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Abstract: In the present study, AA7075 and AA2024 aluminum alloys were reinforced with ZrC, and 

the particles of WC were joined using the friction stir welding (FSW) method. The microstructural 

and mechanical properties of the welds were investigated using SEM, EDS, and tensile tests. The FSW 

process resulted in high-quality welds with fine grain structure; the stirred zone has 666% smaller 

grain size than AA7075 and AA2024 aluminum alloys. The tensile test showed strong and ductile 

welds. The fracture test showed ductile and less brittle composite joints of AA2024 and AA7075 

alloys reinforced with WC and ZrC. The processing parameters in the FSW process significantly affect 

tensile strength (UTS); therefore, the improvement of UTS with tool speed is much greater than with 

welding speed. Increasing the tool speed from 400 to 560 rpm increased UTS by 7.1%, and from 560 to 

700 rpm by 5.4%. The tensile test results showed that the welds exhibited considerable strength and 

ductility. Fracture analysis showed that the composite joints made of different AA2024 and AA7075 

alloys and reinforced with WC and ZrC were ductile and less brittle. This study showed that FSW 

can efficiently fuse different aluminum alloys reinforced with ceramic particles. 

 
Keywords: FSW; mechanical properties; dissimilar alloy; composites; microstructure; zirconium 

carbide; tungsten carbide 

 

 
1. Introduction 

The friction stir welding (FSW) technique is employed to fuse two or more materials, 

and involves the utilization of a rotating tool equipped with a specifically engineered 

pin inserted into the workpiece and traversed along the weld seam. The rotational tool 

generates frictional heat, causing the material to undergo plasticization. Simultaneously, 

the stirring action of the pin facilitates the mixing of the components [1,2]. Dissimilar 

aluminum composites are fabricated through the amalgamation of two or more distinct 

varieties of aluminum alloys. Various alloys can be selected to enhance the character- 

istics of the composite, including, but not limited to, strength, stiffness, and corrosion 

resistance [3–5]. The mechanical characteristics of dissimilar aluminum composites pro- 

duced using FSW are influenced by many parameters: the selection of aluminum alloys, 

the manipulation of processing parameters (e.g., tool rotation speed, welding speed, and 

plunge depth), and the characterization of the resulting microstructure in the composite 

material [6–9]. The strength and stiffness of the composite material often exhibit enhanced 
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characteristics when the two constituent alloys possess comparable attributes [10,11]. How- 

ever, using the FSW method to join plates that include ceramic particles raises concerns 

regarding the potential influence of these particles on the overall quality of the welds [12]. 

Incorporating ceramic particles within the welded plates can impact frictional heating 

and the resultant deformation behavior during welding. Therefore, the microstructure and 

mechanical qualities of the welds produced may experience alterations [13,14]. Based on 

empirical evidence, it has been shown that the inclusion of ceramic particles in the plates 

subjected to friction stir welding has a detrimental effect on both the tool’s wear and the  

tensile strength of the resultant welds [15–17]. The effects of processing parameters on 

friction stir welding-made composite aluminum alloy connectors have been extensively 

studied [18–20]. Mechanical properties are affected by the composite’s microstructure. The 

grain size and distribution of reinforcing particles in the matrix have a major impact on the 

strength and stiffness of a composite [21,22]. The augmented strength of composites can 

be primarily attributed to three key factors: grain refining, load transfer, and dislocation 

strengthening. Processing parameters affect the mechanical properties of friction stir 

welded (FSW) dissimilar aluminum composites, which have been extensively studied. 

Adjusting processing conditions improves composite mechanical characteristics, according 

to these investigations. An exemplary study examined how tool rotation speed affected the 

tensile strength and toughness of an aluminum alloy composite of AA2024 and AA7075 [23]. 

A separate investigation was conducted to examine the impact of welding speed on the 

tensile strength and hardness of a composite material composed of AA6061 and AA2024 

aluminum alloys. The experimental findings indicated a positive correlation between the 

welding speed and the tensile strength and hardness of the composite material [24]. 

On the other hand, there has been a notable enhancement in the tensile strength of 

nanocomposites in recent times. The study conducted by [25] investigated the mechanical 

properties of a hybrid metal matrix composite consisting of an AA2024 alloy reinforced 

with silicon carbide (SiC) and fly ash. The findings unveiled a positive correlation between 

the rotational velocity of the tool and the tensile strength and toughness of the composite 

material. The tensile characteristics and low-cycle fatigue performance of two aluminum al- 

loys, namely 10 vol% Al2O3-reinforced 7005 aluminum alloy and 20 vol% Al2O3-reinforced 

6061 aluminum alloy, were evaluated by [26]. The study’s findings indicated a positive 

correlation between the tool rotation speed and the tensile strength and toughness of the 

composite material. The aforementioned study, conducted by [27], reached a similar con- 

clusion. As a result, their study was primarily concerned with evaluating the impact of B4C 

on the enhancement of mechanical properties in AA2014 aluminum matrix composites. 

The investigation results demonstrated a significant positive relationship between the tool’s 

rotational velocity and the tensile strength and toughness of the composite material. 

Previous research has demonstrated that the mechanical characteristics of dissimilar 

aluminum composites produced using friction stir welding (FSW) can be enhanced by 

optimizing processing parameters [28,29]. The aforementioned statement highlights the 

potential of FSW as a viable technique for the fusion of different aluminum alloys and for 

producing aluminum composites with enhanced performance [30]. The present investi- 

gation employed friction stir welding (FSW) to combine two different aluminum alloys,  

AA2024 and AA7075, previously reinforced with zirconium and tungsten carbides, respec- 

tively. The primary aim of this study is to determine the optimal processing parameters for 

friction stir welding to effectively combine two distinct composite materials. The utilization 

of friction stir welding (FSW) to join different aluminum alloys reinforced with ZrC and 

WC particles can be considered innovative. This is because FSW is a comparatively recent 

welding technique that has demonstrated its efficacy in joining many materials, including 

aluminum alloys. 

Nevertheless, the current body of research regarding the utilization of friction stir 

welding (FSW) to join different aluminum alloys reinforced with carbide particles is quite 

scarce. Moreover, the present study is deemed innovative since it examines the impact 

of friction stir welding (FSW) on both the microstructure and mechanical properties of a 
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dissimilar junction composed of an aluminum alloy reinforced with ZrC and WC particles. 

The significance of this lies in the ability of FSW to introduce novel microstructural charac- 

teristics, such as shear bands and recrystallized grains, which can impact the mechanical 

properties of the welded joint. 

The primary objective of this study was to achieve a high-quality weld with minimal 

or no flaws. The challenge arises from the amalgamation of dissimilar aluminum alloys, 

particularly when one incorporates ceramic reinforcements, resulting in complications such 

as porosity, cracks, and compromised mechanical characteristics. Examining and charac- 

terizing welding properties involves utilizing mechanical and microstructural analytical 

techniques. In addition, it is imperative to achieve precise control and optimization of 

processing parameters during friction stir welding of dissimilar metals reinforced with ZrC 

and WC particles. 

2. Materials and Methods 

In this study, AA2024 and AA7075 aluminum alloys were used as feedstocks, with 

zirconium carbide (ZrC) and tungsten carbide (WC) particles serving as reinforcing particles 

for friction stir welding (FSW). The chemical composition of the aluminum alloys was 

analyzed using a Founder-Master metal analyzer, as shown in Table 1. The literature 

highlights the distinguishing features of AA7075 and AA2024 aluminum alloys [14,31]. 

AA7075 is renowned for its notable strength and commendable resistance to fatigue, while 

it exhibits subpar corrosion resistance [32,33]. Conversely, AA2024 demonstrates high 

strength and commendable corrosion resistance, but its fatigue resistance is comparatively 

worse [34]. The reinforcement particles were examined by transmission electron microscopy 

(TEM), and the mean particle size was found to be less than 1 µm, as shown in Figure 1. The 

friction stir welding (FSW) process was performed using a CNC milling machine, as shown 

in Figure 2a,b. The FSW tool was specially designed with a tapered triangular geometry, as 

shown in Figure 2c. 

Table 1. The chemical composition of the dissimilar aluminum alloy and FSW tool K110 wt.%. 
 

Aluminum 
Alloys 

Cu Zn Si Fe Mg Others Al 

AA2024 4.54 0.34 0.48 0.53 1.75 1.53 remain 

AA7075 1.61 4.98 0.39 0.21 3.11 0.4 remain 

FSP tool steel        

 C Mn Cr V Mo Si Fe 
K110 

1.55 0.75 11.3 0.75 0.75 0.3 Bal 

 

Figure 1. TEM images of the reinforcement particles (a) tungsten carbide, (b) zirconium carbide. 
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Figure 2. Friction stir welding FSW process, (a) CNC milling machine, (b) welding process, (c) FSW 

tool design, (d) groove design inside the welded sheet. 

The aluminum sheets were machined and prepared using a computer numerically 

controlled (CNC) machine, and a longitudinal groove was milled into each sheet. The 

reinforcement particles were then placed in the grooves, as shown in Figure 2d. The 

rotational speeds of the tool were measured at 400, 560, and 700 revolutions per minute 

(rpm), while the traverse speeds were measured at 20, 25, and 30 mm per minute (mm/min). 

The welds were prepared for testing by using silicon carbide paper with different grit sizes, 

starting with 320 grit and gradually increasing to 2400 grit. The specimens were cooled 

with water, which removed loose metal particles and abrasive material. The specimens 

were etched with Keller’s reagent, a conventional solution of 2 mL hydrofluoric acid (48%), 

6 mL nitric acid, and 91 mL distilled water. This etching process is performed at room 

temperature for a short duration, usually a few seconds. The purpose of etching is to expose 

and examine the macro- and microstructure of the treated samples until the desired contrast 

is achieved. After the etching process, the samples were thoroughly cleaned. Tensile tests 

were performed to evaluate the mechanical properties of the specimens. To evaluate the 

tensile properties of the machined stirred zone, flat (dog bone) tensile specimens were 

taken from the central area of the machined zone and oriented parallel to the direction of 

machining, conforming to the American Society for Testing of Materials (ASTM) guidelines. 

A universal testing machine with a capacity of 300 kilonewtons was used to perform 

the tensile tests. The evaluation included the calculation of the modulus of elasticity, 

yield strength, ultimate tensile strength, and elongation. In addition, the specimens were 

analyzed using scanning electron microscopy (SEM). The actual phase composition and 

the reinforcement in the stirred zone were investigated using an X-ray diffraction approach 

in a Bruker D8 Advance diffractometer equipped with Cu-K radiation. 
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3. Results and Discussions 

3.1. Optical Microstructure Examination 

Optical polarized light microscopy and scanning electron microscopy (SEM) were 

used to study the microstructural features of the stirring zone in different composite 

materials composed of AA2024 and AA7075 alloys reinforced with zirconium carbide 

(ZrC) and tungsten carbide (WC). Figure 3 shows optical micrographs of the AA7075 and 

AA2024 aluminum alloys, showing average grain sizes of 80  5 µm and 180  10 µm, 

respectively. In addition, the figure shows the stirred zone (SZ), heat affected zone (HAZ), 

and thermomechanically affected zone (TMHAZ) in a friction stir welded joint. Alloy 

AA7075 exhibits a coarse-grained microstructure, as shown in Figure 3a. Similarly, alloy 

AA2024 exhibits a coarser rolled grain microstructure, as shown in Figure 3b. 

 

Figure 3.   Optical microscopy images of the investigated alloys,  (a) AA7075 aluminum alloy, 

(b) AA2024 aluminum alloy, (c) different zones SZ, HAZ, TMHAZ, and base metals near AA7075 

metal, (d) different zones SZ, HAZ, TMHAZ, and base metals near from AA2024 metal. 

The heat-affected zone (HAZ) refers to the weld area that has been thermally affected 

by the welding process but has not completely melted. The thermomechanically affected 

zone (TMHAZ) is the area of the weld that has been affected by the heat and mechanical 

forces of the welding process. It is characterized by a distorted grain structure (Figure 3c,d). 

The different areas of the weld can be distinguished by their various microstructural 

features. The tiny equiaxed grain structure in the stirred zone results from the constituents’ 

melting and mixing process.  The heat generated during welding results in a coarser 

grain structure in the heat-affected zone (HAZ). The grain structure of the TMHAZ exhibits 
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deformation due to the thermal and mechanical effects during the welding process. Figure 4 
shows the stirred zone of the mixed materials; according to this figure, the average grain 

size was refined to 12 ± 4 µm, characterized by a fine equiaxed grain structure. 

 

Figure 4. The stirred zone image inside the welded joint is in the middle position of the welded joint. 
 

The experimental results indicate that an optimum weld zone was achieved with a 

higher tool speed and a moderate traverse speed. The welding parameters used in this 

study resulted in a microstructure without defects and a homogeneous distribution of 

reinforcement particles. In addition, the grain structure was refined, resulting in a more 

uniform dispersion. The uniform dispersion of the reinforcement particles was identified 

as the cause of the decrease in grain size and the improvement in mechanical properties 

in the stirred zone. The rotational speed of the tool was found to have a significant effect 

on the microstructure of the welded joints. At higher rotational speeds, the ZrC and 

WC particles were more evenly distributed in the joint, resulting in a finer and more 

uniform microstructure. 

In contrast, the particles agglomerated at lower speeds were unevenly distributed in 

the joint, resulting in a coarser microstructure. In addition, the travel speed also played a 

crucial role in determining the microstructure and mechanical properties of the joints. The 

material experiences lower heat input and shorter cooling times at higher travel speeds, 

resulting in a finer microstructure with smaller particles. Lower travel speeds, on the other 

hand, resulted in a coarser microstructure with larger particles. 

The different areas of the weld can be distinguished by their different microstructural 

features. The tiny equiaxed grain structure in the stirred zone results from the constituents’ 

melting and mixing process. The heat generated during welding results in a coarser grain 

structure in the heat-affected zone (HAZ). The grain structure of the TMHAZ exhibits 

deformation due to the thermal and mechanical influences during the welding process. A 

lower tool welding speed also gives the particles more time to disperse before welding. 

The SEM images of the joints (Figure 5) show a uniform distribution of the reinforcement 

particles within the stirred zone. This is due to the high heat energy in the weld zone, which 

helps to break up and evenly distribute the particles. The welding process is not as efficient 

at lower speeds, and the particles are not as well distributed. This can lead to defects and 

voids in the weld. For example, the weld quality deteriorated when the tool speed was 

reduced to 400 rpm while maintaining a travel speed of 30 mm/min (Figure 6). This was 

because the reduced heat input hindered the adequate fusion and homogenization of the 

materials. The EDX data from the SEM image illustrates the relationship between each 

element’s weight and atomic percentage inside the composites that friction stir welding 
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(FSW) produces. The weight percentage of zirconium carbide (ZrC) is 0.06%, while the 

atomic percentage is 0.02%. The weight percentage of tungsten carbide (WC) is 10.42%, 

while the atomic percentage is 1.73%. The findings of this study suggest that the composites 

produced by friction stir welding (FSW) contain ZrC and WC; however, their presence is 

observed to be rather limited. Its high hardness and brittleness characterize zirconium 

carbide (ZrC), whereas tungsten carbide (WC) exhibits exceptional hardness and wear 

resistance properties. Including these materials in the composites leads to enhancements in 

the mechanical properties. 

 

Figure 5. SEM image of the FSW joint processed at 700 rpm tool rotation speed and 20 mm/min 

welding speed. 

 

Figure 6. SEM image of the FSW mid-joint of the samples processed at 400 rpm and 20 mm/min 

processing parameter (a) typical SEM microstructure, (b) elemental mapping of the reinforcement 

and alloying element distribution, (c) EDX analysis summarizes the results of an energy dispersive 

X-ray (EDX) analysis. 



J. Compos. Sci. 2023, 7, 448 8 of 14 
 

 

 
The results show that tool speed and tool welding speed are important factors to 

consider in friction stir welding materials with reinforcement particles. By optimizing 

these parameters, it is possible to achieve better particle distribution and a more uniform 

weld. Higher rotational speeds, on the other hand, generate more heat and turbulence, 

which help to break up the particles and distribute them more evenly. This results in better 

dispersion of the particles and a more uniform weld. 

3.2. Phase Composition 

X-ray diffraction (XRD) determined the samples’ phase composition. The X-ray diffrac- 

tion pattern of the weld shown in Figure 7 shows distinct peaks at 38.51◦, 44.68◦, 65.21◦, and 

78.12◦. These peaks indicate the presence of aluminum (Al) and (Al2.2Zn0.8)Zr in the joint. 
From the ICCD maps 89-1981 and 28-0014, it can be deduced that the observed peaks at 

43.52◦ and 48.04◦ correspond to the intermetallic phases Al2Cu and Al3CuMg, respectively. 
The above phases are coarse precipitates that have not dissolved and are distributed over 
the grain boundaries of the underlying alloy. The formation of AlCuMg precipitates in 
the stir zone of a friction stir welded joint can increase the strength and ductility of the 
joint [35]. However, this is not the case if the welding temperature is too high. 

 

Figure 7. The XRD patterns of the welded zone. 
 

In this case, Al2Cu may be formed in the metal matrix, which decreases the strength 

and ductility of the joint, and this intermetallic compound appears in small amounts in the 

XRD image. For example, the decay of Al2Cu particles can lead to a decrease in hardness 

and wear resistance. On the other hand, the accumulation of Al2Cu particles can increase 

hardness and wear resistance [36]. The influence of newly developed precipitates on the 

tribological properties of aluminum composites is of great importance [37]. The observation 

of the W2C phase is also evident in the (XRD) pattern of the hybrid composite.  The use 

of ceramics in the (FSW) process leads to a decrease in crystal size and an increase in the 

dislocation density of the aluminum tips, as shown by the (XRD) analysis. This effect is 

particularly evident in samples containing hybrid reinforcement. The observed behavior 

can be attributed to the improved refinement of the aluminum grains resulting from the 

inclusion of ceramic elements. The dissolution and deposition of reinforcement particles 

can significantly affect the tribological properties of aluminum composites. 
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3.3. Mechanical Properties 

The mechanical properties of FSW joints are subject to the influence of various ele- 

ments, such as the properties of the reinforcing particles (e.g., type and size), the volume 

fraction of the particles, and the processing parameters. Usually, an increase in the volume 

fraction of the particles leads to a corresponding improvement in the mechanical prop- 

erties. However, the optimum volume fraction depends on the specific application. The 

mechanical properties of FSW joints are significantly influenced by two critical production 

parameters: welding and tool speed. The speed at which welding is performed directly 

affects the amount of heat transferred to the joint, thus influencing the grain size and mi- 

crostructure of the joint. A higher welding speed is associated with a smaller grain size and 

a more uniform microstructure, which can improve the mechanical properties of the weld. 

The device’s rotational speed significantly affects the agitation mechanism, facilitating the 

joint’s uniform distribution of reinforcement particles. Increasing the rotation speed of the 

device leads to a more homogeneous distribution of the particles, which can improve the 

mechanical properties of the joint. The results of the tensile tests performed on the studied 

specimens at different tool rotational speeds and welding speeds are shown in Figure 8. 

 

Figure 8. Tensile test results of the investigated samples at different tool rotation speeds and welding 

speeds. (a) Traverse speed 20 mm/min, (b) 25 mm/min, (c) 30 mm/min. 

The observed trend shows a positive correlation between the tool speed and the 

tensile strength (UTS). This phenomenon can be attributed to the increased heat energy 

generated in the stirred zone (SZ) when the tool rotation speed increases. The increased 

heat input facilitates dynamic recrystallization (DRX) in the SZ, a phenomenon that leads 

to the refinement of the grain structure and an increase in material strength. Using DRX 

also helps reduce voids within the SZ, further increasing tensile strength (UTS). The study 

found a positive correlation between tool speed and tensile strength (UTS). However, the 

effect of welding speed on UTS was rather small. The optimum tool rotation and welding 

speed combination depends on the composite material being welded. 

Friction stir welding (FSW) of composites affects tensile strength (UTS), as shown 

in Figure 9. The results show that the UTS of FSW composites improves with increasing 

tool speed. Welding speeds of 20, 25, and 30 mm/min resulted in UTS values of 224 MPa, 

198 MPa, and 235 MPa, respectively, when evaluated at a tool speed of 400 rpm. Tensile 

strengths (UTS) of 240 MPa, 222 MPa, and 262 MPa were measured at welding speeds of 

20, 25, and 30 mm/min, respectively, and at a speed of 560 rpm. We found that the UTS 

values for welding speeds of 20, 25, and 30 mm/min were 242 MPa, 253 MPa, and 257 MPa, 

respectively, when the tool speed reached 700 rpm. From the results, it can be concluded 

that the tool speed is the most important factor in determining the UTS of the friction stir 

welded composite. Although the welding speed slightly increases UTS, its influence on the 

final product is negligible. The ideal turning and welding speeds vary depending on the 

weld material’s properties. The maximum tensile strength (UTS) was achieved with a tool 

speed of 700 rpm and a welding speed of 25 mm/min, as determined in this study. 
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Figure 9. Effect of tool rotation speed on ultimate tensile strength of friction stir welded composite. 

3.4. Fracture Analysis 

The fracture analysis of specimens from the tensile test performed on the composite 

joints of AA2024 and AA7075 alloys reinforced with WC and ZrC was performed by 

scanning electron microscopy (SEM). The samples were recorded and examined before 

the examination (SEM), as shown in Figure 10. This was carried out to anticipate and 

understand the behavior of the fracture mechanism. Fracture analysis within the gage 

length center is generally characterized by ductile behavior. This means significant plastic 

deformation occurs before the material reaches its fracture point. SEM is a technique that 

uses an electron beam to image the surface of a material. Images from SEM show that the 

fracture surfaces of the specimens have various features, including pits, cracks, and shear 

lips. The dimples were the predominant feature on the fracture surfaces, indicating that the 

specimens were fractured in a ductile manner (Figure 11a). The images from SEM also show 

that the fractured surfaces of the specimens were covered with a debris layer. Figure 11b 

shows some small cracks found in the examined images. There are many reasons for these 

cracks, e.g., the considerable thermal residual stresses in the weld area, which increase the 

probability of crack formation [38]. 
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Figure 10. Fracture position of the investigated samples after tensile test at different tool rotation and 

welding speeds. 

 

Figure 11. SEM images showing (a) ductile fracture showing dimple distribution and (b) higher 

magnification topographic features showing details of dimples and intermetallic compounds, as 

the reinforcement particles, the samples for joint welded at processing parameters of 700 rpm and 

25 mm/min. 

The dissimilar aluminum alloys AA2024 and AA7075 have different material prop- 

erties, making them susceptible to fracture. For example, AA7075 had a higher degree of 

brittleness than AA2024, making it more susceptible to fracture when subjected to external 

mechanical loading [39]. Using incorrect welding parameters in friction stir welding can 

affect the quality of the weld and increase the likelihood of cracking. This is the case, for 

example, if an excessively high welding speed is used, which can increase the probability 

of thermal cracking [40]. In addition to the above features, the SEM images showed the 

presence of WC and ZrC particles on the fracture surfaces. These particles were embedded 

in the aluminum matrix and were not fractured. The results of the fracture analysis show 
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that the composite joints of the dissimilar alloys AA2024 and AA7075 reinforced with WC 

and ZrC have good ductility and are less likely to be brittle. 

4. Conclusions 

This work successfully used friction stir welding (FSW) to join two dissimilar alu- 

minum alloys, AA2024 and AA7075. The welding parameters significantly impact the 

quality of the welded joint. 

The FSW process refines the grain structure in the stir zone, the weld region that is 
heated and mixed by the welding tool. The average grain size in the stir zone was reduced 

from 180 µm to 12 µm. 

The ultimate tensile strength (UTS) of the FSW joint increased by 7.1% when the 
tool rotation speed was increased from 400 rpm to 560 rpm and by 5.4% when the tool 

rotation speed was further increased from 560 rpm to 700 rpm. The UTS also increased 

slightly as the welding speed increased, but the improvement was not as significant as the 

improvement due to tool rotation speed. 

The presence of AlCuMg precipitates in the stir zone can improve the strength and 

ductility of the joint. However, if the welding temperature is too high, intermetallic 

compounds (IMCs) such as Al2Cu can form, reducing the joint’s strength and ductility. 

The fracture surfaces of the FSW joints exhibited a dimpled morphology, indicating 

that the samples underwent ductile fracture. Overall, the results of this study suggest that 

FSW is a promising technique for joining dissimilar aluminum alloys. 
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