
1

Development of a Novel GTAW Process for Joining  

Ultra-thin Metal Sheets 

Ngo Huu Manh1,!, Van Anh Nguyen2,3,*,!, Han Le Duy4, Murata Akihisa2, Van Thao 

Le5,*, Trinh Quang Ngoc4, Bharat Gandham3

1 Science-Technology and International Cooperation Department, Sao Do University, Hai 

Duong, Vietnam 

2 Research and Development Department, Murata Welding Laboratories, Osaka 5320012, 

Japan 

3  Welding Engineering and Laser Processing Centre, Cranfield University, UK 

4 Hanoi University of Science and Technology, Hanoi, Vietnam 

5 Le Quy Don Technical University, Hanoi, Vietnam 

* Correspondences:  

(VAN) nguyen.van-anh@cranfield.ac.uk 

(VTL) vtle@lqdtu.edu.vn 

(!) These authors contributed equally to this work and should be regarded as the first joint authors. 

li2106
Text Box
Journal of Manufacturing Processes, Volume 80, August 2022, pp. 683-691
DOI:10.1016/j.jmapro.2022.06.043




1

Abstract: 

The butt weld of ultra-thin sheet raw material coils in production lines is a crucial challenge 

with traditional welding processes because of the troubles related to the control of heat input, 

arc stability, application reliability, and investment costs. To overcome such challenges, a 

novel GTAW process has been developed for joining ultra-thin metal sheets for the first time. 

The novel welding torch with a novel orifice is the main discovered point of this process. In 

this paper, the novelties of the developed technology are clarified by comparing it with the 

conventional GTAW process. The results show that the novel GTAW process features much 

distinctiveness as compared to the conventional GTAW process: (i) the arc plasma column 

is more concentrated; (ii) the heat input is considerably reduced, but the temperature at the 

arc center is greatly increased; (iii) the metal evaporation and the metal vapor amount at-

tached to the tungsten electrode surface are enormously reduced, and (iv) the corrosion of the 

tungsten electrode tip is vastly reduced. As a result, the novel GTAW process can success-

fully perform the butt weld of thin/ultra-thin metal sheets (up to 0.03 mm) with high quality 

and reliability. 

Keywords: Novel GTAW process; Novel orifice; Ultra-thin metal sheet; Butt weld; Low 

heat input. 
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1. Introduction

Generally, sheet metals are presented in all aspects of modern life. Among sheet metals, 

thin and ultra-thin sheets are an indispensable part of fabricating high-tech products such as 

smartphones [1], electronic devices [2], automobiles [3], aerospace [4], and medical equip-

ment [5]. Inside each product, the sheet metal is utilized for small components and miniature 

parts, such as rotors/stators in the motors, leading frames of integrated circuit (IC) memory 

chips in smartphones, fine plates in radiators and heat exchangers, envelops in lithium bat-

teries, and connectors in electronic devices [6]. Batch or mass production lines make these 

products with input materials in thin sheet coils, which need to be exchanged after running 

out. During the exchange period, the production lines must be stopped and discontinuous 

(about 60 minutes). Moreover, several dozen meters (about 30 meters) at the end of the ma-

terial coil and the starting part of the new material coil must be removed to avoid defective 

products [7]. On the other hand, the length of the raw material sheet in each coil is an average 

of 1000 meters. From this analysis, it can be considered that more than three percent of the 

unusable proportion of raw material is in each exchange time. This leads to a significant 

waste of time and materials. The processing of raw material waste from production lines is 

expensive and causes environmental pollution (e.g., carbon dioxide emissions) [8]. In order 

to overcome this issue and make “non-stop” production lines, the butt joint of raw material 

coils during the operating period becomes an excellent solution. However, due to thin metal 

sheets that are significantly sensitive to the change of heat inputs, the welding of thin sheets 

faces many challenges, for example, thermal deformation, burn-through phenomenon, lack 

of fusion, and unstable weld beads. Any slight change in welding parameters can cause over-

heating and insufficient heat input, leading to serious defects.  

Many investigations have been performed to clarify the influence of welding parameters 

on the joint formation and mechanical properties and improve the quality of the welded joints 

of thin and ultra-thin sheets. For instance, Chaudhary et al. [9] applied a pulsed microplasma 

arc process (micro-PAW) to butt weld thin 316L stainless steel sheets with a thickness of 0.5 

mm using a wire of 0.374 mm in diameter. The influences of pulse-on-time and pulse-off-
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time factors, torch traveling speed, and peak current on the weld joint strengths were inves-

tigated. It was found that the set of parameters, including a duty cycle of 50%, a pulse fre-

quency of 10 Hz, a peak current of 3.5 A, and a torch traveling speed of 250 mm/min, resulted 

in the maximum joint strength of 553 MPa. The fusion region revealed a minor dissimilarity 

in microhardness compared to the heat-affected zone. However, a lot of bending and distor-

tion troubles occurred from experimental results. Furthermore, the height of excessive con-

vex at the weldment was double compared to base metal thickness. Tseng et al. [10] also 

considered the influence of welding parameters (i.e., traveling speed, arc current, arc length, 

clamping distance, and shielding gas) on the edge joint quality and morphology of 0.1 mm 

thin stainless steels bellows produced by using the micro-PAW process. The findings demon-

strated that the voltage augmented when the additional hydrogen quantity in the argon gas 

increased. Moreover, the adequate edge butt welds could be produced with a 0.35-mm clamp-

ing distance, and the edge welding penetration was about 60% of the thickness. To detect and 

control in real-time the lack-of-fusion (LoF) defects during the welding of 0.15-mm-thick 

sheets by the micro-PAW process, Hong et al. [11] developed a monitoring framework using 

micro-vision sensors, SNNF (symmetric nearest neighbor filter) algorithm and Otsu method. 

They indicated that the abrupt change in the centroid position of the welding pool along the 

welding length has a high correlation with LoF, and this parameter could be used to detect 

the lack of fusion defects in real time. Long et al. [12] utilized the numerical simulation for 

the butt weld of thin plates with 3 mm in thickness by the metal-inert-gas (MIG) welding 

process to predict the temperature variation, the fusion and heat-affected zones, the angular 

distortion, the longitudinal and transverse shrinkage, and residual stresses. They demon-

strated that the welding speed and thickness were two factors that significantly influenced 

residual stress and distortion. Ismail et al. [13] investigated overlap joints between 20 and 50 

mm stainless steel sheets using the fiber-laser-welding process. The results showed that the 

depth and width of weld beads augmented with the welding speed. The use of shielding gas 

allowed for obtaining uniform beads. Combining high-speed laser scanning and microbeam 

spot enabled suitable overlap welds of ultra-thin sheets. In another report, Hailat et al. [14] 
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efforted to butt weld two dissimilar materials – i.e., 0.49-mm-thick Al3003 aluminum and 

0.54-mm-thick Cu11000 copper sheets laser micro-welding process. The results pointed out 

that incorporating Tin-alloy-foil filler between two welded metals could improve the 

strengths and elongation of joints. The filler incorporation also influenced the solubility of 

both metals. 

Recently, some researchers have investigated and applied the friction stir welding (FSW) 

process to the butt joint of thin sheets [15]. For instance, Scialpi et al. [16] investigated the 

mechanical behaviors of joining two aluminum alloys (i.e., 2024-T3 and 6082-T6) sheets 

with a thickness of 0.8 mm by FSW. The authors stated that the joints revealed good me-

chanical and fatigue characteristics. Huang et al. [17] used the micro-FSW process to weld 

ultra-thin sheets Al-6061 sheets. They examined the influence of plunging profile and rota-

tion speed on the surface appearance, microstructure, microhardness, and tensile strength. 

The optimal plunge depth for 0.5-mm-thick Al6061 aluminum sheets was 0.05 mm. Higher 

or lower plunging depths than 0.05 mm caused weld defects – e.g., unfilled grooves, thick-

ness reduction, and more powerful flashes. Meanwhile, the increase in rotation velocity could 

improve the surface characteristics. Yamamoto et al. [18] compared the joining of ultra-high-

purity aluminum 0.8-mm-thick sheets by the GTAW and FSW processes. The results showed 

that the fractures of tensile samples for FSW joints took place in the base metal, whereas the 

GTAW welded joints were ruptured near the fusion line. Mao et al. [19] focused on the butt 

welds of 1.0-mm-thick 6061-T6-aluminum alloy and T2-pure-copper ultra-thin sheets pro-

duced by micro FSW using different traveling speeds. They showed that the Al-Cu interface 

featured a good metallurgy bonding because of the Al2Cu/AlCu/Al4Cu9 compound for-

mation. Recently, Moghanni et al. [20] investigated the influence of process parameters in 

the pinless FSW on microstructural and mechanical characteristics of 1.2-mm-thick Al-

0.5Co-Cr-Fe-Ni high-entropy alloy sheets. The authors observed that the heating index 

played a significant role in the microstructures and mechanical properties of the jointed sam-

ples. 
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Various welding and joining techniques for thin and ultra-thin sheets have been utilized 

to weld overlap and edge joints. However, no publications about the butt joint of ultra-thin 

sheets in mentioned manufacturing lines. This is because the troubles related to product qual-

ity, reliability, and investment costs are still the main barrier for various applications. In par-

ticular, the butt weld of the raw materials used in production lines requires high quality and 

reliability [21]. The laser welding process is a high-cost and complex welding system. It also 

requests a very restricted operation safety. Meanwhile, the products produced by the GTAW 

or PAW process are high tolerance and low reliability. The FSW process also features a high 

investment cost with a complex equipment system, and the sheet thickness applicable with 

this process generally ranges from 0.5 to 1 mm [15]. Therefore, their applications in industry 

to fabricate thin/ultra-thin components are still very limited and not efficient. The production 

lines using thin/ultra-thin sheets also need breakthrough solutions to avoid stopping time, 

reduce raw material waste, and improve sustainable production and a clean manufacturing 

environment. To solve these troubles, a novel GTAW solution is developed in this investiga-

tion. The experiments related to the arc plasma phenomena, tungsten electrode wear and weld 

bead appearance were performed to demonstrate the performance of the novel GTAW pro-

cess. 

2. The novel GTAW process for joining ultra-thin metal sheets

In this investigation, a novel GTAW process for the butt weld without wire feeders has 

been developed to connect the raw material coils to cut waste time and reduce material waste 

in mass and batch production lines. The diagram for this production line is shown in Figure 

1. In this case, the ultra-thin steel sheets with a thickness of 0.03 to 1.0 mm are used as raw 

materials. Firstly, the raw material coils are delivered to the workplace. The coil is then 

pushed and adapted to the manufacturing line. Subsequently, the stamping process is started. 

When the raw material coil is run out, a new coil is prepared to butt weld with the previous 
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coil by the novel GTAW process. This process significantly improves the manufacturing 

lines' productivity, efficiency, and reliability. 

Figure 1. The manufacturing line diagram for ultra-thin sheet metals using a novel GTAW 

process. 

Figures 2 presents the schematic illustration of the novel GTAW equipment and the 

novel torch. The novel GTAW system includes an adaptive signal box, a CCD camera to 

observe the molten pool during welding, a control box, a main powder driver box, a push and 

pull raw material apparatus, and a novel GTAW torch. Figure 3 reveals the schema of the 

novel torch and the novel orifice. Moreover, the shielding gas is supplied into a back shield-

ing gas box to protect the molten pool and the weldment on the backside. The clamps fix the 

running out of the raw material coil and the new one. The arc length is automatically con-

trolled to maintain a high accuracy under a circuit board and control program.  

Figure 2. The schematic illustration of the novel GTAW welding system. 
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(a) novel GTAW torch schematic 

(b) novel orifice image 

Figure 3. A schematic illustration of the novel GTAW torch and the novel orifice. 

The copper-alloy nozzle (novel orifice) is developed and assembled to the torch body in 

this technology, as shown in Figure 3b. This orifice is reached out of the ceramic shielding 

gas nozzle (see Figure 3a). The six long slits inside the orifice are contacted with the tungsten 

electrode to orient the electrode position and control the heat input balance. The tungsten 

electrode can move alongside (up and down) the orifice, but it is impossible to oscillate hor-

izontally. As a result, the relative position between the tip of the tungsten electrode and the 

butt joint position can be controlled with high precision.  

Among the slits, there are six long notches (Figure 3b on the right). A large amount of 

the gas flowing from the torch is pushed down along the notches. In addition, a ceramic 

shielding gas nozzle with a large diameter is utilized to control and orient the shielding gas 

flow. This ceramic nozzle is similar to the shielding gas nozzle in a conventional GTAW 
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process. Therefore, the shielding gas consists of constricted gas and outer gas. The novel 

orifice controls the constricted gas, and the conventional nozzle controls the outer gas. Be-

tween these gases, the outer gas has a similar task to the shielding gas flow in the case of the 

conventional GTAW process. Meanwhile, the constricted gas mainly improves welding effi-

ciency and arc plasma stability. 

3. Experimental method 

3.1 Welding conditions and equipment. 

To demonstrate the performance of the novel GTAW process, two following case studies 

were considered, including the butt weld of cold-rolled SPCD steel sheets with a thickness 

of 0.25 mm and a width of 400 mm, and the butt weld of SUS 304 stainless steel sheets of 

0.03 mm x 100 mm in thickness and width. The raw materials are contacted together without 

gaps, and no additional wire is applied in this case. For cutting 0.03 mm plates, a cutting 

system with very high accuracy is necessary. It requests no the swarf on the cutting kerf. 

After that, a particular assembled block with the support of a microscope and technical plates 

to ensure no gap, no overlap, and no miss-match is performed. After that, the microscope 

head will check the gap, overlap, and mismatch between substrates. The technical plates will 

be utilized to avoid overlap during the set-up process of substrates. The novel GTAW process 

was performed on the MWL-400 welding machine of Murata welding laboratories, Co. Ltd, 

with the novel GTAW torch. The main welding parameters are given in Table 1. 

Table 1. Main welding parameters in the novel GTAW process. 

Welding parameters Value/Specifics 

Case study 1 Case study 2 

Base metal 
Cold rolled SPCD steel sheets 

with a thickness of 0.25 mm  

SUS 304 stainless steel sheets 

with a thickness of 0.03 mm 

Peak current 30 A  10 A 

Bead current 9 A 4 A 
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Current frequency  120 Hz 120 Hz 

Welding speed 2500 mm/min 2500 mm/min

Outer shielding gas 

and flow rate 
Ar, 5 L/min Ar, 3.0 L/min

Constricted gas and 

flow rate 
Ar, 2.5 L/min Ar, 1.5 L/min

Back shielding gas Ar, 2.5 L/min Ar, 2.5 L/min

Welding current fre-

quency 
120 Hz 120 Hz 

Arc length 0.25 mm  0.05 mm 

Tungsten electrode 

(diameter) 
1.6 mm 1.6 mm 

Tip angle of the elec-

trode (whole angle) 
600 600 

After the butt weld, the shape and dimensions of the weldment were observed by an 

optical microscope (VHX-D500, Keyence, Japan). Additionally, the shape and dimensions 

of the weld bead produced with the novel torch in the first case study – i.e., the butt weld of 

the cold-rolled SPCD steel sheets with a thickness of 0.25 mm were compared to those of the 

weld bead achieved by the conventional GTAW torch with the same conditions. 

3.2. Temperature distribution and arc phenomena observation 

In order to visualize the arc phenomena, the arc length was set up at 1 mm. A high-speed 

video camera (NAC MEMRECAM GX-1) with a frame rate of 1000 fps was utilized. A 

cooling water-copper-based anode was used. The arc plasma was captured 10 seconds after 

starting the arc. Meanwhile, the arc plasma temperature distribution was measured by the 

spectroscopy technique. The optical system is composed of a spectrometer (Acton SP-2300), 

a camera lens (Nikon ED AF NIKKOR 70-300 mm), and a high-speed camera (NAC 
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MEMRECAM GX-1), as illustrated in Figure 4. The ArI-line spectrum of 696.5 nm was used 

to take photographs. The camera frame rate was set at 1000 fps. 

Figure 4. Experimental setup with the spectroscopy technique. 

3.3. Tungsten electrode wear observation 

 To observe the tungsten electrode corrosion phenomena, two tungsten electrodes are pre-

pared and captured before welding by the optical microscope (VHX-D500, Keyence, Japan). 

They were then installed on the torches (i.e., the novel torch and the conventional GTAW 

torch). Afterward, the butt welds were done during 60 s with the conventional GTAW torch 

and the novel GTAW torch, individually with the same welding parameters, as mentioned in 

Table 1. 60 s is the time from starting until stopping the arc. This duration was controlled and 

calculated as a part of the controlled program of the developed system. Finally, the electrodes 

were removed from the torches, and the optical microscope captured the electrode tips (VHX-

D500, Keyence, Japan). 

4. Experimental results 

4.1. Cross-section and weld bead profile 

In this paper, five times of welding coils were repeated. And then, the coils were trialed 

in production lines to verify the welded quality and reliability. The results confirmed that all 

coils passed through the real working conditions. A typical example of the cross-section and 

the bead profile is presented in this paper. 
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The cross-sections of weld beads produced by the novel GTAW torch and the conven-

tional GTAW torch in the first case study were captured in Figure 5. It is revealed that there 

is a clear difference between the results achieved by the novel torch and the conventional 

GTAW torch. As compared to the conventional GTAW torch, the novel torch allows produc-

ing the weld bead with a narrower bead width on the top side (0.61 mm vs. 0.81 mm) and a 

more expansive bottom side (0.41 mm vs. 0.31 mm). 

Figure 5. Welding samples of cold-rolled SPCD steel with a thickness of 0.25 mm were 

produced by (a) the novel GTAW torch and (b) the conventional GTAW torch. 

Because the conventional GTAW process is impossible to obtain good quality in the case 

of super ultra-thin sheets (0.03 mm), in the second case study, only the images of the weld 

bead profile produced by the novel GTAW process were observed, as presented in Figure 6. 

It is confirmed that no macro welding defects were observed. The bead width is very stable. 

The top bead width is about 0.34 mm, and the bottom surface bead width is about 0.26 mm.  
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Figure 6. Bead profile of 0.03-mm-thickness SUS stainless steel: (a) top surface and (b) 

bottom surface. 

4.2. Arc plasma and temperature distribution 

Figure 7 displays an arc plasma column in the novel GTAW torch and the conventional 

GTAW torch, where the welding current was set by 30 A. The results indicated that the 

plasma column is straighter and more constricted in the case of the novel GTAW torch (Fig-

ure 7a). The arc plasma column generated by the novel torch is similar to that in the PAW 

process. The tungsten electrode body is darker, especially within the arc center until the ori-

fice. Meanwhile, the plasma column is wider in the case of a conventional GTAW torch. The 

tungsten electrode is hotter, with the high-temperature region expanded from the electrode 

tip until the conventional shielding gas nozzle (Figure 7b). 
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Figure 7. The arc plasma phenomena observation: (a) the novel GTAW torch and (b) the 

conventional GTAW torch. 

Figure 8 portrays the arc plasma temperature distribution in the case the welding current 

was set by 30 A. There is a distinction between the results achieved by the conventional 

GTAW torch and the novel torch. The temperature at the center of the arc in the case of the 

novel GTAW torch (Figure 8a) is much higher than that in the conventional GTAW torch 

(Figure 8b). In the case of the novel torch, the high-temperature zone is extended alongside 

the arc column from the tungsten electrode until the copper anode. Meanwhile, the tempera-

ture at the arc center in the case of conventional GTAW is much lower and is not alongside 

the axial. 

Figure 8. The plasma arc temperature distribution: (a) the novel GTAW torch and (b) the 

conventional GTAW torch. 

4.3. Tungsten electrode wear 
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Figure 9 reveals the tungsten electrode situation at three periods: before welding, after 

welding 60 s with the novel torch, and after welding 60 s with a conventional GTAW torch 

in the first case study. The tip of the electrode before welding was selected as the original 

point. After welding, the tip of the electrode was burned (corroded), and the distance from 

the original point was measured and calculated by the optical microscope.  

Figure 9. The tungsten electrode situation: (a) before welding, (b) after continuous welding 

60 s with the conventional GTAW torch and (c) after continuous welding 60 s with the 

novel GTAW torch. 

It can be clearly seen that, in the case of the conventional GTAW torch, the tungsten 

electrode is corroded much higher than in the novel torch. The tungsten electrode of the con-

ventional GTAW torch was burned about 0.85 mm (Figure 9b), while that was only about 

0.11 mm in the novel GTAW torch (Figure 9c). Much metal from the molten pool is attached 

to the tungsten electrode tip in the conventional GTAW torch (Figure 9b), resulting in sig-

nificant contamination on the tungsten electrode surface. On the other hand, the surface of 

the tungsten electrode in the novel GTAW torch was cleaner than the conventional torch, 

leading to little contamination on the surface of the tungsten electrode. This means that a 

small amount of the metal vapor from the molten pool was attached to the tungsten electrode 
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in the case of the novel torch. In contrast, a large amount of metal vapor from the molten pool 

was enclosed to the tungsten electrode surface in the case of the conventional GTAW torch.  

5. Discussion

The novel welding process has the operating principle (arc discharge mechanism) based 

on the GTAW process, meaning that the arc is discharged between the positive electrode (i.e., 

the base metal) and the negative electrode (i.e., the torch/the novel orifice). There is no pilot 

arc in this novel technology. However, the arc plasma column is with the bell formula and is 

constricted closely to the arc plasma column in the PAW process. The main advantage points 

of this novel process are detailed as follows. 

5.1 Arc plasma phenomena, melt pool stability, and heat input reduction 

In the novel GTAW process, the gas flowing by the novel orifice plays a substantial role 

in improving priority characteristics, welded stability, and joint quality compared to the con-

ventional GTAW process. Its gas pressure is enormously increased through extreme narrow 

gaps (notches) between the tungsten electrode and the novel orifice. In this case, the arc col-

umn as a bell formula is strongly constricted, as shown in Figure 8a. As a result, the temper-

ature at the center area of the arc column has vastly increased, especially along the centerline. 

However, in the radial direction, the arc temperature is decreased sharply, similar to that in 

the conventional GTAW process. On the other hand, the current is controlled in a pulse for-

mula with a frequency of 120 Hz. It means that the current is alternated continuously from 

peak current to bead current in each cycle of welding current. In combination with the con-

stricted gas flow cooling the melt pool, it can reduce the heat input to ensure a suitable con-

dition to weld ultra-thin sheets efficiently. 

If the thickness of base metal is reduced, another essential factor that needs to be con-

trolled carefully is the gas flow rate. For example, in the case of 0.25 mm plates, the con-

stricted gas and the shielding gas were 2.5 l/min and 5.0 l/min, respectively. However, in the 

case of 0.03 mm, they were 1.5 l/min and 3.0 l/min, respectively. This is related to the melt 



16

pool stability during welding. In the case of the ultra-thin sheet, the melt pool is a very narrow 

and thin layer. It is susceptible to changing input parameters such as the gas flow rate, espe-

cially the constricted gas. This melt pool is blown away easily to cause the cutting or burn-

through phenomenon. To control this phenomenon, the reduction of the gas flow rate is stud-

ied carefully. Based on this investigation, the suitable gas flow rate was selected with higher 

(2.5 l/min) in the case of 0.25 mm and lower (1.5 l/min) in the case of 0.03 mm to control the 

melt pool stability in this paper. 

These results verify that, in the case of the novel process, the heat input density increases, 

but the heat input decreases compared to the conventional GTAW process. Furthermore, a 

recent simulation study about plasma flow shows that the plasma flow velocity is much dif-

ferent in both cases, novel torch and conventional torch [22]. In the case of the novel torch, 

the plasma flow velocity is much increased, especially around the center and along the molten 

metal pool surface. The maximal velocity in the case of the novel torch is two times higher 

than that in the case of the conventional GTAW torch. In other words, the plasma flow with 

high speed and high arc pressure is formed by impinging on the base metal surface under the 

efficiency of the novel orifice to create a very stable and narrow shape for the arc column. 

Moreover, using a novel orifice accelerates the plasma jet through a high-speed constricted 

gas flow. Therefore, the thermal pinch effect on the arc plasma, the energy density of the arc 

plasma, and the electron discharge capacity are significantly improved compared to the con-

ventional GTAW torch [23]. Lastly, double gas flows in this torch prevent reducing the 

shielding effect, which is a problem in the conventional GTAW process, as mentioned in [24-

26]. 

5.2 Bead shape formation 

In the case of the PAW process, the bead width on the bottom surface was close to the 

top surface. The plasma gas flow and the gas flow rate are very high. The arc is very con-

stricted. It increases the risk of burn-through and blows away the metal in the molten pool in 

the case of very thin sheets. Meanwhile, in the case of GTAW welding, the bead width on 
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the top is much broader than the bottom surface due to low gas pressure. This is difficult to 

guarantee the strength of welded joints in stamping lines because the welded joints are cut, 

punched, bent, and pushed simultaneously. To solve both issues mentioned and obtain a more 

suitable welding process for ultra-thin sheets, a bead shape with a narrower on the top surface 

than GTAW but broader on the bottom surface than PAW will be a better solution. It is 

meaningful for this novel welding process. 

Compared to the GTAW bead shape, the bead width on the top surface in the case of the 

novel GTAW is narrower, but the bead width on the bottom surface is wider. However, com-

pared to the PAW process, the bead width in the case of the novel GTAW process is broader, 

especially on the top surface. As reported in [27], the bead width on the top and bottom 

surfaces in the PAW process was about 7.7 mm and 6.4 mm, respectively. Therefore, the 

ratio of bead width between the bottom and top surface was lowest in GTAW and highest in 

the case of PAW. Meanwhile, this ratio is located in the middle level for the case of the novel 

GTAW. This indicates that the novel technology features advantageous characteristics from 

GTAW and PAW processes. In other words, the bead width on the top surface is wider than 

the PAW process but narrower than the GTAW process, while the bead width on the bottom 

surface is broader than the GTAW process and narrower than the PAW process, as depicted 

in Figure 10. 

Figure 10. The schematic of bead shape in (a) GTAW process, (b) novel GTAW process, 

and (c) PAW process. 

On the other hand, as shown in Figures 5 and 6, there are no welding defects such as 

convex, concave, and undercut at the weldment zone in the case of the novel torch. This is 

evidence that the constricted gas does not push down the molten metal to cause the dropping 

of the molten metal during the welding, even though the gas flows with high pressure and 
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speed. The reason is that, in novel technology, a low flow rate of input shielding gas and 

constricted gas is applied, 3.0 - 5.0 L/min for shielding gas and 1.5 - 2.0 L/min for constricting 

gas (Table 1). It means that it is “just enough” gas flow rate to maintain a stable arc plasma 

and will not cause defects. Meanwhile, the shielding gas flow rate is about 15 to 20 L/min in 

the GTAW process [28] and 10 to 15 L/min in the PAW process [29]. Hence, the production 

costs can be reduced by saving the shielding gas with the novel GTAW process. 

Lastly, for the first time, an ultra-thin stainless steel sheet of 0.25 mm and 0.03 mm in 

thickness was butt welded completely by the novel GTAW process with high quality and no 

welding defects (Figures 5 and 6). The weldment height is similar to base metal thickness 

because no wire feeder was utilized. The bead is very stable, and its width is similar to the 

bead width in the laser welding process [13]. This is evidence that the novel GTAW process 

is ideal for replacing laser or electron beam welding processes that require very high invest-

ment costs. 

5.3. Tungsten electrode lifetime and temperature 

Another advantage of this novel orifice is that it increases the cooling rate for the tung-

sten electrode, thus decreasing the tungsten electrode temperature. This can be seen in Figure 

7. The tungsten electrode is darker in the case of a novel GTAW process. Therefore, its life 

cycle is extended, leading to the corrosion of the tungsten electrode is significantly reduced, 

as shown in Figure 9. As a result, the stabilization of arc plasma is maintained for a long time. 

As seen in Figure 8 and the simulation results reported in [22], the tungsten electrode tem-

perature distribution was much difference between the novel torch and the conventional torch. 

The temperature at the tip was much higher in the case of a conventional GTAW torch.  

Moreover, the metal evaporation from the molten pool is essential for considering the 

superiority and difference between the novel GTAW and the conventional GTAW process. 

A fundamental difference between the novel GTAW torch and the conventional GTAW torch 

has been reported [22]. In the case of the conventional GTAW torch, the metal evaporation 

is much from the molten pool. They turn back and attach the tungsten electrode surface and 

the welded zone. Meanwhile, a low percentage of metal from the weld pool is favored in the 

case of the novel GTAW torch. It does not come back to the tungsten electrode and the 

welded zone as in the case of the conventional GTAW torch. The metal vapor is pushed 
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outside rather than returned to the tungsten electrode surface. The high-speed inner gas flow 

also cools the weld pool to decrease the evaporation and pushes the metal evaporation from 

the weld pool outside zones, as reported in [22]. This also prevents the attachment of evapo-

rated metal on the tungsten electrode's tip and comes back to the weld pool to cause welding 

defects. As observed in Figure 9, the tungsten electrode is much cleaner in the novel GTAW 

torch than in the case of the conventional GTAW process.  

5.4. Control the arc length 

Typically, the arc length in the conventional GTAW process is challenging to set up at 

less than one millimeter. This is because the metal evaporation from the weld pool encloses 

the tungsten electrode tip to make a short-circuit, and molten pool surface fluctuation is too 

large [30, 31]. However, in the novel technology, the arc length can be set up at extremely 

short distances by reducing the evaporation from the molten pool and the contamination of 

the tungsten electrode surface. This was verified in this investigation (0.05 mm in the arc 

length for the 0.03-mm-thick sheets) and recent works, in which the arc length was set at 0.1 

mm in the case of joining 0.1-mm-thick stainless steel SUS304 plates [32, 33]. This feature 

highlights the characteristics of the novel GTAW technology that it cannot establish in con-

ventional GTAW processes. Relying on this advantage, the novel torch prevents the expan-

sion of the arc plasma column (Figures 7 and 8).  

In this novel system, a feedback control program is also developed with a circuit board 

to control the extreme shortness of the arc length. The servo motor moves the tungsten elec-

trode from the original point above the base metal. When the tungsten electrode tip is con-

tacted with the base metal, the signal is feedbacked to the circuit board through a control 

program to divert the rotation of the motor. An original point has been set up before; thus, 

the program will automatically calculate the distance between the base metal and the tungsten 

electrode tip to detect the arc length correctly. This control technology is essential and valu-

able for joining ultra-thin sheets in the extreme shortness of the arc length. 

5.5. The balance of heat input in the molten pool 

Usually, controlling heat input is considered the principal matter in welding thin and 

ultra-thin sheets. The issue for welding ultra-thin sheets depends not only on the control of 

heat input but also on the balance of the heat input supplied to the weld pool. Herein, such a 

balance is the heat input distribution at both sides of the weld pool (left and right). It opposes 

the torch is shifted to the left or right side of the butt joint line. In that case, the highest 
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temperature location of the arc plasma column is also shifted, resulting in the burn-through 

phenomenon of the workpiece in the shifted direction. However, the partner site and the butt 

joint position are insufficient to melt by heat input. Therefore, it is difficult to form a sound 

welded joint. Furthermore, using the long novel orifice along the tungsten electrode inside 

the novel torch prevents the change of the relative position between the tungsten electrode 

and the welded location. In this case, the balance of heat input is maintained well. The novel 

orifice guides the position of the electrode tip and maintains that location unchanged in every 

case, even if the electrode is moved out to repair its tip shape and reinstall it into the torch. 

Such benefits are generally challenging to be achieved in conventional GTAW or PAW pro-

cesses. 

In summary, the novel GTAW process can be accomplished superiority points of both 

GTAW process and PAW processes, such as low heat input, high heat input density, con-

stricted arc, low metal evaporation, low-temperature tungsten electrode, reduced burn elec-

trode tip, arc stability, and reliability in thin/ultra-thin welding sheets. As a result, a high-

speed welding and reliable butt weld with free defects for thin/ultra-thin metal sheets can be 

obtained. In other words, the novel torch simultaneously commanded the heat input with very 

high accuracy. This novel technology is the potential to compete with advanced welding pro-

cesses such as laser and electron beam welding for ultra-thin metal sheets. The developed 

novel technique is an ideal and promising solution for improving the quality and productivity 

in manufacturing high-precision and high-tech products of ultra-thin sheets in automatic pro-

duction lines. The application of this novel solution increases productivity and efficiency and 

creates sustainable production and a green manufacturing environment. 

6. Conclusions 

In this study, a novel GTAW process for butt-joint of material coils in production lines 

has been presented and discussed. By developing a novel welding torch with superior char-

acteristics compared to the conventional GTAW and PAW, the novel technique becomes an 

ideal solution for joining thin and ultra-thin metal sheets. Some key insights can be drawn as 

follows: 

 The novel GTAW process is better than the conventional GTAW process by combin-

ing advantageous characteristics of both GTAW and PAW processes. 
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 The weld profile produced by the novel GTAW process is wider on the bottom sur-

face but narrower on the top surface than the conventional GTAW process. 

 The shielding constricted gas efficiently colds the tungsten electrode and minimizes 

the burning phenomena at the electrode tip. 

 The heat input is decreased, but its density is increased at the center area. 

 The tungsten electrode position can be fixed (no oscillation) to improve the heat input 

balance at each welding position.

 The novel GTAW process enables butt welding of thin and ultra-thin metal sheets (up 

to 0.03 mm) with high accuracy and reliability.
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