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Abstract
The Gleeble 1500 test machine was used to simulate the single-pass welding thermal cycle
of BWELDY960Q steel under diﬀerent heat input conditions. In this paper, microstructure
observation and mechanical properties of BWELDY960Q steel specimens in coarse grain heat
aﬀected zone (CGHAZ) under diﬀerent heat input conditions were investigated. The results
show that under diﬀerent heat input conditions, the microstructure of CGHAZ is lath martensite, granular bainite, or M-A constituent. As heat input increases, the number and size of
the M-A constituent increase accordingly, and the microstructure gradually changes from lath
martensite to granular bainite. Meanwhile, compared with the previous samples, the CGHAZ
austenite grain diameter increases, and the grain size scale decreases. Furthermore, the value
of the CGHAZ impact absorbing energy increases at ﬁrst but then decreases, while microhardness monotonously decreases. At –20 ◦C compared with the base metal, the impact absorbing
the energy of CGHAZ is signiﬁcantly reduced, and embrittlement occurs.
K e y w o r d s : BWELDY960Q steel, heat inputs, coarse grain heat aﬀected zone, microstructure, mechanical properties

1. Introduction
Low-alloy high-strength steel possesses excellent
performance and remarkable economic beneﬁts and
is widely used in welded structures. To improve production eﬃciency and save cost, the welding structure
design is developing in the direction of high parameters, such as lightweight and large scale [1–5]. Welding
is a key technical problem aﬀecting the application
of low-alloy high-strength steel. In the welding process, heat input is an important process parameter,
which has a signiﬁcant impact on the microstructure
and properties in the welding heat-aﬀected zone of
low-alloy high-strength steel [6–10]. After the thermal
welding cycle, CGHAZ is in a superheated state during the welding process, and the grain is severely rough
and brittle, resulting in a weak area of the welded
joint occurring in CGHAZ. Therefore, it is necessary
to study the microstructure and properties of highstrength steel CGHAZ. In this ﬁeld, Ma investigated
the eﬀect of the CGHAZ welded Ti-Nb micro-alloy
*Corresponding author: e-mail address: huaq2008@163.com

steels on the microstructure under low heat input with
C concentration varied from 0.028 to 0.058 wt.%. It
was found that the CGHAZ microstructure exhibited
a systematic response to C content variation. The variation leads to the increase of temperature for NbC
and coarser (Ti, Nb) N-Nb (C, N) precipitation, but
ﬁner delayed strain-induced NbC in the high carbon
steel than in the low carbon steel [11]. Li investigated
the eﬀect of second peak temperature on microstructure feature of the subcritical (SC), intercritical (IC),
supercritical (SCR), and unaltered (UA) reheated
CGHAZ during in-service welding. It was found that
low heat input and accelerated cooling would lead to
the smaller grain size in reheated CGHAZ, and the
brittle microphases were eliminated or minimized [12].
BWELDY960Q steel is a low-alloy high-strength
welded structural steel, known for its high strength
and good low-temperature impact toughness. It is often used in the ﬁelds of engineering machinery, mining,
port, and hydropower. The single pass welding thermal cycle of BWELDY960Q steel was simulated by
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T a b l e 1. Chemical composition of BWELDY960Q steel in this study (mass%)
Steel
BWELDY960

C

Si

Mn

S

P

Cr

Ni

Mo

Nb

V

Ti

B

0.18

0.50

1.60

0.01

0.02

0.08

1.00

0.60

0.05

0.05

0.03

0.05

T a b l e 2. Mechanical properties of BWELDY960Q in this study
Steel
BWELDY960Q

Rp0.2 (MPa)

Rm (MPa)

A (%)

Akv (J), –20 ◦C

960

980

12

102

Table 3. Thermal cycle parameters of CGHAZ under diﬀerent heat inputs
Peak temperature, TP1
( ◦C)

Heating rate, ωH
( ◦C s−1 )

Peak temperature hold time, tH
(s)

Heat input, q
(kJ cm−1 )

Cooling time, t8/5
(s)

1320
1320
1320
1320

103
103
103
103

2
2
2
2

10
20
30
40

13
27
50
70

Fig. 1. The microstructure of BWELDY960Q steel.

welding thermal simulation technology. The variation
of microstructure and properties of CGHAZ under different heat input were studied, which provided a basis
for formulating reasonable welding process and engineering application.

2. Experimental
2.1. Material and test preparation
The test used BWELDY960Q steel as experimental steel and the microstructure of the base metal
was tempered sorbite. The thickness of the plate was
10.04 mm in the quenching supply state. The microstructure was performed by a Leica QM500 optical

microscope, as shown in Fig. 1. Chemical composition
and mechanical properties are shown in Tables 1 and
2. The critical phase transition temperatures AC1 , AC3
of BWELDY960Q steel are 725 and 876 ◦C, respectively.
Thermal simulation test was carried out using
a Gleeble 1500 simulation test machine, and thermal simulation samples were taken in the direction
of parallel steel plate rolling. The sample size was
90 mm × 10 mm × 10 mm, taken from the weld
CGHAZ of the material, and the peak temperature
(Tp1 ) was 1320 ◦C. The heat input was 10, 20, 30, and
40 kJ cm−1 , and the parameters of the thermal welding cycle are shown in Table 3. The actual welded joint
of BWELDY960Q steel was obtained by MAG welding
method. Panasonic VD-500GL3 full digital pulse welding machine was used to carry out welding. The heat
input was 10 kJ cm−1 , the test plate thickness was
10 mm, the joint was in the form of V-groove ﬂat butt
welding, the angle of the groove is 60◦ , the blunt edge
is 2 mm, the gap was 2 mm, and 80 % Ar + 20 % CO2
mixed gas was used as the welding shielding gas, the
shielding gas ﬂow rate was 16–17 L min−1 for multi-layer multi-pass welding.
The thermal simulation samples under diﬀerent
heat input conditions were processed into standard
impact specimens of 10 mm × 10 mm × 55 mm. The
V-notches were machined at the thermocouple spot
welding, and the impact test at –20 ◦C was performed
using a JB-30B impact tester. The average value of
three samples of each group was obtained. The metallographic sample was taken from the cross section of
the thermal simulation sample to observe microstructure. The thermal simulation sample was cut into
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Fig. 2. The optical microstructure of CGHAZ under diﬀerent heat inputs: 10 kJ cm−1 (a), 20 kJ cm−1 (b), 30 kJ cm−1 (c),
and 40 kJ cm−1 (d).

1 mm thin slices by wire cutting, and the TEM samples were prepared by mechanical thinning and electrolytic double spraying.

3. Results and discussion
3.1. CGHAZ microstructure
The optical microstructure of CGHAZ of
BWELDY960Q steel under diﬀerent heat input conditions is shown in Fig. 2, and the SEM microscopic
morphology is presented in Fig. 3. After the simulated welding thermal cycle, the microstructure of
CGHAZ is lath martensite, granular bainite, or M-A
constituent. The morphology, size, and distribution of
CGHAZ are diﬀerent due to diﬀerent heat inputs. Under the lower heat input (10 kJ cm−1 ) and a faster
cooling rate, the microstructure of CGHAZ is coarser
lath martensite. It can be seen in Figs. 2a and 3a
that at the austenite grain boundaries, parallel slats
grow from the grain boundaries into the crystal and
slender slats stretched in the same orientation form
a wide slat bundle. When the heat input amount
reaches 20 kJ cm−1 and the cooling rate decelerates,
the austenite grains sharply grow up and the number
of lath martensite decreases, causing the microstruc-

ture transforms into a mixture of martensite and bainite [13–16]. A little M-A constituent appears in the
microstructure, but the M-A constituent size is still
small, as shown in Figs. 2b, 3b.
When the heat input further increases and corresponding cooling time (t8/5 ) prolongs, the bainite
in the structure is in a transition state, and the lath
features disappear gradually. The microstructure of
CGHAZ is transformed into a mixture of granular
bainite and M-A constituent, distributed in strips or
blocks on the matrix of ferrite base with the size
and amount rising gradually, as shown in Figs. 2d,
3d. The formation of M-A constituent preferring at a
lower cooling rate is due to the increase of carbon content in austenite. When the non-equilibrium structure
of CGHAZ is reheated, because the non-equilibrium
structure has a speciﬁc orientation, the carbon is directionally diﬀused to form new austenite with obvious direction and forms a carbon-rich region. During
the subsequent cooling process, carbon-rich austenite
transforms to M-A constituent [17–20]. As the heat
input increases, the cooling becomes slower, which is
beneﬁcial to the precipitation and aggregation of M-A
constituent [21–24].
EDS analysis (Fig. 4) was performed on the 1
point of the M-A constituent and the 2 points near
the matrix in Fig. 3d. By analysis, it is found that
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Fig. 3. SEM microstructure of CGHAZ under diﬀerent heat inputs: 10 kJ cm−1 (a), 20 kJ cm−1 (b), 30 kJ cm−1 (c), and
40 kJ cm−1 (d).

Fig. 4. Energy dispersive spectrometer analysis of M-A constituent (a) and base metal (b).

the carbon content at points 1 and 2 is 14.60 %
and 5.28 %, respectively. The carbon content of the
M-A constituent is signiﬁcantly higher than that of
the matrix. When the experimental steel CGHAZ is

in the mid-temperature upper bainite transformation
zone, the cooling rate is small. So carbon is diﬀused
from the α/γ-phase boundary to γ, and the island-shaped M-A constituent surrounded by ferrite is en-
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Fig. 6. Austenite grain size rating and average grain diameter of CGHAZ under diﬀerent heat inputs.

Fig. 5. TEM morphology of CGHAZ: 10 kJ cm−1 (a) and
40 kJ cm−1 (b).

riched with a large number of carbon atoms, resulting in the higher carbon content of M-A constituent.
Figures 5a,b show the structural characteristics of
CGHAZ at heat input rates of 10 and 40 kJ cm−1 . At
lower heat input (10 kJ cm−1 ), it is observed that the
martensite microstructure has obvious slab morphology and its structure is mainly dislocation with a local
lattice distortion region around it. When the heat input reaches 40 kJ cm−1 , the microstructure of CGHAZ
is granular bainite and M-A constituent, which is distributed in strips or blocks on the original austenite
grain and grain boundaries with the maximum size
reaching up to 1.6 µm, as shown in Fig. 5b.
3.2. CGHAZ grain size analysis
The relations of CGHAZ austenite grain size scale
and the average grain diameter, as well as heat input,
are presented in Fig. 6. It is found that the heat input signiﬁcantly aﬀects the size of the CGHAZ grains,
and under diﬀerent heat inputs, after the heat cy-

Fig. 7. Properties of CGHAZ under diﬀerent heat inputs.

cle of welding, the CGHAZ austenite grains diameter
changes greatly. When the heat input increases from
10 to 20 kJ cm−1 , the grain size of CGHAZ increases
sharply, becoming twice approximately. However, as
the heat input increases from 20 to 30 kJ cm−1 , the
rising rate of CGHAZ grains becomes slowly. However, when the heat input increases to 40 kJ cm−1 , the
austenite grain size tends to be stable. The increase
of heat input causes the small particles pinned at the
austenite grain boundary to dissolve, and the pinning
eﬀect cannot be achieved, also, the atomic diﬀusion velocity at the austenite grain boundary increases, which
is beneﬁcial to austenite grain growth [25–28].
3.3. CGHAZ mechanical properties
The eﬀect of diﬀerent heat inputs on the mechanical properties of CGHAZ is shown in Fig. 7. At
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–20 ◦C, in comparison with the base metal, the impact
absorbing the energy of CGHAZ is greatly reduced,
which means that the CGHAZ of BWELDY960Q steel
is embrittled. The CGHAZ is the weakest zone of the
welded joint, and its impact toughness mainly depends
on the selection of the heat input. As the heat input
increases, the value of the impact absorbing energy
increases at ﬁrst and then decreases. After the experimental steel experienced a thermal cycle with a
peak temperature of 1320 ◦C, microstructure has undergone major changes. When the heat input is low
(10 kJ cm−1 ), as shown in Fig. 3a, the CGHAZ structure is mainly lath martensite, the slats are thin and
straight, while the cracks are easy to expand between
the martensite laths; all of them lead to toughness decrease. When the heat input is 20 kJ cm−1 , the value
of CGHAZ impact absorption energy is 20 J, which
reaches the maximum value. Although the austenite grains have grown signiﬁcantly, the microstructure is a mixed structure of lath martensite and granular bainite, a small quantity of M-A constituent
with small size is distributed on the ferrite matrix,

as shown in Fig. 3b, so that the impact toughness is
slightly improved. As the heat input further increased
to 30 kJ cm−1 , the cooling time is prolonged, which
provides favorable conditions for the formation of
M-A constituent. The bright white M-A constituent
with various shapes, such as long strips, rods and islands, is distributed along grain boundaries and grain
interior. Also, the number of M-A increases signiﬁcantly, and the size of the M-A constituent becomes
larger, which becomes the main channel for crack
propagation. Shown in Figs. 3c,d, the impact toughness of CGHAZ drops sharply [29–31].
When the welding heat input increases from 10 to
40 kJ cm−1 and the cooling rate becomes slower, the
microhardness of CGHAZ shows a monotonous downward trend. When the welding heat input is small,
that is, the cooling speed is fast, the lath martensite
microstructure is mainly formed. The high-density dislocation of the lath martensite acts as a pinning effect, which increases the resistance of the dislocation
motion and limits the slip of the dislocation, leading
to higher hardness [32, 33]. When the heat input in-

Fig. 8. Micro-fracture feature of CGHAZ under diﬀerent heat inputs: 10 kJ cm−1 (a), 20 kJ cm−1 (b), 30 kJ cm−1 (c), and
40 kJ cm−1 (d).
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creases, granular bainite gradually forms in the structure. Due to the high formation temperature of the
granular bainite, the ferrite base strip is coarser, the
carbon supersaturation and the dislocation density are
much lower, which leads to lower hardness value [34,
35].
The eﬀect of the microstructure, grain size, number of M-A constituent, and morphology distribution of BWELDY960Q steel CGHAZ on toughness is
very important. There are two main reasons for the
CGHAZ embrittlement. On the one hand, the
CGHAZ grains are coarse, and the peak temperature
far exceeds the critical phase transition temperature
AC3 . After rapidly heating and cooling, the grains obtained in the microstructure are coarse, the number
of grain boundaries is small, and the crack propagation resistance is lowered, which results in a signiﬁcant
decrease in impact toughness. On the other hand, as
the heat input increases, both the size and number of
M-A constituent in the microstructure are increased,
and microcracks ﬁrstly formed at the interface between the M-A constituent and the ferrite matrix. The
stripy or large M-A constituent provide a channel for
the formation and expansion of cracks so that toughness sharply decreases. It means that larger size of
M-A constituent has a signiﬁcant hazard to toughness.
Scanning electron microscopy is used to observe
the microscopic morphology of the impact fracture of
CGHAZ specimens at –20 ◦C under diﬀerent heat input conditions, as shown in Fig. 8. It can be seen from
Fig. 8 that under the diﬀerent heat input conditions,
the sample has almost no macro-plastic deformation
before fracture, and the microscopic morphology has
cleavage fracture. The original coarse austenite grain
size grade of CGHAZ is lower, the size of the cleavage
plane becomes more extensive, the number of grain
boundaries decreases and the straight river pattern
extends from the cleavage cracking to the surrounding, the crack expansion forms a fracture step when it
encounters an obstruction. Also, the M-A constituent
can promote the formation of cracks as a potential
crack source, the crack is easy to form and expand
under the impact load, resulting in lower value of
CGHAZ impact work, poor toughness, and impact
fracture is cleavage fracture.
3.4. Comparative analysis
The heat input to BWELDY960Q steel during the
MAG welding process is the heat generated by the
arc. When the adjacent weld site is subjected to high
arc heat, the temperature of the heat inﬂuence is a
gradient, which leads to the continuity and gradient
microstructure of the heat aﬀected zone. The thermal
simulation takes longer to heat up to the peak temperature than the practical welding, and the subsequent
cooling rate is also slower than that of practical weld-
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Fig. 9. The microstructure of CGHAZ under practical
welding.

ing. The microstructure transformation during heating is the same as the one during cooling, and there is
no microstructure gradient to limit the grain growth,
so that the grain of the simulated welding CGHAZ is
coarser, as shown in Fig. 9. In terms of performance,
the hardness of the practical welding CGHAZ is higher
than that of thermal simulation CGHAZ under the
same heat input condition (10 kJ cm−1 ). Although the
microstructure of the thermal simulation CGHAZ is
diﬀerent from the practical welding, the thermal simulation technology can be used to reveal the changes of
CGHAZ microstructure performance under diﬀerent
thermal cycles, which has speciﬁc signiﬁcance to promote the welding application of BWELDY960Q high
strength steel.

4. Conclusions
1. The CGHAZ microstructures are lath martensite, granular bainite or M-A constituent under different heat inputs. As the heat input increases, the
microstructure changes from lath martensite to granular bainite, and the number as well as the size of M-A
constituent increase.
2. The CGHAZ austenite grains are coarsened after a thermal cycle of welding under diﬀerent heat inputs. When the heat input amount increases from 10
to 20 kJ cm−1 , the grains of CGHAZ sharply grow up,
and the grain size of CGHAZ at 20 kJ cm−1 is about
twice that at 10 kJ cm−1 . Under the diﬀerent heat
input conditions, the sample has almost no macroplastic deformation before fracturing, and the microscopic morphology is cleavage fracture.
3. As the heat input increases, the value of the
CGHAZ impact absorbing energy increases ﬁrst and
then decreases, while microhardness monotonously increases. At –20 ◦C, the CGHAZ impact absorbing en-
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ergy is signiﬁcantly decreased, that is, the embrittlement occurs.
4. The grain diameter of the simulated welded
CGHAZ is larger than that of the practical welded
CGHAZ.
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