
IJSRD - International Journal for Scientific Research & Development| Vol. 3, Issue 04, 2015 | ISSN (online): 2321-0613 

 

 

All rights reserved by www.ijsrd.com 764 

Thermo-Mechanical Characterization of Friction Stir Spot Welded 

HDPE Sheets 

I. A. Quazi
1
 M. T. Shete

2
 M. A. Quazi

3
 

1
PG Scholar 

2,3
Assistant Professor 

1,2
Department of Mechanical Engineering 

3
Department of Chemical Engineering 

1,2
Govt. College of Engineering, Amravati, Maharashtra, India 

3
Anuradha Engineering College, Chikhli 

Maharashtra, India
Abstract— Friction Stir Spot Welding (FSSW) is a rapidly 

evolving technology that is increasingly becoming one of 

the widely adopted technologies in the industries for joining 

alloys of various metals like titanium, aluminum, 

magnesium and even polymeric materials that are hard to 

weld by conventional fusion welding processes. This work 

presents an analysis of the thermo-mechanical conditions in 

Friction Stir Spot Welding (FSSW) of commercial High 

density Polyethylene sheets. An experimental campaign was 

carried out on a Vertical Milling Machine, modified to work 

as a Friction Stir Spot Welding machine and lap joints were 

obtained on couples of HDPE sheets. The study was carried 

out using a set of tests to investigate how the friction stir 

spot welding process parameters namely tool rotational 

speed, axial feed rate, dwell time and the plunging depth 

effect the temperature distribution and mechanical 

properties of the joints. Experiments were designed using 

Response Surface Methodology Design of Experiments. 

Furthermore, a mathematical model for peak temperatures 

and lap shear strength was developed. 
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I. INTRODUCTION 

Friction Stir Spot Welding (FSSW) is a well-known solid 

state joining process that has recently received considerable 

attention from the automotive, aerospace and other 

industries [1]. This welding technique owes its origins to 

linear or seam Friction Stir Welding (FSW), which was 

developed by „The Welding Institute‟ (TWI) in 1991 [2–4]. 

FSSW was developed by Mazda Motor Corporation [5] and 

Kawasaki Heavy Industries [6]. Both FSW and FSSW seem 

promisingly ecological welding methods, enabling to reduce 

material waste and to avoid radiation and harmful gas 

emission usually associated with the fusion welding 

processes; such innovative techniques also allow to join the 

so-called un-weldable or hard-to-weld light alloys or 

advanced high-strength steels (AHSS) [7,8], which are very 

common materials in automotive or aerospace industries. 

Friction Stir Spot welding technology is suitable 

for obtaining spot lap joints and is similar in process with 

FSW, except for the tool movement wherein the rotating 

tool is plunged into the overlapped sheets up to a 

predetermined depth and then retracted back leaving behind 

a characteristic hole in the middle of the joint as shown in 

Fig. 1. Several variations of the process include: Refill 

FSSW, Pinless FSSW, and Swing FSSW. 

 
Fig. 1: The FSSW Process 

Heat and plastic flow resulting from the tool 

rotation determines remarkable modification in 

microstructure resulting in local modification of material 

characteristics around the joint. 

II. EXPERIMENTAL PROCEDURE 

A. Experimental Setup: 

A campaign of experiments was performed for friction stir 

spot welding (FSSW) by means of a vertical milling 

machine tool modified to work as a friction stir spot welding 

machine. FSSW lap joins were produced on couples of High 

density polyethylene sheets having a thickness equal to 

4mm. Two separate experimental investigations were 

performed to evaluate how the welding process parameters 

effect the thermal distribution in the welding region and the 

lap shear strength of the welded joints. 

During FSSW, there are chances of lifting forces, 

particularly at the start of the weld. This may be due to the 

material attempting to extrude between the faying surfaces 

of the joint. A fixture designed for performing FSSW of 

HDPE sheets on a Vertical Milling Machine is shown in Fig. 

2.   

 
Fig. 2: Details of Fixturing Unit 

For thermal analysis tests, three holes having a 

diameter of 1mm each were executed on each sample, in the 

width direction, at a specific distance from the sample center 

(7, 10, 13 mm). These holes were drilled at half of the total 

height of the overlapped part of the samples (4mm) upto 

depth was equal to half of the specimen width (35mm). 

Three J-type thermocouples having 1mm diameter were 

inserted into these holes during the execution of these 
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experiments for logging of the transient temperatures in the 

weld zone. Temperature data measured by the 

thermocouples at 7mm, 10mm, and 13mm distances was 

designated as T1, T2 and T3 respectively. 

B. Tool and Workpiece: 

The specimens used for the tests were couples of 

90mm×70mm overlapped sheets of high density 

polyethylene having 4mm thickness each. An illustration of 

specimen for thermal and mechanical characterization is 

shown in Fig. 3. The tool used was a taper cylindrical tool 

fabricated using AISI 1055 (EN9) steel. Tool shoulder had a 

diameter of 30mm and 60 concavity while the tool pin was 

taper cylindrical with a 150 taper angle and pin length of 

6.4mm. Geometry and dimensions of the FSSW tool used 

for spot lap welding of 4mm thick HDPE sheets is shown in 

Fig. 4. 

 
Fig. 3: Workpiece Dimensions for Thermal Characterization 

 
Fig. 4: Taper Cylindrical Tool: Geometry and Dimensions 

C. Design of Experiments: 

The experiments were design with Box-Behnken Response 

Surface Methodology (RSM) (factors: 4, replicates: 1, base 

runs: 29, total runs: 29, center points: 5). The Experiment 

design table using statistical software DesignExpert-9 is 

shown in Table 2. RSM designs allow us to estimate 

interaction and even quadratic effects and hence give us the 

idea of the (local) shape of the response surface under 

investigation. Box-Behnken design is having the maximum 

efficiency for an RSM problem involving three levels of all 

input factors.  

Both Thermal and Mechanical characterization 

tests were carried out by varying the tool rotational speed 

(N) (rpm), axial feed rate (f) (mm/min), plunging depth (Z) 

(mm) and dwell time (tdw) (s). All the experiments were 

performed with a constant delay time (tdl) of 40s. Table 1 

shows the FSSW parameters with their ranges under study. 

The RSM design table in terms of FSSW parameters is 

shown in Table 2. 

The lap shear strengths of the welded joints were 

evaluated by means of shear tests on a Universal Testing 

Machine ASTMD638. The tests were performed using a 

constant traverse rate of 50mm/min. The mechanical 

properties of the welded parts were investigated along a 

direction that was perpendicular with respect to the 

overlapping line. Fig. 5 shows the setup for evaluating the 

lap shear strength of the welded plates. 

Rotation Speed 

(N) (rpm) 

Plunging 

Rate 

(f)(mm/min) 

Plunge depth 

(Z) (mm) 

Dwell 

time 

(tdw) (s) 

560-980-1400 5-12.5-20 6.5-6.8-7.1 
30-60-

90 

Table 1: FSSW Parameters and their Ranges 

Standard 

Order 

Run 

Order 

(N) 

(rpm) 

(f) 

(mm/min) 

(Z) 

(mm) 

(tdw) 

(s) 

27 1 980 12.5 6.8 60 

7 2 980 12.5 6.5 90 

3 3 560 20 6.8 60 

5 4 980 12.5 6.5 30 

12 5 1400 12.5 6.8 90 

24 6 980 20 6.8 90 

20 7 1400 12.5 7.1 60 

28 8 980 12.5 6.8 60 

15 9 980 5 7.1 60 

9 10 560 12.5 6.8 30 

25 11 980 12.5 6.8 60 

4 12 1400 20 6.8 60 

11 13 560 12.5 6.8 90 

16 14 980 20 7.1 60 

1 15 560 5 6.8 60 

29 16 980 12.5 6.8 60 

19 17 560 12.5 7.1 60 

14 18 980 20 6.5 60 

17 19 560 12.5 6.5 60 

22 20 980 20 6.8 30 

21 21 980 5 6.8 30 

18 22 1400 12.5 6.5 60 

8 23 980 12.5 7.1 90 

23 24 980 5 6.8 90 

6 25 980 12.5 7.1 30 

13 26 980 5 6.5 60 

2 27 1400 5 6.8 60 

26 28 980 12.5 6.8 60 

10 29 1400 12.5 6.8 30 

Table 2: Welding Conditions for Thermal and Mechanical 

Characterization Experiments 

III. ANALYSIS OF RESULTS 

A. Thermal Characterization: 

The maximum values of data coming from thermal 

characterization tests were subjected to Analysis of Variance 

(ANOVA). A general good repeatability with low data 

scatter was observed in all the cases. The results of analysis 
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of variance for peak temperature data T1max, T2max and T3max 

are given in Table 3. 

The main results plotted in Table 3 show that peak 

temperatures are most significantly influenced by tool 

rotational speed (N) and dwell time (tdw) since p-value         

< 0.0001<  . The second most significant parameter is the 

axial feed rate with a higher p-value than that for the 

rotation speed and dwell time. 

 
Fig. 5: Setup for Shear Strength Testing of Welded HDPE 

Samples 

Source 
p-value 

T1max T2max T3max 

Model < 0.0001 < 0.0001 < 0.0001 

A-Speed < 0.0001 < 0.0001 < 0.0001 

B-Axial feed rate 0.0014 0.0279 0.2267 

C-Plunge depth 0.0113 0.0741 0.0055 

D-Dwell time < 0.0001 < 0.0001 < 0.0001 

D
2 

0.0091 - - 

Table 3: ANOVA Output for Peak Temperatures 

Again, plunge depth is the fourth and least 

significant parameter affecting the peak temperatures. Apart 

from this the analysis of variance Table 3 also shows 

quadratic effect D
2
 to be a significant factor (p-value equals 

0.0091) that influences the temperature variation T1max.  

Regression equations representing the correlations 

between the significant parameters in FSSW and the peak 

temperatures T1max, T2max and T3max (peak temperatures 

recorded at 7mm, 10mm and 13mm distance from weld 

centre) are given in (3.1), (3.2) and (3.3) respectively. 

                   ( )      ( )        ( )
     (   )       

  (   
 )  

         (3.1) 

 

                  ( )      ( )       ( )
     (   ) 

         (3.2) 

                  ( )      ( )       ( )
     (   ) 

         (3.3) 

B. Mechanical Characterization: 

Analysis of variance (statistical investigation) was carried 

out on the data coming out from the lap shear tests.  Table 4 

shows the results of Analysis of Variance output in terms of 

p-values and percentage contribution of the input parameters 

defining change in output (Lap Shear strength). 

The ANOVA output for mechanical 

characterization tests presented in Table 3 shows that the lap 

shear strength is significantly influenced by linear, 

interaction and quadratic factor inputs. There are various 

influencing factor effects (p-value<0.05) out of which the 

most influencing is the quadratic effect of tool rotational 

speed (N
2
) having a percentage contribution of 43.10%. 

Also interaction effects of tool rotational speed with 

plunging rate and plunge depth have a percentage 

contribution of 13.37% and 13.69% respectively. (tdw)
2
 and 

tdw having 12.11 and 6.768 percent contribution to LSS. 

Plunge depth and Dwell time having an interaction effect 

with 8.26% contribution. Apart from this other significant 

influence is the quadratic effect of plunge depth having 

percentage contribution of 1.19. Furthermore, the value of 

adjusted R
2
 close to 1.0 which is 0.9607 indicates that the 

model for LSS is significant. 

Source p-value % Contribution 

Model < 0.0001 98.03 

A-Speed 0.4980 0.07 

B-Axial feed rate 0.0303 0.82 

C-Plunge depth 0.3018 0.16 

D-Dwell time < 0.0001 6.77 

AB < 0.0001 13.37 

AC < 0.0001 13.69 

AD 0.0001 3.72 

BC 0.4294 0.09 

BD 0.0028 1.83 

CD < 0.0001 8.26 

A
2 

< 0.0001 43.10 

B
2
 0.0668 0.56 

C
2
 0.0114 1.19 

D
2 

< 0.0001 12.11 

Table 4: ANOVA Output for Lap Shear Strength (LSS) 

Regression equation representing the dependence 

of Lap Shear Strength (LSS) on the significantly effecting 

FSSW welding parameters is presented in (3.4), 

                       ( )        (   )
     (   )       ( )( )
         (     )      
 (     )         (     )
         (  )         (  )
     (   

 )  

         (3.4) 

IV. RESULTS AND DISCUSSION 

A. Effect of FSSW Parameters on Transient Temperature 

Distribution in HDPE Sheets: 

From the results of statistical analysis it can be seen that out 

of the four welding parameters undertaken for the study, the 

tool rotational speed and dwell time have the maximum 

contribution to both the temperature variation and the lap 

shear strength of the welded specimens. Hence, these are 

selected for further analysis and inferences. Experimental 

treatments that were conducted at different tool rotational 

speeds: 560rpm, 980rpm and 1400rpm, while the plunging 

rate, tool plunge depth and dwell time were constant were 

chosen to study the effect of variation in tool rotational 
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speed on the transient temperature distribution within the 

welding zone.  

The effect of variation in tool rotational speed on 

the transient temperature distribution is shown graphically in 

Fig. 7. It can be clearly seen that for higher values of 

rotational speeds, the rise of temperature is higher as 

compared to that for lower rotational speeds. At 560 rpm, 

during the tool plunging, there was a rise in temperature due 

to heavy deformation forces induced by the tool onto the 

workpiece while the frictional heat generation was 

comparatively less. However, at 1400 rpm, larger friction 

heat was generated as compared to the heat generation due 

to plastic deformation. This is because frictional heat 

generation „Qf‟ is directly proportional to the angular 

velocity of tool rotation. In all the three cases, the 

temperature of the workpiece exceeded the melting point of 

the polymer used and peak temperature were always seen at 

the end of dwell phase of FSSW. 

As it can be observed from the Fig. 8 (a, b and c) 

with an increase in dwell time from 30s to 90s, at constant 

values of tool rotation speed (N=560rpm), axial feed rate 

(f=12.5mm/min) and tool plunge depth (Z=6.8mm) the 

temperatures increased continuously.  However, the rise is 

temperature is smooth and continuous as compared to the 

drastically increasing temperatures seen when the rotational 

speed was increased.  This is due to uniform stirring during 

the dwell phase of FSSW. 

 

Fig. 7: Effect of Variation in Tool Rotational Speed on Transient Temperature Distribution within the Workpiece 

 

Fig. 8: Effect of Variation in Dwell Time on Transient Temperature Distribution within the Workpiece 
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B. Effect of FSSW Parameters on Lap Shear Strength of 

Welded HDPE sheets: 

The effect of tool rotational speed and dwell time on the lap 

shear strength of welded HDPE samples is shown in Fig. 9 

with the help of a response surface at a constant feed rate 

and tool plunge. The lap shear resistance first increases with 

the rotational speed upto 980rpm and then drops with a 

further increase in rotational speed. Also the drop in strength 

is higher with higher rotational speeds and dwell time, 

showing an interaction effect.  Also the effect of tool 

rotational speed on weld nugget thickness is shown in Fig. 

10. 

 
Fig. 9: Effect of FSSW parameters on Lap Shear Strength 

 

Fig. 10: Effect of Tool Rotation Speed on Weld Nugget 

Formation (f=12.5mm/min, Z=6.8mm, tdw= 30s) 

V. CONCLUSIONS 

In this study, an experimental campaign was performed to 

determine the effect of FSSW welding parameters on the 

temperature distribution in the welding region and the Lap 

Shear Strength of the weld joints. Following are some 

important conclusions drawn from the work. 

1) Tool rotation speed, dwell time and tool  plunge depth 

were found to be directly proportional to the 

temperature variation while an increase in plunging 

rate caused reduction in the temperatures attained.  

2) A higher dependency of the peak temperatures was 

observed on the dwell time (tdw), tool rotational Speed 

(N) and the plunge rate (f). Whereas a partial influence 

can be ascribed to the plunging depth (Z). 

3) Lap Shear Strength of the welded HDPE samples was 

greatly influenced by the tool rotation speed and dwell 

time having a percentage contribution of 43.1 and 

12.11 respectively. Also lap shear strength was found 

to increase with an increase in plunge depth. 

4) The Lap shear strength reached an optimum value of 

4.01kN for intermediate values of welding parameters 

N=980rpm, f=12.5mm/min, tdw=60s and Z=6.8mm.  

5) Unlike FSSW of Aluminum Alloys, the FSSW of High 

Density Polyethylene is not a pure solid state 

phenomenon. 
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