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Abstract
The combination of hot-wire insertion technology and gas metal arc welding (GMAW) is proposed to enhance the depo-
sition rates while reducing energy consumption. This study systematically investigated the effect of hot-wire fraction on 
weld metal properties. The results reveal that the compensatory deposition rate from hot-wire insertion provides a similar 
effective height compared with conventional GMAW, with a lower weld height/width ratio, lower power consumption, and 
improved mechanical properties. However, an excessive hot-wire fraction may lead to lack of fusion, and this value should 
be limited to no more than 44% of the total deposition rate. By strategically optimizing the ratios of GMAW and hot-wire 
fractions, it becomes possible to maximize deposition volume while preventing fusion deficiencies and ensuring adequate 
penetration. Under these optimized conditions, hot-wire GMAW proves to be an efficient method for achieving equivalent 
deposition rates with reduced energy consumption and without compromising toughness properties. An electron backscat-
tering diffraction (EBSD) analysis underscores the effectiveness of the proposed approach, particularly when utilizing a 
41.16% hot-wire fraction, ensuring both sound joint formation and the predominance of an acicular ferrite microstructure, 
thereby enhancing mechanical properties. This innovative process presents a sustainable alternative to conventional GMAW, 
offering substantial benefits of welding technology.
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1 Introduction

The shipbuilding industry faces the challenge of high heat 
input during welding processes, particularly with conven-
tional methods like submerged arc welding (SAW) [1–4] 
and electrogas arc welding (EGW) [5–7]. To mitigate this 
issue and improve weld quality, various welding techniques 

and processes have been suggested, including laser beam 
welding (LBW) [8, 9] and electron beam welding (EBW) 
[10, 11]. However, these processes have limitations, such as 
expensive equipment, complex setup, and limited deposi-
tion volume. To address these limitations, researchers have 
explored the amalgamation of arc welding techniques, result-
ing in processes like laser gas metal arc welding (GMAW) 
[12, 13] and hybrid laser SAW [14, 15]. While these tech-
niques increase penetration depth, the tolerance for depos-
ited volume is still bounded by the filler metal’s burn-off 
rate. Multiple wire arc processes, such as integrated cold 
wire SAW [16] and twin-arc integrated cold-wire hybrid 
welding [17, 18], have been introduced to increase deposi-
tion rates without raising heat input by employing a non-arc 
electrode (cold wire) for augmenting deposition. However, 
these processes encountered limitations when the cold wire 
feeding speed exceeded 2.6 m/min. In response, research-
ers have proposed a solution involving additional volume 
provided independently of the primary heat source through 
hot-wire insertion.

The utilization of hot-wire technology was initially con-
ceived to enhance deposition in gas tungsten arc welding 
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(GTAW) [19]. By heating the filler wire to just below its 
melting point and directly feeding it into the molten pool, 
the hot-wire fraction can melt through the heat of the weld 
pool, resulting in a standalone increase in deposition vol-
ume without elevating the primary heat source. To simplify 
this process, Shinozaki et al. [20] and Zhu et al. [21] intro-
duced equations for different filler metals, establishing a 
proportional relationship between hot-wire feeding speed 
and current. The use of hot wire has significantly augmented 
deposition in conjunction with various welding techniques, 
including hot-wire LBW [22–24] and hot-wire SAW [25]. 
Furthermore, Tsuyama et al. [26] introduced the concept of 
combined hot-wire GMAW, which can match the deposi-
tion volume achieved in SAW. Notably, a successful single-
pass weld of a 15-mm thick steel butt joint, devoid of edge 
preparation, was achieved at a travel speed of 0.6 m/min, 
coupled with 15 m/min of hot-wire feeding speed (equiv-
alent to 18 kg/h of total deposition volume) [27]. Studies 
conducted by Wonthaisong et al. [28] have concentrated on 
optimizing the hot-wire fraction, leading to the formation of 
single-V butt joints in 20-mm thick steel plates. These joints 
exhibited increased weld metal hardness, although detailed 
insights into the weld metal microstructure were not pro-
vided. Nonetheless, the application of hot-wire technology 
has revealed certain limitations, including the potential for 
excessive deposition volume from the hot-wire and GMAW 
filler metals, which may manifest as irregular bead shapes, 
incomplete fusion, and precedence of molten metal [29].

This study investigated the impact of hot-wire fraction 
on the properties of weld metal in hot-wire GMAW. The 
investigation was planned and conducted in three stages. 
In the first stage, the compensatory condition was studied, 
where a hot wire was used to increase the deposition rate 
while minimizing the GMAW fraction, and was compared 
with similar deposition rates using only the GMAW condi-
tion. The second stage determined the maximum hot-wire 
fraction that could be used without causing welding defects 
or detrimental effects on weld metal properties. In the third 
stage, the fractions of hot wire and GMAW were optimized 
at the highest deposition rate to achieve a sound joint with 
the lowest energy consumption. This systematic approach 
showed that the hot-wire GMAW process offers a sustain-
able alternative to conventional GMAW.

2  Experimental procedure

A single-V butt joint was configured using K36E-TM 
(490 MPa-class) as a base material and backing plate. A 
groove angle of 30° with a root gap of 4 mm was employed, 
as shown in Fig. 1. A solid wire of G49A0UC11 (JIS Z3312 
YGW11) with a diameter of 1.2 mm was used for both 

GMAW and hot-wire filler metals. The chemical composi-
tions of materials used in this work can be found in Table 1.

The experiment setup is illustrated in Fig. 2, where the 
hot-wire torch was positioned 10 mm behind the GMAW 
torch in the welding direction. To establish the baseline con-
ditions, the GMAW process was conducted alone using a 
constant deposition rate of 114.95 g/min (equivalent to a 
welding current of 300 A) on the root pass for all conditions. 
The investigation was conducted in three stages. Each set of 
welding parameters was subjected to five repetitions.

In the first stage, the GMAW process was performed 
alone using deposition rates of 180.12 and 193.70 g/min 
(equivalent to welding currents of 400 A and 500 A, respec-
tively) on the second pass to establish two master condi-
tions, referred to as condition 1 (Master A) and condition 
2 (Master B). The next step involved using the hot-wire 
insertion technique to increase the deposition rate while 
minimizing the GMAW fraction. A compensatory condi-
tion was achieved by maintaining a constant deposition rate 
of GMAW at 114.95 g/min (equivalent to welding currents 
of 300 A), with hot-wire insertion requiring deposition rates 
of 65.17 and 78.75 g/min for the compensatory condition, 
referred to as condition 3 (Compensation A) and condition 
4 (Compensation B), respectively. To achieve an accurate 
deposition rate, the hot-wire current was calculated using a 
simplified equation [20, 21], which clarifies the dependence 
of hot-wire current on wire feeding speed.

In the second stage, while maintaining the GMAW 
deposition rate at 114.95 g/min (equivalent to welding cur-
rents of 300A), the hot-wire deposition rate was system-
atically increased from 90.51 g/min (equivalent to wire 
feeding speed of 10 m/min) up to a maximum of 135.57 g/
min (equivalent to wire feeding speed of 15 m/min). These 
conditions were applied on the second pass, completing a 
full single-V joint within two weld passes. This enabled 
the determination of the limiting hot-wire fraction without 

Fig. 1  Joint configuration
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causing defects or detrimental effects on weld metal prop-
erties. In the third stage, the hot-wire and GMAW fractions 
were optimized to achieve the highest total deposition rate of 
250.72 g/min while maintaining a sound joint with minimal 
energy consumption.

Table 2 provides the hot-wire fractions under welding 
conditions for all three stages of the experiments. The hot-
wire fraction, expressed as a percentage of the total deposi-
tion rate, was determined using Eq. 1:

where %HW is the hot-wire fraction of total deposition, in %; 
VGMAW is the deposition rate of GMAW, in g/min; and VHW is 
the deposition rate of hot-wire insertion, in g/min.

To isolate the effect of the hot-wire fraction, the weld-
ing and related parameters were held constant, as shown in 
Table 3.

Molten pool formation and arc phenomena were 
observed in detail using a MEMRECAM HX-7 high-speed 
camera with an 810 ± 10 nm band-pass filter. The captured 

(1)%HW =
[

V
HW

∕
(

V
HW

+ V
GMAW

)]

× 100

condition had a resolution of 500 fps, and the shutter speed 
was 1/1000 s. The temperature of the molten pool was 
measured using an R-type contact thermocouple that was 
directly placed in the molten pool during welding. The 
actual current and voltage of both the GMAW and hot wire 
were determined at 5 kHz intervals using a data acquisition 
system. Power consumption was calculated using Eq. 2:

where PGMAW is the power consumption of GMAW, in W; 
Iw is the welding current, in A; Vw is the arc voltage, in V; n 
is the number of samples; and,

where the symbols have the analogous values for the hot 
wire. Then,

where Ptotal is total power consumption, in kJ; t is welding 
time, in s. This value is used to justify the optimized weld-
ing conditions.

Cross-sectional specimens were prepared for micro-
structure observation. Mechanical polishing was con-
ducted using abrasive papers ranging from 80 to 2000 
grits, followed by a final polishing step with a diamond 
suspension. The prepared surfaces were treated with a 
2% nitric acid solution and then observed at the center 
of the weld metal area through optical microscopy (OM), 
as represented by the red square in Fig. 3. For EBSD 
observations, specimens were polished using the same 
method as OM, with an additional polishing step using a 
0.04 µm OPS suspension. SEM imaging was carried out 
at 15 kV with a step size of 0.5 µm. Geometric param-
eters of the weld profile, such as fusion area, effective 
height (H), weld width (W), and weld height (D), were 
measured to calculate the D/W ratio. Vickers hardness 
tests were performed according to ISO 6507–1:2023 on 
the etched surface of the weld metal area with a load 
of 10 kgf (HV10). Charpy impact test specimens were 
prepared with a thickness and width of 10 mm perpen-
dicular to the welding direction, in accordance with ISO 
148–1:2006. The absorbed energy was determined at 
a hammer speed of 5.5 m/s and a temperature of 0 °C, 
maintained by liquid nitrogen (with a maximum testing 
machine capacity of 300 J).

(2)P
GMAW

=
[(

I
w1 × V

w1

)

+⋯ +
(

I
wn

× V
wn

)]

∕n,

(3)PHW = [(Ih1 × Vh1) +⋯ + (Ihn × Vhn)]∕n,

(4)Ptotal = [(PGMAW + PHW) × t]∕1000,

Table 1  Chemical composition 
of materials used in this 
experiment

Chemical com-
position (%wt)

C Si Mn P S Cu Ni Cr Ti + Zr Fe

K36E-TM 0.12 0.20 1.20 0.14 0.04 0.01 0.01 0.02 - Bal
G49A0UC11 0.08 0.51 1.10 0.01 0.01 - - - 0.05 Bal
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Fig. 2  Schematic illustration of hot-wire gas metal arc welding
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3  Results and discussion

3.1  Compensatory conditions

The high-speed images in Fig. 4 demonstrate the effect 
of hot-wire fraction on the position and shape of the 
molten pool during arc welding. As the hot-wire frac-
tion increased, the position of the GMAW filler metal tip 
shifted upward, leading to a larger accumulation of molten 
metal at the front of molten pool. Additionally, this shift 
suppressed penetration of the arc, resulting in a spread of 
the molten pool to both sides, perpendicular to the welding 
direction, which yielded a wider bead width. Macroscopic 
cross-section images of the etched surface further dem-
onstrated changes in the shape and geometry of the weld 
metal resulting from the application of the hot wire.

By applying the hot wire at a similar total deposition 
rate as the conventional GMAW process, the molten pool 
position shifted upward, resulting in a shallower weld 
depth and wider weld width, as illustrated by the orange 
and gray bars in Fig. 5. This led to a reduction in the D/W 
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Table 3  Constant parameters

Parameters Value

Arc voltage, V 38
Travel speed, mm/s 5
Contact tip to work distance, mm 25
Energizing distance, mm 100
Hot-wire feeding angle, ° 70
(100%  CO2) Gas flow rate, L/min 25

Fig. 3  Measured parameters and observation positions



1021Welding in the World (2024) 68:1017–1032 

1 3

ratio and fusion area. However, the yellow bars in Fig. 5 
indicate that a similar effective height could be achieved 
with hot wire at the same deposition rate. A recent study 

[27] defined the shallower penetration as a lifting effect 
when the hot wire was applied. Effects of hot-wire param-
eters on weld geometry were reported by Tsuyama et al. 
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Fig. 5  Weld geometry measure-
ments for compensation stage
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[26] and Wonthaisong et al. [28]. These results suggest 
that hot-wire insertion can influence the molten pool for-
mation behavior, which in turn affects the geometry of the 
resulting weld.

Differences in the cooling behavior of weld metals influ-
ence their microstructure variations. Both hot-wire appli-
cation conditions resulted in faster cooling rates compared 
with the conventional GMAW condition, as illustrated in 
Fig. 6. Specifically, at a total deposition rate of 180.12 g/
min, the cooling rate increased from 14.02 to 22.69 °C/s, 
while at 193.70 g/min, it increased from 9.38 to 19.25 °C/s. 

The faster cooling rates resulted in a lower fraction of grain 
boundary ferrite (GBF) and side-plate ferrite (SPF), but a 
higher fraction of acicular ferrite (AF), consistent with pre-
vious reports [30–33]. However, at the higher deposition 
rate of 193.70 g/min, the cooling profile showed an extended 
delay in the temperature range from 650 to 600 °C as in 
Fig. 6a, resulting in a higher fraction of GBF [4, 34–37]. 
As shown in Fig. 6d, the GBF fraction was still enriched, 
despite the rapid cooling rate under this condition.

At a similar deposition rate, hot-wire insertion resulted 
in elevated hardness and improved absorb impact energy 

Fig. 6  Cooling rates and weld 
metal microstructures for a 
Master A, b Compensation A, 
c Master B, and d Compensa-
tion B
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of the weld metal, as depicted in Fig. 7a. Specifically, the 
average hardness values and absorb impact energy increased 
from 182 ± 5 to 191 ± 10 HV10 and from 65 ± 7 to 77 ± 5 J, 
respectively, for Master A and Compensation A conditions. 
Similarly, for Master B and Compensation B conditions, 
hardness values increased from 180 ± 11 to 193 ± 7 HV10, 
and absorb impact energy improved from 55 ± 7 to 79 ± 9 J. 
These enhancements in mechanical properties closely corre-
late with the microstructure of the weld metal. Nonetheless, 
when comparing the compensation conditions with hot-wire 
fractions of 36.18% and 40.65%, no significant differences 
in mechanical properties were observed. These outcomes 
indicate that hot-wire insertion can effectively compensate 
for the total deposition rate while enhancing the mechani-
cal properties of the weld metal. These results suggest that 
hot-wire insertion can be used to compensate for the total 
deposition rate and improve the mechanical properties of 
the weld metal. The compensated fraction allows a similar 
deposition rate to be obtained with lower power consump-
tion, as shown in Fig. 7b. At 180.12 g/min total deposition 
rate, the power consumption was reduced by approximately 
24%. Additionally, a power saving of up to 39% at 193.70 g/
min total deposition rate was recorded, highlighting another 
advantage of hot-wire insertion. However, it should be noted 

that the occurrence of a GBF fraction while applying the 
hot-wire technique requires further investigation to ensure 
the obtained weld metal structure while also minimizing 
power consumption.

3.2  Limitation of hot‑wire fraction

To investigate the effects of hot-wire fraction on arc phe-
nomena during welding and on the obtained microstruc-
ture, Compensations A and B were included to represent 
36.18% and 40.65% of the hot-wire fraction (HW), respec-
tively. Figure 8 shows captured motion during welding with 
these increased hot-wire fractions while the GMAW frac-
tion was held constant. As the hot-wire fraction increased, 
the tip of the GMAW filler metal moved upward and the 
accumulation of molten metal at the molten pool’s front 
became more significant. However, at a hot-wire fraction 
of 54.15%, the molten pool’s front collapsed and advanced 
ahead of the arc position, resulting in a lower arc position. 
This phenomenon, known as molten metal precedence, 
has been reported in the cases of excessive total deposi-
tion volume [28, 29]. Notably, the bead appearance under 
the 54.15% HW condition showed a pronounced hump-
ing bead, a clear indicator of molten metal precedence 
[27–29]. Figure 9 visually demonstrates the sequence of 
molten metal behavior at a hot-wire fraction of 54.15%. 
Initially, the molten pool was elevated due to the addi-
tional deposit volume from the hot-wire insertion (a). Sub-
sequently, more molten metal accumulated at the front of 
the molten pool (b). The molten pool front extended and 
flowed ahead of the arc position (c). Eventually, the raised 
molten pool collapsed at the front, resulting in a lengthy 
molten metal precedence, along with a downward shift of 
the arc (d). Moreover, a lack of fusion was unexpectedly 
observed at 49.60% HW, where molten metal precedence 
was not detected by the high-speed camera during hot-wire 
GMAW, as shown in Fig. 8d.

The influence of hot-wire fraction on cooling behavior 
was examined, revealing its role in delaying the cool-
ing rate and prolonging the time between temperatures 
of 650 and 600 °C during solidification. This led to an 
increased fraction of grain boundary ferrite (GBF) in the 
fusion zone. The highest hot-wire fraction of 54.15% HW 
resulted in the slowest cooling rate and the highest GBF 
fraction. Conversely, applying a lower hot-wire fraction 
resulted in less GBF fraction. As shown in Fig. 10b and c, 
a higher acicular ferrite (AF) fraction with a small portion 
of GBF was observed at 44.05% HW and 49.60% HW, 
respectively. These findings suggest that the optimal hot-
wire fraction should be determined to achieve the desired 
microstructure and minimize the occurrence of defects.

Figure 11 demonstrates the measured weld geometry 
at various hot-wire fractions while maintaining a constant 
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GMAW fraction. The yellow bars represent the effective 
height, indicating that only a hot-wire fraction of 54.15% 
resulted in weld reinforcement without surface defects. 

However, due to incomplete fusion at the interlayer, the 
precise weld height under these conditions could not be 
determined. Therefore, the red bars represent the weld 

Fig. 8  Captured arc observa-
tions and bead appearances for 
a 36.18% HW, b 40.65% HW, c 
44.05% HW, d 49.60% HW, and 
e 54.15% HW

Fig. 9  Molten metal development: a molten pool rose, b accumulated molten pool front, c extended molten pool front, d collapsed
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Fig. 10  Cooling rates and weld 
metal microstructures for a 
44.05% HW, b 49.60% HW, and 
c 54.15% HW

Fig. 11  Weld geometry meas-
urement at hot-wire limitation
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height from the weld cap to the end of the fusion zone in the 
thickness direction. According to the experimental result, 
exceeding a hot-wire fraction of 44.05% under a specific 
deposition rate of 114.95 g/min from GMAW led to the 
unmelted at the interlayer of the first and second layer of 
single-V joint of a 20-mm thick steel plate. These param-
eters were found to optimize the mechanical properties of 
the weld metal.

In Fig. 12, Vickers hardness tests were conducted on 
etched surfaces of the weld metal areas, as indicated by 
the blue bars. The results showed a consistent pattern of 
hardness values, ranging from 191 ± 10 to 192 ± 11 HV10, 
within the hot-wire fractions of 36.18 to 44.05%. How-
ever, outside this range, the hardness exhibited a decrease, 

ranging from 179 ± 7 to 165 ± 7 HV10 for hot-wire frac-
tions of 49.60% and 54.15%, respectively. The green bars 
in the figure represent the absorbed impact energy val-
ues obtained from Charpy impact tests, and these results 
demonstrated similarity across hot-wire fractions ranging 
from 36.18 to 44.05%, with values in the range of 77 ± 5 
to 78 ± 5 J. These mechanical properties align consistently 
with the predominant microstructures discussed earlier in 
this study. The larger grain sizes of grain boundary ferrite 
(GBF) and secondary phase ferrite (SPF) observed in these 
experiments are attributed to slower cooling rates, which 
occur with excessive hot-wire fractions. These larger grain 
sizes are associated with reduced impact toughness. It is 
worth noting that the condition with a 54.15% hot-wire 

Fig. 12  Hardness and toughness 
of various hot-wire fractions

0

50

100

150

200

250

300

0

50

100

150

200

250

36.18% 40.65% 44.05% 49.60% 54.15%

A
b
so
rb

Im
p
ac
t
E
n
er
g
y,
J

H
ar
d
n
es
s,
H
V
1
0

Hardness Absorb Impact Energy

Hot-wire fraction, %

Lack of Fusion

Fig. 13  Captured arc observa-
tions and bead appearances for 
a 54.15% HW, b 41.16% HW, 
and c 28.16% HW (a)

54.15%
HW

(b)
41.16%
HW

(c)
28.16%
HW

10 mm



1027Welding in the World (2024) 68:1017–1032 

1 3

fraction could not be tested due to significant issues with 
incomplete fusion. As a result, the 49.60% hot-wire frac-
tion exhibited the lowest absorbed impact energy among 
the tested conditions.

3.3  Optimized conditions

As per the findings discussed in the previous section, it 
is evident that to ensure complete joint filling with only a 
second layer, the minimum required total deposition rate 
should be at least 250.72 g/min. However, at these deposi-
tion rates, issues of incomplete fusion at the interlayer are 
encountered. To address this, optimization was focused 
on the fraction between GMAW and hot-wire while 
keeping the total deposition rate constant. To address the 
issue of incomplete fusion and improve penetration, the 
GMAW fraction was increased, while keeping the total 
deposition rate constant. During the arc observation, it 
was noticed that as the GMAW fraction increased, the arc 

position shifted downward in the thickness direction. This 
shift resulted in a reduced accumulation of molten metal 
at the front of the molten pool, as depicted in Fig. 13. 
Importantly, this adjustment prevented the occurrence of 
molten metal precedence. Under the optimized welding 
condition with a hot-wire fraction of 41.16%, a regular 
bead shape was achieved.

However, increasing the GMAW fraction led to an 
increase in the welding current. Energy input was con-
sequently increased and affected the cooling time from 
800 to 500 °C. Figures 13a–c illustrate microstructures 
of the weld metals obtained with hot-wire fractions of 
54.15%, 41.16%, and 28.16% of the total deposition rate 
of 250.72  g/min, respectively. These microstructures 
showed that without experiencing a lack of fusion, the 
predominant presence of grain boundary ferrite (GBF) 
and secondary phase ferrite (SPF) transformed into a pre-
dominantly acicular ferrite (AF) even at a slower cooling 
rate (Fig. 14).

Fig. 14  Cooling rates and weld 
metal microstructures for a 
44.05% HW, b 49.60% HW, and 
c 54.15% HW
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All three conditions at a total deposition rate of 
250.72 g/min resulted in a similar effective height with 
reinforcement at the weld cap, as indicated by the yel-
low bars in Fig. 15. Furthermore, reducing the hot-wire 
fraction while keeping the total deposition rate constant 
resulted in a narrower weld width and higher weld height 
compared to the original hot-wire fraction of 54.15%. This 
adjustment increased the obtained D/W ratio and fusion 
area. Optimizing the balance between GMAW and hot-
wire not only achieved the desired deposition rate but also 
influenced the shape and position of the weld metal in the 
thickness direction.

The optimized ratio between hot-wire and GMAW 
fractions yielded significant improvements in hardness 
and absorb impact energy. Figure 16 demonstrates that a 

hot-wire fraction of 41.16% resulted in enhanced absorb 
impact energy, indicated by the green bars. (Hardness 
value increased from 165 ± 7 to 191 ± 7 HV10 and absorb 
impact energy increased to 72 ± 7  J.) The power con-
sumption for GMAW alone, providing a deposition rate 
of 250.72 g/min, is shown by the black bar in Fig. 17. 
Power consumptions for the three optimized conditions 
are presented. The condition with 54.15% hot-wire frac-
tion, which led to a lack of fusion, is represented by the 
red bar. Notably, the 41.16% hot-wire fraction exhibited 
the lowest power consumption, with an approximate 
62% reduction compared with GMAW alone at a similar 
deposition rate. These findings identify the best-opti-
mized condition for achieving a sound 20-mm single-V 
butt joint, accompanied by a substantial 62% reduction 

Fig. 15  Weld geometry meas-
urement at hot-wire optimized 
condition
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Fig. 17  Relationship between 
power consumption and hot-
wire fraction at optimized 
conditions

Fig. 18  Comparison of EBSD results: IQ maps a and b; IPF maps c and d; KAM maps e and f 
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in power consumption, while maintaining desired joint 
properties.

For further insight and emphasis on the condition with the 
lowest energy consumption, EBSD analysis was conducted on 
the weld metal samples. The analysis compared the weld metals 
produced with hot-wire fractions of 54.15% and 41.16%. The 
EBSD image quality maps revealed a mixture of ferrite morphol-
ogies. The predominantly GBF and SPF in the weld metal with a 
54.15% hot-wire fraction, as shown in Fig. 18a, transformed into 
predominantly AF in the weld metal with a 41.16% hot-wire frac-
tion, as seen in Fig. 18b. The image pole figure maps displayed 
a greater variety of AF orientations and an increased total grain 
boundary length, indicating improved resistance to deformation 
and crack propagation, leading to enhanced mechanical proper-
ties. The kernel-average misorientation (KAM) maps in Fig. 18e 
and f show a higher dislocation density in the AF region, attrib-
uted to the unique needle-like morphology of AF.

Figure 19 illustrates the average grain size fraction, revealing 
that the weld metal produced with a 41.16% hot-wire fraction 
exhibited a larger proportion of smaller grain sizes compared 
to the weld metal with a 54.15% hot-wire fraction. The misori-
entation angle profile, detailed in Fig. 20, revealed distinctive 
differences between these two conditions. Notably, a substantial 

fraction of misorientation angles, primarily at 50 and 60°, was 
observed [36, 38, 39]. This suggests the presence of mixed 
polygonal ferrite with AF in the weld metal area [36, 38, 39, 40].

4  Conclusion

This comprehensive investigation systematically explored the 
influence of hot-wire fraction on a 20-mm thick steel plate butt 
joint. Utilizing high-speed camera technology for real-time 
monitoring, the study unveiled crucial insights into the welding 
process. The conclusions drawn from this study are as follows:

(1) Hot-wire insertion improves weld metal properties and 
can compensate for the desired deposition rate com-
pared with conventional GMAW.

(2) Motion analysis using a high-speed camera identified 
molten metal precedence, which can be avoided with 
the use of an appropriate deposition rate.

(3) The optimized condition between GMAW and HW 
fraction provided a sound joint with improved mechani-
cal properties using 250.72 g/min deposition rate with 
41.16% of hot-wire fraction.

(4) The optimized condition for 20-mm thick steel plates 
enabled the creation of sound joints with only two weld 
passes, accompanied by a substantial 62% reduction in 
power consumption compared with traditional GMAW.

(5) The EBSD analysis highlighted the optimized condi-
tion with a 41.16% hot-wire fraction, which not only 
ensured joint soundness but also resulted in a predomi-
nantly acicular ferrite, contributing to higher mechani-
cal properties.
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