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A B S T R A C T   

Several studies have been conducted to improve combat vehicle capabilities, such as the bullet
proof performance of armor and fuel efficiency through weight reduction. Titanium alloys and 
ceramic materials are expensive and difficult to process; therefore, they can be applied only in 
specific locations. In addition, arc welding, which is relatively inexpensive compared with other 
welding processes, is widely used in industrial fields; however, because welding is often per
formed in multiple passes to join one part, the productivity is reduced. Therefore, in this study, 
mechanical properties were investigated according to production time and heat input by applying 
tandem pulse gas metal arc welding (GMAW) to increase productivity. The experimental data 
were obtained by varying the wire feeding speed. In addition, the current–voltage waveforms 
were measured, and the volume shift was analyzed by comparison with images captured using a 
high-speed camera. To analyze the mechanical properties of the tandem weld for the welding of 
high-hardness armor plates, the appearance (top bead and back bead), cross-section, hardness, 
tensile test, impact test, and spatter generation of the welded part were analyzed. The results 
show that all Tank-automotive and Armaments Command (TACOM) standards for the base ma
terial were met when the tandem wire feeding speed was 11 + 11 m/min, and the single-pass 
process increased production speed by a factor of more than 10. Tandem pulse GMAW is 
shown to be a viable option for improving productivity and maintaining high-quality welds for 
high-hardness materials.   

1. Introduction 

Recently, in the defense industry, research and development for weight reduction of materials has been actively conducted, and in 
the case of combat vehicles, much research is being conducted on weight reduction of armor plates [1,2]. Although armor plate 
performance is the most important indicator of occupant safety, heavy weight causes the problem of low mobility. Consequently, 
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combat capability is reduced owing to the reduced range of movement, restriction of military transfer, and increased fuel consumption. 
To solve this problem, many studies have been conducted to reduce weight by reducing plate thickness or producing a porous [3] or 
lattice structure [4] while maintaining bulletproof performance. Various armor materials, such as titanium and steel [5], are being 
developed for weight reduction, and titanium alloys [6] and ceramic materials [7] are being applied as non-ferrous armor materials. 
Titanium alloys and ceramic materials are used only in limited areas because of their high cost and difficult welding [8] and processing 
characteristics. In contrast, high-hardness armor (HHA) [9], rolled homogeneous armor (RHA) [10], and ultra-high-hardness armor 
(UHA) [11] steels, which are inexpensive and exhibit excellent strength, workability, and weldability, are widely used. 

Among these, HHA steel presents various challenges due to its high carbon content [12]. The primary issue with high-carbon steels 
is that instead of forming tempered martensite with high hardness in the heat-affected zone (HAZ), they become brittle [13]. 
Furthermore, there’s a heightened likelihood of cold cracking [14], necessitating an evaluation of weldability. Numerous studies have 
been undertaken to mitigate the risk of cold cracks during the welding of HHA steel [15]. Low-hydrogen ferritic (LHF) steel con
sumables, which don’t contain hygroscopic compounds, are employed for welding HHA steel [16]. Vasconcelos et al. [17] introduced a 
welding technique that incorporates cold wire during the welding of HHA plates, aiming to enhance the microstructure. 

In addition to research on materials, various studies have been conducted on welding processes. Typically, the welding processes 
used to join HHA plates include laser [18], submerged arc welding (SAW) [19], gas metal arc welding (GMAW) [20], gas tungsten arc 
welding (GTAW) [21], shielded metal arc welding (SMAW), and flux-cored arc welding (FCAW) [22]. Magudeeswaran et al. [22] 
investigated and evaluated the degree of hydrogen-induced cracking (HIC) according to the welding process using SMAW and FCAW. 
Bassett [23] welded HHA plates with laser and evaluated the size and hardness of the HAZ, Charpy toughness, and ballistic behavior. In 
addition, Son et al. [20] evaluated the weldability of HHA steel according to US Army standards, such as impact performance, tensile 
strength, and HAZ size, using GMAW. 

While many welding processes are amenable to automation, automating the welding of large structures remains challenging. 
Productivity might suffer due to the thermal deformation of materials and the necessity of multiple passes [24,25]. To enhance 
deposition rates and welding speed in conventional welding processes, numerous studies have explored the benefits of tandem 
welding, which employs two arc heat sources. For welding a V-groove shape with standard GMAW, a multi-pass welding method is 
typically used. In contrast, tandem welding can achieve the desired bead width and penetration depth in a single pass [26]. Addi
tionally, significant research aims to boost productivity by introducing extra filler metals [27]. In the context of HHA plates, the 
strength of the HAZ can diminish due to elevated heat input, necessitating a thorough analysis [28]. Given that arc interactions 
transpire between the dual heat sources, research has predominantly centered on understanding the dynamics of the molten pool [29]. 
It’s essential to assess weld defects and strength by examining the HAZ’s robustness and the molten pool’s behavior influenced by arc 
interactions. In this study, we applied tandem welding to bond HHA plates and evaluated the resulting weldability. 

2. Experiment equipment and methods 

The experiment was conducted using a Fronius TPS 5000 welding machine and an industrial ABB robot. For welding, V-groove 
specimens with dimensions of 250 mm × 500 mm and a thickness of 12 mm were prepared, and their weldability was evaluated. 
Additionally, all welding specimens were preheated to 150◦ using a torch before performing the test. The experimental setup is shown 
in Fig. 1. Tandem welding was performed using two synchronized power sources. The current and voltage data were captured using the 

Fig. 1. Schematic of data measurement and specimen analysis in a tandem welding system.  
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data acquisition (DAQ) board and then processed and analyzed on a PC. Separately, images of the molten pool dynamics were obtained 
using a high-speed camera. In addition, the characteristics of the welded parts according to the welding conditions were confirmed 
through photographs and mechanical property analyses. The tank-automotive and armaments command (TACOM) standard was used 
as a criterion for evaluating weldability [30]. 

For the welding conditions, the same mechanical strength was confirmed by changing the wire feeding speed (WFS) on the basis of 
the optimal heat input conditions determined for single-pulse GMAW. Table 1 lists the welding conditions used in this study. The 
experiment utilized a domestic HHA plate, with a Vickers hardness ranging from 460 to 510 HV and a tensile strength between 1600 
and 1700 MPa, as shown in Tables 2 and 3. The wire used for welding was ER120S-G with a tensile strength of 830 MPa and an 
elongation of 12 %. Table 4 lists the chemical composition ratios of the welding wire. 

3. Results and discussion 

3.1. Weld visual inspection 

After performing tandem welding while controlling the welding wire supply speed, the appearance quality was visually inspected. 
Fig. 2 shows a photograph illustrating the variations in the top bead and back bead as influenced by WFS. When the WFS was 9 m/min 
for both torches, no back bead was formed. When the WFS was 11 m/min, no back bead was formed; however, this condition did not 
affect the weld quality. As the WFS increased, the penetration depth increased, and weld back bead formation occurred smoothly. 

3.2. Tandem process current–voltage waveform and volume transfer analysis 

The droplet transfer and process stability according to welding WFS were identified using high-speed camera images and welding 
current–voltage waveforms. Fig. 3 shows the current and voltage changes occurring during tandem welding. As two power sources 
were used for synchronized tandem welding, the current of the leading and trailing torches increased alternately. Furthermore, the 
current of the leading torch exhibits a higher value than that of the trailing torch. As the wire of the leading torch melts, the molten 
pool rises, causing the stick out of the trailing torch to decrease, leading to an increase in its current. The molten pool generated by the 
leading torch can alter the voltage of the trailing torch. When the wire of the trailing torch comes into contact with the wire of the 
leading torch, a short circuit occurs, causing the voltage to converge to zero. At this moment, to disconnect the wire, an excessive 
voltage is applied from the welding power source, allowing the maintenance of the arc plasma. This phenomenon enables continuous 
welding. However, at 9 m/min, despite the smallest amount of metal being melted, a large number of short circuits occur. This is 
because the mechanism of metal transfer changes depending on the current value. In this condition, short circuits occur frequently, 
while in other conditions, the transition to spray mode reduces the occurrence of short circuits. This can be observed in the high-speed 
camera images in Fig. 4. Taking all these factors into account, we can conclude that the most stable welding occurs at 11 m/min. As 
previously mentioned, the flow of the molten pool can lead to arc instability. Additionally, the magnetic forces generated between the 
two wires and the base material, as well as arc interference caused by the arc itself, can further contribute to arc instability. 

The high-speed image in Fig. 4 shows that as the welding WFS increased, the welding magnetic blow increased and arc interactions 
occurred frequently. This phenomenon occurred because the pulse current period decreased as the current increased. The high-speed 
camera image shows that the volume transfer at 9 + 9 m/min was more stable than that at 11 + 11 m/min. However, under the 
condition of 9 + 9 m/min, it was difficult to apply because the penetration was insufficient. 

3.3. Weld section analysis 

As shown in the cross-sectional analysis of the weld section in Fig. 5, no pores or cracks were observed in the tandem weld section. It 
was confirmed that the penetration increased as the WFS increased, as in the external bead test result. In addition, the welding part, 
which required multiple passes in general pulse GMAW, was formed in only one pass. 

3.4. Hardness analysis result 

A Vickers hardness test was performed and the hardness profile was confirmed using HV1. The hardness was measured at intervals 
of 1 mm. Fig. 6 shows the welding hardness distribution results according to the welding WFS conditions. The hardness of the weld 

Table 1 
Welding conditions for the nano particle flux experiment.  

Welding process Tandem GMAW 

Welding speed (cm/min) 30 
Shielding gas Ar + CO2 10 % 
Joint V-groove 
Wire feeding speed (WFS) (m/min) 9 11 13 
Contact tip with distance (CTWD) (mm) 20 
Number of passes 1  
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metals was lower than that of the base material. It was confirmed that the hardness of the HAZ part was higher than that of the weld 
metal under all conditions. Furthermore, as shown in Fig. 5, the HAZ expanded as the amount of heat input increased. As shown in 
Fig. 6, the hardness distribution within the HAZ varies with the changing width of the Heat-Affected Zone due to different WFS 
conditions. Notably, when the speed is at 9 + 9 m/min, the hardness of the HAZ appears to be higher. This is attributed to the 
characteristic of high-hardness steel, where the hardness decreases as the heat input increases [31]. 

3.5. Tensile test results 

Tensile tests were conducted according to the TACOM standard at a test speed of 3 mm/min. The tensile test results are shown in 
Fig. 7. The tensile strength of the weld under all WFS conditions exceeded that of the ER120S-G welding wire. In addition, similar to the 
hardness results of the tandem welds, there was no significant change in the tensile strength, even when the WFS conditions were 
changed. However, elongation tended to decrease under faster WFS conditions. The elongation of the weld was confirmed to be lower 
than that of the wire. 

3.6. Impact test results 

For impact testing, the Charpy test was conducted at − 40 ◦C. Specimen production and testing were evaluated in compliance with 

Table 2 
Chemical properties of HHA steel (wt%).  

Fe C Mn Si Ni Mo Cr Al V Ti CEQ 

Bal. 0.27 0.96 0.22 3.04 0.29 0.49 0.09 0.03 0.02 0.69  

Table 3 
Mechanical properties of HHA steel.  

Hardness (HV) Charpy-V (J) Yield 
Strength (MPa) 

Tensile 
Strength (MPa) 

Elongation A5 (%) 

460–510 29 1357 1672 Longitudinal: 17 
Transverse: 14  

Table 4 
Chemical properties of welding wire (ER120S-G) (wt%).  

Fe C Mn Si Ni Mo S P 

Bal. 0.06 1.48 0.003 3.42 0.57 0.003 0.002  

Fig. 2. Images illustrating the variations in tandem welding beads influenced by wire feeding speed (WFS) under the following conditions: (a) and 
(b) 9 + 9 m/min; (c) and (d) 11 + 11 m/min; (e) and (f) 13 + 13 m/min (a), (c), (e) show the top bead; (b), (d), (f) depict the back bead. 
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the American Society for Testing and Materials (ASTM) standards. The low-temperature impact characteristics of the tandem weld and 
hardened area were tested, and the low-temperature impact results were confirmed, as shown in Fig. 8. Low-temperature impact 
characteristics greater than 16.4 J, which is the TACOM standard for high-hardness armored materials, were confirmed under all 
supply speed conditions. The highest low-temperature impact characteristics were confirmed at a WFS of 9 m/min. As the WFS 
increased, the low-temperature impact properties decreased. 

3.7. Spatter generation analysis 

Spatter analysis was conducted using images from the tandem pulse GMAW process. As depicted in Fig. 9, we acquired images of 
the welded specimen and calculated the spatter quantity in pixels through image preprocessing. The tandem pulse GMAW at WFS of 9 
+ 9 m/min and 11 + 11 m/min produced less spatter compared to general-pulse GMAW. However, at a WFS of 13 + 13 m/min, a 
notably larger amount of welding spatter was evident, as observed in the tandem welding process current–voltage waveform and high- 
speed camera images. 

Fig. 3. Current and voltage waveform change in tandem welding with WFS conditions (a) 9 + 9 m/min, (b) 11 + 11 m/min, and (c) 13 + 13 m/min.  
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4. Conclusion 

In this study, the potential of tandem pulse GMAW to enhance productivity without compromising weld quality for high-hardness 
materials was explored. Utilizing an automated system with a welding robot, tandem welding was executed with precision, and a 

Fig. 4. High-speed image of tandem metal transfer and arc interaction. WFS: (a) 9 + 9 m/min, (b) 11 + 11 m/min, (c) 13 + 13 m/min.  

Fig. 5. Comparison of cross-sectional views in tandem pulse GMAW: (a) 9 + 9 m/min, (b) 11 + 11 m/min, (c) 13 + 13 m/min.  
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Fig. 6. Hardness profile in tandem welding process at different WFS conditions.  

Fig. 7. Comparison graph of tensile strength and elongation results in single and tandem welding processes.  

Fig. 8. Comparison graph of − 40 ◦C toughness results in welds of the single and tandem welding processes.  
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dedicated current and voltage measurement system was set up to ensure process stability. 
Mechanical tests on V-groove specimens, with synchronized WFS for both leading and trailing torches, were pivotal in assessing the 

weldability of tandem GMAW. Our observations revealed that a WFS of 11 + 11 m/min yielded the most consistent results in terms of 
current and voltage stability, ensuring complete back bead formation. While larger heat inputs expanded the HAZ and reduced 
hardness, the tensile strength peaked at the aforementioned WFS. However, as the WFS increased to 13 + 13 m/min, there was a 
noticeable decline in elongation and low-temperature impact strength, coupled with a rise in spatter generation. 

Crucially, the tandem GMAW approach met all TACOM standards for the base material at a WFS of 11 + 11 m/min. This method 
has the potential to transform the traditional multi-pass welding process into a more efficient single-pass procedure, amplifying 
production speed considerably. 

In summary, tandem pulse GMAW emerges as a promising technique for high-hardness materials, offering both enhanced pro
ductivity and superior weld quality. The insights gained from this study lay the groundwork for refining welding conditions in sub
sequent investigations. 
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