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Swept Friction Stir Spot Welding is provoked and fascinated for its captive performance in
building space frame structures, ship buildings and panels of automotive vehicles. The aim
of the current research is to avoid the wastage in welding of 6061-T6 aluminium alloy and to
improve the sustainabilty of the weld process. Al,03; nanoparticles were added into the guide
hole for improving the weld characteristics. The percentage of reinforcement was varied by
Keywords: changing the guide hole diameter as 1.5, 2.0, 2.5 and 3.0mm. An improved NSTLBO algo-

Swept friction stir spot welding rithm was proposed and applied. The proposed algorithm predicted the optimum welding

Aluminium alloy

Nanoparticles

Non-dominated sorting teaching
learning based optimization

Lap shear load

Wear

parameters as D=2.8 mm, N=1387rpm and F =17 mm/minute with the predicted wear, lap
shear load and microhardness of 197 microns, 6134 N and 94.6 HV, respectively. The valida-
tion experiments were further done and the error within 0.5% was found between the actual
and predicted results. The results of proposed algorithm was evaluated with other popu-
lar meta-heuristic algorithms for the effectiveness. The microscopic examinations on weld
zones and fracturerd samples were also presented. Industries can use these best process
parameters predicted by the proposed algorithm for earning the best weld characteristics

from eco-friendly welding.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The ultimate aim of the designers is to choose the appro-
priate material and dimensions for their components. The
aluminium alloys or magnesium alloys are preferred for the
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parts of automotive and aerospace for the reason of reducing
mass moment of inertia [1]. The joining process is regarded
as a predominant method in most of the assembly of parts.
Since the aluminium alloy has lower tensile strength than
steel, it is relatively difficult to join the aluminium alloy parts
by fusion welding. It gets a tougher oxidized layer during the
welding and takes impurities in its molten state and sub-
sequently ends up with weak and porous welds. Solid state
joining methods are largely preferred for joining the frame

2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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parts of the vehicle. Friction Stir Spot Welding (FSSW) is an
eco-friendly welding that collectively preferred for producing
spot joint on aluminium alloys. FSSW may result the weld
with no contamination, blowholes, porosity and cracks. In
FSSW, a non-consumable tool is rotated and pressed with a
high force against top surface of two overlapping sheets. The
frictional heat and the applied pressure bonds the compo-
nents metallurgically without melting. The tool is drawn out
of the workpiece after a dwell time. Iwashuta [2] discussed
about FSSW of lightweight aluminium automobile bodies. Ojo
etal. [3] reviewed FSSW of aluminium alloys. Haghshenas and
Gerlich [4] reviewed joining of automotive sheet materials by
FSSW method. Burford et al. [S] studied the rate of fatigue
crack growth on FSSW weld joints and rivet joints and reported
that swept FSSW produces favourable residual stresses that
assist in decreasing the crack growth rate along the joint line.
The quality of frictional weld joints depends on many pro-
cess parameters such as rotational speed of the tool, rate of
tool plunge, depth of shoulder plunge, dwell time, length of
tool pin, pin profile and tool shoulder. These factors affect the
mechanical properties and metallurgical behavior of the weld
joint. A good amount of researches related to the influence of
process parameters and weld quality have been conducted in
last few decades on conventional FSSW [6-10].

The fillers can be added into the guide hole for improv-
ing the weld characteristics. Barmouz et al. [11] reported that
the straight cylindrical pin profile of FSSW offers a homo-
geneous distribution of filler particles in the weld region as
compared to square pin profile. Bahrami et al. [12] reported the
effect of reinforcement of SiC in FSSW butt joints of AA7075-
O for the increase of mechanical properties of the joint. Also
reported that the increase of tool rotational speed would give
the uniform dispersion of filler in weld region. Tebyani et al.
[13] used SiC nanoparticles of 25 nm to produce FSSW joint of
interstitial-free steel and reported that the hardness and joint
strength were improved significantly compared to SiC free
joints. Saeidi et al. [14] discussed the significance of reinforce-
ment of ceramic particles in FSSW joints for the improvement
of wear and corrosion resistance. Wu et al. [15] reported the
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effect of reinforcement of SiC particles in AZ31 magnesium
alloy FSSW joints. Suresh et al. [16] added SiC nanoparti-
cles into the guide hole in FSSW of 6061-T6 aluminum alloy.
They investigated the effect of SiC nanoparticles and reported
that 29% of filler produces the maximum weld characteristics.
Suresh et al. [17] in their another study reported the influ-
ence of tool rotational speed in conventional FSSW of Al,03
nanoparticles reinforced 7075-T6 Aluminium alloy.

Su et al. [18] conducted the fatigue study and failure mode
analysis on swept friction stir spot weld (SFSSW) of alclad
AA2024 sheets. They reported that nugget pullout mode and
interfacial mode are two different failure modes observed
from cross-tension specimens. Venukumar et al. [19] con-
ducted FSSW and refill FSSW on AA6061-T6 aluminium alloys
and observed shear fracture, base material fracture, nugget
pull out fracture and circumferential fracture during the
examination of joints. They also reported that the initia-
tion of cracks is at the partial bonding region of the weld,
irrespective of fracture modes. Suresh et al. [20] evaluated con-
ventional FSSW and SFSSW 0f6061-T6 aluminium alloy. They
observed from the lap shear tests that the conventional FSSW
samples fail due to shear fracture, nugget pullout fracture
and circumferential fracture, but SFSSW samples fail due to
only circumferential fracture. The weld defects and low weld
strength are obtained during friction stir welding, if optimum
weld parameters are not followed.

Only a few researches have been carried out so far in the
area of the effect of process parameters on SFSSW. Brown et al.
[21] studied SFSSW of similar materials and dissimilar mate-
rials on the anodized AA2219-T6 sheets that are widely used
in automobiles and aerospace. They reported that SFSSW is
able to produce the mechanical properties similar to rivet-
ing. Awang et al. [22] investigated the SFSSW of aluminium
alloy and reported that tool travel speed and heat dissipa-
tion are significant parameters influencing the strength of the
weld joint. Yoon et al. [23] conducted the welding with a new
approach similar to SFSSW process for joining Al/Fe dissimilar
metals. They reported that the radius of rotation and moving
direction of the tool are significant parameters that influence
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Fig. 1 - TEM-EDS of as received Al,03 nanoparticles.
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the width of weld joint and shape of the hook. Huang et al.
[24,25] applied a new self-riveting friction stir welding tech-
nique to join aluminium alloy and steel and observed the
improved weld strength.

The reinforcement of guide hole with appropriate nano
fillers do improve the quality of FSSW joints. But substantial
research has not been conducted on SFSSW joints, and partic-
ularly with reinforcement of guide holes. The investigation on
the optimum process parameters will be more supportive for
industries working with aluminium alloys in terms of produc-
ing high quality SFSSW joints, which, no research has been
attempted so far, to the knowledge of authors.

The current research is to optimize process parameters
of SFSSW of AA6061-T6 aluminium alloy. The guide hole
diameter (D), tool rotational speed (N) and tool traverse
speed (F) were considered as independent process param-
eters to be optimized in order to get the maximum lap
shear load (SS), maximum microhardness (MH) and minimum
wear (W). The experimental design was conducted in order
to design Ljgorthogonal array. The weld samples were pre-
pared accordingly and the response variables with respect to
each experimental run were measured and recorded. Further,
Response Surface Model (RSM) representing maximization of
lap shear load, maximization of hardness and minimization
of wear were developed. A new multi-objective optimization
algorithm, an improved version of non-dominated sorting
teachinglearning based optimization(NSTLBO) was developed
and applied. It is with improved learning phases (MLP) of
NSTLBO to search for the optimal parameters of the pro-
posed welding model that aims to obtain minimum wear,
maximum lap shear load and microhardness simultane-
ously.

The paper is organized as follows; The materials used in
SFSSW, experimental design and the preparation of weld sam-
ples are discussed in sections 2.1,2.2 and 2.3 respectively. The
mechanical tests and measurement of lap shear load, micro
hardness and wear at the weld zone are presented in section
2.4. The development of the new optimization algorithm and
simulation are discussed in Section 3. The results of the sim-
ulation, validation of the predicted data, performance metrics

(a) (b)

are presented in Section 4. Lastly in Section 5, the microstruc-
ture of the weld samples and defects are shown and discussed.

2. Experimental method and materials

2.1. Materials and preparation of weld samples

The aluminium alloy 6061-T6, being a replacement for steel
finds numerous applications in automobile and aircraftindus-
tries. AA6061-T6 sheets of 2mm in thick were purchased from
Cluster Trading Corporation, India. The fillers, aluminium
oxide (Al,03) nanoparticles with the average particle size of
30 nm were purchased from Hongwu International Group Ltd.,
China. Transmission Electron microscopic (TEM) image and
EDS analysis of Al,O3 nanoparticles in as-received condition is
shown in Fig. 1. Firstly, the weld coupons of size 100 x 35 mm
were prepared from AA6061-T6 alloy through Electrical Dis-
charge Machining.

Machined and hardened H13 steel tool (56-59 HRC) was
used in all SFSSW experiments. It provides the sufficient
strength, toughness and wear resistant at the welding temper-
ature than the material to be welded [26]. The tool consists of
MS5 right-handed threaded pin, 12 mm flat shoulder and shank
as shown in Fig. 2(a). Based on the thickness of the work-
piece and the clearance required between the backing plate
and the pin tip, the tool pin length was fixed as 2.85 mm. The
features of SFSSW tool is listed in Table 1. The threaded tool
pin was used for improving the material flow and for avoiding
the formation of voids as reported by Rai et al. [27].

2.2.  Design of experiments (DOE)

The weld process parameters such as guide hole diameter
(D), tool rotational speed (N) and tool traverse speed (F) were
primary independent variables. It is obvious that the vol-
ume of nanoparticles reinforcement is directly proportional
to the guide hole diameter. Lap shear load, microhardness
and wear were considered as dependent variables (response
variables) involved in the current SFSSW. A preliminary study

Fig. 2 - (a) SFSSW Tool (b) Location of the guide hole in the base plate and packed nanoparticles in the guide hole before

welding.
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Table 1 - Features of SFSSW tool.

Tool Material Tool pin

Shoulder Profile Tool size (mm)

H13 tool steel Round with M5 right hand threaded

Flat Shoulder Diameter:12
Pin Length:2.85
Pin Diameter:5

(d

Fig. 3 - Various steps of SFSSW (a) Plunging (b) Outward movement (c) 3600 circular sweeping (d) Inward movement and (e)

Retraction of tool.

Table 2 - Details of initial SFSSW trials for setting the range of process parameters.

Parameter Range Photograph/Micrograph Type of defect
Tool rotational <1200 rpm and Worm hole
speed(N in rpm)
>1800rpm
Tool Traverse speed < incompegl Surface lack of fill
(F in mm/minute) 10 mm/minute
>25 mm/minute

was initially conducted in order to identify the appropri-
ate range and level of parameters for Design of Experiments
(DOE). DOE is a systematic approach to decide the minimum
number of experiments to be conducted. Table 2 depicts the
defects observed during the experiments during preliminary
study:.

Some defects were observed when N<1200rpm,
N>1800rpm, F<10 mm/minute and F>25mm/minute. With
these observations, the range of process parameters were
decided and fixed for further development of DOE. SFSSW
process parameters and the respective four levels used in
DOE is shown in Table 3. L1 orthogonal array represeenting
the process condition is shown in Table 4.

2.3. SFSSW - experimentation

Before conducting SFSSW, guide hole was prepared on
AA6061-T6 weld coupons according to Lig orthogonal array.
Top and bottom plates were overlapped by 35mm and Al,03
nanoparticles were packed tightly in the guide hole before the
welding is done. A photograph of the position of the guide
hole with packed nanoparticles in weld coupon is shown in
Fig. 2(b). The SFSSW experiments were carried out using CNC
vertical machining center (Make: ACE Micrometric, India). The
plates were clamped rigidly in lap configuration using a spe-
cially designed fixture and the required clamping was ensured
for the better quality welding.
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Table 3 — The SFSSW process parameters and their respective levels.

Process Levels
parameter

1 2 3 4
Guide hole diameter(D) in mm 1.5 2 2.5 3
Tool rotational speed (N)in rpm 1200 1400 1600 1800
Tool traverse speed(F) in mm/minute 10 15 20 25

Table 4 - L, Orthogonal array.

Experiment no. Guide hole diameter

Tool rotational speed Tool traverse speed

(D) in mm (N) in rpm (F) in mm/minute
1 15 1200 10
2 15 1400 15
3 15 1600 20
4 15 1800 25
5 2.0 1200 15
6 2.0 1400 10
7 2.0 1600 25
8 2.0 1800 20
9 25 1200 20
10 2.5 1400 25
11 2.5 1600 10
12 2.5 1800 15
13 3.0 1200 25
14 3.0 1400 20
15 3.0 1600 15
16 3.0 1800 10
Fig. 3 depicts the various steps followed in preparing 3
AA6061-T6/Al,03 SFSSW joints. The weld process was begun
with the plunging of the rotating tool in the configured plate ‘
to a predetermined plunge depth to achieve the frictional heat | o
beneath the shoulder and around the tool pin (Fig. 3a). The tool |
was then moved linearly outwards for a distance of 2.5mm ‘ ;
(Fig. 3b). When the tool started moving in a circular path for - E % - 9 ’
360° around the tool plunge center for an additional stirring $ o I = =
action (Fig. 3c), the tool was moved to weld center to com- =
plete the stirring action (Fig. 3d). Finally, the tool was retracted D - i » =
from the weld area (Fig. 3e). The CNC program was developed -~ A ; S R 2
in order to carry out the above operations, hence, the consis- :‘&‘ s A ~
tency and reliability of the experimental runs were ensured. | RS
The photograph of weld samples is shown in Fig. 4. -

2.4.  Mechanical tests - measurement of response
parameters

As discussed in the previous section, weld samples as shown
in Fig. 4 were prepared as per the AWS-D 17.2standard [28|
for lap shear tensile test. Lap shear load of the weld samples
was measured using Computerized Universal Testing Machine
(Model: TE-JINAN-WDW100). The tensile load was applied at
1mm/minute and the maximum load at which the sample
fractured was noted. Five samples were tested at room tem-
perature and the mean of the measurement was considered
as the lap shear load of the SFSSW weld.

The micro hardness of the weld samples was measured
using Vicker’s microhardness testing apparatus (Model: Wil-
son Hardness-402 MVD). The force of 1kg with a dwell time
of 20s was applied for measuring microhardness at the cross
section of the welded samples shown in Fig. 5a. The same pro-

Fig. 4 - Photograph of AA6061-T6/Al,03 SFSS Welded
samples.

cedure was followed for five different welded samples and the
mean of the measurement was considered as the microhard-
ness of the SFSSW.

The dry sliding wear test as per ASTM G99 standard at
room temperature was conducted using Pin-On-Disc wear test
apparatus (Ducom TR20). The specimens in 4mm diameter
and 30mm height were prepared from the stir zone(SZ) of
cross-sectioned welded samples as shown in Fig. 5(b). All the
prepared specimens were set to press against an EN32 die steel
disc to slide on the Pin-On-Disc apparatus. The sliding speed of
2m/second, normalload of 20N and sliding distance of 1000 m
were kept constant throughout the experiments. The wear
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Extracted pin ‘
for wear test 5

Fig. 5 - (a) Cross-sectioned sample used in microhardness test (b) Sample used in wear test.

parameters were measured for five different samples and the
mean of the measurements was computed.

Table 5 shows the mean value of lap shear load, hardness
and wear with respective to each experimental run. All these
measured data along with their respective control parame-
ters were considered further to develop the model for the
optimization. The model development and simulation is dis-
cussed in section 3.

3. Model development and proposed
optimization algorithm

3.1.  Regression model

Regression is a modelling approach widely used in describ-
ing the output of a complex process through the formulation
of nonlinear functions by considering several input pro-
cess parameters with boundary limits. Different optimization
methods are generally applied to solve these regression mod-
els in order to obtain the best combinations of parameter
settings that can lead to the optimal performance of processes.

In order to optimize the control parameters for maximizing
or minimizing of response variable, the respective optimiza-
tion function is to be derived. The experimental data as listed
in Table 6 was used to derive the following regression equa-
tions (Eq. 1-3) for lap shear load (SS), microhardness (MH) and
wear (W). The Eq. (1) and (2) are maximization functions, as
the shear load and microhardness are to be maximised. Eq. (3)
is a minimization function as wear is to be minimized.

SS = —1297 4 3106D + 4.12N + 23.6F — 558.0DxD
—0.001118NxN — 1.072FxF — 0.201DxN + 8.91DxF

— 0.0084NxF (1)

MH = —25.6 +47.01D + 0.0587N + 2.088F — 6.262DxD
—0.000007NxN — 0.00732FxF — 0.00804DxN

—0.182DxF — 0.001016NxF 2

W = 195.6 — 23.6D + 0.0590N + 1.42F 4 7.00DxD —
0.000013NxN + 0.0200FxF — 0.00795DxN — 0.727DxF

— 0.000386NxF 3)

In the past, numerous mathematical programing methods
such as the nonlinear programing, dynamics programming,
quadratic programming etc. were used as the popular meth-
ods to solve these optimization models. However, these
conventional approaches tend to obtain the sub-optimal or
even not optimal solutions due to the poor guess of ini-
tial solutions [29]. Recently, the emergence of nature-inspired
based optimization algorithms is deemed as the promis-
ing solution to overcome the aforementioned challenges.
In contrary with mathematical programming approaches,
the nature-inspired optimization algorithms are able to
converge efficiently towards the near-optimal solutions with-
out requiring the precise gradient information of objective
functions. Hence, numerous real-world engineering optimiza-
tion problems were solved successfully with nature-inspired
algorithms [30-36]. The optimization of machining or man-
ufacturing problems involve more than one independent
variables (also called control parameters or process param-
eters) and one or more than one response parameter. The
fine-tuning of multiple input process parameters of any given
manufacturing problem can be conducted through nature-
inspired algorithms. Both priori and posterior methods are
popular in nature-inspired algorithms for solving multi objec-
tive problems. The priori method can produce only one
optimum solution in each run of simulation. On the other
hand, the posterior method can generate a complete set of
trade-off solutions in a single run of simulation. It is deemed
as a more competitive approach in addressing the frequent
changes of customer requirements. The process planner can
select a preferred optimum solution from these solution sets
by using different performance selection index method in
response to the latest requirements specified by other stake-
holders.

A significant amount of studies have been conducted in
the past to address the multi-objective manufacturing prob-
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Table 5 - Response parameters of AA6061-T6/Al,0; SFSSW joints.

Experiment No. Control parameters

Response parameters

Guide hole Tool rotational Tool traverse Lap shear Load Microhardness Wear (W in
diameter (D in speed (N in speed (F in (SS in Newton) (MH in HV) Microns)
mm) rpm) mm/minute)

1 1.5 1200 10 5278 82 214

2 1.5 1400 15 5349 86 218

3 1.5 1600 20 5551 89 224

4 1.5 1800 25 5249 85.7 223

5 2.0 1200 15 5714 90 210

6 2.0 1400 10 5908 91.2 212

7 2.0 1600 25 5669 91.8 213

8 2.0 1800 20 5817 93.5 206

9 2.5 1200 20 6148 94.7 193

10 2.5 1400 25 6087 93.5 197

11 2.5 1600 10 6124 96.1 200

12 2.5 1800 15 6134 91.5 200

13 3.0 1200 25 5923 95.1 195

14 3.0 1400 20 6002 92.1 197

15 3.0 1600 15 6103 97 194

16 3.0 1800 10 5912 94.9 198

Table 6 - Comparison between the predicted and experimental values.

Welding parameter Predicted resultsw; = wy = w3 = 1/3 Validation experimental result Error rate
Guide hole diameter, D (mm) 2.8 Use of the same

Total rotational speed, N (rpm) 1387 predicted process

Total traverse speed, F (mm/min) 17 parameters

Lap shear load (N) 6134 6145 0.179 %
Microhardness (HV) 94.6 94.3 0.317 %
Wear (Microns) 197 196 0.507 %

lems. The feasibilities of multi-objective versions of Cuckoo
search optimization and Jaya algorithm in addressing both
conventional and modern machining processes were inves-
tigated and reviewed in [37-40]. These studies include various
processes such as drilling, grinding, ultrasonic machining,
abrasive water jet machining, electrochemical machining
(ECM), electric discharge machining (EDM), laser cutting, and
ion beam micro-milling.

The process parameters of micro-EDM of Stainless Steel
316 L were fine-tuned and optimized by Suresh et al. [41].
The almost similar approach was followed by Sathiyamoorthy
et al. [42,43] for optimizing process parameters of ECM of die
tool steel and AISI 2020 Austenitic stainless steel respectively.
Teimouri et al. [44] performed multi-objective optimization of
process parameters of ultrasonic machining using imperialist
competitive algorithm. Mohanty et al. [45] performed tuning
of process parameter of EDM using particle swarm optimiza-
tion(PSO). Ong et al. [46] formulated a multi-objective EDM of
polycrystalline diamond tool and carried out the optimization
using neural network. Nagarajan et al. [47] conducted mul-
tiobjective optimization of parameters in dry EDM of LM13
aluminium alloy. Kaviarasan et al. [48] optimized spindle
speed, feed rate, and tool point angle during drilling of Delrin
material using ANN.

Different enhanced versions of TLBO have been recently
emerged as popular nature-inspired search algorithms to
solve various types of multi-response optimization of man-
ufacturing problems, because these approaches require less
intensive efforts in tuning the algorithm-specific parameters.

The minimization of carbon emission and operation time dur-
ing turning operations was carried out using TLBO by Lin
etal. [49]. Abhishek et al. [50] developed a nonlinear regression
model to represent the machining of a carbon fiber reinforced
polymer composite and aimed to achieve maximum cutting
force, surface finish and material removal rate through pri-
ori method of TLBO. Rao et al. [51] proposed a modified TLBO
known as non-dominated sorting TLBO (NSTLBO) to solve
numerous machining problems known as ECM, wire-EDM,
ion beam micro-milling and laser cutting. Natarajan et al.
[52,53] conducted multi-objective optimization of machining
of Delrin and polytetrafluoroethylene (PTFE) materials using
enhanced multi-objective TLBO (EMTLBO).

A new improved version of TLBO, namely Non-Dominated
Sorting Teaching Learning Based Optimization with Modified
Learning Phases (NSTLBO-MLPs) was proposed and imple-
mented in the current research for optimizing the SFSSW
process parameters. It is to search for the optimal parameters
of the proposed welding model that can lead to the minimiza-
tion of wear, maximization of lap shear load and maximization
of stir zone microhardness simultaneously. Some notable
modifications were incorporated in the algorithm by refin-
ing its algorithmic framework in order to enhance the search
performance of NSTLBO-MLPs and enable it to provide more
accurate representation of real-world teaching and learning
paradigm. Referring to the metric of Euclidean distance, a
modified selection scheme for teacher was incorporated into
NSTLBO-MLPs. A new computation method was also intro-
duced to assign the unique mean position of each learner
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based on social learning mechanism. These enhanced the
exploitation search of algorithm while preserving the popula-
tion diversity. Meanwhile, two search operators with different
exploration and exploitation strengths, namely independent
learning and adaptive peer learning mechanisms were intro-
duced into the modified peer learner phase of NSTLBO-MLPs.
These facilitate the different needs of learners to update their
knowledge in classroom. Considering the relative level of
importance of all objective functions that change dynamically,
a fuzzy decision maker was also employed in determining the
most appropriate welding parameters from the Pareto front
generated.

3.2.  Teaching-learning-Based optimization

The search mechanism of TLBO was motivated by teaching
and learning paradigms of conventional classroom. Suppose
that N refers to the population size of TLBO. The initial popula-
tion of TLBO learner are randomly generated at the beginning
stage of search process. Let X, = [XM, oo X wos Xn_D] be the
candidate solution represented by each n-th learner to solve
an optimization problem with D dimensional size, where d €
[1, D] is the dimension index. An objective function ¥ (X) is
defined to quantify the knowledge or competency level of
each n-th TLBO learner, where the value of ¥ (X,) can be
improved further through the teacher phase and/or learner
phases described as below.

Al TLBO learners are envisioned to update their knowledge
or competency level during the teacher phase by interacting
with the best learner in population, i.e., the teacher solution
represented with X" wwhile taking the mainstream knowl-
edge of population into account. For conventional TLBO, the
mainstream knowledge of population is quantified via the
mean position value of X™" computed as follow:

N
1
xmean _ EZX" @)
n=1

Suppose that r; is a random number between zero and one,
Ty is a teaching factor with the integer value of 1 or 2 for indi-
cating the influences of population’s mainstream knowledge
Xmean Tet X1®W be the new solution of the i-th learner that can
be obtained from teacher phase, then:

Xzew =X, 41 (Xteacher _ Tmeean) (5)

After completing the teacher phase, every learner can start
interacting with other population members in the subsequent
learner phase to update its knowledge level in terms of fitness.
Each of the n-th learner can randomly select a peer with the
learner index of s from the population for the peer learning
process. Depending on the fitness value of randomly selected
s-th peer, two possible scenarios of peer learning can be antic-
ipated. Firstly, the n-th learner tends to approach towards and
learn from its s-th peer if the latter solution is found to be supe-
rior than the former one as indicated in Eq. (6). Secondly, the
randomly selected s-th peer learner becomes a source of repul-

sion to discourage the convergence of n-th learner towards it
if X5 has worse fitness than X, as shown in Eq. (7):

Xnew =Xn+T12 (XS - Xn) (6)
Xzew =Xn+T12 (Xn — Xs) (7)

where r; is a random number between 0-1.

For each n-th learner, the original solution X, can be
replaced by the new solution X}*" obtained from the teacher or
learner phases if X7*¥ is found to have more promising fitness
than X,. Otherwise, the inferior X*¥ is to be discarded. The
knowledge enhancement of each learner is performed itera-
tively using Egs. (4) to (7) until the termination conditions of
TLBO are met. At the end of search process, the best solu-
tion found by TBLO so far, i.e,, Xteacher ig ysed to solve the
given optimization problem. The following sections present
the modifications introduced in the proposed algorithm and
the respective results.

3.3.  Proposed modified learning phases of TLBO

For most TLBO variants, certain search mechanisms adopted
in their frame works might not accurately reflect the actual
scenario of teaching and learning paradigms in classroom.
These deviations tend to restrict the abilities of these
TLBO variants in balancing the exploration and exploitation
searches, as well as their robustness in solving the optimiza-
tion problems with different fitness landscapes. In order to
overcome these challenges, an improved version of posterior
approach, namely the NSTLBO-MLPs was proposed.

The search mechanisms incorporated into both teacher
and learner phases of NSTLBO-MLPs were further refined in
order to ensure the algorithmic framework can represent the
actual teaching and learning process in classroom more accu-
rately, leading to improved search performance of algorithm.
Furthermore, fast non-dominated sorting (FNDS) and crowd-
ing distance (CD) were included as essential components of
the proposed algorithm for handling multi-objective optimiza-
tion problems (MOPs).

3.3.1. Overview of dominance and pareto optimality
Consider a MOP with the total number of M objectives and
each learner X, produces an objective function value denoted
as ¥m (Xn) in solving the m-th objective, where m=1,..., M
andn=1, ..., N. Unlike the optimization problems with single
objective where the quality of all solutions can be easily distin-
guished, it is challenging to rank all solutions of MOPs based
on to their objective function values because of the presence of
multiple contradictory objective functions. Pareto dominance
concept was therefore used to solve these challenges with
some related definitions as provided below:

Definition 1. . A solution X, dominates another solution X; if
the former solution shows the better or same performances
for all objectives considered and outperforms the latter solu-
tion for at least one objective. Mathematically, X, > X; if and
only if ¥; (Xn) < ¥;(Xs) for Vi € {1,2,..., M} and ¥; (Xn) < ¥ (Xs)
for 3j € {1,2, ..., M} or vice versa.
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Definition 2. . Pareto optimal solution X* can be identified if
none of the other solution X found can dominate X*, i.e., X* >
X. A Pareto optimal set can then be formulated by considering
these collection of Pareto optimal solutions.

Definition 3. . Pareto front can be obtained by mapping all
solution members stored in the Pareto optimal set to objective
function space.

3.3.2.
CD)
In order to solve a given MOP successfully, the capability
of NSTLBO-MLPs in generating the evenly distributed Pareto
fronts is essential. Initially, a NSTLBO-MLPs population con-
sisting of N learners, represented using P = [X1, ..., Xy, ..., Xn],
was randomly initialized. Two essential mechanisms known
as FNDS and CD were employed to rank the quality of solu-
tion of all NSTLBO-MLPs learners. FNDS metric ensures that
the useful information contained in all non-dominated solu-
tions are leveraged to adjust the paths of all learners and to
ensure that they are moving towards the promising regions of
search space, hence obtaining the approximated Pareto fronts
that are close to the actual Pareto front. The solution diversity
within a Pareto front can be preserved through the computa-
tion of CD metric. Generally, a non-dominated solution with
larger CD values (i.e., less occupied) has higher likelihood to be
selected in assisting the search process of other NSTLBO-MLPs
learners.

For FNDS, each n-th learner X,, consists of two entities are
to be determined, namely (i) domination count C, to indi-
cate the frequency of X, being dominated by other solutions
and (ii)set S, to memorize all solutions that are dominated
by X,. During the first round of sorting process, Pareto dom-
inance is employed to identify all non-dominated solutions
with C, =0 and these solutions are then assigned into the
first level of Pareto front Fi.For each n-th learner with C, =
0 is stored into F;, each s-th learner Xs contained in the
set Sy is visited once and the associated domination count
Cs is deducted by one. In order to construct the second
level of Pareto front denoted as F,, another list variable Q
is defined to store all s-th learner with the updated dom-
ination count of Cs =0. Similar procedures are performed
on Q to iteratively construct the remaining levels of Pareto
fronts that are represented as Fs, ...., Fr, where R is the upper
limit of Pareto front level. As shown in Fig. 6, the FNSD pro-
cedure is repeated until the Pareto rank and Pareto front
layers of all NSTLBO-MPLs learners, represented using the sets
of Rank = [Ranky, ..., Ranky, ..., Ranky] and F = [Fy, ..., Fy, ..., Fr],
respectively, are obtained. Note that the parameter r repre-
sents the index of a given Pareto front level.

Meanwhile, the premature convergence of NSMTLBO-MLPs
can be addressed by leveraging the concept of CD to preserve
the solution diversity in Pareto front. Suppose that the close-
ness of each n-th learner can be quantified using a metric
defined as A,. Mathematically, the value of A, can be obtained
by measuring the average distance between two closest neigh-
bors of X, for all M objective functions. Consider |F,| as the
total solution members contained in each r-th Pareto front
level, while the initial CD value of the a-th solution in each r-th
frontis A,y =0, where a = 1, .., |F;|. Referring to the objective

Introduction of essential mechanisms (FNDS and

function values obtained in each m-th objective, all solutions
assigned in the r-th Pareto front level are sorted and stored
into a list defined as Lm . For each m-th objective, assume
that each a-th solution belongs to the r-th Pareto front level
is sorted to become Lon,r[j]s i.e., the j-th element of Ly, ;, where
j=1,...,|Fr|. Suppose that ¥, (XLm.vm) represents the objective
function value obtained by the j-th element of Ly, ;. Then, the
corresponding CD value for each j-th sorted member in Ly, ; is
obtained as:

o0, ifj = lorj = |Fy|
l[lm (XLm.rLHl]) B l]lm (XLWLTU*H) (8)

Ym (XLm.r[le\]) — ¥m (XLW‘-TU])
ifj=2, .., (F -1

Aney = § A

Lm,r[j]

As shown in Eq. (8), the infinite crowding distance val-
ues are assigned to the boundary solution members of Ly ;.
For each r-th front level, the solution members located in
more sparse regions of m-th objective space tends to have
larger CD values than those in crowded regions. Same com-
putation procedures are repeated for all R Pareto front levels
and all M objective functions as depicted in Fig. 7. Finally, the
overall CD value of each n-th learner is determined by sum-
ming up the individual CD value associated with each m-th
objective function value and represented in a set denoted as
A=[A1, ... Ay, ..., Ax].

Suppose that < is a crowding-comparison operator that
has crucial role in distinguishing the quality of different solu-
tions of MOPs. Let the Pareto ranks of the n-th learner and s-th
learner in NSTLBO-MLPs population are denoted as Rank, and
Ranks, respectively. Referring to Eq. (9),Xn is superior than X;
if Rank, is smaller than Ranks. For the case of both learners
assigned with same Pareto rank, the learner with larger CD is
desirable.

Xn=<ccoXs, if (Rank, < Ranks) or (Ranky

= Rank;) and (Ap > As) 9)

As shown in Eq. (9), crowding-comparison operator was
employed to sort all NSTLBO-MLPs learners in the ascending
order according to their respective Pareto rank and CD val-
ues. Particularly, smaller index value of n was assigned to the
learner X, with smaller Rank, and/or larger values 4, and vice
versa.

3.3.3. Modified teacher phase of NSTLBO-MLPs

From Eq. (5), each n-th TLBO learner updates its position
Xn in teacher phase by referring to the teacher and main-
stream knowledge of population denoted as Xfaher and
Xmean ' respectively. While it is intuitive to identify the fittest
learner as teacher in single-objective optimization problems
(SOPs), teacher selection mechanism of MOPs remains as
an open-ended challenge because thepresence of multiple
conflicting objective functions can generate more than one
non-dominated solution that are equally eligible to serve as
the source of influence in adjusting the trajectories of all learn-
ers.
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3: forn =1toNdo

4 for s=n+1toNdo

5: if X =X then /%X, dominates X*/

6 Cy <—C; +1; /*Update the domination count of X;*/

7: S, S, U{XS} 5 *IncludeX; to the solution set S,*/

8:else /%X, dominates X,*/

9: C «C +1; /*Update the domination count of X;*/

10: S, <3S, U{Xn} 5 /*IncludeX, to the solution set S;*/

11: end if

12: end for

13: if C, is equal to O then /*X,is not dominated by any learners*/
14: Rank,, =1; /*Assign the Pareto rank of X,*/

15: F«H U{X ., } ; /*Include X,to the first level of Pareto front*/
16: end if

17: end for

18: r=1; /*Initialize the Pareto front level*/

19: while £, #Bdo

20: 0 =2 /*Clear the list Q*/

21: for n=1to |F, | do /*|F.| = number of elements in F,*/
22: fors =1to |[S,|do /*|S,7 = number of elements in S,*/
23: Q <—Q -1 R /*Deduct the domination count of X;*/

24: if CsisequaltoO then

25: Ravk, <r+1;  /*dssign the Pareto rank of X;*/

26: O« Qu {X s } : /*Stored X into the next level of Pareto front*/
27: end if

28: end for

29: end for

30: r<r+l; /*Update the index of Pareto front level*/

31 F; 0, /*Update the next level of Pareto front*/

32: end while

Fig. 6 - Pseudo-code used to summarize the FNDS procedure.

Algorithm 2: A = Crowding_Distance_Calculation (F)

1: Determine total Pareto front levels from F as Rand total solution members stored in each r-th front as |F,
2: forr=1toR do

3: for m=1to Mdo

4: Sort all solution members of r-th front level ascendingly based on the m-th objective function value.

>

Then, store each j-th sorted member into the list of L,,,y,. and represent it as L, [ ]],
forj=1to |F,.|d0

5

6 Calculate the crowding distance of each j-th sorted member in Lm, with Eq. (5);

7: end for

8 end for

9 fora:1to|F,,|d0

10:  Determine the overall crowding distance A, , of each a-th solution member by summing up the total

individual distance values obtained from all M objective functions;

11: Identify the n-th learner associated to the a-th member stored in the 7-th front and then assign the
crowding distance of' Aas Auv,. ;

12:  end for
13: end for

Fig. 7 - Pseudo-code used to calculate the CD values of all NSTLBO-MLPs learners.

A modified teacher selection mechanism is envisioned to
tackle MOPs by effectively utilizing the useful information
of all non-dominated solutions assigned to the first level of
Pareto front F1. Instead of assigning the same teacher to guide

all learners as in TLBO, the modified teacher phase of NSTLBO-
MLPs leverages the expertise of multiple teachers to achieve
knowledge enhancement. This can be achieved by allocating
the nearest member in F; to become the teacher for then-th
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learner. Suppose that [F1| refers to the total number of ele-
ments in F; that are eligible to be candidate teachers. Define
Xac_‘;”d as the d-th component of the a-th candidate teacher,
while the same dimensional component of n-th learner is
represented as X, 4 fora=1,....|F1| and n=1,..,N. Then, a
parameter Ej, 4 is used to measure the normalized Euclidean
distance between each n-th learner and the a-th candidate
teacher as:

2
D Cand
X - X
a,d n,d
Ena = g (H) (10)

d=1

Where D refers to the total numbers of decision variable con-
sidered. Xg and XL are upper and lower limits of variables,
respectively in each d-th dimension of d =1, ..., D. Referring
to all E,4 values obtained for n=1,..,N and a=1, .., |F1]
using Eq. (10), the nearest candidate teacher with smallest
value of Ey, is then selected to become the teacher Xteacher
of n-th learner in modified teacher phase. Fig. 8 summarizes
the procedure used to assign a unique teacher to guide the
search process of each NSTLBO-MLP learner as an initiative to
enhance the solution diversity in Pareto front. This strategy
enables all learners to have opportunity in exploring differ-
ent promising regions of search space during the optimization
process by referring to the locations of their teachers.

Apart from teacher selection mechanism, another issues
to be considered in modifying the teacher phase of NSTLBO-
MLPs are the modelling of classroom’s mainstream knowledge
and learning strategy adopted for enhancing the knowledge
levels of all learners. For conventional TLBO, the mainstream
knowledge is represented by the mean position X™" of all
population members as shown in Eq. (1). Nevertheless, this
representation might not truly reflect real-world teaching and
learning paradigm because each learner might have different
perceptions on the mainstream knowledge of classroom, thus
different mean positions should be formulated as a unique
source of influence for each learner. In addition, the same
direction information obtained from X%aher and Xx™ean are
utilized to guide the TLBO learner during the teacher phase
according to Eq. (2). If the teacher solution with the best perfor-
mance so far is stagnated into the inferior solution regions of
complex optimization problems, the remaining learners have
high tendency to be misled by these same Xteacher and xmean,
then congregate around the similar solution space regions and
delivers poor optimization results.

In view of the aforementioned drawbacks, a social learning
concept is incorporated to derive the unique mean posi-
tion for each NSTLBO-MLPs learner. Generally, social learning
enables each individual to learn collective behaviors observed
from surrounding through various mechanisms such as imi-
tation, enhancement and conditioning. This mechanism is
expected to accelerate the learning rate of an individual
because it prevents the incurring of excessive computational
costs contributed by individual trial and error. In the context of
NSTLBO-MLPs, social learning was implemented in modified
teacher phase by assuming each n-th learner is able to observe
and imitate the group of other (n — 1) learners in classroom
with lower Pareto ranks and/or higher CD values in enhanc-
ing its knowledge level. Let m € [1, .., n] be the index of any

NSTLBO-MLPs learner with better Pareto rank or CD than that
of n-th learner, the corresponding mean position represented
using XMea" can be derived as follows:

Rppem = = — (11)

From Eq. (11),the mean position X" assigned to each
n-th learner is unique because different groups of learners
are considered in the formulation process. Notably, Eq. (11)
is not applicable for the best learner with index value of n =1
because none of the population members has lower Pareto
rank and/or larger CD than that of it. Different approach was
proposed to derive a unique mean position 5({)":5‘:” for the best
learner by leveraging the useful information of all |F4| non-
dominated solutions obtained from the first level of Pareto
front Fy. Define rq € [0, 1] as a randomly generated number
assigned to each a-th non-dominated solution X, in F1 to indi-
cate its weightage contribution in deriving the mean position
Xmean of best learner as shown in Eq. (12). Different X" is
obtained in each generation of NSTLBO-MLPs in guiding the
best learner in order to preserve the population diversity.

[F1l
Fmean _ a:lraxa (12)
best IF1l
a=1"a

Referring to the closest teacher and unique mean posi-
tion obtained by each n-th NSTLBO-MLPs learner, a modified
learner phase is designed to calculate its new solution as fol-
lows:

X + 73 (x;eache* - Tﬂxn) 414 (X;ﬂm - Tﬁxn) ,ifn=2,.,N
Xﬁew —

Xn 4T3 (X;eacher _ Tflxn) 41y (X;les‘;n — szxn) ,ifn=1
(13)

where r3, 14 € [0,1] are two uniformly distributed random
numbers; Ty, Trp € [1, 2] are two uniformly distributed teach-
ing factors used to indicate different levels of learning
tendency from the teacher and mainstream knowledge,
respectively, aiming to achieve more realistic emulation of
classroom teaching and learning process [49]. Unlike con-
ventional TLBO, the modified teacher phase of NSTLBO-MLPs
allows each learner to enhance its knowledge level by inter-
acting with the nearest teacher in classroom while imitating
the collective behaviors of other group of promising learn-
ers simultaneously as shown in Fig. 9. All knowledge from
teacher and other groups of promising learners are assumed
to be imparted to each NSTLBO-MLPs learners successfully if
Tf1 = Tf2 = 2. In contrary, the learner is considered fail to learn
any useful knowledge when Ty, and Ty, are set as 1 [49].

3.3.4. Modified learner phase of NSTLBO-MLPs

Exploration search of the conventional TLBO was emphasized
via a repulsion mechanism incorporated into learner phase
of Eg. (10) that aims to discourage the convergence of each
n-th learner towards a randomly selected peer learner with
worse fitness. Nevertheless, it is a non-trivial to trigger this
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Algorithm 3: X’

= Teacher_Selection (B, X, n, xv, x*)

: fora=1to |Fl|do

. end for

1: Discard X , from Fy if X »» 1s one of the non-dominated solution stored in F7;

: Calculate total number of eligible candidate teachers stored in F as

2
3
4: Determine the E,,, value between each n-th learner and a-th candidate teacher with Eq. (7);
5
6

. . . reach
: Identify the a-th candidate teacher with smallest EM as the X,’,m” of n-th learner;

Fig. 8 - Pseudo-code used to assign a unique teacher for each NSTLBO-MLPs learner in guiding the search process during

the modified teacher phase.

Algorithm 4: X*'= Modified_Teacher Phase( [

X, ,onx?, x")

if nisnot equal to 1 then
Calculate X ;"ea "

end

X DL AL N

X, ™" = Teacher_Selection (£, X, n, x, x '), /*Algorithm 3%/

of each n-th learner using Eq. (11);
else /*only for the best learner™/

Calculate X bm;m ofbest learner using Eq. (12);

Randomly generate 7,7, € [1 2]
Determine the X:ew of n-th learner using Eq. (13);

Fig. 9 - Pseudo-code used to summarize the modified teacher phase of NSTLBO-MLPs.

repulsion mechanism in the MOPs which consists of multiple
and/or conflicting objective functions, because the probability
of identifying peer learner that can be completely dominated
by a given n-th learner is reduced significantly. As a search pro-
cess progresses to the later stages of optimization, no drastic
changes of population diversity is observed, because majority
of learners stagnate at the similar regions of search space and
they tend to become indistinguishable from each other. This
scenario also contributes to the reduced likelihood of trigger-
ing Eq. (7) to provide additional momentum for TLBO learners
in escaping from the local Pareto front of complex MOPs. In
order to overcome these drawbacks, two strategies aiming to
enhance exploration strength of NSTLBO-MLPs were proposed
in modified learner phase.

Motivated by real-world teaching and learning paradigm,
it is assumed that different types of learners with their pre-
ferred learning methods exist in the classroom. For instance,
certain learners prefer to obtain new knowledge by interact-
ing with their peers, while some of them are self-directed
learners that take initiative to achieve knowledge enhance-
ment through a crucial skill known as independent learning
that becomes increasingly important in modern educational
climate. In order to enhance the robustness of NSLTBO-MLPs
learning framework, a stochastic-based mutation scheme was
proposed in modified learner phase to facilitate independent
learning for all self-directed learners with a mutation prob-
ability of PMUT = 1/D. After completing the modified teacher
phase, an independent learning was performed on the ran-
domly selected dimension of each n-th self-directed learner

(i-e.,Xp g,) via random perturbation, where d, € [1,D]. Let Xﬁe;‘r’
be the perturbed component of n-th self-directed learner,
then:

XMW = X q, +75 (X3 —X5) (14)
where rs € [-1, 1] is a uniformly distributed random number;
X”ew refers to the new solution obtained by n-th self-directed
1earner in d,-th dimension; XU and XL represent the upper
and lower boundary values in every dr- th dimension, respec-
tively. Fig. 10 summarizes the mechanism of independent
learning adopted by each n-th self-directed learner.
Meanwhile, an adaptive peer learning mechanism was
designed for the remaining learners that are keen to achieve
knowledge enhancement through peer interactions. For con-
ventional TLBO, each learner can only interact with one
randomly selected peer to update all of its dimensional com-
ponents simultaneously as shown in Egs. (6) and (7). These
formulations, however, might not be able to describe the
actual teaching and learning scenario in classroom accurately,
because a peer learning process is generally expected to be
effective if every learner is allowed to interact with more
than one peer. Furthermore, different learners might be more
knowledgeable in certain courses (i.e., dimensional compo-
nent), hence only those weaker courses have higher urgency
to be improved further through peer interaction. Motivated
by these observations, a more realistic version of peer learn-
ing strategy was proposed in the modified learner phase for
improving the performance of NSTLBO-MLPs further.
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Algorithm 5: X,',W = Independent_Learning ( X nsDox V., xt)

1: Randomly generated, € [LD] for each n-th self-directed learner;

2: Identify the dr -th dimensional component of X n, XV,and x *;
3: Calculate the perturbed solution of n-th self-directed learners X:‘; "with Eq. (14);

Fig. 10 — Pseudo-code of independent learning for self-directed learner in modified learner phase of NSTLBO-MLPs.

After completing the modified teacher phase as explained
in previous subsection, all NSTLBO-MLPs learners were rear-
ranged according to their respective Pareto rank and CD
values, where the n-th learner with smaller Rank, and/or larger
values Ay is assigned with smaller index value of n and vice
versa. Define Pl ¢ [0, 1] as the peer learning probability of
each n-th learner, then:

Pl = (15)

zl=

Based on the peer learning probability PPl obtained, every
n-th NSTLBO-MLPs learner can the generate the new solution
XPeW by using the procedures described as follows. For each
d-th dimension of X" (i.e., X7¢/'), a random number rg € [0, 1]
is first generated using uniform distribution and then com-
pared with the peer learning probability PE! of n-th learner. If
r¢ is smaller than PP, three peer learners denoted as X;, X
and X are randomly selected from the NSTLBO-MLPs popula-
tion to produce a new value of X7¢/’ as shown in Eq. (16) where
n # j # k # 1. Otherwise, the n-th learner can retain is original
Xn,q value in X7¢. Define ¢n € [0.5, 1] as the peer learning fac-
tor of n-th learner that is randomly generated from uniform
distribution. The adaptive peer learning strategy of NSTLBO-
MLPs is then formulated as:

ow Xja+ ¢n (Xeq — X14), if r6 < PR
Xnew — . (16)
Xiq . otherwise

From Egs. (15) and (16), the n-th learner with inferior Pareto
rank and crowding distance values is assigned with higher
PIL. Hence, it has higher tendency to interact with its peers in
updating most of its dimensional components of X*¥ as com-
pared with that with lower PEL due to the better Pareto rank and
crowding distance values. In contrast to TLBO, the adaptive
peer learning strategy of NSTLBO-MLPs not only allows each
learner to interact with multiple peers in enhancing its knowl-
edge, but it can also adaptively determine the tendency of
learner to update its dimensional components via peer inter-
action by referring to its Pareto rank and CD values. To this
end, the pseudocode used to describe modified learner phase
of NSTLBO-MLPs is presented in Fig. 11.

3.3.5.  Fuzzy decision maker

If a given MOP is solved using posterior method, the optimiza-
tion output obtained is represented as the first level of Pareto
front F1. While all solution members of F; are non-dominated
with each other, the most desirable Pareto optimal solution
needs to be determined by process planner to achieve the
goals of MOPs by ensuring the relative significance of objec-

tive functions provided. A decision making process known as
fuzzy decision maker was incorporated into NSTLBO-MLPs to
address the aforementioned issue.

Assume that a given MOP with M objective functions con-
sist of a set of utopia point in objective space represented
using U = [w}, . @ . wl], where each utopia point indi-
cates the best possible value of them-th objective, where m =
1,.,M. In contrary, the worst possible values for all M objec-
tives are represented in objective space using a set of pseudo
nadir point of wSN = [tI/fN, LN tI/AS;[N]. Define ¥ (Xq) as
the objective function value obtained by every a-th solution
stored in Pareto front F; in solving the m-th objective, while
the corresponding membership value is represented using ',
where a =1, .., |F1| and m =1, .., M. The values of u" used to
address the minimization MOPs can be determined using a
fuzzification process described as below:

1, ¥m (Xq) < WY

m_ ‘PriN — ¥m (Xa)

U SN
Ka g Y = Y (Xa) = ¥ (17)
m m

0, Wm (Xq) > ¥5N

Apart from the membership values, the relative weigh-
tage of all objective functions were also considered as crucial
information required by process planner in selecting the most
desirable Pareto optimal solution. Denote wy, as the weigh-
tage value that reflects the degree of importance for each m-th
objective, while 14 be the total degree of optimality for each
a-th solution in F; after considering all M objective functions.
Therefore,

M
o= Wmul! (18)
m=1

The a-th non-dominated solution that obtains larger g
value was considered to produce better optimization of a
given MOP and vice versa. Define XP'eferred a5 the most desir-
able Pareto optimal solution corresponds to the degree of
importance defined for all objective functions. Then, the a-
th solution of F1 with the largest value of uq was determined
as XPreferred according to Fig. 12.

3.3.6. The complete NSTLBO-MLPs

The overall algorithmic framework of NSTLBO-MLPs are sum-
marized in Fig. 13, where y represents a counter used to
record the number of fitness evaluation performed so far
and I defines the termination condition of NSTLBO-MLPs
known as maximum fitness evaluation numbers. A popula-
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Algorithm 6: X' = Modified_Learner_Phase (X,, D,.XY, X~, Pt puer )

1: Randomly generate rand [O, 1] :

for d=1 to D then

end for
. end if

2: if yana < p¥v7 then /*Independent learning for self-directed learners™*/
3: X = Independent_Learning ( X asDy XV, X"t
4: else /*Perform adaptive peer-learning for the remaining learners™/

5
6: Calculate X}, using Eq. (16);
7
8

Fig. 11 - Pseudo-code of modified learner phase in NSTLBO-MLPs.

Algorithm 7: x »<<¢ = Fuzzy Decision_Maker ( E , MW, )

fora=1to |F|| do
form=1to Mdo

end for
Identify ¥" =¥/ ,... ¥,

o

2

3

4

5: end for
6.

7

8: fora=1to |F,| do
9: for m=1to Mdo
11: end for

13: end for

1: Identify the total number of non-dominated solutions stored in the first level of Pareto front Fas |F|

Evaluate the fitness value of X o in each m-th objective function;
P ] and V¥ = [‘Ff‘v,.., L, ‘{’SJ] in the objective space;
10: Calculate the value of £, for X, in each m-th objective function with Eq. (14);

12: Determine the value of £, for X, with Eq. (15);

14:  Select the a-th non-dominated solution Xa with the largest value of 1, to be x /e ;

>

Fig. 12 - Pseudo-code of fuzzy decision maker incorporated into NSTLBO-MLPs.

tion P that consists of N learners was first initialized and
their fitness value for all M objectives were then evaluated.
This was followed by the computation of Pareto rank, Pareto
front layer and CD values of all NSTLBO-MLPs learners. Based
on these information, the crowding-comparison operator was
then applied to sort the population members in P from the
best to worst. The learner X, with smaller Rank, and/or larger
values A, was assigned with smaller index value of n and vice
versa.

While the termination condition of NSTLBO-MLPs was not
satisfied, the new solution of every n-th learner (i.e, X}¢¥) was
produced with the search operators introduced in both of the
modified teacher and learner phases. These N offspring solu-
tions were stored in an offspring population P¥ and then
merged with the main population P to construct a combined
population of P = p U P¥ that has a population size of 2N.
All solution members of P°™ were then sorted from best to
worst using the CD operator. The best N population members
were truncated from P®™ using a Trunc(-, -) operator to form
a new main population of NSTLBO-MLPs in the next learning
phase. The aforementioned search procedures were repeated
until the satisfaction of termination condition where y > I.
Finally, the most preferred Pareto optimal solution XPreferred
was determined from the first level of Pareto front F; using
fuzzy decision maker based on the degree of significance of

all objective functions specified in achieving the desired goal
of MOP.

3.3.7. Performance metrics

Two metrics were adopted to assess optimization perfor-
mances demonstrated by the proposed algorithm and six
well-established metaheuristic search algorithms. The quality
between two Pareto fronts can be differentiated by calculating
the number of solution members denominated by each other.
Assume that F4 and F? are two Pareto fronts obtained from
compared algorithms, the coverage operator is then defined
as:

beFB;laeFA:a<=b
cOu(Fg‘,F’f):H < a;ﬂl a<=b}| (19)

As shown in Eq. (19), if all solution members of Pareto front
F4 can dominate or at least perform equally with those of F2,
then Cov (Ff, F‘f) = 1. Otherwise, the output of Cov (F‘l‘\, Flf) =
0 is obtained, implying that none of the solution members of
Ff are dominated by those of F?. Furthermore, it is notewor-
thy that Cou (F{‘, Flf) is not necessary equal to 1 — Cou (F‘f, Ff),
hence these two results need to be presented together in per-
formance analysis.
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Algorithm 8: NSTLBO-MLPs
1:  Reset the counter used to capture the number of fitness evaluation performed so faras, - ¢ ;
2: forn=1toNdo
3 Initialize the position vector of each n-th learner randomly;
4 Evaluate the fitness values of each n-th learner for all M objective functions;
5 y— 7+ M
6: end for
7:  Define P as a current population to store all NSTLBO-MLPs learners;
8: [F, R]=Fast_Non_Dominated_Sorting (P); /*4lgorithm 1*/
9: A =Crowding_Distance_Calculation (F); /*Algorithm 2%/
10:  Apply crowding-comparison operator to sort on all members of P;
11: while , < do
/*Execute modified teacher phase using Algorithm 4%/
12: for n=1toNdo
13: X = Modified_Teacher Phase(F|, X, n xv, x*);
14: Evaluate the fitness values of each »-th leaner for all M objective functions;
15: Yy~ 7+ M
16: end for
17: Store all new offspring solutions intop °'* ;
18: Pemt = PP
19: [F, R]= Fast_Non_Dominated_Sorting(p=""); /*4lgorithm 1*/
20: A = Crowding_Distance_Calculation (F); /*Algorithm 2*/
21: Apply crowding-comparison operator to sort all members of pe® ;
22: P < Trunc (P°"' N ) ;. /*Truncate the N best members™/
23: /*Execute modified learner phase using Algorithm 6*/
24: for n=1toNdo
25: X" = Modified_Learner_Phase (X,, D,XV, X, P pwvr )y,
26: Evaluate the fitness values of each n-th leanerfor all M objective functions;
27: y — 7+ M
28: end for
29: Store all new offspring solutions intop °'" ;
30: pemt = puU P,
31 [F, R]= Fast_Non_Dominated_Sorting(p " ); /*4lgorithm 1*/
32: A = Crowding_Distance_Calculation (F); /*4lgorithm 2%/
33: Apply crowding-comparison operator to sort all members of p="";
34: P « Trunc (Pw ,N ) ;s *Truncate the N best members*/
35:  end while
36: Identify the first level of Pareto front as K R
37:  x rrerred = Fuzzy_Decision_Maker ( E M, W,,); /*Algorithm 7%/

Fig. 13 - Pseudo-code of complete NSTLBO-MLPs.

The second metric introduced is known as spacing met-
ric that aims to quantify the solution diversity of Pareto front
produced by each compared algorithm. Denote |F1| as the
number of non-dominated solutions stored in the Pareto front
F1 after optimizing M objective functions, while d, represents
the minimum Euclidean distance between a-th and b-th solu-
tion members of F; in the objective space for the m-th objective
function. Then,

(20)

M
do = ar,fflszl ¥ (Xa) — ¥ (X)| . @.b=1..... |F1]
m=

Let d be the average value of d, for all non-dominated solu-

tions of F; and it is calculated as:
|F1l
>
d= 2t 21
|Fq| @)

Finally, the distance variances of neighboring non-
dominated solutions in F;, are quantified through a spacing
metric S defined as:

[F1l

1 - 2
S= m;(d—da)

(22)

As shown in Eq. (22), Pareto optimal solution set obtained
are considered to be more uniformly distributed if S has a
smaller value. The ideal value of S is equal to zero because
this implies all solution members of F; are equidistant from
one another.

4. Predicted results and experimental
validation

The proposed algorithm was applied into regression mod-
els (Egs 1-3) to predict the maximum lap shear load,
maximum hardness and minimum wear. Suppose that w1,



J MATER RES TECHNOL.2020;9(5):11650-11674

11665

Pareto Front

205 -

—~ 200
12}
=
<]
o
S 195 -
g
(]
o
= 190
185 5L
100 et
b -3
95\ o 6200
o — 6000
90 ™~ 5800
Microhardness (HV) 85 5600

Lap Shear Fracture Load (N)

Fig. 14 - The Pareto front of NSTLBO-MLP - Prediction of
Optimum SFSSW Parameters.

w, and ws represent the three weighting terms indicat-
ing the relative importance levels of maximization of lap
shear load, maximization of microhardness, and minimiza-
tion of wear respectively, where w1 + wy + ws = 1. Given the
relative importance levels of w; = wy = ws = 1/3, the opti-
mum welding parameters of D=2.8mm, N =1387rpm and
F=17 mm/minute were obtained from NSTLBO-MLPs with the
predicted wear, lap shear fracture load and microhardness val-
ues of 197 microns, 6134 N and 94.6 HV, respectively. Fig. 14
shows the Pareto front of proposed NSTLBO-MLP with a popu-
lation of N=100. The predicated optimum welding parameters
from NSTLBO-MLPs were further used to conduct validation
experiments. The same procedure as discussed in sections 2.3-
2.4 was followed in order to determine the respective response
variables.

Table 6 presents the predicted values from NSTLBO-
MLPs and actual values measured from experiments for
the same optimal condition. Based on the validation results
reported, the minimal errors of 0.179%, 0.317% and 0.507%
were observed between the actual and predicted results of
lap shear load, microhardness and wear, respectively. Noting
the negligible errors, it can be concluded that the proposed
NSTLBO-MLPs is applicable to solve the real-world welding
optimization problem with promising results. Moreover, the
proposed method and predicted SFSSW process parameters
can be adopted by industries for welding AA6061-T6 compo-
nents in order to have good quality weld joints.

In order to ensure the effectiveness of the newly developed
NSTLBO-MLPs algorithm, the further simulation studies were
conducted with six well-established metaheuristic search
algorithms. The overall quality of Pareto front of NSTLBO-MLP
is compared with the Pareto fronts of six other metaheuristic
search algorithms and reported in Section 4.1.

4.1. Performance analysis of NSTLBO-MLPs and
comparison of simulation results

The optimization performances of NSTLBO-MLPs in address-
ing multi-objective welding problems were evaluated with
six existing metaheuristic search optimization algorithms

known as: MOPSO (Multi-Objective Particle Swarm Optimiza-
tion) [54], NSGA-II (Non-dominated Sorting Genetic Algorithm
II) [55], MOGWO (Multi-Objective Grey Wolf Optimizer)
[56], MOTLBO (Multi-Objective Teaching-Learning Based
Optimization) [49], MO-ITLBO (Multi-Objective Improved
Teaching-Learning Based Optimization) [57] and NSTLBO
(Non-dominated Sorting Teaching-Learning Based Optimiza-
tion [51]. These algorithms were reported to have competitive
search performances in the past literature. The parameters of
all compare-optimizers were set as per stated in their original
literatures as summarized in Table 7.

Both concepts of FNDS and CD were leveraged by NSGA-II,
MOTLBO, NSTLBO and NSTLBO-MLPs in ranking the quality
of non-dominated solutions obtained during the search pro-
cess. Meanwhile, the MOPSO, MOGWO and MO-ITLBO were
incorporated with an archive to keep the good quality solu-
tions. Two parameters used to construct the archive of MPSO
and MOGWO were set as « =0.1 and nGrid = 10.The iner-
tia weight o of MPSO was a time-varying parameter that
can be linearly reduced from an upper limit of 0.9 to a
lower limit of 0.4, whereas both acceleration coefficients was
the fixed parameters of ¢; = ¢;=2.05. The same mutation
probability of Pyu: = 1/D was set for MOPSO, NSGA-II and
NSTLBO-MLPs incorporated with a stochastic-based muta-
tion scheme [54,55]. Furthermore, the crossover probability
of NSGA-II was assigned with Py =0.9. For MO-ITLBO, the
parameter setting of ¢ = 0.007 was used to manage the exter-
nal achieve, while a sub-populations size of nGroup = 4 was
set during the teacher phase to achieve better balancing
of exploration and exploitation searches [57]. In contrast to
NSTLBO that only has two discrete values of teaching factor
with Ty € {12}, the teacher factors assigned to the remaining
TLBO variants of MOTLBO, MO-ITLBO and NSTLBO-MLPs were
uniformly distributed between 1 and 2, aiming to indicate dif-
ferent tendency of learners to learn from their teacher and the
mainstream knowledge.

The population sizes of N=50, 75 and 100 were set for
all compare-optimizers in order to study the effect of N on
their optimization performances. The archive sizes of MOPSO,
MOGWO and MO-ITLBO were set to be same as to their
population size, where, |A| = N. The same maximum fitness
evaluation number of I" = 50, 000 was defined to be termina-
tion conditions for all selected optimizers to ensure fairness
in comparisons. All seven compare-optimizers were coded
using Matlab 2019a software on a personal computer with
Intel ® Core i7-7500 CPU @ 2.70GHz. The average results
were obtained by simulating each selected optimizer for 20
times. The mean and standard deviation (SD) values of cover-
age metrics obtained in the performance evaluation between
NSTLBO-MLPs and six other optimizers are summarized in
Table 8.

As reported in Table 8, the proposed NSTLBO-MLPs has
demonstrated outstanding optimization performance among
all compared optimizers in all population sizes because it can
produce the Pareto fronts that consist of the largest num-
bers of non-dominated solutions for N=50, 75 and 100. For
instance, it is reported that 17.9% of solution members in
the MOPSO’s Pareto front are inferior to those in NSTLBO-
MLPs for N=100, while only 3.3% of the members of Pareto
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Table 7 — Parameter settings of all compare-optimizers.

Optimizers Parameter settings

MOPSO N, |A| € {50, 75,100}, € 0.9 — 0.4, c; = ¢ = 2.05, Ppyyt = 1/D, @ = 0.1, nGrid = 10
NSGA-II N e {50, 75,100}, Psx = 0.9, Pyt = 1/D

MOGWO N, |A| € {50, 75, 100},« = 0.1, nGrid = 10

MOTLBO N € {50,75,100}, Tf € [1.2]

MO-ITLBO N, |A| € {50, 75,100}, nGroup = 4, Ty € [L, 2], = 0.007

NSTLBO N € {50,75,100},Tf € [1.2]

NSTLBO-MLPs

N € {50,75,100},Ppue = 1/D,Tf1, Tsy € [1,2]

Table 8 - Performance evaluation - coverage metrics of optimizers.

Compared N=50 N=75 N=100
sets
Mean SD Mean SD Mean SD

Cou(Rp, Sp) 0.120 0.039 0.160 0.031 0.179 0.033
Cou(Sp,Rp 0.030 0.019 0.041 0.022 0.033 0.018
Cou(Rp, Tp) 0.128 0.078 0.095 0.028 0.121 0.032
Cou(Tp, Rp) 0.038 0.030 0.057 0.018 0.056 0.021
Cou(Rp, Up) 0.144 0.044 0.132 0.031 0.159 0.020
Cou(Up, Rp) 0.030 0.017 0.047 0.028 0.026 0.022
Cou(Rp, Vp) 0.130 0.045 0.173 0.031 0.144 0.048
Cou(Vp, Rp) 0.038 0.033 0.039 0.025 0.030 0.024
Cou(Rp, Wp) 0.126 0.049 0.146 0.047 0.168 0.077
Cou(Wp, Rp) 0.026 0.021 0.039 0.021 0.031 0.019
Cou(Rp, Xp) 0.100 0.013 0.211 0.041 0.198 0.038
Cou(Xp, Rp) 0.054 0.013 0.053 0.023 0.036 0.016

Remark: The sets of Rp, Sp, Tp, Up, Vp, W), and X, are used to represent the Pareto fronts obtained by NSTLBO-MLPs, MOPSO, NSGA-II, MOGWO,
MOTLBO, MO-ITLBO and NSTLBO in optimizing the multi-objective welding problem.

front produced by NSTLBO-MLPs are dominated by those of
MOPSO. For N =50, a total of 12.8% and 14.4% of solution mem-
bers in the Pareto fronts produced by NSGA-II and MOGWO,
respectively, are outperformed by those of NSTLBO-MLPs. In
contrary, the numbers of inferior solutions in Pareto front
of NSTLBO-MLPs are at least three times fewer than those
of NSGA-II and MOGWO for N=50. Among all TLBO variants
selected for performance evaluation, MOTLBO is reported to
have the worst performance for N=50, because it has the
highest number of solution members in Pareto front (i.e.,
13.0%) that are dominated by those of NSTLBO-MLPs, whereas
only 3.8% of Pareto front members obtained by NSTLBO-MLPs
are inferior to MOTLBO. The worst performing algorithm for
both population sizes of N=75 and 100 is NSTLBO because
a total of 21.1% and 19.8% of solution members in Pareto
fronts, respectively, are outperformed by the NSTLBO-MLPs.
In contrary, there are less than 6% of Pareto optimal solutions
obtained by NSTLBO-MLP are performing worse than those
of NSTLBO in all population sizes. The simulation results in
Table 8 imply that the approximated Pareto fronts generated
by the proposed NSTLBO-MLPs in solving the multi-objective
SFSSW problem are much closer to the true Pareto front
than other optimizers. The excellent quality of Pareto fronts
produced by NSTLBO-MLPs prove that the proposed modifi-
cations are indeed able to provide more accurate modelling
of teaching and learning paradigm in classroom. To this end,
better balancing of exploration and exploitation strengths
can be achieved during the search process of NSTLBO-MLPs
learners and this leads to the improvement of its search per-
formance.

The mean and standard deviation (SD) values of spacing
metric in the Pareto fronts generated by all seven compare-
optimizers for all population sizes of N=50, 75 and 100 are
summarized in Table 9. Notably, NSTLBO-MLPs is revealed
as the best performing algorithm due to the lowest mean
spacing values obtained in all population sizes, implying
that the solutions members of Pareto fronts obtained are
the most diversified and evenly distributed as compared to
those of six other peer algorithms. Drastic observations are
demonstrated by the NSTLBO and NSGA-II that produce the
second lowest and largest mean spacing values, respectively.
Particularly, the Pareto front of NSGA-II has the poorest dis-
tributions as indicated by its largest mean spacing values
in all population size although it has less solution members
dominated by those of NSTLBO-MLPs. The unsatisfactory of
solution diversity in NSGA-II's Pareto fronts generated sug-
gests the presence of duplicated Pareto optimal solutions,
hence leading to good solution accuracy in terms of cover-
age metric and poor solution diversity in terms of spacing
values. In contrary, NSTLBO tends to produce higher num-
ber of inferior Pareto solution members in spite of having
better distribution of Pareto fronts (i.e., the second lowest
mean S values). This implies that although all Pareto front
members of NSTLBO are uniformly distributed, majority of
these solutions are trapped in the local optimal regions due
to the rapid diversity loss of populations. As compared with
NSTLBO and NSGA-II, the proposed NSTLBO-MLPs is able to
achieve better balancing in producing good quality as well
as well distributed solution members in the Pareto fronts.
The teacher selection scheme and social learning concept
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Table 9 - Performance evaluation - spacing metric of all optimizers.

Algorithm N=50 N=75 N =100
Mean SD Mean SD Mean SD
MOPSO 4.443 0.345 6.5951 0.3655 8.826 0.355
NSGA-II 4.616 0.504 7.8765 1.5725 10.166 1.398
MOGWO 4.364 0.407 6.4941 0.2270 8.630 0.279
MOTLBO 4.449 0.280 7.1401 0.5902 8.852 0.339
MO-ITLBO 4.505 0.469 6.6347 0.2711 8.514 0.306
NSTLBO 4.199 0.154 6.4716 0.2666 8.558 0.324
NSTLBO-MLPs 3.842 0.188 5.9451 0.3297 7.795 0.199
incorporated into the modified teacher phase enables each - -
5. Discussions on weld sample prepared at

NSTLBO-MLPs learners to search different regions of search
space, hence ensuring the uniform distribution of Pareto front
members. Meanwhile, the independent learning and adap-
tive peer learning mechanism introduced into the modified
teacher phases are useful in providing additional momentum
to the population members to break through the inferior solu-
tion areas in search space and continue to approach towards
the true Pareto fronts.

The Pareto-fronts generated by all compare-optimizers
in solving multi-objective SFSSW problem for N=100 are
illustrated in Fig. 15. The qualitative performance analyses
reported in Fig. 15 are generally consistent with those of
quantitative results in Tables 8 and 9. It is notable that the
Pareto front of NSGA-II is significantly different with those of
the remaining algorithms because most of NSGA-II's solution
members fail to converge towards the true Pareto front due to
rapid loss of solution diversity. The inferior optimization per-
formance of NSGA-II in searching for the best parameters of
welding process is also demonstrated in the previous quan-
titative analyses. Although the solution members of Pareto
front produced by MOGWO and MOPSO are closer towards
the true Pareto front, these two optimizers produced less uni-
formly distributed solutions at the top region of Pareto front
as compared with those of NSTLBO-MLPs, revealing the weak-
ness of former two algorithms in exploring the certain parts
of objective space. Similar behaviors are demonstrated by the
MOTLBO and MO-ITLBO because of the existence of significant
discontinuities regions observed at the bottom parts of their
Pareto fronts. The NSTLBO and NSTLBO-MLPs produce equally
good Pareto fronts because these two algorithms share certain
similarity levels in term of search mechanisms. Nevertheless,
quantitative results in both Tables 9 and 10 show that the
proposed NSTLBO-MLPs demonstrated more promising opti-
mization performance because it can achieve the best tradeoff
of accuracy and diversity of solutions by referring to the Pareto
fronts generated. Unlike NSTLBO, the social learning mecha-
nism incorporated to obtain the unique mean position for each
NSTLBO-MLPs learner enables it to outreach more unvisited
regions of search space by exploring around those solutions
better than it.

Furthermore, both of the independent learning and adap-
tive peer learning mechanism of NSTLBO-MLPs also enables
each learner to perform searching with more balanced explo-
ration and exploitation strengths, hence are effective in
maintaining the diversity of solution members in Pareto front.

optimal condition

To analyse the improvement in SFSSW sample prepared
at optimal condition, the respective microstructure of weld
cross-section, fracture surfaces, and wear surface were exam-
ined using field emission scanning electron microscope
(FESEM model: SIGMA - Carl Zeiss). The cross section of the
weld samples was firstly prepared and etched with Keller’s
reagent to study the microstructure of the stir zone (SZ). The
FESEM micrograph of SZ of Al,O3; added SFSSW sample pre-
pared with the optimal condition (D=2.8 mm, N =1387 rpm and
F = 17 mm/minute) is shown in Fig. 16.

Fig. 16(a) shows a homogeneous distribution of Al,03
nanoparticles in SZ of AA6061-T6/Al, 03 weld joint, which was
caused by dynamic recrystallization. The dynamic recrystal-
lization is due to the frictional heat that caused a severe plastic
deformation during the SFSSW process and the addition of
Al,03 nanoparticles as well. The Al,03 nanoparticles are per-
fectly visible and excellent coherency with the aluminium
matrix in the grain boundaries is seen as shown Fig. 16(b). Most
of the Al,05 particles are seen placed in the grain boundaries
which could lead to grain growth prevention [58]. It is obvious
that the placement of reinforced particles at the grain bound-
aries and the uniform dispersion of the particles are the reason
for the improvement in mechanical properties of SFSSW joint.

In other hand, Fig. 17 shows the FESEM micrograph of the
weld sample prepared with condition (D=3 mm, N =1800rpm
and F = 10mm/minute). It consists of Al,O03; nanoparticles
agglomeration that resulted the lower mechanical proper-
ties. The agglomeration of Al,03; nanoparticles increased the
interface area with aluminium matrix and showed the poor
bonding between Al,03; and aluminium. It is clearly under-
stood that the presence of nanoparticle agglomeration in
SZ due to non-homogeneous distribution affects the weld
strength.

Welding defects such as cavities, tunnels, hook and worm-
hole may occur due to improper process parameters or
technological conditions detrimental to the mechanical per-
formance of the joint [59]. In the present study, the major
defects such as wormhole defect, insufficient fill and cavity
formation were observed during the trial experiments as listed
in Table 2. But, the sample prepared at optimal condition does
not show any of such major defects. Hook defect and key-
hole (shape same as tool pin) are generally formed at the weld
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Fig. 15 - The Pareto fronts of (a) MOPSO, (b) NSGA-II, (c) MOGWO, (d) MOTLBO, (e¢) MO-ITLBO, (f) NSTLBO and (g)

NSTLBO-MLPs.

joints during FSW or FSSW. These defects affect the mechan-
ical properties of the weld strength. Hook formation can be
quantified by height and orientation of hook [60]. Though the

current study drastically improves the weld strength, the for-
mation of keyhole was unavoidable as shown in Fig. 18(a).
The refilling of the keyhole can be done using the specially
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Table 10 - Wear of SFSSW joint with and without addition of Al,0O3s;nanoparticles.

Weld joint Wear in microns Coefficient of friction (p)
AA6061-T6 SFSSWjoint 223 0.303
AA6061-T6/Al,05 SFSSW joint 196 0.381

2pm EHT=1000kV ~ Mag= 2000KX [—
WD = 68mm Signal A= InLens

Al Oylocated
in'graintboundaries

200 nm EHT =1000kV
WD = 68mm

Mag= 8000 KX zE1ss|
Signal A= InLens.

Fig. 16 - (a) FESEM images of SZ of AA6061-T6/Al,0sweld joint (b) Magnified view of the portion mentioned in (a).

designed semi-consumable tool as suggested by Han et al. [61]
and Zhang et al. [62].

The hook formation on weld samples with Al,03 nanopar-
ticles and without Al,03 nanoparticles are shown in Fig. 18
(b) and (c). In weld joint without Al,03 as shown in Fig. 18(b),
the hook orientation is seen towards the keyhole that caused
weaker weld joint. In Al,03 added weld joint as shown in
Fig. 18(c), the hook orientation is away from the keyhole that
could delayed the propagation of crack and led to the greater
strength. The hook height is also observed smaller in Al,03
added weld joint. With these observations, it is understood
that the smaller height of the hook and the orientation away
from keyhole caused by the addition of Al,03 supplemented
the increase in weld strength.

5.1. FESEM fractrograph of fractured surfaces

The SFSSW joints prepared with guide hole reinforcement
and weld joints prepared with no guide hole reinforcement
were examined and evaluated. Both the samples were pre-
pared with optimal condition predicated by NSTLBO-MLPs and
the mechanical tests were done as discussed in section 2.4.
Fig. 19(a) and (b) show the load - displacement curve of tensile
shear test and microhardness values at SZ respectively.

The lap shear load of 6145N is observed from Al,03 rein-
forced weld joint, while it is 4924 N for SFSSW joint with no
Al,03 reinforcement. The Al,03 nanoparticles added joint is
consistent with the larger elongation under tensile loading
compared to the sample with no addition of nanoparticles as
shown in Fig. 19(a). The results vividly evidence the effect of
reinforcement in guide hole. Similarly, as seen in Fig. 19(b),
microhardness at SZ of reinforced SFSSW joint is higher than
the other one. The well distribution of Al,O3 nanoparticles evi-
denced in Fig. 16(b) supports these results. The homogeneous
distribution of nanoparticles affixes the grain boundaries
and delays the growth of Al grains inside the SZ. Accord-
ing to Hall-Petch equation, decreasing the grain size leads to

AIZE)S,nE!ﬁ'bpartiiclés ‘
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Fig. 17 - FESEM micrograph of a sample with agglomerated
Al,03 nanoparticle in SZ.

strengthening of grain boundary and results higher ultimate
failure load [63].

Fig. 20 shows the FESEM fractography of fractured sur-
face of AA6061-T6/Al,03 SFSSW sample during the tensile
shear test. The fracture surface of the sample with the addi-
tion of Al,03 nanoparticles has smaller and shallow dimples.
The dimple rupture is evidenced for the ductile fracture
which caused the higher tensile strength. Al,0; nanoparti-
cles are visible in the magnified image shown in Fig. 20(b). The
good coherency between Al,03 nanoparticles and aluminium
matrix that causes narrow dimples is observed.

The maximum lap shear load obtained in the present study
was compared with the failure load reported in other various
spot joining process on Al alloys [64-69]. It is observed from
Fig. 21 that the maximum lap shear load of Al,03 reinforced
weld sample prepared at optimum condition is the superior
than all published works.
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5.2.  FESEM fractrograph of worn surfaces

Table 10 shows the results of wear in microns and coefficient
of friction of SFSSW joints with and without the addition of
Al,03 nanoparticles, both prepared at optimal welding con-
dition predicted by NSTLBO-MLPs. It is clearly noticed that
SFSSW joint prepared with Al,03 nanoparticles has very less
wear (196 microns) and high coefficient of friction (0.381) com-
pared to others. The fine size of grains and homogeneous
distribution of fillers in the weld zone caused to have low wear

compared to other joint prepared with no reinforcement. As
per Archard’s relationship the enhanced hardness increases
the wear resistance of the material.

Fig. 22 shows the coefficient of friction of SFSSW joints with
Al,03 nanoparticles and without Al,03 nanoparticles.

Fig. 23 shows FESEM images of worn surfaces of weld
samples made with Al,03 and without the addition of Al,03
nanoparticles. The significant difference is seen between mor-
phologies of test surfaces. The severe plastic deformation and
surface layer remover are seen in the nanoparticles free sam-
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magnified view of portion mentioned in (a).

2000 Present Study

6000

5000

4000

3000

2000

Lap Shear Tensile Load (N)

1000

B

0 I I I I I

SFSSWWith  SFSSW  Ultrasonically Self-piercing Resistance Friction Ultrasonic ~ Mechanical
Al>03 Without assisted riveting  Spot Welding  riveting  spotwelding Clinching
Al>O3  resistance spot [65] [66] 671 [68] [69]
welding [64]
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Fig. 22 - The coefficient of friction (a) AA6061-T6 SFSS weld joint (b) AA6061-T6/Al,03 SFSS weld joint.

ple (Fig. 23a), which are the symbols of cruel adhesive wear
mechanism [70] on the wear surfaces. However, it is observed
from the morphology of worn surface of the sample with Al,03
nanoparticles that it could prevent the plastic deformation
and significantly reduce the material removal on the wear
surface. Also observed that surface has a smooth and uni-
form wear morphology as shown in Fig. 23(b). The grooves are
mostly restricted by uniform distribution of reinforcement.

6. Conclusions

The optimization of process parameters of SFSSW was con-
ducted through a newly proposed NSTLBO-MLPs algorithm.
SFSSW was conducted on AA6061-T6 with addition of Al,O3
nanoparticles into the guide holes. The response variables
such as lap shear load, microhardness and wear were mea-
sured in each experiment and response surface models
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Fig. 23 - FESEM micrograph of worn surface of (a) AA6061-T6 SFSS weld joint(b) AA6061-T6/Al,03 SFSS weld joint.

were developed for maximizing lap shear load and micro-
hardness and minimizing wear. NSTLBO-MLPs optimization
predicted the optimal condition as D=2.8mm, N =1387 rpm
and F=17 mm/minute with the predicted wear, lap shear frac-
ture load and microhardness values of 197 microns, 6134 N and
94.6 HV, respectively. The validation experiments supported
the predicted values with negligible error within 0.5 %. The
proposed NSTLBO-MLPs was compared with six other meta-
heuristic search algorithms. The results revealed that the
NSTLBO-MLPs algorithm delivers the most competitive per-
formances by generating most uniformly distributed Pareto
fronts with highest numbers of non-dominated solutions for
all population sizes. Lastly, the microscopic examinations on
weld samples prepared at optimal condition and fractured
samples were presented and discussed. It is concluded that
the reinforcement of Al,O3; nanoparticles into the guide holes
improve the mechanical properties drastically. The proposed
algorithm best predicts the optimal condition of SFSSW of
AA6061-T6 alloy. The results presented in the current arti-
cle do assist the industries in their production to avoid the
wastage in the weld processes.
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