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Abstract 

In this works, specimens of silicon carbide nanoparticles 

reinforced aluminum composite were welded using Friction 

Stir Welding (FSW) technique. The principle aim of this study 

is to exam the effect of using this welding technique on the 

mechanical properties and the microstructure of this material. 

The present nanocomposite has been fabricated by using 

Ultrasonic assisted Stir Casting with a weight ratio 1 wt.% of 

SiC nanoparticles. A vertical milling machine has been adapted 

to be used in FSW processes. The frictional heat causes the 

materials to soften quickly, without reaching melting state, and 

allows the pin to traverse along the welding joint. The working 

parameters, i.e., rotational speed and tool penetration were 

taken as constants with two transverse speeds. The results show 

that FSW technique permits joining, with a significant success, 

the present nanocomposites. The mechanical properties and 

microstructure characteristics of the welded joint were 

experimentally evaluated and discussed. 
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I. INTRODUCTION 

Aluminum alloy reinforced with nanoceramic particles is one 

of the most recent composite materials with super mechanical 

and physical properties. Applying these new materials to 

modern technology requires studying their properties from 

different angles to maximize their benefits and applications. Of 

these nanocomposite materials, Al alloy reinforced with nano 

Silicon Carbide particles (SiCp) is one of the most commonly 

used in modern industries, considering the cost of 

manufacturing and superiority of properties [1]. These 

properties include high thermal conductivity, abrasion 

resistance, tribology, creep resistance, dimensional stability, 

and exceptionally good stiffness. As with all composites, 

aluminum matrix composites are not a single material but a 

family of materials whose stiffness, strength, density, thermal 

and electrical properties can be designed and engineered [2]. 

Kamrani et al [3] studied the effect of volume fraction of the 

reinforcement on the mechanical properties of Al-SiC 

nanocomposites. The volume fraction of the silicon carbide 

were ranging between 1 and 10 vol.%. They found that Al 

matrix nanocomposites showed higher strength with 

increasing the volume fraction of reinforcement. The hard 

part was the material fabrication process, and the reason was 

regarding uniform dispersion of nanoparticles in the matrix 

material [3-5]. By using the silicon carbide reinforced 

aluminum nanocomposites with various volume fractions, it 

showed that the yield strength, compressive strength, and 

hardness are increasing with increasing the volume fraction 

of the reinforcement [6-8]. The studies focused on the 

composites material in micro-size, and the weight percentage 

was one of the factors to change the mechanical properties. 

Recently, nanocomposite materials have attracted the 

attention as suitable alternatives to overcome the limitations 

of applications of the traditional composite materials and 

monolithic alloys. Although, these new materials face the 

preparation challenges related to the control of elemental 

composition and stoichiometry in the nano-cluster phase, 

they offer better mechanical, thermal and tribological 

properties over the micro-composites. Recent researches 

have also found that nano-sized reinforcement particles 

increase strength, ductility and toughness [8,9].  

On the other side, Friction Stir Welding (FSW) technology is 

an advanced technique in metals’ welding, as it has many 

technical and environmental advantages [10]. It has the 

advantages of energy efficient process, environmentally 

friendly, welding similar and dissimilar alloys and welding 

the non-weldable alloys [11,12]. FSW involves plastic 

deformation and welding of the alloys, but at a temperature 

below the melting point. The combination of heat generated 

by friction and consequent plastic deformation are the main 

causes of metal softening [13]. FSW has shown considerable 

potential for welding what were considered difficult-to-weld. 

This process is a semi-solid state welding and using the 

friction for heating the joint. Several advantages are found 

out in this welding process of the so called “unweldable or 

difficult to be welded” materials, such as some of Al alloys, 

with respect to the traditional welding processes, since no 

melting is reached [14.15]. It became very common 

knowledge that when applying this welding technique that the 

welding section is divided into four regions distinct from each 

other, as shown in Fig. 1, namely: A) base metal, B) heat 

affected zone (HAZ), C) thermo-mechanically affected zone 

(TMAZ), and D) weld nugget [10,16].  

 

 

Fig. 1 Schematic draw of a common FSW weld cross-

section 
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The present paper aims at welding small specimens of nano-

SiCp composite materials using FSW process by employing 

an end-mill machine tool. Some of the mechanical properties 

will be measured to investigate the quality of the welded 

joints. Microscopic investigations will be made, using optical 

and scanning electron microscopes (SEM), to examine the 

weld microstructure in order to find out the dominated 

mechanisms that may play a role in strengthening the joints.  

 

II. EXPERIMENTAL WORK 

A. Material  

The material used in this work is Al-SiC nanocomposite 

materials, with 1% weight percent of the reinforcement 

nanoparticles. This nanocomposite material was purchased 

from NANOSHEL LLC, Wilmington DE, USA and it was 

fabricated by casting technique [17-19]. Weight percentage 

of added nanoparticles is considered a key factor in 

improving the mechanical properties of nanocomposites, and 

some researchers have employed different values ranging 

between 1% and 10 vol.% [3,7]. The chemical composition 

of base alloy as has been received from the manufacturer was, 

0.21%Fe, 0.15%Si, 0.04%Sn, 0.03%Ti, 0.02%Pb, 0.02%Ni, 

and the balance is Al [20]. Reinforcement of this alloy with 

nano SiC particles makes it a good candidate for using in 

aircraft structural parts and other structural applications 

where very high strength and good resistance to corrosion are 

required. The specimens used in this work were received in 

shape small plates with dimensions 4x15x30 mm. The main 

part of this work is welding of specimens of nanocomposites 

using FSW technique and then measuring the mechanical 

properties and examining the microstructure of the weld 

joints [21].  

 

B. FSW’s Tool and Process  

In this work, a vertical milling machine has been adapted to be 

used in FSW processes. A special tool was designed and 

fabricated from an alloy steel and then was fitted on a special 

tool holder. The tool and its holder have been assembled and 

then put in place of the end mill tool. The FSW tool is usually 

characterized by a specific geometry in order to limit the 

contact between tool shoulder and specimen, see Table 1 

[10,14]. Fig. 2 shows a typical FSW being undertaken with the 

material rigidly restrained and fixed at the end mill machine 

table. Prior starting welding, the specimens have been rigidly 

fixed with the faces to be welded abutted to each other. The 

FSW process, here, involves piercing a hole at the starting point 

of the joint with a rotating steel pin. Once the tool penetrates 

the work piece, the friction caused by the rotating tool and 

shoulder resulted in frictional heating and plasticization of the 

surrounding material. The pin continues, stationary, rotates and 

the specimen moves forward in the direction of welding 

[22,23]. The tool is then moved along the joint, when welding 

this nanocomposite, employed rotation speeds of 1250 rpm and 

two transverse speeds of 25 and 30 mm/min. All the specimens 

were subjected to a constant force of 10 KN. More details 

regarding FSW tool geometry and welding conditions are in 

Table 1. As the tool start forming the joint, the material is 

heated and plasticized by the leading edge of the tool and 

transported to the trailing face of the pin, where, upon 

consolidation, it forms a solid-phase weld [1,15,23]. 

 
Fig. 2: Typical image of FSW process  

 

Table 1. Welding conditions and geometry of tool pin and shoulder. 

Pin 
shape 

Pin 
length, 

mm 

Thread 
diameter, 

mm 

Tilt 
angle 

Shoulder 
diameter, 

mm 

Rotational 
speed, rpm 

Transverse 
speed, 

mm/min. 

Thread 3.7  4  3° 10  1250  25, 30  

 

C. Microhardness and Microstructure Examinations 

The quality of FSW joints were investigated by measuring the 

microhardness and examining microstructure of the specimens. 

Mirohardness testing was undertaken using Vickers hardness 

tester, in accordance with ASTM E384. Measurement was 

made at positions on the traverse cross-section of the welded 

joint with a step of 1.5-2 mm and applying a load of 50 N for 

duration time of 10 to 15 second. Each point on the curve 

represents at least the average of three measurements of 

microhardness to ensure the credibility of the results. In an 

preparation microstructure investigations, some of the 

specimens were etched using Keller’s reagent (water solution 

containing (vol.) 2.5% HN3, 1.5% HCI and 0.5% HF). The 

microstructure of FSW joints was also examined by using 

optical and scanning electron microscopes (SEM). 

 

III. RESULTS AND DISCUSSIONS 

The results of microhardness testing and microstructure 

investigation of FSW joints of Al-SiC nanocomposite 

specimens are presented in the following sections.  

A. FSW specimens 

Welds with good quality have been achieved by FSW process 

as, where the front and back faces of a welded sample can be 

seen in Fig. 3. Visual inspection of the samples shows the 

success of this technique in welding samples of the present 

nanocomposite material. Further investigations of the 

microstructure and the properties of material will be carried out 

to examine the weld joints with satisfaction quality. As is 

evident, the surface defects are minimal and the bonding 

strength and cohesion between the two pieces of the weld 

specimen are high.

Specimen 

Fixture 

Tool 

Shoulder 

End-Mill Chunk 

Fixture 
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Fig. 3: Appearance of the as-weld nanocomposite sample; a) upper surface, and b) bottom face;  

welding conditions: weld speed, 1250 rpm and transverse speed, 30 mm/min. 

 

B. Microhardness of FSW Specimens 

The microhardness of welded samples was measured along the 

transverse section perpendicular to the weld direction for two 

different transverse speeds; 30 and 25 mm/min. The 

measurement started from the base material in one side, with 

about 1.5 - 2 mm step up to the center of the weld passing to the 

other side of the weld joint. Fig. 4 shows that the microhardness 

value at the center of weld is the highest for the used transverse 

speeds and that the hardness value at the base material is the 

lowest compared to the rest of the other points. Slight difference 

between both cases is observed. It is obvious that the highest 

the transverse speed the highest the microhardness. Frictional 

heat was created between the wear resistant pin and the two 

pieces of the nanocomposites specimens that were butted 

together and clamped by a backing pad. This frictional heat 

leads to generate residual stresses in the welding zone in 

varying proportions, which increase the hardness value in these 

regions [10]. 

 

Fig. 4: Microhardness of FSW nanocomposite specimens versus distance from weld center. 

 

As has been mentioned previously, the weld zones are basically 

divided into four regions. These regions are; base metal, heat 

affected zone (HAZ), thermo-mechanically affected zone 

(TMAZ) and weld nugget. The greatest strength recovery 

occurs in the weld nugget. Softening occurs in the HAZ with a 

significant drop in microhardness as the TMAZ is approached 

[11]. Both coarsening and dissolution lead to a drop in hardness, 

but full strength recovery only occurs following dissolution 

which is not happened. Another observation related to FSW 

tool, its direction of rotation and progress during welding 

process is that the microhardness of the retreating side is 

slightly higher than that of the advancing side. 

 

C. Microstructure of FSW Specimens 

Fig. 5 shows the microstructure of four distinct images of a 

specimen welded using FSW technique, each one was captured 

from a specific region of the weld cross-section with same 

magnification, X200. As shown in Fig. 5.a which represents the 

base material, it has large, equiaxial and homogeneous grains. 

It is evident from the figure that the nanoparticles are uniformly 

distributed on the grains boundaries of the Al matrix. While in 

Fig. 5.b, which represents HAZ, elongated grains with smaller 

size compared with those in Fig. 5.a are observed. In addition, 

the distribution of nanoparticles has slightly modified. Smaller 

and elongated grains more than observed in the previous region 

can be seen in Fig. 5.c, which represents TMAZ region. The 
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microstructure of the weld nugget shows smaller, uniformly 

distributed and equiaxed grains as shown in Figure 5.d. Further 

distribution of the nanoparticles can be seen at the grain 

boundaries, represented by the dark portions in the image. 

These finding can be clearly seen in the results obtained from 

examining the microstructure of transverse cross-section of 

FSW specimen using SEM shown in Figs. 6. 

 

  

  

Fig. 5: Optical images of FSW of etched nanocomposite specimen, X200; a) Base  metal: large and equiaxial 

grains, b) HAZ: large and elongated grains, c) TMAZ: small and elongated grains, and d) weld nugget, small 

and homogenously distributed grains. 
 

  

  

Fig. 6: SEM images of etched FSW of nanocomposite specimen, X300; a) Base  metal, b) 

HAZ, c) TMAZ, and d) weld nugget 
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In an explanation of these results, initially the material is 

extruded at the surface, but as the tool shoulder contacts the 

upper face of the specimens, the deformed material is 

compressed between the shoulder, parent material and backing 

plate. It was found that the main contributor to the frictional 

heat is the tool shoulder once the tool has penetrated the 

material [15,23]. Pressure provided by the shoulder forces 

plastic-like material to the rear of the pin where it consolidates 

and cools to form a bond. The bond is not actually made of 

plastic, but it shows many plastic-like properties, making the 

bond incredibly strong without damaging the original material 

[24]. In this way, the mechanical characteristics are locally 

decreased and the blanks material reaches a sort of “soft” state; 

no melting is observed, a circumferential metal flow is obtained 

all around the tool pin and close to the tool shoulder contact 

surface. As such material softening is obtained; the tool can be 

moved along the joint avoiding the pin fracture due to excessive 

material reaction [1,12]. The mechanical properties and low 

distortion of the welded zone have been attributed to the low 

heat input and absence of melting. This is observed due to the 

localized strain formation during hardness measurement of the 

welded zones. It turned out that the increase in hardness has to 

be related to the more homogeneous strain distribution in the 

welding region and heat affected zone. 

 

IV. CONCLUSIONS 

Specimens of aluminum reinforced with 1 wt.% SiC 

nanoparticles composite were welded using FSW process with 

satisfactory quality. The microhardness and the microstructure 

of the weld joints was examined and we came up with the 

following conclusions: 

- The repeatable quality of the welds can improve existing 

products and may lead to a number of new product design 

previously not possible.  

- The results showed that the microhardness values of the 

center of weld is the highest, and that its value gradually 

decreases towards the base metal. 

- The used transverse speeds has slight difference on the 

measured microhardness and it is found that the highest the 

transverse speed the highest the microhardness. 

- The misrostructure was greatly affected as a result of being 

exposed to a large amount of plastic conformation, as the 

grains of the composite material transformed from large 

equiaxial grains in the base metal to large longitudinal 

granules in the area affected by the heat and then changed 

into small longitudinal granules in the area affected by the 

mechanical temperature and then finally small, 

homogeneous, equiaxial grains are obtained in the weld 

nugget region. 
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