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ABSTRACT 

This study investigated the mechanical and corrosion properties of Friction Stir Welded (FSW) and Tungsten 

Inert Gas (TIG) welded phosphor bronze (CuSn4) joints. Corrosion tests were conducted on the welded joints, 

and the percentage of weight loss due to corrosion was measured at different time intervals. Results revealed that 

the percentage of weight loss due to corrosion of the TIG joint increased with time, whereas the percentage of 

weight loss due to corrosion of the FSW welded joint remained constant. This could be attributed to 

recrystallisation that happened in the solid-state welding, which reduced corrosion in the FSW welded joint. In 

addition, tensile tests were conducted to evaluate the strength of the joints. FSW with a spindle speed of 1300 

rpm, weld speed of 0.06mm/sec, plunge depth of 0.25mm, pin profile of pentagon, and flat shoulder profile was 

found to produce good results. TIG welding with a welding speed of 1.75mm/sec, a gas flow rate of 7.5 cm3/min 

and an amperage of 120A also produced good results. The tensile strength of FSW was found to be 

approximately 1.6 times higher than that of TIG welding.  
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INTRODUCTION 

 
 

Prosper Bronze, a specialised bronze alloy, finds widespread use due to its unique 

combination of properties. High strength and hardness make it suitable for structural 

components subjected to heavy loads. Its corrosion resistance makes it ideal for marine 

equipment and plumbing systems [1]. Prosper Bronze's wear resistance makes it suitable for 

bearings and gears, while its excellent machinability allows for easy shaping. It also exhibits 

good thermal and electrical conductivity, making it useful in heat exchangers and electrical 

connectors. Prosper Bronze's diverse range of properties makes it a favoured choice across 

industries for applications requiring strength, corrosion resistance, wear resistance, 

machinability, and aesthetic appeal [2]. 

Friction Stir Welding (FSW) has emerged as a highly promising solid-state joining 
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technique for welding Phosphor Bronze, offering significant advantages over traditional 

fusion welding methods. By operating below the melting temperature of the materials, FSW 

ensures the retention of the desired properties of Phosphor Bronze [3]. This autogenous and 

continuous process involves the use of a non-consumable spinning tool with a harder surface 

than the Phosphor Bronze being welded, generating frictional heat and mechanical stirring for 

effective material joining [4,5]. FSW presents several notable benefits when applied to 

Phosphor Bronze welding. Firstly, it eliminates common issues encountered in fusion 

welding, such as oxidation and porosity. By operating in the solid state, FSW minimises the 

exposure of Phosphor Bronze to oxygen, preventing the formation of detrimental oxide layers 

and porosity. As a result, high-quality welds with improved integrity and reduced defects can 

be achieved. Furthermore, FSW enables precise control over the heat input during the welding 

process, minimising distortion and preserving the mechanical properties of the Phosphor 

Bronze [6]. The absence of filler metals simplifies the welding process and reduces material 

costs, while the mechanical stirring action promotes the homogenisation of the material, 

enhancing joint strength and integrity [7-9]. 

The advantages of FSW for welding Phosphor Bronze make it an attractive alternative to 

fusion welding methods in various applications. The solid-state nature of FSW ensures the 

preservation of the material's properties, offering better control over the heat-affected zone 

and minimising thermal distortion. Furthermore, the absence of fusion-related defects, such as 

solidification cracks, contributes to the overall reliability and durability of the weld joint [10]. 

These benefits are particularly advantageous for Phosphor Bronze, a material known for its 

unique mechanical and corrosion-resistant properties. The elimination of common issues 

associated with fusion weldings, such as oxidation and porosity, leads to high-quality welds 

with improved structural integrity and reduced vulnerability to corrosion [11,12]. Overall, the 

application of FSW in Phosphor Bronze welding offers significant potential for enhancing the 

performance and reliability of welded components in various industries. 

The Tungsten Inert Gas (TIG) welding process is widely employed for various 

applications, including the welding of Prosper Bronze. However, the welding of Phosphor 

Bronze using TIG poses several challenges and potential problems that need to be addressed. 

Oxidation is a significant concern during the TIG welding of Phosphor Bronze due to its 

susceptibility to oxidation at elevated temperatures [13-15]. The formation of oxide layers on 

the weld surface can negatively impact the weld quality and integrity. Proper cleaning 

procedures and careful selection of shielding gases are crucial to minimising oxidation 

effects. Another challenge lies in controlling the heat input during TIG welding, as excessive 

heat can lead to distortion, warping, and overheating of the base metal, compromising the 

structural integrity of the weld joint [16]. Skilled welders are required to manage heat input 

effectively and maintain the desired weld quality. 

Precise joint fit-up is critical to the successful TIG welding of Phosphor Bronze. Accurate 

alignment and tight fit-up of the joint are essential for uniform heat distribution and proper 

fusion. Poor joint fit-up can result in inadequate weld quality, including lack of fusion or 

incomplete penetration. Additionally, weld cracking is a common issue encountered in 

Phosphor Bronze welding. Both hot cracking and solidification cracking pose risks during the 

welding process [17]. Hot cracking can occur due to the material's high thermal expansion 

and contraction rates, while solidification cracking can manifest during the cooling phase of 

the weld. Employing appropriate welding techniques, selecting suitable filler metals, and 

implementing preheating and cooling methods can help mitigate these cracking issues. 

Furthermore, careful selection of filler metals is crucial to ensure compatibility with Phosphor 

Bronze, as improper filler metal choices can lead to reduced weld strength, diminished 

corrosion resistance, or base metal incompatibility [18,19]. Post-weld cleaning procedures are 
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also essential to remove residual flux, slag, and oxides, which can compromise joint integrity, 

corrosion resistance, and aesthetics. 

Effectively addressing these challenges and mitigating the potential problems associated 

with TIG welding of Phosphor Bronze requires a combination of skilled welders, proper 

equipment setup, meticulous joint fit-up, suitable filler metal selection, and thorough post-

weld cleaning procedures. By overcoming these obstacles, high-quality TIG welds can be 

achieved in Phosphor Bronze, ensuring the integrity and performance of welded components 

in various applications [20]. 

In the welding process, distinct zones, namely the weld nugget, heat-affected zone 

(HAZ), and parent material, are typically observed surrounding the welded area. However, in 

Friction Stir Welding (FSW), an additional zone known as the thermo-mechanically affected 

zone (TMAZ) is identified between the weld nugget, the stirred zone, and the HAZ. Figures 

1(a) and 1(b) provide schematic representations of different FSW and TIG weld zones 

[21,22].  

 

 

 

 

Fig. 1. (a) Weld zones of FSW, (b) weld zones of TIG 
 

Moreover, FSW exhibits two distinct zones on each side of the joined materials, 

dependent on the direction of the tool travel and rotational movement. The side where the tool 

travel and rotational directions align is referred to as the advancing side (AS), while the side 

where the tool travel and rotational directions oppose each other is termed the retreating side 

(RS). This disparity in the tool's travel and rotation creates a temperature gradient, resulting in 

higher temperatures on the advancing side compared to the retreating side [23]. Consequently, 

when welding dissimilar materials using FSW, it is recommended to position the weaker 

material on the advancing side to optimise the welding outcome. 

V. Shokri et al. conducted a comparative study on friction stir welded (FSWed) and 

Tungsten Inert Gas (TIG) welded joints of DSS-Cu to assess their respective characteristics 

[24]. The results indicated that FSWed joints exhibited superior strength when compared to 

(a) 

(b) 
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fusion welded joints. This can be attributed to the precise and reformed microstructure 

observed in FSWed joints. The refined grain structure effectively impeded crack formation 

and increased the tensile strength of the joints. Conversely, the TIG samples demonstrated 

poor mechanical properties, mainly due to excessively high heat inputs, resulting in the 

formation of a thick-phase layer that concentrated stress along the weld line. The low heat 

inputs during FSW also led to inadequate plasticisation and mixing, resulting in poor welding 

quality. 

In another investigation by A. Squillace et al., a comparison was made between FSWed 

and TIG welded AA 2024-T3 alloy plates in terms of their mechanical and corrosion 

properties [25]. The FSWed joints exhibited a slight recovery in the nugget zone, owing to 

their extremely fine grain structure, while the heat-affected zone (HAZ) showed only a minor 

decline in mechanical properties. Microhardness tests conducted across the thickness of the 

TIG weld joint confirmed the overall deterioration in mechanical characteristics observed in 

both the weld bead and HAZ, attributed to phase transitions induced by high temperatures 

experienced during the welding process [26, 27]. Both the FSWed and TIG joints exhibited 

passive behaviour in the weld bead and HAZ; however, the parent alloy demonstrated a 

propensity for pitting, as evidenced by the polarisation curve and electrochemical impedance 

spectroscopy (EIS) tests, although this tendency was less pronounced in FSW joints. 

Comparisons between the advancing and retreating sides of the friction stir weld bead 

provided some indication of the nobler behaviour exhibited by the latter zone. 

A comprehensive investigation by Srinivasa Rao et al. examined the mechanical 

properties and microstructure of 5 mm thick plates made of Al-4.2Mg-0.6Mn-0.4Sc-0.1Zr 

alloy [28]. The plates were subjected to two welding procedures: friction stir welding (FSW) 

and tungsten inert gas (TIG) welding. The study revealed a notable reduction in strength for 

the TIG welded joint compared to the FSW welded joint. The FSW process induced fine-

grain refinement in the stir zone of the Al-4.2Mg-0.6Mn-0.4Sc-0.1Zr alloy, leading to 

enhanced material strength. Consequently, the FSW welded joint achieved a joint efficiency 

of 91.6%, surpassing the TIG welded joint's efficiency of 69.8%. 

After friction stir welding, the resulting Al-4.2Mg-0.6Mn-0.4Sc-0.1Zr alloy exhibited the 

following mechanical properties: hardness (118.98 VHN), ultimate tensile strength (238.54 

MPa), bending strength (3325 MPa), impact strength (11.25 KJ/m²), and elongation 

percentage of 4.9. The friction stir welded alloy demonstrated significant improvements, 

achieving 85.5% hardness, 91.6% ultimate tensile strength, 95.5% bending strength, 24.8% 

impact strength, and an elongation percentage of 66.2% when compared to the non-welded 

Al-4.2Mg-0.6Mn-0.4Sc-0.1Zr alloy. On the other hand, the TIG welded Al-4.2Mg-0.6Mn-

0.4Sc-0.1Zr alloy exhibited the following mechanical properties: hardness (94 VHN), 

ultimate tensile strength (157.86 MPa), bending strength (3215 MPa), impact strength (3.8 

KJ/m²), and elongation percentage of 4.6. Comparatively, the TIG welded alloy achieved 

32.3% hardness, 39.3% ultimate tensile strength, 7.6% bending strength, 24.8% impact 

strength, and an elongation percentage of 66.2% when compared to the non-welded Al-

4.2Mg-0.6Mn-0.4Sc-0.1Zr alloy [29, 30]. These findings highlight the significant advantages 

of friction stir welding in terms of improved mechanical properties and performance of the 

Al-4.2Mg-0.6Mn-0.4Sc-0.1Zr alloy compared to TIG welding and the non-welded state. 

The existing literature emphasizes the investigation of many aspects related to Friction 

Stir Welding, such as parameters and tool profiles, their effects on fatigue and tensile 

characteristics, and microstructure development. Comparative studies between tungsten inert 

gas (TIG) welding and friction stir welding have also received much interest, particularly 

regarding alloy systems other than aluminium [31]. These questions shed light on the 

differences between FSW and TIG welding processes, highlighting the benefits of FSW over 
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conventional fusion welding in terms of increased strength, accurate microstructure, and less 

vulnerability to pitting corrosion. 

 

This study mainly highlights the investigation of many aspects related to Friction Stir 

Welding, such as parameters, tool profiles, and their influence on fatigue and tensile 

characteristics as well as microstructure development. Furthermore, a great deal of focus has 

been placed on comparing studies between tungsten inert gas (TIG) welding and friction stir 

welding, particularly with regard to aluminium and other alloy systems [31]. These questions 

highlight the differences between FSW and TIG welding processes, whereby FSW is superior 

to conventional fusion welding in terms of strength, microstructure accuracy, and reduced 

vulnerability to pitting corrosion. 

 

 
MATERIALS AND METHODS 

 
 

The material under investigation in this study is phosphor bronze, specifically CuSn4 

alloy. Plate specimens with dimensions of 4mm thickness, 100mm length, and 50mm width 

were selected for friction stir welding (FSW) and tungsten inert gas (TIG) welding. Simple 

butt weld joints were fabricated along the lamination direction under ambient conditions [32]. 

The chemical compositions and mechanical properties of the specimens provided by the 

supplier are presented in Tables 1 and 2, respectively. 

 

 
Table 1. Chemical compositions of CuSn4, wt. % 

Cu  Sn  Zn  Fe  P  Ni  Si  Mn  

95.75 4.02 0.109 0.0253 0.620 0.017 0.052 0.0066 

 

 

Table 2. Mechanical properties of CuSn4 

Density 8.86 gm/cm 

Elastic Modulus 101.7 N/mm2 

Tensile Strength 483.3 MPa 

Yield Strength 462.5 MPa 

Elongation 2% 

Hardness 121 BHN 

 

Prior to the welding process, the butting surface of the metals was cleaned using an 

acetone solution, ensuring a clean and suitable surface for the welding operation. A custom-

designed clamping fixture was employed to securely affix the two plates during FSW and TIG 

processes to ensure precise and controlled welding operations [33]. This clamping fixture 

facilitated optimal alignment and stability of the plates throughout the welding procedures.  

Tungsten inert gas (TIG) welding was conducted using direct current single polarity 
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(DCSP) from a power source characterised by drooping V-I static characteristics. A tungsten 

electrode of type A 203, typically sharpened to a cone angle of 60° with a flat tip ranging 

from 0.125 to 0.50mm, was employed [34]. The machine used for the TIG operation is a DC 

inverter TIG welder (model: PI 180 MT, manufacture: Powercon Electronics, Amperage 

range - 10-180 A, welding rods - Phosphor bronze). In the case of square butt joints in copper 

alloys up to 3mm thick, no filler metal was necessary. However, since a plate with a thickness 

of 4mm was utilised in this study, a filler material containing residual deoxidisers was 

employed to mitigate the adverse effects of oxygen on the welded joint [35]. Specifically, a 

filler rod with the same composition as the base metal, including a maximum of 0.15% 

phosphorus, was employed for the TIG welding process. 

The FSW operations were performed on a vertical milling machine (model: FN2 - knee 

type milling machine, speed range: 35.5-1800 rpm and number of feeds: 18), providing a 

stable and controlled platform for the welding process. A non-consumable carbide tool with a 

pin length of 3.4mm, a pin diameter of 2.5mm with a pentagonal profile and a shoulder 

diameter of 25mm with a flat face is adopted for this work [36-39]. The pentagonal profile 

provides maximum distortion in the stir zone and will help attain a refined grain structure. To 

maintain consistency and minimise potential variations, a single-pass welding technique was 

employed to fabricate the joints, ensuring uniformity and enabling reliable analysis of the 

resulting weld characteristics [40]. The process parameters are finalised after conducting trial 

runs and a literature review. In this work, the welding current for TIG welding is kept 

constant, and in FSW, the plunge depth is kept constant. The process parameters selected for 

TIG and FSW are given in Table 3. 

 

 
Table 3. TIG and FSW process parameters 

TIG Welding 

Sl. No. Welding Current (A) Welding Speed (mm/s) Gas flow rate (cm3/min) 

T1  

120 

1.45 5 

T2 1.95 7.5 

T3 2.45 10 

FSW 

Sl. No. Spindle Speed (rpm) Welding Speed (mm/s) Plunge depth (mm) 

F1 1200 0.02  

0.25 F2 1300 0.06 

F3 1400 0.10 

 

The TIG and FSW joints were carefully sectioned in the transverse direction to obtain 

representative specimens for analysis. The sectioning process involved cutting along the 

welding direction, effectively separating the weld bead and the heat-affected zone (HAZ) 

from the parent alloy. In order to conduct corrosion testing, the specimens were embedded in 

epoxy resin, ensuring that only the welded surface was exposed to the salt solution, thereby 

facilitating an accurate assessment of the corrosion behaviour [41]. To prepare the FSW and 

TIG welded specimens for further analysis, a thorough cleaning process was carried out. The 

specimens were initially cleaned using emery papers up to a grit size of 1000, ensuring the 

removal of any surface impurities or irregularities. Subsequently, the specimens were washed 

with distilled water to eliminate any residual contaminants [42]. Finally, a degreaser was 
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applied to achieve a smooth and pristine surface, ready for subsequent characterisation and 

evaluation. Tensile and bend tests were conducted for all the weldments made with the 

optimised input variables following ASTM E8 and E190-14 standards. Figure 2 (a) shows the 

FSW sample specimens, and Figure 2(b) shows the TIG sample specimens for tensile testing. 

 

Fig. 2. (a) Tensile test specimen dimensions (b)FSW sample specimen (c) TIG sample specimen 
 
 

The weight loss corrosion test was conducted per ASTM G31 standards. After cleaning, 

the metal samples are blow-dried and weighed. The gravimetric measurements were made by 

using a precision balance (with a range of 41/120 g and an accuracy of ± 0.01/0.1 mg). These 

readings correspond to the mass of the specimen before welding [43,44]. 

After initial weighing of all the TIG and FSW samples, they were suspended, and the 

weld zones were immersed into 500ml beakers containing 3.5wt % sodium chloride solution 

separately at room temperature. Figure 3 shows the specimens immersed in 3.5wt % sodium 

chloride solution [45], except for the weld region; all the other areas of the weldments were 

coated with transparent epoxy to attain accurate results. This solution has a neutral pH with 

the composition of sodium chloride equal to the seawater composition. Since phosphor bronze 

has major applications in marine areas, corrosion testing was carried out in this environment 

[46,47]. 

Since a pair of pieces were machined from each welded joint, one among the pairs was taken 

out after 168 hours. These pieces were analysed individually. These samples were then 

flushed with water and immersed into the solution of 500ml Hydrochloric acid (density 1.19) 

+1000 ml distilled water for two minutes to clean off the corrosion products [48]. Then the 

samples are completely rinsed out using a brush and flushed with water. Finally, the samples 

are immersed in ethyl alcohol, blow-dried, and weighed.   
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Fig. 3. Specimens immersed in 3.5wt % sodium chloride solution 
 
 
 

RESULTS AND DISCUSSION 
 
 

In Tungsten Inert Gas (TIG) welding, a recognised phenomenon emerges due to the 

fusion of materials and the elevated temperatures affecting nearby substances. As Figure 4 

illustrates, this process results in the formation of a larger Heat-Affected Zone (HAZ) 

compared to FSW weldment. In this heat-affected zone, the primary hardening precipitates 

ageing excessively, causing ensuing phase changes that lead to a discernible deterioration in 

their overall mechanical characteristics [49-51]. The results obtained from the investigation 

into the Tungsten Inert Gas (TIG) welding and Fabricated Friction Stir Welding (FSW) joints 

reveal intriguing insights into the structural, mechanical, and corrosion aspects of the welded 

specimens.  

 

 

 

Fig. 4. TIG- Specimen, a. Fusion zone, b. Heat-affected zone, c. Base metal 
 
 

In the context of Fabricated Friction Stir Welding (FSW) joints, it is imperative to 

address two distinct phenomena, each leading to disparate outcomes. Firstly, the temperatures 

endured by the materials involved in the welding procedure, albeit lower than their melting 

points, instigate phase transformations akin to those exhibited in TIG joints [52]. 

Consequently, the mechanical properties deteriorate, encompassing the nugget, Thermal-

Mechanically Affected Zone (TMAZ), and Heat-affected zone (HAZ), as depicted in Fig. 5. 
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These temperature-induced phase changes intricately influence the material's structure, 

leading to alterations in its mechanical behaviour. Understanding this thermal-mechanical 

interplay is vital as it provides valuable insights into the challenges inherent in Fabricated 

Friction Stir Welding. Figure 5 emphasises the distribution of these effects, offering a 

comprehensive view of the regions impacted by welding-induced temperature changes. The 

nuanced relationship between heat and material characteristics holds significance in 

optimising the FSW process within the broader context of welding techniques. This sets the 

stage for a deeper exploration of the intricate connections shaping the mechanical properties 

of FSW joints, underscoring the importance of addressing specific thermal phenomena for 

improved accuracy and control in welding operations. 

 

 

Fig. 5. FSW specimen, a. Nugget zone, b. Thermo mechanical affected zone, c. Heat-affected zone,  
d. Base metal 

 

Secondly, the substantial shear stresses induced by the motion of the welding tool 

facilitate the formation of an exceptionally fine-grained microstructure. This outcome, 

primarily observed in the nugget zone and predominantly in the flow arm zone, permits a 

partial restoration of mechanical properties [53,54]. A distinct pattern emerges as one 

traverses from the central axis of the weld bead towards the base material, traversing the 

TMAZ and transitioning into the HAZ. Within this region of FSW joints executed on 

phosphor bronze alloys akin to those under scrutiny in this present study, exemplified by the 

F2 sample, the relatively lower temperatures encountered can induce a form of ageing [55]. 

This ageing effect yields a modest augmentation in mechanical characteristics. 

The mass of the specimens before and after corrosion for both the FSW and TIG welded 

joints with corresponding % of weight loss are given in Table 4. The percentage of weight 

loss due to corrosion is calculated by using the following formula [56].  

 

% 𝑜𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑙𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑙𝑑 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑙𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛
 

 

The mass of the welds before corrosion and after corrosion are measured. The ratio of the 

difference between the corroded samples and the parent welds to the mass of the parent weld 

gives the percentage of corrosion that has occurred. 

 

The findings presented in Table 4 provide valuable insights into the corrosion behaviour 

of the investigated specimens. Notably, the extent of weight loss attributed to corrosion is 

markedly lower in Friction Stir Welded (FSW) samples as compared to those subjected to 

Tungsten Inert Gas (TIG) welding, as evidenced by the data obtained over a 7-day analysis 

period. 
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Table 4. Mass of the specimens before and after corrosion with % of weight loss 

FSW 

Specimens Mass before corrosion 

(g) 

Mass after corrosion 

(g) 

% of weight loss due 

to corrosion 

F1 17.167 17.153 0.081 

F2 19.566 19.553 0.066 

F3 17.244 17.228 0.092 

TIG 

Specimens Mass before corrosion 

(g) 

Mass after corrosion 

(g) 

% of weight loss due 

to corrosion 

T1 19.400 19.351 0.252 

T2 18.400 18.360 0.217 

T3 19.168 19.124 0.229 

 

Specimen F2, a representative of the FSW welds, exhibited an impressively minimal 

weight loss of 0.066%, indicating high corrosion resistance. In contrast, specimen T2 

displayed the most favourable corrosion resistance among the TIG-welded specimens, with a 

weight loss of 0.217%. However, it is noteworthy that even the best-performing TIG-welded 

specimen still demonstrated a corrosion weight loss that was 3.4 times greater than that of the 

FSW specimen (F2). Corrosion properties are inherently influenced by a multitude of factors, 

encompassing temperature, the concentration of corrosive agents, diffusion rates, and the 

presence of oxidising agents, among others [57]. These factors collectively dictate the 

susceptibility of the materials to corrosion processes. Beyond these well-established 

influences, the corrosion resistance of metals is also intricately linked to microstructural 

characteristics. 

Particularly, the grain size and the presence of precipitated particles can significantly 

impact the corrosion properties of the materials. A finer grain structure, often attainable 

through the unique thermomechanical conditions of FSW, can contribute to enhanced 

corrosion resistance due to the reduced presence of grain boundaries and potential preferential 

sites for corrosion initiation [58,59]. Furthermore, the influence of precipitated particles, 

including second-phase particles and precipitates formed during the welding process, cannot 

be understated. Such particles can influence local electrochemical behaviour, altering the 

corrosion susceptibility of the material. The synergistic effects of grain size refinement and 

precipitate formation in FSW-welded materials could contribute to the superior corrosion 

performance observed in specimen F2 [60]. 

In contrast, the data from Table 4 underscores the remarkable corrosion resistance 

exhibited by the Friction Stir Welded specimens, particularly exemplified by specimen F2, as 

compared to their TIG-welded counterparts. While factors such as temperature and chemical 

environment remain significant drivers of corrosion, the role of microstructural attributes, 

specifically grain size and precipitate presence, should not be underestimated [61, 62]. This 

comprehensive understanding of corrosion behaviour is pivotal in guiding the optimisation of 

welding processes for improved material performance and longevity in corrosive 

environments.  

All experimental trials involving friction stir and TIG welding were meticulously 

executed under controlled ambient conditions, maintaining a temperature range of 23°C to 

27°C and a dynamic relative humidity fluctuation spanning from 15% to 20%. Within the 

context of the FSWed specimen, a notable thermal dichotomy is observed, with the advancing 

side (AS) exhibiting heightened heat generation compared to the retreating side (RS) [63]. 

This phenomenon is attributed to the rotational motion of the tool, effectively transporting 

cooler material from the AS to the RS. Consequently, when effecting the fusion of phosphor 
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bronze, strategic placement of the alloy material at the RS is employed to harness enhanced 

strength generation at the AS, thereby augmenting the comprehensive mechanical robustness 

of the welded interconnections. Figure 6 is a graphic representation of the average strength 

attributes of butt joints made of phosphor bronze using both FSW and TIG welding processes 

[64]. 

 

Fig. 6. Average tensile strength of FSW and TIG specimens 

Additionally, Figure 6 provides a comparative analysis between the FSWed joint and the 

TIG welded joint, predicated upon the outcomes of meticulously conducted tensile tests. 

Among the FSWed specimens, Sample F2 stands out as possessing the most elevated joint 

tensile strength. This pinnacle achievement was realised through the implementation of 

specific parameters, specifically a tool rotation rate of 1300 rpm, welding speed of 0.06 mm/s, 

and a plunge depth of 0.25 mm. Sample F2 exhibited an average tensile strength of 495.83 

MPa. In contrast, the tensile strength attained through the TIG welded connection was 

comparatively diminished [65, 66]. It can be clearly seen in Figure. 6 that FSWed joints 

display tensile strength almost 1.6 times higher when compared to TIG welded joints. 

 

 

Fig. 7. (a) FSW specimen, (b) TIG Specimen, after tensile testing 

Figure. 7 a and b show that the FSW joint failed in AS of the SZ during tensile tests, 

while the TIG joint failed in the welded zone. 
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CONCLUSIONS 
 
 

The comparative results between the FSW and TIG welding on phosphor bronze show 

that: 

− The tensile strength of FSW joints is comparatively higher than that of TIG welded 

joints. The F2 specimen prepared by the FSW method exhibits the highest average tensile 

strength of 495.83 MPa, where the highest tensile strength provided by the TIG joint T2 

is 370.8 MPa. 

− The percentage of weight loss of the FSW specimen is 0.066%, and the TIG specimen is 

0.217%. This means the FSW specimen is 3.4 times better corrosion-resistant than the 

TIG specimen. 

The experimental analysis reveals that FSW provides higher quality butt welded joints for 

phosphor bronze than TIG. FSW creates higher-quality welds since it is a solid-state method 

that does not modify the mechanical properties of the parent material. Furthermore, the 

dynamic recrystallisation of the grains in the weld or stirring zone produces a high-quality 

weld with improved tensile performance. 
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