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Abstract

The defects in the fiber reinforced polymer composites may occurs during the production process and/or due to
low velocity impact. These defects initiate a more crucial damage form such as delamination. The delamination
is a common failure and which destroys the structural integrity of composites. Hence, to study the influence of
induced delamination on tensile and flexural performance of E-glass/epoxy, carbon/epoxy and carbon/E-
glass/epoxy composites, the laminates were manufactured with constant fiber volume fraction inserting an
artificial defect (polytetrafluoroethylene) at the preferred interface. Artificial defects with circular and square
shapes were used in the present study to have a controlled defect size and form. The location of artificial defect
in E-glass/epoxy and carbon/epoxy composites did not affect their tensile strengths considerably whereas the
tensile strength of hybrid composite was affected. Moreover, the flexural properties of delaminated composites
were affected by both the defect shape and its location in thickness direction due to variation in bonding strength
in thickness direction. Thus, a hybrid teaching learning-based optimization (HTLBO) was implemented to suggest
a delaminated composite with optimal control parameters (location of defect, area of defect and density of
composite) for minimization of tensile and flexural strengths. The experimental results were compared with those
of HTLBO and they agreed within 4% error.

Keywords Tensile strength - flexural strength - artificial defect - delamination - hybrid teaching learning-based
optimization

1. Introduction

Composite is a structural material derived from two or more constituents having dissimilar physical, chemical,
and mechanical properties. Composites can be developed to satisfy specific geometrical, structural and mechanical
requirements depending upon their application. The composites possess high strength to weight and stiffness to
weight ratios. Moreover, they are highly resistant to corrosion along with offering good fatigue resistance.
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Automobile, aeronautical and marine industries are the typical applications demanding fiber reinforced polymer
(FRP) composites for structural components [1]. However, the parts of a structure in the real situation may
experience defects due to impact and during production process. The existence of defects leads to induce
delamination [2]. Delamination is a crucial failure which highly deteriorates the structural integrity of the
composite. As a result, the strength and stiffness in the thickness direction drastically vary. For this reason,
investigating the flexural performance of FRP composites with induced delaminations is a major concern to the
researchers.

Gabor and Viktor [3] investigated the tensile and compressive behaviors of carbon/epoxy and glass/epoxy
composites embedded with square and circular shape defects. The longitudinal strains increased substantially in
the delaminated zone for samples under tension. In the specimens subjected to compression, the absolute
transverse strains in delaminated zone increased much higher than that of the intact zone. Aslan et al. [4] conducted
similar studies on the tensile, compressive and flexural behaviours of E-glass/epoxy composites containing
multiple strip type, circular and peanut shaped delaminations. Their existence affected compressive and flexural
strengths much higher than the tensile strength. Reis et al. [5] focused on the tensile behavior of carbon/epoxy
laminates due to the existence of strip delamination. The presence of embedded delaminations decreased the
tensile strength. Importantly, the size of delamination did not affect the static tensile strength. The matrix damage,
fiber fracture and fiber-matrix debonding appeared as the predominant modes of failure. Ashir et al. [6]
investigated the effect of defect position on the mechanical properties of carbon/epoxy laminates. The tensile
strength decreased exponentially with respect to increase in distance of defect position from top surface. Amaro
et al. [7] presented three-point bending behavior of carbon/epoxy composite with single strip delamination. The
delamination considerably decreased both strength and modulus. Liu et al. [8] studied the flexural performance
of carbon/epoxy composites with delamination existing at different interfaces. The failure modes like in-ply and
interlaminar modes were predominant in all laminates. The existence of pre-delamination and its location affected
the size of damage and flexural properties. Pradeep et al. [9] documented the variation in the flexural properties
of glass/epoxy composites containing embedded circular delaminations of different sizes at selected locations.
The flexural strength was higher for the composite containing defect at mid-plane. It was lower for the composite
consisting of defect below the first ply on compression side. Kopparthi et al. [10] presented the effect of circular
and square delaminations on the flexural properties of glass/epoxy composites subjected to three-point loading.
The flexural strengths and modulii of composites with embedded defect of same shape and size decreased with
respect to its distance from top surface. Kopparthi et al. [11] also investigated the effect of single circular
delamination on the flexural response of a multilayer carbon/epoxy composite under pure bending. The existence
of delamination decreased bending strength and stiffness. Moreover, local out of plane displacement occurred due
to local buckling.

Optimization is one of the most important techniques of the modern era associated with engineering designs in
certain advanced fields such as aeronautics and automotive industries. Normally, weight reduction, use of less
expensive materials and improved strength has been pursued in the design of various mechanical systems. Several
optimization experiments on composite structures can be performed from two perspectives. The first perspective
is concerned with the process of optimization, which includes different types of optimization problems and
algorithms. The quantity and quality of objective functions, as well as design variables are analyzed from this
perspective. Algorithms for various types of optimization problems define the process of optimizing design
variables in order to accomplish goal functions. In the next perspective, the types of composite structures,
objective functions, design variables, and constraints are examined. By probing these two areas separately and
integrating them comprehensively, a great deal of insight into composite structure optimization can be gained.
The teaching learning-based optimization (TLBO) is a powerful and one of the best methods for optimizing the
mechanical properties of composites and the process parameters in manufacturing industries [12, 13]. It has been
observed that the TLBO appears more successful in contrast to genetic algorithm (GA) in the context of
experimental research focused on machining of FRP composites [14, 15]. TLBO needs a non-linear regression
model as a function of variables which affect the objective function to develop the new variables to forecast the
knowledge transfer from the teacher to the learners and as well as the interaction among the learners [16].
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Although TLBO was designed for continuous issues, it must be modified when applied to discrete problems.
TLBO has the tendency to get fixed in local optima when solving real-world problems. Hence, the researchers
have been working to develop acceptable coding and decoding strategies for TLBO and improve the algorithm's
exploitation potential. In the present study, the authors have introduced a hybrid teaching learning-based
optimization (HTLBO) to enhance the performance of basic TLBO [17]. HTLBO uses a variety of teaching
methodologies to teach the learners at each level of hierarchy. The learners at each level receive instruction from
a variety of teachers. Accordingly, the exploitation and exploration trends are balanced. Similarly, the original
learning technique is refined throughout the learning phase. As a result, each learner not only learns from a
superior but also from a worse one with the objective of using the population's information and improving total
knowledge levels fully. Additionally, the entire population is divided into two groups such as teaching-learning
and self-learning. There are three categories of teaching-learning namely good, average and poor. Prior to the
iterative procedure, all individuals' hierarchies are dynamically modified based on their objective function values.
This competitive mechanism ensures the population's vitality and long-term viability. The implementation of
aforementioned tactics may lead to improvement of HTLBO's overall performance [18]. The HTLBO is a global
search strategy to identify the optimal sequence of operations quickly under various feasibility constraints
consideration [19]. In the literature, various population-based metaheuristic hybrid schemes such as optimal
stopping rule (OSR)-genetic algorithm (GA), OSR-TLBO and OSR-firefly algorithm (FA) are suggested as hybrid
methodologies. These algorithms have a rapid convergence rate and take less time to implement [20]. Very few
researchers employed hybrid methodologies to the problems of composite industry such as grey-based Taguchi
method [21], response surface methodology (RSM)-grey relational analysis (GRA)-TLBO [22] and GRA
integrated TLBO for optimizing the fabrication parameters, machining indicators and wear parameters
respectively.

The hybridization of stiffer fibers such as carbon fibers with more yielding glass fibers increases the impact
properties and strain to failure of the composite. Additionally, the inclusion of glass fibers improves the fatigue
properties of the hybrid composite [23] due to its increased stiffness. This can be attributed to high stiffened
carbon fibers. The hybrid composites are used in commercial, industrial, aerospace and marine primary structures.
Specifically, they have extensive collection of benefits in the aerospace industry such as great fatigue life,
corrosion resistance and impact resistance. Although the hybrid composites have the greater control of these
properties, their strength and stiffness properties are greatly influenced due to the cracks initiated under low
velocity impact and during the service life. Subsequently, their existence at the ply interfaces leads to separation
of adjacent plies. For this reason, the investigation of mechanical performance of a hybrid composite containing
a separation at the interface is needed. To accomplish this study, a delaminated hybrid (E-glass/carbon/epoxy)
composite with two extreme carbon fiber plies on both sides with eight glass fiber plies at the middle was
considered for optimum combination for good balance between the properties [24, 25]. The delamination was
created inserting a circular or square defect in the composite at the selected ply interface during manufacturing.
The tensile and flexural tests were conducted to know the effect of defect existence on tensile and flexural
strengths of hybrid composite. These results were compared with those of E-glass/epoxy and carbon/epoxy
composites. A hybrid teaching learning-based optimization was implemented to identify the optimal variables
(area of defect, location and composite material density) for minimization of tensile and flexural strengths.

2. Material and Methods
2.1 Fabrication of composite laminates

E-glass/epoxy, carbon/epoxy and hybrid (E-glass/carbon/epoxy) composite laminates were manufactured with 12
layers of woven fabric (each 0.18 mm thickness) by hand layup method to 370 mm x 350 mm x 2.1 mm size at
room temperature to conduct the present experiments. A mixture of epoxy (Lapox L12) and hardener (K6) was
used as matrix material. The hybrid laminate contained 4 layers of carbon fabric (2 layers at the top and 2 layers
at the bottom). And, the remaining 8 layers were E-glass. The composites with induced delamination were
produced inserting a single polytetrafluoroethylene (PTFE) film of 80 pum thickness at the selected position in the
specimen center during hand layup. The presence of a PTFE (polytetrafluoroethylene) film in a laminate will act
as a "defect" since it has the potential to impair the structural integrity and performance of the composite material.

286



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 4 (2024)

The inclusion of PTFE film in the composite structure is atypical and intended, as its presence might cause an
artificial disturbance in the material. More precisely, the addition of a PTFE layer introduces an external substance
that may not possess the same mechanical properties or bonding characteristics as the main composite materials,
such as E-glass/epoxy, carbon/epoxy, or other combinations. The lack of consistency can cause differences in
rigidity, durability, and bonding, which can subsequently lead to concentrated stress, separation, and diminished
overall mechanical effectiveness. Furthermore, the incorporation of PTFE film serves as a deliberate and regulated
experimental method in our research to replicate any defects that might arise either from the production process
or as a result of low-velocity impacts. This methodology enables us to methodically examine the reaction of the
laminate to such disturbances and, eventually, assess the efficacy of our recommended strategies for minimising
or optimising the influence of these "defects.". PTFEs with two different shapes (circle and square) were used.
The main objective of the present work is to examine the impact of induced delamination, characterised by the
existence of square and circular films, on the tensile and flexural properties of composite laminates. The purpose
of these artificial disruptions is to replicate actual defects seen in the real world, and our research seeks to evaluate
their influence on mechanical characteristics. Square films are employed to replicate flaws characterised by
distinct corners and perpendicular angles, which may arise from diverse production procedures or damage sources.
Itaids in evaluating the impact of these faults on the mechanical characteristics of the composite laminate. Circular
defects belong to a distinct category of disruptions that frequently result from various reasons. These faults do
not have the sharp corners that square defects have and are more consistently shaped. Our objective is to analyse
the influence of circular films on the performance of the composite in order to have a better understanding of the
effects of such defects. The size (diameter/side) of PTFE was 8 mm. L1 indicates the location of PTFE film
between first and second layers as seen in Figure 1(a).

Figure 1(b) shows the location (L2) of PTFE between fifth and sixth layers. Based on the shape and position of
defect in the test sample, the E-glass/epoxy, carbon/epoxy and hybrid (E-glass/carbon/epoxy) composite laminate
samples were grouped as described in Table 1. The sizes of tensile and bending test samples confirmed to 250
mm x 25 mm x 2.1 mm and 100 mm x 15 mm x 2.1 mm as per ASTM D3039 [26] and ASTM D790-03 [27]
respectively.

(@)
s PTFE

/ Ply 1
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Ply 3
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(b)

287



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 4 (2024)

Vi Ply 1

Vi Ply2

P Ply3
i Ply 4
V4 Ply 5
Ply 6

Ply 7

Ply 8

Ply 9
Ply 10

Ply 11
Ply 12

Fig. 1 - Specimens containing single PTFE at (a) L1 and (b) L2 positions

Table 1 - Types of delaminated composites, defect shape and its location

Laminate Specimen type Defect shape Location of PTFE
GE1 Circle L1
GE2 Circle L2
E-glass/epoxy
GE3 Square L1
GE4 Square L2
GCE1 Circle L1
GCE2 Circle L2
Hybrid
GCE3 Square L1
GCE4 Square L2
CEl Circle L1
CE2 Circle L2
Carbon/epoxy
CE3 Square L1
CE4 Square L2

2.1 Static tensile and flexural tests

Tests were performed on a servo hydraulically operated 40 kN universal testing machine (Figure 2) in
displacement control mode to determine tensile and flexural strengths of delaminated E-glass/epoxy,
carbon/epoxy and hybrid (E-glass/carbon/epoxy) samples at room temperature. In each case, five samples were
tested to determine the strength. The cross-head speed was 2 mm/min. The tensile strength (o) was determined
based on the cross-sectional area of gauge length using Eq (1).

o == 1)
In the above, P Maximum load in the load displacement curve
A Cross sectional area in the portion of gauge length
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Fig. 2 - Universal testing machine (a) specimen under tension and (b) specimen under bending

The bending tests were performed in three-point loading mode. The recommended span to depth ratio of specimen
was 16:1 [27]. The flexural strength (o7) was calculated from Eq (2).

_ 3PmaxlL
O-f - 2bd2 (2)
Where, Prmax maximum bending load
L support span

b beam width
d beam depth
m

slope of load deflection curve in elastic portion

3. Optimization
3.1 Teaching learning based optimization

Optimization of a single objective function can be done easily by implementing a traditional gradient-based
optimization methodology. But, when it comes to optimization of multiple objective functions, there lies the
problem in finding out the best set of solutions simultaneously from a variety of conflicting objectives. Therefore,
the optimization of different contradicting objective functions is a challenging phenomenon. The TLBO is such
an algorithm used to optimize the learning progress when multiple objectives exist. In the present work, TLBO is
implemented in order to minimize the tensile and flexural strengths of delaminated E-glass/epoxy, carbon/epoxy
and hybrid (E-glass/carbon/epoxy) composites. The TLBO method has teaching and learning phases. The teaching
phase is very similar to a classroom scenario. Aim of the teacher is to improve the overall result of the class in all
subjects taught. The teacher identifies fast learners and motivates fast learners to transfer their knowledge to the
slow learners through interaction. This methodology improves the overall results. On the other hand, HTLBO
(Grey relation analysis integrated with TLBO) is implemented in the current study. The process of implementation
of HTLBO is presented in Figure 3.

289



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055

Vol. 45 No. 4 (2024)

R Y
Design of
Ex.periments Development In}plementation
using RSM of Empirical | of Grgy )
based Model for | Relation for the
Central . —— Responses Evaluation of
Composite & Grade Values
Design trength

________J U, | S

) ) )
Validation of Prediction of Solution of
HTLBO with Optimized Mathematical
Experimental <:| Response < Model using
Besiilts Characteristics HTLBO

by HTLBO
N

Fig. 3 - Process flow diagram of HTLBO

Table 2 - Designed experiments

Specimen type L (mm) A (mm?) D (gm/mm?)
GE1 0.18 50.256 1.9314
GE2 0.9 50.256 1.9314
GE3 0.18 64 1.9314
GE4 0.9 64 1.9314
GCE1 0.18 50.256 2.116
GCE2 0.9 50.256 2.116
GCE3 0.18 64 2.116
GCE4 0.9 64 2.116
CEl 0.18 50.256 1.4968
CE2 0.9 50.256 1.4968
CE3 0.18 64 1.4968
CE4 0.9 64 1.4968

Depending upon RSM based central composite design (CCD), design of twelve experiments considering the
location of defect from top surface (L), area of defect (A) and density of laminate (D) as the input variables and
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tensile strength (ov) and flexural strength (or) of delaminated E-glass/epoxy, carbon/epoxy and hybrid (E-
glass/carbon/epoxy) composites as responses is presented in Table 2. Empirical models for the responses were
generated using RSM. Grey relation grade (GRG) was calculated based on the signal to noise (S/N) ratios,
normalization of S/N ratios, deviation sequence and grey relational co-efficient. These mathematical models were
used in HTLBO to determine the new values in transfer of their knowledge based on GRG and the ranks are
allotted. The optimal parameters (L, A and D) were predicted for minimization of responses (otand o). The final
solutions obtained were validated with the experimental results.

The optimal control parameters were determined using GRG. For the two responses, S/N ratios were estimated
using smaller the better characteristic Equation [28]. The sequential procedure of determining GRG is presented
below.

Step 1: Identification of input parameters and responses

Step 2: Calculation of S/N ratios for the responses

S 1
== —10log((>) ©¥) ©)
Where, y? variance of y

N number of observations

Step 3: Normalization of S/N ratios

(k) =max yitk) -y
Xi(k) = e yi(l)—min y;(k) “)

where, Xi(k) response value after normalization

min y;i(k) smallest value among the normalized responses

max Yi(k) largest value among the normalized responses.
Step 4: Determination of deviation sequence

Doi (k) = llxo (k) — x; (k)| ®)
Step 5: Determination of GRC

_ DAmin + AAmax
Ei (k) B Aoi(k) + Amax (6)

In the above, 4 distinguishing coefficient, 0 <A< 1 (4 = 0.5 is formal)
Ain Smallest value of Ay,
Anax  largest value of A;
Step 6: Calculation of GRG
yi =2 2r & (0 %
Step 7: Allocation of ranks based on GRG
Step 8: Identifying the optimal values based on the rank
4. Results and Discussion
4.1 Tensile and flexural strengths

The tensile and flexural strengths of delaminated E-glass/epoxy, carbon/epoxy and hybrid (E-glass/carbon/epoxy)
composites containing single circular and square defects at the preferred positions are given in Table 3. Figures 4
and 5 show the production of load displacement curves using the tensile and bending tests data. The failure of
composite under tension was catastrophic with audible sound which indicates the complete breakage of fibers and
matrix material. The tensile fracture occurred at the section almost normal to the loading axis.
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Table 3 - Tensile and flexural properties of delaminated composites

PTFE Tensile Standard Bending Standard
Composite Specimen strength
location deviation strength (MPa) deviation
(MPa)
GE1 L1 52.45 4.26 201.76 6.48
GE2 L2 50.48 3.84 170.81 4.98
E-glass/epoxy
GE3 L1 47.38 2.71 149.88 3.59
GE4 L2 44.43 3.52 137.33 5.21
GCE1 L1 84.39 3.69 592.78 1.96
GCE2 L2 70.98 4.02 536.68 1.36
GCE3 L1 63.99 5.28 507.38 2.07
GCE4 L2 53.91 6.81 428.68 2.15
CEl L1 307.27 3.64 934.82 2.36
CE2 L2 305.08 4.62 794.41 3.95
Carbon/epoxy
CE3 L1 299.51 5.61 697.45 2.25
CE4 L2 291.09 6.14 634.74 5.29

The location of PTFE with similar shape and size in E-glass/epoxy and carbon/epoxy composites does not affect
their tensile strengths significantly. But, their tensile stiffnesses are affected considerably along with the stiffness
of hybrid composite as evident from the slopes of curves in Figure 4 and whereas for hybrid composite, the tensile
strength is affected. Because, two different reinforcements are combined with a common matrix, higher stiffness
and tensile strength of the carbon fiber might be the probable reason for increased strength of the hybrid composite.
Furthermore, the defect shape also does not affect the tensile strength considerably. In each case, the flexural
properties (strength and stiffness) decreased for the laminates containing same circular or square PTFE existing
at different depths from top surface due to structural destruction in thickness direction. However, the flexural
strength of laminate embedded with single circular PTFE is higher than that of laminate containing square PTFE
existing at same depth from top surface due to less stress concentration (Figure 5).

(@)
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Fig. 4 - Tensile load-displacement plots of (a) E-glass/epoxy, (b) hybrid and (c) carbon/epoxy composites
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Fig. 5 - Flexural load-deflection curves of (a) E-glass/epoxy, (b) hybrid and (c) carbon/epoxy composites

4.2 Optimization of tensile and flexural strengths

HTLBO technique has been employed to optimize the distance of defect from top surface (L), area of defect (A)
and density of laminate (D) for minimization of tensile and flexural strengths of delaminated E-glass/epoxy,
carbon/epoxy and hybrid (E-glass/carbon/epoxy) composites. Mathematical models for tensile and flexural
strengths were developed with experimental data using regression analysis.

Of this work, objective functions are to minimize o: (in MPa) = 4423 - 9.03L - 0.853A - 4376D + 1107.3D? and
o (in MPa) = 18653 - 88.2L - 8.19A - 19530D + 5294D? subject the parameter bounds 0.18 mm<L<0.9 mm,
50.256 mm?<A<64 mm? and 1.4968 g/mm3< D < 2.2116 g/mm?.

Table 4 gives the initial population as per design of experiments, average values of input parameters and the
ranks given based on the GRG values. The value of GRG for sample GE4 is minimum. Hence, first rank was
given to it. The means of input parameters L, A and D were obtained to calculate new values of input parameters.

Table 4 - Initial population

Spec SN SN R
ime L A D ot of RA RA N-o N-of D-ot D-ot GR GR GR an
Cat C-ot G
n 1 2 k
0. 50. 20 - - 0.19 091 0.80 0.35 0.38 0.36
GE1 1 25 1;193 ?é 1.7 343 46.0 250781569 905 408 094 358 433 896 4
8 6 6 949 967 4 1 6 6 6 1
50. 17 - - 0.11 093 0.88 0.34 036 0.35
GE2 g 25 1;193 23 0.8 34.0 446 250967661 206 387 793 870 024 447 3
6 1 624 503 4 6 6 5 7 6
0. 14 - - 0.04 096 095 034 034 034
GE3 1 64 1;193 :; 9.8 335 435 2;10133363 378 664 621 091 335 213 2
8 8 119 149 1 6 9 4 5 4
0 193 44 13 - - - - 1.00 100 033 033 0.33
GE4 9' 64 1;1 42' 78 329 427 17213 15E 000 000 333 333 333 1
3 516 869 2E-06 -06 2 1 3 3 3
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0. 50. 59 - - 0.76 0.66 023 042 067 055
glc 1 25 g'” 23 27 385 554 (2)'7?:133148 204 817 795 801 754 278 8
8 6 8 258 579 1 3 9 9 4 2
50. 53 - - 0.71 0.75 0.28 039 0.63
:‘,f 8 25 g'” ;g 6.6 37.0 545 362643212 010 772 989 754 299 2'2571 7

6 8 215 943 6 3 4 4 6
0. 50 - - 0.68 081 031 038 061 049
(Ef 1 64 2'11 gz 73 361 541 241188836 077 133 922 129 033 581 6
8 8 209 067 8 6 2 1 6 3
2 - - 0.59 0.89 040 035 055 0.45
Sf g 64 2'11 gi 8.6 346 526 241908081 273 988 726 717 110 413 5
8 334 427 2 5 8 2 5 9
0. 50. ,,0 30 9 - - .0 099 175 121 099 099 099
CEL 1 25 7 72 48 497 504 - 999 E- E- 999 099 999 12
8 6 6 2 501 146 9 06 06 6 8 7
50. 30 79 - - 0.00 0.99 085 092
CE2 8 25 613;’9 50 44 496 580 269693623 25981 368 26028 268 467 367 11
6 8 1 883 009 3 72 9
0. Lag 29 69 - - oo 084 001 015 097 076 086
CE3 1 64 ° 95 74 495 568 .. 697 321 302 425 566 996 10
8 1 4 282 701 5 1 5 8 8 3
29 63 - - 0.79 0.02 0.20 0.71 0.82
CE4 g 64 é;"g 10 47 492 560 2;19975220 776 795 223 (7)'0954 201 953 9
9 4 805 519 5 3 5 2
0. 57. 184 - -
Mea 5 12 820 329 42.7
n 4 8 1 516 869

The difference of mean for L, A and D were calculated using the input variables for the first rank experiment.
The selected random values for L, Aand D are 0.91, 0.72 and 0.35 respectively [Ref 28]. Considering these random
values, the difference of mean was calculated for the parameters associated with first rank.

Difference of mean for L = 0.91(0.9 — 0.54) = 0.3276 mm

Difference of mean for A = 0.72(64 — 57.128) =4.94784 mm?

Difference of mean for D = 0.35(1.9314 — 1.848201) =0.02912 g/mm?3

The new process variables for L, A and D and their corresponding responses (ot and oy) are obtained as follows.

The GRG values were also calculated using Eq. 7 and given in Table 5.

L1 =0.18 + 0.3276 = 0.5076 mm

A1 = 50.256 + 4.94784 = 55.20384 mm?

D; =1.9314 + 0.02912 = 1.96052 g/mm3

or= 4423 - 9.03 x 0.5076 - 0.853 x 55.20384 — 4376 x 1.96052 + 1107.3 x 1.96052 x 1.96052 = 48.15 MPa

ot = 18653 — 88.2 x 0.5076 — 8.19 x 55.20384 — 19530 x 1.96052 + 5294 x 1.96054 x 1.96052 = 215.38 MPa
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Table 5 - Updated input parameters, responses and GRG (teacher phase)

SN SN
SPC A D & & RA- RA- No Neoy D D-oy °R SR CR
imen C-0t C-¢ G
Ot Of
05 55.2 21 - - 027 086 072 0.36 0.38
GE1 07 038 35926 ig 53 33.6 466 2'1113f75 756 547 243 617 86420 759
6 4 8 525 64 7 9 3 2 6
55.2 18 - - 018 090 0.81 035 0.37 036
GE2 09 038 35926 g"l" 07 329 451 25039161 213 383 786 616 940 778
4 7 886 424 4 7 6 7 1 4
0.5 14 - - 005 095 094 034 034 034
GE3 07 64 35926 2(5)' 33 321 431 gfgif 573 048 426 471 619 545
6 4 812 2712 8 5 2 2 7 5
10 - - - 099 1.09 033 031 0.32
GE4 09 64 35926 i 87 313 407 25000237 009 625 481 416 351 384
3 89 268 481 5 4 8 6 2
05 552 214 62 - - 085 061 014 044 077 061
fCE 07 038 552 ;g 37 380 559 8'73686725 685 249 314 944 743 343
6 4 2 5 312 002 8 2 2 1 4 7
GCE 552 214 . 58 - - 03646 082 063 017 %4 074 059
) 09 038 552 . 91 376 554 o0 O 0 o 040 157 099
4 2 4 362 044 8 5 2
0.5 2.14 55 - - 078 066 021 043 0.70
SCE 07 64 552 ;; 1.7 37.1 548 863737729 999 209 000 025 422 (7)'25f
6 2 1 726 342 9 9 1 6 4
2.14 51 - - 075 068 024 042 067 054
Z’CE 09 64 552 23 71 367 542 2'23116256 470 734 529 110 087 599
2 0 35 715 5 8 5 7 5 1
05 552 ., 27 68 - - Loozy 090 - 009 1.00 0.84 0.92
CEL 07 038 _ o 21 16 486 566 , . 518 000 481 754 059 407
6 4 7 1 969 707 6 374 4 6 9 3
552 ., 26 64 - - 0997y 087 000 012 099 080 089
CE2 09 038 552 86 7.0 485 562 65679 679 283 320 436 230 833
4 3 0 831 181 7 1 3 9 7 8
0.5 L5 26 60 - - 0ogoy 084 001 015 097 076 087
CE3 07 64 _ . 46 95 484 557 . 433 028 566 984 258 121
6 7 7 541 005 2 4 8 7 1 4
26 57 - - 081 001 018 0.96 0.84
CE4 09 64 2'9522 11 49 483 551 2'29187289 248 704 751 702 (7)'2762 714
3 6 371 928 8 8 2 9 4

The values of Table 4 and Table 5 are combined and the ranks are allotted on the basis of GRG in Table 6. The
first rank was allotted to GE4 specimen and specimen CE1 secured last rank. This completes the teacher phase.
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Table 6 - Combined population (teacher phase)

Spe SN SN R
cim L A D ot Of RA RA N-o; N-of D-01 D-o¢ GR GR GR an
C-o6t C-0f G
en 1 2 k
' ) 0.085 019 091 080 035 038 0.36
ey Ot 902 193 524 201 34 46 o001 905 408 094 358 433 896 7
8 5 14 5 76 394 096
6 4 1 6 6 6 1
9 7
' ) 0.066 011 093 088 034 036 0.35
GE2 09 02 193 504 17034 44 o000 906 387 793 870 024 447 5
56 14 8 81 062 650
6 4 6 6 5 7 6
4 3
' ) 0.033 004 096 095 034 034 034
ez 01 g 193 473 1493343 o003 378 664 621 091 335 213 3
8 14 8 88 511 514
6 1 6 9 4 5 4
9 9
' ) ) j 1.00 1.00 033 0.33 033
1.93 444 137 32. 42. 1721 15
GE4 09 64 7 83 05l 785 E.  E. cz)oo (;oo 233 233 233 2
6 9 06 06
i i 0331 076 066 023 042 0.67 055
GC 01 502 211 843 592 38 55
e1 8 56 6 o 78 o5 45y 82743 204 817 795 801 754 278 13
4 1 3 9 9 4 2
8 9
GC 4 502 211 709 536 37. 54 2'72;623 8'1701 3'7725 85298 3'5349 (2)5693 051 .,
E2 ~ 56 6 7 68 021 594 527
1 6 3 4 4 6
5 3
' i 0.188 0.68 081 031 038 061 0.49
GC 01 ,, 211 639 807 36 54 Loig 077 133 922 120 033 581 10
E3 8 6 8 38 120 106
3 8 6 2 1 6 3
9 7
' i 0.100 059 0.89 040 035 055 045
CC g g4 211 539 428 34 5290 273 983 726 717 110 413 9
E4 6 1 68 633 642
8 2 5 8 2 5 9
4 7
) i 0999 099 1.75 1.21 099 0.99 0.99
CE1 g'l 22'2 é;g 227' 98324 326 22'4 99824 999 E- E- 999 999 999 24
' 5 9 06 06 6 8 7
1 6
0.996 0.00 099 0.85 0.92
CE2 09 °02 149 305 794 . - 31663 020 368 008 68 467 367 22
56 68 08 Al 49 58. 5 498 3 502 7 5 9
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CE3

CE4

GE1

GE2

GE3

GE4

GC
El

GC
E2

GC
E3

GC
E4

CE1l

0.9

0.5
07

0.9

0.5
07

0.9

0.5
07

0.9

0.5
07

0.9

0.5
07

64

64

55.2
038

55.2
038

64

64

55.2
038

55.2
038

64

64

55.2
038

1.49
68

1.49
68

1.96
052

1.96
052

1.96
052

1.96
052

2.14
552

2.14
552

2.14
552

2.14
552

1.52
592

299.
51

291.
09

48.1
530

44.6
097

40.6
499

37.1
065

79.7
182

76.1
748

72.2
150

68.6
717

272.
174

697
44

634
74

215
37

180
.76

143
.33

108
72

623
74

589
A3

551
.70

517
.09

681
.61

688

49.
528

49.
280

33.
652

32.
988

32.
181

31.
389

38.
031

37.
636

37.
172

36.
735

48.

000

56.
870

56.
051

46.
664

45.
142

43.
127

40.
726

55.
900

55.
404

54.
834

54.
271

56.

0.986
78913

0.972
04495

0.134
52111

0.096
16331

0.049
51494

0.003
74502

0.387
50766

0.364
69036

0.337
90077

0.312
65216

1.003
74498

0.84
697

0.79
776

0.27
756

0.18
213

0.05
573

0.09
481

0.85

685

0.82
576

0.78
999

0.75
470

0.90
518

0.01
321

0.02
795

0.86
547

0.90
383

0.95
048

0.99
625

0.61
249

0.63
531

0.66
209

0.68
734

0.00
374

0.15
302

0.20
223

0.72
243

0.81
786

0.94
426

1.09
481

0.14
314

0.17
424

0.21
000

0.24
529

0.09
481

0.97
425

0.94
705

0.36
617

0.35
616

0.34
471

0.33
416

0.44
944

0.44
040

0.43
025

0.42
110

1.00
754

0.76
566

0.71
201

0.40
902

0.37
940

0.34
619

0.31
351

0.77
743

0.74
157

0.70
422

0.67
087

0.84
059

0.86
996

0.82
953

0.38
759

0.36
778

0.34
545

0.32
384

0.61
343

0.59
099

0.56
724

0.54
599

0.92
407

19

17

16

15

14

12

23
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696 670
9 7
552 ., 268. 647 ;18 :56 0.997 087 0.00 0.12 099 0.80 0.89
CE2 0.9 038 5;32 630 .00 58'3 21'8 16867 679 283 320 436 230 833 21
4 8 1 9 7 1 3 9 7 8
1 1
05 ) i 0989 084 001 015 097 076 087
CE3 07 64 |2 2064 609 4855 0 433 028 566 984 258 121 20
592 671 .57 454 700
6 2 2 4 8 7 1 4
1 5
261. 574 i 0982 081 001 018 0.96 0.84
CE4 09 64 2 127 96 B 5 9517 248 704 751 702 27?714 18
592 337 192 726
7 1] o 8 8 8 2 9 4

Nextly, based on the GRG rank of the teacher phase, the candidate solution was taken separately for delaminated
E-glass/epoxy, carbon/epoxy and hybrid (E-glass/carbon/epoxy) composites from Table 6 and presented in Tables
7(a), 7(b) and 7(c) respectively.

Table 7(a) - Candidate solution based on the GRG for E-glass/epoxy composites (teacher phase)

Spec SN SN R
ime L A D ot ot RA RA N-o N-ot D-ot D-ot GR GR GR an
Co C-or G
n 1 2 k
6 19 371 108 - - 0.0037 099 1.09 0.33 031 0.32
GE4 0.9 4 605 065 .72 31.3 40.7 4502 0.09 625 481 416 351 384 1
2 8 8 89 268 481 5 4 8 6 2

- - - - 1.00 1.00 0.33 033 0.33
GE4 0.9 S ;'194 34'4 18337 329 427 17213 15E 000 000 333 333 333 2
' 516 869 2E-06 -06 2 1 3 3 3

- - 004 096 095 034 034 034

GE3 g'l 2 ;'194 27'3 18489 335 435 2;10133363 378 664 621 091 335 213 3
' 119 149 1 6 9 4 5 4
0.5 5 19 406 143 - - 0.0495 005 095 094 034 034 034
GE3 07 4 605 499 .33 321 431 1'4944 573 048 426 471 619 545 4
6 2 5 7 812 272 8 5 2 2 7 5

Table 7(b) - Candidate solution based on the GRG for hybrid composites (teacher phase)

Spec SN SN R
im L A D ot of RA RA N-ot N-of D-ot D-ot CR GR GR an
Cot C-of G
n 1 2 k
- - 0.100 059 089 040 035 055 0.45
(Eaf g 64 2'11 i3.9 46288 346 526 11498 273 988 726 717 110 413 9

334 427 8 2 5 8 2 5 9
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0. - - 0.188 0.68 0.81 031 038 0.61 049
S:S 1 64 (25'11 23'9 53087 36.1 54.1 66418 077 133 922 129 033 581 10
8 ' 209 067 3 8 6 2 1 6 3
50. - - 0242 0.71 0.75 0.28 0.39 0.63
SZC (9) 25 (25'11 ;0,9 56386 370 545 27663 010 772 989 754 299 2'2571 11
6 ' 215 943 1 6 3 4 4 6
GC o0 214 68.6 517 - - 0312 0.75 0.68 024 042 0.67 054
E4 9' 64 552 717 .09 36.7 542 65216 470 734 529 110 087 599 12
2 2 9 35 715 5 5 8 5 7 5 1

Table 7(c) - Candidate solution based on the GRG for carbon/epoxy composites (teacher phase)

SN SN R
SPC A D o o RA RA No No Do Do % GROGR
imen C-o6t C-of G
1 2 K
T - 0972 079 002 020 071 082
CE4 09 i ;'648 331. 67344 492 56.0 04495 776 795 223 369: 201 953 17
% 805 519 2 7 5 3 5 2
g L5 26L 574 - - 0982 08L 001 018 09 084
CE4 09 , 250 127 96 483 551 95217 248 704 751 702 . ° 714 18
2 7 1 371 928 8 8 8 2 9 4
- 084 001 015 097 076 086
CE3 g'l 2 ;ng :ig' 3947 495 5638 %998163 697 321 302 425 566 996 19
4% 282 701 5 1 5 8 8 3
05 15 ., o - - 0989 084 00l 015 097 076 087
CES 07 , 259 O _ 484 557 71617 433 028 566 984 258 121 20
6 2 20541 005 2 2 4 8 7 1 4

The knowledge was transferred among the learners through interaction. The interaction took place between the
fast learner and slow learner. The slow learner acquires knowledge to enhance his/her academic performance. In
the present case, the transfer of knowledge took place between the topper (1% rank specimen) and the slow learner
(4" rank specimen) as shown in Table 8(a). The selected random values for L, A and D are 0.81, 0.79 and 0.45
respectively. The new values of L, A and D for E-glass/epoxy composites are obtained as follows.

New L = 0.9+ 0.81(0.9 — 0.5076) = 1.2178 mm
New A = 64 + 0.79(64 — 64) = 64 mm?
New D = 1.96052 + 0.35(1.96052 — 1.96052) = 1.96052 g/mm3

The interaction took place between 2" and 39, 3" and 4"and also 4" and 1% rank specimens. The obtained input
variables were substituted in the objective functions to get the responses and are given in Table 8(a).

Table 8(a) - New values of L, A, D, at, 6t and GRG for E-glass/epoxy composites (learner phase)

Spec SN SN Inter
ime L A D o ot RA RA N-o¢ N-o¢ D-6t D-o¢ GR GR GR actio
Co C-or G
n 1 2 n
0 6 1 42. 10 - - 6585 1.00 0.99 0.33 0.33 0.33 1and
GE4 ' ‘10 8.0 313 406 - 47E- 002 999 332 333 333
9 4 96 2.213 4

6 9 933 757 07 2 9 8 3 1
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GE4

GE3 18

0.
GE3 82
5

6
4

93

91

1.
96

43.

18

47,

07

37.

80

76.
18

12

9.

9

5

11

4
1

T

31.8
619

33.4
541

315
503

37.6
369

42.2
514

41.1
917

77E-
05

0.227
38509

0.999
97802
5

0.076
17282
5

2.648
84E-
12

9.999
97E-
07

7.703
S5E-
07

0.77
261

2.2
E-
05
0.92

382
7

0.99
999
9

0.99
999
9

0.39
289

0.99
995
6

0.35
116
6

0.33
333

0.33
333
4

0.33
333
4

0.36
311

0.66
664

0.34
225

2 and

3and

4 and
1

The transfer of knowledge took place between the topper (9" rank specimen) and the slow learner (12% rank
specimen) as shown in Table 7(b). The corresponding preferred random values for L, A and D were taken as 0.81,
0.79 and 0.45. The new values of L, A and D for hybrid composites are obtained as follows.

New L =0.9+0.81(0.9-0.9)=0.9 mm

New A = 64 + 0.79 (64 — 64) = 64 mm?

New D =2.116402 + 0.35 (2.116402 — 2.145522) = 2.103298 g/mm?

In the same manner the interaction took place between 10Mand 11%, 11%and 12t and also 12tand 9™ rank
specimens. The obtained input variables were substituted in the objective functions to get the responses and are
tabulated in Table 8(b).

Table 8(b) - New values of L, A, D, at, 6srand GRG for hybrid composites (learner phase)

Spe SN SN Inter
cim L A D ot Of RA RA N-ot N-of D-ot D-o¢ GR GR GR actio
C-o6t C-of G
en 1 2 n
e o 210 56 89 '34 :E)g 1.664 5080 099 099 033 033 033 9
£4 9' 64 329 2 89 77'4 07'4 73E-  42E- 998 994 333 334 334 and
8 2 1 05 05 3 9 7 5 1 12
3 3
0. 74 57 99 - 0.105 1.000 0.89 _ 035 1.00 067 10
gs? 1 8 é'“ 9 91 2‘51'1 gg'z 40071 05056 459 Z‘_l 852 010 931 and
8 5 2 2 3 8 2 9 o © 1 4 11
50 2.10 66 89 . i 1.000 5.080 099 100 033 066 11
SZC g' 2 329 5 89 jgg 33‘4 01684 42FE- g 994 003 334 668 and
5 8 2 1 3 1 05 N 4 5 9 12
s o 213 63 98 '36 ;;9 0796 0845 020 0.5 071 076 073 12
£1 9' 64 241 9 2.9 11'5 85'0 16360 61185 383 438 039 407 723 and
8 4 4 6 4 8 6 8 2 3 2 9

The transfer of knowledge took place between the topper (1%rank specimen) and the slow learner (3rank
specimen) as shown in Table 8(c). The random numbers were taken as 0.81, 0.79 and 0.45 correspondingly. The
new values of L, A and D for carbon/epoxy composites are obtained as follows.
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New L =0.9 + 0.81 (0.9 — 0.5076) = 0.9 mm

New A = 64+ 0.79 (64 — 64) = 64 mm?

New D = 1.4968 + 0.35 (1.4968 — 1.4968) = 1.4968 g/mm?

Likewise, the interaction took place between 18t and 19™, 19t and 20™, and also 20" and 17" rank specimens.
The obtained input variables were substituted in the objective function to get the responses and are tabulated in
Table 8(c).

Table 8(c) - New values of L, A, D, a, srand GRG for carbon/epoxy composites (learner phase)

Specimen L A D ot of SNRA1 SNRA2  N-g N-ot D-at

CE4 0.9 64 14968 291.09 677.69 -49.2806 -56.6206 0.878098688 0.730283813 0.121901312
-3.65148E-

CE4 0.9 64  1.539 248.28 631.74 -47.8988 -54.514  2.88164E-05 06 0.999971184

CE3 0.18 64 14968 297.59 74119 -49.4724 -57.3986 1.000029079 0.999996271 -2.9079E-05

CE3 0.825 64 15128 27528 626.75 -48.7889 -55.9419 0.565673901 0.494989711 0.434326099

After the transfer of knowledge among the learners, the performance of learner enhances and to observe this
difference, the population was combined. The combined population of delaminated composites is given in Table

9 (a-c).

Table 9(a) - Combined population for E-glass/epoxy composites (learner phase)

Spec SN SN GR GR GR
imen = A D o o rar raz Voo Noo Do Do oo G
6 19 42 128. . ) 0.0037 099 1.09 033 031 0.32

GE4 09 605 .1 © 313 407 0.0948 ' ' ' '
4, o 215 oo oeg 4802 oo 6255 4814 4168 3516 3842

6 19 4 137 ) j j 1.00 1.00 033 033 033

GE4 09 S 4 " 329 427 17213 1491 ' ' ' '
4 314 83 0 o0 o5 op.os 0002 0001 3333 3333 3333

cgy 01 6 19 437 149. '335 ;135 0.0333 0.0437 096 095 034 034 034
8 4 314 O 88 ' 54136 80833 6646 6219 0914 3355 2134
8 119 149

GE3 8'75 6 éogs 460 143. '32 L ;13 , 00495 00557 095 094 034 034 034
s 4 g 3372 o o, 14944 37601 0485 4262 4712 6197 5455

6 19 7 108 ) ' 6.5854 1.00 099 033 0.33 0.33

GE4 09 | " 313 406 22137 _ ' ' ' ' '
4 6 o 09 ey ey gos TE-O7 0022 9999 3328 3333 3331

6 19 2 761 i 0.2273 0.77 039 033 0.36

GE4 09 R | " 318 376 26488 1 ' ' '
4 3 g 8 610 3o 8509 o, 2615 2892 3333 3113

47 - -

oy 01 6 19 1290 . .. 09999 99999 22E 099 099 033 0.66
8 4 18 I 59 c " 51'4 78025 7E-07 -05 9999 9956 3334 6645
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GE3 08 6 19 387 114. _31 5 ;{1 1 0.0761 7.7035 092 099 035 033 0.34
25 4 6 0 71 503 917 72825 5E-07 3827 9999 1166 3334 225
Table 9(b) - Combined population for hybrid composites (learner phase)
T SN SN
Y L A D ot ot RA RA N-ot N-o¢ D-ot D-o¢ g? EF gR
PE 12 o
G - - 0.100 0592 089 040 035 055 045
C 8 64 (23'11 gi 228 346 52.6 11498 73238 988 726 717 110 413
E4 334 427 8 6 5 8 2 5 9
G O - - 0.188 0.81 031 038 0.61 0.49
C 1 o4 g'll gg 227 36.1 541 66418 (;'768%109 133 922 129 033 581
E3 8 209 067 3 6 2 1 6 3
G 50. - - 0.242 0.710 0.75 0.28 0.39 0.63
C 8 25 é'll ;g 2:6 37.0 545 27663 10557 772 989 754 299 2'2571
E4 6 215 943 1 2 3 4 4 6
G 0 2.14 68. 517. - - 0.312 0.754 068 0.24 0.42 0.67 0.54
C 9' 64 552 671 0987 36.7 54.2 65216 70493 734 529 110 087 599
E4 2 7 8 356 715 5 9 8 5 7 5 1
G 0 2.10 56 438 - - 1664 5080 099 099 033 0.33 0.33
C 9' 64 329 22' 01 " 347 59.0 73E- 42E- 998 994 333 334 334
E4 8 743 743 05 05 3 9 7 5 1
G O - - 0.105 1.000 0.89 - 0.35 1.00 0.67
C 1 ;g é'll :g 229 349 59.9 40071 05056 459 5.1E 852 010 931
E3 8 519 923 8 2 9 -05 6 1 4
G 0. 50 2.10 66. 803 - 1.000 5.080 - 099 1.00 0.33 0.66
C 9 25 329 52 o1 36.4 59.0 01684 42E- 1.7E 994 003 334 668
E2 8 501 743 1 05 -05 9 4 5 9
G 0 2.13 63 982 - - 0.796 0845 020 0.15 0.71 0.76 0.73
C 9' 64 241 94' 94 " 361 59.8 16360 61185 383 438 039 407 723
El 8 157 506 4 8 6 8 2 3 2
Table 9(c) Combined population for carbon/epoxy composites (learner phase)
Spec SN SN
ime L A D ot of RA RA N-o N-o¢ D-ot D-o¢ GR GR CR
C-a¢ C-ot G
n 1 2
- - 0.972 0.027 0.20 0.71 0.82
CE4 0.9 ;648 331 234'7 49.2 56.0 04495 2'77197787 95504 223 (7)09; 201 953
805 519 2 8 3 5 2
6 15 261. 5749 - - 0.982 0.8124 0.017 0.18 0.96 0.72 0.84
CE4 0.9 4 259 127 6059 48.3 55.1 95217 88107 04782 751 702 726 714
2 7 5 371 928 8 2 2 9 4
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- - 0.15 097 0.76 0.86

01 6 14 299. 6974 0.986 0.8469 0.013
CE3 49.5 56.8 302 425 566 996
8 4 968 51 4 282 701 78913 75467 21087 5 8 8 3
0.5 6 1.5 264, 609.5 - - 0.989 0.8443 0.010 015 097 0.76 0.87
CE3 07 4 259 671 7027 484 55.7 71617 31804 28382 566 984 258 121
6 2 5 541 005 2 8 8 7 1 4
- - 0.878 0.121 0.26 0.80 0.72
CE4 09 i ;648 331 877'6 49.2 56.6 09868 2.37831032 90131 971 398 856; 678
806 206 8 2 6 6 8
- - 2.881 - 0.999 1.00 0.33 0.33
CE4 0.9 2 ;95 ;735 231'7 478 545 64E- 3.6514 97118 000 2'3343 333 333
988 14 05 8E-06 4 4 3 6
- - 1.000 - 3.73 100 099 1.00
CE3 g'l 2 ;;8 :37 ;41'1 494 57.3 02907 869297919 2907 E- 005 999 002
724 986 9 9E-05 06 8 3 5
- - 0.565 0.434 053 049 0.1
CE3 258 S 1.258 é;S 226'7 48.7 559 67390 254791419 32609 2'0510 514 750 632
889 419 1 9 5 7 6

Based on the GRG value the ranks were allotted for E-glass/epoxy, hybrid and carbon/epoxy composites and are
presented in the Table 10 (a-c).

Table 10 (a) - Order of preference in samples for minimization of tensile and flexural strengths of E-
glass/epoxy composites

Spec SN SN R
ime L A D ot Ot RA  RA N-at N-o¢ D-6t D-ot GR GR GR an
C-o6t C-of G
n 1 2 k
6 19 42 128. - - 0003 099 109 033 031 0.32
GE4 0.9 4 605 .1 727 31.3 407 7;1502 0.0948 625 481 416 351 384 1
2 0 5 89 268 14097 5 4 8 6 2
44 - - ) - 1.00 1.00 0.33 0.33 0.33
GE4 0.9 2 ;'194 A4 237 329 427 ;27;1 14961 000 000 333 333 333 3
2 516 869 06 2E-06 2 1 3 3 3
47 - - 0.033 096 095 034 034 0.34
GE3 g'l 2 ;'194 3 ;gg 335 435 35413 260;3337 664 621 091 335 213 4
8 119 149 6 6 9 4 5 4
0.5 5 19 40 143. - - 0.049 0.0557 095 094 034 034 0.34
GE3 07 4 605 .6 337 321 43.1 51494 3.7691 048 426 471 619 545 6
6 2 5 2 812 272 4 5 2 2 7 5
37 - - _ 1.00 099 0.33 0.33 0.33
GE4 0.9 2 2_9 A 388 31.3 40.6 §'72El_3 352574 002 999 332 333 333 2
2 933 757 05 2 9 8 3 1
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GE4

GE3

GE3

0.9

0.8
25

~ o

S

A O

1.9
3

1.9
18

S

76.1

129.
59

114.
71

31.8
619

334
541

315
503

37.6
369

42.2
514

41.1
917

0.227
38509

0.999
97802

0.076
17282

2.6488
4E-12

9.9999
7E-07

7.7035
SE-07

0.77
261

2.2

05

0.92
382

0.99
999

0.99
999

0.39
289

0.99
995

0.35
116

0.33
333

0.33
333

0.33
333

0.36
311

0.66
664

0.34
225

Table 10 (b) - Order of preference in samples for minimization of tensile and flexural strengths of hybrid

composites
Spe SN SN R
cim L A D ot of RA RA N-g N-o¢ D-ot D-of GR GR GR an
C-a6t C-0t G
en 1 2 k
' i 0.100 0592 0.89 040 035 055 045
GC 0. g, 211 53 428 34 52 )00 73233 988 726 717 110 413 2
E4 9 6 91 68 633 642
8 6 5 8 2 5 9
4 7
GC g 211 83 507 36 sa o ooew0 oo b O
E3 6 98 38 120 106 77849
8 3 6 2 1 6 3
9 7
cc o 22 211 70. 536, 37 54 2%264623 26751507 37725 gézgs 3;19 25693 051,
E2 9 6 97 68 021 594 527
6 1 2 3 4 4 6
5 3
e o 214 68. 517. '36 :54 0312 0.754 068 024 042 0.67 054
£4 9' 64 552 671 0987 73'5 27'1 65216 70493 734 529 110 087 599 5
2 7 8 5 9 8 5 7 5 1
6 5
2.10 ' i 1664 5080 0.99 099 033 0.33 033
gf g' 64 329 gg gi& 3‘71'4 33'4 73E-  42E- 998 994 333 334 334 1
8 05 05 3 9 7 5 1
3 3
GC (1)' /4. 211 85 999, 34 59 26100751 35000506 25899 51 25325 (1).1000 85617 7
E3 85 6 92 12 951 992 E-
8 9 3 8 2 9 i © 1 4
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GC
E2

GC
El

50.

25

64

2.10
329
8

2.13
241

66.

52

63.

94

898.

91

982.

94

36.
459

36.
115

59.
074

59.
850

1.000
01684

0.796
16360

4

5.080

42E-
05

0.845
61185

8

1.7
05

0.20
383

0.99
994

0.15
438

1.00
003

0.71
039

0.33
334

0.76
407

0.66
668

0.73
723

Table 10 (c) - Order of preference in samples for minimization of tensile and flexural strengths of
carbon/epoxy composites

Spe SN SN R
cim L A D Ot Of RA RA N-ot N-o¢ D-aot D-o¢ GR GR GR an
C-st C-0f G
en 1 2 k
) i 0.972 0797 0.027 0.20 071 0.82
6 1.4 291. 634. 49. 56. 0.94
CE4 09 , o0 0o 74 g0 o5y 0449 76717 9550 223 _ 0 201 953 4
52 8 48 3 5 2
5 9
g 15 26L 574 ;18 235 0982 0812 0017 018 096 ., 084
CE4 09 , 259 127 9605 33'7 19'2 9521 48810 0478 751 702 7'26 714 5
2 7 95 78 7 22 2 9 4
1 8
) i 0.986 0.846 0.013 0.15 0.97 076 0.86
01 6 1.4 299. 697. 49. 56.
CE3 " 4 oe8 51 a4 t0g grp 7891 97546 2108 302 425 566 996 6
3 7 7 5 8 8 3
2 1
05 , 15 . 609 ;18 ;,5 0.989 0.844 0.010 0.15 097 076 0.87
CE3 07 , 259 671‘ 5702 45;1 706 7161 33180 2838 566 984 258 121 7
6 2 75 72 4 28 8 7 1 4
1 5
) - 0878 0730 0.121 0.26 0.80 0.72
6 14 291. 677. 49. 56. 0.64
CE4 09 , o0 09 6o 280 gpp 0986 28381 9013 071 398 ' 678 3
88 3 12 6 6 8
6 6
j - 2.881 0.999 1.00 0.33 0.33
CE4 09 2 2'95 ;;5 ?21' g;S 54.  BA4E- jfé’_l 9711 000 2'3343 333 333 1
514 05 84 4 3 6
8 06
) - 1.000 0.999 - 373 1.00 0.99 1.00
CE3 g'l 2 ;:’8 237 Igl' 23'2 2;3 0290 99627 2.907 E- 005 999 002 8
79 1 9E-05 06 8 3 5
4 6
0.565 0.494 0.434 053 049 0.51
CE3 258 2 1'258 é;s' 326 - - 6739 98971 3260 26510 514 750 632 2
48. 55 1 1 99 5 7 6
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788 941
9 9
Table 11 - Final solution
SN SN
€ | AD & @ RA RA N No Do Do on OROR
imen C-6t C-o¢ G
1 2
0 421 128.7 - - - 1.09 0.33 031 0.32
GE4 . 2 3'5926 065 2752 31.3 40.7 3;1050032 0.0948 (2);5949968 481 416 351 384
9 8 1 89 268 14097 4 8 6 2
0 2.10 - - 1.664 0.999 099 033 0.33 0.33
ECE . 2 329 26'2 1'38'9 347 59.0 73E- 22%%4 98335 994 333 334 334
9 8 743 743 05 3 9 7 5 1
0 - - 2.881 - 0.999 1.00 0.33 0.33
CE4 . 2 ;'53 ;;5 231'7 478 545 64E- 3.6514 97118 000 25343 333 333
9 988 14 05 8E-06 4 4 3 6

Table 11 gives the final solution for minimization of tensile and flexural strengths of E glass/epoxy, carbon/epoxy
and hybrid composites. The input variables identified in table 11 are identified as optimal variables for
minimization of tensile and flexural strengths. It has been observed that the tensile and flexural strengths are
minimum when the composite contains square defect at the interface between 5™ and 6" plies.

Table 12 Validation of HTLBO results with experimental values

Specimen | L A D o t-Experiment ot-HTLBO ot -Experiment or -HTLBO
GE4 0.9 | 64 1.96052 44.4292 42.10658 137.33 128.72752
GCE4 09 (64 |2103298 | 53.913 56.22 428.68 438.91
CE4 09 | 64 1.539 291.095 275.28 634.74 631.74

Table 12 shows the comparison of HTLBO results with experimental values. The HTLBO results agreed with
experimental values within 4% error. From the optimal solutions it is clear that the composite containing a square
defect at the interface between 5™ and 6™ layers possesses minimum tensile and flexural strengths.

5. Conclusions

In the present study, static tensile and three-point bending tests were conducted on multilayered E-glass/epoxy,
carbon/epoxy and hybrid composite laminates containing single artificial defect with variable shape at the selected
ply interface to study their behaviors due to induced delamination. Additionally, a hybrid TLBO was implemented
to optimize the process variables for minimization of tensile and flexural strengths. Based on the results obtained,
the following conclusions may be drawn from the present work are presented hereunder.

. The location of artificial defect with same shape and size in E-glass/epoxy and carbon/epoxy composites
did not affect the tensile strengths.

. The location of PTFE in hybrid composite with same shape and size affected the tensile strength due to
higher stiffness and strength of carbon fibre.

. The location of induced delamination affected stiffnesses of all composites regardless of shape and size
due to destruction of structural integrity.
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The flexural properties decreased for the laminates containing circular or square artificial defect existing

at different depths with respect to outer surface.

HTLBO suggests that the composite containing square defect at the interface between 5th and 6th plies

possesses minimum tensile and flexural strengths.
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