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Abstract: This study reports that a fuzzy logic-based grey
system using Taguchi’s method provides a reliable approach
to the prediction of friction stir welding (FSW), which is
capable of improving the multi-response performance of
butt welds. Using the grey relational database, a fuzzy logic
analysis is carried out. Analysis of variance is used to deter-
mine the effect of parameters of multi-response behaviors
on butt welds. Meanwhile, multiple responses for multivari-
ables are simultaneously optimized. The experimental results
show that the fuzzy logic-based grey system using Taguchi’s
design reveals the optimal settings of the parameters, which
improves the whole properties by more than 28.04%, while
the individual properties, such as tensile strength by 13.35%,
bending strength by 1.91%, impact strength by 1.05%, and
hardness by 0.26%, when compared with the best test in
orthogonal arrays. Based on experimental validation tests,
excellent agreement between model predictions and experi-
mental results is shown. Notably, the intelligent method pro-
posed is applied to butt welds, and the results of the imple-
mentation of fuzzy logic based grey system using Taguchi’s
design proved its feasibility and effectiveness with respect to
the improvement of the mechanical properties of FSW.

Keywords: friction stir welding, fuzzy logic, grey rational
analysis, multiple responses, optimization

1 Introduction

The relatively unique process of friction stir welding (FSW)
was first developed in the early 1990s [1,2]. This technique
uses a non-consumable rotational milling tool to generate
heat of friction and to deform the material, while it is in a
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solid state to influence the formation of the joint, making it
one of the more significant and potential new welding
techniques. In recent years, the development of lightweight
advanced components has been a major research project,
especially for the automotive and aerospace industries.
Yet, light metal alloys can be problematic for fusion and
resistance welding due to their lack of structural transfor-
mation and excellent thermal and electrical conductivity in
the solid state [3,4]. There are some hard to weld materials
such as aluminium, magnesium, copper, steel, titanium com-
posites and dissimilar materials, those alloys mentioned
above are considered unweldable by conventional techni-
ques. Thus, the FSW has gained attention as an attractive
alternative to conventional fusion welding in the case of
joining metals that are difficult to weld, especially aluminum
metal alloys [5-8]. However, the unique nature of FSW offers
several advantages, including nondepletable tools, no filler
material, and no shielding gas for making the welds when
compared to fusion welding methods, because drawbacks
from liquid cooling-related imperfections can be avoided
[9,10]. Some problems such as porosity, solute redistribution,
and solid-state cracking do not occur during welding. That is,
the FSW technique is effective in reducing welding defects
such as porosity, grain boundaries, alloy segregation, and
cracks, which mostly occur during the joining by fusion
welding. Based on the discussion above, FSW has received
a lot of attention for its robust solid-state and environmen-
tally preferable joint process. But FSW involves some unique
defects including insufficient weld temperature, extensive
distortion during the welding process, and ripples along
the weld bead, etc [11,12]. Therefore, there is a strong motiva-
tion to focus on developing better ways to address the short-
comings of the FSW. Several methods have been efficiently
implemented by researchers in order to provide an effective
solution to the unique defects of the FSW process. Most
researchers have carried out a lot of work on material
flow, microstructure formation, and mechanical properties
of welded joints by friction stirring. Barcellona et al. [13]
studied the structure of aluminum alloy stir friction welding.
Butt joints of two different materials were studied metallur-
gically. Lee et al. [14] investigated the influence of the fric-
tion stir processing zone on the material flow behavior
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subjected to rotating tool activity. The choice of process
parameters and weld tool geometry was mainly influ-
enced by the material flow behavior. Although many of
the problems in FSW welding focus on the mechanical
properties of the stirred zone (SZ) of the weld, there has
been great success for welding using a series of materials
such as aluminum, copper, titanium, steel, magnesium,
and composites [15-23]. Recently, some empirical models
of controlled manufacturing processes have been devel-
oped to obtain better information for solving problems
[24-26]. But, it exists with significant nonlinearities, some
inputs and outputs as well as stochastic variations. Cur-
rently, many studies have focused on the optimization of indi-
vidual properties during manufacturing process [27-29]. Elan-
govan et al. [30] extended a numerical form to predict the
elongation strength of friction stir-welded joints of AA 6061
by friction stir parameters such as axial load, tool pin profile,
traverse speed, and tool rotation speed. Bayazid et al. [31] used
Taguchi’s method to optimize the parameters of the process
for the manufacturing of the butt joints of 6063-7075 alu-
minum alloy. Kadaganchi et al. [32] developed a mathematical
model using process parameters and tool geometry to pre-
dict the response, in terms of yield strength, tensile strength,
and ductility, for friction stir welds in AA 2014-T6 aluminum
alloy. As mentioned earlier, a lot of researches have been
conducted around the influence of FSW parameters and tool
geometry on mechanical properties and microstructural
characteristics [33,34]. Briefly, there are good results for all
of these studies, regardless of other metrics. In contrast,
individual indicators of performance are often optimized
at the expense of decreasing other indicators. It is because
of the complexity and conflicts between indicators. How-
ever, due to the nature of noise and complex multivariable
systems, the relationship between parameters and indivi-
dual or multipurpose performances by FSW is not fully
understood [35-37]. It involves a certain degree of impreci-
sion and highly subjective availability of data, which are
the characteristics that make it a challenge to under-
stand the mechanism of FSW with uncertainty and to
further develop a reliable explanation. Accordingly, an
innovative model is proposed to investigate the linkage
between multiple responses and the various individual
responses, which offer a better understanding of the
mechanical properties of the joint.

Several well-established methods in multi-response
characteristics for modeling and optimization by various
empirical and mathematical models such as probability
and statistics, desirability function, Taguchi loss function,
and grey systems theory employed in studies of non-
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deterministic systems have proposed in the literature
[38-41]. Shaik et al. [42] investigated the multi-objective
optimization of the FSW to improve the microstructure of
aluminum alloys. The effect of tool rotational speed,
welding speed, and tilt angle on tensile strength, impact
strength, and elongation was investigated using grey rela-
tion analysis method. Jain et al. [43] studied the effect of
four parameters in the FSW process on the welding quality
such as elongation and ultimate tensile strength of dis-
similar aluminum alloys. Jagadish et al. [44] proposed a
novel optimization algorithm based on fuzzy logic decision
support system, which optimizes the process parameters of
the GM process. Vijayan [45] performed parameter optimi-
zation of AA5083 weld by FSW, which was done on the basis
of an orthogonal array that has multiple responses. Venka-
teswarlu et al. [46] studied the optimization of dissimilar stir
friction welding of AA 2219 and AA 7039. The ultimate tensile
strength after optimization was 280 MPa and elongation was
11.5%. Senthil et al. [47] investigated a multi-objective opti-
mization technique based on response surface methodology
to optimize the parameters of FSW process for AA6063-T6
pipes. Welded joints with excellent tensile properties, including
maximum Yyield strength, ultimate tensile strength, and max-
imum elongation, were obtained. Ojo and Taban [48] proposed
a robust multi-response optimization of process parameters
for stir friction spot welding using a combination of both
Taguchi-based gray relational analysis and principal com-
ponent analysis. Puviyarasan and Senthi [49] undertook a
multi-objective optimization of the stirring friction process
parameters using a Taguchi-based desirability function
approach to fabricate AA6061/BACp composites. Also, Dinesh
Kumar et al. [50] studied multi-response optimization to opti-
mize tensile strength, yield strength, and elongation. Based on
the analysis of the aforementioned literature, the optimization of
the individual response of FSW was carried out for different
light metal alloys by process parameters. For most of the
research works on FSW, the multi-response was done by con-
sidering the response individually [51-54]. Moreover, there is
further challenge that multiple response indicators are a combi-
nation of weights for multiple individual targets, each of which
is difficult to be determined. Consequently, there is a strong need
to optimize the performance of multiple responses with an
understanding of the different characteristics of the mechanical
properties of FSW butt joints.

In summary, as described by previous researchers,
they cannot effectively offer sufficient information from the
effects of individual factors on the responses, and much less
address the issues that are related to the weighting of mul-
tiple responses. Unfortunately, the weights assigned by
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decision makers in much of the literature are usually used as
an indicator of the relative importance of each subresponse
among multiple responses, which leads to great uncertainty
and irrationality. Overall, all of the aforementioned publica-
tions concerning the prediction and optimization using fuzzy
logic based on Taguchi’s method that explores multi-objective
properties are limited [55-62]. However, instead of mathema-
tically analyzing the properties of uncertain systems, grey
systems theory uses grey relational analysis to approach
multi-objective behavior, whereas the relationship between
various in-process performance indexes in FSW is nonlinear.
Because the grey system cannot solve the problem of nonli-
nearity for the FSW process, an integrated system based on
Taguchi’s design that improves the shortcomings of grey
system theory by fuzzy logic reasoning has the potential to
solve the multi-objective problem in the FSW process [63—65].
This study attempts to optimize multiple responses using
fuzzy logic analysis coupled with grey system based on Tagu-
chi’s design and further derives a set of parameters for the
FSW process that improves the mechanical properties of butt
welds.

In this study, an effective solution to the multi-response
problem is proposed and multi-response properties including
tensile strength, bending strength, hardness, and impact
strength were explored using fuzzy logic along with grey
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system based on Taguchi design. An inference procedure
was conducted where each response was performed simulta-
neously on the weights of the multi-response attributes, and
the weights were further integrated and converted into an
index of multi-response performance. However, fuzzy logic
control based on an inference engine with an “IF-THEN” rule
database was developed to solve the weighting problem that
promises to make it more effective when combined with the
grey relational analysis based on Taguchi’s design for multi-
response optimization.

2 Experimental method

2.1 Materials and preparations

The butt welding is carried out using stir friction welding
on a vertical milling machine by an Makino BGII ]-70. As
shown in Figure 1, the three welding tool configurations
utilize tool pins and tool shoulders with different geome-
tries, such as those made of stainless steel. The diameter of
the shoulder is 19 mm, while the pins are three different
functional types of steels in Table 1. The lengths of the pin
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Figure 1: Drawing the configuration of tool pins and shoulders in various geometries made of stainless steel: (a and c) straight cylindrical type,
(b and e) tapered type, and (c and f) cylindrical threaded type with geometry and dimension.
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Table 1: Control factors and their levels for butt joints
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Symbol Controllable factors Level 1 Level 2 Level 3

A Backing plate Copper Carbon steel —

B Materials of pin Stainless (410) Anti-heatsteel (A-600) Medium carbon steel (545C)
C Length of pin (mm) 4 6 8

D Profiles of pin Straight cylindrical type Taper type Cylindrical-screw type

E Dwell time (s) 5 15 25

F Rotation speed (rpm) 560 900 1800

G Traverse speed (mm-min™") 50 100 150

H Tilt angle (degree) 0 2.5 5

are 4, 6, and 8 mm, slightly less than the thickness of the
welded plate. A 6061 aluminum alloy is used. The dimen-
sions of the aluminum alloy plate are 140 cm long, 70 cm
wide, and 0.8 cm thick, and the axial force of the tool is
4-8 kN for welding. As shown in Figure 2, the FSW opera-
tion flow chart is divided into five stages. The procedure of
stir friction welding includes: start to activate the rotation
of the spin, the spin to be further plunged into the plate to
be welded, the welding operation to be completed, then the
spin to be pulled out of the plate, and the work to be
finished. The microhardness tests are carried out using
an AVK-C1 hardometer manufactured by Mitutoyo. The
tests are carried out on the entire butt weld, where the
distribution of hardness is measured mainly in the stirring
zone, and 20 points are tested. In addition, tensile tests are
conducted in accordance with ASTM E8/E8M standard
methods using an Instron tester (MTS 800) with a cross-
head speed of 1.67mms™. The tensile properties of the
welded areas using three tensile specimens are evaluated.
The fractured surface of the specimen is examined using
the JEOL JSM-6700F, and metallographic examination of
the weld of the scanning electronic microscope (SEM) is
taken. Also, the bending properties of the specimen are tested
using the MTS 800 tester. The test is carried out on the SZ of
aluminum alloy sheets on the butt welds by the use of a
compressive bending method. For each of the tests, notched

three-point bending specimens with rectangular cross-section
samples are used, which were examined by SEM to look at
the fracture behavior generated by different bending forces.
Besides, the impact absorbed energy of the weld beads is
tested using a SATEC impact machine with an impact angle
of 135 degrees. The size of the specimen is 7.5 mm x 10 mm x
55 mm. By aligning the notch of the specimen with the center
of the support table and simultaneously striking the specimen
with a hammer, the impact properties of the specimen can be
obtained based on ASTM E23 specification.

2.2 Experimental design

FSW is a solid-state joining technique in which a special
tool generates heat by friction on the contact surface that
induces deformation of the material surface. When using
the FSW technique to welding, the process has a large
number of parameters that need to be controlled in order
to avoid some defects affecting the mechanical properties.
However, the FSW process involves many process para-
meters that affect the quality of the welding joints. Since
many factors can be evaluated by a small number of
experiments, the Taguchi method with orthogonal arrays
is implemented. Its design provides a powerful and
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Figure 2: Flow chart of the operation of FSW at five stages, namely, rotation, plunge, welding, pull-out, and finish.
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efficient way to design products that are reliable to operate
consistently and optimally under various conditions [63].
In addition, its array is balanced so that each factor can be
analyzed individually, where it greatly reduces the var-
iance of the experiment and controls the optimal setting
of the parameters. An L18 (2! x 37) table is used. As shown
in Table 1, there is one 2-level factor A and seven 3-level
factors, which are divided into orthogonal arrays. These
are listed in Table 2 along with the alternative levels
used in the experiment. A special form of the transforma-
tion of the response is used, the so-called signal-to-noise
ratio (S/N), from the field of communication engineering.
In this study, larger-the-better type is involved in butt
welds. The loss function-based S/N ratio is calculated as

<1
|| M
ZM”

The S/N ratios were calculated based on equation (1),
and their mean values and standard deviations for each of
the parameters of the process are summarized in Table 2.
Each test was replicated three times for each response
characteristic, and the S/N ratio of the tests was analyzed
by analysis of variance (ANOVA) to identify the significant
factors that contributed to each quality characteristic.
These factors were then considered to analyze the predic-
tors of fuzzy-grey system.

1
SIN = -10Log| —
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3 Multi-response optimization of
the butt welds

3.1 Grey relational analysis

Grey system theory was initially proposed by Deng in 1982
as an effective method in solving the uncertainty, incom-
plete and complexity information have been proposed [64].
This theory conducts relational analysis and model con-
struction on unclear information and incomplete data
within a system and also investigates the system by predic-
tion and decision-making methods. By means of system
relational analysis along with model building through pre-
diction or decision analysis, the grey relational analysis is
utilized to address the non-linear relationships among
multiple responses. This method analyzes a process that
has unknown or incomplete information about the effect
of parameters on the responses. The grey relational coeffi-
cient is calculated to identify the relationship between the
reference sequence and the comparability sequence. There
are many problems involving the use of estimated perfor-
mance for the manufactured products with various quality
characteristics, such as different units, types and impor-
tance, and different quality characteristics, which often
lead to a great deal of uncertainty and unreasonableness.

Table 2: Experimental data, normalized value of various properties, including tensile (7), bending (B), impacting (I), and hardness (H) properties, with
one 2-level factor and seven 3-level factors based on orthogonal arrays for the butt welds

EXP A B C D E F G H

Experimental data of mean and st.dev

Normalization

T (MPa) B (MPa) I(MJm) H (HV) T B I H
1 Tt 1 1t 1t 1 1 1 1 9133 503 2267 289 2242 028 79.05 10.08 0.065 0.103 0305 0.731
2 11 2 2 2 2 2 2 17000 693 4233 351 295 043 8043 779 0.738 0.654 0.458 0.815
3 1t 1 3 3 3 3 3 3 13333 379 2800 100 1349 192 8128 647 0.424 0.252 0.111 0.867
4 1Tt 2 1 1 2 2 3 3 9533 208 22,00 0.00 1627 033 76.61 19.23 0.100 0.084 0.171  0.582
5 1t 2 2 2 3 3 1 1 13633 058 3633 153 1572 052 8287 9.91 0.450 0.486 0.159 0.963
6 12 3 3 1 1 2 2 18933 208 4233 252 5447 633 8170 4.4 0.903 0.654 1.000 0.892
7 1t 3 1 2 1 3 2 3 10100 173 26.00 100 19.81 0.66 8459 1110 0.148 0.196 0.248 0.932
8 1 3 2 3 2 1 3 1 14733 252 3300 265 5421 1M 80.86 14.21 0544 0392 0994 0.841
9 1 3 3 1 3 2 1 2 17533 322 4100 173 5135 241 8344 733 0.783 0.617 0932 0.998
10 2 1 1 3 3 2 2 1 9767 116 25.00 0.00 2784 090 81.60 16.89 0.120 0.168 0.422 0.886
M 2 1 2 1 1 3 3 2 8367 058 19.00 173 115 133 9414  6.27 0.000 0.000 0.068 0.351
12 2 1 3 2 2 1 1 3 20067 058 5467 058 4164 149 7595 9.53 1.000 1.000 0.722 0.542
13 2 2 1 2 3 1 3 2 9333 153 2133 058 837 0.1 99.90 349 0.083 0.065 0.000 0.000
14 2 2 2 3 1 2 1 3 13933 208 4433 153 456 0.89 8138 1292 0476 0.710 0.808 0.873
15 2 2 3 1 2 3 2 1 15467 513 4000 000 4688 182 8560 438 0.607 0.589 0.835 0.870
16 2 3 1 3 2 3 1 2 10233 231 2233 058 8.66 023 8172 1915 0.159 0.093 0.006 0.893
17 2 3 2 1 3 1 2 3 17233 208 5233 058 5381 211 84.03 1510 0.758 0.934 0.986 0.966
18 2 3 3 2 1 2 3 1 900 436 2067 058 2005 246 8732 778 0.097 0.047 0.253 0.766
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Table 3: Desired deviation, the grey relational coefficient, index of fuzzy inference, and S/N ratio of each L18 orthogonal array

No. of tests Desired deviation Relational coefficient Index of fuzzy-grey inference S/N ratio
AT AB A AH & &2 &3 &4

1 0.935 0.897 0.695 0.269 0.349 0.358 0.418 0.650 0.396 -4.023
2 0.262 0.346 0.542 0.185 0.656 0.591 0.480 0.730 0.615 -2
3 0.576 0.748 0.889 0.133 0.465 0.401 0.360 0.789 0.469 -3.288
4 0.900 0.916 0.829 0.418 0.357 0.353 0.376 0.545 0.364 -4.389
5 0.550 0.514 0.841 0.037 0.476 0.493 0.373 0.932 0.541 -2.668
6 0.097 0.346 0.000 0.108 0.838 0.591 1.000 0.823 0.734 -1.343
7 0.852 0.804 0.752 0.068 0.370 0.384 0.399 0.880 0.436 -3.605
8 0.456 0.608 0.006 0.159 0.523 0.451 0.989 0.759 0.614 -2.118
9 0.217 0.383 0.068 0.002 0.698 0.566 0.881 0.996 0.702 -1.537
10 0.880 0.832 0.578 0.114 0.362 0.375 0.464 0.815 0.430 -3.665
1 1.000 1.000 0.932 0.649 0.333 0.333 0.349 0.435 0.335 -4.750
12 0.000 0.000 0.278 0.458 1.000 1.000 0.642 0.522 0.789 -1.029
13 0.917 0.935 1.000 1.000 0.353 0.349 0.333 0.333 0.339 -4.698
14 0.524 0.290 0.192 0.127 0.488 0.633 0.722 0.797 0.653 -1.851
15 0.393 0.411 0.165 0.130 0.560 0.549 0.752 0.794 0.615 -2
16 0.841 0.907 0.994 0.107 0.373 0.355 0.335 0.824 0.418 -3.788
17 0.242 0.066 0.014 0.034 0.674 0.884 0.972 0.936 0.794 -1.002
18 0.903 0.897 0.747 0.234 0.356 0.344 0.401 0.681 0.400 -3.979

Accordingly, the relationship between various performance
indexes in the FSW process tends to be uncertain, imprecise,
or qualitative decision-making problems. The grey rela-
tional analysis has the superior features of fewer data sets
of possible parameter design for comparison and a high
level of efficiency to reach the optimal solution. For these
purposes, grey relational analysis based on the grey system
is used for solving the complicated interrelationships among
the multiple responses. Depending on their different objec-
tives, the raw values of the responses that were collected
during the experimental runs were converted to values
between 0 and 1. The method utilizes an objective function
called normalization, which reflects the actual value of each
response in equations (2) and (3). The rules for normaliza-
tion are calculated for multiple quality characteristics, such
as larger-better and nominal-better types:

max[x”(k)] - xO(k)
max[x”(k)] - min[x"(k)]’

5k = @
5 =1
k) - 2] ®)

max{max[x”(k)] - X, "x - min[x Ok}’

where x;(k) is the control variable, the ideal value is X, y;
(k) is the normalized value, y;(k) is the kth response of the
ith experiment, min [xi(o)(k)] is the minimum value of
xi(o)(k), and max [xi(o)(k)] is the maximum value of xl-(o)(k),

i =1, 2, 3, the number of experiments and k = 1, 2, 3, the

number of responses. As listed in Table 4, four different
measures were considered in the normalized procedure,
namely, tensile, bending, impact, and microhardness prop-
erties. On the basis of the values of normalization, the grey
coefficient is calculated using equations (2) and (3). These
results are given in Table 4. The grey relational coefficient
(&) is calculated as follows:

Amin + § A max
Ayi(k) + & Amax’

&G (K), 3,(K)) = @
where Agi(k) = [y,(kK) - 5K, i=1,2...,m; k=1,2,..p. Itis
the absolute value of the sequence j, and ¥, at the kth
difference. A max = maxyj; maxy;4,(k) is the maximum
distance between the curve reference and the test sequence,
and A min = miny; miny;A,;(k) is the minimum distance
between the curve reference and the test sequence. § is a
user-selectable coefficient, and the value of § is defined in
the range between 0 and 1; commonly, it is set as 0.5.

3.2 Fuzzy inference systems

In 1965, L. Zadeh first introduced the concept of fuzzy sets,
which marked the birth of fuzzy mathematics [65]. It is
based on two-binary logic, which applies the original logic
and mathematics that provide a solution to the difficulty of
describing and dealing with many ambiguous matters in
the real world. It uses inference principles to solve the
problems with several rules that come from experienced
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Table 4: Response table of means for multi-response properties
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No. of level Control factor and their levels

A B C D E F G H
Level 1 -2.787 -3.144 -4.028 -2.969 -3.259 -2.369 -2.483 -3.094
Level 2 -2.986 -2.843 -2.417 -3.015 -2.591 -2.922 -2.306 -3.038
Level 3 0.000 -2.672 -2.215 -2.676 -2.810 -3.368 -3.870 -2.527
Effect 0.199 0.473 1.814 0.340 0.668 1.000 1.564 0.567

operators and experiments, rather than general mathema-
tical models, so that the linguistic implementation is done
faster. However, fuzzy logic control is the integration of
human intuition and experience into the control system by
establishing a series of rule bases, which further use fuzzy
reasoning to find out the mapping relationship between input
and output by fuzzy inference method so that the control of
the system can be realized. In this study, an index of multi-
response performance is derived by fuzzy theory, and its
structure can be divided into input unit, fuzzy decision
unit, and output unit, while fuzzy decision unit includes fuzzy
interface, fuzzy rule base, fuzzy inference engine, and defuz-
zification interface. It interacts by interpreting the relation-
ship between inputs and responses through a fuzzy rule base
that consists of a set of IF-THEN rules. A fuzzy rule is a
collection of linguistic statements that describe how a fuzzy
inference-based system should categorize the decisions of
inputs or control outputs. A database of fuzzy rules is several
sets of “IF-THEN” rules, where the “IF-THEN” rules are as
follows: for a R; rule,

R 1 If X1 is Ay, Xy 1S Ap,..., and X; is A;s, theny; is G,

where M is the total number of fuzzy rules, x; j =1, 2,...., 5)
are the input variables, y; are the output variables, and A;
and G are the fuzzy sets characterized by membership
functions u Al_},(x,-) and ,uq_j(yi), respectively. As shown in
Figure 3, a procedure of fuzzy inference using a Mamdani
fuzzy system with two inputs, an inference engine with a
knowledge base, and an output where the knowledge base
has two “IF-THEN” rules, while the defuzzification inter-
face is calculated using the center of gravity method.
Based on the Mamdani implication method of infer-
ence reasoning for a set of disjunctive rules, the conjugate
“and” of the rule antecedent takes the minimum value of
the t norm (Min). In this study, grey correlation degree that
weights the grey relational coefficient of the responses for
each system in the fuzzy logic system was evaluated. It
evaluates the outcome of a fuzzy rule using the given input
information. For instance, the output of the ith rule in
equation (6) after inference operation is given by

w; = Miin(“ 4O 14, 00), sl 5 (X)), (6)

where w; is called the firing strength of the ith rule. In

10U @) addition, the results of inference for various rules are
i=1 2..,M,
If and then
RATI(x) RAI12(x) RC11(x)
14; S . +
. -
Ri1
- RC)
0 0 0
| X1 X" X2 y
MA21(x) RLA22(x) RC22(x)
.1 ‘ s . 3 np
-
R: | -
0 0 0
IXI* Xi |.\‘2* X2 y

Figure 3: Example of fuzzy reasoning using a Mamdani fuzzy system with two inputs and a knowledge base with two “IF-THEN” rules.
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aggregated by applying s-norm maximum (Max). Accordingly,
the aggregated output for the M rules is

He(01) = Max{MIN(H, 00 g 0)enbtp KDL

i=12.,M.

Therefore, the grey relational grade ()}) can be
expressed as follows:

V= 2 u &G0, 5.(K) 1=1,2,.,n 8)
k=1

The fuzzy rule base of the fuzzy inference system that
represents eighty-one rules with four input variables, using
triangular membership functions, was used. In this work,
the gravity method was used in the defuzzification process.
The value of the defuzzification is calculated using equation
(9), which is referred to as the multi-performance character-
istic index (MPCI). The formula to find the centroid of the
combined rule outputs, MPCI, is given by

Yt & (K), 3, (KO)
lelnuc,v(yi) .

The yielded value is the final output value obtained
from the input variables.

In this study, the four inputs are tensile, bending,
impacting, and hardness values; each of the input signals
is fuzzily divided into three subsets, namely, small (S),
medium (M), and large (L); and the output signals are fuzzily
divided into nine subsets, namely, extremely small (ES), very
small (VS), small (S), small medium (SM), medium (M),
medium large (ML), large (L), very large (VL), and extremely
large (EL), as shown in Figure 4. The rule database in this
study contains four input variables, each of which is divided
into three fuzzy sets and one output with nine fuzzy sets,
which creates a total of “IF-THEN” rule databases to form a

MPCI; = )

(a)
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fuzzy inference engine, which can be computed using equa-
tions 5-9. A fuzzy logic with eighty-one rules is constructed.
Figure 5 shows the graphical programs and findings for Test
1 using Matlab2021, where the rows denote the 81 rules and
the columns denote the four input variables. Figure 5 shows
that the subsets of triggers are ES, VS, S, SM, M, and ML,
which shows the operation of the four input signals on the
whole rules, and there are eight rules that are triggered. By
applying the logic rules and Mamdani inference procedure,
several logic rules can be triggered, which give the fuzzy
linguistic value of the output response. A fuzzy inference
system with the rule-base input containing grey relational
coefficients of tensile, bending, impact, and hardness values
is analyzed. Using the first test as an example, the four input
signals are 0.349 for the tensile value, 0.358 for the bending
value, 0.418 for the impact value, and 0.650 for the hardness
value, respectively, which are computed by the fuzzy infer-
ence engine. The results of rules 2-3, 5-6, 10-12, 14-15, 28-29,
31-32, 37-38, and 40-41 of the reasoning procedure are fired
simultaneously. As shown in Figure 5, 16 rules of the 81-rule
database were triggered, which are highlighted in the dark
area of the right foot, ie., the fuzzy set of the dark area. As a
result, the calculated MPCI is 0.396, which is displayed in the
upper-right corner in Figure 5.

As noted in equation (9), the SN ratios based on the
results of the fuzzy grey relational analysis are calculated
for multiple characteristic index (MPCI) in terms of the-
larger and the-better type, as follows:

10)

G = _10L0g[ ] l = 1:2)?’:---: n,

1
MPCJ;
where MPCI; is the indicator of fuzzy-grey relational grade,
and ¢; is the S/N ratio of multi-response performance. In short,
the larger the SN ratio, the better the overall quality perfor-
mance is. That is, the higher this S/N ratio is, the more the

(b)

Membership function plots plat polnts 181

S VS S S M ML wooE

output variable "lndexufyzzy(MPCl)“

Figure 4: Membership functions of the four inputs with the coefficient of the grey system (a) and the output of the index of fuzzy-grey system (b).
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Figure 5: Four inputs with the grey relational coefficient and the output of fuzzy logic system for the multi-response performance by forming eighty-

one “IF-THEN” rules in the fuzzy system.

FSW system gets to work as it does not affected by the noise
factor. In addition, the system is more resistant to noise.

3.3 ANOVA

This experiment applies the audio concept of S/N to a mul-
tiple-variable design. The S/N ratio measures the level of
spraying performance as shown in Table 3. It is estimated

by the S/N ratios on whether a large response; a smaller
response or an on-target response is desirable [6]. The
purpose of ANOVA, which it performs with the mean
sums of squares, is to separate and then compare such
variabilities. ANOVA performs the factor effect from S/N
ratios of the averaging of certain observations. Nonethe-
less, we use ANOVA when appropriate to determine if the
effect of a particular factor on the responses or its varia-
bility is significant. ANOVA identifies which influencing
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factors have the largest impact on the average level of
performance and the variability of the responses in terms
of the predefined experimental results. These important
factors will be considered during the process optimization
for surface response design.

4 Experimental results and
discussion

4.1 Multi-response performance and
factorial influenced analysis of butt
welds

The optimal FSW process for the welds is expected to yield
the desired performance of the multi-response properties.
Table 2 shows the findings of the whole tests. The results of
the experiments in 18 groups were compared in terms of
the different characteristics such as tensile (7), bending (B),
impacting (), and hardness (H) that could be observed. The
L12 specimen showed the highest level of tensile and
bending, the L8 specimen revealed the highest level of
impacting, and the L16 specimen gave a desirable level of
hardness. Clearly, due to the different characteristics of
FSW welds, no remarkable tendency of the overall tested
results could be found while taking into account several
characteristics simultaneously. Accordingly, a method that
addresses the problem of multiple responses is needed. In
the study, the aforementioned problem was handled by a
fuzzy-grey system based on Taguchi design, and satisfac-
tory results could be obtained. The results of the 18 sets of
tests conducted according to the required multi-response
by using the control factors and their levels for FSW in the
Taguchi design are shown in Table 2. The normalization
of individual responses was calculated using the larger
and better types, while based on the grey system and
further calculating the grey relational degree as shown
in Tables 2 and 3. Using the large-and-better types, such
as the responses shown in Tables 2 and 3, with calculating
the normalization of each response, the grey system is used
as the basis for further calculating the degree of grey rela-
tivities. The properties of tensile and bending of the stirred
weld at test 12 give values close to 1, whereas the values of
the impact properties at test 8 and the hardness properties
at test 16 are relatively close to 0. The calculated values
obtained above are close to the maximum values; however,
they are not exactly in the same test. Therefore, the stirred
welds under these conditions do not fulfill the industrial
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requirements. The values of tensile, bending, impacting,
and hardness of the stirred layer in test 17 are close to
the ideal value, and the value is close to 1 in the overall tests,
which shows that the value of the grey correlation performance
index deduced by the fuzzy inference engine is also close to 1.
Meanwhile, the S/N ratio has a higher value, which shows that
the stirred layer has excellent quality characteristics. However,
the present experiment was carried out by Taguchi’s design,
which integrated the fuzzy system with the grey relation so
that a set of data was obtained for the confirmation experiment
in the optimal test as shown in Table 3. As a result, the perfor-
mance of the overall quality was better than that of the other 18
groups of tests, and the FSW process was successfully devel-
oped here.

4.2 ANOVA

The experiments are calculated on the basis of orthogonal
tables, and their mean effects are shown in the response
tables that reflect the relative importance of each control
level in the multi-response properties. As shown in Table 4,
the result of the max-min evaluation shows that the effect
of parameter C is the strongest, while that of parameter D
is the smallest, which further indicates the relative impor-
tance of the parameter to the FSW process. In other words,
the greater the effect, the greater the impact on product
quality is. The results of the reflected table are shown in
Table 4. The optimal levels for each factor where the S/N
ratio is larger are Al, B3, C3, D3, E2, F1, G2, and H3. Besides,
the parameters that significantly affect the quality perfor-
mance of this experiment are organized as follows: C, G, F,
E, H, B, D, and A. The significance of the S/N ratio of the
fuzzy grey predicted values for each parameter still sub-
jects to the ANOVA. An ANOVA test was carried out on the
S/N ratio of various quality characteristics so as to deter-
mine statistically significant welding parameters [64]. The
ANOVA table of the S/N ratio based on the experimental
results is shown in Table 3. The results of the ANOVA pro-
vide a remarkably clear picture in terms of the effect of
each factor on the multiple response characteristics. The
percentage contributions of the eight control factors on the
multiple response characteristics are shown in Table 5: pin
length (factor C), dwell time (factor E), tool rotational speed
(factor F), and traverse speed (factor G) are highly signifi-
cant in affecting the multiple response of the welds, while
the backing plate (factor A), pin materials (factor B), pin
profiles (factor D), and tilt angle (factor H) are less signifi-
cant. These significant factors account for almost 90.42% of
the experimental variation.
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Table 5: ANOVA for multi-response properties

Symbol Sum of  Degree Mean F-test Contribution

squares  of square percent
freedom

A 0.18 1.0 0.178 1.676  0.64

B 0.69 2.0 0.344 3232 248

C 11.85 2.0 5.926 55.734 4277

D 0.41 2.0 0.203 1913 147

E 1.39 2.0 0.695 6.535 5.01

F 3.01 2.0 1.504 14.147  10.86

G 8.81 2.0 4.403 41.413 3178

H 1.17 2.0 0.585 5.501 4.22

Error 0.21 2.0 0.106 1.000 0.77

Total 27.71 17.0 100.00

4.3 Grey relational coefficients using fuzzy
logic system

As seen in equation (5) all rules listed in Figure 5 are accom-
modating. To develop an approximate solution for the multi-
response properties, similar to Figure 3, the graphical reasoning
interface is used to operate using four different grey relational
coefficients as input. On the basis of the Mamdani inference
method as given in Figure 3, the “IF-THEN” rule databases in
the fuzzy controller can be analyzed. As shown in Figure 6, the
matrix (§1 = 0.912, £2 = 0.957, £3 = 0.996, 4 = 0.953) of the
optimal tests based on Taguchi’s design can be computed. The
tensile value activates 44 rules like 28-81; bending activates 27
rules like 19-27, 46-54, 73-81; impacting value activates 27 rules
like 7-9, 1618, 25-28, 34-36, 4345, 52-54, 61-63, 70-72, and 79-81; and
hardness activates 81 rules like 1-81. As shown in Figure 6, 8
rules such as 44-45, 53-54, 71-72, 79-80 are generated, which are
displayed in the dark area of the right foot. The S/N ratio of the
fuzzy-grey predictive value is 0.847 db, which is obtained by
defuzzification, as shown in Figure 6. We selected the best test
17 when compared to the values of all 17 tests in Table 3. It was
found that the fuzzy-grey predicted values had the largest S/N
ratio, indicating good multi-response characteristics. That is, the
larger the fuzzy-grey prediction, the better the tensile, bending,
impacting, and hardness are. Accordingly, it is concluded that
the fuzzy-grey system is able to be used for effective predictions
for the multi-response properties.

4.4 Fractured property distribution of
tensile strength for the butt welds

Table 2 shows the results of the 18 experiments. The tensile
strength of the 1st, 11th, and 13th sets was found to be
lower, with the average value of 83.67 MPa for the 11th
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test, while the highest tensile strength was found for the
6th, 9th, and 12th tests, with the average value of 200 MPa
for the 12th test. Comparing Figure 7 with the experimental
data, the fracture of the 13th set of specimens showed irre-
gular tearing at the center of the weld zone, mainly due to
incomplete welding, while the fracture of the 9th set was
concentrated at the interface between the weld zone and
the base material, indicating that the bonding force of the
weld was greater than that of the base material and the
weld zone. Most of the lower tensile force, butt weld speci-
mens failed in the weld area, but the exact location of
failure is either at the retreating side or at the advancing
side, which can be viewed from the surface of the fracture,
where the tensile strength of the welded joint is about
60-85% of the parent metal strength of 125 MPa. Figure 7
shows the fracture structure of the joint and the micro-
structure of the specimen after tensile force. In overall
tests, the typical elliptical shape of the nugget area is dis-
played, and the onion rings on the surface are visible.
Figure 7a and b shows the fracture surface of the joint of
the 13th trial with the 93.33 MPa tensile sample. As shown
at the top-left of Figure 7a, it can be seen that there are
obvious defects of ripples and extrusions around bhoth
edges of the butt weld. Using a tapered type with a length
of 4mm, due to the fact that the pin is only half of the
thickness of the welded plate, saw-tooth fractures are
only seen in well-welded areas in the tensile test, while
linear fractures are seen in poorly welded areas. As shown
in Figure 7h, defects in SEM were found in large grains of
voids, oxide contamination, and fracture surfaces. Because
the pin is too small, an opened root is visible. It cannot
meet the tension support. The central zone of the weld
bead is susceptible to fracture in tensile testing. It may
be due to coarse grains on the fracture surface along
with void-like defects, which can induce the fracture of
the butt weld zone. In other words, its failure location is
fractured in the center of the weld, which leads to spalling
in the zone of the open root due to the lack of metallurgical
bonding effect, which limits the weld strength very much.
This noticeable decrease in tensile properties may be due
to the imperfect stirring effect of the welds that are pre-
pared with shorter pin of the shoulder. Figure 7c shows the
fractured surface of the 175.33 MPa in the 9th trial of the
joints. Using a cylindrical type with a length of 8 mm, the
fracture can be seen at the serrated line of the weld.

As shown at the top-left of Figure 7c, there are no
noticeable defects such as elliptical shape, ripples on the
welding surface, and the formation of onion rings, as well
as welding surfaces that have been fully plasticized. The
fracture surface in the tensile test of Figure 7d can be
found to be microfine-structured by SEM, and the defects
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Hardness(H) = 0.884 MPCI = 0.847

Figure 6: Graphs of the optimal quality of four attributes such as tensile, bending, impacting, and hardness values based on fuzzy-grey prediction,

using an “IF-THEN” rule-based inference by fuzzy system.

generated inside the weld are limited, indicating that the
failure location and the structure size of that weld are
found to be different compared to Figure 7a and b. This
means that the weld is fractured in thermo-mechanically
affected zone (TMAZ) but not SZ, indicating that the weld is
much stronger than the base material. This is mainly due
to the fact that the grain size in TMAZ is larger than that in
SZ, where the grain size is coarsened.

4.5 Distribution of bending strength for the
butt welds

Table 2 shows the results of the 18 experimental groups.
The bending strength of the 4th, 11th, 13th, and 18th sets
was lower than 22 MPa, of which the 11th set was the
lowest, while the bending strength of the 12th, 14th, and
17th sets was higher than 40 MPa, of which the 12th set was
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(b)

(d

Figure 7: Fractograph and tensile testing of welded joints for test 13 and test 9 tensile specimen using (a, c) the location of fracture and (b, d)

microstructures for the traverse-weld specimen.

the highest. The structure of the welded specimen in the
bending test is further observed by taking the data of two
important groups from Table 2, as shown in Figure 8. The
bending diagram of the 11th set is shown in Figure 8a. The
complete crack was found in the bottom area of the stir

welding, as well as a large cavity in the central part of the
melt zone, which could not bear the bending load that led
to the fracture of the welding zone. This is attributed to the
fact that the dimension of the stirred pin is lower than the
thickness of the welded plate, while the bottom zone is not

@

(b)

(©

(d)

Figure 8: Macrograph of the bending tested specimen with (a and c) macrophotographs of the bending test and (b and d) microstructures for the

traverse-weld specimen.
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completely welded. As a result, the structure of the SZ is
loosened, which leads to cracking by the bending force. In
addition, as shown in Figure 8b, the microstructures in
SEM are found as grains with diameters over 10 um in
size, some fragments of tearing grains, and large amounts
of fracture surfaces. Because there is an open root, only
part of the weld is well supported, and therefore, it cannot
endure bending forces. It can be seen that the fracture area
of the weld bead has larger and looser crystal grains, which
can be easily fractured by the force. Conversely, as shown
in Figure 8c, the stirring bead was found to be perfectly
formed after the bending load, in addition to the bending
angle of 50 degrees in the butt zone, where the welds were
able to resist the bending load without fracture. Further-
more, as shown in Figure 8d, the microstructure found in
SEM is that most of the grains are less than 5um in dia-
meter, and a large number of grains with elongation by
plastic deformation are found, which is very significantly
different when compared to Figure 8b. However, the for-
mation of new grains in SZ is attributed to the strong
plastic deformation that is generated by tool stirring and
the heat generated by the friction of the tool, which pro-
motes the recrystallization process in SZ.

4.6 Distribution of hardness for the butt
welds

Table 2 shows the results of the 18 experiments, where the
average value of the 18 tests was 83.47 + 10.32HV, and
the fluctuation range of microhardness was not much.
The average hardness value of the 12th set was the lowest
at 75.95 HV, while the average hardness value of the 13th
set was the highest at 99.9 HV. However, there is no sig-
nificant change in the range of hardness in the whole 18
tests, and the trend remains consistent with the other tests,
in which the hardness distribution is arranged in the order
of parent material, heat-affected zone (HAZ), and weld
zone. The hardness distribution of the welds is shown in
Figure 9a. The shape of the curves in the 18 experiments is
similar, almost like a W-profile, which is typical for all
heat-treatable aluminum alloys. It is clear that there are
four regions with different characteristics of microhard-
ness, divided by black dashed lines. The four different
regions, namely, SZ, HAZ, base metal (BM), and the narrow
transition zone of TMAZ, are easily detected photographi-
cally in Figure 9a. There is, however, a degree of difference
between the appearance of the weld beads with different
parameters and the profile of the base material. The
average hardness values of the nugget zone of the butt
weld are about 70-75HV. The core hardness falls within
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a distance equivalent to the radius of the stirring tool
(4-8 mm) from the center line of the weld, which is mainly
on the SZ side of the weld. This effect originates from the
higher temperature and heating of the material in the SZ
case, which generates a larger material overaging effect
that leads to a decrease in hardness. The SZ has a lower
hardness value than the BM. The hardness values of the SZ
and TMAZ are almost the same for each sample. As can be
seen in Figure 9a, the hardness value of the stirring zone
slowly decreases from the HAZ to the SZ. A typical hard-
ness profile shows that the minimum hardness is in the
TMAZ zone. This is due to the process of the aging and
annealing. As shown in the cross-sections of Figure 7b-e,
based on the microhardness distribution of Figure 9a, the
microstructures of BM, HAZ, TMAZ, and SZ of the welded
bead are shown in SEM. As shown in Figure 9b, the crystal-
lized grain structure and the evenly distributed particles
can be clearly seen in the SM. From the grain observation,
the initial grain microstructure of BM is still visible on the
left side of HAZ in Figure 9c. The effect of FSW on the grain
structure of HAZ is small. As shown in Figure 9c, some
minor changes in grain size occur in the HAZ, while the
size of the grains gradually becomes larger in the TMAZ.
The TMAZ in Figure 7d has somewhat elongated grains and
the grain size is close to that of SZ, and the microstructures
of fine recrystallized and equiaxed grains can be also
observed. The upper-left corner in Figure 9d shows that
the grains of TMAZ are elongated at the interface near the
SZ, while the TMAZ is close to the HAZ zone in the bottom
of the right side, where a small amount of plastic deforma-
tion occurs in the recrystallized grains. Besides, in case of
TMAZ, some elongated grains can be seen, while in SZ,
these grains are much more prominent. As shown in
Figure 9e, in SZ, due to the local deformation of the mate-
rial in the heated zone, which is created by the rotating pin, it
can promote an increase in the area of stirring and plastic
deformation, which can be realized at higher temperatures. A
higher degree of overaging is induced, which leads to much
lower hardness values in SZ. That is, the recrystallization of
the SZ caused by severe shear deformation and the large
amount of heat generated during FSW resulting in elongated
grains in the SZ. Due to the fact that 6061 aluminum alloy is a
precipitation-reinforced alloy, the heat generated by friction
leads to the reinforced precipitates (Mg,Si, MgZn,) of the alu-
minum alloy, which are easily dissolved or grown, resulting
in the hardness value of the welded area being lower than
that of the base material [16]. However, a W-type hard-
ness distribution was observed in all cases, but due to the
different cooling rates of the weld beads, microstructures
were found to differ significantly leading to the differ-
ences in hardness.



DE GRUYTER Multi-response optimization of friction stir welding == 15
(a) 120 ——T7—+T1T+71T 7T 7T T T T LI |
(b)
—&— L1
110 —®— L5 T
TMAZ
1 1
11
100 4 1! -
= 1
N L
z (I
& 90 1 |' -
g L
B sz
c 80 1 1 E
T SYR
I HAZ
70 1 -
1
] 1
1 1 1
60 -—r—v—+—r—+—v—7r—+7T+T T T T T T
12 10 8 6 -4 -2 0 2 4 6 8 10 12
Distance from center of welds(mm)

2 Y

ey Ak

SEI 10.0kV

1002m WD89Imm NSYSU

Y050 100 m_ WD 95mm SEl  100kv X250 100zm WD83mm

Figure 9: Hardness measurement is done at the middle line of the butt welds (a), the microstructure of the different zones for weld beads such as (b)

SM, (c) HAZ, (d) TMAZ, and (e) SZ by FSW.

4.7 Distribution of impact strength

From the results of the 18 sets of experiments shown in
Table 2, the impact strength (impact absorbed energy) of
the 11th, 13th, and 16th sets was lower, with the 13th set at
8.66 MJ'm ™~ being the lowest, and the 6th, 8th, and 17th sets
had higher impact strengths, with the 6th set at 54.21
MJ'm 2 being the highest. As shown in Figure 7, the speci-
mens in the 11th, 13th, and 16th sets were failed to bear the
impact force that led to fracture from the weld zone, while
the specimens in the 6th, 8th, and 17th sets showed that they
only suffered bending deformation but did not fracture after
the impact test. By extracting two groups from the previously
described data in Table 2, the macroscopic and microscopic
structures of the welded specimens in the impact test are
further observed, as shown in Figure 10.

The impacting macrophotograph of the 13th set is
shown in Figure 10a. A complete fracture pattern was
detected in the stir-welded area with irregularities, which
penetrated from the top to the bottom of the specimen, as
well as large wrinkles and peeling fractures near the upper
contact area of the specimen. It can be noted that TMAZ is
weaker, which leads to the fracture of the welded area by
the impacting load. On the other hand, as shown in Figure
10b, the defects found in the SEM have coarse grains and
large voids, oxide contamination, and a lot of undulations
in the region of the cracking scars. By comparison with
Figure 10a, there is a bright white zone in the area of stir
welding in Figure 10c, which is detected in the macroscopic
pattern by the impacting force, and the bright white zone
gradually expands from the top to the bottom of the spe-
cimen. No fracture sign was found in the stir-welding area
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Figure 10: Macroscopic and microscopic structures with (a and b) test 13 and (c and d) test 6 of the welded specimens in the impact test.

of the specimen, which has a high impact resistance. Mean-
while, as shown in Figure 10d, the smooth and uniform
structure of the impact pattern can be detected by SEM.
While some grain growth was observed within the weld,
limited defects were induced. It is evident that the fully
recrystallized grains and structure of this weld when com-
pared to Figure 10b were found to be extremely different.
However, a clear difference between test 6 and test 13 can
be seen. This difference is due to the variations in grain
size, orientation, and the direction of flow.

4.8 Verification experiments

Based on the factorial effects in the response and variance
tables, it can be seen that the best sets of parameters for
multiple responses are in terms of A;, Bs, C3, D3, Ey, Fy, Gy,

and Hj. In addition, a validation experiment was performed
to confirm the obtained responses. The four quality charac-
teristics, namely, tensile, bending, impacting, and hardness,
were normalized by grey relation grade and then formed into
a fuzzy inference engine by “IF-THEN” rules. In this experi-
ment, a fuzzy-grey synthesis algorithm with optimal stirring
parameters based on Taguchi’s design was used. Table 6 dis-
plays the results of the confirmed experiments. By comparing
with the better tests in Table 2 and the initial test, it can be
noted that the S/N ratio is —-4.023, -1.002, and -0.721dB,
respectively. The S/N ratio of the optimal setting is the best
among all 18 groups of tests. In addition, the individual prop-
erties of multiple responses such as tensile increased by
113.87%, bending increased by 137.86%, impacting increased
by 139.87%, and hardness increased by 6.58% than the initial
test. The overall improvement was 82.07%. Besides, the
experimental results confirmed that the properties in terms

Table 6: Confirmation test for multiple response characteristics, including tensile, bending, impacting, and hardness data

Multi-response properties Initial tests Best test based on orthogonal array Optimal test
A1B4C4D4EF41G4H, A;B3C;D4E3F1GyH;3 AqB3C3D3EF1GyH;
Tensile strength (MPa) 91.33 £ 5.033 172.33 + 2.082 195.33 + 6.08/0.912
Bending strength (MPa) 2242 + 0.276 52.33 £ 0.577 53.33 + 3.06/0.957
Impact strength (MI'm™) 22.67 + 2.887 53.81+2.114 54.38 + 1.36/0.996
Microhardness (HV) 79.05 £ 10.08 84.03 £ 15.10 84.25 + 6.46/0.953
MPCI/S/N ratio of MPCI (dB) 0.396/-4.023 0.794/-1.002 0.847/-0.721
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of tensile, bending, impact, and hardness values were
195.33 MPa, 53.33 MPa, 53.91 ]-m'z, and 84.25HV, respec-
tively. The individual properties were increased by 13.35,
1.91, 1.05, and 0.26% as compared to the best test in all 18
groups. The overall performance increased by 28.04%. In
total, it has successfully demonstrated the validity of the
fuzzy-grey predictions based on Taguchi’s design when
applied to the multi-response performances of the FSW
process. In other words, it is clear that the optimal factor
for this model can yield a high-quality weld that is also
sufficiently robust against noise effects to give better
reproducibility.

5 Concluding remarks

The study incorporates a fuzzy logic based on grey system
using Taguchi’s design, which enables a full understanding of
the characteristics of the individual and multiple responses of
the beads of the joints in the FSW. It provides a new approach
to solving ambiguous problems, which can be robustly solved
using fuzzy-grey systems. Based on ANOVA, the effects of pin
length, dwell time, tool rotational speed, and traverse speed
on the multiple response of the weld are very significant,
whereas the effects of backing plate, pin material, pin profile,
and tilt angle are less significant. These significant factors
accounted for almost 90.42% of the experimental variation.
The experimental results showed the optimization of para-
meters of multiple responses in FSW, which allowed maximal
tensile, bending, impacting, and suitable hardness to be
obtained individually or simultaneously. This is a 28.04%
increase in overall performance, while individual perfor-
mance increases by 13.35, 1.91, 1.06, and 0.26%, respectively,
when compared to the best results of all 18 groups. Based on
experimental confirmation tests, this suggests a promising
consistence between model predictions and experimental
results. Accordingly, the proposed method can effectively
evaluate the performance of multiple responses and indivi-
dual weld quality, which can be used to enhance the welding
performance of FSW. In total, it has successfully demon-
strated the validity of the fuzzy-grey predictions based on
Taguchi’s design when applied to the multi-response perfor-
mances of the FSW process.
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