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Abstract 

 

Friction stir welding is a newly developed welding technique utilized to weld 

lightweight alloys, such as aluminum alloys. Due to its low melting temperature, 

welding aluminum has been always challenging using conventional techniques. 

Friction stir welding can be controlled by different parameters like rotational speed, 

feed rate and welding medium. In this research, submerged friction stir welding of 

marine grade aluminum alloy 5083 is investigated. The study is divided into two 

parts, experimental and numerical investigations. In the experimental part, the effect 

of different welding parameters on thermal histories, tensile properties and 

microstructural properties are studied. The numerical part is a finite element modeling 

of the process to predict the changes in thermal profiles and material properties as the 

welding parameters are changed. The results of this study show that submerging 

highly affected the thermal histories and thus the microstructural and mechanical 

properties of the welded alloy. Controlling both the rotational speed and the feed rate 

found to be crucial to successfully friction stir weld aluminum and achieving good 

mechanical properties. The finite element model successfully predicted the thermal 

profile generated by friction stir welding under different parameters.  
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Chapter 1 : Introduction 

 

1.1 Problem Statement and Motivation 

As welding is one of the most commonly used processes in the industry, 

achieving a high quality weld has become a goal several researchers thrive to achieve. 

Plenty of welding techniques were developed throughout the years; however, welding 

aluminum and its alloys still seem to be problematic due to its high thermal 

conductivity and relatively low melting temperature. In addition, some applications 

require the welding to be done underwater, such as repairing underwater pipelines, 

marine platforms, ships and other marine engineering projects. This may be possible 

using the conventional welding techniques like arc welding, but it is also considered a 

very difficult and dangerous technique as it requires the welder to work with electric 

equipment underwater. Both of these problematic welding cases can be solved using 

the newly developed welding technique called friction stir welding.  

  

Figure 1.1 - Schematic drawing of friction stir welding [2] 

Friction stir welding (FSW) was invented by the Welding Institute in 1991 [1]. 

FSW is a technique wherein two work pieces are clamped together, and a specially 

designed rotating tool is used to weld the two pieces together as illustrated in Figure 

1.1 [2]. The rotating tool, which consists of a shoulder and a pin, applies the force and 

heat produced by the friction on the work piece. The friction causes the temperature 

of the work piece to increase to an extent where the material becomes soft but still not 

molten. After that, the rotation of the tool stirs the material and causes it to flow 
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plastically; this is considered a deformation at a temperature under the melting 

temperature of the material causing various changes in its properties and 

microstructure [3, 4].   

This newly developed welding technique can be used effectively to weld 

aluminum alloys as the solid state welding occurs at a relatively low temperature 

compared to the other conventional welding techniques. Moreover, friction stir 

welding can be performed easily underwater using the same set up used to weld 

samples in air. This gives friction stir welding an advantage over other welding 

techniques which tend to be challenging when considering the previous mentioned 

cases.   

During the process, several changes occur in the mechanical properties and 

microstructure of the material due to plastic deformation. These changes in properties 

are affected by the welding conditions, such as rotational speed, feed rate and welding 

medium. Given the great potential of friction stir welding, this project is dedicated to 

find the relations between the changes in mechanical properties and microstructure 

and the weld parameters. The study aims at finding the optimum welding parameters 

to weld aluminum alloy 5083 underwater and developing a numerical model to further 

investigate the process.  

1.2 Objective and Scope of Work 

The aim of this project is to investigate the effects of weld parameters on 

submerged FSW and their effects on the mechanical properties and microstructure of 

the material. The input parameters that are taken into consideration are the rotational 

speed, the feed rate and the thermal boundaries. On the other hand, the properties of 

interest in this study are the yield strength, ultimate tensile strength, ductility and 

hardness of the weld. The objectives of this project are to be achieved through 

performing the following tasks: 

1- Welding marine-grade 5083 aluminum alloy samples using different 

rotational speeds and feed rates while recording the thermal profile and the 

power consumption during the process. 

2- Performing tensile test on the welded samples and plotting the stress strain 

curve to find the mechanical properties of the weld. 
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3- Taking microscopic images of the welded samples to study the effect of 

submerged friction stir welding on the microstructure of the material. 

4- Developing a finite element model to predict the effects of welding 

parameters on the welded material and experimentally validate this model. 

Whereas, the methodology used to achieve these objectives is as follows: first, 

a literature review on the topic is done to study what has been achieved so far. The 

literature review is conducted throughout the whole project period to compare the 

results and stay updated on the developments occurring in the studied field. The 

second stage in the investigation is the experimental process, which is the base of this 

study. The experimental process is divided into two parts. The first part is the welding 

process where the data recorded is the thermal profile and the power consumption 

during the process. The second part of the experimental work includes the testing of 

the samples, which contains the tensile testing and the microscopic testing. Last but 

not least, the project is concluded by developing a finite element model of the process. 

This model is based on the experimental work that was previously conducted and may 

require more experimental work to be validated.  

1.3  Thesis Outline 

The framework of the current thesis is as shown below: 

 Chapter 1: Introduction of the thesis including problem statement, 

historical background, scope of work, methodology and objectives.  

 Chapter 2: Literature review and previous findings on friction stir welding, 

submerged friction stir welding, marine grade aluminum alloy 5083 and 

numerical modeling of friction stir welding. 

 Chapter 3: Specifications and details about the material, tools and 

equipment used in this study in addition to the experimental procedure and 

process parameters.  

 Chapter 4: Results and discussion of the effects of friction stir welding on 

temperature profiles, power consumption, tensile properties and 

microstructure.  

 Chapter 5: Finite element analysis of friction stir welding including model 

description, validation and results. 
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 Chapter 6: The conclusion chapter that summarizes the findings of this 

research in addition to suggesting recommendations and future work that 

can further enhance the process.   
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Chapter 2 : Background 

2.1 Friction Stir Welding 

As mentioned earlier, friction stir welding was developed in 1991 to weld 

what was referred to as non-weldable alloys, such as 2xxx and 7xxx series aluminum 

alloys [2]. It should be noted that these alloys are, in fact, not impossible to weld 

using techniques other than friction stir welding; however, the results of other 

techniques are very poor. The welded samples exhibit a significant loss in mechanical 

properties which makes them unreliable. Other welding techniques, such as resistance 

welding, were suggested; nonetheless, due to their high cost, friction stir welding 

stand solely as the best welding option for these alloys.   

As a relatively new process, various studies were done on friction stir welding. 

Studies include the effects of welding parameters like rotational speed and feed rate, 

effects of tool geometries, defects formulations and other related matters. Most of the 

studies conducted are concerned with friction stir welding performed in air, while a 

fewer papers focused on submerged friction stir welding.  

 A study done by McQueen et al. [5] investigated the effect of friction stir 

welding on aluminum alloy 6065 in terms of mechanical properties and 

microstructure. The weld was done at a rotational speed of 1800 rpm and a feed rate 

of 15 mm/s; the tool was placed at an angle of 3⁰ with respect to the welded plate. The 

study indicates that the tensile strength of the weld is close to 90% of the unprocessed 

material, and the yield strength is almost the same as that of the unprocessed material. 

The only unsatisfying result in McQueen et al.’s study is that the ductility decreased 

to below 50% of the unprocessed alloy. In another study by Lee et al. [6], aluminum 

alloy 356 samples were friction stir welded at 1600 rpm rotational speed, a feed rate 

ranging between 87 to 342 mm/min and an angle of 3⁰ with respect to the welded 

plate. The results show that the welded zone has transverse ultimate yield strength 

similar to that of the base material; in addition, the longitudinal ultimate tensile 

strength of the welded material improved by 20% compared to the base material. It 

was also noted that all the specimens were fractured at the unaffected base material 

rather than the welded material.    
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In addition to McQueen et al.'s studies, Klobčar et al. [7] studied the effect of 

heat input in friction stir welding by varying the rotational speed and feed rate. 

aluminum alloy 5083 was used as the material of this study. At the microscopic level, 

the higher heat input achieved larger grains compared to samples with lower heat 

input. The samples welded at relatively high and low heat input achieved a slightly 

lower tensile strength; whereas, the samples that welded at medium heat input 

achieved higher tensile strength compared to base material. The sample welded with 

low heat input attained the highest hardness compared to the other samples while 

welding at high heat input resulted in the lowest hardness. 

Sutton et al. [8] investigated the microstructure of friction stir welded 2024-T3 

aluminum and its variation in the stir zone. The weld was done at a rotational speed of 

360 rpm and a feed rate of 3.3 mm/s using a tool with a 23 mm diameter shoulder and 

an 8.2 diameter pin. Different etching techniques were used in the study to obtain 

high-contrast images of each FSW sample. Furthermore, Mixed-mode I/II monotonic 

fracture experiments were conducted to study the microstructure effect on the fracture 

path of the FSW samples. It was found that the microstructure of the FSW samples is 

non-uniform and alternating between hard particle-rich and hard particle-poor regions. 

It was also found that the fracture path is affected by the microstructure and tends to 

follow high particle density regions. The results of this study come in agreement with 

Schneider et al.’s study [9] where TEM imagining of FSW aluminum alloy 2915-T81 

was used. A variety of grain diameters were found in the stir zone; the majority of the 

sizes found landed between 4 to 22 microns.  

An experimental and numerical study by Xu et al. [10] focused on the effect of 

welding parameters and tool shoulder diameter on the thermal histories of friction stir 

welded aluminum magnesium alloy 5083-H116. The study found that as the feed rate 

of the tool increases, the heat generated by the shoulder decreases and the heat 

generated by the pin increases. The heat generated by the shoulder was found to be 

also affected by the diameter of the shoulder; an increase in the shoulder diameter 

causes an increase in the heat generated. The shoulder : pin heat generation ratio 

revealed in the study ranges between 60% : 40% to 30% : 70% depending on the 

welding parameters discussed earlier. 
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The microhardness of friction stir welded samples is studied by Jones et al. 

[11]. 2024-T351 aluminum alloy was used as a base material in this study; the 

microhardness of the unprocessed material was found to be 135 HV. After being 

welded, it is noticed that the hardness at the nugget zone fluctuated in the range of 

120-130 HV and decreased to 100 HV as it moved away from the weld zone. Finally, 

the hardness increases up to 135 HV as it moves closer to the base material at the 

edges of the heat affected zone.   

Some studies focused on the effects of tool geometry on FSW [12-15]. Fujii et 

al. [15] studied the relation between tool geometries, and mechanical properties and 

microstructure of different aluminum alloys in FSW. The three types of FSW tools 

considered in the study were column without threads, column with threads and 

triangular prism shape. Three aluminum alloys were used in the experiment; the first 

is 1050-H24, which has a very low deformation resistance and thus achieved the best 

mechanical properties when friction stir welded using column shaped tool without 

threads as it produced welds with less defects than the other tools. The second one is 

6061-T6 alloy which did not show any significant respond to changing the tool used 

in FSW in terms of microstructure and mechanical properties. It was noted that 6061-

T6 alloy has a higher resistance to deformation but still considered relatively low. The 

third one is 5083-O alloy which has the highest deformation resistance among the 

three alloys. The mechanical and microstructure of the friction stir welded 5083-O 

were only affected by tool geometries at relatively high rotational speed. It was found 

that at a rotational speed of 1500 rpm, the triangular prism tool yielded the best weld; 

whereas, at a rotational speed of 800 rpm, the column with threads tool achieved the 

best weld and finally, at the lowest rotational speed of 600 rpm, the tool geometries 

did not have a significant effect on the mechanical properties and microstructure of 

the welded material. 

An Evaluation of FSW of aluminum alloys AI-2219 and AI-2195 samples 

with different surface finish was done by Adapa et al. [16]. Four samples were made; 

the first sample with anodized joints yielded the worst results as it did not withstand 

half the load the other samples handled and achieved less than 1% elongation before 

fracturing. The other three samples with surface finishes were anodized root and 

crown surface, cleaned surface and natural oxide on surface; the three FSW samples 

endured almost the same amount of load before fracturing. Nonetheless, the sample 
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with anodized root and crown surface was considered the best as it achieved a 14% 

elongation compared to 5% and 7.2% for samples with cleaned surface and natural 

oxide on surface, respectively. 

Khodir et al. [17] studied the effect of backing material on the thermal history, 

microstructure and hardness of aluminum alloy 2024-T3. The samples were all 

welded at a rotational speed and feed rates of 1250 rpm and 50 and 100 mm/min, 

respectively. Three types of backing materials were used in this study, SUS304 grade 

stainless steel, pure copper block and a combination of both. It was found that using 

stainless steel as the material of the backing plate resulted in the biggest grain size of 

7.1 µm and 5.5 µm for 50 and 100 mm/s feed rates, respectively. While the smallest 

grain size was found when using pure copper block, which was 1.7 µm at 50 mm/s 

and 1.3 µm at 100 mm/s. In addition, it was noted that a higher peak temperature 

results in a higher hardness in the stir zone but a lower one in the heat affected zone 

which was found when using stainless steel backing plate. On the other hand, an 

increase in heating/cooling rate results in a higher hardness in the heat affected zone 

compared to the stir zone which is the case when using pure copper and a 

combination of copper and stainless steel. Furthermore, the highest tensile strength 

was found when using a combination of copper and stainless steel backing plate; the 

tensile strength achieved was 427 MPa which is 93.6% of that of the base material.  

A study on the defects formed during friction stir welding was conducted by 

Kim et al. [18] and presented three types of defects. The first defects are due to excess 

heat input; defects usually appear at high rotational speed and low feed where a large 

mass flash is ejected outside the stir zone due to the softening of the material caused 

by the excess heat input. The second type of defects is due to insufficient heat input; a 

cavity or a groove-like defect appears on low rotational speed and high feed rate due 

to deficient heat input causing the material not to stir sufficiently. The last type of 

defects is caused by abnormal stirring; this type of defects happen at high rotational 

speed and high feed rate. The defect is caused to the temperature difference between 

the top and the bottom of the stir zone, where the top contacting the tool shoulder has 

high temperature relative to the bottom part of the stir zone which causes cavities to 

form. This type of defect slowly decreases as the downward force of the tool 

increases. In another study on the forming of defects in FSW, Leal and Loureiro [19] 

investigated the effect of welding speed on forming defects in different aluminum 
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alloys. In that study, 6063-T6 alloy was friction stir welded at a 500 mm/min and 

found to form fewer defects than 5083-O and 2024-T3 alloys which were welded at 

150 to 600 mm/min and 200 to 400 mm/min, respectively. Nonetheless, 6063-T6 

alloy FSW sample had a severe decrease in hardness in the weld; whereas, in the other 

two samples, 2024-T3 alloy FSW sample had a very small decrease in hardness, and 

the 5083-O alloy FSW sample had a slight increase in the hardness. It was found that 

an increase in the welding speed causes an increase in the rate of void formation; 

nonetheless, other factors may have an effect on void formation like the alloy used 

and the rotational speed as discussed earlier.     

Cavaliere et al. [20] investigated FSW of dissimilar aluminum alloys 2024 and 

7075. The tensile test done show that the weld achieved yield and tensile strengths are 

close to that of the weaker alloy with a very low elongation percentage compared to 

both alloys. It was also observed that the fracture occurred at the side of the weaker 

alloy. In addition, fatigue endurance curves were achieved in the study; it showed that 

FSW reduced the fatigue behavior of the material compared to the unprocessed 

material.  

The effect of multi-passing in FSW and FSP was investigated in a limited 

number of studies [21-24].  Ma et al. [21] reported that both the ductility and strength 

are lower in the transitional zone between the welds in comparison to the weld 

nugget. It was also reported that following FSP passes achieved higher strength than 

preceding FSP passes. Additionally, multi-passes tend to have a slightly lower 

elongation than single pass FSP [22]. In terms of hardness, multi-passes do not have a 

significant effect as the hardness remains almost constant between passes [23]. 

A study of heat treatment effect on FSW welded alloys was conducted by Liu 

et al. [25] where 2219-T6 aluminum alloy was friction stir welded and tested by 

tensile testing. Post-weld heat treatment was found to have a positive effect on the 

tensile strength of the material as it increased from 81% to 89% of the tensile strength 

of the base material. Nonetheless, post-weld heat treatment caused the elongation of 

the FSW samples to decrease from 7.4% to 3.7%.  
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2.2 Submerged Friction Stir Welding 

One of the applications of friction stir welding is that the ability of welding under 

water is more feasible than underwater arc welding [26]. Submerged friction stir 

welding uses the same tool and the same procedure used in air friction stir welding. 

However, for the same material, different weld parameters; for instance, feed rate and 

rotational speeds, must be used to obtain the same quality as in air friction stir 

welding. 

Upadhyay and Reynolds [27] inspected the effect of thermal boundaries on 

friction stir welding. Friction stir welding was conducted on samples in air and 

samples submerged in water to determine what effect the quenching rates have on the 

joint properties and some of the weld response parameters. It was found that the peak 

temperature during the welding process was almost the same for the samples welded 

in air and those submerged in water; however, the cooling rate was higher for 

submerged samples than those welded in air. Additionally, submerged friction stir 

welded samples achieved a smaller grain size than the in air welded samples. This 

also indicates that the samples welded under water have a higher tensile strength than 

the samples welded in air, and this was proven experimentally. Nonetheless, it was 

observed that lowering the welding temperature by submerging the sample causes the 

sample to require more torque to stir the material; this resulted in the need of a higher 

rotational speed and thus required higher power consumption.  

 In addition, Zhang et al. [28] investigated the effects of rotation speed on 

submerged friction stir welding of aluminum alloys. The material used in the study is 

2219-T6 aluminum alloy. The welding tool used had a shoulder diameter of 22.5 mm 

and a pin diameter and length of 7.4 mm. The results obtained by Zhang et al. show 

that the tensile strength of the weld increases as the rotation speed increases from 600 

to 800 rpm; then, it stays constant as the rotational speed increases from 800 to 1200 

rpm, and finally, it decreases sharply as the rotational speed reaches 1400 rpm with 

void defects appearing on the weld. The increase of rotational speed causes the 

material to become softer and thus more proper stirring occurs; this causes an increase 

in the tensile strength of the welded material. However, as the rotational speed 

increases further, excessive heat is exerted on the material causing defects to from, as 

discussed earlier [18,19].   
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In another study on submerged friction stir welding, Fu et al. [29] studied the 

effects of water temperature on the weld quality and properties. A 7050 aluminum 

alloy sample was used in the experiment where it was friction stir welded in air, and 

submerged in cold and hot water. The results indicate that the best welding medium is 

hot water where the ultimate tensile strength of the weld was 92% of that of the 

unprocessed material, and the ductility increased to 150% compared to the 

unprocessed sample. The ultimate tensile strength of the samples welded in cold water 

and in air dropped to approximately 85% and 75%, respectively, with respect to 

unprocessed sample; whereas, the ductility increased in air by 30% and in cold water 

by 25% compared to unprocessed sample. These results are in accordance with those 

of another study conducted by Liu et al. [30] which also confirms that submerged 

friction stir welding has a positive effect on tensile strength of the material compared 

to conventional friction stir welding. 

A variation of FSW, a material refinement method called Friction Stir 

Processing (FSP), is used to achieve ultra-fine grain structure [31 – 33]. Nonetheless, 

there was the issue of grain growth due to the sample being exposed to high 

temperature during the process. Hofmann and Vacchio [34] used submerging as a 

technique to increase the cooling rate of the sample and decrease the time it is 

exposed to high temperature. The method proved to radically reduce the amount of 

conductive heat flow in the process. This decrease in conductive heat resulted in a 

reduction in the average grain size and made it possible to achieve a grain size as 

small as 200 nm or less.  

 In a previous study [7], FSP of magnesium alloy AZ31 was conducted in air 

and submerged in hot and cold water. It was noticed that when the samples are 

submerged, the peak temperature and time above a reference temperature decreased 

significantly compared to the sample processed in air. The sample submerged in cold 

water achieved the smallest average grain size of 13.3 µm compared to 15.9 µm and 

18.9 µm in FSP samples done in hot water and air, respectively. Nonetheless, the 

sample processed in hot water achieved the highest ultimate tensile strength and 

elongation compared to the other two samples.   
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2.3 Aluminum Alloy 5083 

Aluminum alloy 5083 is a marine grade alloy and it is a significant material in 

several marine applications. Generically, the best specifications of aluminum alloys 

are the low density and high strength to weight ratio. Aluminum alloy 5083 has a 

density of 2650 
  

  
 which is close to one third the density of steel, copper and brass. 

The main alloying element of 5000 series aluminum alloy is magnesium, which plays 

a role in strengthening the alloy in addition to other elements; the chemical 

composition of aluminum alloy 5083 is shown in Table 2-1. With the given 

advantages, in addition to being corrosion resistant, using aluminum alloy, ship design 

will weight 50% less than similar steel designs [35]. Whereas, using aluminum alloy 

in ship construction, the weight reduction in the ship body results in achieving higher 

speed and less energy consumption. Moreover, welded aluminum alloy plates are 

used widely in manufacturing large tanks to transport liquefied gases. Last but not 

least, 5000 series aluminum alloys have the potential to be processed and enhanced to 

achieve better mechanical properties depending on their application [12] 

Table 2-1  Chemical Composition of Aluminum Alloy 5083 [52] 

Al Cr Cu Fe Mg 

94.2-95.6% 0.05-0.25% >0.1% >0.4% 4-4.9% 

Mn Si Ti Zn  

0.4-1% >0.4% >0.15% >0.25%  

 

2.4 Numerical Modeling  

 Various studies have been conducted on numerical modeling of friction stir 

welding. Different models were constructed to analyze, study and predict the effects 

of friction stir welding and friction stir processing. Numerical modeling can aid in 

fully understanding specific details in the process; for example, strain evolution and 

material flow. Moreover, by validating the numerical results with experimental 

results, the numerical model can be used to predict changes in the results due to 

variations in the input parameters which saves experimental time and cost. Studies 

prove that 2-dimentional modeling of FSW is possible [36-38] but is relatively limited 

compared to 3-dimentional models. 
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Buffa et al. successfully created a model using commercial finite element 

analysis software DEFORM-3D which can predict the temperature, strain, strain flow 

and forces from the weld parameters [39]. The tool is modeled as a rigid body while 

the work piece is modeled as a single block to avoid contact instabilities if a backing 

plate is introduced. It was found that decreasing the feed rate causes an increase in the 

maximum temperature of the weld nugget and an expansion in the heat affected zone. 

In addition, it was reported that the thermal profile along the weld line is symmetric as 

opposing to the material flow which was found to be asymmetric while both are 

controlled by the rotational speed and feed rate of the welding tool. 

Hamilton et al. [40] proposed an energy based thermal model with Johnson-

Cook's plasticity formulation to predict the thermal profile during the FSW process. 

As it accounted the heat generated due to plastic deformation and heat loss due 

conduction to the backing plate, the results came in good agreement with the 

experimental data. The model accurately predicted the heat generation and maximum 

weld temperature at relatively higher rotational speeds. A comparison between the 

temperature profiles with and without accounting for the heat generation due to the 

plastic deformation shows that the results are closer and more accurate to the 

experimental results when the heat due to plastic deformation is included. 

Nonetheless, the model under predicts the maximum weld temperature at the lower 

rotational speeds due to the conventional approach used to compute the plastic 

energy. 

A thermo-mechanical model was developed by Zhang and Zhang [41] to 

predict the variations in thermal histories and material caused by various welding 

parameters in friction stir welding. ABAQUS/Explicit commercial finite element 

analysis software was used to generate the model. Arbitrary Lagrangian-Eulerian 

(ALE) formulation was used to avoid excessive element distortion in the mesh due to 

high plastic deformation. Additionally, to avoid element distortion, mass scaling of 

    was determined by comparing internal and kinetic energy. The model 

successfully foretold results that are equivalent to the experimental results; it was 

reported that as the rotational speed increases, the welding temperature increases. 

Increasing the rotational speed also leads to an increase in the power consumption and 

residual stresses on the sample. 



 

24 
 

Schmidt and Hattel [42] produced a thermomechanical model to investigate 

the conditions where a perfect weld can be achieved by FSW and no void is 

formulated. The model was made using the commercial software ABAQUS/Explicit 

with ALE formulation and remeshing option to avoid excessive distortion in the mesh 

due to high plastic deformation. It was found that heat generated in the process is due 

to plastic dissipation and frictional dissipation depending on the sticking and sliding 

conditions at the instant. The mesh quality in this work was reduced to compromise 

the simulation time which was said to reach 14 days for 10 seconds of simulation on a 

high speed computer. 

Despite the fact that several researches were conducted on the topic, only a 

few of them were concerned with submerged FSW. The current study focuses on 

understanding the effect of submerging on FSW in addition to the effect of welding 

parameters, such as rotational speed and feed rate on submerged FSW. Furthermore, 

most of the numerical models reported in the literature were developed using 

Lagrangian part definition in ABAQUS which requires high computational cost. The 

model in this study is developed using Eulerian material definition which significantly 

reduces the computational time.  
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Chapter 3 : Experimental Work 

 

3.1 Specimen Description          

The specimens used in this study are made of marine grade aluminum alloy 

5083; specifications and composition are discussed in section 2.3. The properties of 

aluminum alloy 5083 are shown in Table 3-1. The samples used are 130 mm in 

length, 60 mm in width and 4 mm thick. The specimens used are cut from 4 mm 

sheets; holes are drilled on the sides of the specimen to allow clamping it in the 

specially designed tank for submerged friction stir processing, experimental 

procedures are discussed in more details in section 3.3. Before testing the received 

material, samples are cut and prepared under the same conditions of the FSW samples 

to assure that only the effect of FSW is observed. Tiny slots for thermocouple 

placement are made 2 mm away from the stir zone and along the weld line.  

    Table 3-1 Properties of Aluminum alloy 5083 [52] 

Density Ultimate tensile 

strength 

Elastic modulus Elongation 

2650       290-320 MPa 72 GPa 17 – 23% 

Hardness, Vickers Melting 

temperature 

Thermal 

conductivity 

Thermal 

expansion 

75-95 HV 570 ⁰C 121 W/m.K 25 x      /W 

 

3.2 Tools and Equipment         

A specially designed steel welding tool is used for in air FSW and submerged 

FSW. The tool used in this study has a 15 mm diameter featureless shoulder and a 4 

mm long threaded pin with a diameter of 5 mm. In addition, a vertical Computer 

Numerical Control (CNC) machine is used to drive the welding tool. The setup used 

to hold the specimen was designed and built to allow a dynamometer to be placed 

below the holding fixture for future use. Moreover, the steel fixture is designed so that 

it clamps the two aluminum pieces to be welded together while restricting them from 

moving or rotating in any direction. Figure 3.1 shows the used fixture as well as the 

used samples before welding. For submerging purposes, a plastic container is 

designed, so that the work piece can be clamped in and can be fitted in the CNC 
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machine. The submerging container used is 30 cm in length, 15 cm in width and 10 

cm in height. Furthermore, the submerging tank has a capacity of 4.5 L and can be 

used to submerge the sample with coolant or water at any temperature. Besides, three 

K-type thermocouples are placed parallel to the weld line to record the temperature 

during the process. All the thermocouples are placed at a thickness of 2.5 mm and 2 

mm away from the stir zone as shown in Figure 3.2. The three thermocouples are 

placed so that one is close to where the weld starts, one is exactly in the middle of the 

weld line and one is close to where the weld ends. Figures 3.3 and 3.4 show the full 

setup used to conduct the experimental work. Moreover, to have a better view of the 

thermal distribution along the specimen, an Ulirvision TI-395 infrared camera is also 

used to capture images during the welding process. Furthermore, the power 

consumption of the CNC machine during the process is recorded using a PS3500 

power data logger to establish a comparison in power consumption as the rotational 

speed and feed rate are changed.  

 

 

 

 

Figure 3.1 - Close up view of sample prior to welding and holding fixture 
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Figure 3.2 - Schematic diagram showing thermocouples locations and tested area 

 

Figure 3.3 - Full set up used in experimental work 

 

Figure 3.4 - Close view of experimental setup and welding tool 
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An Instron machine, shown in Figure 3.5, is used to conduct the tensile test to 

find the mechanical properties of the specimens. Moreover, an extensometer is used to 

find the elastic strain during the tensile test. The data found is used to plot a stress-

strain curve to find various mechanical properties like the yield strength, tensile 

strength and ductility.  The microhardness of submerged FSW samples is measured 

using a Qualitest microhardness testing machine, shown in Figure 3.6.  

 

Figure 3.5 - Instron machine used for tensile testing 

 

Figure 3.6 - Qualitest machine used for measuring the microhardness 
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3.3 Experimental Procedure and Process Parameters 

 The aluminum alloy 5083 sample is cut in two halves and clamped together in 

the specially designed plastic tank. The samples are plunged prior to the welding 

process as this decreases the heat input into the sample and thus results in better 

material properties [43]. The first set of in air FSW and submerged FSW samples are 

done at a rotational speed of 800, 1000 and 1200 rpm and a feed rate of 25, 75 and 

100 mm/min. Another set of submerged FSW samples are done at higher rotational 

speed, between 1400 and 2000 rpm, as they require higher heat input to account for 

the heat lost in water due to its high heat capacity compared to air. All the conditions 

used in in-air FSW and submerged FSW are shown in Table 3-2. During in air FSW 

and submerged FSW, thermocouples are used to record the temperature of the sample 

along the weld line. The power consumption of the CNC machine during in air FSW 

and submerged FSW is recorded using the power data logger.  

Table 3-2 Test matrix of input parameters where I means paramters used for in air FSW and S 

means parameters used for Submerged FSW 

 800 

rpm 

1000 

rpm 

1200 

rpm 

1400 

rpm 

1500 

rpm 

1700 

rpm 

2000 

rpm 

25 mm/min I / S I / S I / S - - S S 

75 mm/min I / S I / S I / S S S S S 

100 mm/min I / S I / S I / S S S S S 

 

 After in air FSW and submerged FSW are conducted, smaller specimens for 

tensile testing, microhardness measurement and void area fraction estimation are 

taken from the welded samples as shown in Figure 3.7. The tensile test is done at a 

rate of 2 mm/min with the extensometer measuring the elastic elongation until 0.6% 

elongation and then removed. The extensometer is removed as it could be damaged if 

the fracture occurs while it is still attached to the sample. Unlike the tensile test 

specimen, the microhardness and microscopic analysis specimen requires further 

preparation. All the specimens are ground with sand paper and then polished before 

being tested. Both the void area fraction and the average size are estimated manually. 

Finally, the microhardness is measured using a load of 1000 g and a dwell time of    

10 s. It is measured in the stir zone as shown in the schematic in the previous sections. 

The average of 5 measurements on each sample is taken. More measurements along 
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the transverse and longitudinal direction of the weld are taken for one in air FSW and 

submerged FSW for further investigation on the microhardness profile in the stirred 

material and the heat affected zone.   

 

Figure 3.7 - (a) Welded sample (b) Specimens taken for tensile and microscopic testing 
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Chapter 4 : Results and Discussion 

 

Both of the in air FSW and submerged FSW show very poor results at 800 

rpm and at the three different feed rates. Void defects are created due to insufficient 

heating as reported in previous studies [18, 19]. At a low rotational speed, insufficient 

heat is generated which does not cause the material to soften enough to be stirred 

properly; therefore, create such defects as shown in the first samples in Figures 4.1 

and 4.2. At 1000 rpm rotational speed, in air FSW attained defect free weld, but 

submerged FSW still created void defects along the line. As water has higher heat 

capacity than air, more heat is lost in submerged FSW than in in-air FSW causing it to 

still create void defects even when the rotational speed is slightly increased. As the 

rotational speed was increased to 1200 rpm, submerged FSW samples were still 

defective, as increasing the rotational speed did not increase the heat input sufficiently 

to stir the material properly. On the other hand, in air FSW samples at 1200 rpm 

attained defects due to excessive heat input as the overheated material splashed 

outside the stir zone. The rotational speed was only increased in submerged FSW, as 

in air FSW reached a rotational speed where proper stirring occurs and increasing it 

would only cause more defects to form. Increasing the rotational speed to 2000 rpm 

caused the void defects to eventually disappear leaving a good quality weld.  The 

processing window for both in air and submerged FSW is summarized in Table 4-1. 

Table 4-1 Processing window for in air and submerged FSW, where x denotes defected sample and O 

denotes defect free sample 

 In air FSW Submerged FSW 

 800 

rpm 

1000 

rpm 

1200 

 rpm  

800 

rpm 

1000 

rpm 

1200 

rpm 

1400 

rpm 

1500 

rpm 

1700 

rpm 

2000 

rpm 

25 mm/min x x O x x x - - X x 

75 mm/min x O O x x x x x O x 

100 mm/min x O O x x x x O O O 
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Figure 4.1 – In air FSW samples at 75 mm/min and (a) 800 rpm, (b) 1000 rpm and (c) 1200 rpm 

 

Figure 4.2 - Submerged FSW samples at 75 mm/min and (a) 1000 rpm, (b) 1500 rpm and (c) 1700 rpm 
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4.1 Effect of Submerging  

As previously mentioned, water has a higher heat capacity than air which 

causes an increase in cooling rate and a decrease in peak temperature in submerged 

FSW compared to in air FSW. Limiting the heat input into the welded sample and 

increasing the cooling rate was proven to limit the grain growth in the welded sample, 

thus achieving better mechanical and microstructural properties [34, 43]. Figure 4.3 

compares the temperatures recorded for the in air FSW and submerged FSW samples 

at constant rotational speed and feed rate. The graph shows the significant difference 

between the peak temperatures of the two samples. The thermocouple recording of the 

sample welded in air reached a peak temperature of 267 ⁰C and stayed above 100 ⁰C 

for more than 40 seconds. In contrast, the sample welded underwater reached only 82 

⁰C and settled back to 40 ⁰C in almost 10 seconds. Figure 4.4 compares the 

temperature recorded for two defect free in air FSW and submerged FSW samples at 

1000 rpm and 1700 rpm, respectively. Even with the increase of rotational speed, the 

peak temperature difference between the two samples is still almost 100 ⁰C, and the in 

air FSW sample took almost 20 more seconds to drop to less than 100 ⁰C.  

 

Figure 4.3 - Comparison of temperature recorded between in air FSW and submerged FSW at 1000 rpm 

and 75 mm/min 
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Figure 4.4 - Comparison of temperature recorded between in air FSW at 1000 rpm and 75 mm/min, and 

submerged FSW at 1700 rpm and 75 mm/min 

  

 

One of the advantages of the in air FSW and submerged FSW is refining the 

microstructure [3, 4]. Microscopic images of parent material, in air FSW and 

submerged FSW are shown in Figure 4.5. The void area fraction and average void 

size are estimated; an image of 0.25 mm x 0.19 mm is used for the void area fraction 

estimation of each sample. The void area fraction estimated for the parent material 

was 4.1% with an average void size of 25.2 µm
2
. In in-air FSW sample, at 75 mm/min 

and 1000 rpm, the void area fraction estimated was lower than the parent material at 

3.2%, but the average void size was 38.5 µm
2
 which is significantly higher than the 

parent material. All submerged FSW samples achieved lower void area fraction and 

average void size than the parent material and in air FSW sample. The lowest void 

area fraction estimated was 1.29% for the submerged FSW sample at 1700 rpm and 

25 mm/min; whereas, the smallest average void size estimated was 5.7 µm
2
 for the 

submerged FSW sample at 1500 rpm and 100 mm/min. It can also be noted that voids 

in the parent material and in air FSW were more ambiguous than those in submerged 

FSW samples, which seems more uniform. All the submerged FSW samples logged at 

least 60% less void area fraction than the parent material and 45% smaller average 

void size than the parent material.  The microstructure plays an important role in 

affecting the tensile properties of the material; finer grain structure and lower void 
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area fraction result in better mechanical properties [48]. General studies on the effect 

of microscopic voids on the mechanical properties of different metals and composites 

proved that the increase of void area fraction corresponds to a decrease in the ultimate 

tensile strength and the yield strength [53, 54]. 

 

Figure 4.5 - Microscopic images of (a) Parent material (b) in air FSW sample at 1000 rpm and 75 mm/min 

(c) Submerged FSW at 1400 rpm and 100 mm/min (d) Submerged FSW sample at 1700 rpm and                 

75 mm/min 

 

 The microhardness profile of in air FSW and submerged FSW samples at the 

same rotational speed and feed rate can be viewed in Figure 4.6. The measurements 

were taken 2 mm from the top along the transverse direction of the weld where a 

measurement was taken every 0.5 mm. The results show that the microhardness 

values in the retreating side are slightly higher than the ones on the advancing side. 

The increase in microhardness in the retreating side is due to the lower heat input 

compared to the advancing side [7]. This phenomenon occurs as the rotation of the 

tool acts in the same direction of the weld in the advancing side while it acts in the 

opposite direction of the weld in the retreating side. The submerged FSW sample 

achieved higher microhardness values than the sample welded in air which is also due 

to the lower heat input in the submerged FSW than the in air FSW samples. The 



 

36 
 

highest microhardness value measured in the submerged FSW samples was 121.6 

HV; whereas, in the in air FSW samples, its highest microhardness reading was 89.6 

HV. The highest microhardness value recorded in all of the studied samples was the 

submerged FSW sample at 800 rpm and 25 mm/min, which was the sample with the 

lowest rotational speed and feed rate making it the sample with the lowest heat input 

among all the samples studied. The lower heat input into the sample limits the grain 

growth during the process and thus aids in the grain refinement. The smaller grain 

size achieved at lower temperatures results in an increase in the microhardness of the 

stirred material.  

 

Figure 4.6 - Microhardness measurements on the transverse direction of the weld 

 

 The effect of submerging on the tensile properties could be predicted from the 

results previously presented in this chapter. The stress-strain curves of unprocessed 

parent material, in air FSW and submerged FSW at 1000 rpm and 75 mm/min are 

presented in Figure 4.7. From the results presented previously, at these conditions, the 

in air FSW sample achieved good quality defect free weld and the submerged FSW 

sample done was defective. As expected, the tensile test of the submerged FSW 

sample gave very poor results compared to the in air FSW and unprocessed material. 

The void defects on the sample caused it to fracture before even reaching 110 MPa 

and 10% elongation. The in air FSW sample fractured after reaching 236 MPa which 

is 79% of the ultimate tensile strength of the parent material which fractured at 302 
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MPa. Moreover, the in air FSW sample recorded a 66% increase in percent elongation 

compared to the parent material. Unlike the microhardness measurements, the tensile 

test is affected by the visible defects on the surface of the weld. Hence, even if the 

samples at the lower rotational speeds achieved finer microstructure, the visible void 

defects on the surface of the weld will cause the sample to fracture earlier in the 

tensile test and thus show poor tensile properties. In Figure 4.8, the comparison is 

between two defect free in air FSW and submerged FSW samples. The samples used 

in the comparison are an in air FSW sample at 1000 rpm and 100 mm/min and a 

submerged FSW sample at 1700 rpm and 75 mm/min. The submerged FSW sample 

had the upper hand in this comparison as it achieved the same tensile strength as the 

parent material in addition to 97.5% increase in percent elongation compared to 

parent material. Submerged FSW sample fractured after 31.6% elongation compared 

to 16% and 26% elongation for unprocessed material and in air FSW sample, 

respectively. The results are in accordance with previous studies done on the effect of 

submerging on tensile properties where sample welded underwater achieved higher 

tensile strength and percent elongation in some cases [29, 30]. The water in the 

submerged FSW causes an increase in cooling rate and a decrease in peak temperature 

due to its higher heat capacity compared to air. Lowering the heat input exerted into 

the sample limits the grain growth that occurs during the process which in turn leads 

to a finer microstructure and better tensile properties [27].    

 

Figure 4.7 - Stress-strain curves of unprocessed samples, in air FSW and submerged FSW samples at 1000 

rpm and 75 mm/min 
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Figure 4.8 - Stress-strain curves of unprocessed material, in air FSW at 1000 rpm and 100 mm/min, and 

submerged FSW at 1700 rpm and 75 mm/min 

 

The effect of submerging on power consumption can be viewed in Figure 4.9. 

The figure shows a slight decrease in power consumption in submerged FSW 

compared to in air FSW. Explanation for this phenomenon was not included in any 

previous research. Although a former study reported similar power consumption for 

both samples welded in air and underwater, in that case, it was for magnesium and at 

a considerable higher rotational speed [34]. Since both of the samples were welded at 

the same rotational speed and feed rate, the CNC machine should consume the same 

amount of power in both samples. The fact that it consumed less power in submerged 

FSW than in air FSW indicates that there is a factor assisting the CNC machine 

during submerged FSW. The justification for the decrease in power consumed could 

be because the water acts as a lubricant which reduces the friction between the tool 

and the sample and thus reduces the force required to drive the tool forward. The two 

samples compared were welded at 1000 rpm and 75 mm/min. As shown earlier in this 

chapter, the in air FSW sample at these welding conditions was defect free and the 

submerged FSW sample was defective. This could mean that the void defects 

appearing on the submerged FSW sample at relatively low rotational speed could be a 

result of lower friction force due to slip caused by water in addition to the heat lost to 

water.   
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Figure 4.9 - Power consumed during in air FSW and submerged FSW at 1000 rpm and 75 mm/min 

 

4.2 Effect of Rotational Speed 

Figure 4.10 shows the effect of rotational speed on in air FSW. With raising 

the rotational speed from 800 to 1200 rpm, the friction heat input into the work piece 

increases causing the temperature to rise. The sample at 800 rpm and 75 mm/min 

reached a maximum temperature of 191 ⁰C, while the samples at 1000 rpm and 1200 

rpm reached a peak temperature of 267 ⁰C and 406 ⁰C, respectively. The increase in 

rotational speed did not have any direct impact on the cooling rate in the in air FSW 

samples. However, as the samples at higher rotational speed reach higher peak 

temperature, more time is required for them to cool down. Variation of rotational 

speed in submerged FSW had the same effect as in in-air FSW. The temperature 

increased as the rotational speed increased, as shown in Figure 4.11. Nonetheless, the 

peak temperature change between the different samples is lower than in air FSW. The 

lowest recorded peak temperature is 68 ⁰C at 1000 rpm, while the highest recorded 

peak temperature is 158 ⁰C at 1700 rpm. The difference between peak temperatures of 

the lowest and highest rotational speeds in submerged FSW is lower than 100 ⁰C 

while in in-air FSW, it is above 200 ⁰C despite that the rotational speed was increased 

from 800 to 1200 rpm in in-air FSW and from 1000 to 1700 rpm in submerged FSW. 

The results come in agreement with the previous section, and explanation of the 
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defects in some of the samples is shown in Figures 4.1 and 4.2. The samples at lower 

rotational speed that showed void defects recorded the lowest temperatures among all 

the in air FSW and submerged FSW samples. On the other hand, the in air FSW 

sample at 1200 rpm recorded the highest temperature among all the samples and had a 

defect due to excessive heating. The results also came in agreement with what was 

reported in previous studies on the in air FSW and submerged FSW [7, 27, 28].   

 

Figure 4.10 – In air FSW temperature recorded at constant feed rate 75 mm/min and three different 

rotational speeds 

 

Figure 4.11 – Submerged FSW temperature recorded at constant feed rate 75 mm/min and different 

rotational speeds 
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 The microhardness at different rotational speeds was measured and the results 

are shown in Figure 4.12. All the measurements were taken in the middle of the stir 

zone and 2 mm away from the top surface. The average of five readings are 

considered for each sample, refer to section 3.3 for more details about the 

measurement procedure. A decrease in microhardness occurred as the rotational speed 

increased. Even though the samples at lower rotational speed suffered from void 

defects, the microhardness was not affected by these defects as it was measured 2 mm 

below the surface of the weld. The decrease of microhardness was due to the increase 

in heat input as the rotational speed increased. Raising the rotational speed caused an 

increase in heat input that subsequently resulted in higher grain growth rates that 

affected the microhardness negatively [7, 46, 47]. In in-air FSW, the sample welded at 

800 rpm achieved the highest microhardness of 95.3 HV; whereas, the lowest 

microhardness of 85.6 HV was measured in the sample welded at 1200 rpm. In 

submerged FSW, the lowest microhardness was 95.7 HV in the sample welded at the 

highest rotational speed of 2000 rpm, while the sample welded at the lowest rotational 

speed of 1200 rpm achieved the highest microhardness of 110.4 HV. On a positive 

note, only one sample achieved a lower microhardness than the base material and only 

by 0.1 HV; all the other samples attained higher microhardness than the base material.  

 

Figure 4.12 - Microhardness at 75 mm/min and different rotational speeds 
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The effect of rotational speed on tensile properties in in air FSW and 

submerged FSW can be viewed in Figures 4.13 and 4.14, respectively. In in-air FSW, 

the sample welded at 800 rpm was defective, as seen in the previous section, causing 

an unacceptable stress-strain curve. The sample barely reached one third of the tensile 

stress reached in the other samples and less than quarter the elongation reached by the 

other sample. At 1000 and 1200 rpm, the samples were proven defect free and 

appropriate stress-strain curves were obtained. Increasing the rotational speed from 

800 rpm to 1000 rpm eliminated the voids in the sample and caused a drastic change 

in the stress-strain curve. The tensile strength at 1000 rpm reached 296 MPa and 

elongated by 32.6% before fracture. Moving from 1000 rpm to 1200 rpm, the changes 

were minimal in terms of yield strength and tensile strength; the only notable change 

was in terms of elongation as it increased from 32.6% in the 1000 rpm sample to 

36.3% in the 1200 rpm sample. The same pattern can be noticed on submerged FSW 

samples; notable changes occurred on the stress-strain curves for samples between 

1000 and 1500 rpm, and only slight differences occurred between 1500 and 1700 rpm. 

Previous studies reported that the tensile strength increases as the rotational speed 

increases up to a certain point and then experiments a drop as it increases further [28, 

51]. The increase in rotational speed increases the heat input to the plate thus causes 

grain growth at higher rate. However, as the rotational speed increases from 800 to 

1700 rpm, the temperature increases from an extent where it is insufficient to stir the 

material to an extent where it is enough for proper stirring. While increasing the 

temperature, proper stirring would still happen but with an increase in the heat input 

and thus inferior tensile properties. The results obtained from the tensile test do not 

come in agreement with the results found from microhardness test. As discussed 

earlier, the tensile test results are highly affected by defects appearing on the surface 

of the weld; whereas, microhardness and microscopic void results are affected by the 

resulting grain structure due to dynamic recrystallization and grain growth during the 

process.      
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Figure 4.13 - Stress-strain curve of in air FSW samples at 100 mm/min and different rotational speeds 

 

Figure 4.14 - Stress-strain curve of submerged FSW samples at 75 mm/min and different rotational speeds 
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was recorded between 1000 and 1200 rpm. Relating the values to the weld quality 

discussed earlier in this chapter, at 800 rpm, the sample experienced improper stirring 

causing void defects to form which is not the case in the samples at 1000 and 1200 

rpm. Hence, increasing the rotational speed from one that caused improper stirring 

such as 800 rpm to one that achieved smooth stirring such as 1000 rpm increases the 

power consumption significantly. In opposition, increasing the rotational speed from 

and to a value that achieved proper stirring does not cause a major increase in the 

power consumed. The same could be noticed for submerged FSW samples which 

suffered from improper stirring at 800, 1000, and 1200 rpm and achieved proper 

stirring at 1500 and 1700 rpm. The only notable change in power consumption was 

between the samples at 1200 and 1500 rpm, moving from defect infested weld to 

defect free weld.           

 

 

 

Figure 4.15 - Power consumption of in air FSW recorded at constant feed rate 75 mm/min and different 

rotational speeds 
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Figure 4.16 - Power consumption of submerged FSW recorded at constant feed rate 75 mm/min and 

different rotational speeds 
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microstructural properties as it can control the grain growth during the welding 

process.  

 

Figure 4.17 – In air FSW temperature recorded at constant rotational speed 1000 rpm and different feed 

rates 

 

Figure 4.18 – Submerged FSW temperature recorded at constant rotational speed 1200 rpm and different 

feed rates 
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microhardness decreased from 89.5 HV to 86.4 HV as the feed rate increased from 25 

mm/min to 75 mm/min and finally declined to 85.7 as the feed rate rose to 100 

mm/min. The effect of feed rate became more notable in submerged FSW sample at 

1000 rpm. The increase of feed rate from 25 to 75 mm/min reduced the microhardness 

from 124.3 HV to 118.7 HV; besides, raising the feed rate further to 100 mm/min 

caused a huge drop to 109.5 HV. Last but not least, the submerged FSW sample that 

was welded at 1700 rpm resulted in the most remarkable effect of feed rate. The 

microhardness dropped from 114.5 HV to 101.4 HV when the feed rate was raised 

from 25 mm/min to 75 mm/min, and then it decreased to as low as 93 HV as the feed 

rate increased to 100 mm/min. Although increasing the feed rate decreased the 

processing time and thus limited the grain growth, the microhardness dropped instead 

of increasing. A previous study by Sato et al. [50] state that the hardness could be 

highly affected by the precipitation distribution in the weld rather than the grain 

structure.   

 

Figure 4.19 - Microhardness of in air FSW and submerged FSW at different feed rates 
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in yield and tensile strength was insignificant. The only notable difference in in-air 

FSW samples was the increase in elongation at 100 mm/min which increased by 

approximately 6% compared to the other two samples. The dissimilarity in stress-

strain curves is clearer for submerged FSW samples where variations in tensile 

strength, yield strength and elongation were recorded. The samples welded at 25 

mm/min resulted in a very poor stress-strain curve where the tensile strength was 

almost 100 MPa lower than the other two samples, and the elongation was less than 

half the elongation of the other two samples. Comparing the samples welded at 75 

mm/min and 100 mm/min, the sample welded at 75 mm/min reached higher yield 

strength than the sample welded at 100 mm/min. The difference in yield strength 

recorded was almost 43 MPa; the sample welded at 75 mm/min reached 172 MPa 

while the sample welded at 100 mm/min reached 129 MPa. Comparing the tensile 

strength, the sample welded at 100 mm/min reached higher tensile strength than the 

sample welded at 75 mm/min. The variation in tensile was only by 23 MPa as the 

sample welded at 100 mm/min fractured at 302 MPa, and the sample welded at 75 

mm/min fractured at 179 MPa. The notable variance between the two samples was in 

elongation percentage; the sample welded at 100 mm/min reached 7% higher 

elongation compared to the sample welded at 75 mm/min. Overall, increasing the 

welding speed decreases the heat input into the sample, thus achieving better tensile 

properties [17] but can also result in abnormal stirring and formation of defects at 

very high feed rates [18, 19]. 

 

Figure 4.20 - Stress-strain curves of in air FSW samples at 1200 rpm and different feed rates 
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Figure 4.21 - Stress-strain curves of submerged FSW samples at 1700 rpm and different feed rate 
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lower readings. 
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Figure 4.22 – In air FSW power consumption at constant rotational speed 1000 rpm and different feed rates 

 

Figure 4.23 – Submerged FSW power consumption at constant rotational speed 1700 rpm and different feed 

rates 
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the average taken was 85.7 HV. The microhardness profile along the normal axis of 

the weld can be seen in Figure 4.24.  Moving closer to the top surface resulted in a 

decrease in microhardness as opposed to moving to the lower surface which increased 

the microhardness. The top surface is closer to the heat source which is the welding 

tool, while the lower surface loses heat to the backing plate. The increase in heat input 

causes more grain growth which in turn causes a decrease in the microhardness [49].  

 

Figure 4.24 - Microhardness measurements along the lateral direction of the weld 
 

The microhardness profile along the longitudinal direction of the weld is 

shown in Figure 4.26. The graph shows a decrease in microhardness at the end of the 

weld line compared to the beginning. Figure 4.25 shows the difference in three 

thermocouples readings on the in air FSW sample at 1000 rpm and 75 mm/min. The 

preceding thermocouple recorded lower peak temperature than the succeeding 

thermocouples. The first thermocouple recorded a peak temperature of 267 ⁰C, while 

the second thermocouple recorded a peak temperature of 287 ⁰C and finally, the third 

temperature recorded the highest peak temperature of 342 ⁰C. The microhardness at 

the three different locations was 87.8 HV for the first one, 87.5 HV for the second one 

and 86.9 HV for the third one. The locations with the higher peak temperature 

achieved lower microhardness, as the temperature is the main cause of altering the 

microstructure and thus changing the microhardness [46, 47]. The increase in 

temperature recorded is due to the thermal conduction through the welded plate; by 
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the time the welding tool reaches the third thermocouple position, the temperature at 

that point will be increased to around half its peak temperature.  

 

Figure 4.25 - Temperature recorded by three different thermocouples at different locations on in air FSW 

plate at 1000 rpm and 75 mm/min 

 

 

Figure 4.26 - Microhardness measurements on the longitudinal direction of the weld 
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4.5 Summary of Results 

 For convenience, the tensile properties and microscopic analyses of in air and 

submerged FSW are summarized in Figure 4.27 and Table 4-2, respectively. The 

results show a notable difference in the mechanical properties between in air FSW 

and submerged FSW at the same rotational speed and feed rate. The change in 

welding medium from air to water increases the amount of heat input required to 

achieve proper stirring. Nonetheless, it was noticed that the in air FSW and the 

submerged FSW samples achieved very close tensile strength at different rotational 

speeds and feed rates. The in air FSW sample welded at 1200 rpm and 100 mm/min 

attained very close results to the submerged FSW sample at 1700 rpm and 75 

mm/min. This highlights the importance of controlling the heat input in FSW and its 

effect on the resulting properties. Moreover, the correspondence in results between an 

in air FSW and submerged FSW samples can simplify the finite element analysis of 

the process as the effect of water could be avoided.    

 

 

Figure 4.27 - Tensile properties of unprocessed material, in air FSW and submerged FSW samples at 

different conditions 
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Table 4-2 - Number of voids, void area fraction and average void area for selected samples 

Sample 

Number of 

voids 

Void area 

fraction (%) 

Average void area 

(µm
2
) 

In Air-1000-75 39 3.16 38.5 

Submerged-1200-25 99 1.70 8.1 

Submerged-1200-75 90 1.60 8.4 

Submerged-1200-100 103 2.21 10.1 

Submerged-1400-100 126 1.57 5.9 

Submerged-1500-100 149 1.78 5.7 

Submerged-1700-25 78 1.29 7.9 

Submerged-1700-75 123 2.27 8.8 

Submerged-1700-100 106 1.77 7.9 

Submerged-2000-100 106 2.40 10.8 

unprocessed 77 4.09 25.2 
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Chapter 5 : Finite Element Analysis 

 

 In this research, finite element (FE) simulation of friction stir welding is 

conducted using the commercial software ABAQUS. The aim of the present finite 

element modeling is to have a better understanding of the process with more detailed 

analysis than that of the experimental work. In addition, the finite element model is 

used to predict changes in the welding parameters to minimize the experimental work 

required. For the sake of simplifications, the FE model is based on friction stir 

processing (FSP) rather than welding. The two mechanisms are similar except that in 

friction stir processing, the aluminum plate is not cut into two pieces and then welded 

together; however, the material in the middle of the plate is just stirred instead.  

5.1 Governing equations  

The present FE model should account for two types of heat generation during 

the FSP process, heat generation due to plastic deformation,    ,  and heat generation 

due to friction,  . To measure the heat generated due to friction, ABAQUS/Explicit 

[44] uses the following equation for the heat flux density:  

              ,   (5.1) 

where    is the heat flux due to conduction,    is the heat flux due to radiation,   is 

the fraction of heat generated into the surface and    is the heat flux produced by the 

interface element due to frictional heat generation. The heat flux due to friction is 

defined as follows: 

       ,              (5.2) 

in which   is the heat transfer coefficient and    is the temperature difference 

between the two surfaces. The heat transfer coefficient is dependent on the contact 

pressure, over-closure and the average temperature at the contact point.  

The heat flux due to radiation is found by the following relation:  

    [(     
 )  (     

 ) ]  ,  (5.3) 

where   is the gap radiation constant,    is the absolute zero on the temperature scale 

used and    and    are the temperatures on surfaces 1 and 2, respectively.  
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Finally, the heat flux due to frictional heat generation is given as follows: 

                                 
  

  
                                                                (5.4) 

where   is the heat fraction,   is the frictional stress,    is the incremental slip and    

is the time step. ABAQUS/Explicit applies the Galerkin method to solve the set of 

equation for finding the total heat generated due to friction.   

As for the heat generation due to plastic deformation, ABAQUS/Explicit 

assumes that the plastic work caused by the accumulation of plastic strains converts 

into heat which, in turn, increases the heat flux per unit volume,    , as follows: 

                                       ̇  ,                                                       (5.5) 

where β is the inelastic heat fraction which represent the percentage of the plastic 

work that is converted into heat inside the material,   is the stress tensor and  ̇   is the 

plastic strain increment tensor. The notation “:” is the double dot product of the two 

matrices which results in a scalar. The inelastic heat fraction is considered a constant 

throughout the analysis. The plastic strain rate is defined for plasticity models as: 

                           ̇     ̇    ,                                              (5.6) 

where  ̇   is the equivalent plastic strain rate and   is the flow direction which is a 

function of stress, plastic strain and temperature. Newton-Raphson technique is 

utilized to solve non-linear equations using the Backward Euler scheme as an 

integration tool. The dynamic flow stress of the material as well as the damage 

evolution throughout the plastic deformation is predicted using the Johnson-Cook 

(JC) plasticity and dynamic failure models that are already implemented in 

ABAQUS/Explicit.  

The JC dynamic flow stress is given by the following relation:  

  [   ( ̅  ) ] [     (
 ̅  ̇

 ̇ 
)] (  (

      

       
)
 

),   (5.7) 

where   is the static yield strength,   is the strain hardening coefficient,  ̅   is the 

equivalent plastic strain,   is the strain hardening exponent,   is the strain rate 

sensitivity factor,   ̅ ̇  is the equivalent plastic strain rate,   ̇ is the reference strain rate, 

  is the temperature,      is the reference room temperature,   is the melting 

temperature and   is the thermal sensitivity parameter. On the other hand, the 
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damage evolution,  , due to the accumulation of plastic strains inside the alloys is 

obtained using the following equation: 

        ∑(
  ̅  

 ̅ 
  ) ,          (5.8) 

where   ̅
  

 is the plastic strain at failure defined as follows: 

       ̅
   [        (  

 

 
)] [    (

 ̅  ̇

  ̇
)] [    (

      

       
)],        (5.9) 

where    to   are the failure parameters,   is the hydrostatic pressure and   is the 

Von Misses stress.  

5.2 FE Modeling 

 Finite element modeling of the friction stir welding process is a very 

complicated procedure as it involves excessive deformation accompanied with large 

amount of plastic straining and heat.  Several attempts were made in this research to 

simulate the FSW process efficiently and also to accurately predict the temperature 

evolution throughout the deformation. The first FE model was generated using 

Lagrangian formulation for all of the three parts involved in the process; the tool, the 

aluminum plate and the backing plate. Both the tool and the backing plate were 

modeled as rigid bodies. The aluminum plate was merged with the backing plate. The 

tool was self-rotated, and the backing plate was modeled as a movable part to 

translate the welding plate in the welding direction. The plate was partitioned to refine 

the mesh of the stir zone in order to reduce the computational time. Tetrahedral 4-nod 

solid elements were utilized to model the large plastic deformation in the partitioned 

middle piece as shown in Figure 5.1; the rest of the plate; on the other hand, is 

modeled using 8-node linear brick elements. For such a model with a relatively high 

plastic deformation, a very fine mesh is required to avoid element distortion during 

the process. The very fine meshes as well as the high frequency remeshing technique 

used in the first model caused a drastic increase in the computational time. Attempt 

runs of this model on a high speed computer lasted for a very long period of time and 

didn’t manage to model the first second of the process. With such an unrealistic 

computational time, the model was discarded even though it didn’t experience any 

errors or crashes.  
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Figure 5.1 - First Lagrangian model 

 

Another FE model was constructed to simulate the FSW process using 

Lagrangian formulation; the model was based on the previous Lagrangian model but 

was modified to minimize the computational cost. The rectangular plate with a 

starting hole was difficult to mesh as elements around the hole tended to have high 

aspect ratios. The problem was eliminated by changing the geometry, so that a 

uniform aspect ratio close to 1 was achieved around the middle hole. The plate 

geometry was, therefore, changed to a circular shape to achieve better meshing around 

the pin. The remeshing rules were also specified but with a lower frequency. Figure 

5.2 shows the mesh density used for tool and the circular plate. The computational 

cost was successfully reduced, as it took less time than the previous model. However, 

the run was aborted at less than 10% of the process due to excessive element 

distortion and no valuable results could be extracted. Figure 5.3 shows the distorted 

elements around the starting hole which caused the model to abort.   
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Figure 5.2 - Second Lagrangian model 

 

Figure 5.3 - Distorted elements around the starting hole in Lagrangian model 

 

 To overcome the above-mentioned difficulties, Eulerian-Lagrangian 

formulation was utilized in the present FE analysis to model the FSW process. The 

welding plate was modeled using Eulerian part definition whereas; a Lagrangian part 

was assigned for the welding tool. Eulerian definition allows the material to flow 

through the mesh while the elements stay stationary and unaffected during the 

process. Moreover, using Eulerian elements eliminates any mesh distortions that 

occur during the process. The plate geometry is identical to the plates used in the 

experimental work, yet the welding tool was modified for simplicity. The welding 

plate was 130 mm in length, 60 mm in width and 4 mm in thickness. As for the 
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welding tool, the diameter of the shoulder was 15 mm, and the diameters of the pin 

and length were 5 mm and 4 mm, respectively. The backing plate was removed from 

this model as merging any part with a rigid part is not allowed in the current Eulerian 

part definition in ABAQUS. Figure 5.4 show the geometric description of the FE 

model used in the present analysis. More details about the FE modeling are given in 

the following subsections. 

 

Figure 5.4 – Tool and plate geometry 

 

 5.2.1 Material definition  

 The rotating tool was made of very high strength steel and was defined using 

Lagrangian formulation in the present FE simulations. The thermal conductivity used 

for steel was 45 
 

    
 with a specific heat of 0.49 

  

     
 . The welding plate was made of 

5083 aluminum alloy with a density of 2650 
  

  
 and an elastic modulus of 72 GPa. 

The thermal conductivity of the alloy was set to 121  
 

    
 with a specific heat equal to 

0.91 
  

     
. The thermo-viscoplastic behavior of aluminum alloy was defined using the 

Johnson-Cook material and damage models available in ABAQUS. Table 5-1 

summarizes the Johnson-Cook parameters for plasticity and damage evolution that 

were collected from the literature [45].  
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Table 5-1 - Johnson-Cook plasticity and damage evolution parameters [45] 

    

 5.2.2 Contact and boundary conditions 

General contact definition was used to model the FSP process with a defined 

slipping condition. The maximum elastic slip used was 0.5% which is a default value 

defined by ABAQUS. The contact was defined in both normal and tangential 

directions of the plate. Hard contact definition was used in the normal direction and a 

penalty contact was adopted in the tangential direction, with a friction coefficient 

equal to 0.3 as recommended by previous research [41]. Heat generation due to 

friction was also defined and was distributed equally to each surface.   

The bottom surface of the Eulerian welding plate was restrained from 

movement in all directions. A range of rotational speeds between 600 and 900 rpm 

was assigned to the tool, which was moving with a speed of 50 mm/min in the 

welding direction. The rigid tool was restrained from any rotation or movement in 

directions other than the previously specified. A predefined temperature field was also 

assigned to the welding plate and the tool to start the process at room temperature.   

  

 

 

Plasticity Parameters 

A B C m n Tm (K) Tr (K) 

137890000 216730000 0.02 0.4845 1.225 933 293 

Damage Evolution 

d1 d2 d3 d4 d5 Tm (K) Tr (K) 

0.178 0.389 -2.246 0 0 933 293 
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 5.2.3 Mesh description  

A total of 3200 elements were initially utilized to model the welding plate 

using 8-node 3D solid elements as shown in Figure 5.5b. Adaptive Eulerian-

Lagrangian (ALE) meshing technique, which is very important for large deformation 

modeling, was also adopted to prevent any elements distortions during the process. 

When using Eulerian elements, a percentage of material is specified to fill each 

element. If the elements are set to 100% material, no room would be left for the 

material to move in the elements during the deformation causing a distortion to occur. 

On the other hand, setting the elements to less than 100% material will reduce the 

amount of material per element and in the whole part which creates voids between the 

elements making the model unrealistic. ALE technique allows the elements to start 

with 100% material and changes the percentage of material per element as the process 

goes on which allows the material to stir without causing any distortions or fictitious 

voids [44].     

 Mesh sensitivity analysis was initially conducted to select a proper element 

size to accurately simulate the FSW process with a minimum computational cost. In 

this regard, three mesh sizes were considered, coarse mesh (Mesh A), fine mesh 

(Mesh B) and very fine mesh (Mesh C) as shown in Figure 5.5. The peak 

temperatures obtained using these three meshes were compared with the experimental 

values as illustrated by the bar char shown in Figure 5.6. FE modeling using Mesh A 

was found to overestimate the experimental peak temperature at the thermocouple 

location by more than 18%. On the other hand, the peak temperatures predicted using 

Mesh B and Mesh C were comparable with their experimental counterparts with a 

maximum difference of less than 4%. Mesh B was; therefore, selected in this study as 

it requires less computational time than Mesh C with acceptable accuracy.  
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Figure 5.5 – Three mesh sizes tried (a) coarse mesh, (b) fine mesh (used), and (c) very fine mesh 

 

Figure 5.6 - Peak temperatures at the three different mesh sizes 
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5.4 FE Results and Validation  

 The present FE model was verified against experimental results for a FSW 

sample with similar conditions. The comparisons between the experimental results 

and the present numerical analysis included (a) the peak temperatures obtained at 

different rotational speed, (b) the difference in temperatures between the advancing 

and retreating sides, and (c) the thermal profile captured by the Infra-red camera. 

The FE model was run at three different rotational speeds; 600 rpm, 700 rpm 

and 900 rpm.  The resulting peak temperatures and thermal profiles encountered at 

these three speeds were compared with the results obtained from the experiments. 

Figure 5.7 presents the variation of the peak temperatures with the rotational speeds as 

recorded from the experiment and the numerical simulation. The FE model 

successfully predicted the temperature profiles of FSP at the three different rotational 

speeds. The peak temperature predicted by the FE model compared well with the 

experimental values at the first two rotational speeds, but it was slightly overestimated 

as the rotational speed increased. Nonetheless, the difference between the 

temperatures in the advancing and retreating sides was very close to the experimental 

results in all three rotational speeds. At 600 rpm, the peak temperature predicted by 

the model was 5% lower than the temperature found experimentally. The differences 

in the peak temperatures between the advancing and retreating sides obtained 

experimentally and numerically were identical. When the rotational speed is increased 

to 700 rpm, the peak temperature values predicted by the FE model were closer to the 

experimental values. The difference in the temperatures predicted by the FE model 

was around 3.6% in the advancing side and 4.5% in the retreating side when 

compared to the experimental values. Also, the FE model predicted a larger gap 

between the advancing and retreating side at this welding condition. When the 

rotational speed increased to 900 rpm, there was noticeable difference in the peak 

temperatures where the values predicted by the FE model were higher than the 

experimental values. A large difference was seen between the advancing and 

retreating sides as well. The largest difference between the predicted and experimental 

temperatures was 8.5%. It should be noted, however, that the sample at the 900 rpm 

was overheated, and a flash mass of material was ejected outside the stir zone. Figure 

5.8 shows the thermal profile at the three different rotational speeds. The three 

thermal profiles are similar where the advancing side achieved higher temperatures 



 

65 
 

than the retreating side. The figure also shows the increase in the overall temperature 

in addition to the peak temperatures as the rotational speed increases. The increase of 

heat generated is due to the increase of friction caused by raising the rotational speed 

of the tool.   

 

Figure 5.7 - Peak temperatures at the advancing and retreating sides found from experiments (left) and 
numerical model (right) 

 

 

Figure 5.8 - Thermal profiles of FSP samples at 600 rpm (top), 700 rpm (middle) and 900 rpm (bottom) 
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Infrared images of FSP were also taken during the experiment to show the 

temperature profile at different locations over the specimen. Samples of these images 

taken at two different locations are presented in Figure 5.9 for the case of a rotational 

speed equal to 700 rpm.  The FE model was able to predict similar temperature 

profiles to the ones captured by the IR camera for the same rotational speed as 

depicted in Figure 5.10. The IR camera images were limited to a small diameter 

surrounding the tool as parts of the plate were hidden by the clamps holding it in the 

test setup. One advantage of the FE modeling is that the temperature profile can be 

observed over the whole plate which gives a better understanding of the thermal 

profile evolution during the FSP. As was expected from the results discussed 

previously in this chapter, the advancing side achieved higher peak temperature than 

the retreating side. As the tool is rotating and moving in the welding direction, the 

rotation of the tool acts in the same direction of the weld in the advancing side, while 

it acts in the opposite direction of the weld in the retreating side. This movement 

causes the temperature in the advancing side to increase further and the material to be 

moved from the retreating to the advancing side. Figure 5.11 shows a FSP sample 

with excess material appearing on the advancing side with an indication of the weld 

direction and rotational direction.   

 

 

Figure 5.9 - Thermal profile captured by infrared camera at (a) beginning of FSP (b) halfway through FSP 
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Figure 5.10 - Thermal profile predicted by FE model at (a) halfway through FSP and (b) end of FSP 

 

Figure 5.11 - FSP sample showing excess material in advancing side and rotational and welding direction of 

the tool 
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Chapter 6 : Summary and Future Work 

 

 Friction stir welding is a relatively new welding technique which can be easily 

used to achieve high quality welds in aluminum alloys compared to other welding 

techniques. The welding is controlled by different parameters, such as tool rotational 

speed, feed rate and welding medium. Controlling the welding parameters in in-air 

FSW helps to improve the mechanical and microstructural properties of the welded 

material. The findings of this study can be summarized as follows: 

(1) Submerged friction stir welding was successfully used to produce weld with 

good tensile and microstructural properties compared to parent material. 

(2) Controlling the process parameters is very crucial in controlling the resulting 

properties of the weld. 

(3) Submerging was found to decrease the heat input during welding which limits 

the grain growth during the welding process. The decrease in heat input 

resulted in reducing the microscopic voids in the material leading to an 

increase in microhardness and improvement of tensile properties. 

(4)  The increase in rotational speed caused an escalation in heat input due to 

friction. It was found that good weld properties can be achieved at the 

relatively low rotational speed possible; however, very low rotational speeds 

could also result in improper stirring and thus formation of void defects. 

(5) The feed rate plays a crucial role in controlling the heat input into the welded 

sample as well. The increase in feed rate was proven to slightly increase the 

peak temperature but reduce the processing time. The reduction in processing 

time also means a reduction in the time which heat is applied to the welding 

sample; thus, this limits the grain growth. 

(6) The power consumption during the welding process was found to be affected 

by submerging conditions as less power was consumed during submerged 

FSW. On the other hand, increasing the rotational speed was proven to 

increase the power consumption; whereas, increasing the feed rate was found 

to decrease the total energy spent during the welding process.  
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(7) The FSW process was found difficult to model using Lagrangian finite 

element formulation as the high plastic deformation caused an excessive 

distortion in the mesh. Overcoming this issue was attempted by using a very 

fine mesh as well as remeshing techniques. However, the computational time 

increased drastically. 

(8) Finite element simulation of the FSW process was successfully achieved by 

adopting the Eulerian formulation. The peak temperatures in the advancing 

and retreating sides in addition to the thermal profiles were successfully 

predicted and validated using the experimental results.   

Future work and recommendations: 

(1) Further microstructural investigation could be conducted to study factors like 

grain growth and precipitation during in air and submerged FSW. 

(2) Further investigation on submerged FSW can be conducted at different water 

temperatures. Additionally, other coolants could be used to further control the 

grain growth in the process. 

(3) Other cooling strategies, such as adding an inflow and outflow of coolant 

during the welding process, could be used.  

(4) A backing plate with higher heat conduction can also be introduced to increase 

the cooling rate in Submerged FSW.  

(5) The FE model could be expanded to include the effect of different submerging 

conditions on FSW. The microstructure of the welded material can also be 

predicted by using the Zener-Hollomon relation. 
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