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Abstract 

The thermal effects on the gas tungsten arc and flux cored arc welded specimens using 

SS400 mild steel was analyzed. Heat transfer and residual stress results were used to 

compare the advantages and disadvantages of each welding method in terms of efficiency. 

When joining SS400 mild steel plate by V-butt welding, the heat affected zones and heat 

distribution characteristics of the two specimens welded with GTAW and FCAW were 

compared according to the welding method and number of passing layers. In the GTAW, 

main welding was followed after temporary welding using a TIG welder. FCAW used a 

CO2 welder under rating current 350A. In order to observe the change due to heat, heat 

transfer and residual stress analysis of each specimen were performed. In the GTAW 

specimens, the width of the heat affected zone was narrow and there was no change in the 

weld bead structure. Coarse dendrite tissue was observed in FCAW specimens. This is 

thought to be due to the difference in cooling rate that occurs between the weld base 

material and the molten structure. The difference in residual stress of the specimens applied 

by the two welding methods was not significant. The residual stress was higher in the 

FCAW method than in the GTAW method. In the case of the FCAW method, the residual 

stresses were high even in one pass welding, and this result seems to be due to the high 

current welding. In general, high tensile stress is concentrated around the weld bead, but as 

the distance from the bead increases, the tensile stress decreases. In the future, the thermal 

elasto-plastic analysis is conducted by dividing the model applying the thermal energy 

input FCAW work method in arc welding into the 3-pass model using the GTAW method. 

Keywords: GTAW, FCAW, SS400 steel, Thermal elastoplasticity, Butt welding , Residual 

stress 

 

1. Introduction 

Welding is a core technology as well as a joining 

technique that is widely used in various industrial 

sites such as ships, automobiles and pressure 

vessels. In the shipbuilding industry, steel 

materials are mainly FCAW (Flux Cored Arc 

Welding), and non-ferrous materials and alloy 

steels are applied with gas tungsten arc welding 

(GTAW)[1,2]. These welding methods are 

classified as special welding, contributing to the 

reduction of working time and quality uniformity. 

Recently, a welding method that can obtain high 

quality such as automated gas tungsten arc 

welding (GTAW) has been applied. The principle 

of gas tungsten arc welding (GTAW) welding is to 

weld the base metal by using arc heat between the 

non-consumable tungsten electrode and the base 

metal. GTAW is easy to apply to thin plate 

welding because it is easy to manage the heat 

input of welding. Tungsten electrode is non-
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consumable, so it can be applied to most metal 

welding without any filler material. In addition, 

the mechanical properties and corrosion resistance 

of the weld is excellent, it is easy to weld non-

ferrous metal, and the protective gas is transparent, 

the welder can understand the welding situation 

well. FCAW (Flux Cored Arc Welding) is a 

representative welding method of the consumable 

welding method in which the shielding material 

surrounds the core wire, the welding rod is 

supplied in an automatic or semi-automatic 

manner, and CO2 gas is supplied from the outside 

to protect the welded portion. FCAW has less 

spatter, good appearance, and faster welding speed 

than GTAW or SMAW. However, FCAW is 

limited to the base metal of the iron system, and if 

the wind speed is more than 2m/s, windshield 

measures are required, and there is a disadvantage 

that a working environment should be created to 

sufficiently protect the protective gas[3,4,5]. 

1.1 Objectives 

 In this study, heat affected zone and heat 

distribution characteristics of specimens prepared 

with different welding methods and number of 

PASS layers were analyzed. In addition, we will 

examine the efficient method when joining SS400 

mild steel by V-butt welding method.  

2. Experimental Methods 

• Thermal elasto-plasticity.  

The welded structure has a locally high 

temperature difference due to the inflow of 

thermal energy, which causes plastic deformation 

and residual stress of the material For this reason, 

welding analysis can be approached as a problem 

of temperature distribution analysis and thermal 

deformation analysis with increasing time, and it 

is assumed that heat transfer and elasto-plastic 

analysis proceed as the heat source progresses 

over time. The analysis of the temperature 

distribution of the welded structure due to the heat 

inflow of the moving heat source is expressed by 

the heat diffusion equation, and the temperature 

distribution is calculated repeatedly over time 

increment[6,7]. In this study, a commercial finite 

element analysis program(MSC. Marc) was used. 

Heat transfer analyzes the progress of the heat 

source for each layer, and the ductile structural 

analysis was performed by substituting the 

thermal load for the thermal distribution and 

linking it with the elasto-plastic analysis. In this 

study, the heat flux was assumed to be the heat 

input energy distribution, and the thermal elasto-

plastic analysis was carried out by dividing it into 

a 1-pass model using the FCAW method and a 3-

pass model using the GTAW method. The heat 

source model is applied to Goldak's double 

ellipsoidal heat source, which is used for general 

arc welding analysis. The heat flux formula used 

the heat flux distribution function and the heat 

energy value. After the welding, there is a cooling 

step and it is necessary to prevent structure 

transformation due to heat, so the cooling 

conditions for this specimen were also set. The 

temperature of the specimen used in this study 

was 23℃ , and the conditions for cooling the 

surface of the specimen cooled at room 

temperature for a total of 1 hour were applied. In 

thermoelasto-plastic analysis, the properties of 

materials change greatly with temperature, and 

calculations require values above the melting 

point. Various physical properties according to the 

temperature change refer to the conventional 

research data.  

• Sample preparation.  

Specimens were fabricated using SS400 mild steel, 

which is widely used in industrial sites. The 

chemical composition and mechanical properties 

of the steel are shown in Table 1 and Table 2. The 

specimens were welded in two cases. In the first 

case, V-butt welding was performed on the test 

piece by applying manual GTAW. In the second 

case, the specimen was prepared by applying 

FCAW welding conditions to the same steel.  
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Table 1: Chemical composition of the SS400 mild steel 

Elements 

Material 
C Si Mn P S Cr Ni Fe 

SS400 0.15 0.19 0.42 0.012 0.021 - - Bal 

 

Table 2:  Mechanical properties of the SS400 

Elements 

Material 

Tensile strength  

(MPa) 

Bending strength 

(MPa) 

Hardness  

(MPa) 

SS400 420 618 144 

 

Table 3:  Welding condition of the GTAW 

Welding PASS 

(No.) 

Output voltage(V) Gas flow rate 

(liter/min.) 

Welding 

Speed(sec.) 

1 

2 

3 

95 

110 

110 

16 

16 

16 

48 

42 

46 

 

 

 

 

Figure 1.  Schematic diagram of the base metal for GTAW. 
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Table 4:  Welding condition of the FCAW 

Welding PASS 

(No.) 

Output voltage 

(V) 

Output current 

(A) 

Gas flow rate 

(liter/min.) 

Welding 

Speed(sec.) 

1 24 250 18 35 

 

 

Figure 3. Two different specimens etched by corrosive solution 

(GTAW 3 PASS and FCAW 1 PASS). 

 

The welded two specimens were cut and etched to 

the same cutting position for macro macroscopic 

inspection. 

Welding was made by a welder over 20 years 

under the set conditions. Butt welding was 

performed with the same size specimen. The 

shape and detailed dimensions of the specimens 

are shown in Figure 1. 

The welding conditions of the butt welded 

specimen by GTAW method are shown in Table 3. 

Specimens were welded after temporary welding 

using a TIG welding machine. 

FCAW used CO2 welder as shown Figure 2, 

welding conditions are the same as GTAW, and 

current and voltage are shown in Table 4. 

Normally, 2 passes were welded but 1 pass was 

welded for experiment. 

 

 

 

Figure 2. FCAW welder for the butt 

welding(Worldwel Co.) 
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• Thermal factors.  

 The heat transfer and residual stress analysis of 

each specimen were carried out to observe the 

change of the structure due to heat. For the 

microstructure analysis, the specimens were cut 

50 mm from the ends and again set a range of 30 

mm from the center of the bead to collect 50 mm

ⅹ60 mm specimens. Generally, both ends of the 

welded part are excluded from cutting because the 

position where welding defect can occur. The 

center part is a part that connects the beads by 

replacing the welding electrodes in SMAW, and 

except this part, the 1/4 and 3/4 points of the 

specimen were cut and polished. The shape of the 

cut specimen is shown in Figure 3. The cut 

surface of the welded specimen is ground in the 

order of sand paper identification number 160→ 

200→ 400→ 600→ 800→ 1000→1200, and then 

polished using 1 µm-size alumina (Al2O3) 

abrasives. After polishing, corrosion was 

performed using 4% Nital etching solution. The 

cut specimens were etched with corrosive solution 

and visual observations were used to compare the 

differences between the macroscopic structures of 

the two samples. Mild steel is composed of 

pearlite and ferrite, but in this study, only weld 

beads and heat affected zones were observed 

macroscopically rather than metal microstructures. 

3. Results 

3.1. Thermal elasto-plasticity analysis 

In the actual welding work, the specimen was free 

without restraint, but the condition of forcing 

restraint on the end of the specimen was selected 

to prevent the rigid motion that might occur 

during the analysis. The generation of weld beads 

for weld analysis simulates the instantaneous 

element generation method where beads are 

generated when the heat source moves by 

applying activation and deactivation methods. 

GTAW set the next PASS to be generated at a time 

interval after 1-PASS considering the actual 

working environment[8,9]. 

 

 

Figure 4. 1-PASS welding model. 
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On average, GTAW and FCAW showed 

temperature distribution of about 1600℃. After 1-

PASS, the temperature dropped to about 900℃ 

before the next PASS. In the next PASS, the 

temperature increased about 3000℃, and when 

welding proceeded again, the temperature 

distribution was about 1600℃. The model used 

for the 1-PASS analysis is shown in Figure 4. 

 

 

Figure 5. Expected temperature distribution of specimen after welding by applying 1-PASS model  

 

 

 

Figure 6. Expected deformation after weld using the 1-PASS model (unit: mm)  
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The welds were subdivided and the element size 

increased with distance from the weld[10]. As the 

constraint condition, the fixed condition was set at 

the end of the specimen, and the symmetry in the 

X direction was set based on the weld bead part. 

Figure 5 shows the temperature distribution of the 

specimen after welding, as interpreted by the 1-

PASS model[11]. Figure 6 shows the deformation 

values after welding by applying the 1-PASS 

model. Figure 7 shows the expected stress 

distribution of the specimen after welding using 

the 1-PASS model. 

 

 

Figure 7. Expected stress distribution after weld using the 1-PASS model  

(Von-mises Stress, unit: MPa). 

 

 

Figure 8. 3-PASS welding model. 
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Figure 9. Expected temperature distribution of specimen after welding by applying 3-PASS model. 

 

 

Figure 10. Expected deformation after weld using the 3-PASS model (unit: mm). 

 

The model used for the 3-PASS analysis is 

shown in Figure 8. The model and constraints 

are the same as for the 1-PASS model. Figure 9 

is shown Expected temperature distribution of 

specimen after welding by applying 3-PASS 

model. 

The result of estimating specimen deformation 

after welding with 3-PASS model is shown in 

Figure 10. 

Figure 11 shows the expected stress distribution 

of the specimen after welding using the 3-PASS 

model. 
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Figure 11. Expected stress distribution after weld using the 3-PASS model  

(Von-mises Stress, unit: MPa). 

 

3.2. Thermal elasto-plasticity analysis 

The results of analyzing the residual stress 

distribution of the weld specimen according to the 

GTAW and FCAW welding methods are shown in 

Figure 12 and Table 6. 

 

 

Figure 12. Residual stress distribution of the GTAW and FCAW process. 
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Table 6: Residual Stress with distance from bead by GTAW and FCAW process 

Distance from bead 

(mm) 

FCAW GTAW 

Sigma  yy(Mpa) 

0 0 0 

2 640.83 570.12 

4 465.3 515.2 

6 339.57 470.56 

8 103.84 234.9 

12 10.61 5.00 

14 5.10 1.10 

16 3.30 0 

18 0 0 

 

The element length of the welded specimen model 

is about 1 mm in size and represents the stress 

values measured for each of the two elements (2 

mm).  Although the FCAW method was welded in 

one pass, the higher residual stress resulted in the 

higher current value among the welding 

conditions[12,13]. 

The residual stresses of the specimens using the 

two welding methods did not show any significant 

difference, but the residual stresses were higher in 

the FCAW method than in the GTAW method. In 

general, high tensile stress is concentrated around 

the weld bead, but as the distance from the bead 

increases, the tensile stress decreases.  

The results of this field study showed that the 

finite element analysis result of comparing the 

tensile strength of welding material was slightly 

higher[14]. 

 

 

Figure 13. Sectional appearance of the etched specimens by GTAW and FCAW process. 
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4. Conclusion 

In this study, we investigated the thermal factors 

according to the welding method and the number 

of PASS when welded SS400 steel by butt 

welding. In the structure test results, we compared 

the heat affected zone and heat distribution 

characteristics of each specimen. We also 

compared the advantages and disadvantages of 

each welding method in terms of efficiency using 

heat transfer and residual stress results from 3D 

finite element analysis. FCAW specimens show 

higher residual stresses than GTAW specimens 

due to the high current applied to the weld. 

Increasing the number of welding pass did not 

show any significant residual stress, and the 

number of welding pass was not proportional to 

the residual stress. If welding with a large current, 

the time required is reduced, but the residual stress 

can be increased. Therefore, a proper work 

considering the base metal and the welding shape 

is required. In the future, we will study the effect 

on the safety of structures such as ships based on 

the results of this study. 
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