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Abstract 

The problem of high-performance dissimilar joints and their compatibility with polymer and composite 

engineering applications is the impetus to the current work. This paper seeks to investigate the 

possibility of applying the polymer-based composite ideas with underwater friction stir welding 

(UWFSW) to improve the performance of AA5083 aluminumcopper joints. To achieve this a systematic 

experimental method was followed by varying the tool rotational speed, traverse speed and tilt angle 

and by focusing on interfacial behavior similar to hybrid composite systems. Tensile testing, 

microhardness testing and optical microscopy and scanning electron microscopy were used to carry out 

mechanical characterization and microstructural analysis respectively to study intermetallic 

distribution and composite like phase interactions. These findings showed that optimized UWFSW 

parameters had a significant refinement effect on grain structures, heat-affected zone, and tensile 

strength up to 100 Mpa, and the variation in hardness (75-115 HV) indicated the presence of interfacial 

phases similar to the reinforcement regions in composites. The paper emphasizes that UWFSW 

controlled thermal cycles can replicate processing paths of composites through the optimization of 

interface interactions with matrices. These results offer novel information on the extrapolation of 

dissimilar metal welding to polymer-metal composite hybrid applications, which may be applicable to 

lightweight structural systems, marine parts, and multidimensional engineering design. 

 

Keywords: Underwater FSW; Polymer–Metal Composites; Heat-affected zone; weld strength; 
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INTRODUCTION 

The design of sophisticated joining methods to 

dissimilar materials has grown in significance to the 

umbrella engineering discipline of polymer and 

composite engineering, where hybrid structures 

have become a common means of providing 

lightweight, high strength and multifunctional 

performance. The combination of metals with 

polymer-based composite is vital in the modern 

engineering applications (aerospace, marine and 

electronic systems) to improve the structural 

efficiency and functional properties. Aluminum 

alloys like AA5083 are preferred due to their 

resistance to corrosion and strength-to-weight ratio 

whereas copper is highly utilized due to its 

excellent thermal and electrical conductivity [1]. 

Nonetheless, the direct welding of aluminum and 

copper is a big scientific and technological 

challenge as the two have dissimilar 
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thermophysical characteristics and there is the formation of brittle intermetallic compounds at the 

interface. These problems are closely similar to those found in polymeric composite systems, in which 

interfacial bonding and phase compatibility determine the overall performance. Recent studies have 

shown that friction stir welding (FSW) is a solid-state joining technique that has some benefits over 

traditional fusion welding such as the elimination of melting-induced flaws and the ability to more 

effectively control the microstructure. It has been demonstrated that the process parameters including 

the rotational speed of tools, traverse speed of tools and the geometry of the tool have a significant 

effect on the amount of heat generated, material flow, and the strength of the joint. In addition, 

underwater friction stir welding (UWFSW) has become focal as it can offer quick cooling, leading to 

more refined grain structures, less heat-impacted areas, and enhanced mechanical characteristics [2]. A 

number of studies have indicated improved hardness distribution and decreased defect formation in 

submerged conditions. Parallel to this, polymer and composite studies have focused on the significance 

of interface engineering, where the distributions of reinforcements, the interactions between the 

matrices and fillers, and the controlled processing environments are essential in deciding on 

performance of materials [3]. Although these achievements have been made, the majority of the current 

research in the field of Al50 welding is mainly related to the metallurgical factors, and little attention is 

paid to composite-inspired methods that may enhance the stability of the interface and the behavior of 

the mechanical characteristics [4]. One of the weaknesses with the existing body of knowledge is that 

there is a lack of knowledge concerning how the concepts of composite based on the use of controlled 

interfacial bonding and phase distribution can be extended to dissimilar metal welding processes. The 

presence of brittle intermetallic layers, including CuAl2 and Cu9 Al4, remains a limitation to ductility 

and long-term stability, just like in weak interfaces in poorly engineered composite systems [5]. As 

well, the overall effect of UWFSW process parameters on interfacial microstructure and composite-like 

behavior has not been thoroughly investigated [6]. This disconnect underscores the necessity of a more 

comprehensive strategy combining metal joining methods with the concepts that can be found in the 

field of polymer and composite science [7]. Against this backdrop, the current study seeks to explore 

the underwater friction stir welding of AA5083 aluminum and pure copper by systematically changing 

the important process parameters, such as tool rotational speed, traverse speed, and tool tilt angle, and 

then interpreting the findings in terms of a composite engineering approach. The thermomechanical 

material flow occurring during friction stir welding shares similarities with polymer processing 

operations, particularly in terms of viscous-like deformation, phase redistribution, and controlled 

cooling. During FSW, the softened material undergoes intense plastic flow under localized heating, 

analogous to melt-mixing and extrusion processes used in polymer composite manufacturing. The 

underwater environment further regulates cooling rates and suppresses excessive thermal degradation, 

similar to controlled solidification strategies adopted in advanced composite fabrication. The goal is to 

measure the mechanical performance, microhardness distribution, and microstructural evolution of the 

welded joints, and to pay special attention to interfacial characteristics that are similar to reinforcement–

matrix interactions. Hypothesis It is theorized that underwater controlled thermal cycles can be used to 

refine microstructure and restrain unwanted intermetallic growth to enhance joint behavior in a fashion 

akin to the optimization of composite fabrication processes [8]. In the present work, the term “polymer-

inspired” does not indicate the incorporation of polymer materials into the weld region. Instead, it refers 

to the application of composite engineering principles such as interface tailoring, phase distribution 

control, thermal cycle management, and reinforcement-like interfacial behavior to the analysis of 

dissimilar Al–Cu joints. Similar to polymer composite systems, where matrix–reinforcement 

interactions govern mechanical integrity, the intermetallic-rich Al–Cu interface in UWFSW behaves as 

a hybrid transition zone that strongly influences load transfer, hardness distribution, and fracture 

behavior. What is important about the work is its interdisciplinary nature that will bring traditional 

dissimilar metal welding to the realm of polymer and composite engineering. This paper establishes a 

new paradigm of intermetallic interfaces and composite reinforcement phases by comparing and 

contrasting these phenomena to elucidate the nature of intermetallic interfaces and enhance the quality 

of intermetallic interfaces. The combination of UWFSW and composite-inspired analysis provides 

novel understandings of the tuning of interfacial characteristics, improvement of mechanical behavior, 
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and the broadening of the applications of such hybrid systems. The method is especially applicable 

when developing new lightweight and versatile materials that will be utilized in superior structural and 

energy-related applications. 

 

MATERIALS AND METHODOLOGY  

Underwater friction-stir welding (UWFSW) is a welding process, carried out in air at normal 

temperature, but the welding is carried out underwater. Friction-stir welding is superior to fusion 

welding in most aspects. Formation of inter-metallic compounds in the stir zone affects the structural 

integrity of the joints significantly and may cause certain problems. Another is the increased heat 

generation in the application of FSW. Welding pure copper and Aluminum alloy Al 5083, underwater 

in an attempt to improve the strength of the weld and reduce the heat-affected zone, through underwater 

friction-stir welding (UWFSW) is also being undertaken. The rapid cooling is also a bonus to the 

solidity of the welded structures as welding of FSW is carried out through water [9]. In welding, 

Welding of aluminium Al 5083 and copper plates is performed under three parameters, namely welding 

speed, traverse speed and profile of the tool probe. Welding of these plates is also based on different 

parameters and different mechanical properties and the most appropriate parameter that the weld is to 

be made is also studied [10]. A two-rigidly clamped plates butt joint is inserted into a rotating cylindrical 

apparatus with a specially designed probe. The tool is pushed until the portions of it with broad 

shoulders come into contact with the workpieces. The probe features a tool shoulder that is slightly less 

than the depth of the needed weld glides on the work surface. A brief rest is followed by moving the 

tool along the joint line at the desired welding speed. The heat generated is through friction between 

the work element and the hard tool. The stirred-up materials do not melt. The dimensions of the 

workpiece are shown in figure 1. 

 

 
Figure 1. Dimensions of the work piece 

 

Table 1. Welding sequence and welding parameters 

WELDING SEQUENCE 
TRAVERSAL VELOCITY 

(IN revolutions per minute) 

RATE OF WELDING 

(IN mm/min) 

DEGREE OF 

TOOL TILT 

1 700 15 0 

2 850 25 1 

3 900 35 3 

4 700 15 1 

5 850 25 3 

6 900 35 0 

7 700 15 3 

8 850 25 0 

9 900 35 1 
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Several process variables that are important in determining the strength of the joint include the 

rotation of the spindle, the speed of the travel of the welding tool, and the angle at which the tool is 

tilted. The welding parameters are manipulated and held constant to give the desired levels of weld. The 

given Table 1 can be a tabulation of the experimental procedure followed. The underwater friction stir 

welding apparatus is mounted on the CNC vertical type (downward load) milling machine table and 

attached through the fixtures, and the UFSW equipment is clamped by the jigs. The clamp holds the 

aluminum Al5083 plate and pure copper plate attached to the workpiece holding plate in the UFSW 

configuration, as well as the workpiece. The rotational speed, feed, and angle of inclination of the tool 

are input into the CNC vertical type (downward load) milling machine, and the base materials are 

welded as per the specifications. The welding of the workpiece is demonstrated in Figure 2 on the VMC 

machine. The tool geometry and tilt angle significantly influenced the material flow behavior during 

underwater friction stir welding. The rotating shoulder generated frictional heat, while the probe 

promoted severe plastic deformation and intermixing of aluminum and copper materials within the stir 

zone. The applied tool tilt angle enhanced forging pressure behind the tool, improving consolidation 

and reducing tunnel defects. This stirring mechanism facilitated the redistribution of Al-rich and Cu-

rich phases, which is comparable to the dispersion of reinforcement particles in polymer composite 

processing techniques such as extrusion and melt blending 

 

 
Figure 2. Welding of the workpiece on the VMC machine 

 

EXPERIMENTAL TESTING 

Tensile Test 

Tensile test is carried out in all kinds of specimens to ascertain the yield stress, ultimate stress, and 

even the percentage of elongation upon fracture. Certain methodologies and techniques of various 

materials are unique. For the tensile test, a Universal Tensile Testing machine will be used. In addition, 
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the base materials are then ready as per the standard -ASTM B557, and the base materials are set up 

between the hydraulic grippers, and the testing is conducted. Tensile testing of the specimens is in 

accordance with ASTM B557 standard of dimensions [11]. The ASTM B557 standard is as follows. 

Figure. 3 the ready figures of tensile test with in the ASTM B557 standard  

 

 
Figure 3. Tensile testing specimen in ASTM standard 

 

TEST FOR TOUGHNESS 

Toughness is the capability of a substance to undergo plastic deformation. Indentation toughness is 

the measure of the capacity of a coating to resist mechanical damage. The test method will depend on 

the nature of the material and the anticipated hardness. Since the Rockwell test involves a high load of 

a diamond indenter, it is suitable for hardened bearing steels with minute grain structures. Other 

materials, such as powder metals and cast iron, will need a much bigger indenter, such as that of Brinnel 

scales. Very small components or small pieces may be required to be measured using a micro-hardness 

tester [12]. The indentation profile is presented in Figure 4.  

 

 
Figure 4. Rockwell Indentation Profile 

 

MICROSTRUCTURAL FEATURES 

There are typically three separate micro-structural areas observed in underwater frictional stir welds: 
a heat-affected zone (HAZ), a thermo-mechanically affected zone (TMAZ), and a weld nugget. The 
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weld nugget and TMAZ are not considered the same due to their different microstructural features, 

although both were considered to be the thermo-mechanical affected zones. The TMAZ does not, 
however, go through dynamic recrystallization as the weld nugget does. The size and the microstructural 

composition of these zones are dependent on the material and processing parameters. The assessment 
of the microstructural characteristics was performed using optical microscopy and scanning electron 

microscopy (SEM). Such methods can be used to quantitatively evaluate structural differences and 
compare them with the accepted ones. They are also used in testing the material behavior and processing 

conditions, especially in failure analysis. 
 

RESULTS AND DISCUSSION  

Tensile Strength 

The tensile test outcomes suggest that the chosen process parameters are sensitive. The ultimate 

tensile strength was measured to range between 30 MPa and 90 MPa in the nine experiments. Table 2 
presents a comprehensive listing of UTS values, and Table 3 summarizes the mechanical properties.The 

maximum strength achieved at Trial 7 (700 rpm, 15 mm/min, 3 o tilt) was 100 MPa. This set of 
parameters provides a low heat input since the traverse speed is increased and the rotation is reduced; 

however, the 3 ° tilting improves forging pressure, and therefore, increases consolidation. Lowering 
temperature exposure probably inhibits the intermetallic layer thickness, whereas sufficient pressure on 

the metal is enough to provide effective bonding. The connection efficiency (100/220 × 100% = 91) is 
average in relation to the base materials (AA5083: 290 MPa; Cu: 220 MPa), which highlights the 

inherent issue of Al-Cu intermetallic brittleness [10, 15].  
 

Table 2. Tensile Strength properties 

Trial Rotational Speed (rpm) 
Traverse Speed 

(mm/min) 
Tool Tilt (°) UTS (MPa) 

1 700 15 0 50 

2 850 25 1 40 

3 900 40 3 80 

4 700 15 1 40 

5 850 25 3 50 

6 900 40 0 50 

7 700 15 3 100 

8 850 25 0 30 

9 900 40 1 50 

 

The values of elongation were relatively low (0.6-1.12%), which indicates primarily brittle-like 
behavior that is significantly lower than the ductility of the starting materials (AA5083: 10-15%; Cu: 

>30%).  
 

Table 3. Mechanical properties welded dissimilar joint 

Trial UTS (MPa) Elongation (%) Yield Stress (MPa) Fracture Load (kN) 

1 50 0.6 50 0.88 

2 40 0.64 40 0.65 

3 80 1.0 80 0.91 

4 40 0.8 40 0.78 

5 50 0.88 50 0.51 

6 50 1.0 50 0.94 

7 100 1.12 90 1.59 

8 30 1.0 30 0.59 

9 50 0.88 50 0.59 
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The stress-strain curves illustrated here were characterized by domination of linear elastic loading 

followed by instant fracture with no plastic deformation or strain hardening, implying that fracture is 

dominated by the intermetallic containing interface as opposed to the base metals [13]. The analysis of 

post-fractures showed that all of the specimens collapsed at or close to the Al-Cu interface, and not in 

the base materials or across the stir zone. Mixed-mode fracture surfaces were also present and contained 

ductile dimpled regions and brittle cleavage planes. The ductile side was often the aluminum side, and 

the brittle side was generally the copper side, with crack propagation occurring through the intermetallic 

layer where the gradient of properties can be most anticipated [14]. This resulted in the worst result 

(Trial 8: 30 MPa) with moderate rotation, slow movement, and no excessive thermal input or poor 

forging action, probably leading to high intermetallics and possible consolidation flaws. Intricate 

correlations between factors are shown on analysis rather than monotonic links. Less strength is 

normally linked to slower speeds of traversal (high heat input) or intermediate values that lead to 

inefficient thermal cycles. The insignificant effect of rotational speed tests of 700, 850, and 900 rpm 

gave varying degrees of importance when other factors were varied, and this points to the fact that the 

traversal speed and tilt angle could play a significant role in this particular combination [15]. 

 

Hardness 

Optimal hardness (115 HV) was observed at the interface of Al-Cu, and intermetallic complexes are 

widespread here. CuAl2 and similar phases tend to exhibit hardness between 100 and 150 HV, but they 

are highly brittle. The maximum hardness aligns with the fracture site that was observed; the abrupt 

transition between ductile base metals and hard intermetallics creates stress concentrations, which lead 

to a crack in tensile stress [16]. Measurements of hardness showed great spatial variation with a range 

of 75 to 115 HV (Figure 5). 

 

 
Figure 5. Micro hardness of welded hybrid materials 

 

Fine but relatively soft grains are found in reduced values (75-83 HV), which represent aluminum-

rich regions in which dynamic recrystallization occurs. Thermal exposure inhibits the rise in 

precipitation of the H 111 temper, and reduces hardness. The copper parts were of intermediate values 

(75-96 HV), meaning that grain refinement and dislocation annihilation by recovery reduced the 

hardness, respectively. Air-to-liquid cooling can cause better grain refinement and higher dislocation 

density than air-cooled friction stir welding [17]. 

 

MACRO AND MICRO STRUCTURE 

FWSZ architecture is unique, and etched cross-sections have a discrete stir zone, TMAZ, and HAZ 

on aluminum surfaces and copper surfaces. The stir zone was typically a bowl-shaped geometry with a 

surface width of approximately 10-12 mm, which is equal to a 24 mm shoulder diameter. The difference 
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between the progressive and recessive (aluminum and copper) was also evident, and it showed a 

fundamentally asymmetric flow of material in friction stir welding (FSW)[18]. The zone of heat affected 

(HAZ) was 2-3 mm, smaller than the literature values of 3-5 mm of air friction stir welding (FSW), and 

gives direct evidence that underwater cooling is superior to heat extraction, and that lateral thermal 

diffusion is limited by underwater cooling. This supports the essence of UWFSW towards improved 

thermal management [19]. The Al-Cu interface has provided an intermixed morphology, which is not 

defined by a distinct border, but by swirling and interpenetrating, hence indicating a high degree of 

mechanical intermixing that is important in metallurgical bonding. The examination of any specimen 

showed that there were no significant anomalies (absence of voids, tunnel, insufficient penetration, etc.) 

that could suggest that there was a violation of any of the parameters within an acceptable processing 

range [20]. 

 

 
Figure 6. Micro hardness taken places in specimen 

 

The rolling microstructure of the aluminum base metal was of elongated grains in the form of 15 to 

40 μm in their shorter length. On the other hand, the stir zone displayed full dynamic recrystallisation 

with each equiaxed grain being slender with an estimated five-fold reduction in size (3-8 0mu). This is 

a result of a significant amount of plastic deformation together with high temperatures, which promote 

recrystallization. Though fine grains do tend to increase strength by Hall-Petch mechanisms, this is 

overridden by interfacial weakness. The phase distribution across the welded interface revealed a 

gradual transition between aluminum-rich and copper-rich regions within the stir zone. Fine intermixed 

layers and discontinuous intermetallic compounds were observed along the interface, indicating strong 

mechanical interlocking between both materials. The aluminum side predominantly exhibited 

dynamically recrystallized fine grains, whereas the copper side showed partially recrystallized equiaxed 

grains with localized intermetallic accumulation. Such heterogeneous phase distribution resembles 

reinforcement dispersion mechanisms in hybrid composite systems, where interfacial compatibility and 

phase continuity strongly influence overall mechanical performance. 

 

Figure 6 illustrates the selected locations used for microhardness measurements across the 

underwater friction stir welded Al–Cu joint. The hardness values were recorded from the aluminum 

region, stir zone, interface, and copper region to evaluate the variation in mechanical properties and 

intermetallic phase distribution across the welded specimen. 

 

The behavior between copper and aluminum proved to be extremely complicated and significant. 

With a magnification of 500-800X, the interface appeared as a complicated, mixed-up area 

(approximately 50-200 μm across) containing islands and stringers of every metal interlaced with each 

other. Intermetallic phases, which appeared darker in etching, could be easily observed at the boundaries 

between aluminum and copper-rich regions. According to the Al-Cu phase diagram and available 
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extensive literature, the main phases are the CuAl 2 ( 0 phase ) and presumably the Cu9Al 4 ( 0 2 phase 

). The ductility of CuAl 2 is very low since the crystal structure is complex (tetragonal), which offers a 

limited number of slip systems. When in contact with aluminum and copper at temperatures above 

approximately 120 o C, the formation of this is thermodynamically inevitable. The intermetallic 

structure was either discrete (1-5 ,10 100 Continuous layers are the sign of favorite fracture pathways 

in accordance with the known tensile properties. Unquestionably, phase identification requires the use 

of XRD, TEM, or EBSD methods.There were several annealing twins and equiaxed grains (40-80 mu 

) in the copper base metal. Refinement to 10-20 μm was found to be significant in the copper TMAZ/stir 

zone, which had grain boundaries that were not uniform in nature, showing signs of partial 

recrystallization. The high stacking fault energy of copper makes it easy to recover within a very short 

time, which may have deterred the recrystallization process at the heat cycles. Figure 7 presents the 

microstructure of the underwater friction stir welded Al–Cu joint, showing a distinct stir zone with 

effective metallurgical bonding between aluminum and copper. The image reveals material intermixing 

at the interface along with refined grain structures formed due to severe plastic deformation and 

controlled underwater cooling conditions. 

 

 
Figure 7. Microstructure of the welded joint of Al –Cu 

 

MORPHOLOGICAL ANALYSIS  

The microstructural characteristics of the underwater friction stir welded Aluminum (Al) AA5083 

and pure Copper (Cu) joints were analyzed using optical microscopy at different magnifications (100X, 

200X, 500X, and 800X) for both parent materials and the interface region. The investigation focused 

on identifying the grain structure, intermetallic phases, and differences between the base metals and the 

stir zone.  

 

Aluminum Parent Material (Al PARENT-100X, 200X, 500X) 

The parent aluminum exhibited elongated grains with sizes ranging from 15 to 40 μm. At higher 

magnifications, a uniform and relatively fine microstructure was observed, consistent with the rolled 

AA5083 aluminum plate. The grains were free from significant defects or voids. 

 

Copper Interface (CU INTERFACE-100X, 500X, 800X) 

The Al-Cu interface showed a complex, intermixed morphology with visible intermetallic phases, 

including CuAl₂. The interface contained islands and stringers of both metals, forming a mechanically 

interlocked structure approximately 50–200 μm wide. This region displayed the highest microhardness 

values (up to 111 HV) due to the presence of brittle intermetallic compounds. 
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Copper Parent Material (CU PARENT-100X, 500X, 800X): 

The parent copper revealed equiaxed grains with sizes of 40–80 μm. In the stir zone and TMAZ of 

copper, grain refinement was observed (down to 10–20 μm), indicating partial dynamic recrystallization 

induced by the plastic deformation and thermal cycles during welding. The underwater friction stir 

welding process effectively limited the heat-affected zone (HAZ) to 2–3 mm, smaller than typical air-

based FSW (3–5 mm), demonstrating improved thermal management. The stir zone showed fine, 

dynamically recrystallized grains in aluminum (5-fold refinement) and copper (4-fold refinement), 

while the intermetallic-rich interface acted as a brittle phase controlling the fracture behavior during 

mechanical testing. Fig. 8 presents optical micrographs at different magnifications, illustrating these 

observations for both parent materials and the interface regions. The images clearly highlight the 

structural differences and confirm the presence of intermetallic phases at the Al-Cu interface, which is 

critical for understanding the mechanical performance of the welded joint. 

 

 
Figure 8. Optical micrographs showing the microstructure of Aluminum (Al) and Copper (Cu) at 

different magnifications (100X, 200X, 500X, 800X) for both parent material and interface regions 

 

CONCLUSION 

The current work confirms that underwater friction stir welding (UWFSW) can be analyzed and 

optimized using a polymer and composite engineering viewpoint in joining AA5083 aluminum and 

pure copper. The underwater environment that supplied the controlled thermal environment allowed 
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fined microstructural development, minimized heat-impacted regions, and enhanced interfacial 

properties that are comparable to matrix-reinforcement reactions in composite systems. The final 

process parameters (700 rpm, 15 mm/min, 3 o tilt) achieved improved tensile behavior and 

homogeneous distribution of hardness and showed that control of heat input and material flow can be 

tuned to attain composite-like structural performance. Microstructural analysis of the two regions of 

aluminum and copper showed a high degree of grain refinement and the interfacial region was 

characterized by intermixed phases similar to the distributions of reinforcements in hybrid composites. 

Nevertheless, the brittle intermetallic compounds (CuAl2 and Cu9 Al4) are the main constraint, which 

dictates fracture behavior and limits ductility. This is analogous to weak interfacial bonding in 

composite materials, where incompatible phases lower the overall performance. Irrespective of this 

shortcoming, this research confirms that UWFSW is a better defect control method with minimal 

oxidation and interfacial bonding as compared to the traditional methods. From a polymer and 

composite engineering perspective, the present work demonstrates that underwater friction stir welding 

can be interpreted as a hybrid interface engineering approach, where thermal management and phase 

distribution govern the structural efficiency of dissimilar joints. The observed intermetallic regions act 

similarly to reinforcement phases in composite materials, thereby extending the applicability of 

composite-processing concepts to advanced metal joining technologies. 

 

In the context of polymer and composite, the results indicate the relevance of interface engineering, 

control of thermal cycles and distribution of phases in obtaining high-performance hybrid joints. The 

originality of this work is in the fact that it helps to connect dissimilar metal welding with the principles 

of composite design, which offers a new direction of creating metal and polymer hybrid structures and 

multifunctional materials. This is especially applicable to the field of lightweight structural applications 

in aerospace, marine and electronic systems. However, the research is restricted by the lack of 

complicated phase characterization methods, as well as, the limited scope of process parameters. The 

future studies need to be conducted to include interlayers made of polymer, nanoparticle reinforcements, 

or hybrid processing methods to inhibit intermetallic formation and improve interfacial compatibility. 

Furthermore, more sophisticated analytical approaches like XRD, TEM or E SD are to be used to learn 

more about the evolution of phases and mechanisms of bonding. On the whole, this piece of work will 

help to increase the range of applications of UWFSW to composite-oriented design, which will allow 

building the next generation of hybrid material systems. 
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