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Abstract - Friction stir welding is considered to be the most significant development in metal joining in the last decade. This 
joining technique is energy efficient, environment friendly and versatile. In the present work an effort has been made to 
study the influence of the welding parameters on Impact Toughness in friction stir welded aluminum alloy. Three process 
parameters i.e tool rotation speed, welding speed, and shoulder diameter were considered. Two level factorial designs of 
eight runs were selected for conducting the experiments. The mathematical models were developed from the data generated. 
The significance of coefficients and adequacy of developed models were tested by Student’s ‘t’ test and ‘F’ test respectively. 
The analysis of variance (ANOVA) is employed to investigate the effect of input parameters on mechanical properties of 
weld.  The effects of process parameters on Impact Toughness have been represented in the graphical form for better 
understanding. 
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I. INTRODUCTION 
 
Friction stir welding is an innovative solid state 
welding process invented in December, 1991 by 
Wayne Thomas at The Welding Institute (TWI), 
Cambridge, United Kingdom. It has been found as 
one of the most significant development in welding 
technology in the past two decades. It can be 
considered as a hot working process in which a large 
amount of a deformation is imparted to the work 
piece through a rotating pin and the shoulder. No 
melting occurs in this process and the developed 
welds have a fine grained, hot worked condition with 
no entrapped oxides or gas porosity. No shielding 
gas, flux or filler metal is required. Friction stir 
welding can be applied to various types of joints like 
butt joints, lap joints, T- joints etc. Research and 
development efforts over the last decade have 
resulted in improvements in friction stir welding and 
the spin-off of a series of related technologies [4]. 
Four different friction stir pins were designed to study 
the influence of the pin geometry on the weld shape 
and mechanical properties. The appearance of the 
weld was good, no obvious defects were found, and 
the microstructure of the nugget was even, the grain 
was fine, it has been observed that the precipitate 
distributions are even and the size of the precipitate is 
small.FSW is associated with a number of unique 
defects. Insufficient weld temperatures, due to low 
rotational speeds or high traverse speeds, for 
example, mean that the weld material is unable to 
accommodate the extensive deformation during 
welding. This may result in long, tunnel-like defects 
running along the weld which may occur on the 
surface or subsurface. Low temperatures may also 
limit the forging action of the tool and so reduce the 
continuity of the bond between the material from 
each side of the weld. The light contact between the 

material has given rise to the name "kissing-bond". 
This defect is particularly worrying since it is very 
difficult to detect using nondestructive methods such 
as X-ray or ultrasonic testing. If the pin is not long 
enough or the tool rises out of the plate then the 
interface at the bottom of the weld may not be 
disrupted and forged by the tool, resulting in a lack-
of-penetration defect. 
 
The solid-state nature of the FSW process, combined 
with its unusual tool and asymmetric nature, results in 
a highly characteristic microstructure. The 
microstructure can be broken up into the following 
zones: 
1. The stir zone (also nugget, dynamically 
recrystallised zone) is a region of heavily deformed 
material that roughly corresponds to the location of 
the pin during welding. The grains within the stir 
zone are roughly equiaxed and often an order of 
magnitude smaller than the grains in the parent 
material. A unique feature of the stir zone is the 
common occurrence of several concentric rings which 
has been referred to as an "onion-ring" structure.The 
precise origin of these rings has not been firmly 
established, although variations in particle number 
density, grain size and texture have all been 
suggested. The flow arm zone is on the upper surface 
of the weld and consists of material that is dragged by 
the shoulder from the retreating side of the weld, 
around the rear of the tool, and deposited on the 
advancing side. 
2. The thermo-mechanically affected zone (TMAZ) 
occurs on either side of the stir zone. In this region 
the strain and temperature are lower and the effect of 
welding on the microstructure is correspondingly 
smaller. Unlike the stir zone the microstructure is 
recognizably that of the parent material, albeit 
significantly deformed and rotated. Although the term 
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TMAZ technically refers to the entire deformed 
region it is often used to describe any region not 
already covered by the terms stir zone and flow arm. 
3. Heat-affected zone (HAZ) is common to all 
welding processes. As indicated by the name, this 
region is subjected to a thermal cycle but is not 
deformed during welding. The temperatures are lower 
than those in the TMAZ but may still have a 
significant effect if the microstructure is thermally 
unstable. In fact, in age-hardened aluminium alloys 
this region commonly exhibits the poorest mechanical 
properties. 
 

 
Fig1.1  Friction Stir Welding process 

 

 
 

Fig.1.2 Microstructure Zone of FSW 
 
II. LITERATURE REVIEW 
 
Muthukumaran (2007) explained the two modes of 
metal flow phenomenon friction stir welding and the 
compactness for second mode is offered by the first 
mode of metal transfer. In this, triangular plates are 
friction stir welded and macro structures are prepared 
along the cut sections. It was found that an elongated 
structure similar to birds head are observed in the 
macrostructures and the elongation is observed to the 
more near the tool withdrawal. 
 
Ling Cui (2007) studied that a high carbon steel 
joint., was successfully friction stir welded without an 
pre- or post-heat treatment, it was proved that friction 
stir welding enables to properly control the cooling 
rate and peak temperature, which was impossible 
using traditional welding. 
 
Karthikeyan et al. (2008) studied the friction stir 
processing (FSP) is an emerging surface engineering 
technology that can eliminate casting defects locally 
by refining microstructures, thereby improving the 

mechanical properties of material. This paper 
presents the effects of FSP on microstructure and 
mechanical properties of cast aluminum alloy of 2285 
grade at three different feed rates viz. 10 mm/min, 12 
mm/min and 15 mm/min under two different speeds 
1400 and 1800 rpm. On processing, the work material 
was observed to have increased tensile, yield 
strengths and ductility properties. The observations 
have been elaborated in detail along with the 
microstructures of parent and processed specimens 
 
Simar et al. (2008) invesigated the effect of the 
welding speed on the microstructure, local and 
overall mechanical properties of friction stir welded 
joints of the aluminium alloy 6005A-T6. The fine 
hardening precipitation within the heat-affected zone 
has been characterized by differential scanning 
calorimetry (DSC) and transmission electron 
microscopy (TEM). Post-welding heat treatments 
have been applied to obtain indications on the level of 
solid solution supersaturation in the as welded state. 
The local mechanical behaviourwas determined using 
thin specimens extracted from various regions of the 
weld. The overall properties were measured on 
samples cut perpendicular to the weld. Specific 
attentionwas devoted to the relationship between the 
local microstructure and local hardening properties in 
the weakest region, which govern the overall strength 
and ductility of the welds 
 
Lakshminarayanan et al. (2008) applied Taguchi 
approach to determine the most influential control 
factors which will yield better tensile strength of the 
joints of friction stir welded RDE-40 aluminium 
alloy. In order to evaluate the effect of process 
parameters such as tool rotational speed, traverse 
speed and axial force on tensile strength of friction 
stir welded RDE-40 aluminium alloy, Taguchi 
parametric design and optimization approach was 
used. Through the Taguchi parametric design 
approach, the optimum levels of process parameters 
were determined. The results indicate that the 
rotational speed, welding speed and axial force are 
the significant parameters in deciding the tensile 
strength of the joint. The predicted optimal value of 
tensile strength of friction stir welded RDE-40 
aluminium alloy is 303 MPa. The results were 
confirmed by further experiments. 

 
Elangovan (2008) studied the effect of welding 
speed and tool pin profile on FSP zone formation in 
AA2219 aluminium alloy. Five different tool pin 
profiles (straight cylindrical, tapered cylindrical, 
threaded cylindrical, triangular and square) have been 
used to fabricate the joints at three different welding 
speeds. The formation of FSP zone has been analysed 
macroscopically. Tensile properties of the joints have 
been evaluated and correlated with the FSP zone 
formation. From this investigation it is found that the 
square pin profiled tool produces mechanically sound 
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and metallurgically defect free welds compared to 
other tool pin profiles 

 
Nandan(2008) investigated that friction-stir welding 
is a refreshing approach to the joining of metals. 
Although originally intended for aluminium alloys, 
the reach of FSW has now extended to a variety of 
materials including steels and polymers. This review 
deals with the fundamental understanding of the 
process and its metallurgical consequences. The focus 
is on heat generation, heat transfer and plastic flow 
during welding, elements of tool design, 
understanding defect formation and the structure and 
properties of the welded materials. 

 
Lakshminarayanan et al. (2009) used two methods, 
response surface methodology and artificial neural 
network were used to predict the tensile strength of 
friction stir welded AA7039 aluminium alloy. The 
FSW process parameters such as tool rotational 
speed, welding speed, axial force, play a major role in 
deciding the weld quality. The experiments were 
conducted based on three factors, three-level, and 
central composite face centered design with full 
replications technique, and mathematical model was 
developed. Sensitivity analysis was carried out to 
identify critical parameters. The results obtained 
through response surface methodology were 
compared with those through artificial neural 
networks. 
 
Zhang(2009) analized the effect of transverse speed 
on friction stir welding for the controlling of the 
parameter by using a fully coupled thermo-
mechanical model. When the transverse speed is 
higher, the stirring effect of the welding tool becomes 
weaker, which is the reason for the occurrence of 
weld flaw. The material particles on the top surface at 
the advancing side are transported by the shoulder to 
the retreating side and piles up on the border of the 
nugget zone at the retreating side. This is the reason 
for the formation of weld fash in the friction stir 
welding process. Friction instead of plastic 
deformation takes the main contribution to the 
temperature rise in the friction stir welding process. 
When the transverse speed is increased, the 
contribution of the plastic deformation to the 
temperature rise is increased. But the variation of the 
transverse speed does not significantly affect the 
power needed for FSW. 
 
Bitondo (2010) investigates in this work the 
influence of the Friction Stir Welding (FSW) 
parameters on the mechanical properties AA 2198 T3 
welds. For this purpose, a full-factorial experimental 
design was conducted. The observed responses are 
ultimate tensile strength (UTS) and yield strength 
(YS). The factors under investigation are tool 
rotational speed (N) and welding feed (Va). In order 
to estimate the influence of the heat transfer transient 

phase on the mechanical properties of the weld, 
besides these classical welding parameters, a position 
parameter defining the relative distance of the 
specimens from the welding run-in and run-out is 
considered. Analysis of variance (ANOVA), main 
effect plot and desirability function technique were 
used to determine the significant parameters and set 
the optimal level for each parameter. A regression 
equation was derived to predict each output 
characteristic. 
 
III. EXPERIMENTAL DETAIL 
 
3.1 Design of Experiment 
The design of experiment is a procedure of selecting 
the number of trials and conditions running them, 
essential and sufficient for solving a problem that has 
been set with the required precision. The use of 
design of experiment makes the behavior of 
investigator purposeful, organized and appreciably 
facilitates an increase in productivity of his work and 
reliability of results obtained. 
A two level factorial design of (23 = 8) eight trials, 
which is a standard statistical tool to investigate the 
effects of number of parameters on the required 
response, was selected for determining the effect of 
three independent direct welding parameters. The 
commonly employed method of varying one 
parameter at a time, though popular, does not give 
any information about interaction among parameters. 
The selecting of two level factorial design also helped 
in reducing experimental runs to the minimum 
possible. 
 
3.2 Identifying Critical Process Control Variables 
With the help of trial experiments and literature 
review, Tool rotation speed, welding speed and 
shoulder diameter were identified as critical welding 
variables for carrying out the experiment. 
 
3.3 Selection of Two Levels of Welding Variables 
The working range covering the lowest and the 
highest level of the direct welding parameters was 
carefully selected by carrying out the trial runs so as 
to maintain defect free friction stir welding. The 
direct and indirect parameters except under 
consideration were kept constant. The upper level 
was coded as (+1) and lower level as (-1) or simply 
(+) and (-) for the factors with a continuous 
determination region, this can always be done with 
the aid of transformation with in the variation 
interval. 
 
Xj=(Xjn- Xjo )/ Jj     .....................................................(1) 
 
Where Xj, Xjn, and   Xjo are the coded, natural and 
basic value of the parameter respectively. Jj and j are 
the variation and number of parameters respectively. 
The units, symbols used and limits of welding 
parameters are given in Table 3.1. 
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Parameters Units Symbols Lower 
limit 

Upper 
limit 

Tool 
rotational 

speed 

RPM N 1200 1500 

Welding 
speed 

Mm/min S 40 60 

Shoulder 
Diameter 

Mm D 18 21 

Table3.1 Welding parameters used and their limits 
 
3.4  Development of Design Matrix 
The design matrix developed to conduct the eight 
trials runs of 23 fractional factorial designs as given in 
Table 3.2. The signs under the columns 1,2,3 were 
arranged in standard Yate’s order. 
 

S.No N 
1 

S 
2 

D 
3 

1 + + + 
2 - + + 
3 + - + 
4 - - + 
5 + + - 
6 - + - 
7 + - - 
8 - - - 

Table 3.2 Design Matrix 

 
3.5 Experimental Procedure 
Vertical Milling Machine was used to carry out the 
experiments. The material of the tool was High 
Carbon High Chrome steel. The metal plates taken 
for investigation was aluminum having dimensions of 
150 x 100 x 6mm. Two friction stir welding tools 
with shoulder diameters (D) 18 mm and 21 mm, 5.8 
mm long (h) and pin diameter was 6 mm were used. 
The welding was carried out by using a properly 
designed clamping fixture that allows fixing the two 
plates. The iron plates composing the fixture were 
finished at the grinding machine in order to assure a 
uniform pressure distribution on the two fixed 
specimens. The complete set of eight trials was 
repeated twice for the sake of determining the 
‘variance of optimization parameter’ and once for 
‘variance of adequacy’ for this model. The 
experiments were performed in a random order in 
order to avoid any systematic error. The responses for 
the three set of experiments are given in Table 
3.3.The Design of experiment software Design Expert 
was used to develop to Design of Experiment. 
 
 

 
Table 3.3 :- Experimental Results 
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3.6 Selection of Mathematical Model 
The models of the type Y = f (N, S, D) could be 
developed to facilitate the prediction of a response 
within the specified dimensional tolerance for a 
particular set of direct process parameters. Assuming 
a linear relationship in the first instance and taking 
into account all the possible two factor interaction 
and confounded interactions, it could be written as: 
 
Y=b0+b1N+b2S+b3D+ 
b12NS+b13ND+b23SD…………………...(2) 
 
3.6.1  Development of Model 
Models were developed by the method of regression. 
Adequacy of the model and significance was tested 
by the analysis of variance technique and student’s 
‘t’-test respectively. 
 
3.6.3 Developed Model 
Developed models could be obtained by putting the 
values of the regression coefficients obtained from 
equation (4) in the selected model, 
 
Y = b0 + b1N + b2S + b3D + b12NS + b13ND + b23SD 
…………………...(4) 
 
3.6.4  Checking the adequacy of the developed 
model 
The adequacy of the model was determined by the 
analysis of variance technique. The regression 
coefficients were determined by the method of least 
square, from which the F-ratio for the polynomial 
was found. The variance of the response and the 
adequacies were calculated. The ‘F’- ratio of the 
model were compared with the corresponding ‘F’- 
ratio from the standard table and it was found that the 
model is adequate within 95% level of confidence, 
thus justifying the use of assumed polynomials. 
After calculating the coefficients of model, it must be 
tested for its fitness. Thus adequacy of the model was 
tested using analysis of variance technique. For this, 
variance of optimization parameter (S2y) was 
determined. For two repetitions of each trial the 
formula is:- 
S2y=2∑N

i=1(∆Y2)/N……….(5) 
Where ∆Y2   = (Yiq – Ym)2 
Ym = Arithmetical mean of repetitions (response in 
the repetitions) 
Yiq = Value of response in a repetition trial 
N = Number of observations 
i= No. of trials 
q=No. of repetitions 
Further, the variance of adequacy, also called as 
residual variance was determined by using following 
formula: 
S2ad=∑N

i=1∆(YpYm)2/f………..(6) 
Where 
S2

ad = Variance of adequacy 
Ym = Observed or Measured response 

Yp = Estimated/Predicated value of response 
(obtained from model) 
f = N-(K+1) (Degree of freedom) 
∑N

i=1 = residual sum of square 
k = Number of independently controllable variables. 
The ratio of variance of adequacy to the variance of 
optimization parameter gave Fisher ratio:- 
 
=S2ad/S2y……………………(7) 
 
F-values, thus, obtained and denoted as (Fm) were 
compared from the table value as (Ft). It was found 
that the model was adequate at 95% level of 
significance thus justifying the use of the assumed 
polynomial. 
 
3.6.5 Checking the significance of coefficients of 
model 
The statistical significance of the coefficients can be 
tested by applying ‘t’ test. The level of significance of 
a particular parameter can be assessed by the 
magnitude of the ‘t’ value associated with it. Higher 
the value of ‘t’, the more significant it becomes. ‘t’ 
values for the given coefficients of the models were 
calculated using following formula: 
t = |bj|/Sbj…………………………………………. (8) 
Where, 
|bj| = absolute value of coefficients 
Sbj = standard deviation of coefficients 
Sbj = √ S2y/N 
Calculated ‘t’ values were compared with the t-table 
value and statistically insignificant terms of the 
models were dropped. The value of ‘t’ from the 
standard table for eight degree of freedom and 95% 
confidence level is 2.306. Coefficients having 
calculated ‘t’ value less than or equal to ‘t’ value 
from the standard table for eight degree of freedom 
and 95% confidence level, are the members of 
reference distribution i.e. due to the intrinsic 
variations of the experimentation and hence, they 
cannot be significant. 
3.6. 6 Final model 
Final model could be obtained by dropping 
statistically in-significant terms from the developed 
models. 
 
3.7 Experimentation 
The specifications of the vertical milling machine in 
presented in Table 3.6 
 
S. 
No 

Specifications Units 

1 Size of the Table 1500×400mm 
2 No. of Speeds 10 
3 Spindle Speed range Low(140,250,360 

and 500) 
High(1200,1950,2500 

and 2800) 
4 Motor 5 HP 

Table 3.6 Milling machine specifications 
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In experimentation first step was selection of material 
for which 6061 aluminium alloy was selected and 
chemical composition and mechanical properties of 
selected material are shown in the Table 3.8 and 
Table 3.9 respectively. The friction stir welding 
process was performed on a vertical milling machine. 
The specially designed fixture was clamped on bed of 
vertical milling machine. The tool was mounted on 
the vertical spindle. Then two prepared aluminum 
pieces were clamped into the fixture. Then after some 
time, when there was sufficient heating was achieved 
due to friction between tool and plates, the bed was 
given automatic feed, along the joint direction. Thus 
the welding was achieved. 8 experiments were 
performed as per the as per design matrix. The trials 
were repeatedly three times for determining the 
adequacy of mathematical models. Thus total 24 
experiments were performed. 
 

Si Fe Cu Mn Mg Al 
0.57 0.35 022 0.12 1.1 Bal 

Table 3.8 chemical composition of base material 
 

Ultimate tensile 
strength (MPa) 

Elongation Hardness Hv 

280 20 100 
Table 3.9 Mechanical properties of base material 

 
3.8.2 Impact Test 
The Charpy Impact Test is a standardized high strain-
rate test which determines the amount of energy 
absorbed by a material during fracture. This absorbed 
energy is a measure of a given material's toughness. 
First of all, the required sized strips were cut from the 
FS welded samples. Then from these strips, the 
specimens for impact test were prepared. The size 
was taken as per prescribed by ASTM standards 
Designation: E 23 – 07. The energy absorbed by each 
specimen was noted down. 
 

 
 

Fig: 3.6 Impact tested specimen specifications 
 

L= Overall Length (200mm)        
A= Length of Reduced Section (80mm) 
B= Length of Grip Section (50mm)     
C= Width of Grip (25mm) 
G= Gage Length (70mm)                       
W= Width (12.5mm) 
R= Radius of Fillet (12mm)                       
T= Thickness of Material (6mm) 
 

.  
Figure 3.7 Impact testing machine 

 
IV. RESULTS & DISCUSSUINS 
 
FSW is a solid state welding process, but 
considerable amount of energy is required to heat the 
material to such a temperature range that it get soft 
enough for coalescence. In FSW, this energy is 
provided by friction between FSW tool and work 
pieces along with deformation of material caused by 
tool in stirring. Hence prime mover has to transmit 
enough energy to the rotating tool to carry out the 
process. Understanding of forces, acting on tool, pin 
and work pieces, is important for proper design of 
FSW equipments and tool. So, to understand the 
effect of process parameters on various friction stir 
forces is important for more precise specifications 
describing capabilities of FSW equipments.  To 
minimize the size of the weld zone, it is desirable to 
have smallest stir zone area and to keep pin diameter 
of tool to be minimum. But as the pin diameter 
decreases, severe stresses develop at the pin root and 
probability of pin failure rises. Thus a complete 
understanding and evaluation of forces acting on tool 
and tool pin becomes even more important. Further, 
application of FSW to regular production demands 
many challenges like ability to weld higher strength 
materials, thicker sections and achieving high 
production rates. To meet all these requirements, 
proper design of tools and equipments is very critical. 
 
4.1 Direct Effect of process parameters on impact 
toughness:- 
The Model F-value of 72.69 implies the model is 
significant. There is only a 0.01% chance that an F-
value this large could occur due to noise. Values of 
"Prob > F" less than 0.0500 indicate model terms are 
significant. In this case N, S, D, NS are significant 
model terms. Values greater than 0.1000 indicate the 
model terms are not significant. If there are many 
insignificant model terms (not counting those 
required to support hierarchy), model reduction may 
improve your model. The "Lack of Fit F-value" of 
1.38 implies the Lack of Fit is not significant relative 
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to the pure error. There is a 25.65% chance that a 
"Lack of Fit F-value" this large could occur due to 
noise. Non-significant lack of fit is good -- we want 
the model to fit. After dropping insignificant co-
efficient the final model for impact toughness is given 
below. 
 
Impact toughness  =  16.50+1.46 N-1.13S-1.21D-
0.42NS 
 

Source 

Sum 
of 

Squar
es 

D
F 

Mea
n 

Squa
re 

F 
Valu

e 

p-
valu

e 
Prob 
> F 

Signific
ant 

Model 120.7
9 6 20.13 72.6

9 

< 
0.00
01 

 

N-tool 
rotatio

nal 
speed 

51.04 1 51.04 184.
29 

< 
0.00
01 

Yes 

S-
Weldin

g 
speed 

30.38 1 30.38 109.
67 

< 
0.00
01 

Yes 

D-
should

er 
Diamet

er 

35.04 1 35.04 126.
52 

< 
0.00
01 

Yes 

NS 4.17 1 4.17 15.0
4 

0.00
12 Yes 

ND 0.000 1 0.000 0.00
0 

1.00
00 No 

SD 0.17 1 0.17 0.60 0.44
86 No 

Residu
al 4.71 17 0.28    

Lack 
of Fit 0.38 1 0.38 1.38 0.25

65 No 

Pure 
Error 4.33 16 0.27    

Cor 
Total 

125.5
0 23     

 Table :-4.5 ANOVA for selected factorial model 
Impact strength 

 
The "Pred R-Squared" of 0.9252 is in reasonable 
agreement with the "Adj R-Squared" of 0.9492; i.e. 
the difference is less than 0.2.Scatter diagrams, which 
show the predicted and the observed values of 
responses, were also drawn so as to test the validity 
of these models. A good agreement was found to 
exist between the actual and the predicted responses 
of percentage elongation as shown in Fig. 4.1 and Fig 
4.2 respectively. 
 

 

Table 4.6 Summary statistics of the model for Impact Strength 

 
Fig. 4.1 Normal plot of residual for Impact strength 

 

 
Fig. 4.2 Predicted v/s Actual plot for Impact strength 

 
4.2 Influence of tool rotational speed on Impact 
Strength 
The influence of various parameters on impact 
toughness has been presented in Figure 4.3 As shown 
in the Figure, the impact toughness of the joint 
decreases with increase in the tool rotational speed. 
The impact toughness of the joint was 15 J at the tool 
rotational speed 1200 rpm. The impact toughness of 
the joint was increases and reached 18 J when the tool 
rotational speed was reached at 1500 rpm. The impact 
toughness of the joint was increases due to sufficient 
heat input at the higher tool rotational speed. 

 
Fig.4.3 Effect of tool rotational speed on Impact Strength 

 
4.3 The effect of welding speed on impact 
toughness 
The influence of various welding speed on impact 
toughness has been presented in Figure 4.4 As shown 
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in the Figure, the impact toughness of the joint 
decreases with increase in the welding speed. The 
impact toughness of the joint was  17.5 J at the 
welding speed 40 mm/min. The impact toughness of 
the joint was decreases and reached 14 J when the 
welding speed was reached at 60 mm/min. The 
impact toughness of the joint was decreases due to 
high heat input at the lower welding speed. 
 

 
Fig.4.4  Effect of welding speed on impact toughness 

 
4.4 Influence of shoulder diameter on impact 
toughness 
The influence of shoulder diameter on impact 
toughness has been presented in Figure 4.5 As shown 
in the Figure, the impact toughness of the joint 
decreases with increase in the shoulder diameter. The 
impact toughness of the joint was 18 J at the shoulder 
diameter 18 mm. The impact toughness of the joint 
was decreases and reached 15 J when the shoulder 
diameter was reached at 21 mm. The impact 
toughness of the joint was decreases due to high heat 
input at the lower welding speed.  
 

 
Fig.4.5  Effect of shoulder diameter on impact toughness 

 
4.5 Interaction effect of tool roational speed and 
welding speed on impact toughness 
The interaction effect of tool rotational speed and 
welding speed is presented in fig. 4.6, From the can 
be concluded, that by keeping low rpm, and by 
increasing the welding speed, there is significant 
effect on Impact toughness, But at high rpm, increase 
the welding speed, there is a significant increase in 
Impact toughness was increased. At high welding 
speed, as we increase the  there is a increase on 
Impact toughness.  From the response surface Fig.4.7, 
It can predict the tensile strength at any combination 

of the two parameters welding speed and Tool 
rotational speed. 

 
Fig.4.6 Relationship between Probe/Pin Diameter and Impact 

Strength 

 
Fig.4.7, 3 D responce surface plots for effect of tool rotational 

speed and welding speed on Impact toughness 
 

1. CONCLUSIONS 
 
 Two Level Factorial Design is found to be 

effective tool to investigate the interaction effects 
of parameters on the required response. 

 Proposed models are adequate at 95% confidence 
level, thus justifying the use of assumed 
polynomials 

 With increase shoulder diameter, there is 
decrease in Impact Strength. 

 Impact Strength increases with the increase in 
tool rotational speed. 

 Impact toughness decreased with increase in 
rotational speed and increased with the increase 
in welding speed as well as pin diameter. 
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