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ABSTRACT 
This paper is to predict numerically both the temperature distribution during friction stir welding process of 6061-T6aluminium 
plates and sequentially the resulting thermal residual stress which couple the thermal histories into the mechanical model 
assuming elastic-perfectly plastic metal behavior in accordance with the classical metal plasticity theory. The commercial code 
ANSYS 14 is used in Thermo mechanical modeling of friction stir welding of aluminium6061-T6. Heat input from the tool shoulder 
by moving heat source with a heat distribution simulation process and the tool pin are considered in the finite element analysis 
model. The heat generated from the friction between the tool shoulder and the heat transfer analysis is done by the work piece. 
The force applied promulgates the highest tensile stress with the longitudinal stress along with the temperature profiles within 
the heat affected zone of the weld. In association with longitudinal and transverse stress components, the through-thickness 
(normal) stresses are negligible. An APDL (ANSYS Parametric Design Language) code is developed to extract the thermal history 
and the subsequent thermal stresses for easing the proposed sculpt. Various aspects like the effects of heat transfer conditions at 
the bottom surface, thermal contact conductance at the work-piece and the backing plate integrate on the thermal profile in the 
weld material are taken into considerations. 
 
KEYWORDS: Friction stir welding, Finite element, Three dimensional modeling, Thermal stresses.  

 

INTRODUCTION 
 

Thomas et al invented FSW, the parent technology in 1991. FSW is used to perform welding process at 

temperatures lower than the melting point of the alloy in a solid state. A specially profiled rotating is transverse 

through the joint line which is clamped with the work piece produces friction heating. The tool is crushing the 

joint line, breaking up the oxide film by a mechanical stirring and transcribing the hot and plastic material. 

Comparing with the base metal the resulting joint exhibits a finer grain structure. This technology has taken off 

in a lot of applications due to a number of benefits. 
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Fig. 1: Friction stir welding 

 

Fusion welding technique is considered to be a nurturing technique for joining of high strength aluminum 

alloys which are classified as non-weldable material. Friction stir welding have more number of advantages over 

other fusion welding processes, including the elimination of welding consumables such as gas, filler metal, and 

electrodes. Taking into account frictional heating due to mechanical work, FSW is only three primary weld 

variables which is used to control. These are plunge force, rotation speed, and weld travel speed. Other advantages 

of welding which includes the absence of issues related to the cooling phase, such as solidification cracking. 

Friction stir welding also offers better safety due to lack of toxic fumes and produces a lower environmental 

impact. Applications of FSW can be found in the shipbuilding, aerospace and automotive industries. A schematic 

representation of the FSW process is shown in Fig. 1. 

 

2. Literature Review:  

The process of friction stir welding (FSW) by using finite element method (FEM) was investigated by 

Kadirgok [5]. The welding capability of many different materials can be examined by using only analytical and 

numeric methods. In this study, a finite element (FE) model was established for the welding process with friction 

stir welding of AZ31 magnesium alloy. The computational model was performed by the DEFORM software which 

is in 3D finite element in different speeds such as 960, 1,964, and 2,880 rpm rotational speeds and in 10 and 20 

mmmin−1 transverse speeds. The best results are obtained from both experimental and simulation studies under 

a rotation speed of 1,964 rpm and a transverse speed of 20 mmmin−1. In this work, it was seen that decrease in 

temperature took place on the work piece with increase in transverse speed. The increase in transverse speed 

causes an increase in the material amount moved per rotation. The amount of materials increases due to FSW 

process because extruded toward back of work pieces.  

A thermal model of friction stir welding for Aluminium alloys was developed by Hamilton. C et al., [3] that 

develops a new slip factor based on the energy per unit length of the weld. The relationship between the ratio of 

the maximum welding temperature to the solidus temperature and the welding energy which is derived from an 

empirical relation of slip factor Different grades of Aluminium alloys are used such as AA6082-T6, AA7108-

T79, and so on. For energy levels in excess of 2000 J/mm, the model captures the increasing influence of slip 

between the tool and work piece have the maximum welding temperature approaches the solidus temperature of 

an alloy. For energy levels between 800 and 2000 J/mm, the thermal model shows excellent agreement with the 

experimental data. However, the model does not take into account heat generation from plastic deformation; 

therefore, for energy levels less than 800 J/mm, the predicted temperatures decrease more rapidly than 

experimentally observed.  

Chen and Kovacevic [1] proposed a three dimensional finite element analysis model to study the thermal 

history and thermo mechanical process in butt welding of aluminum alloy 6061-T6. The model incorporated the 

mechanical reaction of the tool and thermo mechanical processes of the welded material. The friction between the 

material, the probe and the shoulder is also included in the heat source. X-ray diffraction technique was used to 

measure the residual stresses developed in the plate and the measured result was used to validate the efficiency of 

the proposed model. 

 

Thermo Mechanical Model Of Fsw: 

Complex continuum problems are solved by Finite Element Method by segmenting it into a gradation of 

simple correlative problems. It is most commonly used in numerical examination for obtaining verge on solutions 

to ample assortment of engineering problems. At current inspection, a infomercial general purpose finite element 

program ANSYS 14.0 was used for mathematical simulation of friction stir welding process.  
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The ANSYS 14.0 program has loads of finite element analysis competencies, strolling from simple, lined, 

static analysis to a perplexed nonlinear, fleeting vehement exploration. The thermal and mechanical property 

ripostes of the material during friction stir welding process are investigated by finite element mock-up. In this 

study, a successively coupled thermo mechanical prototype is developed for inquiry. The finite element prototypes 

are parametrically stacked using APDL (ANSYS Parametric Design Language) rendered by ANSYS 14.0.  

 

3.1 Model Development For Fsw: 

Two rectangular shaped plates (similar to those used in the orientation model) were used as the task item. 

Facets have been found to cutback the facsimile time. The plate size is 200 x 50 x 6.4 mm and the tool shoulder 

diameter is 12mm. The height of the tool was equal to the shoulder diameter. Both the task item (aluminium alloy 

plates) and the tool are casted using bi fold-field element SOLID226 with the organizational-thermal option. In 

the mathematical model, only partial welded plate was casted by the weld line is the proportioned line. Symmetric 

circumstances were used to dwindle the simulation time. 

The task item was made up of aluminium 6061 T-6 alloy and the tool was made up of AISI A2 steel.  

 

3.2 Assumptions:  

A number of conjecture have been made by evolving the finite element thermal prototype, which include:  

 Task Item material was isotropic and compatible  

 No liquefying occurs during the welding process.  

 Heat deportation from the task item to the clamp is trivial.  

 

3.3 Material Properties:  

Thermal horsepower, distinct heat, and impenetrability are thermal properties of the material which are 

temperature dependent. An authentic figuring of temperatures is pivotal in FSW process because the stresses and 

strain developed in the weld material are temperature dependent. Therefore, temperature dependent thermal 

sublets of 6061-T6 Aluminium alloy are used in finite element model. The thermal material sublets of 6061-T6 

Aluminium alloy are tabulated in Table 3.1.  

The thermal sublet values are gratified literature survey and for uplifted temperatures the values are lined 

extrapolated. Thermal properties of the aluminium 6061-T6 alloy such as thermal horsepower, distinct heat, and 

impenetrability are temperature-dependent. The Young’s modulus is one of the mechanical peculiarity and the 

ancillary of thermal magnification is considered to be stabile for the plate due to the inadequacy of data accessible 

in the literature. The material property of the device is shown in the table 3.2. 

 
Table 3.1: Material properties of the Task Item Material Properties of the Plates 

Young’s modulus  69.7 GPa  

Poisson’s ratio  0.22  

Coefficient of thermal expansion  23.6 μm/m °C  

Bilinear Isotropic Hardening Constants  

Yield stress  276 MPa  

Tangent modulus  26 GPa  

Temperature Dependent Material Properties  

Temperature (°C)  0  204.4  427.7  571.1  

Thermal Conductivity 
(W/m °C)  

162  192  223  253  

Specific Heat (J/Kg °C)  550  590  672  715  

Density (Kg/m3)  2703  2657  2602  2574  

 
Table 3.2: Material properties of the tool Material properties of the tool 

Young modulus  203 GPa  

Poisson’s ratio  0.23  

Thermal Conductivity  23.8 W/m °C  

Specific Heat  1096 J/Kg °C  

Density  7860 Kg/m3  

 

3.4 Mesh Development:  

Three dimensional SOLID226 elements were used to interlock the task items. A hexahedral mesh with 

dropped mid side nodes is used because the presence of mid side nodes (or quadratic interpolation functions) can 

lead to swinging of the thermal solution, which leads to non-physical temperature dispensation. A hexahedral knit 

is used instead of a tetrahedral knit to avoid interlock-orientation dependency. For more authenticated results, a 

finer interlock is used in the weld-line domain.  
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3.5 Boundary And Loading Conditions:  

Boundary condition for FSW thermal prototypes were quantified as surface loads through ANSYS codes. 

Hypothesis was made for assortment boundary conditions based on facts poised from various published research 

papers. This category portrays the thermal and mechanical frontier conditions encroached on the FSW model.  

Due to FSW process, the abrational and plastic heat are procreated which proliferate fleetly into isolated 

domains of the plates. On the top and side surfaces of the task item, relegation and radiation reckon for heat loss 

to the ambient. Deportation losses also occur from the bottom surface of the task item to the backing plate. 

Accessible data put forward that the value of the alteration synergy lies between 10 and 30 W/m2 °C for the task 

item area, except for the bottom surface. The value of the alteration coefficient is 30 W/m2°C for task item and 

tool which vibes the output temperature. Similarly, a lower coefficient upsurge the output temperature of the 

prototype. A high inclusive heat-relegation synergy of 300W/m2 °C is connoted for the conductive heat loss  

through the bottom surface of the work piece. The bottom surface of the task item is treated as a deportation 

surface for modeling conduction losses because the percentage of heat lost due to radiation is probable, radiation 

heat losses are brushed off. The model caries headmost temperature of 250c. Temperature boundary conditions 

are not foisted anywhere on the model. 

The task item is hooked by clamping each plate. In all directions the clamped portions of the plates are 

incarcerated. To enable prop-up at the bottom of the plates, all bottom nodes of the task items are incarcerated in 

the perpendicular direction.  

The FSW process entailed of three primary phases:  

1. Plummet -- The plummets are the one which slowly fall straight down by the tool on task item.  

2. Chafing -- At the initial tool position, abrasion between the rotating tool and task item provokes heat until 

the task item temperature get in touch with the value required for welding.  

3. Permeation (Traversal) -- The rotating tool moves along the weld line.  

The temperature at the weld line region upsurged due to the decussated phase, but the maximum temperature 

values do not annihilate the melting temperature of the task item material. For expository intendment, each phase 

of the FSW process is contemplated a disembodied load step. A austere surface incarcerate is already demarcated 

for stowing on the tool. The loading conditions which are brought into play on the pilot node are shown in the 

table 5.3. 

 
Table 5.3: Loading Conditions Applied On Pilot Node Load Step 

  Time Period (sec)  Loadings on Pilot Node  Boundary Condition  

1  1  Displacement boundary 
condition  

UZ = -7.95E-07 m  

2  5.5  Rotational boundary condition  ROTZ =  

60 RPM  

3  22.5  Displacement and rotational 
boundary conditions together 

on the pilot node  

ROTZ =  
60 RPM  

UY = 60.9E-03 m  

 

The tool plunges into the task item at a very shallow profundity, then rotates to bring about heat. The 

profundity and rotating speeds are the critical state of affairs for the weld temperatures. The tool scouring from 

one end of the welding line at a speed of 2.7 mm/s.  

 

RESULTS AND DISCUSSION 
 

4.1 Transient Temperature Predictions:  

The thermal analysis is associated with solving the transient three dimensional models with its associated 

boundary conditions under the effect of moving heat source. An algorithm created using the ANSYS APDL Macro 

language to simulate moving heat source was executed. Figure 4.1 shows contours of the temperature variation 

through FSW process. The temperature of the work piece increases in the movement of tool in the weld region. 

The temperature of the work piece at initial stage is 25˚C, because of the rotational and translation motion of the 

tool, it attains the maximum temperature upto 558˚C. 
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Fig. 4.1: Temperature distribution  

 

4.2 Transient Thermal Residual Stresses:  

It was assumed that in the thermo-mechanical simulation of FSW process, which is sequentially, coupled that 

both stress evolution and thermal process. The highest compressive components were found by longitudinal stress 

values. Beyond the heat-affectedzone, clamping constraints and locations may have significant localized effects 

on the stress components in the unaffected parent metal. Thermal expansion or contraction is completely based 

on transient application of temperature gradients which is usually happened by the dominant concern in thermal 

stress analysis. Figure 4.2 shows the longitudinal residual stress distribution during FSW process. The maximum 

residual stress of about 0.717x109 N/m2 (717 N/mm2) has been recorded in the work piece. 

 

 
 

Fig. 4.2: Longitudinal residual stress of the workpiece 
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Fig. 4.3: Overall deformation of the work piece  

 

4.3 Overall Deformation: 

The clamping of the workpiece plays a major role in friction stir welding process. The overall deformation of 

the workpiece is shown in figure 6.3. Since shape distortion is a tough property to compare accurately amongst a 

large specimen. The difference between the initial shape of the plates and the final shape of the welded specimen 

are having a small initial distortion between he plate halves. The maximum overall deformation of the workpiece 

of the plates is 1.173mm, which mostly occurs in the retreating side of the workpiece material.  

 

Conclusion:  

A 3D finite element analysis numerical model of the friction stir-welding process has been presented here to 

improve our modeling capabilities, to understand the process and at the same time to assess. The results of thermal 

and structural analysis which are simulated using ANSYS 14.0 are used to evaluate the residual stresses and 

overall deformation in the work-piece geometry. By using ANSYS 14.0, three dimensional analytical models are 

developed which are proved to be reliable and effective for welding simulation of FSW. Longitudinal stress values 

were found to be the highest compressive stress components. The residual stress of about 717Mpa and overall 

deformation of 1.173mm has been recorded for a butt joint of Al 6061-T6. 
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