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ABSTRACT 
 
This study investigates the mechanical and macro structural 
performance of welded joints produced by Flux-Cored Arc 
Welding (FCAW) and Gas Tungsten Arc Welding (GTAW) on 
API 5L Grade B low-carbon steel pipes used in marine CO₂ fire 
suppression systems. The experimental work involved tensile, 
bending, hardness, and macro structural tests to evaluate the 
influence of each welding process on joint integrity. Both 
FCAW and GTAW joints exhibited high mechanical strength, 
with ultimate tensile strengths of 506MPa and 516MPa, 
respectively, exceeding the minimum requirement for API 5L 
Grade B steel. Fracture occurred in the base metal rather than 
the weld zone, confirming the superior strength and sound 
fusion quality of the joints. GTAW demonstrated slightly 
higher tensile performance and cleaner weld morphology due 
to the controlled heat input and stable arc achieved with 100% 
argon shielding, whereas FCAW produced marginally higher 
hardness in the heat-affected zone due to CO₂-induced cooling 
effects. Macro structural analysis revealed complete penetration 
and the absence of porosity, slag inclusions, or cracks in both 
processes. The results comply with AWS D1.1 and ASME 
Section IX standards, confirming that both welding methods or 
their hybrid application are suitable for producing safe, reliable, 
and regulation-compliant marine fire suppression pipelines. 
 
KEYWORDS: API 5L grade B, Flux-Cored arc welding 
(FCAW), Gas tungsten arc welding (GTAW), Marine fire 
suppression systems, Mechanical properties. 
 
 
1.  INTRODUCTION 

 
Fire suppression systems play a vital role in ensuring safety 
aboard cargo vessels, where the risk of onboard fires poses a 

serious threat to human life, cargo, and vessel integrity [1-3]. 
Among the most widely adopted systems in the maritime 
industry is the carbon dioxide (CO₂)-based fire suppression 
system, valued for its effectiveness in extinguishing fires 
without damaging sensitive equipment or leaving residue[4-6]. 
These systems rely on a pressurized piping network to rapidly 
distribute CO₂ to designated compartments during emergencies. 
Therefore, the mechanical integrity and reliability of these 
pipelines, particularly at their welded joints, are essential to 
guaranteeing uninterrupted operation during fire incidents [7-
8]. 

To meet these high-performance demands, API 5L steel 
pipes are commonly employed in CO₂ suppression systems due 
to their excellent mechanical strength, corrosion resistance, and 
conformity with established industry standards [9-12]. The API 
5L specification, issued by the American Petroleum Institute, 
defines stringent requirements for chemical composition, 
mechanical properties, dimensional accuracy, and non-
destructive testing. These pipes are primarily utilized in high-
pressure fluid and gas transmission systems and are suitable for 
both terrestrial and marine applications. However, while API 
5L materials are standardized, the performance of welded 
joints, often the most vulnerable sections of a piping network, 
depends heavily on the welding process used and the resulting 
metallurgical characteristics of the joint [13-14]. 

In the shipbuilding and marine piping industries, two 
welding processes are predominantly applied: Flux-Cored Arc 
Welding (FCAW) and Gas Tungsten Arc Welding (GTAW) 
[15-17]. Each process is selected based on specific technical 
and operational requirements. FCAW is typically preferred 
when high productivity and rapid deposition rates are required, 
particularly in outdoor or high-volume applications involving 
thick materials [18-20]. It is well-suited for shipyard 
environments where welding must be completed under strict 
time constraints and in various positions, including vertical or 
overhead. FCAW also offers deeper penetration in thicker 
materials, making it advantageous for large structural joints and 
heavy-duty components. 

Conversely, GTAW is favored for applications demanding 
precision, weld cleanliness, and superior metallurgical quality. 
It is widely employed for root passes, thin-wall piping, and 
safety-critical joints due to its ability to produce defect-free 
welds with excellent control over arc stability and heat input 
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[21,22]. Both processes are applied in fabricating marine fire 
suppression pipelines, where weld quality directly affects 
system reliability, leak-tightness, and long-term safety. These 
pipelines operate under high pressure and must withstand harsh 
marine conditions, including vibration, corrosion, and 
temperature changes. 

Despite the widespread industrial use of FCAW and 
GTAW, comprehensive comparative studies examining their 
mechanical and metallurgical performance on API 5L pipes 
used specifically in shipboard CO₂ suppression systems remain 
limited. Previous research has largely focused on terrestrial or 
offshore oil and gas pipelines, often overlooking the unique 
challenges of marine environments, such as constant vibration, 
salt exposure, confined spaces, and the strict inspection 
standards imposed by classification societies. 

In practical marine operations, the choice of welding 
process is also influenced by time and situational constraints. 
FCAW is commonly applied when repair or installation work 
must be completed rapidly, particularly during vessel operation, 
due to its high deposition rate and operational flexibility. In 
contrast, GTAW is preferred during scheduled maintenance or 
docking periods when sufficient time is available to prioritize 
weld quality, precision, and surface finish [23-24]. These 
differing operational scenarios underscore the importance of 
evaluating both methods in terms of mechanical integrity, 
durability, and suitability for marine fire suppression pipelines. 

This study aims to address the identified research gap by 
conducting a comprehensive experimental comparison between 
Flux-Cored Arc Welding (FCAW) and Gas Tungsten Arc 
Welding (GTAW) joints on API 5L steel pipes used in carbon 
dioxide (CO₂)-based fire suppression systems for cargo vessels. 
The experimental program includes tensile testing, hardness 
measurement, bend testing, and macrostructural examination, 
providing a holistic evaluation of weld quality and overall 
structural performance. 

The main scientific contribution of this research is its 
detailed examination of welding performance in marine CO₂ 
fire-suppression systems, an essential yet understudied safety 
application. By experimentally assessing how FCAW and 
GTAW affect the mechanical integrity, metallurgical 
characteristics, and compliance of API 5L welded joints with 
relevant safety standards, this study provides a solid evidence-
based framework for selecting and optimizing welding 
procedures in such systems. 

The findings are expected to offer valuable guidance for 
shipbuilders, welding engineers, and regulatory bodies in 
improving welding practices and ensuring long-term pipeline 
reliability. Overall, this work supports the development of 
safer, more durable, and regulation-compliant CO₂ fire-
suppression infrastructure across the maritime industry, 
reinforcing efforts to enhance vessel safety and reduce 
operational risks. 
 
 
2.  METHOD 
 
The experimental procedure began with the preparation of API 
5L Grade B pipes, which was cut to the required dimensions 
and beveled to form butt joints with a groove angle between 
60° and 70°. Prior to welding, all pipe surfaces were 
mechanically cleaned using a grinder and wire brush to remove 
scale, rust, and oil residues, thereby ensuring a clean interface 

for proper fusion. The pipes were then aligned and secured 
with tack welds to maintain dimensional stability and minimize 
joint misalignment during the welding process. 
 
2.1 Material Composition and Mechanical Properties 
The experimental material employed in this study is API 5L 
Grade B carbon steel, which is widely utilized for oil and gas 
transmission pipelines due to its balance of strength, ductility, 
and weld-ability. The steel primarily consists of iron (Fe) as the 
base metal, accompanied by controlled amounts of alloying 
and residual elements. The typical chemical composition 
summarized in Table 1 [25]. 
 

Table 1: Chemical composition of API 5L Grade B steel 

No Element Typical Content (weight %) 

1 Iron 97.0 – 98.0 
2 Manganese ≤ 1.2 
3 Carbon 0.26 – 0.28 
4 Silicon ≤ 0.40 
5 Phosphorus ≤ 0.03 
6 Sulfur ≤ 0.03 

 
 The mechanical performance of API 5L Grade B complies 
with the requirements specified in API Specification 5L. The 
nominal mechanical properties are presented in Table 2 [25]. 
 

Table 2: Mechanical properties of API 5L Grade B steel 

No Mechanical property Typical value 

1 Yield Strength    245 MPa      
2 Tensile Strength 415 MPa 
3 Elongation 23 % 
4 Hardness   145 – 150HV 

 
2.2 Flux-Cored Arc Welding (FCAW)  
Welding was performed using a Flux-Cored Arc Welding 
(FCAW) setup equipped with a constant-voltage power source, 
a flux-cored wire electrode, and a shielding gas consisting of 
98% CO₂ supplied at a regulated flow rate of 15–25 L/min. The 
filler material used in the FCAW process conformed to LB-
52U + K-71T specifications, classified as E7016 + E71T 
according to the AWS standard. All welding parameters—
including voltage, current, wire feed speed, and travel speed—
were calibrated prior to welding to maintain arc stability and 
consistent weld quality. 
 The welding sequence was executed circumferentially 
along the pipe joint, beginning with the root pass, followed by 
filling and capping passes to achieve full penetration and 
adequate reinforcement. The torch was manipulated using a 
controlled weaving motion to ensure bead uniformity along the 
pipe circumference, while the electrode angle was dynamically 
adjusted to accommodate the curvature of the pipe surface. 
Between each pass, inter-pass cleaning was performed 
meticulously using a chipping hammer and wire brush to 
remove slag, thereby minimizing the risk of inclusion and 
ensuring strong metallurgical bonding between successive 
layers. 
 The joints were welded in a butt configuration without back 
gouging, simulating conditions of restricted root access. The 
welding progression was performed in a single direction 
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around the pipe, ensuring consistent heat input and uniform 
penetration. After completion, the welded specimens were 
allowed to cool naturally under ambient conditions to prevent 
thermal shock and minimize residual stresses. All residual slag 
was removed manually, leaving a clean weld surface ready for 
further inspection and mechanical testing. 
 The welding parameters used in this study, including 
current, arc voltage, travel speed, and polarity for each welding 
pass, are summarized in Table 3. 
 

Table 3: Procedure FCAW 

Pass or 
weld 

layer (s) 

Current Arc 
Voltage 

(V) 

Travel 
speed 

(mm/min) 
Type & 
polarity 

Amp (A) 

Root 
pass 

Direct 
Current 

Electrode 
Negative 
(DCEN) 

60-75 20-25 50-75 

Filler Direct 
Current 

Electrode 
Positive 
(DCEP) 

110-156 20-25 60-185 

Capping Direct 
Current 

Electrode 
Positive 
(DCEP) 

135-160 20-25 180-230 

Capping Direct 
Current 

Electrode 
Positive 
(DCEP) 

135-160 20-25 180-230 

 
2.3 Gas Tungsten Arc Welding (GTAW)  

The Gas Tungsten Arc Welding (GTAW) process was 
conducted on API 5L pipe prepared in a butt joint 
configuration. The filler wire used was AWS A5.18, ER70S-6, 
and 100% argon shielding gas was supplied at a flow rate of 
15–25 L/min to protect the weld pool from atmospheric 
contamination. A 2.4 mm WT20 thoriated tungsten electrode 
was employed to ensure arc stability and consistent 
penetration. 
 The welding sequence followed a multi-pass approach, 
consisting of a root pass, a hot pass, several filling passes, and 
a final capping pass. The root pass was deposited with precise 
control of heat input and arc length to achieve complete fusion 
at the joint root. A subsequent hot pass was applied to 

eliminate potential defects such as porosity and to reinforce the 
root layer. Multiple filling passes were then executed 
successively to build up weld thickness, improve sidewall 
fusion, and maintain a controlled heat distribution across the 
joint. This multi-pass technique also helped reduce distortion 
by balancing the thermal profile around the pipe 
circumference. 
 Finally, a capping pass was performed to produce a smooth 
weld surface and provide additional mechanical reinforcement. 
After each pass, inter-pass cleaning was carried out using 
stainless steel brush to remove surface oxides and other 
contaminants, ensuring metallurgical continuity between 
layers. 
 During welding, the torch was manipulated using a steady 
forehand technique, allowing precise control of the molten pool 
and preventing lack of fusion at the groove sidewalls. The 
travel speed was dynamically adjusted in response to heat 
accumulation on the pipe surface to prevent excessive 
penetration or burn-through. The electrode angle was 
maintained between 70° and 80° relative to the joint line to 
optimize arc focus and shielding gas effectiveness. Upon 
completion, all specimens were air-cooled naturally to ambient 
temperature to minimize distortion and residual stress prior to 
subsequent testing and evaluation. 
 The applied welding procedure parameters for all passes 
are listed in Table 4. 
 

Table 4: Procedure GTAW 

Pass or 
weld 

layer (s) 

Current 
Arc 

Voltage 
(V) 

Travel speed 
(mm/min) 

Type & 
Polarity 

Amps or 
wire 

speed (A) 
1 DCEN 120-128 8-10 60 
2 DCEN 120-128 8-10 60  
3 DCEN 120-128 8-10 50  

 
 
3. RESULT  
 
The welding of API 5L pipes using both Flux-Cored Arc Welding 
(FCAW) and Gas Tungsten Arc Welding (GTAW) processes requires 
several types of materials, equipment, and supporting tools to ensure 
optimal weld quality and compliance with established industrial 
standards. These include consumables such as filler metals and 
shielding gases, as well as essential welding and inspection 
instruments. The materials, equipment, and tools used throughout the 
experimental work are summarized in Table 5,6 and 7.

 
Table 5: Material sample 

No Material Specification 
1 Base material API 5L Grade B, diameter pipe : 4 inches, thickness pipe: 8.56 mm 

2 Filler (FCAW) 
Filler (GTAW) 

LB-52U + K-71T 
AWS A5.18 
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Table 6: Equipment specification 

No Equipment Specification 

 FCAW Equipment  
1 Welding Machine 

(Arc Welding Power Unit) 
Manufactured by Daihen Corporation (Japan), the OTC Daihen XD350 SII 
welding power source operates with a three-phase input voltage of 380/415 
V, an input capacity of 18.5 kVA (14.5 kW), and a total unit weight of 121 
kg. 

2 FCAW Welding Torch Manufactured by Daihen Corporation (Japan), the 350A welding torch has a 
rated current capacity of 350 A, supports wire diameters of 0.9, 1.2, and 1.4 
mm, and features a gun length of 5 m 

3 Wire feeder  
 

Manufactured by Daihen Corporation (Japan), the OTC CM-8202 wire 
feeder supports wire diameters of 0.9, 1.0, 1.2, 1.4, and 1.6 mm, with an 
adjustable wire feed speed ranging from 2 to 22 m/min and a total unit 
weight of 11.5 kg. 

 GTAW Equipment  

4 Welding Power Source Manufactured in Appleton, Wisconsin, USA, the Miller Maxstar 280 
welding machine delivers a maximum output current of 280 A, operates on 
direct current (DC), and has a total unit weight of 21.3 kg. 

5 Welding Gas Regulator Manufactured by Yamato Corporation (Japan), the YR-78 gas regulator has 
an input pressure range of 0–250 bar, an output pressure range of 0–25 bar, 
and a total unit weight of 0.5 kg. 

   
 

Table 7: Tool specification 

No Tool Specification 

1 Tensile Test Instron Universal Testing Machine, S/N 600DXR9024 model 600DX-C3A-
G7F with transverse sample orientation 

2 Guided Bend Test A motor pump bend test machine, serial no: 2906AN19402, model no: 
A1000PSI/700BAR 

3 Hardness Test The Mitutoyo Vickers Hardness Testing Machine, Model HV-113, 
S/N:500041203 

4 Macro Examination Optical microscope Nikon Eclipse MA 200  
 
 This section presents and analyzes the results obtained from the 
experimental evaluation of welded joints produced using the Flux-
Cored Arc Welding (FCAW) and Gas Tungsten Arc Welding 
(GTAW) processes on API 5L Grade B steel pipes. The experimental 
investigation aimed to assess the mechanical performance and 
integrity of both types of welded joints in order to determine their 
suitability for CO₂ fire suppression pipeline applications in marine 
environments. 
 The evaluation focused on key mechanical properties, including 
tensile strength, ductility, and hardness, as well as macrostructural 
examination of the welded joints to verify weld soundness and 
metallurgical continuity. All testing procedures were conducted under 
controlled laboratory conditions to ensure accuracy and repeatability. 
The results are presented in three main parts: 

1. Ultimate Tensile and Bending Tests, which assess the 
overall mechanical strength and ductility of the joints.  

 
 

2. Hardness Test, which determines the variation in hardness 
across the weld metal, heat-affected zone (HAZ), and base 
metal; and 

3. Macrostructural Examination, which evaluates weld bead 
shape, penetration, and potential defect formation. 

 The findings from these tests provide comprehensive insights into 
the mechanical behavior and quality of FCAW and GTAW welded 
joints, serving as a basis for comparing the performance, reliability, 
and process suitability of the two welding techniques in marine fire 
suppression pipeline fabrication. 
 
3.1 Ultimate Tensile and Bending Test 
Sample tests were conducted on samples containing weld joints and 
base material for both samples. The tests included tensile testing and 
bending tests. Results of the ultimate tensile test and bending test of 
the sample are shown in the following Table 8. 

Table 8: Result tensile and bending test 

No Test Criteria FCAW GTAW 
1 Tensile Test: 

Ultimate Tensile Strength 506 MPa (location failure base 
material) 

516 MPa (location failure base 
material) 

2 Bending Test: 
Face Bend Accepted Accepted 
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The tensile test results presented in Table 8 show that both 
welding processes produced joints with mechanical properties 
higher than the minimum tensile strength requirement specified 
for API 5L Grade B steel, which is 415MPa. The FCAW joint 
achieved an ultimate tensile strength of 506 MPa, while the 
GTAW joint reached 516MPa, which are approximately 21.9% 
and 24.3% higher than the standard value of the base material, 
respectively. These results indicate that the welded joints 
retained or even enhanced the inherent strength of the parent 
metal. 

In the bending test, both FCAW and GTAW samples were 
classified as accepted, with no observable cracks or surface 
discontinuities, further validating the ductile behavior and 
mechanical integrity of the welded joints. The combined results 
confirm that both welding processes meet the mechanical 
criteria required for marine CO₂ fire suppression pipelines, 
where high structural reliability and safety compliance are 
critical. 
 
3.2 Hardness Test 

Hardness testing was carried out at several points, precisely the 
base material, HAZ (Heat-Affected Zone), and the weld area. The 
number of points where hardness was checked totalled 11 points. 
Figure 1 shows the hardness test points on both samples. 
 

 
Figure1: Hardness test location 

 
The hardness test was performed using the Vickers 

Hardness Number (HV) method with an applied test load of 10 
kgf.  The hardness test results for the material are shown in the Table 
9. 

 
Table 9: Result Vickers Hardness Number 

Test 
Location 

Vickers Hardness Number (HV) Test Load Applied, 
10 kgf 

FCAW GTAW 
Line 1 Line 2 Line 1 Line 2 

Base Metal 
1 152 151 152 153 

HAZ 
2 184 169 158 186 
3 194 178 161 176 
4 200 186 162 172 

Weld Metal 
5 204 195 213 188 
6 211 193 219 180 
7 185 193 206 187 

HAZ 
8 194 189 164 167 
9 187 188 162 163 
10 177 185 151 156 

Base Metal 
11 147 146 150 153 

The hardness test results presented in Table 9 indicate that both 
the FCAW and GTAW welded joints exhibited hardness values 
generally higher than those of the API 5L Grade B base material, 
which typically averages around 150 HV. This comparison highlights 
the influence of heat input and thermal cycling on the micro structural 
transformation within the weld metal and heat-affected zones (HAZ). 

For the FCAW process, the hardness of the base metal ranged 
between 146 and 152 HV, closely matching the standard value of API 
5L Grade B, confirming that the parent material remained unaffected 
by thermal degradation. The HAZ displayed elevated hardness levels, 
varying from 169 to 200 HV, while the weld metal reached its peak 
between 195 and 211 HV. The hardness value was about 30–40% 
higher compared to the base metal. 
 
3.3 Macro Examination and Photo 

The macro structural examination was conducted to 
visually assess the quality and soundness of the welded joints 
produced by both FCAW and GTAW processes. This 
inspection aimed to identify potential discontinuities such as 
lack of fusion, porosity, or incomplete penetration that may 
affect the overall integrity of the weld. The macro photographs 
presented in Figure 2 illustrate the weld bead geometry, 
penetration profile, and fusion characteristics observed for each 
welding process. Based on visual evaluation, both specimens 
demonstrated acceptable weld morphology and uniform fusion 
along the joint interface. 

 
 
 
 
 
 
 
 
 
 
       (a)             (b) 

Figure 2: Macrostructure of weld cross-section (a) FCAW,  

(b) GTAW 
 
 

4. DISCUSSION 
 
The results of the mechanical testing show that both FCAW 
and GTAW welded joints exhibited high mechanical 
performance, with ultimate tensile strengths (UTS) of 506 MPa 
and 516 MPa, respectively, and bending test results classified 
as accepted. Both tensile strength values exceed the minimum 
requirement for API 5L Grade B steel (≥415 MPa), indicating 
that the welded joints maintained the original strength of the 
base material. The fact that fracture occurred in the base metal 
rather than in the weld zone or HAZ demonstrated the welded 
joints possessed superior or equivalent strength compared to 
the parent pipe material. This finding is consistent with the 
results of Nikulin et.al (2025) [26] and Zhang X & Zheng S 
(2014) [27], who reported that when optimal parameters are 
applied, FCAW and GTAW joints can achieve tensile 
properties comparable to or exceeding the strength of API-
grade steels [26-27]. 

The slightly higher tensile strength achieved by GTAW 
(516 MPa) compared to FCAW (506 MPa) can be attributed to 
the controlled heat input, stable arc characteristics, and cleaner 
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fusion achieved through the use of 100% argon shielding gas in 
GTAW. Nogueira da Silva and Sade (2024) [28] and Rathod 
(2021) [29] emphasized that the thermal and electrical 
properties of argon as a shielding gas play a crucial role in 
maintaining arc stability and uniform heat transfer during the 
GTAW process [28-29]. Their experimental results 
demonstrated that the use of 100% argon ensures a cleaner arc 
column, lower voltage fluctuation, and enhanced ionization, 
thereby improving the smoothness and fusion quality of the 
weld pool. GTAW offers excellent arc stability and minimal 
contamination, which promote uniform grain growth and 
enhance joint strength. The ER70S-6 filler wire, containing 
deoxidizers such as manganese (Mn) and silicon (Si), also 
contributes to improved weld purity and mechanical integrity 
by reducing oxide inclusions. In contrast, the FCAW process, 
which uses a CO₂ shielding gas, may promote partial oxidation 
and slag formation, slightly reducing the efficiency of grain 
refinement and weld metal homogeneity [30].  

Both welding processes passed the face bend test, showing 
no cracks or surface discontinuities. This confirms the ductile 
nature and metallurgical soundness of the welded joints, a 
result in line with findings by Wei P. et al. (2022) [31], who 
emphasized that successful bend tests signify proper fusion 
between passes and a uniform distribution of stress across the 
weld interface [31]. The ductility observed in both FCAW and 
GTAW joints demonstrates that the multi-pass sequence and 
adequate inter-pass cleaning performed during the experiment 
effectively minimized defects such as lack of fusion or slag 
entrapment, which are critical to ensuring mechanical 
compliance in pressure piping systems. 

The hardness profiles measured across the welded joints 
revealed that the weld metal region exhibited higher hardness 
values compared to both the HAZ and the base metal. The 
maximum hardness recorded for the FCAW process reached 
211HV, while the GTAW process showed a peak of 219HV. 
These values reflect the localized thermal gradients and phase 
transformations induced during welding. The increase in 
hardness at the HAZ can be attributed to grain refinement and 
partial transformation to bainitic or martensitic structures due 
to rapid cooling in this region, the faster cooling rates near the 
HAZ in arc welding processes often produce finer 
microstructures that increase hardness but may reduce 
toughness slightly[32]. 

The FCAW process demonstrated a marginally higher 
hardness in the HAZ compared to GTAW, which can be linked 
to its higher heat input and faster solidification rates caused by 
the CO₂-based shielding environment, the CO₂ gas used in 
FCAW acts as an active shield, promoting higher arc 
temperatures and increased oxidation rates that lead to the 
formation of harder microstructures in the fusion boundary. On 
the other hand, GTAW, using pure argon as the shielding 
medium, produces a cleaner, more controlled weld pool and 
promotes softer ferrite–pearlite structures due to a slower 
cooling rate. This difference explains the slightly lower HAZ 
hardness observed in the GTAW samples. 

Overall, the macro structural examination confirmed sound 
weld bead geometry, complete penetration, and the absence of 
visible defects such as porosity, slag inclusions, or cracks in 
both FCAW and GTAW welded joints. These visual 
observations validate the mechanical test results, confirming 
that the multi-pass welding technique and meticulous inter-pass 
cleaning effectively prevented typical weld discontinuities. A 
similar level of macro structural integrity has been reported in 

studies on low-carbon steels, which emphasize that strict 
adherence to proper welding procedures, together with 
adequate shielding gas protection, is essential to achieving 
defect-free welds and ensuring long-term mechanical reliability 
of welded structure. 

Taken together, the experimental findings indicate that both 
FCAW and GTAW are technically suitable for marine CO₂ fire 
suppression pipelines, with GTAW offering marginally 
superior tensile strength and weld cleanliness, while FCAW 
provides higher deposition efficiency and comparable 
mechanical strength. These results are consistent with AWS 
D1.1 and ASME Section IX welding qualification standards, 
which recognize both processes as appropriate for pressure-
containing and structural applications [33-34]. The combination 
of high strength, acceptable hardness distribution, and defect-
free weld morphology confirms that either process, or a hybrid 
approach using GTAW for root passes and FCAW for fill and 
cap passes, can be applied effectively to achieve safe, durable, 
and regulation-compliant welded joints in marine fire 
suppression systems. 
 
 
5. CONCLUSION 

 
This study presented an experimental comparison between the 
Flux-Cored Arc Welding (FCAW) and Gas Tungsten Arc 
Welding (GTAW) processes for joining API 5L Grade B low-
carbon steel pipes used in CO₂ marine suppression systems. 
The results revealed that both welding techniques successfully 
produced defect-free joints with high mechanical integrity, as 
evidenced by ultimate tensile strengths of 506MPa for FCAW 
and 516MPa for GTAW, both exceeding the minimum 
requirement for API 5L Grade B steel. The occurrence of 
fracture in the base metal rather than in the weld region 
confirmed that the joints possessed strength comparable to or 
greater than that of the parent material. The superior tensile 
strength and weld quality of the GTAW joints were attributed 
to the controlled heat input, arc stability, and cleaner fusion 
provided by 100% argon shielding gas, which minimized 
oxidation and promoted uniform metallurgical bonding. 
Conversely, the slightly higher hardness observed in the heat-
affected zone of the FCAW welds was associated with the CO₂-
based shielding environment, which induced higher arc 
temperatures, accelerated cooling rates, and partial 
transformation to bainitic or martensitic micro structures. 

Macro structural evaluation confirmed complete joint 
penetration, sound bead morphology, and the absence of 
porosity, slag inclusion, or cracking in both welding processes, 
validating the effectiveness of the multi-pass sequence and 
inter-pass cleaning in achieving metallurgical continuity. 
Collectively, these findings demonstrate that both FCAW and 
GTAW processes are suitable for pressure-retaining marine 
applications, with GTAW providing superior weld cleanliness 
and mechanical uniformity, while FCAW offers higher 
deposition efficiency and comparable structural performance. 
Furthermore, the conformity of the experimental results with 
AWS D1.1 (Clause 6.9) and ASME Section IX (QW-451) 
standards underscores the reliability and procedural soundness 
of both welding methods for critical marine safety applications. 
The weld ments produced by FCAW and GTAW not only 
satisfied the visual acceptance criteria, being free from cracks, 
incomplete fusion, and undercut, but also exhibited mechanical 
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properties exceeding the minimum tensile and bend strength 
requirements prescribed by the ASME qualification standard. 
This dual compliance confirms that the adopted welding 
parameters, inter-pass temperature control, and cleaning 
sequence effectively ensured metallurgical continuity and 
structural soundness of the API 5L Grade B joints. Overall, the 
study establishes that either method, or a hybrid sequence 
employing GTAW for root passes and FCAW for fill and cap 
passes can be effectively applied to ensure the long-term 
structural integrity, safety, and regulatory compliance of 
welded CO₂ marine suppression systems. 
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