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Abstract : High strength-to-weight ratio, light weight and various thermal, mechanical and recycling properties makes 

aluminum alloys an ideal choice for various industrial applications in sectors as varied as aeronautics, automotive, beverage 

containers, construction and energy transportation. Due to the rapid injection of molten aluminum into metal moulds under high 

pressure, casting defects and an abnormal structure, such as cold flake, are easily formed in the base metal. These defects 

significantly degrade the mechanical properties of the base metal. In order to satisfy the recent demands of advanced 

engineering applications, Aluminum matrix composites (AMCs) have emerged as a promising alternative. Aluminum matrix 

composites (AMCs) are light weight high performance aluminum centric material systems which consist of a discrete constituent 

(the reinforcement) which is distributed in a continuous phase (the matrix). Among the various metal matrix composites 

manufacturing and forming methods, Friction Stir Processing (FSP) has gained recent attention. Friction stir processing is a 

solid-state microstructural modification technique which locally eliminates casting defects and refines microstructures resulting 

in improved strength and ductility, increase resistance to corrosion and fatigue, increase in hardness and formability. This 

project aims at analyzing the microstructure, microhardness, tensile strength and wear properties of Al 6082/SiC composites 

fabricated by single, double and triple passes via Friction Stir Processing. The experiment was conducted on the Friction stir 

welding / processing machine. Rotational speed, processing speed, axial force and tool pin profile were identified as the main 

parameters that influence the mechanical properties of the composite. The effects of processing parameters on the mechanical 

properties of composite were analyzed in detail. The ultimate tensile strength of the processed material came out to be lesser 

than the parent material and the results showed that with the increase in the number of passes, the tensile properties of 

composites including ultimate tensile strength (UTS) and yield strength (YS) improved. A general trend for wear rate was 

observed in which the wear rate decreased with the increase in the number of passes for the prepared metal matrix composite. 

The hardness results showed that the specimen with maximum number of passes showed maximum hardness with the average 

value of 100HV whereas the parent material without any processing had an average of 60HV hardness value. Microstructure 

analysis revealed that as the number of passes increased, it produced a more homogeneous composition of the specimen due the 

presence of fine and equiaxed grains. 
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1. INTRODUCTION 

1.1 HISTORY 

Friction stir welding (FSW) was invented at The Welding 

Institute (TWI) of UK in 1991 as a solid state joining technique 

and it was initially employed to aluminum alloys. Friction stir 

processing (FSP) is a new solid state technique which uses the 

principles of friction stir welding. It locally eliminates casting 

defects and refines microstructures resulting in improved 

strength and ductility, increase resistance to corrosion and 

fatigue, increase in hardness and formability. Metal matrix 

composites of base various base metals like aluminium, copper, 

iron and nickel have been fabricated using friction stir 

processing (FSP). It is a promising process for the automotive 

and aerospace industries where new materials are developed to 

improve resistance to wear, creep, and fatigue. Using this 

process, microstructural properties of powder metal objects can 

be improved and wrought microstructure can be introduced into 

a cast component. 

 

1.2 MOTIVATION AND OBJECTIVE  

High strength-to-weight ratio, light weight and various thermal, 

mechanical and recycling properties makes aluminium alloys 

an ideal choice for various industrial applications in sectors as 

varied as aeronautics, automotive, beverage containers, 

construction and energy transportation. Due to the rapid 

https://en.wikipedia.org/wiki/Powder_metallurgy
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injection of molten aluminium into metal moulds under high 

pressure, casting defects and an abnormal structure, such as 

cold flake, are easily formed in the base metal. These defects 

significantly degrade the mechanical properties of the base 

metal. In order to satisfy the recent demands of advanced 

engineering applications, Aluminium matrix composites 

(AMCs) have emerged as a promising alternative. Aluminium 

matrix composites (AMCs) are light weight high performance 

aluminium centric material systems which consist of a discrete 

constituent (the reinforcement) which is distributed in a 

continuous phase (the matrix). According to the different 

industrial demands, properties of AMCs can be tailored by 

appropriate fusion of matrix, reinforcement and processing 

route.  

The major advantages of AMCs in comparison to unreinforced 

materials are as follows: 

ω Increase in hardness 

ω Reduced weight density 

ω Improved high temperature properties 

ω Increase in wear resistance  

ω Enhanced and tailored electrical performance 

ω Fine and equiaxed grains of the microstructure  

Superior combination of properties of AMC material systems 

makes them unparallel in such a way that no existing 

monolithic material can rival. AMCs have been used many 

structural, non-structural and functional applications in 

different engineering sectors. Better performance, economic 

and environmental benefits are the factors due to which AMCs 

are gaining popularity and replacing aluminium alloys. AMCs 

are currently substituting monolithic materials including 

aluminium alloys, ferrous alloys, titanium alloys and polymer 

based composites in several applications worldwide. 

 

Friction stir processing is a short route-solid state processing 

technique which includes one processing step that achieves 

microstructural refinement densification and homogeneity. In 

this process, the material blends without going under any phase 

transformation and creates a microstructure with fine, equiaxed 

grains. Tool design plays a crucial role in obtaining the desired 

microstructure and mechanical properties of the composite. 

 

 

1.3 THEORY 

 

From the operational viewpoint, a friction stir processing run 

can be divided into three sub-procedures or phases:  

ω Plunge and Dwell  

ω Traverse 

ω Retract 

 

 

Figure 1: Motion of Tool in Friction Stir Processing[8] 

 

At the beginning of the plunge phase, both the tool and the 

workpiece are at ambient temperature. Initially, the workpiece 

material is too cold to flow and the rubbing action creates 

chipping as the tool is gradually inserted. Insertion rate 

determines the rate of temperature rise and extent of plasticity. 

The process of tool insertion continues until the tool shoulder is 

in intimate contact with the workpiece surface. At this stage, 

the entire tool shoulder and pin surface contribute to the 

frictional heating and the force starts to drop as the metallic 

workpiece reaches critical temperature for plastic flow. The 

rotating tool is sometimes intentionally retained at the same 

position for short durations in the case of metals with higher 

melting point so as to reach the desired temperature required 

for plastic flow. This is known as the dwell phase and is 

typically a fraction of the time required for plunge phase. 

Typically, the plunge stage is programmed for controlled 

plunge rate but it can be also done by controlling the force 

applied on the tool along its rotation axis (i.e. force controlled 

FSW). Different combinations of displacement and force 

controlled approach are possible. For a typical FSW run, the 

vertical force reaches a maximum value in this part of the run 

and this tends to be critical phase for the tool. Once the 

workpiece/tool interface is sufficiently heated up, the tool is 

traversed along the desired direction to accomplish joining. 

This is the actual processing phase and can be performed under 

(a) displacement controlled mode (where tool position with 

respect to the workpiece surface is held constant) or (b) force 

controlled mode (normal force applied by the tool to the 

workpiece is held constant). There are other modes such as 

power control, torque control, temperature control, etc., on 

advanced FSW machines available these days. The tool is 

finally retracted from the workpiece on the completion of the 

process. 

 

Advantages of friction stir processing 

 

The process advantages result from the fact that the FSW 

process takes place in the solid phase below the melting point 
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of the materials to be joined. The benefits include the ability to 

join materials that are difficult to fusion weld, for example, 

aluminium alloys, magnesium and copper. The process is also 

suitable for automation and is adaptable for robot use. 

Other advantages are as follows:  

¶ Low distortion and shrinkage, even in long welds 

¶ Excellent mechanical properties in fatigue, tensile and 

bend tests 

¶ No arc or fumes 

¶ No porosity 

¶ No spatter 

¶ Can operate in all positions 

¶ Energy efficient 

¶ One tool can typically be used for up to 1000m of weld 

length in 6XXX series aluminium alloys 

¶ No fil ler wire required 

¶ No gas shielding for welding aluminium 

¶ Some tolerance to imperfect weld preparations - thin oxide 

layers can be accepted 

¶ No grinding, brushing or pickling required in mass 

production 

¶ Can weld aluminium and copper of >75mm thickness in 

one pass. 

 

Aluminium alloy 6082 is a medium strength alloy with 

excellent corrosion resistance. It has the highest strength of the 

6000 series alloys. Alloy 6082 is known as a structural alloy. In 

plate form, 6082 is the alloy most commonly used for 

machining. As a relatively new alloy, the higher strength of 

6082 has seen it replace 6061 in many applications. The 

addition of a large amount of manganese controls the grain 

structure which in turn results in a stronger alloy. 

 

Applications: 

ω Highly stressed applications  

ω Trusses 

ω Bridges  

ω Cranes  

ω Transport applications  

ω Beer barrels  

 

Chemical Composition: 

Table 1: Chemical Composition of Aluminium 6082 

Chemical Element % Present 

Manganese (Mn) 0.40 - 1.00 

Iron (Fe) 0.0 - 0.50 

Magnesium (Mg) 0.60 - 1.20 

Silicon (Si) 0.70 - 1.30 

Copper (Cu) 0.0 - 0.10 

Zinc (Zn) 0.0 - 0.20 

Titanium (Ti) 0.0 - 0.10 

Chromium (Cr) 0.0 - 0.25 

Other (Each) 0.0 - 0.05 

Aluminium (Al) Balance 

 

Properties: 

Table 2: Physical Properties of Aluminium 6082 

Physical Property Value 

Density Density 2.70 g/cm³ 

Melting Point 555 °C 

Thermal Expansion 24 x10-6 /K 

Modulus of Elasticity 70 GPa 

Thermal Conductivity 180 W/m.K 

Electrical Resistivity 0.038 x10-6 ɋ .m 

 

Mechanical Properties for 6mm plate: 

Table 3: Mechanical Properties of Aluminium 6082 

Property Value 

Proof Stress 255 MPa 

Tensile Strength 300 MPa 

Elongation A50 mm 9 Min % 

Hardness Brinell 91 HB 

 

 

SiC/SiC matrix composite is a particular type of ceramic 

matrix composite (CMC) which have been accumulating 

interest mainly as high temperature materials for use in 

applications such as gas turbines, as an alternative to 

metallicalloys. CMCs are generally a system of materials that 

are made up of ceramic fibers or particles that lie in a ceramic 

matrix phase. In this case, a SiC/SiC composite is made by 

having a SiC (silicon carbide) matrix phase and a fiber phase 

incorporated together by different processing methods. 

Outstanding properties of SiC/SiC composites include high 

thermal, mechanical, and chemical stability while also 

providing high strength to weight ratio.  

 

Thermal properties of SiC:  

SiC composites have a relatively high thermal conductivity and 

can operate at very high temperatures due to their inherently 

high creep and oxidation resistance. Residual porosity and 

stoichiometry of the material can vary its thermal conductivity, 

with increasing porosity leading to lower thermal conductivity 

and presence of Si-O-C phase also leading to lower thermal 

conductivity. In general, a typical well processed SiC/SiC 

composite can achieve a thermal conductivity of around 30 

W/m-K at 1000 Celsius.  

 

Chemical properties of SiC: 

Since SiC/SiC composites are generally sought for in high 

temperature applications, their oxidation resistance is of high 

https://en.wikipedia.org/wiki/Ceramic_matrix_composite
https://en.wikipedia.org/wiki/Ceramic_matrix_composite
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Composite_material
https://en.wikipedia.org/wiki/Ceramic
https://en.wikipedia.org/wiki/Silicon_carbide
https://en.wikipedia.org/wiki/Thermal
https://en.wikipedia.org/wiki/Mechanics
https://en.wikipedia.org/wiki/Chemical
https://en.wikipedia.org/wiki/Weight_ratio
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importance. The oxidation mechanism for SiC/SiC composites 

vary depending on the temperature range, with operation in the 

higher temperature range (>1000 °C) being more beneficial 

than at lower temperatures (<1000 °C). In the former case, 

passive oxidation generates a protective oxide layer whereas in 

the latter case, oxidation degrades the fiber-matrix interface. 

Nonetheless, oxidation is an issue and environmental barrier 

coatings are being investigated to address this issue.  

 

 

1.4 PROBLEM STATEMENT AND EXPECTED 

OUTCOME:  

 

This paper aims at: 

 

ω Analyzing the microstructure, microhardness, tensile 

strength and wear properties of Al 6082/SiC composites 

fabricated by single, double and triple passes via Friction 

Stir Processing.  

ω Determining the main parameters that influence the 

mechanical properties of the Al 6082/SiC composite. 

ω Performing the Ultimate Tensile Strength test on UTM, 

analyzing the stress-strain graphs and load-elongation 

graphs and determining the effect of different number of 

passes on ultimate tensile strength. 

ω Determining the Vickers Microhardness of all the 

specimens, observing the effect of different number of 

passes on microhardness and comparing the results of all 

the specimens. 

ω Calculating the wear rate and coefficient of friction of all 

the specimens by conducting Wear Test on Pin-on-Disc 

Wear Testing Machine, determining the main parameters 

that influence wear rate and coefficient of friction and 

comparing the results of all the specimens.  

ω Analyzing the microstructure of all the specimens by 

performing Scanning Electron Microscopy test, 

determining the effect of different number of passes on the 

microstructure of a specimen and comparing the results of 

all the specimens. 

 

Expected Outcome: 

ω Tensile strength of the parent material would be more than 

the composite. 

ω Tensile strength would increase with the increase in the 

number of passes. 

ω Microhardness would increase with addition of SiC. 

ω Microhardness would increase with the increase in the 

number of passes. 

ω Maximum wear rate would be observed for the base metal. 

ω Wear rate would decrease with the increase in the number 

of passes. 

ω Microstructure analysis would reveal that as the number of 

passes increase, it will produce a more homogeneous 

composition of the specimen which would be evident by 

the presence of equi-axed grains. 

 

2. LITERATURE REVIEW 

For better understanding of the Friction Stir Processing on 

copper and aluminum and in order to gain expertise in the 

operation of the Friction Stir Welding machine, extensive as 

well as exhaustive research was carried out. The following text 

is a review of 22 research papers relevant to this subject. They 

discuss the various parameters and modes of processing/testing. 

These papers involve friction stir processing of 2 metals viz. 

aluminum and copper. A powdered filler material is introduced 

into the base metal (aluminum/copper) and processed in order 

to obtain a metal matrix composite material. Then these 

composites were tested upon by varying different parameters 

such as number of passes, speed of spindle (rpm), axial load 

(kgf), feed rate (m/s), etc. 

 

Although friction stir processing was the method chosen for the 

processing of copper and aluminum specimens prepared by us, 

the readers are hereby informed that the papers relating to 

friction stir welding were analyzed as well for the sake of the 

reportôs distinction and to enhance its merit. 

 

The first research paper we studied was prepared by A. 

Heidarzadeh et al. [1] of the Sahand University of Technology, 

Iran regarding the mechanical properties of friction stir welded 

pure copper joints. A number of parameters are available for 

manipulation in the friction stir processing/welding machine 

and they decided to vary the rotational speed, welding speed 

and the axial force. Since analysis forms the base of the 

authenticity of study, variance was used as a model for the 

same. Response surface methodology (RSM) which is used in 

this research work is a collection of statistical and mathematical 

methods that are useful for modeling and analyzing engineering 

problems. In this technique, the main objective is to optimize 

the response surface that is influenced by various process 

parameters. To avoid performing a number of operations with 

no use in the results and tediousness, design expert software 

was put into use to derive important variations in parameters 

which are acceptable and can be used. In hindsight, we see the 

similarity in the techniques put into use by these researchers 

with the methodology employed by us. It seems treading 

toward the same path of brilliance requires the same set of 

abilities and a specific set of mind which both of our groups ï 

the researchers in Iran and we, the students of Delhi 

Technological University followed. Many investigators have 

studied the effect of FSW process parameters on metallurgical 

and mechanical properties of aluminum alloy joints, however 
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investigations into the FSW of copper and copper alloys is 

quite limited. Thus this research work forayed into a zone 

which was until now not sought by many researchers. 

 

When the welding parameters were increased, tensile strength 

of the joints increased to the maximum value. On increasing the 

rotational speed and axial force, the elongation percent of the 

joints appeared to be increased, however, as the welding speed 

increased, the elongation percent of the joints, predictably, 

decreased. Also, when the rotational speed and axial force 

increased, hardness of the joints decreased but an increase in 

the welding speed resulted in an increase in the hardness of the 

said joints. In addition, it was observed that a higher ductility 

fracture mode was revealed on the joints at higher conditions of 

input.  

  

 
 

Figure 2: (a) Square tool pin profile and (b) Sample of visible 

defect-free welded joints [1] 

 

The research carried out by Sarmadi et al. [2] on FSP of 

copper-graphite surfaces point out that most of the aluminum 

alloyed and copper alloyed contain a soft phase like lead. But 

due to its harmful effects on the environment and restrictions 

on its human usage, the researchers have been made to explore 

new materials with similar tribological properties. One material 

found to have similar properties is graphite. It is found at first 

that the friction and wear rate decreases after reaching a certain 

concentration limit but it becomes independent after that. Thus 

it was formulated that the material wear at high temperature 

gets reduced by adding graphite to the Copper and aluminum 

alloys. 

To create an FSP specimen, a milling machine is used. The 

specimen is isolated due to high heat transfer coefficient of 

copper and low friction coefficient of used material. Specimens 

of graphite are produced with 1, 2, 3 and 4 passes each. Wear 

rates were measured along standard lines and procedures. 

On analyzing the micrographs it was found that the composites 

produced by square and triangular pins have been totally 

dispersed in the mix whereas ones produced by straight and 

tapered cylindrical objects had the particles aggregated in the 

centre. On a more careful observation, it is found that better 

distribution is reached by a tool using triangular pin. Also, the 

coefficient of friction is highest at the centre and decreases as 

we go away. 

Size of the largest cluster and average size increased as the 

graphite concentration increased.  Due to the good lubrication 

properties of graphite the coefficient of friction decreases. The 

vanderwall forces in graphite lead to low shear strength which 

leads to sliding of planes across each other. Also, wear does not 

occur in counterparts because of the low hardness of graphite. 

After a study conducted by Kovacik, it was reported that the 

particle size and spatial distribution of the graphite influence 

the friction coefficient of graphite. Friction coefficient first 

decreases and remains constant even after the graphite volume 

remains constant. Shear strength of the area near the surface 

and friction coefficient remains constant throughout. 

There are high characteristics of adhesive wear because of high 

amount of plastic deformation present in the system. 

Imperfections such as micro cracks and cavities are formed on 

the surface. Presence of a plate like debris confirms the 

delamination wear. The size of the debris decreases with the 

increase in the graphic content. Adhesive wear generally is very 

less and often goes unnoticed during the analysis because of 

non-smearing of graphite particles in the early stages of sliding. 

On careful analysis of the SEM image, we find that Increase in 

graphite content results in the increase in the delamination wear 

and increase in the adhesive wear. Pores quantity also increase 

with the increase in the graphite content.  

 

H. R. Akramifard et al. [3] of Iran, along with his associates 

studied the microstructure and mechanical properties of the 

Cu/SiC composites fabricated using the technique of FSP. 

Optical microscope (OM) and scanning electron microscope 

(SEM) were put into use for the study of microstructure. Pure 

Cu sheets were reinforced with 25 µm SiC particles to fabricate 

a compositesurface layer by friction stir processing (FSP). In 

order to improve distribution of reinforcing SiCparticles, a net 

of holes were designed by drill on the surface of pure Cu sheet. 

A workpiece with dimensions 100mm×70mm×5mm was used 

as the base metal. As usual the surface is cleaned by acetone 

before processing.  

Microstructural observation confirmed fine and equiaxed grains 

in the stir zone (SZ) and showed that SiC particles act 

asheterogeneous nucleation sites in the dynamic 

recrystallization of Cu grains. Moreover, agglomeration of 

particles was not observed and fine particles had a good 

distribution in SZ. In the SEM micrographs, porosities were 

detected as microstructure defects. 
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Figure 3: Travelling and rotational movement of pin and 

fabrication of Cu/SiC [3] 

 

Microhardness measurements showed that surface hardness 

was two times as high as that of substrate. The rotational wear 

tests demonstrated that use of SiC particles enhanced wear 

resistance and increased average friction coefficient of pure Cu. 

Results revealed that hardness was two times as high as the 

original specimen and rotational wear tests demonstrated 

improvement in wear resistance and an increase in the 

coefficient of friction. The XRD (x-ray diffraction) analysis 

showed the absence of any intermetallic compound in the 

Cu/SiC composite.  

 

Hamid Pashadeh et al. [4] carried out a research on the 

investigation of the mechanical, thermal and metallurgical and 

material flow characteristics from friction stir processing 

welding of copper sheets with experimental verification. The 

welding process has become popular because of non-pollution, 

mechanical properties and low distortion.  

Chao and Qi introduced the concept of FSW into two boundary 

value problems. Finite Element Analysis was carried out on 

inverse modeling and overall heat characteristics. It was 

formulated that approximately 5% of the heat transferred to the 

tool and rest to the workpiece. As we compare copper with 

aluminum for the FSC, copper has much more thermal 

diffusivity. The schematic view of workpiece and tool is: 

 

 
Figure 4: a) tool; b) workpiece [4] 

 

The finite element analysis software DEFORM-3D was used to 

replicate the FSW process. Chemical characteristics of the 

workpiece were assumed constant throughout. The tool was 

meshed with size 0.05mm being considered as rigid. All 

elements used were 3-D tetrahedral elements. All the free 

surfaces of the workpiece are surrounded by ambient 

conditions. 

The metal joining process was obtained by first softening the 

material, stirring and the complete forging of the rotary tool. 

Effective plastic strain distributions were carried out in 

transverse and longitudinal section of the weld. The transverse 

section of plastic is observed and it is found that the strain 

value is greater in the advancing side near the pin edge. 

It was observed that the temperature distributions were not 

symmetric around the welding lines and the maximum 

temperature is achieved behind the tool film. The plastic strain 

is asymmetric and its slope is higher on the advancing side. It 

was also found that increasing the transverse speed is essential 

in microstructure hardness rather than decreasing the rotational 

speed. Thermal softening causes annealing softening because 

the dislocation structure disappears in the recovery of the 

recrystallization processes. 

 

Hamad Pashazadeh et al. [5] of Iran carried out numerical 

modeling for evaluating hardness in friction stir welding of 

copper sheets. Hardness measurements and microstructural 

evaluations were performed on the welded specimens. A 

simulation for FSW using DEFORM-3D was obtained. Some 

assumptions were made for the simulation which includes the 

rigidity of the FSW tool and the backing plate, constant friction 

coefficient, fixed thermal properties of FSW tool and 

workpiece. FSW tool was assumed as rigid and meshed with 

12,800 tetrahedral elements. The workpiece was modeled as a 

temperature and strain rate dependent RVP (Rigid-visco-

plastic) material. Workpiece and tool meshes are schematically 

illustrated in figure below. The copper sheets were also 

prepared by the author himself using die casting. After a 

number of operations like hot forging, hot rolling and annealing 

etc, the sheets were cut as desired for the experiment. After 

completing the butt welding using FSW, the sheets were tested 

for microstructure and hardness. 

 

 

 
Figure 5: Representation of tool and workpiece [5] 
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A 3D Arbitrary Lagrangian Eulerian (ALE) numerical model 

was developed to obtain hardness values. The values of both 

through experiment and numerical modeling were compared. 

To maintain consistency, the dimensions of the workpiece, 

material properties, welding conditions and boundary 

conditions used were the same. Numerical results for hardness 

values showed good agreement with recorded experimental 

data. Experimental results suggested that with an increase in 

translational speed the size of grains reduces, and in a constant 

rotational speed with a decrease in grain size weld strength 

increases. Hardness in the nugget zone is higher than that in 

HAZ and TMAZ, and a range of maximum hardness is located 

around the centre of weld, whereas outside of this region 

hardness reduces slightly in TMAZ and HAZ, and then moving 

towards base metal rises sharply. 

 

Galvao et al. [6] conducted the research on influence of 

parameters on mechanical enhancement of copper-DHP by 

FSP. The influence of the overall processing conditions was 

analyzed for microstructure and mechanical properties. Due to 

its good thermal conductivity, poor wear and fatigue resistance, 

low mechanical strength and conductivity, copper has been 

neglected for use in the industry. The complex thermochemical 

phenomena developed inside a stirred volume promote strong 

microstructural modifications. 

1mm and 3mm thick copper plates were used and processed 

with the objective of analyzing the different properties of the 

structure. 1-mm plate was used to simulate surface processing 

and 3 mm plate was used to simulate bulk processing. The FSP 

tool characteristics were used in C1, C3 and S1 series. 

The samples were prepared according to the metallographic 

practiced and etched in order to promote microstructural 

organization. Visual investigation revealed the formation of 

more or less refined grained structures. It is possible to see the 

structure under the colder processing conditions. Although no 

major deformation and discontinuities were found under hotter 

conditions, but grain refinement was less plausible. 

The material discontinuities were witnessed at the middle 

which corresponds to the pin and shoulder driven flows. Since 

these types of discontinuities are not observed when processing 

under hotter conditions, it can be attributed to insufficient 

plasticization of the material under these conditions. Upon 

observation the most refined microstructures corresponds to the 

S1 series and coarsest material corresponds to the C3 series. 

 

For the same tool rotational speed, no significant differences in 

GS were depicted by changing the traverse speed. On the other 

hand, for the C3 samples, important differences in GS were 

depicted between the samples obtained under different traverse 

speeds. Finally, for the 1 mm samples processed with the 

scrolled tool (S1), no important differences in grain size were 

obtained when changing the process parameters. These samples 

displayed the smallest grain size among all the processed 

structures. 

 

Effectively, low heat input conditions difficult either the 

material flow during processing and grain coarsening after 

dynamic recrystallization. Furthermore, the figures also show 

that the S samples displayed the finest microstructure between 

all the processing conditions. The C1 sample processed at 1000 

rev/min are all in even-match relative to the base material, 

which can be related to the occurrence of strong annealing 

under hotter processing conditions, which, despite the 

refinement of the grain structure, resulted in a non-

enhancement of the mechanical properties relative to the base 

material. 

 

The intense plastic deformation of the processed material, 

provided by this geometry, resulted in an adequate metal flow 

and in a significant grain refinement, which gave rise to an 

important hardness increase independently of the processing 

parameters in use. For the same processing conditions, the use 

of a conical tool made the window of sound processing 

parameters significantly narrower, since in most of the 

conditions tested a good compromise between structural 

soundness and mechanical properties enhancement was not 

obtained. In bulk processing, sound FSP conditions were not 

achieved in this study. 

 

From the College of Engineering, University of Tehran, Iran, 

Mohsen Barmouz et al. [7] evaluated the microstructure, 

porosity, mechanical and electrical behaviour of Cu/SiC 

composites fabricated by multiple passes of friction stir 

processing. A copper plate of size (130mm× 65mm×6mm) was 

used in which a groove of dimensions (1mm×1.2mm) was cut 

in the middle and SiC particles of size 5µm were compressed 

into it. Then standard sample were obtained from processed 

plate to perform microstructural analysis, hardness test and 

tensile test. Friction performances of specimens were 

evaluatedthrough a pin-on-disk test machine.X-ray analysis was 

carried out using an X-ray diffractometer. Also the porosity 

contents of different samples with 1,4 and 8 pass FSP were 

examined. 

It was found out that as the number of passes increased the 

porosity content were reduced. This phenomenon could 

beattributed to the improvement of the interfacial bonding 

betweenthe copper matrix and SiC particles.The grain size of 

the copper matrix is remarkably reduced byincreasing FSP 

passes. Pure copper exhibits large fluctuations in the friction 

coefficient. However for 1, 4 and 8 passes the trend for friction 

coefficient becomes more uniform. It was found out that the 

friction coefficient for 4 and 8 passes FSP were reduced greatly 

then pure copper but for 1 pass FSP the friction coefficient was 

greater than that of pure copper. On account of dispersion, the 

value of the coefficient of friction was significantly reduced 

with the increase in the number of passes. The results revealed 

that as the number of passes were increased, an increase in the 

value of microhardness and tensile strength were encountered. 

Addition of SiC particles led to enhancement of electrical 

resistivity of pure copper. Negligible difference in the electrical 
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resistance properties of 1, 4 and 8 passes FSP specimens was 

identified as well. 

 
Figure 6: FESEM micrographs of fractured surfaces of (a) 

reference pure copper, (bïd) 1P, 4P and 8P, respectively [7] 

 

The research carried out by Mohsen Barmouz et al. [8] on the 

role of processing Cu/SiC metal matrix composites. Cu/SiC 

metal matrix composites, because of their excellent electrical 

and thermal conductivity, enhanced hardness values, wear and 

frictional properties have been the subject of extensive 

research. Cu/SiC composites have shown a great potential to be 

an interesting model system for research studies, although these 

composites have applications. in the field of welding electrodes 

and electrical contacts. Cu/SiC composites have also found 

applications in Electrical Discharge Machining (EDM). These 

composites have been prepared by powder sintering, squeeze 

casting, composite electroforming technology and sintering 

under ultra-high pressure. 

 

In this study, the material used was a pure copper plate with 

130mm length, 75mm width and 6mm thickness. In order to 

produce surface composite layers, 5 ɛm SiC particles were 

contrived in a groove with the dimensions of 1mm×1.2mmin 

the middle of the specimens. Then, the SiC particles were 

compressed into the groove and the upper surface of the groove 

was closed with a FSP-like tool without pin to prevent 

outpouring of the SiC particles. The next stage was plunging 

the tool by the pin into the plate for stirring the SZ and 

producing the composite. 

 

 
Figure 7: Shape of sample used for tests [8] 

 

There seems to be two distinct reasons for grain size variation:  

¶ Heat input that causes annealing which increases the 

grain size. 

¶ Continuous dynamic recrystallization due to the 

stirring action of the tool pin which creates new 

nucleation sites leading to reduction of the grain size. 

It can be seen that in the specimens FSPed with SiC particles, 

the pinning effect of SiC particles gives rise to impede grain 

growth and consequently the grain size becomes smaller than 

those FSPed without SiC particles. But for these specimens, 

higher traverse speeds lead to larger grain size. This may be 

due to the uniform dispersion of SiC particles in lower traverse 

speeds. 

 

Microhardness behavior of the specimens FSPed with and 

without SiC particles is shown in. It can be seen that 

microhardness values in the side regions of SZ have been 

reduced because of annealing-induced grain growth. On one 

hand, in the SZ, stirring action of the pin leads to a dynamic 

recrystallization which reduces the grain size, enhances the 

dislocations and eventually improves the microhardness values. 

 

Specimens FSPed with SiC particles show highermicrohardness 

values in comparison with those FSPed without SiC particles. 

This could be due to the pinning effect and presence of hard 

SiC particles. It implies that higher traverse speed causes 

gathering of SiC particles and thus reduction of the pinning 

effect of SiC particles which results in lower increment of the 

microhardness values. 

 

Tensile tests were performed at room temperature (20 °C) in 

order to determine the tensile properties including yield 

strength, ultimate strength and elongation of the specimens 

FSPed with and without SiC particles at rotational and traverse 

speeds of 900 rpm and 40 mm/min. It can be seen that yield and 

ultimate strength of the specimen FSPed without SiC particles 

decreased in comparison with pure copper. It was also observed 

that elongation of this specimen is about thrice that of the pure 

copper. According to the mentioned results in microhardness 

behavior, this phenomenon could be because of remarkable 

annealing softening which occurred during FSP. The fracture 

surface appearance of the pure copper includes the voids and 

dimples which demonstrates the ductile fracture. There are also 

larger dimples on the fracture surface of the specimen FSPed 

without SiC particles which indicates more intense ductile 

fracture. 



Ranganath M. Singari et al., 

International Journal of Advanced Production And Industrial Engineering 

 

 

 
| IJAPIE | ISSN: 2455ð8419 |                     www.ijapie .org             | Vol. 2 | Issue. 3 | 2017 | 47 | 

 

In 2013 a research paper was published by P. Xue et al. [9] and 

associates from China trying to achieve bulk ultrafine grained 

Cu via friction stir processing. Ultrafine grained (UFG) and 

nanostructure (NS) materials are of great importance because of 

their enhanced strength and hardness. However these materials 

exhibit low tensile ductility at ambient temperature, the plastic 

instability with little or no strain hardening (dislocation storage) 

capacity, and low resistance to crack initiation and propagation. 

Preparing such materials by simple processing methods like 

high pressure torsion (HPT) and dynamic plastic deformation 

(DPD) do not overcome the limitations mentioned above. 

Friction stir processing (FSP) involves severe plastic 

deformation and can also produce ultrafine grained 

microstructures. Recently UFG microstructures in Al, Mg, Cu 

alloys and steel have been prepared by using FSP. 

In this study, 5-pass overlapping FSP was performed on a 

commercially pure copper plate. Also the effect of transition 

zone (TZ) on the microstructural evolution and mechanical 

properties of the bulk material was overviewed. Commercially 

pure Cu (~99.9%) plate, 5 mm in thickness, 300 mm in length 

and 100 mm in width, was used in this study, and the rotation 

tool was made of heat-treated tool steel (M42). Two different 

FSP schemes were followed: single-pass, and 5-pass with half 

of the pin diameter overlapping, as schematically shown in 

figure: 

 

 
Figure 8: Schematic illustrations of the 5-pass overlapping 

FSP process and the tensile specimen [9] 

 

 

Large-area bulk UFG pure Cu was successfully prepared by 

multiple-pass FSP with 50% overlapping at a tool rotation rate 

of 400r/min and a traverse speed of 50 mm/min. Additional 

cooling by flowing water was also used. Microstructure 

analysis was carried out using optical microscope and electron 

backscatter diffraction (EBSD). Hardness and tensile tests were 

also performed. It was concluded that the overlapping FSP did 

not had a significant effect on the microstructure and 

mechanical properties of the FSP ultrafine grained (UFG) 

copper. Very weak softening occurred in the TZ of the 

multiple-pass FSP UFG Cu, resulting in a relatively uniform 

hardness distribution throughout the whole processed zone. 

High yield strength of ~310 MPa and a uniform elongation of 

~13% were achieved in the bulk FSP UFG Cu. This study 

provides an effective strategy to prepare large-area bulk UFG 

materials. 

 

The research carried out by R.Sathishkumar et al. [10] on role 

of friction stir processing on microstructure and microhardness 

of Boron Carbide particulate reinforced copper surface 

composites. It was found that the typical crown appearance of 

friction stir processed copper with B4C particles is shown in 

figure. The crown presents a smooth appearance without 

depressions or prominences. Semicircular features similar to 

those formed during the conventional milling process are seen. 

The selected process parameters are sufficient to produce 

defect-free crown. The process parameters were selected based 

on trial experiments. Some of the defects encountered in trail 

experiments such as rough surface induced by insufficient 

plastic flow, tool dragging, incomplete bonding and cracks are 

displayed. It is essential to obtain a smooth crown appearance 

owing to the fact that each surface irregularity in the crown 

leads to other kind of internal defects in the surface composite. 

 

 
Figure 9: Crown appearance of FSP using B4C particles [10] 

 

 
 

Figure 10: Defects in trial specimens [10] 
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The area of the surface composite was significantly influenced 

by the selected process parameters. The area of the surface 

composite increased when tool rotational speed was increased 

due to increase in frictional heat generation. The area of the 

surface composite reduced when processing speed was 

increased because of reduction in frictional heat generation. 

The area of the surface composite reduced when groove width 

was increased due to increase in flow stress of plastized copper. 

The distribution of B4C particles in the surface composites was 

influenced by tool rotational speed and processing speed. 

Lower tool rotational speed and higher processing speed 

resulted in poor distribution of B4C particles and vice versa. 

The increase in groove width did not affect the distribution of 

B4C particles in a significant manner. The B4C particles 

refined the grains of copper because of its pinning effect. The 

interface between B4C particles and copper matrix was clean 

without the presence of any voids or reaction products. The 

absence of porosity can be attributed to good wettability 

between copper and B4C particles and sufficient flow of 

plasticized copper during FSP at the selected process 

parameters. 

 

In 2013, a research paper was published by R. Sathiskumar et 

al. [11] of Coimbatore Institute of Technology, India regarding 

prediction of mechanical and wears properties of copper 

surface composites fabricated using friction stir processing. A 

number of parameters are available for manipulation in the 

friction stir processing/welding machine and they decided to 

vary the tool rotational speed (N), traverse speed (S), groove 

width (W) and types of ceramic particles (C) such as SiC, TiC, 

B4C, WC and Al2O3. They considered the copper matrix 

composites (CMCs) because it has well mechanical, thermal 

and tribological properties.  

CMCs have variety of applications and used where good wear 

resistance without loss of thermal and electrical conductivity of 

the matrix is needed. They studied various aspects of the FSP 

process on the formation of Cu/SiC surface composites. They 

showed that higher processing speed led to poor distribution of 

SiC particles and vice versa. The size of the SiC particles 

substantially influenced the grain size and wear rate of Cu/SiC 

surface composite. On increasing the number of passes the size 

of the SiC particles and grain size of copper goes decreasing 

and improved the dispersion and separation of SiC particles due 

to the longer processing time and severe stirring action in the 

stir zone. The tool pin profile also contributed to the formation 

of Cu/SiC surface composite. A straight cylindrical pin profile 

produced a uniform distribution of SiC particles and finer grain 

size in the stir zone, increased hardness and wear resistance 

compared to the square pin profile. Commercially, copper 

plates are available of 100 mm length, 50 mm width and 6 mm 

thickness used by them. A groove was made in the middle of 

the plate using wire EDM and compacted with five different 

ceramic particles such as SiC (~8µm), TiC (~2µm), B4C 

(~4µm), WC (~5µm) and Al2O3  (~10µm). Specimen of size 50 

mm×10 mm were extracted from the friction stir processed 

plates to evaluate microstructure and micro hardness. 

 

 
Figure 11: SEM micrographs of ceramic powders; (a) SiC, (b) 

TiC, (c) B4C, (d) WC and (e) Al2O3. [11] 

 

The increase in tool rotational speed increases the amount of 

plasticized copper. Therefore, the area of the surface of the 

composite increases with the tool rotational speed. Wear rate of 

surface composite increases when the rotational speed increases 

800 to 1200 rpm. It is well known that the wear rate is inversely 

proportional to micro hardness in metal matrix composites.  

The effects of tool traverse speed: the area of surface 

composites decreases when the traverse speed increases from 

20 mm/min to 60 mm/min. When traverse speed increases, the 

residing time of the frictional heat is decreases. Homogeneous 

distribution of particles is observed in the surface composite 

fabricated at 20 mm/min. Micro hardness of the surface 

composite increases when the traverse speed increases. Wear 

rate of the surface composite decreases when the traverse speed 

increases. The effect of groove width: the area of surface 

composite decreases when the groove width increases from 0 

mm to 1.4 mm. Micro hardness of the surface composite 

increases when the groove width increases. Wear rate of the 

surface composite decreases when the groove width increases. 

All those process parameters and type of ceramic particle 

influenced the micro hardness and wear rate of the surface 

composite. The types of ceramic particle did not make a 

significant variation in the area of the surface composite. 

 

From prediction of mechanical and wears properties of copper 

surface composites fabricated using friction stir processing we 

move on to the another paper of the R. Sathiskumar et al.[12], 

regarding characterization of boron carbide particulate 

reinforced in situ copper surface composites synthesized using 

friction stir processing.   



Ranganath M. Singari et al., 

International Journal of Advanced Production And Industrial Engineering 

 

 

 
| IJAPIE | ISSN: 2455ð8419 |                     www.ijapie .org             | Vol. 2 | Issue. 3 | 2017 | 49 | 

 

By knowing the fact from the previous study that Boron 

Carbide exhibits maximum hardness and minimum wear the 

effect of B4C particles and its volume fraction on 

microstructure and wears behaviour is investigated. The 

volume fractions considered of the analysis are 0, 6, 12, 18 and 

24%. The parameters used for FSP are: rotation speed of tool is 

1000 rpm, feed or traverse speed is 40mm/min, and a load of 10 

KN. Optical microscope and scanning electron microscope is 

used to study micro hardness and pin-on-disk apparatus is used 

for wear analysis. Results of the analysis were that on 

increasing the volume fraction the micro hardness of the 

composite material increases whereas its wear rate decreases. 

Mode of wear also changed from micro cutting to abrasive type 

of wear. The size of the wear debris also decreased as the 

consequence of increasing volume fraction. The theoretical and 

actual volume fractions of B4C particles were calculated using 

the following expressions: 

Theoretical volume fraction (Vt) = (Area of groove/projected 

area of tool pin) ×100 

Actual volume fraction (Va) = (Area of groove/Area of surface 

composite)×100 

Area of groove = Groove width × Groove depth 

Projected area of tool pin = Pin diameter × Pin length. 

The sliding wear behavior of Cu/B4C surface composites was 

measured using a pin-on-disk wear apparatus (DUCOM TR20-

LE) at room temperature according to ASTM G99-04 standard. 

Cu/B4C pins of size 3mm× 5mm× 20mm were prepared from 

the FSP zone by wire EDM. 

 

 
Figure 12: FSP procedure to fabricate surface composite: (a) 

cutting a groove, (b) compacting the groove with ceramic 

particles, (c) processing using a pin less tool and (d) 

processing using a tool with pin. [12] 

 

Macrostructure of Cu/B4C surface composites: when the 

volume of the B4C particles was increased, the area of the 

surface composite decreased.  

Microstructure of Cu/B4C surface composites: The number of 

particles increases as well as the spacing between particles 

reduces when the volume fraction increased. The uniform 

distribution of B4C particles can be attributed to adequate 

generation of frictional heat, stirring and plasticized material 

flow across the friction stir processed zone. 

Cu/B4C surface composite demonstrated a reduction in the 

average grain size. The average grain size of copper in the 

surface composite is 13µm at 0 vol. % and 2µm at 24 vol. %. 

Particles retain the original size without undergoing 

fragmentation during FSP. Wear rate decreased when the 

volume fraction of B4C particles is increased. The wear rate 

was found to be 248×10
-5
 mm

3
/m at 0 vol. % and 174×10

-5 

mm
3
/m at 24 vol. %. The wear mode changed from micro 

cutting to abrasive wear when the volume fraction was 

increased. 

 

Further we move on to University of  Michigan; engineering 

institute located in the United States where S.Mukherjee et 

al.[13], published paper on friction stir processing of direct 

metal deposited copper-nickel 70/30.DMD (Direct Metal 

Deposited) has wide applications in complex and expensive 

components such as navy weapon systems and equipment. 

However it is often limited by porosity, cracking, residual stress 

and solute segregation. The dimensions of the workpiece were 

chosen as 125mm X 101.6mm X 12.7mm. Tungsten alloy tool 

was used with scrolled shoulder and scrolled pin. 

Microstructure was analysed by using electron microscopy and 

single as well as multi passes were used. The parameters used 

to do FSP were as follows: Tool rotation speed was 1200rpm, 

feed rate were 12.7 mm/min, 25.4mm/min, and 50.8mm/min, 

tilt angle provided was 3 degrees. It was observed that the FSP 

leads to finer and equiaxed grain as compared to the parent 

material. Porosity is also decreased as a result of FSP. 

Corrosion rate and Yield Strength increases whereas Ductility 

decreases. 

 

From the University of Michigan we move on to University of 

Tabriz located in Iran, where Salar Sarahi et al. [14], published 

paper on fracture mechanism in friction stir processed annealed 

pure copper samples. 

 
Figure 13: (a) Process illustration and tensile test specimen (b) 

High carbon steel cylindrical tool applied for FSP (c) Defect 

free-sample. [14] 

 

Furthermore study on FSP using copper is done for 

investigation of fracture mechanism. The pure copper plates of 

thickness 5 mm are used for the experiment. The tool used is 

made of high carbon steel and have cylindrical shoulder with 
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14 mm diameter and a pin length of 4mm. The FSP parameters 

are varying in this study and copper plate is processed to 4 mm 

of its depth. The feed varies from 40-100 mm/min and the tool 

rpm varies from 300-600 rpm. It was observed that at low tool 

rotation speed, the ductility was low due to the formation of 

cracks and generation of cavities and at high tool rotation speed 

the ductility was high because of the absence of defects. 

Fracture mechanism of the FSP copper was found to be purely 

ductile and it was also observed that on increasing feed at 

constant tool rotation speed the ductility will increase. Grain 

size is controlled by heat input and cavity formation decreases 

with higher plastic deformation, produced by tool. Due to 

incapability of becoming thin to a point most of tensile test 

specimens had limited elongation. Ductility is controlled by 

cavity formation during process.  

 

Now we move on to Shahid Rajaee Teacher Training 

University from University of Tabriz, located in Iran, where 

Bahram A.Khiyavi et al. [15], published paper on effects on 

friction stir processing on mechanical properties of surface 

composite of Cu reinforced with Cr particles. 

Main aim of study was to produce copper reinforced metal 

matrix composite using micron sized chromium particles using 

friction stir processing in order to studying effects of adding Cr 

particles to copper based matrix by FSP. In the experiment it 

was observed that material used was a pure copper plate with 

100 mm length, 70 mm width and 6 mm thickness. Cylindrical 

pin tool with a concave shoulder used as tool that made of hot-

working steel with shoulder diameter12mm , square pin 

diameter 5mm and length 2.5 mm. Shoulder concavity was 6° 

between edge of shoulder and pin. Three traverse speeds of 40, 

80, 160 mm/min with constant rotational speed of 1600 

mm/min were used. FSP tool was titled by an angle of 

1.5°.Results showed that grain size of fabricated composite 

reduced. Also it is indicated that in comparison to base copper 

micro hardness of FSPed composites in stir zone (SZ) have 

been increased significantly. Results of wear test showed that in 

comparison with specimen with traverse speed of 80 mm/min, 

higher traverse speed of 160 mm/min increase wear rate of 

cylindrical pins. 

 

V. Jeganathan Arulmoni et al., [16] investigates parameters 

affecting friction stir processed copper and enhancement of 

mechanical properties of composite material. The machine used 

for Friction stir processing was a vertical milling machine in 

which necessary adjustments were made to make it suitable for 

use in friction stir processing .Proper job holding fixture was 

used which could hold a 150 X 74 x 5 mm plate. Two 150 x 37 

x 5 mm 99% pure Copper Plates mounted on the fixture used 

for job holding one by one on Milling Machine for groove 

cutting. Two grooves of 1mm deep were made on 2 plates 

using a 1mm (width) saw cutter at equal linear distances. First 

plate (without grooves) was clamped firmly by using the toe 

clamps. Then H13 tool steel with shoulder dia 15mm and pin 

dia 5 mm and pin length 1.5mm was inserted in to the collect 

and tightened. There are two examination methods in 

metallography, Macroscopy and Microscopy. In Macroscopy 

the examination of the structural characteristics or chemical 

characteristics of a metal or an alloy is done by the unaided eye 

or with the aid of a low power microscope or binocular, usually 

under l0x. In microscopy similar examination is done with the 

prepared metal specimens, employing magnifications with the 

optical microscope of from 100x to as high as 2000x. 

Resultsshowedthatgrainsizeoffabricatedcompositereducesandth

atincomparison to base metal micro-hardness of friction stir 

processed composites in stir zone has increased. Using FSP 

leads to more homogenous distribution of particles in surface of 

composite. It was also noted that in order to produce more heat 

and avoid wasting produced heat, rotating speed and transverse 

speed should be chosen high and low respectively and 

specimens should be isolated. Using tool with threaded pin 

leads to better distribution of particle rather than other tools 

which were because of flow pattern of materials against this 

tool. Results obtained also indicated that selected FSP 

parameters significantly affect area of surface composite by 

distribution of material particles.  

 

Another paper of V. Jeganathan Arulmoni [17], investigates 

experimentally friction stir processed copper and enhancement 

of mechanical properties of composite material graphite. Effect 

of friction stir processing (FSP) parameters such as tool 

rotational speed, processing speed, axial load, groove width and 

depth, investigated change in microstructure, microhardness, 

tensile strength and wear resistance. The results showed that 

the grain size of fabricated composite reduce, also it is 

indicated that in comparison to base copper micro hardness of 

FSPed composites in stir zone (SZ) increase significantly.  The 

results indicate that the selected FSP parameters significantly 

influence the area of surface composite, distribution of material 

particles and micro hardness of the surface composites. Higher 

tool rotational speed and lower processing speed produce an 

excellent distribution of particles and higher area of surface 

composite due to higher frictional heat, increased stirring and 

material transportation.  Pure copper reinforced by SiC particles 

shows a higher wear resistance in comparison with pure copper. 

SiC particles on the surface of MMC layer produced by FSP 

reduce the fluctuations and enhance the average friction 

coefficient slightly.  Lower traverse speeds reduce grain size of 

the specimens. FSPed with SiC particles in SZ because of 

higher level of separation of SiC particles. Higher traverse 

speeds in the specimens FSPed with SiC particles reduce micro 

hardness values. Using tool with triangular pin leads to better 

distribution of particle rather than other tools which were 

because of flow pattern of materials against this tool.  The 

average friction coefficients of composites fabricated by multi-

pass FSP were noticeably reduced compared to the pure copper. 

Addition of SiC particles led to enhancement of electrical 

resistivity of pure copper.  Higher tool rotational speed and 

lower processingspeed produced an excellent distribution of 

B4Cparticles and higher area of surface composite due to 
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higher frictional heat, increased stirring and material 

transportation. 

 

 

 
Figure 14: FSP parameters influencing the properties of 

surface composite. [17] 

 

In another research paper, papers related to study of friction stir 

processing of copper were studied. Processing parameters such 

as tool geometry, tool rotational speed, tool tilt angle, 

processing speed, axial load and groove width & depth were 

studied. Strength of Friction Stir  Processed material improved 

significantly and at same time ductility retained as well  as 

hardness also improved substantially. Friction stir welding / 

processing is a novel surface modification technique and 

resulted in significant grain refinement in the processing 

material. The results obtained also indicated that the selected 

FSP parameters significantly influence the area of surface 

composite by the distribution of material particles. Higher tool 

rotational speed and lower processing speed produce an 

excellent distribution of material particles and higher area of 

surface composite due to higher frictional heat, increased 

stirring and material transportation. Tool used was H13 steel 

tool, cylindrical Pin, Shoulder Diameter- 15mm, Pin diameter- 

5mm Pin length-1.5 mm with straight cylindrical threaded Pin 

shape. Feed was 10mm/min with spindle speed 1600 rpm. The 

microstructure is characterized by equi-axed fine grains with 

well-defined grain boundaries. The microstructure evolved 

through dynamic recovery and dynamic recrystallization 

process. FSP improved wear resistance .The high wear 

behavior in the stir zone is attributed to a lower coefficient of 

friction and the improved micro-hardness in this region. [18] 

 

Moving on to the literature on Aluminum as base metal, the 

paper by L.B. Johannes et al [19] discusses the use of friction 

stir processing (FSP) in order to enhance the super plasticity 

property for use in aerospace and automotive panels. They 

chose AA5083 aluminum for this purpose. A sample of this 

metal is processed using friction stir processing and then cold 

rolled. The AA5083 alloy was received in the continuous cast 

(CC) condition with an initial thickness of approximately 8 

mm. The chemical composition of the alloy is given in. The 

alloy plate was first FSPed with a single pass using a tool 

rotation rate of 600 rpm and a traverse speed of 25.4 mm/min 

(1 rpm) which is denoted as (600/1). The FSP was performed 

using a high strength cobalt alloy (MP159) tool with a pin 

6.4mmin diameter and length. The shoulder on the tool was flat 

and 25mm in diameter. The tool pin was threaded with a right-

hand screw and the rotation was counterclockwise. Two cold 

rolling schedules were used with this material followed by 

recrystallization. The first rolling schedule resulted in a net 

reduction of 78.6% in two passes, and a true thickness strain of 

1.54 .The second  rolling schedule provided a 72.3% net 

reduction in two passes and a true thickness strain of 1.08.The 

recrystallization anneal was performed at 773K for 15 min. 

This sample is then compared with properties of as-cast and 

rolled samples. It is observed that on FSPed material the 

elongation was increased and the grain size is refined and made 

finer by recrystallization as shown below. Flow stresses were 

lower when the material was FSPed before rolling which may 

translate into more cost effective super plastic forming. FSP 

before cold rolling aids in minimization of the post 

recrystallization grain size by altering the size and distribution 

of constituent particles. 

 

 

 
Figure 15: SEM images of (a) cast material vs. (b) FSPed 

material [19] 

 
Figure 16: (a) Non FSPed Rolled Sample and (b) FSPed Rolled 

Sample. [19] 
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In order to gain knowledge of the effect of the tool shoulder 

geometry on the various mechanical parameters, paper by A. 

Scialpi et al [20] was studied. The grade of aluminum used was 

AA6082. Plates of 1.5mm thickness were welded using 

different types of tool shoulder geometries and later tested. The 

welding process was carried out rotating the tool at 1810 rpm 

and at a feed rate of 460 mm/min, with a 2 degree tilt angle and 

a 0.1 mm plunge. The tool is characterized by a non-threaded 

pin with a 1.7 mm diameter and 1.2 mm height. The adopted 

pin configuration has been successfully used by the authors 

previously to friction stir weld 1.5 mm thick . The geometries 

involved were shoulders with scroll and fillet, cavity and fillet 

and only fillet. The various tests carried out were visual 

inspection, macrograph and mechanical tests viz. bending test 

and tensile tests (longitudinal and traverse). The tools with 

dissimilar shoulders produce very different crown quality. The 

bead obtained by the TFC tool (fillet + cavity) is characterized 

by a smooth surface and very little flash, which is produced but 

it is removed during the process as a continuous chip. The 

resulting microstructure was widely investigated by optical 

microscopy putting out the influence of shoulder geometry on 

the nugget grain size. It was concluded that for thin sheets of 

such order shoulder with fillet and cavity gave best results. 

With 460 mm/min and 1810 rpm, TFC can be considered the 

best tool because the combination of fillet and cavity increases 

the longitudinal and transverse strength of the joint and provide 

the best crown surface. The tool geometries used are shown in 

figure. 

 

 
Figure 17: Tools used for the experimentation and their main 

dimensions in mm. [20] 

 

 

K. Elangovan et al [21] discusses the effect of both tool pin 

profile and tool shoulder diameter on the friction stir welded 

Aluminum. 6mm thick Aluminum of grade AA6061 is used. 

The rolled plates of 6 mm thickness have been cut into the 

required size (300 · 150 mm) by power hacksaw cutting and 

milling. The tool pin profiles used were tapered cylindrical, 

square cylindrical, threaded cylindrical, square and triangular. 

The shoulder diameters used were chosen as 15mm, 18mm and 

21mm. All combinations of tool pin and shoulder diameters are 

fabricated and used to weld 6mm thick 300x150mm. The 

primary function of the non-consumable rotating tool pin is to 

stir the plasticized metal and move the same behind it to have 

good joint. Pin profile plays a crucial role in material flow and 

in turn regulates the welding speed of the FSW process. The 

relationship between the static volume and dynamic volume 

decides the path for the flow of plasticized material from the 

leading edge to the trailing edge of the rotating tool. This ratio 

is equal to 1 for straight cylindrical, 1.09 for tapered 

cylindrical, 1.01 for threaded cylindrical, 1.56 for square and 

2.3 for triangular pin profiles. In addition, the triangular and 

square pin profiles produce a pulsating stirring action in the 

flowing material due to flat faces. The square pin profile 

produces 80 pulses/s and triangular pin profile produces 60 

pulses/s when the tool rotates at a speed of 1200 rpm. There is 

no such pulsating action in the case of cylindrical, tapered and 

threaded pin profiles. The pin generally has cylindrical plain, 

frustum tapered, threaded and flat surfaces. Pin profiles with 

flat faces (square and triangular) are associated with 

eccentricity. This eccentricity allows incompressible material to 

pass around the pin profile. Eccentricity of the rotating object is 

related to dynamic orbit due to eccentricity. This dynamic orbit 

is the part of the FSW process. It is concluded using tests on 

microhardness and microstructure that of the five tool pin 

profiles used in this investigation to fabricate the joints, square 

pin profiled tool produced defect free FSP region, irrespective 

of shoulder diameter of the tools. Also of the three tool 

shoulder diameters used in this investigation to fabricate the 

joints, a tool with 18 mm shoulder diameter produced defect 

free FSP region, irrespective of tool pin profiles. Thirdly Of the 

15 joints fabricated in this investigation, the joint fabricated 

using square pin profiled tool with shoulder diameter of 18 mm 

showed superior tensile properties. 

 

 

 
 

Figure 18: Tool pin profiles used [21] 

 

 

Number of passes is an important parameter in FSP. It is known 

to improve the super plasticity of alloys. This was studied by 

Z.Y. Ma et al [22]. Sand cast A356 plates were used of 

thickness 15mm. Five-pass FSP with a tool rotation rate of 700 

rpm and a traverse speed of 203 mm/ min was performed using 
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a tri-flute pin. The overlap between the passes was one-half of 

the pin diameter. After each FSP pass, the plate was cooled 

down to room temperature and then the next FSP pass was 

performed to eliminate the effect of accumulative heating. The 

FSP sample was cut in the transverse direction, ground, 

polished, and examined using optical microscopy. The size and 

aspect ratio of the Si particles were analyzed by using Scion 

Image software. It was concluded that Overlapping FSP did not 

affect the size, aspect ratio, and distribution of the Si particles. 

The Si particles broken by FSP were uniformly distributed in 

the entire processed zones created by multiple-pass FSP. Under 

the as-FSP condition, both the strength and ductility of the 

transitional zones were lower than those of the nugget zones. 

The strength of the previous FSP zones was lower than that of 

the subsequent FSP zones. After T6-heat treatment, the tensile 

properties of the 5-pass FSP A356 samples were similar across 

various passes and comparable to those of the single-pass FSP 

sample. T6-treatment results in a significant increase in both 

yield and ultimate tensile strengths and a slight decrease in 

ductility for various microstructural zones of the 5-pass FSP 

A356 sample. This is due to the complete dissolution of the 

Mg2Si precipitates during the solid-solution treatment and the 

subsequent re-precipitation during the T6-aging. The strength 

of FSP zones increased with the number of passes. 

 

 

 

 
Figure 19: Typical optical micrographs showing Si particle 

distribution in 5-pass FSP A356: (a) 1st pass, (b) 2ndï3rd pass 

transition, and (c) 5th pass [22] 

 

 

 

3. EXPERIMENTAL SETUP AND PROCEDURE 

 
Fig 20: Friction stir welding / processing machine (Central workshop, 

DTU)  

 
Fig 21:Tools used during Fig: Friction stir Processing 

 

 

3.1 Setup 

The material used is Aluminium Al6082 and Silicon Carbide 

particles to fabricate Al-SiC composites. The specimen size of 

the copper plate that is used for processing 200 mm x 75 mm x 

6 mm. One groove of 1mm width and 2.5 mm deep was made 

on the 99.99% pure Aluminium Plates using horizontal milling 

machine with a 1mm (width) saw cutter was cut in the middle 

of the specimen plate for processing. The tool Material used is 

H13 steel. The Tool profile is Cylindrical threaded  with 

shoulder diameter 15mm, threaded pin diameter 8 mm, pin 

length 1.5 mm with tool rotational speed 1000 rpm, tool tilt 

angle 2°  and table traverse speed 35 mm / min with axial force 

450 Kgf. The pin of the tool was brought just above the plate in 

such a way such that the centre of the pin lies just above the 

centre of the groove cut. First Pass is made along the length of 

the job. Second Pass, after cooling the plate for 5-10 minutes is 

made along the length of the job. The job was allowed to cool 

for some time and then taken out from the fixtures. Initially 

without Silicon Carbide Particles one specimen plate was 

processed with single pass. Then second specimen plate was 

processed after filling Silicon Carbide Particles in the groove 

cut (single pass). Then third specimen plate was processed after 
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filling Silicon Carbide Particles in the groove cut (double pass). 

Finally the fourth specimen plate was processed after filling 

Silicon Carbide Particles in the groove cut (triple pass). The 

Silicon Carbide powder was filled into the grooves of second 

and third plate and process is repeated as per the following 

table. Process Parameters for first, second, third plate are 

mentioned in the table. 

 

3.2 Workpiece Details 

Å Dimension : 200mm X 75mm X 6mm 

Å Number of workpieces : 4 

Å Composite : Aluminium 6082 + SiC particles 

Å Number of grooves per workpiece : 1 

Å Passes : 

 

¶ Parent Aluminium workpiece without any 

processing. 

¶ Single pass on the first Aluminium workpiece 

without SiC 

¶ Single pass on the second Aluminium workpiece 

with SiC 

¶ Double pass on the third Aluminium workpiece  

with SiC 

¶ Triple pass on the fourth Aluminium workpiece 

with SiC 

 

 

 

 
Fig.22: Single pass on the first Al workpiece without SiC 

 
Fig.23: Single pass on the second Al workpiece with SiC 

 

 
Fig.24: Double pass on the third Al workpiece with SiC 

 


