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1. Introduction

  Friction stir welding is a solid-state welding process; 
this remarkable up-gradation of friction welding was 
invented in 1991 by The Welding Institute UK1). Fig. 1 
shows the graphical representation of the Friction Stir 
Welding Process. The process begins with securing the 
plates to be welded to a backing plate so that the plates 
do not move apart during the welding process. A rotat-
ing, wear-resistant tool is plunged on the interface be-
tween the plates and moved forward along the rolling 
direction of the plates to form the weld. This tool has a 

probe and shoulder which stirs the material to be joined 
and forges the surface. FSW comes together with forg-
ing and extrusion processes. The probe and shoulder 
extrude the material by mixing, and the shoulder alone 
forges the material surface to be joined, by the axial 
force given through the shoulder plunging. 
  Friction Stir Welding facilitates welding of the plate to 
plate joints for several applications. This process is 
chosen for the welding of AA 6082-T6 (Al-Mg-Si al-
loy) of various thicknesses. This alloy finds use in 
structural and other industrial applications. FSW proc-
ess is exceptionally well suited for butt and lap joints in 
aluminium. Production of aluminium alloy components 
is not very complicated, but the joining of these materi-
als can sometimes cause serious problems2). The lack of 
structural transformations, excellent thermal and elec-
trical conductivity cause problems in fusion and resist-
ance welding of aluminium alloys3-5). These lead to 
welding of aluminium alloy by friction stir welding. 
Since aluminium is difficult to weld by arc processes, 
but it is very simple to weld by Friction Stir Welding. 
  Moreover, the tool geometry and interaction of tool 
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Fig. 1 Graphical representation of friction stir welding
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with base metal is essential for attaining good quality 
of welds, different tool geometries were designed and 
manufactured6-9). The mechanism of bonding involves 
efficient movement of plasticised material around tool 
profile, so the joints were investigated thoroughly for 
defects under varying conditions of process parameters. 
However, the conventional milling machine offers the 
tool rotational speed, and welding speed by their spin-
dle speed and table feed, only the axial force is not easy 
to attain. This axial force parameter can be accom-
plished by tool shoulder penetration10,11). The axial 
force get increases while the tool shoulder penetration 
increases. Even in FSW machine axial force is chal-
lenging to retain through-out the welding.
  Nevertheless, the shoulder penetration/plunge depth 
has been maintained12). In this study, three important 
process parameters such as spindle speed, welding 
speed and shoulder penetration; and two tool geo-
metries shoulder profile and pin profile were consid-
ered13). Many research works were considered a single 
plate thickness of around 5 mm and reported the proc-
ess parameters influence in Friction Stir Welding of 
Aluminium alloys.
  In this experiment, the different plate thicknesses of 4 
mm, 6 mm and 8 mm were taken, and the friction stir 
welding was carried out to optimise the parameters by 
the Taguchi experimental design technique11). In FSW, 
the tool pin diameter is constrained to the thickness of 
the plate. The same diameter of the probe could not 
perform welding of all thicknesses14). Hence the param-
eters are optimised individually to each plate thickness. 
Then the effect of tool pin polygonal profile on joint 
strength was obtained from the optimised parameters. 
Finally, the optimum welding pulse to achieve a de-
fect-free good weld was presented.

2. Experimental procedure

  A conventional vertical milling machine with a ca-
pacity of 7.5 hp and 1800 rpm is used to carry out the 
experiments10,11). Spindle speed, welding speed, should-
er penetration; probe profile and the shoulder profile 
were considered as process parameters. After several 
trials, the range of process parameters such as spindle 
speed and welding speed15) were taken from 700 rpm to 
1500 rpm and 0.8 mm/sec to 4 mm/sec respectively. 
Shoulder penetration was gradually increased in five 
steps from 0 mm to 0.16 mm and 0.20 mm respectively 
for 4 mm and higher thickness plates.
  Non-consumable tools made of high-speed steel 
(HSS) were used to fabricate the joint. Five pin profiles 
namely square, pentagon, hexagon, heptagon and octa-

gon were considered for 6 mm and 8 mm thick plates. 
The triangle pin profile was assessed for 4 mm thick 
plate along with other successive four profiles. Friction 
stir tool of the pin profiles, as mentioned above, was 
shown in Fig. 2. Each pin profile has five different 
shoulder angles in concave and convex shapes of -5°, 
-10°, 0°, +5° and +10°. These 5 × 5 combinations of 
friction stir tools were used for conducting experiments. 
Friction stir tool has shoulder and pin for frictional heat 
generation and stirring respectively. In this study 
shoulder diameter of 12, 18 and 24 mm and a pin diam-
eter of 4 mm, 6 mm and 8 mm was used respectively 
for 4 mm, 6 mm and 8 mm plate thicknesses16-19). Table 
1 shows the process parameters in detail.
  The upper limits and the lower limit of the process pa-
rameters were found by conducting trial runs, by 
changing one of the parameters and keeping the re-
maining parameters at constant values. Feasible limits 
of these parameters were chosen in such a way that the 
joint should be free from visible defects. The inter-
mediate levels were calculated from the following 
relationship.

  Xi = 2 [2X - (Xmax +Xmin)] / (Xmax - Xmin)]

  Where Xi is the required level value of a variable X; 
and X is any value of the variable from Xmin to Xmax. 
Xmin is the lower bound of the variable, and Xmax is 
the upper bound of the variable. The selected process 

TR SQ PN HX HP

-10°
-5° 0°

5°
10°

Square(-10 Deg.) Pentagon(0 Deg.) Hexagon(5 Deg.) 

Octagon(-5 Deg.) Heptagon(10 Deg.) 

Fig. 2 Various tool profiles
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parameters with their limits, units and notations are giv-
en in Table 1.
  The 6xxx series aluminium alloys are well known and 
specifically high strength alloys with AL-Mg-Si 
constituents. Aluminium alloy 6082 has high strength 
and excellent corrosion resistance property among the 
6000 series alloys. Alloy 6082 is hugely preferred in 
structural purposes, also termed as a structural alloy. 
The toting of manganese controls the grain structure, 
which in turn results in a stronger alloy. Chemical com-
position and mechanical properties of AA6082 were 
shown in Table 2.
  Taguchi Experimental Design Technique20,21) assesses 
the influence of factors on the response. The means and 
the signal-to-noise ratios (S/N) for each control factors 
are to be calculated. Signals are indicators of effect on 
the average response, and noises are the measure of de-
viations from experiment output. The appropriate qual-
ity characteristic must be chosen using previous knowl-
edge, expertise and understanding of the process22). In 

this study, the quality aspect ‘larger-the-better’ was se-
lected according to correction, to maximise the response. 
In Taguchi Method, S/N ratio (ηj) in the jth experiment 
can be expressed as:

  ηj = -10 log [1/n ∑ (1/Yijk2)]

  Where ‘n’ is the number of tests and ‘Y’ is an ex-
perimental value of ‘i’th quality characteristics in ‘j’th 
experiment at ‘k’th test. In the present work, Tensile 
Strength (TS) data are analysed to determine the effect 
of FSW process parameters. Experimental results are 
transformed into a means and S/N ratio.
  Welded plates were cut across the thickness of the mid 
welded portion, and specimens of size 40 mm x 10 mm 
was taken for metallographic examinations. As per 
standard metallographic procedure, the test specimens 
were prepared from the welded plates, and macro etch-
ed using Keller’s solution23). The metallographic study 
was carried out on weld nugget across the cross-sec-

Process parameters Range
Level 1

(-2)
Level 2

(-1)
Level 3

(0)
Level 4

(1)
Level 5

(2)

Spindle speed or tool 
rotational speed (SS)

700 to1500 rpm 700 900 1100 1300 1500

Table feed or welding 
speed (WS)

0.8 to 4.0 mm/sec 0.8 1.6 2.4 3.2 4.0

Shoulder penetration(PE)
0.0 to 0.16*mm 0.00 0.04 0.08 0.12 0.16

0.0 to 0.2mm 0.00 0.05 0.10 0.15 0.20

Probe profile(PP)

Probe profile*
Triangle

TR
Square

SQ
Pentagon

PN
Hexagon

HX
Heptagon

HP.

Probe profile
Square

SQ.
Pentagon

PN.
Hexagon

HX.
Heptagon

HP.
Octagon

OC.

Shoulder profile(SP) -10° to 10° -10° -5° 0° 5° 10°

*For 4 mm plates

Table 1 Process parameter with their range and values at five levels

Chemical composition (weight %)

Si Fe Cu Mn Mg Cr Zn Ti

0.7 - 1.3 ≤0.50 ≤0.10 0.4 - 1.0 0.6 - 1.2 ≤0.25 ≤0.20 ≤0.10

 Mechanical properties

Thickness of the 
material

Yield strength 
(MPa)

Ultimate 
strength (MPa)

Elongation
(%)

Hardness
(HV)

Density
(g/cm3)

Melting point
(℃)

4 mm 221.02 303.80 11.0 91-96 2.70 555

6 mm 223.25 306.85 11.0 93-98 2.70 555

8 mm 225.22 308.55 11.5 93-98 2.70 555

Table 2 Chemical composition and mechanical properties of the 6082 alloy
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tions of friction stir welded specimens using a scanning 
electron microscope (SEM).

3. Results and discussion

  Aluminium 6082 Alloy has cut to dimension 200 mm 
× 76 mm × 4, 6, 8 mm. Square butt joint configuration 
was prepared to fabricate FSW joints with the non-con-
sumable HSS tool. The friction stir welding was per-
formed on the CM machine as per the L25 orthogonal 
array, as shown in Table 3. Taguchi’s orthogonal array 
was used to design experiments with five factors at five 
levels. The material was welded according to the speci-
fication of welding parameters. The Welded specimens 
were fabricated as per ASTM-E8 standards to evaluate 
the tensile strength of the joints24). The tensile strength 
of the FSW joints was assessed by conducting tests in 
TUE-CN-1000 Universal Testing Machine.
  During tensile testing, most of the specimens were 
broken at the retreating side of the heat-affected zone, 

as shown in Fig. 3. The tensile strength (TS) in terms of 
means and S/N ratios was established in Table 3. The 
results from the tensile tests were given as input to the 
Minitab software for getting optimised parameter levels 
to achieve a maximum tensile strength of the friction 
stir welded joints.
  Analysis of the mean for each of the experiments 
gives a better combination of parameter levels. The 
mean response refers to the average value of perform-
ance characteristics for each parameter at different 
levels. Mean for one level is calculated as the average 
of all responses that are obtained within that level. The 
mean response of raw data and S/N ratio of TS for each 
parameter at levels 1, 2, 3, 4 and 5 were calculated and 
are presented in Table 4. Analysing means and S/N ra-
tio of various process parameters it was observed that the 
larger S/N ratio corresponds to better quality charac- 
teristics. Therefore, the optimal level of process param-
eters is at the level of the highest S/N ratio. Fig. 4 

Test

Design Matrix 4 mm thick plate 6 mm thick plate 8 mm thick plate

SS.
rpm

WS.
mm/sec

PE.
mm

PP.
shape

SP.
deg.

Tensile 
strength

MPa

S/N 
ratio
dB

Joint 
efficiency

%

Tensile 
strength

MPa

S/N
ratio
dB

Joint 
efficiency

%

Tensile 
strength

MPa

S/N 
ratio
dB

Joint 
efficiency

%

1 1 1 1 1 1 174.874 44.855 79.1 173.033 44.763 77.5 190.540 45.600 84.6

2 1 2 2 2 2 180.059 45.108 81.5 175.747 44.898 78.7 197.257 45.901 87.6

3 1 3 3 3 3 187.953 45.481 85.0 184.663 45.328 82.7 204.592 46.218 90.8

4 1 4 4 4 4 184.930 45.340 83.7 185.645 45.374 83.2 207.207 46.328 92.0

5 1 5 5 5 5 177.825 45.000 80.5 177.363 44.977 79.4 205.476 46.255 91.2

6 2 1 2 3 4 189.189 45.538 85.6 185.480 45.366 83.1 200.021 46.022 88.8

7 2 2 3 4 5 185.686 45.376 84.0 187.316 45.452 83.9 209.380 46.419 93.0

8 2 3 4 5 1 182.088 45.206 82.4 183.827 45.288 82.3 205.909 46.274 91.4

9 2 4 5 1 2 183.712 45.283 83.1 185.847 45.383 83.2 200.718 46.052 89.1

10 2 5 1 2 3 187.007 45.437 84.6 184.861 45.337 82.8 197.548 45.913 87.7

11 3 1 3 5 2 180.262 45.118 81.6 179.989 45.105 80.6 196.825 45.882 87.4

12 3 2 4 1 3 181.885 45.196 82.3 185.443 45.364 83.1 198.339 45.948 88.1

13 3 3 5 2 4 192.899 45.707 87.3 191.397 45.639 85.7 208.199 46.370 92.4

14 3 4 1 3 5 195.792 45.836 88.6 196.608 45.872 88.1 204.776 46.226 90.9

15 3 5 2 4 1 191.456 45.641 86.6 184.867 45.337 82.8 201.763 46.097 89.6

16 4 1 4 2 5 189.808 45.566 85.9 190.581 45.602 85.4 199.804 46.012 88.7

17 4 2 5 3 1 186.351 45.407 84.3 183.221 45.259 82.1 203.313 46.163 90.3

18 4 3 1 4 2 189.308 45.543 85.7 183.419 45.269 82.2 202.148 46.113 89.8

19 4 4 2 5 3 192.445 45.686 87.1 184.243 45.308 82.5 201.053 46.066 89.3

20 4 5 3 1 4 195.578 45.826 88.5 187.928 45.480 84.2 198.716 45.965 88.2

21 5 1 5 4 3 178.028 45.010 80.5 175.343 44.878 78.5 194.605 45.783 86.4

22 5 2 1 5 4 181.976 45.200 82.3 177.114 44.965 79.3 194.580 45.782 86.4

23 5 3 2 1 5 190.411 45.594 86.2 184.231 45.307 82.5 194.013 45.757 86.1

24 5 4 3 2 1 198.930 45.974 90.0 192.281 45.679 86.1 197.110 45.894 87.5

25 5 5 4 3 2 196.001 45.845 88.7 191.250 45.632 85.7 198.205 45.942 88.0

Table 3 Design table and experimental value of tensile strength



S. Gopi and Dhanesh G Mohan  

Journal of Welding and Joining, Vol. 39, No. 3, 2021288

shows that the Mean effect and S/N ratio calculated by 
statistical software, which indicates that the TS was 
maximum while using the maximum parameter level. 
  Also, the response table ranking, given in Table 4, in-
terprets the degree of the parameter which influences 
the response. The first dominant parameter is spindle 
speed which is followed by welding speed, pin profile, 
shoulder penetration and shoulder profile. Optimum 
process parameter levels for 4 mm thickness welded 
plate which is found to achieve greater tensile strength 
are 1300 rpm spindle speed; 3.2 mm/sec weld speed; 
pentagonal pin profile; 0.08 mm shoulder penetration; 
and 5° convex shoulder taper. For 6 mm thickness 
welded plate which is found to achieve greater tensile 
strength are 1100 rpm spindle speed; 3.2 mm/sec weld 
speed; hexagonal pin profile; 0.15 mm shoulder pene-
tration; and 10° convex shoulder taper. For 8 mm thick-
ness welded plate which is found to achieve greater 
tensile strength is such as 900 rpm spindle speed; 2.4 
mm/sec weld speed; heptagonal pin profile; 0.20 mm 
shoulder penetration; and 10° convex shoulder taper.
  The tensile strength of the joint is a function of spin-
dle speed, welding speed, shoulder penetration, pin pro-
file, shoulder profile and it can be expressed as 

  Tensile Strength (TS) = f (SS, WS, PE, PP, SP)
  Tensile Strength (TS) = SSi’max + WSi’max + PEi’max 

+ PPi’max + SPi’max - 4T 
  Where, 
  “i” indicates the levels, which varies from 1 to 5  
  T - Overall mean of the experimental values

  The established linear equation predicts the maximum 
value of tensile strength at optimum process parameter 
levels is given by

  TS4 mm = SS4 + WS4 + PP3 + PE3 + SP4 - 4T
  TS4 mm = 190.7 + 191.2 + 191.1 + 189.7 + 188.9 

- (4 × 186.978) = 203.69 MPa 

(a) (b)

(a) (b)

(a) (b)

4 mm thick plate 

6 mm thick plate 

8 mm thick plate 

Fig. 3 (a) Specimen before tensile test and (b) Specimen
after tensile test
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  TS6 mm = SS3 + WS4 + PP3 + PE4 + SP5 - 4T
  TS6 mm = 187.7 + 188.9 + 187.3 + 188.2 + 187.2 

- (4 × 184.468) = 201.43 MPa
  TS8 mm = SS2 + WS3 + PP4 + PE5 + SP5 - 4T
  TS8 mm = 202.7 + 203.0 + 203.0 + 202.5 + 202.7 

- (4 × 200.484) = 211.96 MPa

  Analysis of variance (ANOVA) for means has been 
carried out to identify statistically significant process 
parameters, which affect TS of FSW joints as shown in 
Table 5. Results of ANOVA indicate that the chosen 
process parameters are highly significant factors affect-
ing TS of FSW joints. Effects of interaction between 
process parameters are not significant. Confirmatory 
experiments are carried out at obtained optimum level 
setting of process parameters. The tensile strength of 
FS Welded aluminium alloy 6082 T6 is found to be 
198.23 MPa, 196.18 MPa and 204.74 MPa for the plate 
thicknesses of 4 mm, 6 mm and 8 mm respectively. 
This occurs within the poise interval of predicted opti-
mal tensile strength. 
  The friction stir welded plates of different thicknesses 
specified in Table 6 show the different optimum values. 
The various tool size is the main reason for different 
optimum values. The tool size, mainly the probe size, 
i.e. diameter and probe length, is constrained with the 
plate thickness. The above data has been selected by 
considering the tool stiffness and tool life.

3.1 Metallographic Structure

  The metallographic structure of the parent metal con-

Level
Spindle 
speed

Welding 
speed

Shoulder 
penetration

Pin 
profile

Shoulder 
profile

S/N Ratio in dB - 4 mm plate
1 45.16 45.22 45.37 45.35 45.42
2 45.37 45.26 45.51 45.56 45.38
3 45.50 45.51 45.56 45.62 45.36
4 45.61 45.62 45.43 45.38 45.52
5 45.52 45.55 45.28 45.24 45.47

Delta 0.45 0.41 0.27 0.38 0.16
Rank 1 2 4 3 5

Means in MPa - 4 mm plate
1 181.1 182.4 185.8 185.3 186.7
2 185.5 183.2 188.7 189.7 185.9
3 188.5 188.5 189.7 191.1 185.5
4 190.7 191.2 186.9 185.9 188.9
5 189.1 189.6 183.8 182.9 187.9

Delta 9.6 8.7 5.9 8.1 3.5
Rank 1 2 4 3 5

S/N Ratio in dB - 6 mm plate
1 45.07 45.14 45.24 45.26 45.27
2 45.37 45.19 45.24 45.43 45.26
3 45.46 45.37 45.41 45.49 45.24
4 45.38 45.52 45.45 45.26 45.36
5 45.29 45.35 45.23 45.13 45.44

Delta 0.40 0.38 0.22 0.36 0.20
Rank 1 2 4 3 5

Means in MPa - 6 mm plate
1 179.3 180.9 183.0 183.3 183.4
2 185.5 181.8 182.9 187.0 183.3
3 187.7 185.5 186.4 188.2 182.9
4 185.9 188.9 187.3 183.3 185.5
5 184.0 185.3 182.6 180.5 187.2

Delta 8.4 8.0 4.7 7.7 4.3
Rank 1 2 4 3 5

S/N Ratio in dB - 8 mm plate
1 46.06 45.86 45.93 45.86 46.01
2 46.14 46.04 45.97 46.02 45.98
3 46.10 46.15 46.08 46.11 45.99
4 46.06 46.11 46.10 46.15 46.09
5 45.83 46.03 46.12 46.05 46.13

Delta 0.30 0.29 0.20 0.28 0.16
Rank 1 2 4 3 5

Means in MPa - 8 mm plate
1 201.0 196.4 197.9 196.5 199.7
2 202.7 200.6 198.8 200.0 199.0
3 202.0 203.0 201.3 202.2 199.2
4 201.0 202.2 201.9 203.0 201.7
5 195.7 200.3 202.5 200.8 202.7

Delta 7.0 6.6 4.5 6.6 3.7
Rank 1 2 4 3 5

Table 4 Response table for S/N ratio and mean

Source
Degrees of 

freedom
Sum of 
squares

Mean sum 
of squares

F ratio P-value

4 mm plate
SS 4 283.513 70.878 14.09 0.013
WS 4 308.301 77.075 15.32 0.011
PP 4 110.299 27.575 5.48 0.064
PE 4 223.940 55.985 11.13 0.019
SP 4 40.947 10.237 2.04 0.254

Error 4 20.121 5.030
Total 24 987.122

R2 = 97.96% R2
adjusted = 87.77%

6 mm plate
SS 4 200.857 50.214 18.30 0.008
WS 4 208.448 52.112 18.99 0.007
PP 4 100.430 25.108 9.15 0.027
PE 4 194.616 48.654 17.73 0.008
SP 4 68.085 17.021 6.20 0.052

Error 4 10.976 2.744
Total 24 784.413

R2 = 98.60% R2adjusted = 91.59%
8 mm plate

SS 4 153.159 38.290 19.31 0.007
WS 4 130.430 32.607 16.45 0.009
PP 4 79.761 19.940 10.06 0.023
PE 4 128.997 32.249 16.27 0.010
SP 4 53.596 13.399 6.76 0.046

Error 4 7.930 1.982
Total 24 553.874

R2 = 98.57% R2
adjusted = 91.41%

Table 5 ANOVA for tensile strength (means)
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sists of elongated grain morphology with an average 
grain size of 9 µm. In FSW, the weld nugget zone expe-
riences high strain and is prone to recrystallisation. 
Weld nugget has a recrystallised microstructure that 
consists of excellent intensively stirred harmonised 
grains25,26). The grain size of the weld nugget is de-
creasing with the increase of the number of polygon 
face edges. 
  Fig. 5 shows the metallographic structure of friction 
stir welded 4 mm, 6 mm and 8 mm thickness plates at 
various pin profiles. The microstructure of the weld 
nugget at the Optimum pin profile shows very fine and 
harmonised grains in all thicknesses. The grain size at 
weld nugget of 4 mm, 6 mm and 8 mm plates are rang-
ing between 3 μm to 4 μm, 4 μm to 6 μm and 5 μm to 8 

μm respectively. 
  The microstructure of the weld nugget at the high 
number of polygon pin face edges shows refined grains 
in all thicknesses comparatively. However, the grain 
size ranges between 3 μm to 6 μm, 3 μm to 8 μm and 4 μm 
to 9 μm for 4 mm, 6 mm and 8 mm plates respectively. 
Higher polygon pin face edges approach circular pin, 
and this vanishes the pulse formation in stirring. This 
pulse formation leads to distortion of grains, due to the 
decreases in the dynamic area or lack of sweeping be-
tween the tool and the material. Whereas a low number 
of polygon pin face edges generates high dynamic area, 
and this shows the coarse grains relatively. The grain 
size ranges between 5 μm to 7 μm, 6 μm to 8 μm and 7 μm 
to 9 μm for 4 mm, 6 mm and 8 mm plates respectively. 

Plate 
thickness

(mm)

Spindle 
speed 
(rpm)

Welding 
speed 

(mm/sec)

Shoulder 
penetration 

(mm)

Pin 
profile 
(shape)

Shoulder 
profile 

(°)

Tensile 
strength 
(MPa)

Joint 
efficiency

 (%)

4 1300 3.2 0.08 Pentagon 5 203.69 92.2

6 1100 3.2 0.15 Hexagon 10 201.43 90.2

8 900 2.4 0.20 Heptagon 10 211.96 94.1

Table 6 Optimal parameters for maximum tensile strength - different plate thicknesses 

4 mm
Pin 

diameter

Triangular pin profile Pentagonal pin profile Heptagonal pin profile

6 mm
Pin 

diameter

Base metal Square pin profile Hexagonal pin profile Octagonal pin profile

8 mm
Pin 

diameter

Square pin profile Heptagonal pin profile Octagonal pin profile

Fig. 5 Microstructure of friction stir welded specimens at various pin profile and pin sizes of the tool
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3.2 Effects of Tool Pin Profile and Pulses

  The pin profile varies with different thickness of the 
plate to be welded. Fig. 6 shows a different shape of the 
tool that gives a defect-free good weld to the respective 
plate thicknesses. The tool pin profile with flat faces 
produces a pulsating effect and better plastic flow of 
materials27-29). Tool pin profiles like triangle, square, 
pentagon make the joint with increasing order of tensile 
strength. Tool profiles like a hexagon, heptagon have a 
higher number of face edges which is almost the same 
as the profile of the cylinder. Consequently, there is no 
pulsating effect which leads to lower tensile properties. 
Larger plate size requires a higher number of sharp 
edges to the effective stirring process. Similarly, the 
smaller plate size requires less number of sharp edges 
to the sufficient stirring. The number of polygon edges 
makes corresponding pulses per revolution. The pulses 
required per second are deduced in Table 7. This data 
reveals that 105 - 110 pulses/sec is optimum to achieve 
a defect-free good weld.
  Fig. 7 shows the friction stir welding pulses induced 
in various profiles of different tool pin sizes. The area 
of the inscribed circle and the envelope between the in-
scribed circle and circumscribed circle shown in Fig. 7 
are respectively termed as a static area and dynamic 
area. The tool pin profile/polygon face edge increases, 
the static area increases and the dynamic area decreases 
while stirring. In the dynamic region, the actual materi-
al sweep was obtained30). Larger the dynamic area/ma-
terial sweep leads to larger grain size. Smaller the dy-
namic area/material sweep leads to smaller grain size.
  The minimum number of tool pin striking edges/poly-
gon edges produces a lower number of pulses. The dy-
namic area of the polygon with a lower number of face 
edges is high. Hence the larger volume of the material 
sweep was obtained, and this leads to larger grain size 
in the weld zone. However, the polygon with a lower 
number of face edges has a smaller static area. This 
smaller cross-section leads to tool breakage due to its 
lower shear strength and torque taking capacity. A larg-
er number of polygon face edges in the tool pin profile 
produce a higher number of pulses. The dynamic area 
is comparatively lower, which leads to a decrease in 
grain size and an increase in the static area/shear strength/ 

Plate 
thickness 

(mm)

Pin 
profile

 (shape) 

Spindle 
speed
 (rpm)

No of strike 
required 
per sec

4 Pentagon (5) 21.667 108.33

6 Hexagon (6) 18.333 110.00

8 Heptagon (7) 15.000 105.00

Table 7 Optimum welding pulses in friction stir welding
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tool life. The decreasing order of dynamic area ap-
proaches the smaller and refined grain sizes. After a 
certain point, no material sweep occurs for a large num-
ber of polygon face edges when it closely approaches 
the circular profile. Also, if the tool diameter increases 
the dynamic area and a material sweep or pulse volume 
are increased. The larger tool diameter requires more 
number of tool pin polygon edges to obtain the more 
refined grains because the same polygon profile gives 
the larger dynamic area, which leads to larger grain 
size. Fig. 7 shows that the optimum tool pin polygon 
face edge for the pin diameters of 4 mm, 6 mm and 8 
mm was a pentagon, hexagon and heptagon to obtain 
good weld with refined grains.

4. Conclusions

  The optimum friction stir welding parameters are 
found for fabricating butt joint configuration with 
4mm, 6mm and 8mm thick AA 6068 - T6 plates. The 
weld pulses influence of various tool profiles on tensile 
strength and microstructure were studied and evaluated. 
The findings of this study are as follows:
  1) The optimum process parameters for joining 4 mm 
thick plate which is found to achieve superior tensile 
strength are such as 1300 rpm spindle speed; 3.2 
mm/sec weld speed; pentagonal pin profile; 0.08 mm 
shoulder penetration; and 5° convex shoulder taper.
  2) Optimum process parameter levels for 6 mm thick-
ness welded plate which is found to achieve greater 

tensile strength are such as 1100 rpm spindle speed; 3.2 
mm/sec weld speed; hexagonal pin profile; 0.15 mm 
shoulder penetration; and 10° convex shoulder taper.
  3) The optimum process parameter combinations for 
welding 8 mm thickness plate which is found to ach-
ieve better tensile strength are spindle speed of 900 
rpm; weld speed of 2.4 mm/sec; heptagonal pin profile; 
shoulder penetration of 0.20 mm; and 10° convex 
shoulder taper.
  4) The best pulses required to achieve a defect-free 
good weld range from 105 - 110 pulses/sec.
  5) The microstructure evaluation shows that the high 
number of polygon pin faces helps to attain higher met-
al stirring in the weld zone and a fine grain structure 
was achieved, and the size achieved is between 3 μm to 
6 μm. When the higher polygonal pin faces approach 
circular pin face, the metal distortion gets reduced due 
to the reduction of dynamic area and causes the for-
mation of coarse grains, and that is more than 9 μm in 
size. This process leads to a reduction in weld strength. 
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