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Abstract 
 
In material joining techniques the temperature generated during welding and 

its distribution plays a key role. In the case of Friction stir welding the heat is 

generated by the frictional force generated by the rotation of the tool along 
with axial pressure leads to metal joining, therefore the rate of heat transfer, 

its distribution has to be studied. In this work Mg alloys AZ31B and AZ91B   

are used for FSW according to taguchi’s L9 orthogonal array with three 
process parameters tool rotational speed from 1000rpm to 1200 rpm, welding 

speed from 20mm/min to 30mm/min and tool tilt angle from 1º to 3º.Three 

sets of welding have been performednamely AZ31B/AZ31B similar joints, 

AZ91B/AZ91B similar joint and AZ31B/AZ91B dissimilar joints 
respectively. The temperature has been measured using a contact probe 

thermocouple and temperature distribution at each second is calculated and 

the influence on final weld properties has been discussed with the help of 
ANSYS software. In ANSYS element type SOLID 90is  used for thermal 

analysis which has single degree of freedom, temperature on its each node. 

The corresponding microstructure of joints with highest UTS and lowest 
UTS was obtained for validating the results. 
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1 Introduction 
 

The transportation industries are in an urge of newer structural materials 

that possess superb properties such as impact strength, low weight, high 

strength to weight ratio, fuel efficiency etc. Aluminium and its alloys were 
commonly used in automotive structural applications as it considerably 

reduces the overall weight and thereby improving the fuel 

efficiency.Eventhough Aluminium alloys are still being widely used a 
constant search for alternative materials having similar or better properties 

than Aluminium has led to the usage of Magnesium alloys. Its low density, 

high strength to weight ratio had made Magnesium alloys a proper choice.  
[1-5]. Among the various Magnesium alloy grades used AZ31B grades have 

been used widely due to its superior welding properties, structural properties 

and corrosion strength. Being a wrought alloy makes AZ31B suitable for 

many structural applications and its hexagonal lattice structure supports it [6-
9].Proper joining of metals and alloys is important from the application point 

of view. Majority of the welding techniques are related to fusion welding and 

it’s not suitable for Magnesium alloys due to the formation of fumes during 
welding and it’s high in flammability [10-12].The formation of precipitates, 

intermetallic compounds etc. are directly related to the welding temperature. 

The thermal conductivity of the alloys, heat generation during welding, 
thermal stress distribution etc. are major factors influencing the final weld 

strength. 

 The temperature formation varies according to various process 

parameters such as type of tool, axial pressure, tool rpm, welding speed and 
various other factors. Various works have been done related to the thermal 

aspects during friction stir welding, creating thermal models, simulation 

etc.[13].Temperature measurement during friction stir welding, tool 
temperature, thermal stress distribution etc. had been done by various 

researchers. The temperature measurement using thermocouples was done 

and the inside temperature had been calculated for simulation 

purposes[14].The improper distribution of temperature during welding is a 
major concern among. [15-17].This works concentrates on the measurement 

of temperature during welding using contact thermocouple and to create a 

finite element model using ANSYS and to calculate the inside temperature 
during welding, temperature distribution etc. 
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2 Experimental Details 
 

The material for Friction stir welding was AZ31B and AZ91B 

Magnesium alloy plates of dimension 100mm × 50mm and a thickness of 

7mm.The chemical composition on AZ31B alloy is given in table 1.Before 
welding the plates were cleaned and finished to accurate dimension. The 

number of joints were selected according to taguchi’s L9 orthogonal array 

with 3 parameters and 3 levels.The plates are arranged with AZ31B on 

advancing side and AZ91B on retreating side.The joints were named as S3-1 
to S3-9 for AZ31B Mg alloy, S9-1 to S9-9 for AZ91B Mg alloy and D-1 to 

D-9 for dissimilar AZ31B/AZ91B joints. The process parameters selected 

were tool rpm, welding speed and tool tilt angle. The details are given in 
table 2. The tool was made of super high speed steel. The tool had a shoulder 

diameter of 21mm,pin diameter ranging from 5.8mm to 7mm as the pin is of 

tapered threaded cylindrical profile with a pitch of 1mm.The pin length was 

6.7mm.The friction stir welding was carried out in CNC friction stir welding 
machine (make : RV machine  tools,SPM-10).The temperature during 

welding was calculated using a contact  K type thermocouple digital 

thermometer  which was placed on the welding surface as the tool pass by 
and the temperature was noted per second in accordance with the welding 

speed. The temperature range of thermometer was from 0-1000°C.The focus 

has been mainly on the joints with highest and least values for tensile 
strength. The Joints obtained with high UTS were S3-3, S9-7 and D-9 and 

joints with lower UTS were S3-7, S9-8 and D-5.Therefore the thermal 

analysis and other procedures has been done on that specific samples for 

supporting the microstructural evidences. 
 

Table 1: Percentage composition of AZ31B Magnesium alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AZ31B 

Al 

3.01% 

Zn 

0.94% 

Mn 

0.29% 

Si 

0.009% 

Ni 

0.003% 

Fe 

0.001% 

Ca 

0.04% 

 

bal Mg 

 

AZ91B 

 

8.95% 

 

0.56% 

 

0.32% 

 

0.032% 

 

0.014% 
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Fig 1. (a) CNC Friction stir welding arrangement (b) Friction stir welding tool (c) 

contact thermocouple(d) AZ91Bjoints after welding (e) AZ31B joints after welding 

(f) AZ91B/AZ31B joints after welding 

 

3 Thermal Analysis 
 

The Finite Element Method (FEM) is a widely used analysis method to 
solve complex continuum mechanics problems by dividing it into a series of 

simple interrelated problems (mesh generation). FEM is most predominantly 

used in structural and process analysis for obtaining approximate solutions 
for a variety of engineering design problems. In the present study, a general 

purpose finite element program ANSYS® 16.0 is used for simulating the 

friction stir welding process.[18-22]some works has been done  related to the 

modelling of  heat transferin FSW using the finite difference method.The 
moving tool, Heat input from the tool shoulder and the tool pin are 

considered in the model.[23]. Some papers deal with the thermo mechanical 

stresses developed during FSW and its influence on final weld 
properties.[24]  Several models were  that can separately deal with  heat 

transfer, material flow, and plastic flow.[25] 

Calculation of the temperature field history during welding entails a 

transient heat transfer analysis using the temperature dependent thermo-
physical properties. The energy balance equation for the thermal analysis is 

given by 

(a) (c) 

(e) 

(b) 

(d) 

(f) 
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Eq (1) [26] 

T – Temperature,  - Rate of change of temperature, k - Thermal 

conductivity, c -Specific heat ρ- Density, 

  Rate of moving heat generation ∇ - Spatial gradientoperator.For the 

boundary conditions during the thermal analysis, both radiation and 

convection were taken into consideration [26] during the thermal cycle, 

radiation heat losses are dominant in and around the weld pool; whereas, 
away from the weld convection heat losses are dominant. This is modelled by 

defining the temperature dependent heat transfer coefficient, h. Two different 

heat transfer coefficients are considered here. Numerical reproduction of 

weld-induced residual stresses needs to accurately take account of 
Conductive and convective heat transfer, Convective and radiative heat 

losses, Heat conduction into the surrounding solid materials as well as the 

conductive and convective heat transfer to ambient temperature. The heat is 
generated mainly from the combined effect of Tool rotational speed, pressure 

exerted by the tool on the work piece and the tool shape determines the 

heating, plastic flow and forging pattern of the plastic weld metal. The tool 
shape determines the weld size, welding speed and tool strength. The tool 

material determines the rate of friction heating, tool strength and working 

temperature, the latter ultimately determines which materials can be friction 

stir welded[27-29].This analysis mainly focusses on the influence of process 
parameters on final weld quality and most importantly the temperature 

aspects. The attention has been concentrated on to the inside mid depth 

temperature and its correlation with the corresponding mechanical and 
metallurgical properties. The joints that showed highest and lowest tensile 

strength has been selected for thermal analysis and the corresponding 

microstructures has been related. The surface temperature has been measured 
using a contact probe thermocouple and the inside temperature has been 

formulated with the help of analysis software. 
Table 2:Thermal properties of AZ31B Magnesium alloy 

Heat of Fusion 340J/g 

Specific Heat Capacity 1J/g-°C 

Thermal Conductivity 96 W/m-K 

Melting Point >600ºC 

 
Table 3:Thermal properties of AZ91B Magnesium alloy 

Heat of Fusion 370 J/g 

Specific Heat Capacity 1.025 J/g-°C 

Thermal Conductivity 72 W/m.K 

Melting Point >470ºC 
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Fig 2.Schematic diagram of welded joints used for thermal analysis 

 

The longitudinal axis (x axis) is used as the welding direction axis. The 
transverse axis (z axis) is used the direction perpendicular to longitudinal 

axis, i.e. along plate width. Through-thickness is used for direction 

perpendicular to x and y axis i.e. along plate thickness. In ANSYS element 

type SOLID 90 used for thermal analysis which has single degree of 
freedom, temperature on its each node. 

 

3 Results and Discussion 
 

3.1 AZ31B/AZ31B Similar weld analysis 

 
Fig 3(a) Cross sectional thermal image showing the inside temperature 

generated during FSW of AZ31B/AZ31B alloys (S3-3) (b) Corresponding 

temperature distribution curve along the thickness 
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Table 4. Weld mechanical propertiesand corresponding temperature for AZ31B 

similar alloys 

 

 

 
Fig4(a)Cross sectional thermal image showing the inside temperature generated 

during FSW of AZ31B/AZ31B alloys (S3-7) (b) Corresponding temperature 

distribution curve along the thickness 
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Fig 5:(a) Relationship between Temperature and Mechanical properties of AZ31B 

similar welds 

(b) Relationship between temperature and Micro hardness distribution for AZ31B 

similar welds 

 

Weld Number UTS (MPa) Yield Strength 

(MPa) 

% 

Elongation 

Micro 

hardness 

value  

Surface 

Temperature(°C) 

Inside 

temperature(°C) 

 

S3-3 

 

193.87 

 

146.40 

 

11.24 

 

72 

 

 

315.86 

 

457 

 

S3-7 

 

154.32 

 

115.37 

 

13.07 

 

65 

 

 

302.8 

 

338.26 
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Fig 6: (a) AZ31B Base material microstructure (b) Weld region of S3-3 

 
The inside mid depth temperature and its distribution for S3-3 is shown 

in Fig 3(a) and (b) and the temperature was around 457ºC and the joint has 

produced highest Ultimate tensile strength of 193.87MPa and the micro 
hardness value was also high at the weld region. The microstructural image 

of the nugget zone shows proper distribution of grains throughout the region 

and grain refinement has taken place. Some voids can be seen due to 

improper mixing at some areas although the overall strength has been 
obtained.Due to proper staining the advancing side grain structure is more 

refined and smaller than that of the retreating side.The recrystallization has 

been occurred as the presence of sub grains validates it. An average grain 
size of 7.5+ 4µm has been observed after welding. Fig 4(a) shows an inside 

mid depth temperature of 338.26ºCwhich produced the weakest joint at an 

ultimate tensile strength of 154.32MPa and fig 4(b) shows the temperature 

distribution along the thickness for the same. The temperature generated 
inside was low when compared to the other joints and poor mixing and 

thermal aspects may resulted in a low strength weld. The micro hardness 

value was also low at the weld region and Fig (a) and (b) shows the joint 
properties and micro hardness distribution for all the nine joints and a steep 

increase and decrease can be clearly noted. Though the last joint has showed 

a highest temperature in the group other metallurgical and welding 
parameters may have influenced for the corresponding joint strength. 

(b) 
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3.2 AZ91B/AZ91B Similar Weld Analysis 

 

 

 

Fig 7(a) Cross sectional thermal image showing the inside temperature generated 

during FSW of AZ91B/AZ91B alloys (S9-7) (b) Corresponding temperature 
distribution curve along the thickness 

 

 
Fig 8(a) Cross sectional thermal image showing the inside temperature generated 

during FSW of AZ91B/AZ91B alloys (S9-8) (b) Corresponding temperature 

distribution curve along the thickness 

 
Table 5:Weld mechanical propertiesand corresponding temperature for AZ91B 

similar alloys 

 

 

 

 

 

Weld 
Number 

UTS 
(MPa) 

Yield 
Strength 

(MPa) 

% 
Elongation 

Micro 
hardness 

value 

Surface 
Temperature(°C) 

Inside 
temperature(°C) 

 

S9-7 

 

129.25 

 

119.67 

 

4.04 

 

79 

 

 

293.66 

 

343.41 

 

S9-8 

 

52.58 

 

48.44 

 

3 

 

113 

 

 

272.66 

 

322.21 

(b) (a) 



                                                                                                                  
 

 

 

 

 

 

6550 M A Unnikrishnan et.al 
 

 

 
Fig 9: (a) Relationship between Temperature and Mechanical properties of AZ91B 

similar welds 

(b) Relationship between temperature and Micro hardness distribution for AZ91B 

similar welds 
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Fig 10: (a) AZ91B Base material microstructure (b) Weld region 

 

Fig 7(a) and (b) shows the inside mid depth temperature obtained for S9-

7 weld joint and the temperature distribution along the thickness. As the weld 
ability property and thermal aspects are different from that of AZ31B the 

microstructure and mechanical property values obtained are quite different. 

The inside mid depth temperature obtained was about 343ºC and it is around 

80% of that of the melting point of AZ91B base material. The maximum 
Ultimate tensile strength obtained was 129.25 MPa and Yield strength 

obtained was 119.67 MPa with a percentage elongation of 4.Fig 8(a) and (b) 

shows the inside temperature and its distribution pattern for the joint which 
showed lowest ultimate tensile strength of 52.58MPa.The average grain size 

observed in the weld region was around 8+3µm.Some voids can be seen in 

the weld zone region as in the case of AZ31B weld. Some extruded 
elongated grains can be seen near to the SZ/TMAZ border region. Fig 9(a) 

shows the temperature and mechanical properties of the welds which showed 

the maximum and minimum UTS.Fig 9(b) shows the micro hardness 

distribution pattern for all the nine joints. The curve shows a proportional 
increase in micro hardness to that of temperature generated .The S9-8 joint 

showed the maximum micro hardness value of 113Hv which was a notable 

difference from that of other welds. 

(b) 
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3.3 AZ31B/AZ91B Dissimilar weld analysis 
 

 
Fig 11: (a) Cross sectional thermal image showing the inside temperature generated 

during FSW of AZ31B/AZ91B alloys at (D-9) (b) Corresponding temperature 

distribution curve along the thickness 

 

 
Fig 12: (a) Cross sectional thermal image showing the inside temperature generated 

during FSW of AZ31B/AZ91B alloys (D-5) (b) Corresponding temperature 

distribution curve along the thickness 

 

Table 6: Weld mechanical propertiesand corresponding temperature for 

AZ31B/AZ91B Dissimilar Mg alloys 

 

 

 

 

 

 

Weld 

Number 

UTS (MPa) Yield Strength 

(MPa) 

% 

Elongation 

Micro 

hardness 

value(Hv) 

Surface 

Temperature(ºC) 

Inside 

temperature(ºC) 

D-9 152.14 128.56 6.28 72 358 425.85 

D-5 

 

127.95 110.93 6.04 68 288.68 338.52 
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Fig 13: (a) Relationship between Temperature and Mechanical properties of 

AZ31B/AZ91B dissimilar welds 

(b) Relationship between temperature and Micro hardness distribution for 
AZ31B/AZ91B dissimilar    welds 

 

 
Fig 14: Weld microstructure of Dissimilar AZ31B/AZ91B alloys (a) D9 (b) D5 
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The welding of AZ31B/AZ91B dissimilar alloys was challenging due to 

their difference in material structure, microstructural aspects etc.AZ31B is a 

wrought alloy and AZ91B is a cast alloy. The welding process parameters 
has been selected by considering both the alloys properties and trial 

experiements.The result suggests that a low range tool rpm was suitable for 

welding dissimilar alloys .The AZ31B alloy is highly weld able and its fusion 
properties are better than AZ91B and through welding some properties can 

be imparted to AZ91B as the alloying elements in AZ31B alloy will 

influence on the percentage composition of AZ91B grade. The dissimilar 
weld joint D-9 showed maximum UTS of 152.14MPa, yield strength of 

128.56MPa and percentage elongation of 6.28.The lowest UTS obtained was 

127.95MPa for joint D-5 along with a yield strength of 110.93Pa and 

percentage elongation of 6.04.The process parameters for D-9 were 
1100rpm, 20mm/min and 3º and the process parameters have been chosen in 

accordance with the results obtained from trial experiments.In the stir zone 

an average grain size of 7.5+ 4μm was observed. It has been reported that 
additions of Ca up to 0.4 wt%enters the lattice structure and changes the 

valance electron of the βphase and strengthens it by increasing its melting 

point from 424ºC to 448ºC with 0.4 wt% additions [30].The alloying 

elements in AZ31B had improved the weld quality of AZ91B through 
welding and the temperature obtained through analysis was 425ºC which was 

almost closer to the reference value. Fig 11(a) shows the inside temperature 

generated for joint D-9 and 11(b) shows the corresponding temperature 
distribution. Fig 12(a) shows the inside mid depth temperature obtained for 

joint D-5 and 12(b) shows the corresponding temperature distribution. The 

UTS values and YS values shows decent progress from the AZ91B similar 
weld joints and percentage elongation had been improved significantly.Ca 

addition during welding has imparted better UTS and YS values. The 

strengthening of β-Mg17Al12 phase can be clearly seen from the results. Fig 

13(a) shows the relationship between temperature and weld properties were 
as 13(b) shows the micro hardness distribution pattern for all dissimilar joints 

and a gradual increase in temperature can be noted and the maximum value 

for micro hardness was obtained in proportional to the temperature and D-9 was 

the joint that showed the highest UTS.The weld microstructure has been shown in fig 

14(a) for D-9 and fig 14(b) for D-5..Proper grain refinement and mixing had 

happened in D-9 as the microstructure shows almost finer grains though some voids 

can be seen. In the case of D-5 the grain structure river like lamellae can be seen near 

to the TMAZ zone along with elongated grain structure.  
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Table 7: Inside mid depth temperature in both sides of AZ31B/AZ91B dissimilar 

weld 

 

 
Fig 15: Micro hardness distribution along welded plate for D5 and D9 joints 

 

In the case of dissimilar weld the thermal conductivity, temperature 

distribution pattern, melting point, heat of fusion etc. are different for both 

alloys and this had tremendous influence on the final weld properties. As 

welding is almost melting then materials the alloy percentage composition 
changes in the weld region as the components in AZ31B will get induced on 

to AZ91B after welding. Table 7 shows the variation in temperature on either 

sides of the dissimilar weld. As the obtained value suggests the weld strength 
was directly influenced by the generated temperature which in turn was 

influenced by the process parameters. The rate of heat transfer through the 

material during welding, the material flow rate, grain distribution etc. are 

dependent on the heat generated by the rotation of tool. Here D-5 represents 
the dissimilar weld joint obtained at 1000rpm, 30mm/min and 2º tool tilt 

angle and D-9 represents the joint obtained at 1100rpm, 20mm/min and 3º 

tool tilt angle. The temperature obtained for joint D-5 was 298ºC at AZ31B 
side and 252ºC at AZ91B side as the temperature was comparatively low 

proper intermixing was not done as per the results obtained .The UTS 

obtained for D-5 was 127.95MPa The temperature obtained during FSW of 
D-9 as much better in the range of 424ºC at AZ31B side and 370ºC at 

AZ91B side and the corresponding results shows its validity.  



                                                                                                                  
 

 

 
 

 

 
6556M A Unnikrishnan et.al 

 

The highest UTS of 152.14MPa was obtained for D-9. Fig 15 shows the 

micro hardness distribution along the welded plates for D5 and D9 joints. 

The maximum micro hardness value of 99 Hv was obtained for D9 at the 
HAZ region. The micro hardness pattern for D9 shows a steep increase and 

then a decrease in values whereas in D5 the micro hardness pattern is almost 

uniform not showing much drastic variation. 
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Fig 16: (a) Surface temperature variation during welding in D-5 and D-9 joints (b) 

Inside mid depth temperature variation during welding in D-5 and D-9 joints 

 

Fig 16 (a) shows the temperature variation on the surface which has been 
recorded using a contact probe thermocouple and the measurements were 

taken per second along the total weld length. The figure shows the 

temperature at 10sec, 20sec and 27 sec on three regions respectively along 

the weld direction. The graph shows an increase in both surface temperature 
and inside mid depth temperature (fig 16 b) for D-9 joints and a low 

temperature profile for D-5 joints. A steep temperature rise has been noted at 

the end region of the weld at 27s. 
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4 Conclusion  
 

The present work mainly focus on the thermal aspects during Friction stir 
welding. The analysis has been done using ANSYS software to find the 

temperature distribution along the welded plates. The results shows that the 

temperature detected inside the plates during welding plays an important role 
in the intermetallic formation, grain refinement, grain distribution, thermal 

stress distribution etc. The higher temperature resulted in better weld 

strength. The tensile test results proves the influence of temperature in 

determining the final weld properties and vice versa. The images are 
denoting the plate thickness half way through. The temperature may increase 

towards the bottom. More accurate results can be obtained by inserting 

multiple thermocouples along the weld line. The temperature has to be in 
certain limit in order to attain maximum weld strength and to avoid 

intermetallic formation. The temperature generated inside the material during 

welding, temperature distribution during the process both width wise and 
depth wise plays an important role in building better quality welds. Proper 

calculation of temperature and its distribution is necessary. The results 

validate that the variation obtained in UTS, yield strength, percentage 

elongation, micro hardness etc. have direct relation with the generated 
temperature during welding. The least value obtained for UTS was directly 

connected to the low temperature generated during welding and the 

corresponding microstructure shows the inside picture. Similarly for the joint 
with highest UTS temperature generated during welding was much higher 

and thus providing better quality joints. More research should be done on the 

temperature side as Proper measurement and control of heat generation and 
temperature measurement will yield good quality joints. 
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