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ABSTRACT 
 

 

It has been documented that heat is generated during friction stir processing. The amount 

of heat generated between the shoulder and the work piece during friction stir processing 

dictates the quality of the processed zone. Hence understanding the distribution of heat 

and obtaining the temperature contours will assist in understanding the general process of 

friction stir processing. In this thesis a three dimensional heat transfer model has been 

developed to obtain the temperature distribution in the work piece. An example problem 

was solved to understand the method of solving a transient heat transfer problem using 

ANSYS. The developed finite element model was validated by comparing the simulation 

results with experimental data from five different papers. A parametric study was carried 

out to understand the variation in temperature for different rotational and translational 

speeds. The variation of temperature with respect to thermal conductivity, specific heat 

and density was developed. A trend line equation which predicts the peak temperature 

attained during friction stir processing was also developed. The predicted peak 

temperature is used to obtain the temperature contours through out the work piece.  

 

 ix



CHAPTER 1 

 
 

INTRODUCTION 

 
 
Friction stir processing is an emerging surface–engineering technology based on the 

principles of friction stir welding (FSW). Friction stir welding is a relatively new joining 

process, invented at The Welding Institute (Cambridge, UK) in 1991 and developed 

initially for aluminum alloys. Since then FSW has rapidly evolved and has opened up a 

variety of research channels. It is a solid-state joining technique that is energy efficient, 

environment friendly, and versatile. It is being touted as the most significant development 

in metal joining in the last decade. Friction stir processing (FSP) uses the same 

methodology as friction stir welding, but FSP is used to modify the local microstructure 

and does not join metals together. The basic concept of friction stir processing is 

remarkably simple. A rotating tool with pin and shoulder is inserted in the material to be 

treated, and traversed along the line of interest (Figure 1.1). During FSP, the area to be 

processed and the tool are moved relative to each other such that the tool traverses with 

overlapping passes until the entire selected area is processed to a fine grain size. The 

rotating tool provides a continual hot working action, plasticizing metal within a narrow 

zone while transporting metal from the leading face of the pin to its trailing edge. The 

processed zone cools without solidification, as there is no liquid a defect-free re-

crystallized fine grain microstructure is formed. Essentially, FSP is a local thermo-

mechanical metal working process with additional adiabatic heating from metal 

deformation that changes the local properties without influencing properties in the 

remainder of the structure. A processed zone is produced by movement of material from 

the front of the pin to the back of the pin. As mentioned later, the pin and shoulder of the 

tool can be modified in a number to ways to influence material flow and micro-structural 

evolution.  Friction Stir Processing has opened up a new process for inducing directed, 

localized, and controlled materials properties in any arbitrary location and pattern to 

achieve revolutionary capability in high value-added components. Friction stir processing 

provides the ability to thermo-mechanically process selective locations on the structure’s 

 1



surface and to some considerable depth (>25mm) to enhance specific properties.  

Research is being increasingly focused on this aspect of the technology for use with 

automotive alloys. For example, Cast aluminum alloys, such as A319, are used for 

suspension and drive line components in automobiles. The microstructure of cast A319 

contains coarse eutectic and porous constituents. Research indicates that friction stir 

processing can refine the size of the eutectic constituents, making the microstructure finer 

and therefore stronger. It also closes pores that are open to the surface of the material.  

FSP can be used to create super-plastic properties never achievable before. Very fine 

grain size (<5 micron) yields high strain rate super-plasticity at lower temperatures.  

 
 
 
 

 

Figure 1.1 [22] 

 Schematic of friction stir processing: (a) rotating tool prior to contact with the plate; (b) 

tool pin contacts plate creating heat; (c) Shoulder of tool contacts plate restricting 

further penetration while expanding the hot zone; (d) plate moves relative to rotating tool 

creating a fully re-crystallized, fine grain microstructure. 
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In addition, super-plasticity can be created in thick section aluminum alloys or in a 

controlled area for subsequent local forming. FSP can be applied selectively to a location 

in a material or structure to tailor specific properties without altering the performance 

characteristics of other structural parts. Therefore, the long-term goal is to use friction stir 

processing to control local properties in structural metals including aluminum and other 

nonferrous and ferrous alloys. During friction stir processing, the work piece is placed on 

a backup plate and clamped rigidly by an anvil along the far side to prevent lateral 

movement. A specially designed cylindrical tool with a pin protruding from the shoulder 

rotates with a speed of several hundreds rpm and is slowly plunged into the work piece to 

start the process. The pin may have a diameter one-third of the cylindrical tool and 

typically has a length slightly less than the thickness of the work piece. The pin is forced 

or plunged into the work piece until the shoulder contacts the surface of the work piece. 

As the tool descends further, its shoulder surface touches the top surface of the work 

piece and creates heat. As the temperature of the material under the tool shoulder 

elevates, the strength of the material decreases. The tool then moves along the selected 

path on the work piece. The pin of the rotating tool provides the ‘‘stir’’ action in the 

material of the work piece. As the tool passes, the metal cools, thereby producing a 

processed zone. One of the key elements in the FSP process is the heat generated at the 

interface between the tool and the work piece which is the driving force to make the FSP 

process successful. The heat flux must keep the maximum temperature in the work piece 

high enough so that the material is sufficiently soft for the pin to stir but low enough so 

that the material does not melt. The maximum temperature created by FSP process ranges 

from 80% to 90% of the melting temperature of the work piece material, as measured by 

Tang et al. [1] and Colegrove et al. [2], so that welding defects and large distortion 

commonly associated with fusion welding are minimized or avoided. The heat flux in 

friction stir processing is primarily generated by the friction and the deformation process. 

This heat is conducted to both the tool and the work piece. The amount of the heat 

conducted into the work piece dictates a successful process which is defined by the 

quality, shape and microstructure of the processed zone, as well as the residual stress and 

the distortion of the work piece. The amount of the heat gone to the tool dictates the life 

of the tool and the capability of the tool to produce a good processed zone. For instance, 
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insufficient heat from the friction could lead to breakage of the pin of the tool since the 

material is not soft enough. Therefore, understanding the heat transfer aspect of the 

friction stir processing is extremely important, not only for the science but also for 

improving the process. In addition, the overall efficiency in energy transfer or energy 

consumption of FSP is of interest, since energy translates to cost in a production 

environment. 

Advantages of Friction Stir Processing 

a. Low amount of heat generated. 

b. Extensive plastic flow of material. 

c. Very fine grain size in the stirred region. 

d. Random disorientation of grain boundaries in stirred region. 

e. Mechanical mixing of the surface layer. 

FSP generates a fine, equiaxed grain morphology having a banded, bimodal grain size of 

1 to 5 micron. The microstructure of friction stir processed aluminum alloy is normally 

stable under super plastic conditions of high temperature and dynamic strain. High-angle 

grain boundaries can enhance grain boundary sliding and related super plasticity. 

However, optimum super plasticity requires a homogeneous distribution of equiaxed 

grains of minimum grain size. Microstructures resulting from FSP do not have a uniform 

grain size distribution for any one set of process parameters. Grain size varies from the 

top to the bottom as well as from the advancing to the retreating side. The differences in 

grain size likely are associated with differences in both peak temperature and time of 

application of temperature.  The ability of friction stir processing to change the local 

microstructure via thermo-mechanical working has been well established by many 

investigators. 

Despite significant advances in the application of FSW as a relatively new welding 

technique for welding aluminum alloys, the fundamental knowledge of such thermal 

impact and thermo-mechanical processes are still not completely understood. Chao and 

Qi [3] published a three-dimensional heat transfer model, a constant heat flux input from 

the tool shoulder and work piece interface was assumed. A trial-and-error procedure was 

used to adjust the heat input until all the calculated temperatures matched with the 

measured ones. Chao et al [3] also proposed a model to predict the thermal history and 

 4



the subsequent thermal stress and distortion of the work piece without involving the 

mechanical effect of the tool. Chao et al [4] investigated the variations of heat energy and 

temperature produced by the FSW in both the work piece and the pin tool. All 

investigations show that the FSW of aluminum alloys yield welds with low distortion, 

high quality and low cost. Consequently, better structural performance is the primary 

advantage of this technology’s applications. In the model by Chao and Qi [5], the heat 

generation comes from the assumption of sliding friction, where Coulomb’s law is used 

to estimate the shear or friction force at the interface. Furthermore, the pressure at the 

tool interface is assumed to be constant, thereby enabling a radially dependent surface 

heat flux distribution as a representation of the friction heat generated by the tool 

shoulder, but neglecting that generated by the probe surface. Frigaard, Grong and 

Midling [6, 7] developed a process model for FSW, the heat input from the tool shoulder 

is assumed to be the frictional heat. The coefficient of friction is continuously adjusted to 

keep the calculated temperature from exceeding the material melting point. In principle, 

the FSW process can be applied to join other alloy materials such as steels and titanium. 

But, it is well known that current tool materials used in the FSW for aluminum are not 

adequate for production applications in many of the harder alloy materials. However, 

when adequate wear resistant tool materials become available, the benefits of the FSW 

may promote its rapid implementation in the production of ferrous structures and 

structures made from other refractory materials. While work to develop the necessary 

tool materials continues, it is also important to make progress in the development of the 

FSW process for steels. For instance, experimental studies of austenitic stainless steels by 

Reynolds et al [8] revealed the microstructures, residual stresses and strength of the 

friction stir welds. To further understand the fundamental mechanisms associated with 

the welding formation process and improve the welding quality for the FSW of steels, 

numerical modeling and simulations of transient temperature and residual stresses are 

valuable and necessarily needed. Colegrove [9] used an advanced analytical estimation of 

the heat generation for tools with a threaded probe to estimate the heat generation 

distribution. The fraction of heat generated by the probe is estimated to be as high as 

20%, which leads to the conclusion that the analytical estimated probe heat generation 

contribution is not negligible. Song and Kovacevic [10] investigated the influence of the 
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preheating/dwell period on the temperature fields. They assume a sliding condition and 

used an effective friction coefficient and experimental plunge force in the heat source 

expression. Chen and Kovacevic [11] developed a three-dimensional thermo-mechanical 

model including the mechanical action of the shoulder and the thermo-mechanical effect 

of the welded material for the FSW of an Al-alloy. Schmidt et al [12] established an 

analytical model for heat generation by friction stir welding, based on different 

assumptions of the contact condition between the rotating tool surface and the weld piece. 

The material flow and heat generation were characterized by the contact conditions at the 

interface, and were described as sliding, sticking or partial sliding/sticking. Zhu and Chao 

[13] conducted Three-dimensional nonlinear thermal and thermo-mechanical numerical 

simulations using finite element analysis code – WELDSIM on 304L stainless steel. An 

inverse analysis method for thermal numerical simulation was developed. McClure et al 

[14] used Rosenthal equations to calculate temperature fields in friction stir welding. The 

existence of the thermocouples and holes containing thermocouples do not influence the 

temperature field. Ulysse [15] used a three dimensional visco-plastic modeling to model 

friction stir welding process. Forces applied on the tool were computed for various 

welding and rotational speeds. Pin forces increase with increasing welding speeds, but the 

opposite effect is observed for increasing rotational speeds. Soundararajan [16] 

developed a finite element thermo-mechanical model with mechanical tool loading 

considering a uniform value for contact conductance and used for predicting the stress at 

the work piece and backing plate interface. These pressure distribution contours are used 

for defining the non-uniform adaptive contact conductance used in the thermal model for 

predicting the thermal history in the work piece. The thermo-mechanical model was then 

used to predict stress development in friction stir welding. 
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CHAPTER 2 
 
 

FINITE ELEMENT SOFTWARE – ANSYS 

 
 

The ANSYS program has many finite element analysis capabilities, ranging from a 

simple, linear, static analysis to a complex, nonlinear, transient dynamic analysis. 

ANSYS finite element analysis software enables engineers to perform the following 

tasks:  

a. Build computer models or transfer CAD models of structures, products, 

components, or systems. 

b. Apply operating loads or other design performance conditions. 

c. Study physical responses, such as stress levels, temperature distributions, or 

electromagnetic fields. 

d. Optimize a design early in the development process to reduce production costs. 

e. Do prototype testing in environments where it otherwise would be undesirable or 

impossible (for example, biomedical applications). 

The ANSYS program has a comprehensive graphical user interface (GUI) that gives 

users easy, interactive access to program functions, commands, documentation, and 

reference material. An intuitive menu system helps users navigate through the ANSYS 

program. Users can input data using a mouse, a keyboard, or a combination of both. 

A typical ANSYS analysis has three distinct steps:  

a. Build the model. 

b. Apply loads and obtain the solution. 

c. Review the results. 
 

Building a Model 

Building a finite element model requires more time than any other part of the analysis. 

First, a job name and analysis title are specified. Then, PREP7 preprocessor is used to 

define the element types, element real constants, material properties, and the model 

geometry.
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Defining Units 

The ANSYS program does not assume a system of units for analysis. Except in magnetic 

field analyses, any system of units can be used so long as units are consistent for all input 

data. Using the /UNITS command, a marker can be set in the ANSYS database indicating 

the system of units being used. This command does not convert data from one system of 

units to another; it simply serves as a record for subsequent reviews of the analysis. 

 

Defining Element Types 

The ANSYS element library contains more than 150 different element types. Each 

element type has a unique number and a prefix that identifies the element category such 

as BEAM4, PLANE77, SOLID96, etc. The following element categories are available: 

BEAM, CIRCUit, COMBINation, CONTACt, FLUID, HF (High Frequency), 

HYPERelastic, INFINite, INTERface, LINK, MASS, MATRIX, MESH, PIPE, PLANE, 

PRETS Pretension) SHELL,SOLID, SOURCe, SURFace, TARGEt, TRANSducer, 

USER, VISCOelastic (or viscoplastic) 

The element type determines the degree-of-freedom set (which in turn implies the 

discipline - structural, thermal, magnetic, electric, quadrilateral, brick, etc.)  The element 

type also determines whether the element lies in two-dimensional or three-dimensional 

space. BEAM4, for example, has six structural degrees of freedom (UX, UY, UZ, ROTX, 

ROTY, ROTZ), is a line element, and can be modeled in 3-D space. PLANE77 has a 

thermal degree of freedom (TEMP), is an eight-node quadrilateral element, and can be 

modeled only in 2-D space. 

 

Defining Element Real Constants 

Element real constants are properties that depend on the element type, such as cross-

sectional properties of a beam element. For example, real constants for BEAM3, the 2-D 

beam element, are area (AREA), moment of inertia (IZZ), height (HEIGHT), shear 

deflection constant (SHEARZ), initial strain (ISTRN), and added mass per unit length 

(ADDMAS). Not all element types require real constants, and different elements of the 

same type may have different real constant values. 

 

Defining Material Properties 
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Most element types require material properties. Depending on the application, material 

properties can be linear or nonlinear. As with element types and real constants, each set 

of material properties has a material reference number. The table of material reference 

numbers versus material property sets is called the material table. Within one analysis, 

you may have multiple material property sets (to correspond with multiple materials used 

in the model). ANSYS identifies each set with a unique reference number. 

Linear material properties can be constant or temperature-dependent, and isotropic or 

orthotropic. Nonlinear material properties are usually tabular data, such as plasticity data 

(stress-strain curves for different hardening laws), magnetic field data (B-H curves), 

creep data, swelling data, hyperelastic material data, etc. 

 

Meshing 

Once the material properties are defined, the next step in an analysis is generating a finite 

element model - nodes and elements - that adequately describes the model geometry. 

Figure 2.1 shows some sample finite element models: 

 
 
 
 

 

Figure 2.1 

Sample Finite Element Models 
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There are two methods to create the finite element model: solid modeling and direct 

generation. With solid modeling, once the geometric shape of the model is described, 

then the ANSYS program automatically meshes the geometry with nodes and elements. 

Size and shape of the elements that the program creates can be controlled by the user. 

"Manually" defined several convenient operations, such as copying patterns of existing 

nodes and elements, symmetry reflection, etc. are available.  

Before meshing the model, and even before building the model, it is important to think 

about whether a free mesh or a mapped mesh is appropriate for the analysis. A free mesh 

has no restrictions in terms of element shapes, and has no specified pattern applied to it. 

Compared to a free mesh, a mapped mesh is restricted in terms of the element shape it 

contains and the pattern of the mesh. A mapped area mesh contains either only 

quadrilateral or only triangular elements, while a mapped volume mesh contains only 

hexahedron elements. In addition, a mapped mesh typically has a regular pattern, with 

obvious rows of elements. To use mapped meshing, the geometry has to be built as a 

series of fairly regular volumes and/or areas that can accept a mapped mesh. 

 
 
 
 

 

 

Figure 2.2 

(a) Free Meshing (b) Mapped Meshing 
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Defining Analysis Type and Analysis Options 

The analysis type is chosen based on the loading conditions and the desired response. For 

example, if natural frequencies and mode shapes are to be calculated, a modal analysis is 

chosen. The following analysis types can be performed in the ANSYS program: static (or 

steady-state), transient, harmonic, modal, spectrum, buckling, and substructuring. 

Not all analysis types are valid for all disciplines. Modal analysis, for example, is not 

valid for a thermal model. Analysis options allow the user to customize the analysis type. 

Typical analysis options are the method of solution, stress stiffening on or off, and 

Newton-Raphson options. While performing a static or full transient analysis, advantage 

of the Solution Controls dialog box can be taken to define many options for the analysis. 

It is necessary to specify either a new analysis or a restart, but a new analysis is the 

choice in most cases. A singleframe restart allows the user to resume a job at its end point 

or abort point. Singleframe restart is available for static (steady-state), harmonic (2-D 

magnetic only), and transient analyses. A multiframe restart allows the user to restart an 

analysis at any point. Multiframe restart is available for static or full transient structural 

analyses. One cannot change the analysis type and analysis options after the first solution. 

Once the analysis type and analysis options are defined, the next step is to apply loads. 
Some structural analysis types require other items to be defined first, such as master 
degrees of freedom and gap conditions. 
 

Applying Loads 

The word loads as used in ANSYS includes boundary conditions (constraints, supports, 

or boundary field specifications) as well as other externally and internally applied loads. 

Loads in the ANSYS program are divided into six categories:  

a. DOF Constraints 

b. Forces 

c. Surface Loads 

d. Body Loads 

e. Inertia Loads 

f. Coupled-field Loads 

Most of these loads can be applied either on the solid model (keypoints, lines, and areas) 

or the finite element model (nodes and elements).  
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Two important load-related terms are load step and substep. A load step is simply a 

configuration of loads for which a solution is obtained. In a structural analysis, for 

example, wind loads may be applied in one load step and gravity in a second load step. 

Load steps are also useful in dividing a transient load history curve into several segments. 

Substeps are incremental steps taken within a load step. They are mainly used for 

accuracy and convergence purposes in transient and nonlinear analyses. Substeps are also 

known as time steps - steps taken over a period of time. 

The ANSYS program uses the concept of time in transient analyses as well as static (or 

steady-state) analyses. In a transient analysis, time represents actual time, in seconds, 

minutes, or hours. In a static or steady-state analysis, time simply acts as a counter to 

identify load steps and substeps. 

 

Specifying Load Step Options 

Load step options are options that can be changed from load step to load step, such as 

number of substeps, time at the end of a load step, and output controls. Depending on the 

type of analysis, load step options may or may not be required. 

 

Initiating the Solution 

Solution calculations are initiated by using the SOLVE command. When this command is 

issued, the ANSYS program takes model and loading information from the database and 

calculates the results. Results are written to the results file (Jobname.RST, Jobname.RTH, 

Jobname.RMG, or Jobname.RFL) and also to the database. The only difference is that 

only one set of results can reside in the database at one time, while all sets of results (for 

all substeps) can be written to the results file. Multiple load steps can be solved in a 

convenient manner using the command LSSOLVE. 

 

Reviewing the Results 

Once the solution has been calculated, the ANSYS postprocessors can be used to review 

the results. Two postprocessors are available: POST1 and POST26. 

POST1 which is a general postprocessor is used to review results at one substep (time 

step) over the entire model or selected portion of the model. Contour displays, deformed 
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shapes, and tabular listings can be obtained to review and interpret the results of the 

analysis. POST1 offers many other capabilities, including error estimation, load case 

combinations, calculations among results data, and path operations. 

POST26 which is a time history postprocessor is used to review results at specific points 

in the model over all time steps. Graph plots of results data versus time (or frequency) 

and tabular listings can be obtained using POST26. Other POST26 capabilities include 

arithmetic calculations and complex algebra. 

 

Loading Overview 

The main goal of a finite element analysis is to examine how a structure or component 

responds to certain loading conditions. Specifying the proper loading conditions is, 

therefore, a key step in the analysis. Loads on the model can be applied in a variety of 

ways in the ANSYS program. Also, with the help of load step options, user can control 

how the loads are actually used during solution. 

The word loads in ANSYS terminology includes boundary conditions and externally or 

internally applied forcing functions. Examples of loads in different disciplines are: 

Structural: Displacements, forces, pressures, temperatures (for thermal strain), gravity. 

Thermal: Temperatures, heat flow rates, convections, internal heat generation, infinite 

surface. 

Magnetic: Magnetic potentials, magnetic flux, magnetic current segments, source current 

density, infinite surface. 

Electric: Electric potentials (voltage), electric current, electric charges, charge densities, 

infinite surface. 

Fluid: Velocities, pressures. 

Loads are divided into six categories: DOF constraints, forces (concentrated loads), 

surface loads, body loads, inertia loads, and coupled-field loads.  

A DOF constraint fixes a degree of freedom (DOF) to a known value. Examples of 

constraints are specified displacements and symmetry boundary conditions in a structural 

analysis, prescribed temperatures in a thermal analysis, and flux-parallel boundary 

conditions. 
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A force is a concentrated load applied at a node in the model. Examples are forces and 

moments in a structural analysis, heat flow rates in a thermal analysis, and current 

segments in a magnetic field analysis. 

A surface load is a distributed load applied over a surface. Examples are pressures in a 

structural analysis and convections and heat fluxes in a thermal analysis. 

A body load is a volumetric or field load. Examples are temperatures in a structural 

analysis, heat generation rates in a thermal analysis, and current densities in a magnetic 

field analysis. 

Inertia loads are those attributable to the inertia (mass matrix) of a body, such as 

gravitational acceleration, angular velocity, and angular acceleration. These are mainly 

used in a structural analysis. 

Coupled-field loads are simply a special case of one of the above loads, where results 

from one analysis are used as loads in another analysis. For example, magnetic forces 

calculated in a magnetic field analysis can be applied as force loads in a structural 

analysis. 

 
 
 
 

 

Figure 2.3 

Types of loads 
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Load Steps, Substeps, and Equilibrium Iterations 

A load step is simply a configuration of loads for which a solution is obtained. In a linear 

static or steady-state analysis, Different load steps can be used to apply different sets of 

loads - wind load in the first load step, gravity load in the second load step, both loads 

and a different support condition in the third load step, and so on. In a transient analysis, 

multiple load steps apply different segments of the load history curve. 

The ANSYS program uses the set of elements selected for the first load step for all 

subsequent load steps, and not the element sets specified for the later steps.  

Transient load history curve (figure 2.4) shows a load history curve that requires three 

load steps - the first load step for the ramped load, the second load step for the constant 

portion of the load, and the third load step for load removal. 

 
 
 
 

 

Figure 2.4 

Transient Load History Curve 
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Substeps are points within a load step at which solutions are calculated. They are used for 

the following reasons: 

a. In a nonlinear static or steady-state analysis, substeps are used to apply the loads 

gradually so that an accurate solution can be obtained. 

b. In a linear or nonlinear transient analysis, substeps are used to satisfy transient 

time integration rules (which usually dictate a minimum integration time step for 

an accurate solution). 

c. In a harmonic response analysis, substeps are used to obtain solutions at several 

frequencies within the harmonic frequency range. 

Equilibrium iterations are additional solutions calculated at a given substep for 

convergence purposes. They are iterative corrections used only in nonlinear analyses 

(static or transient), where convergence plays an important role. 

Consider, for example (figure 2.5), a two-dimensional, nonlinear static magnetic analysis. 

To obtain an accurate solution, two load steps are commonly used. The first load step 

applies the loads gradually over five to 10 substeps, each with just one equilibrium 

iteration. The second load step obtains a final, converged solution with just one substep 

that uses 15 to 25 equilibrium iterations. 

 
 
 
 

 

Figure 2.5 

Load Steps, Substeps, and Equilibrium Iterations 
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The Role of Time in Tracking 

The ANSYS program uses time as a tracking parameter in all static and transient 

analyses, whether they are or are not truly time-dependent. The advantage of this is that 

one consistent "counter" or "tracker" can be used in all the cases, eliminating the need for 

analysis-dependent terminology. Moreover, time always increases monotonically, and 

most things in nature happen over a period of time, however brief the period may be. 

Obviously, in a transient analysis or in a rate-dependent static analysis (creep or 

viscoplasticity), time represents actual, chronological time in seconds, minutes, or hours. 

Time is assigned at the end of each load step (using the TIME command) while 

specifying the load history curve. 

In a rate-independent analysis, however, time simply becomes a counter that identifies 

load steps and substeps. By default, the program automatically assigns time = 1.0 at the 

end of load step 1, time = 2.0 at the end of load step 2, and so on. Any substeps within a 

load step will be assigned the appropriate, linearly interpolated time value. By assigning 

time values in such analyses, a tracking parameter can be established. For example, if a 

load of 100 units is to be applied incrementally over one load step, you can specify time 

at the end of that load step to be 100, so that the load and time values are synchronous. 

In the postprocessor, then, a graph of deflection versus time, means the same as 

deflection versus load. This technique is useful, for instance, in a large-deflection 

buckling analysis where the objective may be to track the deflection of the structure as it 

is incrementally loaded. 

 

Stepped Versus Ramped Loads 

When more than one substep in a load step is specified, the question of whether the loads 

should be stepped or ramped arises. If a load is stepped, then its full value is applied at 

the first substep and stays constant for the rest of the load step, as shown in the figure 2.6. 

If a load is ramped, then its value increases gradually at each substep, with the full value 

occurring at the end of the load step, as shown in the figure 2.6. 
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Figure 2.6 

Stepped Versus Ramped Loads 

 
 
 
Applying Loads 

Most loads can be applied either on the solid model (on keypoints, lines, and areas) or on 

the finite element model (on nodes and elements). For example, forces can be specified at 

a keypoint or a node. Similarly, convections (and other surface loads) can be specified on 

lines and areas or on nodes and element faces. No matter how the loads are specified, the 

solver expects all loads to be in terms of the finite element model. Therefore, if loads are 

specified on the solid model, the program automatically transfers them to the nodes and 

elements at the beginning of solution. 

 

Solid-Model Loads: Advantages and Disadvantages 

Advantages 

a. Solid-model loads are independent of the finite element mesh. That is, the element 

mesh can be changed without affecting the applied loads. This allows mesh 

modifications and mesh sensitivity studies without having to reapply loads each 

time. 

b. The solid model usually involves fewer entities than the finite element model. 

Therefore, selecting solid model entities and applying loads on them is much 

easier, especially with graphical picking. 

Disadvantages 
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a. Elements generated by ANSYS meshing commands are in the currently active 

element coordinate system. Nodes generated by meshing commands use the 

global Cartesian coordinate system. Therefore, the solid model and the finite 

element model may have different coordinate systems and loading directions. 

b. Solid-model loads are not very convenient in reduced analyses, where loads are 

applied at master degrees of freedom. (Master degrees of freedom can be defined 

only at nodes, not at keypoints.)  

c. Applying keypoint constraints can be tricky, especially when the constraint 

expansion option is used. (The expansion option allows expansion of a constraint 

specification to all nodes between two keypoints that are connected by a line.) 

d. All solid-model loads can not be displayed. 

As mentioned earlier, solid-model loads are automatically transferred to the finite 

element model at the beginning of solution. If solid model loads are mixed with finite-

element model loads, couplings, or constraint equations, the following conflicts are 

possible: 

a. Transferred solid loads will replace nodal or element loads already present, 

regardless of the order in which the loads were input. 

b. Deleting solid model loads also deletes any corresponding finite element loads. 

c. Line or area symmetry or antisymmetry conditions often introduce nodal rotations 

that could affect nodal constraints, nodal forces, couplings, or constraint equations 

on nodes belonging to constrained lines or areas. 

 

Finite-Element Loads: Advantages and Disadvantages 

Advantages:  

a. Reduced analyses present no problems, because loads can be directly applied at 

master nodes. 

b. There is no need to worry about constraint expansion. All desired nodes can be 

selected and specified with the appropriate constraints. 

Disadvantages:  

a. Any modification of the finite element mesh invalidates the current loads. New 

loads have to be applied on the new mesh. 
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b. Applying loads by graphical picking is inconvenient, unless only a few nodes or 

elements are involved. 
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CHAPTER 3 
 
 

MODEL VALIDATION - I 
 
 
Model Validation - 1 

Transient Conduction with Heat Generation [17] 

Example. A plane wall has internal heat generation of 50 MW/m3 and thermal properties 

of k = 19 W/m °C, C = 460 J/kg °C and density = 7800 kg/m3. It is initially at a uniform 

temperature of 100 °C and is suddenly subjected to the heat generation. One side of the 

wall has a convective coefficient of 400 W/m2 °C with ambient temperature of 120 °C, 

while the other side has convective coefficient of 500 W/m2 °C with ambient temperature 

of 20 °C. Calculate the temperature distribution after several time increments. Assume 

the thickness of the wall is divided into five strips of elements (six nodes) each having a 

length of 1.0 mm. 

Solution. An equation is formulated for each node and the set of equations are solved for 

the temperatures through out the body. Resistance concept is used for writing the heat 

transfer equations between the nodes. The node of interest is designated with the 

subscript i and the adjoining nodes with subscript j. At steady state the net heat input to 

node i must be zero or 

∑ =
−

+
j ji

ij

i
R

TT
q 0                                                      [3.1] 

where qi is the heat delivered to node i by heat generation, radiation etc. The Rij can take 

the form of convection boundaries, internal conduction etc. Each volume element is 

viewed as a node that is connected by thermal resistances to its adjoining neighbors. For 

steady-state conditions the net energy transfer into the node is zero, while for the 

unsteady-state the net energy transfer into the node is evidenced as an increase in internal 

energy of the element. Each volume element behaves like a small “lumped capacity”, and 

the interaction of all the elements determines the behavior of the solid during a transient 

process. If the internal energy of a node i can be expressed in terms of specific heat and 

temperature, then its rate of change with time is approximated by 
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where ∆V is the volume element. Thermal capacity is defined as  

iiii VcC ∆= ρ                                                          [3.3] 

The general resistance-capacity formulation for the energy balance on a node is 
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The above equation is developed by using the forward-difference concept to produce an 

explicit relation for each Ti
P+1. Energy balance is written using backward differences, 

with the heat transfers into each ith node calculated in terms of the temperatures at P + 1 

time increment. Thus, 
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The solution is performed with a Gauss-Seidel iteration technique. Hence solving for 

Ti
P+1: 
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The stability requirement in the explicit formulation is examined by solving for Ti
P+1: 
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The value of qi influences the stability. A safe limit is chosen by observing the behavior 

of the equation for qi = 0. Minimum stability requirement is therefore given by: 

0
1
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Equation 3.9 is very useful to establish the maximum allowable time increment. But it 

involves problems of round-off errors in computer solutions when small thermal 

resistances are employed. The difficulty may be alleviated by expressing Ti
P+1 as 

P

i

j ji
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i

P

j

i

i
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q
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⎣

⎡ −
+

∆
= ∑+ τ1                                [3.10] 

Resistance and capacity formulation for unit area, 

1/R12 = kA/∆x = (19)(1)/0.001 = 19,000 W/°C 

All the conduction resistances have this value. Also, 

1/R1A = hA = (400)(1) = 400 W/°C 

1/R1B = hA = (500)(1) = 500 W/°C 

The capacities are given by 

C1 = C6 = ρ(∆x/2)c = (7800)(0.001/2)(460) = 1794 J/°C 

C2 = C3 = C4 = C5 = ρ(∆x)c = 3588 J/°C 

 
 
 
 

Table 3.11 

Maximum Allowable Time Increments for Different Nodes 

 

Node  ∑ )/1( ijR  jC  
∑ )/1( ijR

Ci
 

1 19,400 1794 0.092 

2 38,000 3588 0.094 

3 38,000 3588 0.094 

4 38,000 3588 0.094 

5 38,000 3588 0.094 

6 19,500 1794 0.092 

 
 
 
 

Any time increment ∆τ less than 0.09 s will be satisfactory. The nodal equations are now 

written in the form of Equation 3.10 and the calculation marched forward on a computer. 
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The heat-generation terms are 

i

.

V∆=qqi                                                       [3.12] 

So that 

q1 = q6 = (50 × 106) (1) (0.001/2) = 25,000 W 

q2 = q3 = q4 = q5 = (50 × 106) (1) (0.001) = 50,000 W 

The computer results at different times are shown in table 3.13. Because the solid stays 

nearly uniform in temperature at any instant of time it behaves almost like a lumped 

capacity. To illustrate this behavior the temperature of node 3 is plotted versus time as 

shown in the figure 3.14. 

Figure 3.15 shows a temperature versus time plot obtained using ANSYS. The results 

match with high accuracy proving the validity of the model. 

 
 
 
 

Table 3.13 

Computer Results for Model Validation-I at Different Time Increments 

 

Node 5 sec 20 sec 50 sec 100 sec 

1 156.1914 255.7631 326.4367 345.4401 

2 156.5263 257.7302 329.5634 348.8786 

3 156.0304 257.9293 330.2547 349.7023 

4 154.7219 256.3662 328.512 347.9112 

5 152.5905 253.0388 324.3346 343.5053 

6 149.6205 247.9368 317.7204 336.4845 

Node 200 sec 300 sec 400 sec 500 sec 

1 347.1972 347.2099 347.2099 347.2099 

2 350.6645 350.6774 350.6775 350.6775 

3 351.5004 351.5134 351.5135 351.5135 

4 349.7049 349.7178 349.7179 349.7179 

5 345.2779 345.2907 345.2908 345.2908 

6 338.2194 338.232 338.232 338.232 
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Figure 3.14 

Temperature versus Time at Node 3 – Using EXCEL 

 
 
 
 

 

Figure 3.15 

Temperature versus Time at Node 3 – Using ANSYS
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CHAPTER 4 
 
 

MODEL VALIDATION – II 

 
 

Friction stir processing can be divided into five stages. 

Plunge Period: During the plunge period the rotating pin is slowly plunged into the work 

piece. Initially as the coefficient of friction is high (0.4 to 0.5), more torque and plunge 

force are required to penetrate the pin. Experimentally, the plunge period ranges from 2 

to 5 seconds based on the rotational speed and applied plunge force. 

Dwell Period: Once the shoulder touches the work piece the dwell period begins. The 

plunge force gradually drops below the transient plunge force. Initially the heat generated 

during this period is higher than, the heat that is generated during the translation of the 

tool, also known as the transient period. As the work piece softens the coefficient of 

friction decreases from 0.4 to 0.35. During this period the material beneath the shoulder 

is preheated to accommodate the plastic deformation during the welding.  

Transient Heating Period: The plunge force increases as the shoulder comes in contact 

with new material. The coefficient of friction decreases to 0.3. Heat starts to build around 

the shoulder until saturation occurs. 

Pseudo Steady State Period: The plunge force and torque stabilize. The coefficient of 

friction remains at 0.3. There is no more heat build up around the shoulder. The 

temperature almost remains constant.  

Post Steady State Period: The reflection of heat from the end plate surface causes an 

additional build up of heat around the shoulder. 

Temperature in Front of the Tool: In order to obtain a good processed zone, the 

material in front of the tool must be preheated to accommodate the plastic deformation 

during processing. This can be achieved by increasing the rotational speed or by 

increasing the radius of the shoulder. As the translational speed increases, the temperature 

in front of the tool drops. This happens because enough time is not given for proper 

distribution of heat. 
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Contact Condition 

When modeling the FSW process, the contact condition is the most critical part of the 

numerical model. 

Sticking condition: If the friction shear stress exceeds the yield shear stress of the 

underlying matrix then the matrix surface will stick to the moving tool surface segment. 

In this case, the matrix segment will accelerate along the tool surface (finally receiving 

the tool velocity), until equilibrium state is established between the contact shear stress 

and the internal matrix shear stress. At this point, the stationary full sticking condition is 

fulfilled. In conventional Coulomb’s friction law terms, the static friction coefficient 

relates the reactive stresses between the surfaces. 

Sliding condition: If the contact shear-stress is smaller than the internal matrix yield 

shear-stress, the matrix segment volume shears slightly to a stationary elastic 

deformation, where the shear stress equals the ‘dynamic’ contact shear stress. This state 

is referred to as the sliding condition. 

Partial sliding/sticking: The last possible state between the sticking and sliding condition 

is a mixed state of the two. In this case, the matrix segment accelerates to a velocity less 

than the tool surface velocity, where it stabilizes. The equilibrium establishes when the 

‘dynamic’ contact shear stress equals the internal yield shear stress due to a quasi-

stationary plastic deformation rate. This is referred to as the partial sliding/sticking 

condition. In this model, there is no difference between the dynamic and the static friction 

coefficients. 

 

Heat Generation 

For an ideal case, the torque required to rotate a circular shaft relative to the plate surface 

under the action of an axial load is given by: 

3

0

2

0
3

2
2)( PRdrrrPdM

RM R

µππµ∫∫ ==                                     [4.1] 

where M is the interfacial torque, µ is the friction coefficient, R is the surface radius, and 

P(r) is the pressure distribution across the interface (here assumed constant).  

If all the shearing work at the interface is converted into frictional heat, the average heat 

input per unit area and time becomes: 
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where Q1 is the net power [W] and ω  is the angular velocity [rad/s]. 

The next step is to express the angular velocity in terms of the rotational speed N [rot/s]. 

By substituting Nπω 2=  into equation 4.2, we get: 
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From equation 4.3 it is obvious that the heat input depends both on rotational speed and 

the shoulder radius, leading to a non-uniform heat generation during welding. These 

parameters are the main process variables in friction stir processing, since the pressure P 

cannot exceed the actual flow stress of the material at the operating temperature. 

 
 
 
 

 

Figure 4.5 

Subdivision of the tool shoulder into a series of volume elements of varying strength. 
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In order to describe the heat source in the numerical model it is more convenient to 

express the heat generation as a sum of individual contributions: 
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where  and  are defined in figure 4.5. 1−iR iR
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Hence, the energy generated from position  to  is equal to: 1−iR iR
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Modeling of Friction Stir Processing: 

A moving heat source with a heat distribution simulating the heat generated from the 

friction between the tool shoulder and the work piece is used in the heat transfer analysis. 

A moving cylindrical coordinate system is used for the transient movement of the heat 

source. Two different values of heat inputs are given to the moving heat source. Q1 is the 

heat generated by the shoulder. Q2 is the heat generated by the pin. Q1 is calculated by 

using: 
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From Chao [5] heat flux, q1 which is heat flow per unit area of the shoulder can be 

calculated by 
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Where q1 is a function of radius of the shoulder. The heat generation increases as the 

distance from the center increases. However, for simplicity a uniform distribution of heat 

across the surface of the shoulder is assumed. Hence for uniform distribution  

2

PS RR
r

+
=                                                        [4.10] 

 

Heat Generation from the Pin 
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From Schmidt et al [12] the ratio of heat generated from the pin, Q2 and the heat 

generated from the shoulder, Q1 is 0.128. Hence heat flow per unit area of the pin, q2 is 

also 0.128 times q1. q1 and q2 are given as inputs to the finite element model. 

 

Material Properties and Boundary Conditions 

Thermal conductivity, k and heat capacity, c are dependent on temperature. The ambient 

temperature is assumed to be 25 °C. The initial temperature of the work piece is assumed 

to be equal to the ambient temperature. A convection coefficient of 30 W/m2 °C is 

applied as a boundary condition at the top and side surfaces of the work piece. As the 

value of conductive coefficient between the work piece and the backing plate is not 

known, a higher convective coefficient of 300 W/m2 °C is applied as a boundary 

condition to the bottom surface of the work piece. The tool penetrates at a point which is 

20 mm away from the edge of the work piece. The origin (0,0,0) is considered to be at the 

intersection of the center line (process line) and the edge line on the top surface where 

FSP begins. This is shown in the figure 4.11. 

 
 
 
 

 

Figure 4.11 

Top View of the Work Piece showing Process Path 
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As the temperature increases the material softens and the value of friction coefficient 

drops down. A major problem in modeling of heat flow phenomena in friction stir 

processing is to obtain an adequate description of the energy input. This is because the 

friction coefficient, µ, is changing continuously during welding from about one at the dry 

sliding start, towards zero when the temperature for local melting is reached at the 

interface. A value of 0.4 is used for friction coefficient during the penetration and dwell 

period and it gradually drops down to 0.3 as the tool starts to traverse.  

 

Finite Element Model 

Figure 4.12 (a) shows a meshed tool. A moving cylindrical coordinate system is used to 

move the heat source. Instead of moving the heat source continuously, it is moved in 

steps, that is, heat is applied at each successive point one after the other chronologically. 

By making the distance between successive points very small, a close approximation to 

the continuous movement can be achieved. In the current model an incremental distance 

of 0.5 mm is assumed. Figure 4.12 (b) shows the cross section of the work piece showing 

the processed path.  

 
 
 
 

 

Figure 4.12 

(a) Meshed Tool (b) Cross Section of Work piece showing Process Path 
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The distance between the centers of the overlapping circles is 0.5 mm. The Coordinate 

system is moved after each load step. At every load step a set of elements in the shape of 

the tool are selected and a heat flux is applied on the surfaces of the elements. A time step 

of 0.09 seconds is used. APDL (ANSYS parametric design language) is used to write a 

subroutine for a looping transient moving heat source model. 

 

 
 
 

 

Figure 4.13 

SOLID70 3-D Thermal Solid 

 

 

 

 

Element Selection 

SOLID70 which is a three dimensional thermal solid, is used as the element type for 

analysis. SOLID70 has a three-dimensional thermal conduction capability. The element 

has eight nodes with a single degree of freedom, temperature, at each node. The element 

is applicable to a three-dimensional, steady-state or transient thermal analysis. The 
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element also can compensate for mass transport heat flow from a constant velocity field. 

If the model containing the conducting solid element is also to be analyzed structurally, 

the element should be replaced by an equivalent structural element such as SOLID45. An 

option exists that allows the element to model nonlinear steady-state fluid flow through a 

porous medium. With this option, the thermal parameters are interpreted as analogous 

fluid flow parameters. For example, the temperature degree of freedom becomes 

equivalent to a pressure degree of freedom.  

The element is defined by eight nodes and the orthotropic material properties. 

Orthotropic material directions correspond to the element coordinate directions. Specific 

heat and density are ignored for steady-state solutions. Convection or heat flux (but not 

both) and radiation may be input as surface loads at the element faces as shown by the 

circled numbers in the figure 4.13. Heat generation rates may be input as element body 

loads at the nodes. Convection heat flux is positive out of the element; applied heat flux 

is positive into the element. 

 
Model Validation – 2 

Friction Stir processing of material AA2195 was simulated and compared with the 

experimental results of Chao et al. [4]. To maintain consistency, the dimensions of the 

work piece, material properties, radius of the shoulder and pin, length of the pin, 

rotational speed and translational speed used were same as Chao et al. [4]. The work 

piece had dimensions 610 × 204 × 8.1 mm, the tool had a shoulder radius of 12.7 mm, 

pin radius of 5.0 mm and pin length of 7.6 mm. A rotational speed of 240 rpm and a 

translational speed of 2.36 mm/sec were used for carrying out the simulation. The tool 

penetrates at a point which is 20.0 mm away from the edge of the work piece. The 

material properties of AA2195 are given in table 4.14. A value of 2.77 E-06 Kg/mm3 was 

used for density. Figure 4.15 shows the temperature distribution on the top surface, 

perpendicular to processed line. Considering the origin (0,0,0) at the intersection of the 

center line and the edge line on the top surface where FSP begins, figure 4.16 shows the 

variation of temperature with respect to time at a point (305, 5, -2). The results of the 

simulation are in good comparison with the experimental results. Thus, verifying the 

validity of the model. 
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Table 4.14 

Variation of Material Properties of AA2195 with respect to Temperature 

 

Temperature (°C) 
Thermal Conductivity 

(W/m °C) 
Specific Heat (J/Kg °C) 

0 87 835 

50 100 910 

100 108 945 

150 120 1000 

200 130 1050 

250 140 1085 

300 145 1100 
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Figure 4.15 

Temperature Distribution on the Top Surface, Perpendicular to Processed Line 
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Figure 4.16 

Variation of Temperature with respect to Time at a point (305, 5, -2) 

 
 
 
 

Model Validation – 3 

Friction Stir processing of material 304L stainless steel was simulated and compared with 

the experimental results of Zhu et al. [13]. To maintain consistency, the dimensions of the 

work piece, material properties, radius of the shoulder and pin, length of the pin, 

rotational speed and translational speed used were same as Zhu et al. [13]. The work 

piece had dimensions 304.8 × 203.2 × 3.18 mm, the tool had a shoulder radius of 9.525 

mm, pin radius of 6.35 mm and pin length of 2.8 mm. A rotational speed of 300 rpm and 

a translational speed of 1.693 mm/sec were used for carrying out the simulation. The tool 

penetrates at a point which is 6.44 mm away from the edge of the work piece. The 

material properties of 304L stainless steel are given in table 4.17. A value of 7.5 E-06 

Kg/mm3 was used for density. Figure 4.18 shows the temperature distribution on the top 

surface, perpendicular to processed line after 83 seconds of processing. The results of the 
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simulation are in good comparison with the experimental results. Thus, verifying the 

validity of the model. 

 

 

 

 

Table 4.17 

Variation of Material Properties of 304L stainless steel with respect to Temperature 

 

Temperature (°C) 
Thermal Conductivity 

(W/m °C) 
Specific Heat (J/Kg °C) 

0 16 500 

200 19 540 

400 21 560 

600 24 590 

800 29 600 

1000 30 610 

 
 

 

 

Model Validation – 4 

Friction Stir processing of material 6061-T6 was simulated and compared with the 

experimental results of Chen et al. [11]. To maintain consistency, the dimensions of the 

work piece, material properties, radius of the shoulder and pin, length of the pin, 

rotational speed and translational speed used were same as Chen et al. [11]. The work 

piece had dimensions 240 × 100 × 6 mm, the tool had a shoulder radius of 12.0 mm, pin 

radius of 3.0 mm and pin length of 5.3 mm. A rotational speed of 500 rpm and a 

translational speed of 2.33 mm/sec were used for carrying out the simulation. The 

material properties of 6061-T6 are given in table 4.19. A value of 2.77 E-06 Kg/mm3 was 

used for density. Figure 4.20 shows the temperature distribution on the top surface, 

perpendicular to processed line. Considering the origin (0,0,0) at the intersection of the 

center line and the edge line on the top surface where FSP begins, figure 4.21 shows the 

variation of temperature with respect to time at a point (120, 10, -1.6). The results of the 

simulation are in good comparison with the experimental results. Thus, verifying the 

validity of the model. 
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Figure 4.18 

Temperature Distribution on the Top Surface, Perpendicular to Processed Line after 83 

Seconds of Processing 

 

 

 

 

Table 4.19 

Variation of Material Properties of Al6061-T6 with respect to Temperature 

 

Temperature (°C) 
Thermal Conductivity 

(W/m °C) 
Specific Heat (J/Kg °C) 

-17.8 162 904 

37.8 162 945 

93.3 177 978 

148.9 184 1004 

204.4 192 1028 

260 201 1052 

315.6 207 1078 

371.1 217 1104 

426.7 223 1133 

571.1 253 1230 
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Figure 4.20 

Temperature Distribution on the Top Surface, Perpendicular to Processed Line 
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Figure 4.21 

Variation of Temperature with respect to Time at a Point (120, 10, -1.6) 
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Model Validation – 5 

Friction Stir processing of material Al6061-T6 was simulated and compared with the 

experimental results of Chao et al. [3]. To maintain consistency, the dimensions of the 

work piece, material properties, radius of the shoulder and pin, length of the pin, 

rotational speed and translational speed used were same as Chao et al. [3]. The work 

piece had dimensions 450 × 200 × 6.4 mm, the tool had a shoulder radius of 9.5 mm, pin 

radius of 3.17 mm and pin length of 5.5 mm. A rotational speed of 400 rpm and a 

translational speed of 2.0 mm/sec were used for carrying out the simulation. The tool 

penetrates at a point which is 20.0 mm away from the edge of the work piece. The 

material properties of Al6061-T6 are given in table 4.19.  
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Figure 4.22 

Variation of Temperature with respect to Time at a Point (225, 6, -3.18) 
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A value of 2.77 E-06 Kg/mm3 was used for density. Considering the origin (0,0,0) at the 

intersection of the center line and the edge line on the top surface where FSP begins, 

figure 4.22 shows the variation of temperature with respect to time at a point (225, 6, -

3.18). The results of the simulation are in good comparison with the experimental results. 

Thus, verifying the validity of the model. 

 

Model Validation – 6 

Friction Stir processing of material Al6061 was simulated and compared with the 

experimental results of Soundararajan et al. [16]. To maintain consistency, the 

dimensions of the work piece, material properties, radius of the shoulder and pin, length 

of the pin, rotational speed and translational speed used were same as Soundararajan et al. 

[16]. The work piece had dimensions 200 × 100 × 6.4 mm, the tool had a shoulder radius 

of 12.0 mm, pin radius of 2.6 mm and pin length of 5.9 mm.  
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Figure 4.23 

Variation of Applied Force with respect to Time 
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A rotational speed of 344 rpm and a translational speed of 2.2 mm/sec were used for 

carrying out the simulation. The tool penetrates at a point which is 25 mm away from the 

edge of the work piece. Figure 4.23 shows the variation of applied force with respect to 

time. The material properties of Al6061 are given in table 4.19. A value of 2.77 E-06 

Kg/mm3 was used for density. Considering the origin (0,0,0) at the intersection of the 

center line and the edge line on the top surface where FSP begins, figure 4.24 shows the 

variation of temperature with respect to time at a point (118, 6, -2). The results of the 

simulation are in good comparison with the experimental results. Thus, verifying the 

validity of the model. 
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Figure 4.24 

Variation of Temperature with respect to Time at a Point (118, 6, -2) 
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Variation of Temperature with respect to Rotational and Translational Speeds 

Model validation – 6 was used as a reference for this particular study. Temperature 

distribution for different rotational speeds was obtained keeping the translational velocity 

constant at 2.2 mm/s. Similarly, temperature distribution for different translational 

velocities was obtained keeping the rotational speed constant at 344 rpm. The force levels 

as mentioned in figure 4.23 were used for all the simulations related to the current 

observation. Figure 4.25 gives a general layout of the work piece explaining all the 

important points of interest.  

Figures 4.26 and 4.27 show the variation of temperature on the top surface, along the line 

AB which is perpendicular to processed line. Figures 4.28 and 4.29 show the variation of 

temperature along line AC, across the cross section, perpendicular to processed line. 

Figures 4.30 and 4.31 show the variation of temperature with respect to time at point A - 

(118, 0, 0). Figures 4.32 and 4.33 show the variation of temperature with respect to time 

at point (118, 6, -2).  

 
 
 
 

 
 

Figure 4.25 

General layout of the work piece for Model Validation – 6 
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It is noticed that keeping the applied force and translational velocity constant, as the 

rotational speed increases the peak temperature increases. However to attain a good 

processed zone the optimum operating temperature for material Al6061 is between 455 C 

and 470 C. As the coefficient of friction and radius of the shoulder and pin are constant 

for the current investigation, the increase in rotational speed has to be compensated by 

decreasing the applied force. Similarly, as the translational speed increases, the contact 

time per unit area of, tool - workpiece interface is reduced thus reducing the peak 

temperature. This explains the unrealistic temperatures corresponding to different 

combinations of rotational and translational speeds, except for the case with 344 rpm and 

2.2 mm/s which is a realistic temperature. The possibility of tool failure increases at 

higher rotational and translational speeds. 
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Figure 4.26 

Variation of Temperature on the Top Surface, along the line AB – Velocity: 2.2 mm/s 
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Figure 4.27 

Variation of Temperature on the Top Surface, along the line AB – 344 rpm 

 
 
 
 

0

200

400

600

800

1000

1200

1400

0 1 2 3 4 5 6

Distance (mm)

T
e
m

p
e
ra

tu
re

 (
C

)

7

144 rpm 244 rpm 344 rpm 444 rpm 544 rpm 644 rpm 944 rpm
 

 

Figure 4.28 

Variation of Temperature across the Cross Section, along the line AC  

(Constant Velocity: 2.2 mm/s) 
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Figure 4.29 

Variation of temperature across the Cross Section, along the line AC – 344 rpm 
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Figure 4.30 

Variation of Temperature with respect to Time at point A - (118, 0, 0) 

(Constant Velocity: 2.2 mm/s) 
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Figure 4.31 

Variation of Temperature with respect to Time at point A - (118, 0, 0) - (344 rpm) 
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Figure 4.32 

Variation of Temperature with respect to Time at point A - (118, 6, -2) 

(Constant Velocity: 2.2 mm/s) 
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Figure 4.33 

Variation of Temperature with respect to Time at point A - (118, 6, -2) 

(344 rpm) 
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CHAPTER 5 
 
 

RESULTS AND DISCUSSIONS 

 

 

Variation of Temperature with respect to Thermal Conductivity 

Figure 5.2 shows the variation of peak temperature attained during friction stir processing 
with respect to thermal conductivity. In reality thermal conductivity is a function of 
temperature. However in this case an average value of thermal conductivity was used.  
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Figure 5.2 

Variation of Peak Temperature with respect to Thermal Conductivity 

 
 
 
 
The average values of thermal conductivity, specific heat and density of Aluminum are 

0.140 Wmm°C, 1050 J/Kg °C and 2.77 E-06 Kg/mm3 respectively. Now keeping specific 
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heat and density constant, thermal conductivity was varied from 0.140 Wmm°C to 0.024 

Wmm°C, which is the thermal conductivity of 304L stainless steel. A trend line equation  

y = 162.65 × x-0.5302                                              [5.1] 

was obtained using Excel. The closeness of trend line to the actual curve was found to be 
99.82 %. 
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Figure 5.4 

Variation of Peak Temperature with respect to Specific Heat 

 
 

 

 

Variation of Temperature with respect to Specific Heat 

Figure 5.4 shows the variation of peak temperature attained during friction stir processing 

with respect to specific heat. In reality specific heat is a function of temperature. 

However in this case an average value of specific heat was used. The average values of 

thermal conductivity, specific heat and density of Aluminum are 0.140 Wmm°C, 1050 

J/Kg °C and 2.77 E-06 Kg/mm3 respectively. Now keeping thermal conductivity and 
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density constant, specific heat was varied from 1050 J/Kg °C to 580 J/Kg °C, which is 

the specific heat of 304L stainless steel. A trend line equation  

y = 620.28e
-0.0003x                                                [5.3] 

was obtained using Excel. The closeness of trend line to the actual curve was found to be 
99.94 %. 
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Figure 5.6 

Variation of Peak Temperature with respect to Density 

 

 

 

 

Variation of Temperature with respect to Density 

Figure 5.6 shows the variation of peak temperature attained during friction stir processing 

with respect to density. In reality density is a function of temperature. However in this 

case an average value of density was used. The average values of thermal conductivity, 

specific heat and density of Aluminum are 0.140 Wmm°C, 1050 J/Kg °C and 2.77 E-06 
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Kg/mm3 respectively. Now keeping thermal conductivity and specific heat constant, 

density was varied from 2.77 E-06 Kg/mm3 to 7.5 E-06 Kg/mm3, which is the density of 

304L stainless steel. A trend line equation  

y = 649.14 × x-0.34                                               [5.5] 

was obtained using Excel. The closeness of trend line to the actual curve was found to be 

99.82 %.  

 

Trend line equation for thermal conductivity versus temperature is given by: 

5302.0

1

5302.0

1 65.162 −− ∝⇒= KTKT                                     [5.7] 

Trend line equation for specific heat versus temperature is given by: 

CC
eTeT

0003.0

2

0003.0

2 28.620 −− ∝⇒=                                    [5.8] 

Trend line equation for density versus temperature is given by: 

34.0

3

34.0

3 14.649 −− ∝⇒= ρρ TT                                           [5.9] 

Peak temperature, t is given by: 
 

34.00003.05302.0 −−− ×××= ρC
eKZT                                       [5.10] 

Where Z is an arbitrary constant. 

For aluminum, average values of material properties are thermal conductivity, k = 0.140 

W/mm°C, specific heat, c = 1050 J/Kg°C and density, ρ = 2.77 × 10-6 Kg/mm3. 

Calculated peak temperature using ANSYS for aluminum with above mentioned material 

properties is 455 °c.  

 
Substituting this data into equation 5.10,  

 
34.010500003.05302.0 77.2140.0455 −×−− ×××= eZ                           [5.11] 

 
838185.310=Z  

Hence Equation 5.10 becomes 
 

34.00003.05302.0838185.310 −−− ×××= ρC
eKT                          [5.12] 

 

For any given material, if the values of thermal conductivity, specific heat and density are 

known, using equation 5.12 the peak temperature attained during friction stir processing 

can be predicted. To calculate the peak temperature using ANSYS, applied force on the 
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tool is necessary. Figure 5.13 shows vertical bar graphs comparing the peak temperatures 

calculated using trend line equation and ANSYS simulation for different materials. As 

the bar graphs are in good comparison with each other, it can be concluded that trend line 

equation can be used to calculate the peak temperature when the value of applied force is 

not known. Once the peak temperature is known, ANSYS can be used to obtain the 

temperature distribution in the entire work piece. For materials Al 6061 and 304L 

stainless steel, a third bar indicating peak temperature calculated by ANSYS using 

temperature dependent values for thermal conductivity, specific heat and density is 

shown. The peak temperatures calculated using the average values for material properties 

is very close to the values of peak temperatures calculated using temperature dependent 

material properties. Hence, usage of average material properties (independent of 

temperature) to calculate the peak temperature is justified. 

 

Friction Stir Processing of Al5052 Alloy 

The predicted peak temperature for Al5052 alloy using the trend line equation is 472 °C. 

Using this value the temperature distribution for the entire work piece was calculated. 

Figure 5.14 shows the temperature distribution on the top surface, perpendicular to 

processed line. Figure 5.15 shows the temperature distribution across the cross section, 

perpendicular to processed line. Figure 5.16 shows the variation of temperature with 

respect to time at a point (65, 0, 0). Figure 5.17 shows the variation of top surface peak 

temperature with respect to time. Nine points starting from 0.0 mm and ending at 153 

mm are chosen to plot a temperature versus time at each point. All the points are chosen 

along the processed path on the top surface. The distance between each point is 19.125 

mm. The peak temperature measured at 0.0 mm is 225 °C. It never reaches 476 °C 

because the processing start point is at an offset of 20.0 mm from the edge of the work 

piece as shown in Figure 4.11. Figure 5.18 shows the cross section of the work piece at a 

processed distance of 65 mm. The heat dissipation due to the convection at the top 

surface of the work piece is lesser when compared to the heat dissipation due to 

conduction at the bottom surface of the work piece. This results in the contours being 

conical in shape. 
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Figure 5.13 

Vertical Bar Graphs Comparing the Peak Temperatures Calculated using Trend Line 

Equation and ANSYS Simulation for Different Materials 
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Conclusion 

A three dimensional thermal model is established for modeling the heat transfer process 

in friction stir processing. 

 The following comparisons were made with five different papers: 

a. The variation of temperature perpendicular to the weld line.  

b. Variation of the nugget-zone temperature with respect to time 

The numerical results are in good agreement with the experimental results. Friction stir 

processing was simulated for material Al5052. A parametric study was carried out to 

understand the variation in temperature for different rotational and translational speeds. 

The variation of peak temperature with respect to thermal conductivity, specific heat and 

density was obtained. A trend line equation was developed to predict the peak 

temperature attained during friction stir processing. Using average values for material 

properties instead of temperature dependent values affects the final results to a small 

extent. Using a moving heat source technique is proved to be a reliable method to 

simulate friction stir processing.  

 
 
 

 
Figure 5.14 

Temperature Distribution on the Top Surface, Perpendicular to Processed Line 
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Figure 5.15 

Temperature Distribution Across the Cross Section, Perpendicular to Processed Line 

 

 
 
 

 
 

Figure 5.16 

Variation of Temperature with respect to Time at a Point (65, 0, 0) 
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Figure 5.17 

Variation of Top Surface Peak Temperature with respect to Time 

 
 
 
 

 
 

Figure 5.18 

Cross Section of the Work Piece at a Processed Distance of 65 mm 
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