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Abstract: Swing arc narrow gap GMA welding experiments were carried out with a Box–Behnken
response surface design. Weld metal and heat-affected sizes were measured from the joints obtained,
and an ANOVA was performed to obtain well-fitting models for definition of the heat-affected length.
Overlapping patterns and microstructures were analyzed and observed in zones within the heat-affected
length through the thickness direction. In addition, thermal processes in typical zones of HAZs were
calculated by FEM and analyzed to explain the patterns in the typical coarse grain heat-affected zones
(CG-HAZs) with thermal simulated microstructures attached. It was realized that a single pass could only
be confused with an austenitized process by two passes. The coarse grain heat-affected zone of a single
pass could be divided into an unaltered coarse grain heat-affected zone (UACG-HAZ), a supercritically
reheated coarse grain heat-affected zone (SCRCG-HAZ) and an intercritically reheated heat-affected zone
(IRCG-HAZ). It is likely that there would be an intercritically reheated UACG-HAZ upon the UACG-HAZ.
The microstructures in the CG-HAZs and the UACG-HAZ were mainly lath bainite and a little acicular
ferrite; the microstructures in the SCRCG-HAZ were short lath bainite, granular bainite and acicular ferrite
and the microstructures in the IRCG-HAZ were massive textures and secondary austenite decomposition
products. The cooling times in the typical bainite transformation procedures were similar to one another
in a secondary austenitized process and significantly longer than those in a single austenitized thermal
cycle, which caused similar patterns in reheated CG-HAZs and an increase in acicular ferrite compared to
CG-HAZs. The prior austenite grain sizes caused differences among the reheated CG-HAZs.

Keywords: narrow gap welding; coarse grain heat-affected zone; thermal process; offshore steels;
microalloyed steels

1. Introduction

Steel plates used in offshore and marine structures have become thicker to meet the
needs of extreme service conditions. Thus, a larger number of welding operations for thick-
walled steel structures would be required, which brings challenges to the shipbuilding
and offshore industries [1–3]. High heat input methods such as submerged arc welding
(SAW) and electro-gas welding (EGW) have been widely used in the welding of ship
plate steels with various kinds of strength grades because of the higher manufacturing
efficiency. Admittedly, when using conventional HSLA steels, there are problems of worse
microstructures and severe decreases in the heat-affected zones obtained by high heat input
methods [4–7]. With regards to the conflict between efficiency and mechanical properties,
optimized and modified thick-walled steels for high heat input welding were developed.

The steel for high heat input welding is low-carbon microalloyed. Oxide metallurgical
elements or nitride metallurgical elements were added to obtain inclusion particles with
a proper size and distribution during the TMCP [8]. Therefore, the size of the primary
austenite grains would not severely increase due to the particles preventing the grain
growth. Furthermore, the particles could also act as nucleating particles of acicular ferrite
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(AF) [9–14]. Nowadays, steels for high heat input welding from AH32 grade to FH550
grade have been well developed. Conventional HSLA steels used in offshore and marine
structures will also be gradually replaced by these microalloy steels.

The development of microalloy steels relieves the metallurgical problems brought by
long-standing high temperatures. However, thick-walled plates require large angle grooves,
which would cause significant stress accumulation at the root of the groove under multiple
high heat input thermal cycles. Narrow gap welding techniques could relieve the problems
of residual stress and deformation caused by groove types. Narrow gap GMA welding is
a high-efficiency welding technology. A deep, narrow and almost vertical gap is used in
narrow gap welding, which would significantly reduce the filling metal and the processing
time. In addition, a lower filling size in the width direction and a lower heat input per pass
cause less residual stress and deformation [15–18]. It is believed that narrow gap GMA
welding could be applied well to the manufacturing of marine engineering. However,
because of the small filling size and multilayer filling procedure, the thermal processes
and microstructures of heat-affected zones become complex. It is necessary to find out
the thermal cycles during narrow gap GMA welding and declare the transformation of
the heat-affected zones to further estimate the application of narrow gap GMA welding to
thick-walled marine steel plates.

In this study, EH40 grade ship plate microalloyed steels were used. The filling size
of the solidification area and the size of the heat-affected zones under various processing
parameters were obtained by swing arc narrow gap GMA welding. The thermal pro-
cesses and distribution of the coarse grain heat-affected zones (CG-HAZs) were analyzed.
The microstructures of typical CG-HAZs were also investigated.

2. Experimental Materials, Methods and Models

A swing arc narrow gap GMA welding process was carried out using a CLOOS
503 power source (from Germany) and a self-designed welding torch, during which the
arc and the tip of the wire oscillated as the contact tube oscillated, driven by a servo motor.
The contact tube was bent near the end with an angle of 15◦ between the contact tip axis
and the contact tube axis to attain oscillation of the welding arc, as given in Figure 1.
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No monitoring system was used during the welding procedure in this study. All process-
ing parameters given in this study were the set values of the machines. The power source
was operated in a U-I pulsed mode with a frequency of 220 Hz. The peak voltage and base
current were input and controlled in this mode. EH40 grade microalloyed steels were used
as the base metal, and MG-51T welding wire with a diameter of 1.2 mm was used as the
filler metal. Furthermore, 90% Ar–10% CO2 was used as the shielding gas with a flow rate
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of 25 L/min. The nominal compositions of the base metal and the filler metal are given in
Table 1. The processing parameters and ranges used in this study are shown in Table 2.

Table 1. Nominal compositions of EH40 plates and MG-51T wire (wt%).

C Cr Mn Mo Ni P S Si Fe

EH40 0.080 0.018 1.500 0.003 0.350 0.015 0.002 0.350 Bal.
MG-51T 0.110 - 1.150 - - 0.011 0.012 0.530 Bal.

Table 2. Processing parameters set in the machines.

Symbol and Variable Nomenclature and Range

vfill Wire feed speed used in the welding procedure (6.5~8.5 m/min)
vweld Welding speed used in the welding procedure (180~220 mm/min)

bgroove Width of the bottom of the grooves used in the experiments (10/12/14 mm)
Pulse time 2 ms
Base time 2.5 ms

Peak voltage 30.5 V
Base current 60 A

Angular velocity Angular velocity of conductive rod (300 ◦/s)
Oscillation amplitude Oscillated width of the wire tip before arc striking (7/9/11 mm)

Staying time Time during which the arc stays near the sidewall (300 ms)

In order to quantify the relationship between filling sizes and processing parameters
with different groove widths in relatively fewer experiments, a Box–Behnken design was
chosen to prepare and analyze the results [19]. The parameters used and designed are given
in Tables 3 and 4. The pulse parameters and oscillation parameters are given in Table 5.
The sizes and geometry of the grooves used in the Box–Behnken design are shown in Figure 2.
The wire feed speed is marked as vfill, the welding speed is marked as vweld, the bottom width
of the grooves is marked as bgroove, the filling height is marked as hfill and the width of the
HAZ is marked as wHAZ.

Table 3. Ranges of the parameters used in the Box–Behnken design.

Variable Unit
Code

−1 0 1

vfill m/min 6.5 7.5 8.5
vweld mm/min 180 200 220

bgroove mm 10 12 14
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Table 4. Experimental parameters and responses in the Box–Behnken design.

Parameters Code Response

vfill Vweld bgroove hfill (mm) wHAZ (mm)

1 −1 −1 0 2.98 1.94888
2 1 −1 0 4.47 2.23833
3 −1 1 0 2.65 1.61585
4 1 1 0 3.27 1.69396
5 −1 0 −1 3.52 1.83829
6 1 0 −1 4.30 2.26777
7 −1 0 1 2.67 1.62266
8 1 0 1 3.44 1.52655
9 0 −1 −1 4.11 2.30823

10 0 1 −1 3.68 1.98017
11 0 −1 1 3.24 1.759
12 0 1 1 2.56 1.47005
13 0 0 0 3.27 1.86263
14 0 0 0 3.20 1.84335
15 0 0 0 3.16 1.88054
16 0 0 0 3.26 2.07303
17 0 0 0 3.38 1.83979

Table 5. Pulse parameters and oscillation parameters set in the machines.

Pulse Time
(ms)

Base Time
(ms)

Peak Voltage
(V)

Base Current
(A)

Angular Velocity
(◦/s)

Oscillation Amplitude
(mm)

Staying Time
(ms)

2.0 2.5 30.5 60 300 7/9/11 300

A finite element thermal model was used to analyze the thermal processes of the
narrow gap GMA multilayer welding in three dimensions by MSC.Marc. The geometry
of the cross-section of the calculated model was as shown in Figure 2. The bottom width
of the grooves used for calculation was 12 mm and the length was 250 mm. Data of the
material properties are given in Figure 3 and the meshed model is given in Figure 4. A
test point in CGHAZ was chosen to assess the heat source. The assessment of the heat
source is given in Figure 5. Faces except the sidewalls and the bottom were convection
and radiation boundaries. The governing equation and the boundary conditions are given
below. A double ellipsoid heat source was used, and the parameters used in the calculation
are given in Table 6.
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Table 6. Heat source and material property parameters.

a1
(mm)

a2
(mm)

b
(mm)

c
(mm) η ε [19] σ

(W·m−2K−4)
hc [20]

(W·m−2K−1)

3 6 3 3 0.72 0.3 5.67 × 10−8 10

In Equations (1)–(5), ρ is the density of the metal used for calculation, λ is the thermal
conductivity with the assumption of material isotropy, hc is the convective heat transfer
coefficient, T0 is the initial temperature, U is the average voltage and I is the average current.
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Specimens cut from the base metal with dimensions of 11 mm × 11 mm × 110 mm were
used for thermal simulation testing using a Gleeble 3500 system. Each specimen underwent
thermal simulation according to the thermal cycle calculated at the typical position.

ρCp
∂T
∂t

= λx

(
∂2T
∂x2

)
+ λy

(
∂2T
∂y2

)
+ λz

(
∂2T
∂z2

)
+ Qarc (1)

Qc = −
∫

hc(T − T0)dA (2)

Qr = −
∫

εσ
[
(T + 273.15)4 − (T0 + 273.15)4

]
dA (3)

Qarc =
6
√

3 f1ηUI
a1bcπ

√
π

exp

(
−3(x− x0)

2

a2
1

− 3(y− y0)
2

b2 − 3(z− z0)
2

c2

)
(4)

Qarc =
6
√

3 f2ηUI
a2bcπ

√
π

exp

(
−3(x− x0)

2

a2
2

− 3(y− y0)
2

b2 − 3(z− z0)
2

c2

)
(5)

The microstructures of the base metal are shown in Figure 6. The microstructures of
the base metal were quasi-polygonal ferrite (QF) and acicular ferrite (AF), with a small
amount of retained austenite distributed in the grain boundaries.
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3. Results and Discussion

The welding procedures were carried out with the parameters designed in Table 4,
the responses of filling height and wHAZ were calculated to obtain Equations (6) and (7)
and an ANOVA was performed. Goodness of fit details are given in Table 7. It is indicated
that the two mathematical models were well suited to the prediction within the picked
parameter ranges, which is convenient to estimate the size magnitudes of filling heights
and widths of HAZs [21].

h f ill = −14.16890 + 2.6475 · v f ill + 0.083812 · vweld + 0.090625 · bgroove
−0.010875 · v f ill · vweld − 0.001250 · v f ill · bgroove − 0.001562 · vweld · bgroove

(6)

wHAZ = −4.69688 + 1.40435 · v f ill + 0.007539 · vweld + 0.317826 · bgroove
−0.002642 · v f ill · vweld − 0.065699 · v f ill · bgroove + 0.000245 · vweld · bgroove

(7)
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Table 7. Goodness of fit.

Function Lack of Fit
F-Value

Model
F-Value R2 Adjusted R2 Predicted R2 Adeq Precision

hfill 0.0798 33.51 0.9526 0.9242 0.8307 20.1110
wHAZ 0.8023 23.48 0.9337 0.8940 0.8342 17.2704

A 12-millimeter-width bgroove was picked to show the changes in filling height with
various wire feed speeds and welding speeds. The effects of wire feed speed and welding
speed interaction are given in Figure 7. According to Figure 7a, the filling height ranged
from around 2.8 mm to 4.2 mm in the selected parameter regions. As the wire feed speed
increased and the welding speed decreased, the density of the isopleth increased. Further
and direct interaction is shown in Figure 7b. The increase in filling height with the wire
feed speed at a welding speed of 220 mm/min appears to be significantly lower than that
at a welding speed of 180 mm/min.
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Similarly, the width of the HAZs is given by Figure 8. The width of the HAZs ranged from
around 1.6 mm to 2.2 mm. As the welding speed increased, there was less influence of the wire
feed speed on the width of the HAZs, while the filling height decreased as the welding speed
increased at any wire feed speed within its range. According to Figures 7a and 8a, the impact
of welding speed on the isopleth curves appears to be more significant in Figure 8a, which
indicates that the welding speed exerts more influence on the width of HAZs than the filling
height does. Figure 7b directly shows the decline in the influence at different welding speeds.

The penetration of a couple of 12-millimeter-width grooves is given in Table 8. The pene-
tration ranged from around 1.7 mm to 1.9 mm with various parameters. It was found that
a larger wire feed speed would not cause an increase in the penetration at a given welding
speed. It is likely that the heat input depends on the voltages and the welding speed in
a U-I pulsed mode, and the same peak voltage and pulsed wave were picked in all welding
procedures, which would lead to less thermal efficiency in heating the base metal with a larger
sum of filler metal.
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Table 8. Penetration in a 12-millimeter-width groove.

Wire Feed Speed (m/min) Welding Speed (mm/min) Penetration (mm)

6.5 180 1.88
6.5 220 1.73
7.5 200 1.89
8.5 180 1.75
8.5 220 1.84

With the reference of the sizes above, the ranges of heat-affected areas among passes
could be determined. In this study, the parameters given in Table 9 were picked to obtain
the multilayer joints for observing the microstructures.

Table 9. Parameters picked for microstructure observations.

Wire Feed Speed
(m/min)

Welding Speed
(mm/min) Pass Width of the Groove

(mm)

7.5–8.0 200 4 12

The filling height per pass was around 3.4 mm, the penetration was around 1.9 mm
and the width of heat-affected zones was around 1.8 mm~1.9 mm. The filling height was
close to the sum of the penetration and the width of heat-affected zones, which indicates
that the transient phenomena caused by the current pass to the CG-HAZ of the previous
pass would be entirely reserved. It is possible that the next pass could have heat effects
with an austenitized procedure on the previous pass, but it is unlikely that further passes
have thermal effects on the previous pass. Thus, the typical distribution of coarse grain
heat-affected zones in a swing arc narrow gap GMA welded joint could be defined as the
pattern given in Figure 9a. The microstructures are given in Figure 9.
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As shown in Figure 9a, the previous pass generated heat-affected zones marked as
‘prev.CGHAZ’, ‘prev.FGHAZ’ and ‘prev.ICHAZ’. Zone A is a CG-HAZ, zone B is an FG-HAZ
and zone C is an IC-HAZ. The current pass also generated its own CG-HAZ, FG-HAZ and
IC-HAZ marked as ‘CGHAZ’, ‘FGHAZ’ and ‘ICHAZ’, respectively. Zone F is a UACG-HAZ
generated from the overlapping of ‘CGHAZ’ and ‘prev.CGHAZ’, zone G is an SCRCG-HAZ
generated from the overlapping of ‘FGHAZ’ and ‘prev.CGHAZ’ and zone H is an IRCG-HAZ
generated from the overlapping of ‘ICHAZ’ and ‘prev.CGHAZ’. Given that it is possible that
the previous pass could be heat-affected by the next pass, an IR-UACG-HAZ reference curve
was added within zone F, in which zone I is an IR-UACG-HAZ generated by the overlapping
of the UACG-HAZ and the IC-HAZ of the next pass. The microstructures of the CG-HAZ,
UACG-HAZ, SCRCG-HAZ, IRCG-HAZ and IR-UACG-HAZ are shown in Figure 9b–g. There
was mainly lath bainite growing from the prior austenite grain boundaries to the grain interior
and a small amount of acicular ferrite. In the UACG-HAZ shown in Figure 9c, the amount of
acicular ferrite slightly increased. The size of the prior austenite grain also slightly increased,
and laths across the entire prior austenite grain appeared. In Figure 9d, there is lath bainite
and granular bainite in the SCRCG-HAZ. The sizes of the prior austenite grains significantly
decreased, and the morphological features of the bainitic ferrite inside the grains transferred
from short laths to acicular ferrite and quasi-polygonal ferrite. Lath bainite also tended to
transfer to granular bainite. The microstructures in the IRCG-HAZ are shown in Figure 9e,f.
Two different appearances were observed in the IRCG-HAZ. Figure 9e is nearer to the refer-
ence curve ‘FGHAZ’ than Figure 9f is. There is mainly granular bainite, acicular ferrite and
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a small amount of quasi-polygonal ferrite in Figure 9e. A large sum of tiny secondary ferrite
and austenite decomposition products appeared along the prior austenite grain boundaries
and grain interior, and the microstructures were similar to those in the CG-HAZ, as is shown
in Figure 9f. Figure 9g shows the microstructures of the IR-UACG-HAZ. The microstructures
were similar to those in the UACG-HAZ, except for the small amount of tiny secondary ferrite
and austenite decomposition products along the prior austenite boundaries.

Thermal processes and thermal simulations were carried out for further investigation
of the microstructure distribution and transformation. The thermal cycles and microstruc-
tures of zones whose second thermal cycle was a CG-HAZ thermal process are given
in Figure 10. Zone A, zone E, zone D and zone F in Figure 9a are marked as ‘CG-HAZ1′,
‘CG-HAZ2′, ‘CG-HAZ3′ and ‘UACG-HAZ’ in Figure 10a, respectively. It was realized that
the microstructures in the CG-HAZs showed similar morphological features. Although
the peak temperatures in the first thermal cycle are different in Figure 10b–d, there are
mainly lath bainites within the prior austenite grains, and the sizes of the prior austenite
grains were similar among the CG-HAZs and the UACG-HAZ, which is well applied to
the features in the welded CG-HAZs.
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the thermal simulated microstructures (with a magnification of 1000): (a) thermal cycles calculated
for thermal simulation in CG-HAZs; (b) CG-HAZ1; (c) CG-HAZ2; (d) CG-HAZ3; (e) UACG-HAZ.

The thermal cycles and microstructures of the SCRCG-HAZ, IRCG-HAZ and IR-
UACG-HAZ are given in Figures 11–13. There was less acicular ferrite in the thermal
simulated SCRCG-HAZ than in the welded SCRCG-HAZ. However, the size of the prior
austenite grains appeared to be of the same magnitude as the size of the grains in the
welded SCRCG-HAZ, and the microstructures were lath bainite and granular bainite. Prior
austenite grain boundaries were entirely invisible in the simulated IRCG-HAZ, and the
thermal simulated microstructures were almost granular bainite and a small amount of
acicular ferrite, which might be applied to the features in Figure 9f. The thermal simulated
IR-UACG-HAZ seems not well applied to the features in Figure 9g. That means there is
only the feature that a few austenite decomposition products were distributed along the
prior austenite grain boundaries retained. Long lath bainites did not appear, with massive
textures instead.

For further discussion, CCT curves of the base metal and the typical cooling times in
the last thermal cycle of each thermal simulation process were calculated and are given
by Figure 14 and Table 10. The cooling time from 800 ◦C to 600 °C is marked as t8/6, the
cooling time from 600 °C to 500 °C is marked as t6/5, the cooling time from 500 °C to Ms is
marked as t500/Ms, the peak temperature in the last austenitized process is marked as Tp-end
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and the cooling time from the peak temperature to 800 °C is marked as tp/8. According to
Figure 14 and Table 10, it is indicated that all thermal simulated microstructures were bai-
nite and ferrite. The temperature range of ferrite transformation is around 600 °C~750 °C,
and the ending temperature of bainite transformation is around 463 °C. The cooling time in
the undercooled austenite decomposition procedure was significantly higher in zones twice
austenitized, especially in the UACG-HAZ, compared to those with a single austenitized
thermal cycle. The tp/8 showed the same pattern. A long tp/8 with a long t8/6 and t6/5
could lead to a larger prior austenite grain size because of the retention in the fast-growing
temperature ranges and an increase in AF as well as the length of the laths because of
the relatively long staying time of t500/Ms and t6/5 in addition to a relatively larger grain
size for the nucleation of intragranular ferrite. There was little difference in t8/6 and t6/5
between CG-HAZ2 and CG-HAZ3. Thus, more AF and longer laths could be found in
CG-HAZ2, CG-HAZ3 and UACG-HAZ than in CG-HAZ1.
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Table 10. Cooling time of typical temperature ranges in the thermal simulation processes.

Zone t8/6 (s) t6/5 (s) t500/Ms (s) Tp-end (°C) tp/8 (s)

CG-HAZ1 3.13 6.20 8.16 1336.46 2.65
CG-HAZ2 6.19 16.32 42.84 1355.64 3.94
CG-HAZ3 7.54 17.32 41.8 1304.49 4.31

UACG-HAZ 12.57 23.64 68.8 1400 7.70
SCRCG-HAZ 10.44 17.28 37.8 1020.66 4.02
IRCG-HAZ 12.2 18.08 36.72 817.17 0.61

IR-UACG-HAZ 24.85 166.92 240 790.69 -
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The t8/6 in the SCRCG-HAZ was larger than that in CG-HAZ2 and CG-HAZ3 and
smaller than that in the IRCG-HAZ. In the IR-UACG-HAZ, the cooling time in every typical
temperature range of bainites transformation severely increased in the third austenitized
thermal cycle. Since the prior austenite grain size was smaller in the SCRCG-HAZ, massive
textures may have been competitive in the cooling procedure of 600 °C~500 °C, with
a larger t8/6 compared to the CG-HAZs. The t500/Ms of the SCRCG-HAZ also seemed
long enough to generate an amount of AF. Thus, the microstructures in the SCRCG-HAZ
mainly appeared to be massive textures and AF together with small lath bainite across
the prior austenite grains [22]. In the IRCG-HAZ, the t8/6 was close to that of the UACG-
HAZ. However, the staying time above Ac3 was so short that the austenite grains had no
chance to grow. Additionally, the composition homogenization process was not entirely
developed. Therefore, the grain sizes of the prior austenite appeared to have a non-uniform
distribution with massive textures and quasi-polygonal ferrite inside and a large amount
of tiny secondary austenite decomposition along the grain boundaries. Similar patterns
could also be observed in the IR-UACG-HAZ.

4. Conclusions

1. With the given parameters in this study, the size magnitude of the filling height
and width of HAZs could be defined with a range of 2.8~4.2 mm and 1.6~2.2 mm,
respectively, in grooves with a bottom width of 12 mm when the welding speed
was around 180~220 mm/min and the wire feed speed was around 6.5~8.5 m/min.
The welding speed had a more significant influence on the width of the HAZ than on
the filling height.

2. The overlapping features of HAZs among passes in a typical swing arc narrow gap
GMA welded joint were defined. The CG-HAZ of a single pass could only be heat-
affected by the next two passes.

3. The distribution patterns of the CG-HAZs were defined and arranged as a CG-HAZ,
an IRCG-HAZ, an SCRCG-HAZ, a UACG-HAZ and an IR-UACG-HAZ from a single
heat-affected pass to the third pass.

4. The microstructures in the CG-HAZ and UACG-HAZ were lath bainite and acicular
ferrite, the microstructures in the SCRCG-HAZ were short lath bainite and granular
bainite and the microstructures in the IRCG-HAZ and UACG-HAZ were massive
textures and secondary austenite decomposition products.
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