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Optimize Process Variables by TOPSIS Method 
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Abstract: The present work involves friction stir welding of AZ31B magnesium alloy plates by using copper as tool pin material. The friction stir welding input factors namely 
tool pin profile, tool rotational speed, tool feed and  tool angle were varied to find their influence on the quality of the processed zone. For mechanical and micro structural 
study of the processed specimens, tensile test, hardness test and microscopy tests were carried out.  The Taguchi's experimental combination of L18 mixed orthogonal array 
has been utilized for conducting experiments. ANOVA was utilized to evaluate the influence of each input factor on the response measures. TOPSIS, the multi-response 
optimization technique was applied to obtain the optimal setting for getting enhanced results. The experimental results of the optimum set provided a tensile strength of 
206.35 MPa, Percentage elongation of 7.4% and Vickers hardness of 68 which are 88.2%, 52.9% and 79% of the corresponding property values of the base material 
respectively. Microstructural study revealed the refinement of grains in the processed zone. However the enhancement of properties is prevented by the occurrence of 
defects. 
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1 INTRODUCTION 

The transportation industries are continuously 
searching for light materials to fabricate various vehicular 
and other structural components with the objective of 
reducing the overall weight of the vehicle that would result 
in lesser fuel consumption. Aluminium/aluminium alloys 
are the most sought-after lighter materials. But in recent 
times, magnesium (Mg) alloys, with lighter density than 
aluminium are being explored for structural applications. 
Aircraft industry has utilized magnesium alloys 
extensively to make many light weighted structural 
components. Many automobile giants are using 
magnesium alloys in the place of aluminium or steel to 
manufacture components such as steering wheels, driving 
wheels, steering columns, gear boxes etc [1-3]. Though 
magnesium has good strength to weight ratio, its 
limitations include lesser resistance to wear and corrosion 
and being chemically reactive [4]. For joining metal alloys 
like magnesium alloys and aluminium alloys which are 
lighter in density and difficult to join by conventional 
methods, the Welding Institute of United Kingdom 
developed a technique called friction stir welding (FSW), 
as an innovative solid state joining method in which the 
base plates kept adjacent to each other are recast along the 
required joining line without melting [5]. The principle of 
friction stir welding provides increased plasticity, much 
refined grain size due to dynamic recrystallization along 
with enhanced properties [6]. It is a joining process done in 
solid state itself especially for light metals and alloys using 
a rotating tool pin that is inserted in a hole under axial 
pressure to travel along the edges of the plates or sheets to 
be joined and be fixed above a back plate for support [7]. 
The most critical elements that influence the shape and size 
of the plastic material flow are a tool and joint 
configurations [8-10]. The tool pin generates heat along the 
travel due to friction among the tool and the base material 
as a result of which the base plates plastically deform, mix 
and join together and solidify. The pin which contacts the 
adjacent and bottom areas provides heat to those parts 
whereas the shoulder portion of the tool being in full 
contact with the top surfaces of the plate generates 

significant amount of heat.  It is also the shoulder portion 
which stops the plastically deformed material from flowing 
outside [11]. Friction stir processing technique that 
produces only low amount of heat is broadly employed 
[12-13]. Moreover, in FSW, the joint quality is influenced 
primarily by the factors like tool profile, tool speed, tool 
feed and angle of tilt [14]. Friction stir process could 
produce joints that are characterized by almost nil defects, 
less distortion, minimum cracks and refined grains [15]. 
There is a variety of magnesium alloys among which 
AZ31B has attracted the focus for structural applications 
due to its promising characteristics [16]. Cao et al [17]. 
experimentally made lap joint configuration of Mg AZ31B 
by FSW technique  and also studied the welding input 
factors impact on joining of Mg AZ31B. The input factor 
such as traverse speed has a significant reason  for 
formation of defects. Rozal Rose et.al. [18] systematically 
performed a microstructural analysis and tested a tensile 
property of FSWed AZ61A Mg alloy. From the analysis it 
has been found that axial force plays an important role for 
formation of finer grains, hardness and subsequently 
tensile properties. Rajakumar and Balasubramanian [19] 
analysed the inter relationship between fsw parameters like 
traverse speed, shoulder diameter, hardness of tool 
material, diameter of pin and tool rotational speed on 
hardness corrosion rate and tensile strength of the FSWed 
AA1100 Al alloy. Kadaganchi et al. [20] developed a 
numerical model using response surface technology 
(RSM) technique to evaluate the performance 
characteristics like yield strength, ultimate tensile strength 
and percentage elongation of FSWed AA2014-T6 material. 
M. Prasad and Kiran Kumar Namala [21] carried out
parametric optimization of dissimilar FSW of AA5083 To
AA6061 by considering input parameters like tool
rotational speed, welding speed and angle of tilt of tool.
Experiments are conducted using Taguchi L9 orthogonal
array (OA). Sanjay Kumar et al. [22] suggested that
Taguchi method combined with grey relational analysis
(GRA) is useful for optimization of multiple responses that
are more complex than single objective optimization. In
this, the impact of input factors namely tool tilt angle,
rotational speed, tool pin profile on response measures
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such as percentage elongation and tensile strength were 
reported. It is understood from the literature that many 
researchers modeled and optimized the FSW input factors 
using various optimization methods to evaluate optimum 
combination of  input factors for obtaining better results. 
While addressing multi-objective optimization several 
input factors and their interrelationship need to be 
considered. However, most of the research works used 
conventional methods for solving multi-objective 
optimization problem. As of now a few attempts are made 
by using Multiple-criteria decision-making (MCDM) 
method for solving multi-objective optimization problem. 
Therefore in this study an effort has been taken for solving 
multi-objective optimization of FSW of AZ 31B 
Magnesium alloy via Technique for order of preference by 
similarity to ideal solution (TOPSIS) approach. 

Figure 1 Friction stir welding (schematic) 

Table 1 Various elements present in AZ31B Mg alloy (in wt. %) 
Al Zn Mn Si Cu Ca Ni Fe Other Mg 
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Table 2 Properties of the AZ31B Mg alloy 
Yield Strength

/ MPa 
Ultimate Tensile Strength / 

MPa 
Elongation in 

/ % 
Hardness 

/ HV 
124 234 14 86

2 WORK MATERIALS AND EXPERIMENTATION 

In this study, the friction stir welding has been done on 
AZ31B Mg alloy plates of 100 × 100 × 6 mm dimensions. 
Tab. 1 lists the chemical elements found in the alloy, while 
Tab. 2 lists the Mg alloy's mechanical properties. 

Table 3 FSW parameters and their levels 
Parameters Symbol Level 1 Level 2 Level 3 

Tool Pin Profile P Square Threaded 
cylindrical 

- 

Tool Rotational Speed / 
RPM 

N 1250 1350 1450 

Welding Speed / 
mm/min 

F 25 35 45 

Tool Angle / ° θ 1 1.5 2

The FSW process has been done by using computer 
numerical controlled vertical machining center (VMC 
Make: Falcon Tools, Coimbatore, Tamilnadu, India), by 
developing a unique work holding device for clamping the 
work material. The tool pin dimensions include a shoulder 
of 18 mm diameter and 100 mm length and the pin having 

5 mm length with 3.8 mm diameter for threaded cylinder 
and for square side as well. Tool pins profiles with two 
different geometries, one square pin and another threaded 
pin have been used in this investigation. 

The tool was made of copper and tool pin profiles are 
presented in Fig. 2a and Fig. 2b. Four major input 
parameters each at three levels were utilized in accordance 
with Taguchi's experimental design of L18 mixed level for 
carrying out the trials. The input parameters investigated 
along with their levels are provided in Tab. 3. 

(a)                                           (b) 
Figure 2 Schematic  representation of the copper tool pins: a) square pin, b) 

threaded tool pin profile 

2.1 Samples for Mechanical Testing 

The samples were cut for required dimensions for 
using in tensile and hardness tests from the processed bulk 
using wire cut machine. The samples were properly 
polished and etched for taking micrographs. The tensile 
test specimen was cut from the FSW welded plates normal 
to joining line for dimensions in accordance with 
ASTM-E8 specification utilizing wire-cut EDM machine 
[23] as presented in Fig. 3a and Fig. 3b. The Universal
Tensile Testing Machine (UTS) (MTS Insight:
Electromechanical type with 100 KN, Standard length)
was used to perform the tensile tests. The tensile tests were
used to determine the tensile strength of the welded joint
and also to measure the percentage elongation. The micro
hardness of the processed region has been estimated by
utilizing Vicker's micro hardness testing machine
(Company: Sumitra Enterprises of New Delhi).

a) 

b) 
Figure 3 (a) Tensile test specimen dimensions, (b) Tensile test specimen 

Figure 4 Vickers Hardness test specimen 
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Figure 5 Main effects plot for tensile strength 

For each specimen, micro hardness values were 
estimated at three distinct locations and as well as the mean 
value were utilized as final value. 

3 RESULTS AND DISCUSSION 
3.1 Impact of Parameters on Tensile Strength 

The experimental results are presented in Tab. 4. The mean 
response table attained from Taguchi technique is often used to 
measure the impact on performance characteristics of each level of  
welding parameter. As the experiments are conducted based on the 
Taguchi's orthogonal array, it is easy to evaluate the influence of 
the welding input factor on the performance characteristics. 

Table 4 Experimental conditions for FSW and test results of FS Welded samples 

Exp. NO Tool Pin Profile, P Tool Rotational Speed, N / RPM 
Welding Speed, F 

/ mm/min 
Tool Angle, 
θ / degree 

UTS / MPa 
% of 

Elongation 
Avg HV 

1 Square 1250 25 1 181.5 6.9 64
2 Square 1250 35 1.5 188.25 6.1 58
3 Square 1250 45 2 162.65 5.4 55
4 Square 1350 25 1 203.45 7.1 68
5 Square 1350 35 1.5 195.25 6.6 63
6 Square 1350 45 2 158.25 4.6 57
7 Square 1450 25 1.5 199.25 7.3 68
8 Square 1450 35 2 194.52 6.4 63
9 Square 1450 45 1 186.35 5.5 58
10 Threaded Cylindrical 1250 25 2 196.25 6.8 65 
11 Threaded Cylindrical 1250 35 1 187.3 6 59 
12 Threaded Cylindrical 1250 45 1.5 173.75 4.4 54 
13 Threaded Cylindrical 1350 25 1.5 206.35 7.4 68 
14 Threaded Cylindrical 1350 35 2 187.65 6.1 64 
15 Threaded Cylindrical 1350 45 1 153.35 5.2 56 
16 Threaded Cylindrical 1450 25 2 205.45 7.1 69 
17 Threaded Cylindrical 1450 35 1 194.25 7.1 63 
18 Threaded Cylindrical 1450 45 1.5 169.35 5.5 56 

Table 5 Response table for the Tensile strength 

Level 
Tool Pin 

Profile , P 
Tool Rotational 
Speed, N / RPM 

Welding Speed, 
F / mm/min 

Tool 
Angle, θ / 

degree 
1 185.5 181.6 198.7 184.4 
2 186.0 184.0 191.2 188.7 
3 -- 191.5 167.3 184.1 

Delta 0.5 9.9 31.4 4.6 
Rank 4 2 1 3 

The mean value of tensile strength for all the welding 
parameters at each level is estimated and the results are given in 
Tab. 5. Based on the results it is found that factor C (Welding 
Speed) has the strongest effect on the tensile strength owed by 
factor B (Tool Rotational Speed) and factor D (Tool Angle). The 
Tool Pin Profile has the least effect on the tensile strength. The 
mean response plot of Tensile strength is presented in Fig. 5. The 
significance amongst the welding factors for output responses must 
also be calculated more precisely by using ANOVA analysis. The 
results of ANOVA analysis are given in Tab. 8. In this analysis, 
the consistency of process performance is recognized by 
greater R2 Value. Anticipated R2 and Adjusted R2 shows 
more accurate results. On the basis of ANOVA results, the 
estimated R2 value of UTS is R2 = 95.55%. The R2 values 
show that the experiment sequence has a high degree of 
confidence in the system, with a 90% significance level. It 
shows that welding speed (feed) is the most dominating 
factor of the process, showing an influence of 72.77% on 
UTS. 

3.2 Impact of Parameters on Percentage Elongation 

The experimental results are presented in Tab. 5. The mean 
response table attained from Taguchi technique is often used to 
measure the impact on performance characteristics of each level of 
welding parameter. As the experiments are conducted based on the 
Taguchi's orthogonal array, it is easy to evaluate the influence of all 
welding input factors on the performance characteristics. The mean 
value of percentage Elongation for all the welding parameters at 
each level is estimated and the results are given in Tab. 6. Based on 
the results it is found that factor C (Welding Speed) has the 
strongest effect on the percentage Elongation owed by factor B 
(Tool Rotational Speed) and factor D (Tool Angle). The Tool Pin 
Profile has the least effect on the percentage Elongation. The mean 
response plot of percentage Elongation is presented in Fig. 6. The 
significance amongst the welding factors for output responses must 
also be calculated more prcisely by using ANOVA analysis. The 
results of ANOVA analysis are given in Tab. 8. In this analysis, 
the consistency of process performance is recognized by 
greater R2 value. Anticipated R2 and Adjusted R2 show 
more accurate results. On the Basis of ANOVA results, the 
estimated R2 value of POE, R2 = 97.11%. The R2 values 
show that the experiment sequence has a high degree of 
confidence in the system, with a 90% significance level. It 
shows that welding speed (feed) is the most dominating 
factor of the process, showing an influence of 84.33% on 
POE. 
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Table 6 Response table for the percentage elongation 

Level 
Tool Pin 
Profile, P 

Tool Rotational 
Speed, N / RPM 

Welding 
Speed, F / 
mm/min 

Tool Angle, θ / 
degree 

1 6.211 5.933 7.100 6.300
2 6.178 6.167 6.383 6.217
3 -- 6.483 5.100 6.067

Delta 0.033 0.550 2.000 0.233 
Rank 4 2 1 3

Figure 6 Main effects plot forpercentage elongation 

3.3 Impact of Parameters on Hardness 

The experimental results are presented in Tab. 5. The mean 
response table attained from Taguchi technique is often used to 
measure the impact on performance characteristics of each level of 
welding parameter. As the experiments are conducted based on the 
Taguchi's orthogonal array, it is easy to evaluate the influence of all 
welding input factors on the performance characteristics. The mean 
value of hardness for all the welding parameters at each level is 
estimated and the results are given in Tab. 7. Based on the results it 
is found that factor C (Welding Speed) has the strongest effect on 
hardness owed by factor B (Tool Rotational Speed) and factor D 
(Tool Angle). The Tool Pin Profile has the least effect on hardness. 
The mean response plot for hardness is presented in Fig. 7. The 
significance amongst the welding factors for output responses must 
also be calculated more precisely by using ANOVA analysis. The 
results of ANOVA analysis are given in Tab. 8. In this analysis, 
the consistency of process performance is recognized by 
greater R2 value. Anticipated R2 and adjusted R2 show more 
accurate results. On the basis of ANOVA results, the 
estimated R2 value of HV, R2 = 99.66%. The R2 value 
shows that its experiment sequence has a high degree of 
confidence in the system, It shows that welding speed 
(feed) is the most dominating factor of the process, 
showing an influence of 85.19% on HV. 

Table 7 Response table for hardness 

Level 
Tool Pin 
Profile, P 

Tool Rotational 
Speed, N / RPM 

Welding 
Speed, F / 
mm/min 

Tool Angle, θ / 
degree 

1 61.56 59.17 67.00 61.33
2 61.56 62.67 61.67 61.17
3 -- 62.83 56.00 62.17

Delta 0.00 3.67 11.00 1.00 
Rank 4 2 1 3

Figure 7 Main effects plot for hardness 

Table 8 ANOVA results 

Source DF Adj SS Adj MS 
F-

Value 
P-

Value 
% of 

Contribution 
Ultimate Tensile Strength (UTS) 
Tool Pin 
Profile, P 

1 0.99 0.99 0.01 0.914 0.022293 

Tool 
rotational 
Speed, N 

2 320.18 160.09 1.98 0.189 7.209784 

Welding 
speed, F) 

2 3232.04 1616.02 19.99 0 72.77878 

Tool 
Angle, θ 

2 79.47 39.73 0.49 0.626 1.789498 

Error 10 808.23 80.82  18.19965 
Total 17 4440.91 100 

% of Elongation (POE) 
Tool Pin 
Profile, P 

1 0.0050 0.00500 0.04 0.842 0.034225 

Tool 
rotational 
Speed, N 

2 0.9144 0.45722 3.81 0.059 6.258984 

Welding 
speed, F 

2 12.3211 6.16056 51.29 0.000 84.3368 

Tool 
Angle, θ 

2 0.1678 0.08389 0.70 0.520 1.148576 

Error 10 1.2011 0.12011 8.221419 
Total 17 14.6094 100 

Micro Hardness (HV) 
Tool Pin 
Profile, P 

1 1.785 0.8925 1.58 0.078 0.41879 

Tool 
rotational 
Speed, N 

2 51.444 25.722 39.91 0 12.0696 

Welding 
speed, F 

2 363.111 181.556 281.72 0 85.19173 

Tool 
Angle, θ 

2 3.444 1.722 2.67 0.118 0.808018 

Error 10 6.444 0.644  1.511867 
Total 17 426.228 100 

3.4 Microscopy Analysis 

The micro-photograph of the base metal taken through 
optical microscope is shown in Fig. 8. The grain 
boundaries are clear here with formation of large coarse 
grains [24]. Fig. 9 shows the micro image taken at heat 
affected zone adjacent to the processed region. When 
compared to the base metal micrograph, this micro image 
shows refined grains due to the inflow of heat from the core 
region.  
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Figure 8 Micrograph of base metal (100x) 

Figure 9 Micrograph of heat affected zone (100x) 

The micrographs of the welded region are given below 
in Fig. 10 and Fig. 11. The micrographs  clearly show the 
refinement of grains due to the effect of frictional heat 
produced and dynamic recrystallization under mechanical 
force [25]. The distribution of precipitate particles could 
also be seen in the micrographs [26]. The micrograph of 
Fig. 11 shows the isolation of the thermo mechanically 
influenced region from the primary stir region [27]. 
Though the refined grains tend to improve the mechanical 
properties, the defects that accumulate during the process 
become a cause for lower property values. 

Figure 10 Micrograph of  FS processed zone (50x) 

Figure 11 Micrograph of FS processed zone(100x) 

4 MULTI-OBJECTIVE OPTIMIZATION USING TOPSIS 
TECHNIQUE 

Hwang & Yoon [28] proposed the technique called 
TOPSIS. TOPSIS method solves the multi-response 
problem by comparing the different alternatives of the 
process. The principle involved in this technique is that it 
measures the compromise solution on the basis of how it is 
close and far to the ideal solution. The compromise 
solution is a hypothetical solution where all the parameters 
are directly related to the maximum attribute values in the 
database including the satisfying solutions. TOPSIS uses 
simple mathematical expressions with high computational 
efficiency to find ideal solutions to complex problems and 
hence it is widely used [29-30]. The procedural steps of 
TOPSIS technique can be explained in the following steps. 

The TOPSIS technique transforms a multi-response 
system into a single optimized response. The TOPSIS 
begins with forming a decision matrix. The decision matrix 
(rij) is formulated through experimental results and 
presented in Tab. 5. The second step is defining the weight 
for each response. In step three, weighted normalized value 
of matrix is obtained by multiplying decision matrix with 
its preferred weights. This can be obtained with the help of 
Eq. (2). 
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Wi = weight of 𝑎𝑖𝑗.
In step four, S+ (ideal best), S− (ideal worst) are 

determined and separated by using Eq. (3) and Eq. (4.) 
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In the final step, the closeness coefficient alternative (CC) 
is calculated by Eq. (5). After evaluation of CC, rank is 
given with respect to maximum CC value. 

i
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4.1 Numerical Computation of TOPSIS 

The TOPSIS technique transforms a multi-response 
system into a single optimized response. The TOPSIS 
begins with forming a decision matrix. The decision matrix 
(rij) is formulated through experimental results and 
presented in Tab. 5. In step two, the normalized decision 
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matrix is obtained by normalizing the decision matrix. The 
weighted decision matrix is evaluated by multiplying with 
its criteria weights by using Eq. (2) and the values are 
presented in Tab. 9. The Ideal best (S+) and the ideal worst 
(S-) values were evaluated using Eq. 3 and Eq. 4 and the 
values are presented in Tab. 9. 

Table 9 Normalization & Weighted Normalization 

Expt. 
No. 

Normalization Weighted Normalization

UTS POE Avg HV UTS POE Avg HV 

1 0.2295 0.2598 0.2443 0.0918 0.0779 0.0733 
2 0.2380 0.2297 0.2214 0.0952 0.0689 0.0664 
3 0.2057 0.2033 0.2099 0.0823 0.0610 0.0630 
4 0.2573 0.2673 0.2596 0.1029 0.0802 0.0779 
5 0.2469 0.2485 0.2405 0.0988 0.0746 0.0721 
6 0.2001 0.1732 0.2176 0.0800 0.0520 0.0653 
7 0.2520 0.2749 0.2596 0.1008 0.0825 0.0779 
8 0.2460 0.2410 0.2405 0.0984 0.0723 0.0721 
9 0.2356 0.2071 0.2214 0.0943 0.0621 0.0664 
10 0.2482 0.2561 0.2481 0.0993 0.0768 0.0744 
11 0.2368 0.2259 0.2252 0.0947 0.0678 0.0676 
12 0.2197 0.1657 0.2061 0.0879 0.0497 0.0618 
13 0.2609 0.2786 0.2596 0.1044 0.0836 0.0779 
14 0.2373 0.2297 0.2443 0.0949 0.0689 0.0733 
15 0.1939 0.1958 0.2138 0.0776 0.0587 0.0641 
16 0.2598 0.2673 0.2634 0.1039 0.0802 0.0790 
17 0.2456 0.2673 0.2405 0.0983 0.0802 0.0721 
18 0.2141 0.2071 0.2138 0.0857 0.0621 0.0641 

Finally the value of closeness co-efficient (CC) is 
evaluated by using Eq. (5). Finally the ranking is done 
according to the closeness coefficient for each 
experimental run and presented in Tab. 10. The closeness 
co-efficient has been further optimized by Taguchi 
method. 

Table 10 Separation measures and CCC 
Expt. No. S+ S− CCC RANK 

1 0.01492 0.03364 0.6927 8
2 0.02140 0.02648 0.5530 10
3 0.03544 0.01229 0.2575 14
4 0.00387 0.04277 0.9171 3
5 0.01267 0.03425 0.7300 7
6 0.04220 0.00480 0.1021 16
7 0.00394 0.04323 0.9166 4
8 0.01451 0.03241 0.6907 18
9 0.02686 0.02131 0.4423 12 
10 0.00964 0.03694 0.7930 6 
11 0.02177 0.02558 0.5402 11 
12 0.04142 0.01032 0.1994 15 
13 0.00115 0.04609 0.9758 1 
14 0.01838 0.02830 0.6062 9 
15 0.03947 0.00932 0.1911 17 
16 0.00342 0.04382 0.9276 2 
17 0.00981 0.03827 0.7960 5 
18 0.03213 0.01500 0.3183 13 

On the basis of the CCC values obtained, the 18 
experimental trials are ranked in such a way that ranking 
starts from the maximum to minimum with proximity 
coefficients and the order is: 
13 > 16 > 4 > 7 > 17 > 10 > 5 > 1 > 8 > 14 > 2 > 11 > 9 > 
18 > 3 > 12 > 15 > 6. 

From Tab. 7, it can be seen that "trail no 13" has 
produced  best results (highest CCC = 0.975, tool pin 
profile = threaded cylindrical, tool rotational speed = 1350 
rpm, welding speed = 25 mm/min, tool tilt angle = 1.5°) 
providing  the optimum set of FSP parameters from among 
the 18 trials conducted  for achieving maximum 

performances simultaneously from all the input parameters 
involved.  

4.1.1 Performance at Optimum Condition 

The results obtained at optimum parametric 
combination are discussed below. The analysis revealed 
that experiment number 13 provided the optimum 
parametric conditions that include: Threaded cylidrical 
profile: tool rotational speed of 1200 rpm; feed of 
25 mm/min; tool tilt angle of 1.5°. This particular 
combination produced the overall best results. 

Tensile strength: Breakage of the specimens occurred 
at the processed zone in all the tests. This clearly indicates 
that the processed region is lesser in tensile strength than 
the parent metal. The maximum tensile strength obtained 
at the optimum combination is 206.35 MPa. This 
maximum value is 88.2% of the base alloy's tensile 
strength. 

The minimum tensile strength obtained is 158.25 MPa 
(67.6% of base alloy) for the 6th experiment  that has the 
parametric set of square profile, tool rotational speed of 
1350 rpm. tool feed of  45 mm/min and tool tilt angle of 2°. 

Percentage of elongation: The processed regions have 
shown lesser percentage of elongation compared to the 
base alloy. At optimum condition the percentage of 
elongation of the specimen is 7.4% which is 52.9% of the 
base alloy's value. The minimum value of percentage of 
elongation obtained in these experiments is 4.4% (31.4% 
of base alloy) for the 12th trial having the combination of 
threaded cylindrical profile, 1250 rpm, 45 mm/min and 15° 
angle. The defects causing inhomogeneity in the processed 
region could be attributed for such low values. 

Hardness: For optimum condition, the hardness value 
obtained for the processed zone is HV 68 which is 79% of 
the base alloy's value. Though trial number 16 (ranked 
second in the order with threaded cylindrical profile, 
1450 rpm, 25 mm/min and 2°) produces a hardness of 
HV 69, the tensile strength and percentage elongation 
values are lesser than 13th trail. However all the property 
values of trial 16 are very close to trial 13. 

From the analysis of the results, it was noticed that 
some of the parametric combinations (experiment 
numbers: 16, 4, 7 & 10) show property values that are 
closer to the optimum condition values. It was also 
observed that in all these experiments the tool feed rate is 
the lowest of 25 mm/min and this factor is identified as the 
dominant factor of the FSP process among the given inputs. 

4.2 Mean Response Table for CC 

The significance of each FSP parameter can be shown 
through the response table and the graph of CC which are 
presented in Tab. 11 and Fig. 12 respectively. The response 
graph of CC reveals the variation  in the response when the 
factor level increases  from  level 1 to level 3. On the basis 
of response graph and the response table, the optimal FSP 
parameter combination for FSP of AZ31B alloy is 
P2N2F1θ2, by applying which maximum performance can 
be achieved. The results reveal that the  tool rotational 
speed of 1450 rpm, the lowest feed of 25 mm/min and  at a 
medium tool angle of 1.5° with threaded cylindrical tool 
pin profile gives maximum concrete solution. 
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Table 11 Mean response table for CC 

Level 
Tool Pin 
Profile 

Tool Rotational 
Speed / RPM 

Processing 
speed / 

mm/min 

Tool 
Angle / 
degree 

1 0.5891 0.5060 0.8705 0.5966 
2 0.5942 0.5871 0.6527 0.6155 
3 --- 0.6819 0.2518 0.5629

Delta 0.0051 0.1760 0.6187 0.0527 
Rank 4 2 1 3 

Figure 12 Response graph for CC 

4.3 ANOVA Results 

ANOVA  is a technique used to evaluate the relative 
importance of all input factors on the response 
characteristics. The ANOVA value visibly indicates the 
contribution of each input factor on the process which is 
influenced by multiple factors. 

Table 12 Analysis of variance for CCC 

Source DF Adj SS Adj MS 
F-

Value 
P-

Value 
% 

Contribution 
Tool Pin 
Profile, P 

1 0.00012 0.000115 0.01 0.905 0.01 

Tool 
Rotational 
Speed, N 

2 0.09307 0.046536 6.06 0.019 6.84 

Processing 
speed, F 

2 1.18175 0.590873 76.90 0.000 86.87 

Tool Angle, 
θ 

2 0.00854 0.004271 0.56 0.590 0.63 

Error 10 0.07684 0.007684 5.65
Total 17 1.36031  100.00

5 CONFIRMATION EXPERIMENT 

Confirmation experiment (Tab. 13) is an important 
evidence to show the performance of  optimized results. 
The  tool rotational speed of 1350 rpm and the lowest 
welding speed of 25mm/min with  tool angle of 1.5° using 
threaded  cylindrical tool pin profile provides 206.15 MPa 
of UTS, 7.0% of  POE and a HV of 70. The predicted CCC 
can be calculated  using Eq. (6). 

  
1

n

m i m
i

   


         (6) 

where ηm is total mean of CCC,   is optimal level at each 

response. 

Table 13 Confirmation test 

Initial 
parameters 

Optimal Parameters 

Prediction Experiment 

Setting level P1N1F1θ1 P2N3F1θ2 P2N3F1θ2 
UTS 181.5 -- 206.15
POE 6.9 -- 7.0
HV 64 -- 70
CCC 0.692 0.987 0.906
Improvement in CCC = 0.214 

6 CONCLUSIONS 

- The AZ31B alloy plates were friction stir processed
with copper tool by varying the tool profile and the
parameters like tool rotational speed, tool feed and tool tilt
angle. Experimental design of L18 mixed level, Anova for
factor contribution and Topsis for optimization were used.
The performance was analysed through tensile strength,
percentage elongation and micro-hardness.
- The optimum set of parameters obtained through
Topsis were: Tool pin profile of threaded cylindrical; Tool 
rotational speed of 1350 rpm: Tool feed of 25 mm/min and 
tool tilt angle of 1.5°. 
- The property values obtained for the optimum set of
parameters were: tensile strength of 206.35 MPa (88.2% of 
base metal value); percentage elongation of 7.4% (52.9% 
of base metal value) and vickers hardness value of HV 68 
(79% of base metal value). 
- Tool feed rate was found to be the most contributing
factor of the FSP. Observation shows  that the property
values found to be  closer to optimum values  were
obtained for the feed rate of 25 mm/min. in this
experimentation.
- The optical micrographs showed refined grains at the
FS processed zone. However the occurrence of defects in 
the course of processing affect the property values. 
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