering steel has been
enhanced by the addition of P, Ni, Cr and Cu. It has

ABSTRACT

Metal active gas arc (MAG) was applied to weld a hot-rolled weathering steel,
three heat inputs (5100, 6000 and 7200 J/cm) were used by changing the
welding speed. The effects of heat input on the microstructure on the welded
joint were investigated by optical microscope (OM), field emission scanning
electron microscope (FESEM), electron-backscattering diffraction (EBSD). Ten-
sile and hardness tests were also carried out in this paper. The results indicate
that the yield strength decreases with the increase in heat input and all the
specimen fractured at the mixed-grained heat affected zone (MGHAZ). The
MGHAZ consist of polygonal and equiaxed ferrite. The yield strength decreases
by 59 MPa when the heat input increases from 5100 to 7200 J/cm, which is
attributed to the weakening of grain refinement strengthening and dislocation
strengthening. The plasticity also decreases by 3.6% with the increase in heat
input. The microstructure is relatively uniform when the heat input is 5100 J/
cm. However, the original microstructure become coarsen with the increase in
heat input, resulting the non-uniform microstructure at higher heat input. The
5100 J/cm specimen could deform more coordinately during tensile process, so
the specimen has highest plasticity among three heat inputs.

vehicles, bridges, towers and equipment exposed to
the atmosphere for a long time [1, 2]. The 550 MPa
grade weathering steel has been widely used in
structural steel due to its combination of high
strength and low production costs [3, 4]. In the

been widely applied for structural steel, such as
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practical application, most of the weathering steel has
been welded to manufacture typical components.
However, the welding thermal cycle is characterized
by rapid heating, uneven cooling rate with a high
peak temperature, which may coarsen the
microstructure and deteriorate the balance of
strength and plasticity [5, 6]. Therefore, it is worthy to
explore proper parameters for the welding of high
strength weathering steel.

Generally speaking, the factors influencing the
quality of the welding of the structural steel mainly
include welding methods [7-9], welding parameters
[10-13], welding materials [14], chemical composition
of base metal [15-17]. Welding parameters play an
essential role in determining the mechanical proper-
ties and microstructure of structural steel after
welding. Zhao et al. [10] investigated the influence of
heat input on the mechanical properties of A606
weathering steel by gas metal arc welded (GMAW).
The result showed that the microstructure in fusion
zone (FZ) and heat affected zone (CGHAZ) coarsened
with the increase in heat input, so the hardness of the
CGHAZ and FZ declined owing to the growth of the
coarsened grains. Wang et al. [11] studied a hot-rol-
led Nb-Ti-Mo microalloyed steel by hybrid fiber laser
arc welding and three heat inputs (3.90, 5.20 and
7.75 kJ/cm) were used in this study. They found that
the microstructure in FZ mainly consisted of lath
martensite when the heat input was 3.90 and 5.20 kJ/
cm. However, the content of martensite decreased
and that of the granular bainite (GB) increased when
the heat input was 7.75kJ/cm. The different
microstructures caused the non-uniform strain dis-
tribution during the tensile process, thus to cause the
decrease in strength and plasticity. Wen et al. [12]
investigated the microstructure and mechanical
properties of structural steel with different heat
inputs, and the heat inputs were 7.5, 10.5, 14.5 and
18.5 kJ/cm, respectively. The results showed that the
microstructure of weld metal (WM) consisted of high
volume fraction of acicular ferrite regardless of heat
input. However, the acicular ferrite changed from
bainite acicular ferrite (B-AF) to Widmanstétten aci-
cular ferrite (WE-AF) with the increase in heat input.
This change would cause the decrease in dislocation
density and the increase in effective grain size, thus
to cause the decrease in strength. Wang et al. [13]
studied the effect of welding heat input (10, 25, 40
and 55 kJ/cm) on microstructure and impact tough-
ness in CGHAZ of X100Q steel. They found that the
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prior austenite grain and the bainitic lath was refined
with the decrease in heat input. Therefore, the impact
toughness was enhanced due to the refined
microstructure. From the above analysis, we can
conclude that the optimum welding parameters are
different for steels with different compositions and
strength. In addition, there is no detailed study on the
relationship between strength and microstructure of
550 MPa high strength weathering steel. Therefore, it
is essential to carry out a study on the parameters-
property relationship of high strength weathering
steel.

In this paper, a 550 MPa grade weathering steel
treated by metal active gas arc (MAG) welding was
investigated. The aim of this study is to elucidate
microstructural evolution of welded joints with dif-
ferent heat inputs in detail and establish a relation-
ship between microstructure and mechanical
properties of welded joints.

Experimental
Materials

Table 1 shows the chemical composition of the base
metal and welding wire. The carbon content of base
metal is extremely low in order to obtain excellent
solderability [18, 19] and the Ti microalloying method
is adopted to achieve the high strength [20]. The
composition of welding wire is close to the base
metal, but the Mn and Ni is slightly higher to ensure
strength, plasticity and corrosion resistance after
welding [21-23]. The base metal was produced by
rolling and coiling process, the final thickness is
4 mm. The heating temperature, final rolling tem-
perature and coiling temperature are 1250, 890 and
620 °C, respectively. The yield strength of base metal
and welding wire are 574 MPa and 580 MPa,
respectively. The equivalent carbon content (Cy) and
the welding crack susceptibility index (P.,,) of base
metal were calculated using Eqgs. (1) and (2) [24, 25].
The value of Coq and Py, are 0.268% and 0.209%,
respectively. The weldability and crack susceptibility
of welded joints are determined by Ceq and Py, [26].
The solderability is excellent if the value of C.q and
P.n are lower than 0.4% and 0.25%. Therefore, pre-
heating process is not necessary before welding.
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Table 1 Chemical compositions of the base metal and welding wire (mass fraction, %)

C Si Mn P S Als Cu Cr Ni Ti
Base metal 0.069 0.47 0.50 0.023 0.006  0.019 025 045 0.14 0.060
Welding wire < 0.11 0.40-0.80 1.60-1.90 < 0.25 <025 - <0.50 0.20-0.60 2.00-2.50 <0.12
Mn Ni+Cu Cr+Mo+V pieces. The welding direction was perpendicular to
Ceq=C+ T—i_ 15 + 5 (1) the rolling direction of the sample, as shown in
Si Mn+Cu+Cr Ni Mo V Fig. 1a. The specimens for tensile testing, hardness
Pem =C + €+T+%+E+E + 5B testing and microstructural observation were taken

(2)

Welding methods

The semi-automatic arc welding machine was
employed to carry out welding process with shield-
ing gas consisting of CO,. According to previous
studies in the laboratory, the welding current and
voltage were set as 200 A and 18 V, respectively. This
parameter can ensure fine microstructures and
excellent mechanical properties after welding.
Welding speed is an important parameter in welding
process, a proper speed could produce a great extent
of constitutional supercooling at the solidification
front and this in turn helps heterogeneous nucleation,
which is responsible for grain refining in the welded
joint. In this paper welding speed is regarded as a
variable, the speeds are set as 0.5, 0.6 and 0.7 cm/s,
respectively. The heating inputs can be calculated
using Eq. (3) [27]:

E=— ©)

where E is heat input (]~cm*l), U and I are voltage
(V) and current (A), respectively. v is welding speed
(cm s71). From Eq. (3), the calculated heat inputs are
5100, 6000 and 7200 ]-Cmfl, respectively. The detailed
parameters are listed in Table 2. The plate was cut
into several pieces with the dimensions of 450 mm
(length) x 60 mm (width) x 4 mm (thickness), a
single V-type butt groove was machined in these

from the welded plate, as schematically illustrated in
Fig. 1b.

Microstructural observation and mechanical
properties testing

The samples were grounded, polished and etched
with 4% nital for 10 s as per GB/T 26,955-2011. The
microstructure was observed by optical microscope
(OM, model: Zeiss Scope A1), field emission scanning
electron microscopy (SEM, Gemini 500). Microhard-
ness tester (VITD512) was used to test the hardness of
each zone in the weld joints, the loading was 200 g
and 15 s for holding time. The test location was 1 mm
from the top surface of the welded joint. Hardness
testing was conducted with an interval of 0.2 mm
between test points.

Each tensile specimen size was prepared in accor-
dance with GB/T 2651-2008 standard and welded
seam was located in the center, as shown in Fig. 1b.
Tensile tests were carried out using WDW200D uni-
versal material testing machine at a crosshead speed
of 3 mm/min. In order to analyze the fracture
behavior, the tensile specimens with 5100 and 7200 J/
cm were observed by SEM. In addition, the SEM was
also used for secondary electron imaging and elec-
tron backscatter diffraction (EBSD) measurements of
the specimen. The observations were carried out from
two directions: (1) toward the specimen surface and
(2) toward a longitudinal section (Fig. 1c).

Table 2 Detailed parameters

for each specimen No Welding current/A

Welding voltage/V

Welding speed/cm s~ Heat input/J] cm™'

1 200
2 200
3 200

0.7 5100
0.6 6000
0.5 7200

@ Springer



J Mater Sci (2022) 57:16528-16540

(@) (b)

Welding wire

00

Position for metallographic
observations and hardness tests,

16531

Weldment subregions
Discard 50mm a: Welded seam d: MGHAZ

N\ b: CGHAZ e: Base metal
Tensile specimens

S c: FGHAZ
e

Base n}:ﬁs / Qfoz /

$$/ y
$ Welding directio /
", RollinE direction elding power source

e —
— >

450mm

(© ) r Y

< Tensile testing

Position 1

—

Fracture surface for
SEM observation

Wire cutting

Position 2

s g ||

120 4

—>

P

All dimension in mm

Longitudinal section for SEM
and EBSD observation

Figure 1 Schematic diagram of experimental process. a Schematic of welding process; b Schematic of the location for tensile, hardness
and metallographic specimens; ¢ Schematic of the observed section of tensile specimens.

Results and discussion

Effect of heat inputs on the microstructure
of welded joints

Effect of heat inputs on the microstructure of welded seam,
CGHAZ and FGHAZ

Figure 2a shows the schematic diagram of the
microstructure in welded joints, the temperature
varies with the distance from the welded seam. The
microstructure of the welded joints can be divided
into three zones: welded seam, heat affected zone
(HAZ) and base metal. According to the distance to
the welded seam, HAZ can be categorized into a
coarse-grained HAZ (CGHAZ), fine-grained HAZ
(FGHAZ) and mixed-grained HAZ (MGHAZ). The
microstructure of base metal is also shown in Fig. 2a,
it is mainly composed of elongated polygonal ferrite
(PF). Besides, there also exist a small fraction of
degenerate pearlite (DP). The average grain size of
the ferrite is 10.4 um.

Various phase transformation would be occurred
after welding due to the different heating tempera-
ture. The microstructure of the welded seam under
different heat inputs is shown in Fig. 2b—d. The

microstructure consists of lath bainite (LB) and
granular bainite (GB). The lath of bainite become
thick with the increase in heat inputs, besides, the
content of granular bainite is also increased. The
width of bainite lath was measured using SEM
micrographs taken from 10 different locations in
welded seam for each heat input condition, the
average bainite width is shown in Fig. 21. The
increase in heat input would result in the decrease in
cooling rate [28]. Low heat input means that the faster
cooling rate after welding, thus to cause the decrease
in transformation temperature. Hence, the subcooling
degree is increased and the energy required for
nucleation is decreased. This means the lower heat
input would refine the bainite lath [29]. Due to the
higher transformation temperature of granular bai-
nite, the rise of heat input would increase the trans-
formation temperature, which would promote the
formation of granular bainite at higher heat input
[30].

The coarse-grained HAZ is next to the welded
seam. The heating temperature range in this region is
about 1000 to 1400 °C. The temperature is so high that
the austenite grain grows seriously, thus the coars-
ened grains are obtained after cooling. According to
Fig. 2e—g, the microstructure is nearly all granular
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Figure 2 Microstructure of welded joints under different heat
inputs. a Schematic diagram of the microstructure in welded joints;
b-d microstructure of welded seam; e—g microstructure of

bainite under three heat inputs. Moreover, the size of
original austenite grain boundary (OAGB) increases
with the increase in heat input. The original austenite
grain size under the heat inputs of 5100, 6000 and
7200 J/cm is 18, 23 and 29 um, respectively (Fig. 21).
The higher heat input would coarsen the austenite
grain size. Besides, the increase in heat input
decreases the cooling rate, so the residence time of
austenite at high temperature was prolonged and the
grain was coarsened [31].

The area next to the coarse-grained HAZ is fine-
grained HAZ. The heating temperature in this region
is between A3 and 1000 °C. During welding process,
the microstructure of base metal all transformed into
austenite, and the dislocation density is decreased.
As the heating temperature is slightly higher than
A, the austenite grain size is relatively small, thus
uniform and fine ferrite is obtained after cooling. The
microstructure of fine-grained HAZ consists of
equiaxed ferrite (EF) and small percentage of
degenerate pearlite under all heat inputs (Fig. 2h-k).
The average grain size is 8.1, 9 and 10.4 um (Fig. 2I).
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It can be seen that the grain size is slightly coarser as
the heat input increased.

Effect of heat inputs on the microstructure of MGHAZ

The microstructure of the mixed-grained HAZ is
shown in Fig. 3. The microstructure of mixed-grained
HAZ is mainly composed of equiaxed ferrite and
polygonal ferrite. The equiaxed ferrite is similar to
the microstructure in fine-grained HAZ and polygo-
nal ferrite is similar to microstructure in base metal. It
can also be seen that the grain non-uniformity
increases gradually with the increase in heat input
(Fig. 3¢, £, ). The ferrite grain size is in the range of 3
to 16 um and the average diameter is 8.6 pm when
the heat input is 5100 J/cm. However, the size dis-
tribution is in the range of 3 to 22 pm and the average
diameter is 11.3 pm when the heat input increased to
7200 J/cm. The variance of grain size under three
heat inputs are 2.5, 3.1 and 4.3 pm?, respectively. It
shows that the grain size is more non-uniform at
higher heat input.
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Figure 3 Microstructure of MGHAZ under different heat inputs.
the phase transformation in MGHAZ.

The reason for the difference of microstructure
under three heat inputs can be explained in Fig. 3j.
The heating temperature in this region is between A
and Ag. Only a part of the microstructure in this
region transformed to austenite, fine and equiaxed
grains were obtained after cooling. Ferrite that has
not been changed into austenite would grow up and
became coarser when heated. When the heat input
was low, the ferrite would grow up slightly. How-
ever, the higher heat input would cause the ferrite
grains grow larger during welding process. There-
fore, the grain size under higher heat input was more
non-uniform.

The mixed-grained HAZ of 5100 and 7200 J/cm are
characterized by EBSD. We tested the grain size,
uniformity, fraction of recrystallization grains of the
samples under the highest and lowest heat input, so
as to highlight the comparison and emphasize the
effect of heat input on microstructural changes. The
base metal is also used to compare the change of
microstructure after welding. Figure 4a shows the
recrystallization maps of base metal. There are a large
number of deformed grains after rolling process and
the fraction is 39%. During the welding process, part
of the deformed grains transformed into austenite
and became recrystallized grains after cooling, the
dislocation density was lowest. The untransformed
deformed grains would undergo recovery process
and the dislocation density was also decreased
slightly, those deformed grains became substruc-
tured grains after welding. Therefore, the number of
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deformed grains decreased after welding. When the
heat input was 7200 ]J/cm, the deformed grains have
more energy to transform to austenite, and then
became recrystallized grains after cooling. Therefore,
most of the ferrite were recrystallized grains while
substructured grains were few when the heat input
was 7200 J/cm. When the heat input was 5100 J/cm,
the heat input was so low that only a small part of
energy can be provided for the formation of austen-
ite. The residual energy would promote the recovery
of deformed grains and become substructured grains
after cooling. Hence, the number of substructured
grains decrease with the increase in heat input. The
deformed grains decrease and the sum of recrystal-
lized and substructured grains in mixed-grained
HAZ increase apparently after welding, which con-
firmed that the dislocation density is greatly reduced.
It can also be seen that the substructured grains are
larger due to the high temperature under 7200 J/cm.
This also verifies the grain nonuniformity under
higher heat input.

Effect of heat inputs on the hardness
of welded joints

Figure 5a presents the hardness distribution of wel-
ded joints in each zone under different heat inputs.
The average hardness for each zone of the welded
joints is listed in Table 3. It can be seen that the
hardness of each region decreases with the increase
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Figure 5 Hardness distribution maps of welded joints under different heat inputs. a Hardness distribution maps of three heat inputs;
b hardness distribution maps of each heat input.

Table 3 Average hardness in
cach zone of welded joints Heat input/J cm ™' Welded seam CGHAZ FGHAZ MGHAZ Base metal

under different heat inputs

5100 266 228 233 207 222
6000 260 228 226 196 224
7200 252 216 215 183 220

in heat input, which is caused by the variation of the =~ hardness of lath bainite in this region [32, 33]. In
microstructure. addition, the welding wire has a high content of Mn

The hardness changing trend is the same under = and Ni. This element would dissolve in the welded
three heat inputs (Fig. 5b—d). The highest hardness is seam during the welding process, so the solid solu-
in the welded seam, which is due to the high tion strengthening in welded seam was increased.
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The hardness of coarse-grained HAZ is lower than
welded seam owing to the coarsen of microstructure.
The microstructure become ferrite in fine-grained
HAZ. Generally speaking, the hardness of ferrite is
lower than bainite. However, the fine grains formed
in this region increase the grain refinement
strengthening. Therefore, the hardness of the region
not decrease compared with the coarse-grained HAZ.
Mixed-grained HAZ is the region with the lowest
hardness and also the largest hardness difference
exists between this region and base metal. Part of
ferrite in this region transformed into austenite and
the dislocation was reduced, other untransformed
ferrite would grow up and become coarsened. The
dislocation and grain refinement strengthening in
this region were both reduced, thus to cause the
lowest hardness in mixed-grained HAZ. It can also be
seen that the hardness in each region decreases with
the increase in heat input, which is attributed to the
coarsening microstructure.

Effect of heat inputs on strength
and plasticity of welded joints

Effect of heat inputs on the strength of welded joints

The engineering stress—strain curve and average
mechanical properties of welded joints with different
heat inputs are shown in Fig. 6. The yield strength
and tensile strength are in the range of 518 to
577 MPa and 630 to 681 MPa, respectively, and the
elongation are 10% to 13.6% (Fig. 6b). When the heat
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input is 5100 J/cm, the yield strength is 577 MPa and
the elongation is 13.6%. The yield strength of base
metal is 574 MPa and the elongation is 20.2%. The
yield strengths of the 5100 J/cm specimen and base
mental are close, but the elongation of 5100 J/cm
specimen is lower compared to that of base metal,
this is mainly attributed to the non-uniform
microstructure in mixed-grained HAZ. When the
heat inputs are 6000 and 7200 J/cm, the yield
strengths are 541 and 518 MPa, respectively. The
yield strengths decrease by 36 and 59 MPa compared
with that of the 5100 J/cm specimen, and the elon-
gations also decrease by 1.5% and 3.6%, respectively.
It indicates that the mechanical properties of the
welded joint decrease with the increase in heat input.
As for tensile strength, it is mainly determined by the
hard phase in the microstructure. There are more
grains with smaller size in the 5100 J/cm sample than
that of in the base metal and these grains contributed
to the increase in tensile strength. It can also be seen
from Fig. 6a that the specimens were fractured at the
same position, which is all near the junction of the
heat affected zone and the base metal. Combined
with the hardness and microstructure analysis, we
can conclude that the crack first initiated in mixed-
grained HAZ.

The reason for the strength variance under differ-
ent heat inputs can be explained in combination with
microstructure. When the heat input was 5100 J/cm,
only part of the microstructure was austenitized and
fine grains were obtained after cooling in mixed-
grained HAZ. The original polygonal ferrite would

(b) 1000 40
Yield strength
Tensile strength 7 35
800 - Elogation 30
681 i
< % § 651 630 N
A 125
600 F574\\po.2 77 g
=N AN N N |
i 4120 €
g 13.6 g
é 400 12.1 10115 =
110
200 -
15

Base metal 5100 6000 7200

Heat inputs/J-cm™

Figure 6 Engineering stress—strain curve and mechanical property of welded joints with different heat inputs. a Engineering stress—strain

curve; b average mechanical property.
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become slightly coarser after welding. Therefore, the
microstructure of this region consisted of equiaxed
ferrite and original fine polygonal ferrite. The grain
refinement strengthening compensated the loss
caused by the dislocation strengthening, so the yield
strength was nearly the same as that of the base
metal. However, the sum of recrystallized and sub-
structured grains reached up to 99% when the heat
input was 7200 J/cm (Fig. 4c), leading to the great
reduction in the dislocation density. Ferrite without
austenite transformation would become extremely
coarsen at higher temperature, this would lead to the
decrease in grain refinement strengthening. As a
result, the large grains and small grains with low
dislocation density were obtained. The dislocation
strengthening and grain refinement strengthening
were relatively low when the heat input was 7200 J/
cm, causing the decrease in strength. From the per-
spective of precipitation strengthening, the tempera-
ture in this region was so low that the Ti elements
cannot be dissolved [20]. Moreover, previous studies
showed that the cooling rate after welding was so fast
that it would not have a significant effect on the
precipitation behavior [34]. It can be inferred that
there is little difference between the precipitate
behavior under three heat inputs, so the precipitation
strengthening is not the reason for strength differ-
ence. Based on the above analysis, the reasons caused
the strength difference under different heat inputs
are attributed to the grain refinement strengthening
and dislocation strengthening.

Effect of heat inputs on the plasticity of welded joints

Generally speaking, the increase in strength is
accompanied by the decrease in plasticity. However,
the strength and plasticity are both the highest when
the heat input is 5100 J/cm. The fracture morphology
of tensile samples with 5100 and 7200 J/cm heat
inputs were observed by SEM and EBSD in order to
clarify the reasons for the plasticity difference.

The fracture surfaces with different heat inputs are
shown in Fig. 7b, f. All the fracture surfaces of the
specimens consist of dimples. It can be seen that they
all belong to ductile fracture. It is observed that the
5100 J/cm specimen contains a large fraction of big
and deep dimples while the 7200 J/cm specimen has
more small and shallow dimples. In the deformation
process, the plastic deformation would produce
micro cavities. The dimples are formed after these
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cavities are nucleated, grown, gathered and finally
connected with each other. The formation of large
dimple needs more energy and increases the diffi-
culty of fracture, so the plasticity is better when the
specimen has more big dimples.

Figure 7c, g shows the microstructure in mixed-
grained HAZ of the fractured specimens. It can be
seen that the ferrite grains are uniformly elongated
and there are few microcracks in the 5100 J/cm
specimen, while the ferrite grains are breakage and
more microcracks are observed in 7200 J/cm. This is
caused by microstructure in mixed-grained HAZ,
which can also be verified by the EBSD results shown
in Fig. 7h. The grain size near the fracture surface is
more non-uniform at 7200 J/cm, resulting in the
more uncoordinated deformation during the tensile
process. Cracks were more likely to initiate under this
heat input, so the plasticity is relatively low. In con-
trast, the microstructure of base metal is uniform, so
the base metal has the highest plasticity. In Fig. 7d, h,
the grains oriented in < 111 > //RD, < 101 > //RD
and < 001 > //RD directions have been simply
showed with blue, green and red colors, respectively.
It is obvious that the 5100 J/cm specimen has stron-
ger <111 > //RD texture than that of 7200 J/cm
specimen. This is because the grains of 5100 J/cm
specimen could deformation more coordinately dur-
ing tensile process, the primary slip enabled the
tensile axis to rotate toward the < 111 > direction.
The < 111 > is the close-packed direction of body
centered cubic metal, which is beneficial to plastic
deformation. Eskandari et al. [35] observed similar
texture in high Mn steel, they found that <111 >
fibers were strengthened during tensile process.
However, there is no obvious texture in 7200 J/cm
specimen since the microstructure is quite non-uni-
form and also the specimen fractured at the earlier
stage of tensile process.

Figure 8 shows the schematic of the microstructure
for different heat inputs and the crack propagation.
The ferrite grains consist of two parts, one is the
coarsened and polygonal ferrite transformed from
original ferrite (represented in yellow), another is fine
and equiaxed ferrite transformed from austenite
(represented in gray). When the heat input was low,
the original ferrite grew wup slightly, so the
microstructure in this heat input was relatively uni-
form. However, the original ferrite would coarsen
further under high heat input. Therefore, the
microstructure was non-uniform under high heat
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Tensile axis

Figure 7 SEM and EBSD images of 5100 and 7200 J/cm specimens. a, e The intersection the longitudinal section with the fracture and
specimen surface; b, f the fracture surface; c, d, g, h the longitudinal section.

input. The specimen showed better plastic deforma-
tion in tensile process due to smaller and more uni-
form ferrite grains when the heat input was low. This
microstructure can promote the strain transmission
in the constituent grains, so the coordinated defor-
mation ability during the tensile process was
improved [36, 37]. Therefore, the stress concentration
was reduced and the plasticity was increased. In
contrast, the higher heat input specimen had more
non-uniform grains. In the tensile process, the
polygonal ferrite had undergone large deformation
and the grain was obviously elongated (seen in
Fig. 8b), while the equiaxed ferrite had undergo
small deformation and the grain had no obvious
change. Consequently, the strain was more likely to
concentrate in non-uniform ferrite grains due to the
absence of an effective coordinated deformation.
Therefore, cracks appeared earlier in specimens with
high heat input and the plasticity was also decreased.

Conclusion

In this study, the effects of heat input (5100, 6000 and
7200 J/cm) on the microstructure, hardness, strength
and plasticity of welded joints are studied. The con-
clusions are as follows:

1. The microstructure of base metal consisted of
polygonal ferrite and small amount of degenerate
pearlite. The microstructure of welded seam was
lath bainite and granular bainite after welding.
The microstructure of CGHAZ and FGHAZ
consisted of granular bainite and equiaxed ferrite,
respectively. The microstructure of MGHAZ
mainly consisted of two parts: one was and
equiaxed ferrite transformed from austenite, the
other was coarsened and polygonal ferrite trans-
formed from original ferrite.
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The hardness test result showed that the maxi-
mum hardness difference existed between
MGHAZ and base metal. Parts of the microstruc-
ture in MGHAZ had underwent austenitizing
process and the dislocation strengthening was
weakened, the original ferrite became larger and
the grain refinement strengthening was also
reduced. Therefore, it caused the lowest hardness
in MGHAZ.

As the heat input increased from 5100 to 7200 J/
cm, the strength decreased by 59 MPa. The
amount of austenitized ferrite increased and the
original ferrite became coarser with the increase
in heat input. Therefore, grain refinement
strengthening and dislocation strengthening were
both weakened, resulting in the decrease in
strength.

The elongation decreased by 3.6% when the heat
input increased from 5100 to 7200 J/cm. The
microstructure was relatively uniform when the
heat input was 5100 J/cm. However, the original
ferrite would become coarsen further with the
increase in heat input, resulting the non-uniform
microstructure at higher heat input. The 5100 ]/
cm specimen could deform more coordinately

@ Springer

High heat input
(Nonuniform grains)

during tensile process, so it had highest plasticity
among three heat inputs.
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