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Abstract

The welding thermal simulation technology was used to simulate secondary thermal cy-
cle of coarse grain heat-affected zone (CGHAZ) of BWELDY960Q steel, and the change of
microstructure and toughness in CGHAZ after reheating was studied in detail. The results
show that when the peak temperature of the secondary thermal cycle is 1200 and 1000◦C, the
microstructure of reheated coarse grain heat-affected zone (RCGHAZ) is martensite; when
the peak temperature is 800◦C, the microstructure of RCGHAZ constitutes of martensite,
granular bainite and M-A constituent. The toughness of CGHAZ is improved undergoing
secondary thermal cycle, but it is still lower than that of base metal. Compared with the me-
chanical properties of CGHAZ, the hardness values of inter-critical and sub-critical RCGHAZ
are decreased, while the toughness of super-critical and sub-critical RCGHAZ is increased.
Impact fracture exhibits evident plastic deformation, the edge of fracture has tearing edges
and corners, and microscopic morphology presents the characteristics of dimp fracture.

K e y w o r d s: HSLA steel, reheated coarse grain heat-affected zone, microstructure, prop-
erties

1. Introduction

BWELDY960Q steel is a low carbon and low alloy
high strength steel with good toughness and excel-
lent welding performance, which was usually applied
in the engineering fields of bridges, construction, and
hydropower. Due to high strength of BWELDY960Q
steel, it can reduce the weight of the structural parts
and achieve the goal of saving steel, so it has very
significant economic benefits. Welding is a key techni-
cal issue for the application of low alloy high strength
(HSLA) steel. Under various welding conditions, some
problems, such as cold cracking in welded joints and
the toughness of heat-affected zone (HAZ) is asked to
improve, and crack is prevented [1–5]. Because HAZ
undergoes welding thermal cycling, its properties are
different from those of base metal, and directly affect
whether the welded joints can be safely applied [6–10].
In the engineering, multi-layer and multi-pass

welding is often used to weld low alloy high strength
steel to obtain welded joints, and multi-layer welding
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is constituted by many single-layer welding thermal
cycles; therefore the secondary thermal cycle during
the welding process has a certain impact on the mi-
crostructure and properties of HAZ.
By simulating a thermal cycle test, it is known that

the CGHAZ of BWELDY960Q steel has relatively low
impact toughness and becomes the most severely em-
brittled zone in HAZ. The welding thermal simulation
technology is used to further study the change of mi-
crostructure and properties of CGHAZ after the sec-
ondary thermal cycle, which provided a basis for the
development of reasonable welding process and engi-
neering application.

2. Experimental procedures

2.1. Materials

BWELDY960Q steel was used for experimental
material, which processed with the heating tempe-
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Ta b l e 1. Chemical composition of BWELDY960Q steel (mass%)

Steel C Si Mn S P Cr Ni Mo Nb V Ti B

BWELDY960Q 0.18 0.50 1.60 0.01 0.02 0.08 1.00 0.60 0.05 0.05 0.03 0.005

Ta b l e 2. Mechanical properties of experimental steel

Steel Yield strength Tensile strength Elongation Impact toughness
(MPa) (MPa) (J) –20◦C

BWELDY960Q 960 980 12 % 102

Ta b l e 3. Welding thermal simulation parameters

Temperature Temperature Heating rate ωH Holding time tH Heat input q
Tp1 (◦C) Tp2 (◦C) (◦C s−1) (s) (kJ cm−1)

URCGHAZ 1320 1200 103 2
SCRCGHAZ 1320 1000 103 2

10IRCGHAZ 1320 800 103 2
SRCGHAZ 1320 600 103 2

Fig. 1. The microstructure of BWELDY960Q steel.

rature at 900◦C for 2 h and tempering to 650◦C for
1 h. The microstructure of experimental steel was
tempered sorbate, as shown in Fig. 1. The chemical
composition of BWELDY960Q steel is shown in Ta-
ble 1. The experimental steel has the yield strength
of 960MPa and tensile strength of 980MPa, and its
critical phase transition temperature Ac1 is 725◦C and
Ac3 is 876◦C.

2.2. Methods

The test was carried out by using the Gleeble
1500 thermo-mechanical simulator to simulate the
thermal cycling test. The peak temperature Tp1 of

a thermal cycle was 1320◦C, and the peak tempe-
rature Tp2 of the secondary thermal cycle is 1200,
1000, 800, and 600◦C, respectively, for unaltered re-
heated coarse grain heat-affected zone (URCGHAZ),
super-critical reheated coarse grain heat-affected zone
(SCRCGHAZ), inter-critical reheated coarse grain
heat-affected zone (IRCGHAZ), and sub-critical re-
heated coarse grain heat-affected zone (SRCGHAZ).
Table 3 lists the thermal simulation test parame-
ters, and Fig. 2 presents the thermal cycle curves
at different temperatures. The actual welded joint
was obtained with 80%Ar + 20%CO2 as a protec-
tive gas for multi-layer and multi-pass welding. The
plate thickness was 10mm, and the heat input was
10 kJ cm−1.
The sample subjected to the secondary ther-

mal cycle was processed into a standard sample of
55mm × 10mm × 10mm with a V-notch opened at
the thermocouple spot welding position, and JB-30B
type impact test machine was used to impact test at
–20◦C in accordance with GB/T229-2007. All the sim-
ulated samples were ground, polished, and etched with
4% (volume fraction) nitric acid solution to observe
microstructure by optical microscope (OM) and scan-
ning electron microscope (SEM). The simulated sam-
ple with peak temperature of 800◦C was cut into 1 mm
thin slices by wire cutting, and transmission electron
microscopy (TEM) sample was prepared by mecha-
nical thinning and electrolytic double spraying with
10% (volume fraction) perchloric acid alcohol solu-
tion as the electrolytic double spray, voltage 18 V and
temperature –20◦C.
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Fig. 2. Thermal cycle curve of reheating coarse grain heat-affected zone: URCGHAZ (a), SRCGHAZ (b), IRCGHAZ (c),
and SCGHAZ (d).

3. Results and discussion

3.1. Microstructure analysis

Figure 3 presents the microstructure of CGHAZ
of BWELDY960Q steel. As shown in Fig. 3, the
microstructure has the characteristic of the coarse-
-grained lath martensite (ML). The temperature of
a thermal cycle is 1320◦C, at this time, the heat-
ing temperature is much higher than Ac3, and the
coarse-grained austenite is cooled to obtain coarse lath
martensite.
Figure 4 presents the microstructure of reheated

coarse grain heat-affected zone (RCGHAZ) at differ-
ent temperature. When the peak temperature Tp2 is
1200◦C, due to the high heating temperature, the
prior austenite grain grows significantly; coarse-grain
martensite is obtained after cooling. Moreover, the
microstructure is not significantly improved; thus, it
consists of lath martensite (Fig. 4a). When the peak
temperature Tp2 is 1000◦C that is between Ac3 and
1100◦C, the coarse grain martensite undergoes heat
again, and the prior austenite grains are remarkably

Fig. 3. The microstructure of the coarse grain heat-affected
zone.

refined; therefore fine-grain lath martensite is obtained
(Fig. 4b). When the peak temperature Tp2 is 800◦C
that is between Ac1 and Ac3 because the sample is
heated quickly and the holding time is very short un-
der high temperature, only part of the phase trans-
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Fig. 4. Microstructure of RCGHAZ at different temperatures: 1320 + 1200 ◦C (a), 1320 + 1000◦C (b), 1320 + 800◦C (c),
and 1320 + 600◦C (d).

Fig. 5. TEM observation of IRCGHAZ: TEM morphology of M-A constituent (a) and electron diffraction (b).

forms into granular bainite (GB) during the sub-
sequent cooling process, another part of the phase
has not changed; therefore a mixed microstructure of
martensite and granular bainite occurs. The island
phase appears in the mixed microstructure; the dis-
continuous strips composed of M-A constituent are

arranged in parallel on the ferrite matrix (Fig. 4c).
When the experimental steel CGHAZ is in the mid-
-temperature upper bainite transformation zone, the
cooling rate is small, and carbon is diffused from the
α/γ-phase boundary to γ, the island-shaped M-A con-
stituent surrounded by ferrite is enriched with a large
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number of carbon atoms, resulting in higher carbon
content of M-A constituent [11–13]. When the peak
temperature Tp2 is 600◦C lower than Ac1 and the
sample is subjected to high-temperature tempering,
the microstructure is still dominated by lath marten-
site, and the lath structure is clearly visible (Fig. 4d).
When the alloy steel is tempered at a higher tempe-
rature, the carbon concentration of the phase is main-
tained and only a small part of the carbide is precipi-
tated [14–16].
M-A constituent is further observed in the mi-

crostructure of IRCGHAZ by using TEM (Fig. 5).
The M-A constituent is formed at a moderate cooling
rate, and its formation conditions are similar to those
of upper bainite (Bu). After the non-equilibrium mi-
crostructure of CGHAZ is heated again to the two-
-phase zone and the amount of austenite increases.
During the cooling process, to ensure the stability of
austenite, the carbon atoms constantly diffuse into un-
transformed austenite, leading to a carbon-rich zone
formed, and this concentration does not reach the ex-
tent of carbide precipitation. The part of the carbon-
rich austenite transforms into martensite, the other
part is retained austenite, and the M-A constituent is
formed [17, 18]. M-A constituent becomes a potential
crack source, which causes stress concentration, and
an embrittlement appears [19, 20]. From Fig. 5a, we
can see that M-A constituent appears at the grain
boundary. As shown in Fig. 5b, there are two sets
of spots of martensite and austenite in the electron
diffraction image, the large white dots are marked as
martensite, and the black dots are marked as austen-
ite. When the secondary thermal cycle peak tempera-
ture is between Ac1–Ac3, the M-A constituent appears
in IRCGHAZ at the appropriate cooling rate.

3.2. Impact toughness and microhardness

The impact toughness and microhardness of the
base metal are 102 J and 383HV, respectively, and the
impact toughness and microhardness of CGHAZ are
18 J and 410HV, respectively. Figure 6 presents the
impact toughness and microhardness of RCGHAZ at
different temperature. After CGHAZ undergoes differ-
ent peak temperature thermal cycles in the secondary
thermal cycle, the toughness and microhardness of the
CGHAZ have varying degrees of change, and the sec-
ondary thermal cycle has a certain influence on impact
toughness and microhardness. When the peak tem-
perature Tp2 is 1200◦C, the impact toughness is still
low, and its loss is 73.26% of the base metal. Due to
the existence of microstructure inheritance, the coarse
grain characteristics of the CGHAZ is inherited, that
is, almost no significant change happens in URCG-
HAZ, and the hardness is similar to CGHAZ. When
the peak temperature Tp2 is 1000◦C, the microstruc-
ture grain is refined, and the impact toughness is sig-

Fig. 6. Impact toughness and microhardness of RCGHAZ.

nificantly improved, which is similar to the base metal.
Compared to the impact toughness of CGHAZ, it is
increased by about 4.5 times. The microhardness is
also improved, with its value increased by 19.3% com-
pared with that of CGHAZ. When the peak tempera-
ture Tp2 is 800◦C, the impact toughness loss is 67.32%
of that of the base metal. The microhardness value
decreases due to the mixing of martensite and gran-
ular bainite grains. Besides, the grain size becomes
inhomogeneous. When the peak temperature Tp2 is
600◦C, CGHAZ is subjected to high-temperature tem-
pering treatment, which leads to the impact toughness
improved nearly twice, since the internal quenching
stress is eliminated during tempering, and the phe-
nomenon of carbide precipitation and recovery of fer-
rite occurs. The microhardness value is lower than the
hardness of the base metal and SCGHAZ shows tem-
per softening phenomenon due to the fast heating and
cooling rate.
According to the above analysis, it is found that,

after CGHAZ undergoes the secondary thermal cy-
cling, URCGHAZ and IRCGHAZ become severely em-
brittled areas due to lower impact toughness. When
the heating temperature is much higher than Ac3, the
microstructure is transformed into coarse austenite af-
ter heating, and coarse martensite is obtained after
cooling transformation. The microstructure is not im-
proved obviously, and the impact toughness is still low.
When the peak temperature Tp2 is 800◦C, the mi-

crostructure of IRCGHAZ has inhomogeneous and
coarse characteristic, therefore the grain size in the
local area is still large. As lath martensite is heated
to 800◦C, in order to reduce the phase change resis-
tance, the austenitic nucleus is parallel to the densely
packed surface and direction of non-equilibrium mi-
crostructure. Therefore, it forms an orientational nu-
cleation, and the austenite inherits the characteristic
of coarse grain during a thermal cycle, so that the mi-
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Fig. 7. Fracture morphology of RCGHAZ: 1320 + 1200◦C (a), 1320 + 1000◦C (b), 1320 + 800◦C (c), and 1320 + 600◦C
(d).

crostructure has not been refined, which leads to lower
toughness.
In addition, the local embrittlement of IRCGHAZ

is also related to the presence of M-A constituent,
which is one of the main factors causing the dete-
rioration of impact toughness. M-A constituent has
high carbon content and high hardness, and it con-
tributes to increase brittleness and causes stress con-
centration. Because there is a significant difference in
impact toughness between M-A constituent and base
metal, stress concentration appears at the F/M-A in-
terface, which causes caves or microcracks between
the M-A constituent and base metal [21–23]. Under
the action of external force, the crack is easy to gen-
erate, and brittle cracking occurs along the bound-
ary of the M-A constituent to form a local brit-
tle zone. The coarse grain provides thermodynami-
cally favorable conditions for the formation of M-A
constituent. The coarse austenite forms ferrite with
low carbon content in the cooling process at the
beginning, and some untransformed austenite with
high carbon content is transformed into martensite
in the following and then forms M-A constituent to-
gether with the remained austenite. The M-A con-

stituent preferentially nucleates on the original austen-
ite grain boundary, and it is distributed in strips be-
tween grain boundaries or between ferrite slats [24–
27].

3.3. Fracture analysis

Figure 7 presents the fracture morphology of RCG-
HAZ at different temperatures. It can be seen that
when the peak temperature Tp2 is 1200 or 800◦C, im-
pact samples have no obvious plastic deformation, and
the surface is relatively flat with radial river pattern
characteristics. The cleavage plane is large and the
tearing ridge is straight, which is characterized by brit-
tle fracture with poor impact toughness (Figs. 7a,c).
When the peak temperature Tp2 is 1000 or 600◦C, im-
pact samples have obvious plastic deformation, and
the edge of fracture has tearing edges and corners,
which is characterized by ductile fracture. Through
microscopic observation, the dimples are found to dis-
tribute on the fracture surface, large and small dimples
coexist on the fracture surface, and some dimples are
much deeper, which means better impact toughness
(Figs. 7b,d).
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4. Conclusions

1. When the peak temperature of secondary ther-
mal cycle is 1200 and 1000◦C, the microstructure of
RCGHAZ is martensite; when the peak temperature
is 800◦C, the microstructure of RCGHAZ constitutes
of martensite, granular bainite, and M-A constituent.
2. The impact toughness of RCGHAZ is lower than

that of the base metal, and the toughness loss of UR-
CGHAZ and IRCGHAZ is 73.26 and 67.32% of the
base metal, respectively.
3. Compared with the microhardness value of CG-

HAZ, the microhardness value of SCRCGHAZ in-
creases, and the microhardness values of IRCGHAZ
and SRCGHAZ decrease.
4. After the secondary thermal cycle, the impact

toughness of SCRCGHAZ and SRCGHA is obviously
improved, the impact fracture has obvious plastic de-
formation, and the microscopic morphology is charac-
terized by dimple fracture.
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