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ABSTRACT 

 

It is expected that the demand for Metal Matrix Composite (MMCs) will increase in these 

applications in the aerospace and automotive industries sectors, strengthened AMC has 

different advantages over monolithic aluminium alloy as it has characteristics between matrix 

metal and reinforcement particles.  However, adequate joining technique, which is important 

for structural materials, has not been established for (MMCs) yet. Conventional fusion 

welding is difficult because of the irregular redistribution or reinforcement particles.  Also, 

the reaction between reinforcement particles and aluminium matrix as weld defects such as 

porosity in the fusion zone make fusion welding more difficult. The aim of this work was to 

show friction stir welding (FSW) feasibility for entering Al 6061/5 to Al 6061/18 wt. % SiCp 

composites has been produced by using stir casting technique. SiCp is added as reinforcement 

in to Aluminium alloy (Al 6061) for preparing metal matrix composite. This method is less 

expensive and very effective. Different rotational speeds,1000 and 1800 rpm and traverse 

speed 10 mm \ min was examined. Specimen composite plates having thick 10 mm were FS 

welded successfully. A high-speed steel (HSS) cylindrical instrument with conical pin form 

was used for FSW. The outcome revealed that the ultimate tensile strength of the welded 

joint (Al 6061/18 wt. %) was 195 MPa at rotation speed 1800 rpm, the outcome revealed that 

the ultimate tensile strength of the welded joint (Al 6061/18 wt.%) was 165 MPa at rotation 

speed 1000 rpm, that was very near to the composite matrix as-cast strength. The research of 

microstructure showed the reason for increased joint strength and microhardness. The 

microstructural study showed the reason (4 %) for higher joint strength and microhardness.  

due to Significant   of SiCp close to the boundary of the dynamically recrystallized and 

thermo mechanically affected zone (TMAZ) was observed through rotation speed 1800 rpm. 

The friction stir welded ultimate tensile strength Decreases as the volume fraction increases 

of SiCp (18 wt.%).  

 

Keywords: Friction stir welding; Aluminium matrix composites; Al 6061; microstructure; 

microhardness; ultimate tensile strength. 
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INTRODUCTION 

 

The use of aluminum (Al) alloys in building high strength structural parts has increased over 

the years most especially in the automobile, mining, mineral, aerospace and defense 

industries [1]. This has been driven mostly by a need to reduce energy consumption in social 

and industrial usage with their high strength and low weight characteristics. Aluminum 

reinforced structural parts have been utilized for an increasingly complex array of 

components in these industries [2]. MMCs are one of such reinforced materials and are made 

from a mixture of reinforcements (carbides, oxides and nitrides of metallic or ceramic 

additions) in a tough metallic matrix. Different types of reinforcements; including 

continuous fibers (both monofilament and multifilament), short fibers, whiskers and 

particulates, from 10-60% by volume [3-5] have been investigated. The percentage (%) 

reinforcement has a bearing on the properties together with the mode of manufacture which 

can vary with each type of reinforcement used. Metal Matrix Composite (MNCs) are 

emerging as important versatile materials due to the wide range of properties they provide. 

It is possible to impart the near-net-shape for particulate (MNCs) by the powder metallurgy 

techniques [8]. The joining of (MMCs) Their mixture of traditional fusion welding 

techniques is restricted, which leads to the consideration of solid-state welding procedures 

such as FSW [6]. The density variation in between ceramic particles and matrix phase 

improved in the segregation of particles [27]. In the nugget zone, the distribution of 

reinforcement agents is very strict to retain as opposed to that of the composite material's as-

cast base metal. The matrix composite's top viscosity impedes material flow that persuades 

a heterogeneous dispersal of heat stresses that decreases the joint's power. The quantity of 

heat generated predominantly begins responses between the reinforcement stage and the 

aluminum alloy matrix through the standard fusion welding method, creating brittle 

intermetallic amalgams in the nugget region. In addition, the welded joint produced by 

standard fusion welding method can be traced to porosity [7–10]. Therefore, to remove this 

defect, it is suggested to use solid-state joining methods to weld al-matrix composites. As a 

sophisticated joining method for welding aluminum matrix composite [11], friction stir 

welding of a solid-state friction stir welding method (FSW) has progressed. n friction stir 

welding as the joint occurs in solid state, there is no consolidation instigated formation in 

the nugget region subsequently. Therefore, all the fusion-joining process deficiencies are 

disappeared [12]. Some research on friction stir welding of Al-matrix composites reinforced 

with separate ceramic particles has been researched in contemporary years in literature [13]. 

Murugan et al [14] analyzed the influence of various tool pin on microscopic 

inspection of FS welded AA6061 reinforced with 10 wt.% TiB2 and the square pin generated 

fine grain structure in the weld zone. Analyzes the impact of pin profiles on mechanical 

characteristics and finds that joints welded with a straight square pin profile have better 

mechanical characteristics compared to other pin profiles. Nami et al. [15] studied the effect 

of tool rotation speed on grain size of FS Weld AA6061 reinforced with 15 wt.% Mg2Si. 

The findings showed fragmentation of particles of Mg2Si and needles of Mg2Si in the stir 

area in the eutectic framework. As a consequence of stirring with elevated plastic strains, 

homogeneous distribution of Mg2Si particles was noted in the stir area. Results of the tension 

test stated that the joint tensile strength was optimal at rotation speed of 1120 rpm instrument 

and reduced as the amount of welding passes increased. The joint's hardness increased due 

to modification of the base composite's solidification microstructure. This study shows that 
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friction stir welding is a perfect option for 15 wt. percent Mg2Si composite castings of the 

aluminum matrix. Murugan et al [16] optimized the ultimate tensile strength (UTS) of FS 

welded AA6061 strengthened with (3-7wt.%) TiC particles by applying a mathematical 

optimization model. The FSW samples without any post-weld thermal therapy belonging to 

a distinct set of parameters tested showed elevated joint effectiveness (most of which ranged 

from 90% to 98%) with regard to the ultimate tensile strength of the base material AA6061. 

It was discovered from the model assessment that the pin profile of the instrument and the 

welding velocity have a greater impact on the strength of the tensile. The purpose of this 

research is to explore the impact of FSW on Al 6061/5, 10.18 wt's microstructural and 

mechanical conduct. Percentage of SiCp, speed and velocity of rotation. Friction stir's 

mechanical and metallurgical conduct welded Al 6061/5, 10,18 wt. The percentage of SiCp 

aluminum matrix composite differs from the manufactured alloy matrix and aluminum 

matrix composite to comprehend the impact of rotational speed, travel velocity and Sic 

particle on FSW. 

 

 

METHODS AND MATERIALS 

 

Materials  

In this work, the manufacture of Al 6061/Sic Aluminum Matrix Composite and Friction Stir 

Welding Al 6061 al-alloy reinforced with Sic particles was used to produce composite 

aluminum matrix. The matrix is an aluminum alloy standard Al 6061 with the official 

chemical composition as shown in Table 1. Silicon carbide (SiCp) reinforced Al 6061 matrix 

composites were produced using stir casting method as stated in the literature [17] in a top 

loading electrical resistance muffle furnace. SiCp average size was 400 mesh (40 μm). 

Castings were generated by reinforcing Sic particles (5 and 15 wt. %). For friction stir 

welding, composite cut samples of the size (150 mm Χ750 mm Χ 10 mm) mm were 

prepared, washed and then welded along the joint line. Using the specially constructed 

fixture as shown in Figure 2 to clamp the welding plates, the welding studies were carried 

out on an automated vertical milling machine. The most important element in FSW to 

prevent the lifting of the plates to be welded during the welding phase and to verify coherent 

temperature distribution across the sample plates is the appropriate fixture design with 

backing plates [18]. The welding variables were adapted to generate defect-free welds based 

on visual inspection. Welding tests were conducted at 1000 and 18000 rpm tool rotational 

speed and 10 mm \ min tool transverse speed. The dimensional instrument produced is shown 

in Figure 1(b) and Table 2. Figure 3 shows the perspective of the successful friction stir 

welded aluminum composite matrix plate. The observed defective friction stir welded 

samples were dismissed and further mechanical and microstructural characteristics were 

subjected. Mechanical and microstructural assessment was performed on the defect-free 

welded plates. 

 

Table 1. Chemical composition of 6061 Al-alloy. 

 

Element Mg Si Fe Cu Mn Zn Cr Ti Al 

wt. % 1.1 0.55 0.4 0.10 0.9 0.25 0.04 0.12 Remainder 
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Table 2. Geometrical dimensions of the friction stir welding tool. 

 

Factors Tool length Pin length Pin diameter 

(tip) 

Pin diameter 

(near 

shoulder) 

Shoulder 

diameter 

Dimensions 67 10 1 2 30 

 

 
(a)  (b) 

Figure 1. (a) Friction stir welding tool with a conical pin profile and (b) Tool dimensions 

(scale 2:1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. View of friction stir welding fixture. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2. View of friction stir welding fixture. 
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FSW fixture view  
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Figure 3. Friction stir welded 6061/18% Sic aluminium matrix composite (scale 2:1). 

 

Material Characterization and Testing 

The metallographic samples were prepared from Al 6061 aluminum matrix composite and 

as welded Al 6061 aluminum matrix composites in accordance with the conventional 

metallographic operation followed by mirror polishing and Keller reagent etching (HCL + 

HF + HNO3 + distilled water). The normal tensile specimen was slashed perpendicular to 

the joint line and prepared from all the samples in accordance with the ASTM E8-04 standard 

[19]. The tensile specimens were prepared 57.2 mm long, 12.2 mm wide, and 10 mm thick. 

The tensile tests were performed on a blue star universal tensile testing machine (SE UTE 

200) with a maximum capacity of up to 200KN. The FS welded specimen’s microstructure 

was evaluated using a china-made optical scanning microscope (XPZ-830 T). Stir cast Al-

matrix microstructural assessment was also performed in the same way as cast aluminum 

matrix composite and welded joint. The FS welded and other samples (as cast matrix alloy 

and composite) microhardness examination was carried out using FIE model VM50 Vickers 

microhardness tester. The hardness measurements were conducted for a dwelling moment 

of 17 seconds at different places on both sides of the weld region at a steady load of.08kgf. 

The measurements of hardness were then defined as microhardness on average. 

 

 

RESULTS AND DISCUSSION 

 

Visual Test  

Inspection of the upper surface of welded sample showed uniform semicircular surface 

ripples, occasioned by the final sweep of the trailing edge of rotating tool shoulder over 

weld nugget, under the influence of probe on top of pressure as shown in Figure 4. The 

presence of such surface ripples, known as union rings, has been previously observed 

through FSW of some other alloys. The lower surface of weldments showed visually a 

uniform homogenous sound flat surface. 

No evidence of cracking was found within the cross-sectional view of the welds 

as observed by optical microscopy at X200. However, visual inspection easily revealed 

that the crown side (top side) of the welds was quite coarse. In comparison with 

monolithic alloys, the crown side of a typical FSW in an Al alloy has a highly polished, 

machined appearance. The welds performed with AMC material consistently gave the 
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crown side a unique appearance that is reminiscent of what one would expect to see for 

a typical surface of concrete. This coarse appearance was caused by the fact that the 

SiCp did not adhere well with the Al at the surface of the weld adjacent to the tool 

shoulder. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Welding specimen showed leading and trailing edge (a) 6061/18% SiCp at 1800 

rpm (b) 6061/18% SiCp at 1000 rpm. 

 

 

Microscopic Observation of the friction stir Welded Joint 

In Figure 5 the macro-structural inspection of FS welded Al 6061/18 wt. % SiCp 

composite plate is depicted. The macro-structural study of the welded joint revealed 

the continual flow of plasticized material from the advancing side (AS) to retreating 

side (RS). Because the thermo-mechanically impacted area was split into three: the area 

near the thermo-mechanically impacted area where coarse ′′ precipitates were observed; the 

center zone. The size of precipitates in the heat-affected area was lower than those in the 

base metal area. No defects were spotted in the macrograph for the welded joint [20]. 

The stir zone (SZ) in this study was observed with a basin structure as reported by 

others [27]. The different sections of the welded joint such as weld zone (WZ), heat 

affected zone (HAZ), thermomechanical affected zone (TMAZ) and base metal (BM) 

are clearly identified in the macrograph as shown in Figure 4 [21]. The weld zone and 

TMAZ are characterized by adjoining regions. TMAZ is that region which experienced 

high thermal cycles and subjected to plastic deformation under the action of thermal 

cycles. WZ and TMAZ borderline have been characterized by the appearance of small-

sized Sic reinforcing agents in the WZ produced due to the stirring tool action. Similar 

examinations have been investigated in the literature [15].  
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Figure 5. Macrostructure of friction stir welded for 6061 / 18% Sic composite (at 100X). 
 

 

 
 

Figure 6. Optical microscopic pictures of friction stir welding for composite material    

at speed 1000 rpm and feed 10 mm/min (a) 6061/5% Sic (b) 6061/10% Sic  

(c) 6061/18% Sic 

 

 

 
 

Figure 7. Optical microscopic pictures of friction stir welding for composite material    

at speed 1800 rpm and feed 10 mm/min. (a) 6061/5% Sic (b) 6061/10% Sic (c) 

6061/18% Sic 

 

Optical microscope pictures of weld zone as depicted in Figure 6 and Figure 6 

respectively confirmed that in the weld zone no segregation of particles has been 

observed as reported in case of conventional fusion welding processes of aluminum 

matrix composite. The chances of micro porosities associated with the stir cast composite 

matrix were eliminated following to FSW as noticed in the optical microscope images 

in the weld region. A homogeneous distribution of Sic agents has been noticed in the 
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weld zone. 

The size and distribution of precipitates in Figure 6 and Figure 7 reflects the 

presence of three distinct zones. At the weld centerline the precipitates are less dense 

and a relatively fine, whereas at the base metal they are relatively coarse and denser. It 

is worth to be noted that, the coarse particles were swept away at the boundary flow 

layers. The lower density of precipitates at weld centerline could be due to dissolution 

of precipitates during heating, where the temperature exceeded 0.8Tm [22], and 

reprecipitation during relatively rapid cooling. Significant reorientation of SiCp near the 

dynamically recrystallized and TMAZ border has been noted. In the dynamically 

recrystallized area, the tiny hardening was ascribed to the existence of dislocation tangles 

between SiCp. The rotational movements of stir probe may affect the size of precipitates 

through fragmentation and dissolution processes. 

 

Microhardness Inspection of the Welded Joint 

Microhardness measurement was taken across the crown side of the weld zone as shown in 

Figure 8 the hardness profiles for friction stir welding specimens at 10 mm/min-traverse 

speed, and at different rotational speeds of 1000 rpm and 1800 rpm. The hardness profiles 

were taken at three different locations across the weld nugget, i.e. near the weld-face, at 

midway through the weld nugget, and near the root of the friction stir welding joint. The 

weld nugget regions show in 5% Sic to 18% SiCp the higher value of hardness due to the 

existence of finer SiCp as well as grain refinement of the Al-matrix. The stirring action of 

the tool pin wears the surface of SiCp agents and reduction in the size of SiCp agents occurs. 

The existence of such numerous fragmented small and rounded up SiCp agents with 

refinement in Al-matrix remarkably enhanced the hardness of the weldments. Hardening of 

the composite matrix following to FSW also significantly increased the hardness in the weld 

zone [23]. A slight decrease in microhardness value in the thermomechanical affected zone 

on both sides of the weld section (i.e. advancing and retreating sides) adjacent to the WZ 

was noticed. The decrease in hardness in this region is ascribed to the second phase particle 

dissolution and coarsening prompted by thermo-mechanical conditions. It is observed that 

the HAZ adjacent to TMAZ on the advancing and retreating side found a gradual decrease 

in hardness value as compared to the TMAZ. This may be ascribed to the annealing process 

that takes place in the HAZ [24]. 
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Figure 8. Microhardness across the welded joint 6061 and base metal 6061 at addition 

different SiCp %. 

 

 

Tensile Behavior of the Welded Joint 

In Figure 9 introduces the stress-strain relationship acquired for all combinations of 

parameters by conducting a tensile test on joints. From all the observations, the tensile 

strength of all joints was observed to be lower than the Al 6061(BM). For steady travel 

speed, the tensile strength is proportional to the rotation velocity within the experimented 

range (1000 rpm and 1800 rpm). 

 In Figure 8(b) the tensile behavior of Al 6061 composite matrix and as welded 

Al 6061/5% Sic, welded Al 6061/10% SiCp and welded Al 6061/18% SiCp joints is 

depicted. A sharp increase in the ultimate tensile strength (UTS) of the welded Al 

6061/5% SiCp joint, welded Al 6061/10% SiCp joint welded Al 6061/18% SiCp joint at 

(120 MPa -135 MPa -195MPa) has been observed as compared to welded Al 6061/5% 

SiCp, welded 6061/10% Sic at rotation speed 1800 rpm but the UTS of the welded Al 

6061/5% SiCp ,welded Al 6061/10% SiCp and welded Al 6061/18% SiCp joint at 

rotation speed 1000 rpm (100 MPa -115 MPa -165MPa). 

It displays a very linear connection of stress-strain to a well-defined yield point. The 

elastic region is the linear portion of the curve and the slope is the elasticity module or 

Young's module. As deformation progresses, due to strain hardening, stress rises until it 

reaches the ultimate strength. Because of Poisson contractions, the cross-sectional region 

reduces evenly until this stage. The rate of hard work rises as the volume fraction of 

strengthening rises (and the volume of the matrix decreases). The reduced ductility can be 

ascribed with a growing quantity of strengthening to the previous onset of void nucleation. 

As shown in Figure 10, the findings predict an increase in tensile strength as the 
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reinforcement wt. percent. This can be due to SiCp dispersion that creates obstacles to 

dislocation movement. A greater pressure must be applied in order to transfer this defect 

(plastically deforming or yielding the material). 

 

 
Figure 9. Stress strain curve of welded sample from tensile test for various rotation speed. 

 

 

 
 

Figure 10. UTS behavior of Al 6061, welded 6061/5% SiCp, welded 6061 10% SiCp and 

welded Al 6061 18% SiCp (Stander error). 

 

The ultimate tensile strength of the welded joint (195MPa) was observed very near to 

the UTS of cast composite matrix (300MPa). A joint efficiency of 96.57% was recorded 

for stir -casting welded joint at rotation speed 1800 rpm. The ultimate tensile strength 

of the welded joint (165MPa) was observed very near to UTS of cast composite matrix 
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(200MPa). A joint efficiency of 85.5% was recorded for welded joint at rotation speed 

1000 rpm. 

At higher tool rotational speed 1800 rpm due to the high heat generation, the 

plastic flow of material per unit time in the weld zone is increased and reduced the 

strength of the joint. High rotational 1800 rpm rates enabled the whirling away of 

particles from the weld zone. Severe clustering of such particles led to the lowering of 

the tensile strength in the welded stir -casting welded joint as compared to the strength 

of cast composite matrix [25-29]. The fracture of the FSW weldments occurred near the 

thermomechanical affected zone region. An appropriate array of friction stir welding 

variables and flaw-free weld section has been assigned to such a high joint efficiency. 

The combined effect of appropriate welding variables produced enough frictional heat, 

optimal stirring action and carrying of stirred plasticized material. A drop-in elongation 

(%) of the friction stir welded joint has been noticed as shown in Figure 11 due to the 

disintegration of Sic reinforcing agents and development of fine grains structure in the 

WZ following to friction stir welding. The outcomes are predicted as the %wt, as shown 

in Figure 11. The elongation of SiCp rises reduces. This is due to a reduction in ductility 

as shown above owing to a rise in tensile strength. 

 

 
 

Figure 11. Elongation (%) of Al 6061, welded 6061/5% SiCp, welded Al 6061 10% SiCp 

and welded Al 6061 18% SiCp (Stander error) 

 

 

CONCLUSIONS 

 

Using advanced fixtures and experimental configuration, the joints were successfully 

friction stir welded for (AMCs). Tensile strength and hardness of welded joints in the 

nugget zone, heat-affected zone, and thermally heat affected zone. Following the 

inquiry, the following findings were noted. 

1. The FSW of Al 6061 alloy and Al 6061\ SiCp has been successfully produced                 

2. The FSW welds (ultimate tensile strength) decreases with increase the volume 
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 fraction of SiCp.                                                                                                                           

3. The final tensile strength of the welded joint (Al 6061/18 wt. percent) was 195 MPa 

 at rotation velocity 1800 rpm, resulting in 165 MPa at rotation velocity 1000 rpm 

 being the ultimate tensile strength of the welded joint (Al 6061/18 wt. percent), 

 which  was very near to the strength of the as-cast composite matrix.  

4. Due to elevated heat generation at rotational speed of 1800 rpm, the ultimate tensile 

 strength of the welded joint was reduced by 4 % compared to the ultimate tensile 

 strength of the base composite matrix.  

5. The grain structure in the area impacted by heat, which was not mechanically 

 troubled by friction stir welding, is comparable to that of the base metal, grains in 

 the area impacted by base metal and heat contain a comparatively small density of 

 dislocation.  

6. A drop-in elongation (%) at Al 6061/18 wt. % of the FS welded joint was noticed 

 due to the disintegration of SiCp reinforcing agents and development of fine grains 

 structure in the weld zone following to FS welding. 
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