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Abstract

Flux-cored wire CO2 gas shielded welding of Q1100E high-strength steel was carried out
for different inter-pass temperatures and bevel forms. This work investigated the effects of
inter-pass temperature and bevel form on the microstructure and mechanical properties of
welded joints. The results show that the microstructure of welding metal transforms from
ferrite and granular bainite to lath martensite and granular bainite as the inter-pass tem-
perature decreases, the heat-affected zone organization, the trend of coarsening of the lath
martensite becomes smaller, and the number of granular bainite is relatively small. With the
decrease of the bevel angle, the weld organization is still lath martensite + granular bainite,
the lath martensite roughening degree decreases, and the number of granular bainite becomes
smaller. Furthermore, as the inter-pass temperature decreases, the tensile strength of the joint
increases and the impact toughness of the HAZ increases. As the bevel angle decreases, the
tensile strength of the joint continues to grow and the impact toughness of the HAZ increases
further. The maximum microhardness of the coarse grain zone was obtained when the inter-
pass temperature was 30◦C and the bevel was 40◦V.

K e y w o r d s: Q1100E, CO2 gas shielded welding, inter-pass temperature, beveling form

1. Introduction

High-strength steel is a lightweight steel with excel-
lent plastic toughness [1, 2]. Welding is a key technol-
ogy in manufacturing high-strength steel components,
directly restricting or even determining the applica-
tion of high-strength steel components, substantial
components and service life [3–5]. With the increase
in the strength of high-strength steel, the weldability
of high-strength steel will be reduced, the difficulty of
welding will be increased, the stability after welding
will be reduced, the plastic toughness will be worse,
and the crack sensitivity will increase [6, 7]. The de-
fects, such as embrittlement and softening, will be eas-
ily produced in the heat-affected zone. Domestic and
foreign studies have shown [8–12] that inter-pass tem-
perature has an important effect on the welded parts
of high-strength steel [13–15]. The inter-pass tempera-
ture affects the microstructure and property changes
of high-strength steel because the shift in interlayer
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temperature causes a change in cooling time, affect-
ing the microstructure and property changes of high-
strength steel [16]. The design of the bevel form and
control of inter-pass temperature are important fac-
tors affecting weld quality [17, 18].
Lan et al. [19] used three different heat input

processes to study the microstructure evolution and
the corresponding mechanical properties of the weld-
ments, and based on the experimental results, the ac-
ceptable welding parameters of the studied steels were
determined to obtain a good balance of high strength
and toughness in welded joints. A comparative evalua-
tion of the mechanical properties and microstructural
characteristics of shielded metal arc (SMA), gas metal
arc (GMA), and friction stir welded (FSW) joints of
naval-grade, high-strength, low-alloy steel was con-
ducted by Nathan et al. [20]. It was found that using
the FSW process eliminated the problems associated
with the fusion welding process and resulted in su-
perior mechanical properties compared to GMA and
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Ta b l e 1. Chemical composition of base materials and wires (wt.%)

Materials C Mn Si Ni Cr Cu Al Nb Mo V Ti

Q1100E 0.169 0.982 0.299 1.167 0.441 0.223 0.083 0.018 0.367 0.027 0.004
1100L-MC 0.086 1.57 0.624 2.432 0.554 0.069 0.032 0.012 0.423 0.24 0.015

Ta b l e 2. Mechanical properties of base materials and wires

Test material Rp0.2 (MPa) Rm (MPa) Shock absorption (J) (–40◦C)

Q1100E 1188 1469 57, 56, 57
1100L-MC 1076 1130 39, 41, 38

SMA welded joints. Chen Sun et al. [21] used different
austenitization temperatures to obtain medium car-
bon low alloy steels with different initial states and in-
vestigated the effects of these factors on the tempered
carbides of MCLA steels and the impact toughness
of MCLA steels. The results show that the austeniti-
zation temperature can effectively control the matrix
carbon content and lath martensite substructure size,
and the spheroidization of carbides is beneficial to im-
prove the impact toughness.
Haslberger et al. [22] studied the martensitic all-

-weld metal sample with an approximate yield strength
of 1000MPa. The reduction in manganese and silicon
content resulted in microstructure refinement and re-
duction in austenite grain size and effective grain size.
Furthermore, a higher average grain boundary mis-
orientation was measured, positively influencing the
toughness. An addition of vanadium caused the for-
mation of vanadium-rich clusters, which increased the
strength of the all-weld metal significantly. Dong et al.
[23] studied the microstructure and mechanical prop-
erties of the butt joint of 1100MPa grade hot-rolled
low-carbon steel by laser welding. The results show
that the yield strength and tensile strength of the
laser welded joint reached 100.2 and 99.5% of the
base material (BM), respectively. However, the elon-
gation of the welded joint only reached about 60 %
of BM. The minimum and maximum hardness values
were obtained in the incomplete recrystallization zone.
Liu et al. [24] studied the influence of heat input on
the microstructure and mechanical properties of low-
matched high-tensile steel welded joints. The results
show that when the heat input is 11.9 kJ cm−1, the
tensile strength is 798.45MPa and the ballistic work
is 69 J. The weld metal microstructure is mainly com-
posed of primary ferrite and acicular ferrite. The width
of the dendrite and grain size of the weld metal mi-
crostructure increase when heat input is prolonged.
Domestic and international research on high-

-strength steels is limited to yield strength below
1000MPa. However, this paper investigates high-
-strength steels with a yield strength of 1100MPa.
Secondly, research in China on high-strength steels fo-

Fig. 1. Microstructure of Q1100E base metal.

cuses on testing conventional mechanical properties,
neglecting studies on changes in microstructure dur-
ing the welding process. In this work, 8 mm thick
1100MPa level high-strength steel was used for the
flux-cored wire gas-shielded welding for plate butt
welding test. OM, SEM, EDS, and mechanical prop-
erties tests of welded joints were employed to study
microstructure and mechanical properties. The effect
of the inter-pass temperature and the bevel form was
investigated on the microstructure and properties of
1100MPa welded joints.

2. Materials and methods

The base material selected for the test is a steel
plate of Q1100E with a plate thickness of 8 mm. The
microstructure of the Q1100E base material is shown
in Fig. 1, which is mainly dominated by granular bai-
nite and acicular ferrite. Burle 1100L-MC flux-cored
wire was used for the welding process, with a wire di-
ameter of 1.2 mm. The chemical composition of the
test material is shown in Table 1, and the mechanical
properties of the test material are shown in Table 2.
The 8mm thick Q1100E was welded by flux-
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Ta b l e 3. The parameters of the backing welding process

Welding current Welding voltage Welding speed Beveling form Inter-pass temperature Weld heat input
(A) (V) (cm min−1) (◦C) (kJ cm−1)

60◦V 150

110–160 14–19 15–18 60◦V 30 4.2–6.9

40◦V 30

Ta b l e 4. The parameters of the cosmetic welding process

Welding current Welding voltage Welding speed Beveling form Inter-pass temperature Weld heat input
(A) (V) (cm min−1) (◦C) (kJ cm−1)

60◦V 150

230–240 23–25 35–40 60◦V 30 5.8–6.2

40◦V 30

Fig. 2. Macro joints with different welding process parameters: (a) Inter-pass temperature 150◦C, 60◦V-bevel; (b) Inter-pass
temperature 30◦C, 60◦V-bevel; and (c) Inter-pass temperature 30◦C, 40◦V-bevel.

cored gas shielded welding and Borel 1100L-MC
powder-cored gas-shielded wire. The base materials

are beveled at 40◦ and 60◦. The specific welding pa-
rameters are shown in Tables 3 and 4. The specimens
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were cooled to room temperature after welding.
The welded joints were cut through wire electrical

discharge machining. The samples for metallographic
analysis were ground with 100–2000# SiC grit paper
and polished with the diamond abrasive paste. The
metallographic corrosion was carried out with a for-
mula of 4 ml HNO3 + 96ml C2H5OH.

An Axio Observer 3m Inverted microscope was
used to observe the metallographic microstructure of
the welded joints. The microstructure, elemental dis-
tribution, and fracture morphology were investigated
through the field emission scanning electron micro-
scope (ZEISS Merlin Compact) and the energy dis-
persive spectrometer (EDS). An electronic universal

Fig. 3a–f. Microstructure organization of various regions of welded joints under different welding processes: Inter-pass
temperature 150◦C, 60◦V-bevel: (a) WM, (b) CGHAZ, and (c) FGHAZ; Inter-pass temperature 30◦C, 60◦V-bevel: (d)

WM, (e) CGHAZ, and (f) FGHAZ; Inter-pass temperature 30◦C.
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Fig. 3g–i. Microstructure organization of various regions of welded joints under different welding processes: Inter-pass
temperature 30◦C, 40◦V-bevel: (g) WM, (h) CGHAZ, and (i) FGHAZ.

testing machine measured the three-point bending and
tensile test. The surface microhardness test was car-
ried out by the KB30S-FA automatic Vickers hardness
testing machine (test load of 100 g, loading time of
10 s). SANS metal pendulum impact tester was used
for the impact test (–40◦C), and the impact absorp-
tion energy was averaged.

3. Results and discussion

3.1. Macro-metallography and microstructure

The metallography of three different welded joints
is shown in Fig. 2. The welds are well formed, showing
a smooth and complete outline, and no welding de-
fects such as unfused, impermeable cracks and poros-
ity were found.
The welded joint was composed of three differ-

ent zones: weld zone (WZ), heat-affected zone (HAZ),
and base material (BM) [25]. The performance of the
welded joints can be effectively improved by preheat-
ing before welding and then cooling to room tempe-
rature. The inter-pass temperature affects the cool-

ing rate, thereby affecting the welding thermal cycle
process, affecting the microstructure and properties of
welded joints [26]. The HAZ next to the weld is the
weakest region of the welded joint because of its poor
plasticity and toughness [27]. The grains of the HAZ
in the welded joint grow seriously during the welding
thermal cycle process, which in turn affects the mecha-
nical properties and welding performance. Therefore,
the changes in the weld microstructure, coarse-grained
and fine-grained zones, were studied at different inter-
pass temperatures.
The microstructure zone of various regions of the

welded joints under different welding processes is
shown in Fig. 3. Figure 3a shows the weld (WM) orga-
nization of the layer temperature of 150◦C and 60◦V,
which is mainly composed of ferrite (ferrite, F) and
granular bainite (GB); Fig. 3b is the coarse-grained
heat-affected zone (CGHAZ), with the main organi-
zation of lath martensite (martensite, M) and bainite;
Fig. 3c is the fine-grained heat-affected zone (FGHAZ)
organization, which is mainly massive ferrite, and the
intracrystalline consists of granular bainite; Fig. 3d
is the WM at layer temperature of 30◦C and 60◦V,
mainly M + GB; Fig. 3e is the CGHAZ organization
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Fig. 4. Metallographic microstructure of welded joints with different welding process parameters: Inter-pass temperature
150◦C, 60◦V-bevel: (a) WM and (b) CGHAZ; Inter-pass temperature 30◦C, 60◦V-bevel: (c) WM and (d) CGHAZ; Inter-

pass temperature 30◦C, 40◦V-bevel: (e) WM and (f) CGHAZ.

at layer temperature of 30◦C and 60◦V, which con-
sists mainly of M + GB; and Fig. 3f is the FGHAZ
organization, which is mainlyM, with granular bainite
distributed in the slats; Fig. 3g shows the WM with
layer temperature 30◦C and 40◦V, mainly composed
of M + GB; Fig. 3h shows the CGHAZ organization,
mainly composed of M; and Fig. 3i shows the FGHAZ
organization, mainly M.

When the inter-pass temperature cools from 150 to
30◦C, the cooling rate increases and the microstruc-
ture changes from F + GB to M + GB. The main
reason for the change in the microstructure of welded
joints is that the joints are cooled from a temperature
above AC3 to different inter-pass temperatures, and
the cooling rate is not the same. The cooling rate ac-
celerates as the inter-pass temperature decreases from
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Fig. 5a,b. Line scan analysis with different welding parameters: Inter-pass temperature 150◦C, 60◦V-bevel: (a) EDS
Scanning position and (b) EDS test results; Inter-pass temperature 30◦C.

150 to 30◦C. During the phase transformation pro-
cess, low-temperature transformation of high-strength
steel will occur. This can produce a low-temperature
martensite microstructure, and the weld microstruc-
ture appears in the lath martensite, with a middle
distribution of GB organization. With the interlayer
temperature cooling to room temperature, the CG-
HAZ microstructure is still dominated by low carbon
martensite with high microhardness, but the number
of GBs in the CGHAZ microstructure decreases. The
degree of coarsening becomes smaller, and the primary

austenite grain boundaries can be seen. The inter-pass
temperature dropped from 150 to 30◦C, and the FG-
HAZ microstructure changed from ferrite and granular
bainite to low-carbon martensite.
With the change of bevel form from 60◦V to 40◦V,

the WM is still a mixed microstructure ofM + GB,
and the microstructure change is not obvious. As
shown in Fig. 3e, lath martensite is organized in the
CGHAZ, and there is a certain amount of granular bai-
nite. As the bevel angle becomes smaller, the CGHAZ
grain coarsening tends to be smaller than the 60◦V-
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Fig. 5c,d. Line scan analysis with different welding parameters: Inter-pass temperature 30◦C, 60◦V-bevel: (c) EDS Scanning
position and (d) EDS test results; Inter-pass temperature 30◦C.

-type sample, with a certain amount of site-direction
relationship, and the amount of granular bainite is re-
duced. As the bevel angle becomes smaller, the FG-
HAZ zone is still low carbon martensite + granular
bainite, but the amount of granular bainite is reduced,
and the degree of coarsening of the zone becomes
smaller. The original austenite grain boundaries can
be seen.
The change of microstructure with the inter-pass

temperature and bevel form was observed by SEM

(Fig. 4). With the decrease of inter-pass tempera-
ture, the weld zone changes from ferrite and granular
bainite to slab martensite and bainite. The coarsen-
ing trend of lath martensite decreased, and the grain
boundaries of proto-austenite decreased in the mi-
crostructure of HAZ. From 60◦V-type to 40◦V-type,
the weld microstructure is still lath martensite + lower
bainite, and the lath martensite coarsening degree is
the smallest in HAZ, and the original austenite grain
boundary can be seen.
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Fig. 5e,f. Line scan analysis with different welding parameters: Inter-pass temperature 30◦C, 40◦V-bevel: (e) EDS Scanning
position and (f) EDS test results.

The welded joints were analyzed by EDS line scan-
ning, and the positions of the line scanning are shown
in Figs. 5a,c,e. The EDS test results are shown in
Figs. 5b,d,f. The decrease in inter-pass temperature
shows no obvious change in C, Cr, and Mo elements.
The content of Ni, V, and Mn elements decreases,
among which, the content of the V element in the
welding wire is about 10 times that of the base metal,
thus leading to the obvious difference in changes in the

weld seam and the heat-affected zone. The amount of
Mn, Ni, and V elements in the welding wire is signif-
icantly higher than that in the base metal, and the
elements of the welded joint can be well transitioned.
With the change of the bevel angle, there is no sig-
nificant change in the other elements, except for a de-
crease in C elements. Mn element has the effect of
solid solution strengthening and stabilizing austenite,
which can increase the hardenability of steel, and the
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Ta b l e 5. Tensile and bending properties of welded joints

Inter-pass temperature (◦C) Beveling form Tensile strength (MPa) Fracture position Bending result

150 60◦V 1080 HAZ eligible
30 60◦V 1111 HAZ eligible
30 40◦V 1135 HAZ eligible

Ta b l e 6. Impact performance of welded joints (–40◦C)

Sample number Fracture position (mm) Shock absorption (J) Average (J)

WM 29 36 27 30
1 FL 28 27 30 28

FL + 2 38 40 36 38

WM 30 28 32 30
2 FL 28 29 30 29

FL + 2 40 51 55 49

WM 29 32 30 30
3 FL 33 34 28 32

FL + 2 60 81 87 79

low content of Mn leads to insufficient strength and
hardness of high-strength steel [28]. Cr element has
the role of the second phase strengthening, enhancing
the tensile strength of the welded joints of steel [29].
Adding elements of V can inhibit grain growth, thus
improving the mechanical properties of steel.

3.2. Mechanical properties

The tensile and flexure tests are carried out at
room temperature, with two specimens in each group,
and the average value is taken as the final result.
Table 5 shows the tensile and flexure test results of
1100MPa grade high-strength steel welded joints. The
guided bending method was adopted for the flexure
test. As shown in Table 4, the results of the three
bending specimens are qualified. From the data, all
three kinds of fractures are in HAZ, mainly because
there are many martensite and granular bainite mi-
crostructures in HAZ. The slat martensite microhard-
ness is relatively high, the plasticity and toughness
are relatively poor, and a large number of granular
bainite will produce a stress concentration, which be-
comes a potential source of cracking, making the heat-
affected zone a weak region. As the inter-pass tempe-
rature decreases, the tensile strength increases. The
tensile strength is further increased with the decrease
in the bevel angle. This is because selecting a rea-
sonable welding process during welding will avoid the
formation of coarse grains, coarsening of the zone in
the heat-affected zone of welding, and the poor per-
formance of the granular bainite region.
Table 6 shows the results of V-impact testing of

Fig. 6. Change of impact work with different welding pro-
cess parameters.

welded joints under different welding processes, and
impact test at –40◦C on the weld, bone line, and bone
line + 2 position. The average absorbed energy of the
impact is higher than 27 J. The trend of energy im-
pact is that the heat-affected zone is greater than that
of the weld, and the energy impact of the fusion line
is the smallest. The impact toughness of the welded
joints under the inter-pass temperature 30◦C, 40◦V-
-bevel is the highest, as shown in Fig. 6. Mainly be-
cause the low-carbon martensite zone is fine and uni-
form, and the number of granular bainite decreases
sharply, so the impact toughness of the heat-affected
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Fig. 7. Distribution curve of microhardness of welded joints
under different welding processes.

zone is relatively high, in the same bevel form. Under
the same bevel form, with the decrease of inter-pass
temperature and the acceleration of cooling rate, slat
martensite appears in the weld microstructure, which
has a certain toughness and relatively high impact en-
ergy. At the same inter-pass temperature, the zone be-
comes fine and uniform with the decrease of the bevel
angle, and the number of granular bainite decreases.
The number of granular bainite is reduced, and the
impact toughness becomes more excellent.
The microhardness test was conducted on speci-

mens with different inter-pass temperatures and bevel
forms. The test location was about 2 mm below the
rear welding surface with less impact [30], and the load
was 9.8 N. The results of the test are shown in Fig. 7.
The hardness value of the base metal is stable, about
310 HV, and the microhardness distribution trend of
the welded joints with different processes is roughly
the same, with the weld’s hardness value being higher
than that of the base metal. The center extends to
the base metal, and the maximum microhardness is
obtained in the fine-grain region. A comparison of
three different processes found that with the inter-pass
temperature of 150◦C, the bevel form of 60◦V-type
weld zone microhardness value is the lowest, about
340HV, and the heat affected zone has the lowest
hardness value of the grain coarse crystal zone, about
380HV. When the inter-pass temperature is 30◦C and
the bevel form is 60◦V-type, the weld zone microhard-
ness value is higher, about 345 HV, heat-affected zone
has the high hardness value of the coarse crystal zone,
about 410 HV; with the layer temperature of 30◦C,
the bevel form of 60◦V-type weld zone hardness value
is about 410 HV; with the layer temperature of 30◦C,
the bevel form of 40◦V-type weld zone hardness value
is the highest, about 351HV, and the heat-affected
zone of coarse crystal area hardness value is the high-

est, about 413HV. Due to the coarse-grained area near
the base material, the grain grows seriously, resulting
in lath martensite and granular bainite. The coarse-
-grain area has the maximum microhardness value due
to the microstructure and fine-grain strengthening of
lath martensite.

3.3. Fracture morphology

The fracture morphology of the heat-affected zone
under three different welding processes is shown in
Fig. 8. The fracture morphology of the 150◦C, 60◦V-
-bevel sample is characterized by quasi-cleavage frac-
ture. The radiating area of the fracture displays obvi-
ous cleavage facets, and the morphology features are
cleavage steps and river patterns. The fiber region of
the fracture is a small dimple with inclusion particles,
and the grain boundary of the HAZ is thick, which
lowers the impact toughness of the other two samples.
The fracture morphology of 30◦C, 60◦V-bevel samples
is also quasi-cleavage fracture, which is composed of
cleavage step + river pattern, and the fracture fiber
region is composed of dense and deep dimples. The
radiating zone of the 30 and 40◦V-bevel samples is
characterized by quasi-cleavage fracture, which is com-
posed of cleavage steps and river patterns. The fiber
region of the fracture is dense and small, and cleav-
age facets form a tear edge. Therefore, it has a higher
fracture toughness and higher impact energy.

4. Conclusions

1. In this paper, flux-cored wire CO2 gas shielded
welding of Q1100E high-strength steel was carried out
for different inter-pass temperatures and bevel forms.
All of them resulted in welded joints that were free of
defects and well-formed.
2. The results show that the microstructure of

welding metal transforms from ferrite and granular
bainite to lath martensite and granular bainite as
the inter-pass temperature decreases. The coarsening
trend of the lath martensite becomes smaller, and the
number of granular bainite is relatively small. With
the decrease of the bevel angle, the weld microstruc-
ture is still lath martensite + granular bainite. The
lath martensite coarsening degree decreases, and the
number of granular bainite becomes less.
3. When the bevel was 60◦V-shaped, the ten-

sile strength of the joints increased from 1080 to
1111MPa, and the impact toughness of HAZ increased
from 38 to 49 J with the decrease of inter-pass tem-
perature. When the inter-pass temperature was 30◦C,
the tensile strength of the joint increased from 1111 to
1135MPa, and the impact toughness of the HAZ in-
creased from 49 to 79 J with the decrease of the bevel
angle. When the inter-pass temperature was 30◦C and
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Fig. 8. Impact fracture morphology for different welding processes: Layer temperature 150◦C, 60◦V-bevel: (a) radiation
zone and (b) fibrous zone; Layer temperature 30◦C, 60◦V-bevel: (c) radiation zone and (d) fibrous zone; Layer temperature

30◦C, 40◦V-bevel: (e) radiation zone and (f) fibrous zone.

the bevel was 40◦V-shaped, the maximum microhard-
ness was obtained in the coarse-grained region, reach-
ing 413HV.
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