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KEYWORDS Abstract Laminated composites are being used in many engineering applications since they pro-

vide significant weight reduction, better fatigue and corrosion resistance. In this study, design opti-
mization of a hybrid composite laminate subjected to eccentric loading was carried out using multi-
objective genetic algorithm (MOGA). The ply material (carbon fiber or E glass) and fiber orienta-
tions (—90 < 6 < 90) were considered as design variables. The objective function was to minimize
cost and weight with the maximization of the stiffness. The design constraints were the maximum
Tsai-Wu failure index, first mode natural frequency. The numerical analyses were carried out by
using ANSYS software package. Genetic aggregation model was used to generate the response sur-
faces which were used to obtain the optimum design variables. The optimum lay-up sequence and
ply materials were determined for weight saving and cost reduction of hybrid composite plates. It
was shown that the hybridization of carbon fiber and E glass fiber provided the optimal designs
offers lower cost and higher mechanical performance. MOGA method was very effective to opti-

mize the structural performance of the hybrid composite plates under eccentric loading.
© 2020 The Author. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).
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1. Introduction Recently, optimization has become a vital step in the design
phase of laminated composites. The structural performance of

Fiber reinforced laminated composites have been used in many ~ composite laminates can be optimized by tailoring fiber angle,

engineering applications due to their unique advantages such
as higher specific strength/stiffness ratio, better corrosion
and fatigue resistance compared to their metal counterparts.
However, the reliable and economical design of these materials
is much more complicated than the other traditional engineer-
ing materials since they are generally not isotropic and have
many design variables that directly affects the overall
structural performance [1,2].

E-mail address: bertan.beylergil@alanya.edu.tr
Peer review under responsibility of Faculty of Engineering, Alexandria
University.

https://doi.org/10.1016/j.a¢j.2020.09.015

ply thickness, number and material (hybridization) to achieve
the desired requirements for different loading conditions.
Therefore, many studies have been devoted to the optimum
design of laminated composites. In most of these studies, fiber
orientation angles and the thickness of layer were considered
as design variables. Different objective functions were opti-
mized by considering different optimization methodologies
such as genetic algorithm (GA), gradient based optimization
(GBM), Particle Swarm optimization (PSO). Most of the
GA optimization studies in the literature focused on the opti-
mization of the critical buckling load [3-5], maximum funda-
mental frequency [6-8], weight reduction [9,10], load capacity
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[11,12] and deformation [13-15] of composite laminates. A
comprehensive review on the optimization of composite struc-
tures (beams, plates or shells) was published by Nikbakt et al.
[16]. Megahed et al. [17] studied on the weight and cost opti-
mization of hybrid natural laminated composite beams using
PSO algorithm. As design variables, fiber type, fiber volume
fractions, thickness, and fiber orientation angles of different
layers were selected. Different boundary conditions were con-
sidered. They showed that the hybrid usage of carbon fiber and
flax fiber provided the optimal designs with lightweight, low
cost and higher fundamental frequencies. An et al. [18] studied
on the optimal design of hybrid composite laminates made of
high-stiffness skin and low-stiffness core layers. The objective
was to maximize the fundamental frequency and to minimize
cost by searching the optimal stacking sequences for both skin
and core layers using GA. They obtained the optimal stacking
sequences for hybrid composite plates made of graphite/epoxy-
glass/epoxy laminated plates considering the different aspect
ratios. Deveci and Artem [19] applied a fatigue life prediction
model called Failure Tensor Polynomial in Fatigue (FTPF) to
optimize the stacking sequence of laminated composites for
improved fatigue life under various in-plane cyclic loadings.
They used a hybrid algorithm (combination of genetic algo-
rithm and generalized pattern search algorithm) to obtain
the optimum discrete fiber angles which provides the highest
fatigue life. Rocha et al. [20] proposed a hybrid shared/dis-
tributed memory parallel genetic algorithm formulation to
deal with the optimization of laminated composite structures.
The algorithm was used together with a shallow shell finite ele-
ment to determine the optimal solutions for a simply sup-
ported plate and a curved panel having a circular hole. To
the best of the author knowledge, a few studies in the literature
focused on the application of genetic algorithms (GAs)
together with finite element analysis (FEA) for the design opti-
mization of hybrid composite laminates up to now. Further
research is needed in order to provide better understanding
of the finite element modeling and design optimization proce-
dure of these hybrid composite laminates using the GAs.

In this study, a design optimization procedure based on
GAs combined with the finite element method was introduced
and applied to the robust design of composite hybrid lami-
nates. Design optimization of a hybrid composite plate sub-
jected to combined bending and torsion was carried out
using multi-objective genetic algorithm (MOGA). The ply
material and lay-up orientations considered as design vari-
ables. The objective function is to minimize the cost and weight
of the hybrid composite with the maximization of plate stiff-
ness. The maximum Tsai-Wu failure index, total deformation
and first mode natural frequency were considered as the design
constraints. The numerical analyses were carried out by using
ANSYS Workbench with ANSYS Composite PrepPost (ACP)
module. The numerical results were first validated against the-
oretical, experimental and numerical studies in the literature
then the FE model was extended to the present study.

2. Theoretical

The fundamental equation, or load-deformation relation, of
laminate analysis (Classical laminated plate theory, CLPT)
was given in Eq. (1) as follows [21]:
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where {N}, {M}, {¢°} and {k} are the vectors of resultants
forces, moments, the deformations in the midplane and the
effects of curvature; respectively. [A], [D] and [B] are the exten-
sional stiffness, bending stiffness and the coupling stiffness
matrices; respectively. The coupling matrix [B], a coupling
between extension and bending of the laminate, is zero for
symmetrical laminates. The calculation of these matrices was
given in the following equations [21]:
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where n, t; and ék are the total number of layers, the thickness
of each layer (see Fig. 1) and the transformed reduced stiffness
matrix; respectively. The transformed reduced stiffness matrix

(ék) can be computed using transformation matrix (7) as
follows:
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In Eq. (7), m = cos® and n = sin®, and 0 is the angle of the
fiber reinforcement. The strain along the plate thickness can be
calculated by using Eq. (8) as follows [21]:
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The CLPT constitutive equations for symmetric laminates,
without in-plane forces, can be written as follows [22]:
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Fig. 1  Schematic illustration of the CF-EP/EG-EP hybrid composite plate.

The laminated composite plate is assumed be long enough
so that the effects of the Poisson ratio and shear coupling on
the deflection is negligible. In deriving the laminated beam the-

ory, it is assumed that
M, =M, =0
Eq. (9) can be rewritten as follows;

9wy .
ox2 i M

(11)

(12)

For free vibration, the eigenvalue problem is defined in the

following equation [23]:

= wz[M]){;i} —0

(13)

where w is the angular natural frequency in radians per second,
{d} is the mode shape, [K] is the stiffness matrix and [M] is the

mass matrix of the system.
3. Numerical

3.1. Numerical verification

In order to validate of the numerical model, the results of pre-
sent study were compared with the theoretical, experimental
and numerical results obtained by other researchers. The the-
oretical results were obtained by using CLPT. Figueiredo
[24] performed bending-torsion experiments and numerical

calculations for the hybrid composite laminates composed of
carbon fiber/epoxy (CF-EP) and E-glass fiber/epoxy plies
(EG-EP). The authors also investigated the effects of different
laminate sequences on the total deflection values of the hybrid
composite laminates. Fig. 1 shows the cross-sectional view of
the hybrid composite plate. The dimensions of the hybrid com-
posite plate were 135 mm in length and 62.32 mm in width.
The hybrid composite plate was composed of three CF-EP
and two EG-EP symmetric plies, from the bottom to upper
surface of the plate. The ply thickness of CF-EP and EG-EP
were 0.24 mm and 0.43 mm; respectively. The total thickness
of the hybrid composite plate was 3.16 mm. Different fiber ori-
entations, i.e. [03/90,]s, [02/90,/0]s, [04/90]s, [0,/903]s and
[0/90/0/90,] were considered for the verification. The mechan-
ical properties of CF-EP and E-glass/epoxy were shown in
Table 1.

Numerical analyses of the hybrid composite plate were car-
ried out by using ANSYS Workbench with ACP module. Shell
181 (2D) and Solid 186 (3D) elements were used to create mesh
structure of the hybrid composite plate. Convergence studies
were carried out to determine the required element size for
obtaining accurate displacement values. In total, 2108 Shell
181 elements and 29,512 Solid 186 elements were used for
2D and 3D finite element model of the hybrid composite plate;
respectively. In 3D modelling, 14 elements were used through
thickness direction. To simulate experimental loading scenario,
two sides of the hybrid composite plate was fixed and the 50 N
load (in the z direction) was applied to the plate eccentrically
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Table 1 Mechanical properties of CF-EP and EG-EP composites [25].

Material E,; (MPa) E, = E; MPa) G2 = Gy3 (MPa) Gs3 (MPa) via (5) Ply thickness (mm)
CF-EP 117,840 9726 3338 2402 0.27 0.24
EG-EP 44,494 11,338 3894 2777 0.30 0.43

(4 mm away from each side). To do this, a remote point at the
specific coordinates was created in ANSYS then the load was
applied to the composite plate as a remote force. Fig. 2 shows
the mesh structure, applied boundary/loading conditions, the
fiber directions and the total deformation values obtained after
static analysis. The numerical analyses were repeated for dif-
ferent fiber orientations; i.e. [0,/90,/0]s, [04/90];, [02/903]s and
(0/90/0/905];.

Table 2 shows the variation of the total deformation values
(mm) of the hybrid composite for different laminate sequences.
The number of plies at 0 and 90 degree affected the displace-
ment values significantly. As an example, the maximum total
deformation was observed in the hybrid laminates with
[04/90]s fiber orientation (1.932 mm) whereas the minimum
deformation was obtained for the [0/90/0/90,]s hybrid lami-
nates (0.872 mm). The loading scenario can be considered as
the combination of bending and torsion. This is due the vari-
ation in the values of both D and 4 matrices with the fiber ori-
entations. Table 2 also shows the comparison of the results of
present study with the theoretical and published experimental
and numerical results in the literature. The present predictions
were very close to the published results. As stated by Figueir-
edo [24], a small difference was observed in the comparison of
experimental and numerical results due to the manufacturing

©

Fig. 2

imperfections and the experimental uncertainties. The mea-
surement of the displacement with an accuracy of 5 um and
the location of the applied load may also cause a small differ-
ence in the comparison. On the other hand, the numerical
results were in good agreement with the theoretical results.

Table 3 shows the first mode natural frequency values of
the hybrid composite plates. Theoretical calculations were
made to determine the first-mode natural frequency value of
the hybrid composite plate. As can be seen, the first-mode nat-
ural frequency values affected significantly with the variation
of fiber orientations. This can be explained by the increase in
D;, values due to different fiber orientations. It can be said
that the numerical results also perfectly matched with the the-
oretical first-mode natural frequency analysis results. In the
validation step, both 2D and 3D modelling was considered.
As can be seen in Table 2 and Table 3, the predictions were
very close for 2D and 3D modelling approach. Therefore,
2D modelling approach was used in the rest of this study.

3.2. Problem statement

In this study, 2D numerical analyses of a hybrid composite
plate composed of CF-EP and EG-EP composite plies were

Gy

(a) Mesh structure, (b) applied boundary and loading conditions, (c) fiber directions in ACP module (green arrows indicates the

0° fiber orientation, y: transverse direction) and (d) total deformation contour of the hybrid composite plate. (Laminate sequence: [0/
90,]s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 Variation of the total deformation values (mm) of the hybrid composite for different laminate sequences.
Reference [25] This study

Laminate sequences' Experimental Numerical CLPT ANSYS (3D) ANSYS (2D)
[03/905] 1.69 1.45 1.615 1.6881 1.6904
[02/90/0]s 1.37 0.92 1.033 0.9885 0.9896

[04/90]; 2.40 1.74 1.932 2.0678 2.0708
[02/905]5 1.26 0.90 1.020 0.9718 0.9726
[0/90/0/90,]¢ 1.16 0.77 0.872 0.7989 0.7877

1: Hybrid configuration [CF-EP;/EG-EP;,];.

Table 3 Variation of first mode natural frequency values (Hz)
of the hybrid composite for different laminate sequence.

Laminate Theoretical ANSYS ANSYS
sequences’ frequency (Hz) (3D) (2D)
[05/90,]s 489.78 481.03 480.61
[0,/90,/0]5 637.94 628.07 627.64
[04/90]5 443.39 433.99 433.58
[0,/905]s 642.76 633.46 633.08
[0/90/0/90,] 712.69 702.38 702.03

1: Hybrid configuration [CF-EP;/EG-EP,];.

carried out using ANSYS Workbench with ACP module. The
dimension of the hybrid composite plate was 120 mm in length
and 60 mm in width. A force with a magnitude of 50 N was
applied to the hybrid composite plate in the z-direction eccen-
trically. The load was applied 10 mm away from two sides of
the hybrid composite. The other sides were fixed as in the case
of the FE model used for the verification.

The hybrid composite plate was made of five composite
plies. The thickness of each ply was assumed as 0.50 mm.
Two different fiber orientations were considered; [0/90]; com-
posed of only CF-EP plies and a hybrid configuration of
[OCF—EP/9OCF—EP/90EG—EP/OEG—EP]~ The total Composite thick-
ness was 2.0 mm. The density of CF-EP and GF-EP composite
were 1518 and 2000 kg/m?; respectively. The mechanical prop-
erties of CF-EP and EG-EP composites were given in Table 4.
The cost of CF-EP and EG-EP composites were assumed as
38.60 £/m” and 28.80 £/m?; respectively. The weight and total
cost of the composite laminates were calculated and presented
in Section 6.

Fig. 3 shows the first mode natural frequency and total
deformation of the hybrid composite plate with a fiber orienta-
tion of [OCF-EP/90CF-EP/90EG-EP/0EG-EP]~ The first mode natu-
ral frequency and the total deformation of the hybrid
composite plate were determined as 361.83 Hz and
5.0991 mm; respectively whereas the first mode natural fre-
quency and the total deformation of the CF-EP composite

plate with a fiber orientation of [0/90]; were determined as
440.34 Hz and 4.0996 mm; respectively.

4. Tsai-Wu failure criterion

In this study, the Tsai-Wu failure criterion was used to deter-
mine the first ply-failure in the hybrid composite laminate. The
Tsai-Wu failure criterion is one of the most widely used failure
criteria developed for anisotropic materials such as unidirec-
tional composites. It has been employed to many composite
engineering structures by researchers and designers over the
past decades. It has also been successfully incorporated into
commercial finite element software packages, such as Abaqus
and ANSYS. The Tsai-Wu failure index (FI) of each compos-
ite ply can be calculated by using Eq. (14) [25]. It is assumed
that the material safe if FI < 1 while the first-ply failure occurs
when FI>1.

FI = F]O'] + FzO'Z + F30'3 + F]]O'% + FzzO’% + F330'% + F44Ji+
F55J§ + Fﬁﬁag + 2F12610‘2 + 22F130‘163 + 2F230'20'3

(14)
where

F, _LJFL.F _L+L-
I_Xz e Z_Y/ Y.
_ 1 1. _ 1.
F3_Z+Z7Fll_7X[Xr7
_ . _ 1.
F22_7W7F33_721217

g 1. 15

F44—S*537F55—§37 (15)
_ 1. _ VELFy .
F66—S_27F12—_+727

12

Frx = — VIFn I CFa = — VL3
23 — 2 sy 1113 — 2

In Eq. (15), X, Y and Z are the material strengths in the x, y
and z directions; respectively. ¢ and ¢ correspond to tensile and
compressive, respectively. S is the shear strength of the com-
posite lamina. The tensile, compression and shear strength val-
ues for CF-EP and EG-EP composites were given in Table 5.
Negative values indicate the compressive strength of the com-
posites [25].

Table 4 Mechanical properties of CF-EP and EG-EP composites [27].

Material E, (MPa) E, = E; (MPa) G = Gi3 (MPa) Gy; (MPa) vi2 (&)
CF-EP 123,340 7780 5000 3080 0.27
EG-EP 45,000 10,000 5000 3846.2 0.30
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B: Modal

Total Deformation
Type: Total Deformation
Frequency: 361,83 Hz
Unit: mm
2.03.202017:02

713,08 Max
633,84

15,00

(2)

45,00

C: Static Structural
User Defined Result
Expression: 2XUSUM
Time: 1
2,03.202017:03

5,0991 Max
4,5325
3,966
3,399
2,8328

15,00

Fig. 3

Fig. 4 shows the FI contour plot for the first and the
fourth plies of the hybrid composite plate. The minimum
and maximum Tsai-Wu failure index were determined as
0.31317 and 0.92329; respectively. It can be said that the
first ply failure will occur in the 4th ply very close to the
fixed edge of the composite plates. In the case of CF-EP
composites with a fiber orientation of [0/90];, the minimum
and maximum Tsai-Wu failure index were determined as
0.27507 and 0.5497; respectively. The numerical results
indicated the strong dependence of the natural frequency,
Tsai-Wu failure index and total deformation values on the
ply material and the selected fiber orientation. It is necessary
to optimize these parameters in order to obtain minimum
weight/cost and acceptable stiffness.

(b)

(a) The first mode natural frequency and (b) total deformation values of the hybrid composite plate [0cr.gp/90cr.-ep/90eG-Ep/OEG-EP)-

fix),i=1,.,N

45,00

5. Multi-objective genetic algorithm

5.1. Genetic algorithm

Generally, engineering design problems require a simultaneous
optimization of conflicting objectives and an associated num-
ber of constraints. Unlike single objective optimization prob-
lems, the solution is a set of points known as Pareto optimal
set. Solutions are compared to other solutions using the con-
cept of Pareto dominance. A multi-criteria optimization prob-
lem can be written as [26]:

Maximize/minimize
(16)
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Table 5 Strength values of CF-EP and EG-EP composites [27].
Mater. X (MPa) X, (MPa) Y, = Z, (MPa) Y. = Z. (MPa) S;> = S;3 (MPa) S>3 (MPa)
CF-EP 1632 —704 34 —68 80 22
EG-EP 1100 —675 35 —120 80 46.15

0.18889
015111
0.11333
0.075556
0.037778
0

015111
0.11333
0.075556
0037778

(b)

o v
i o L e

Fig. 4 Tsai-Wu failure index contour for (a) the first and (b) the fourth ply ([0cg.gp/90cE-p/90eG-EP/OEG-EP))-

Subject to constraints

gx)=0j=1,..M (17)

h(x) <0 k=1,..M (18)

where f;, g; and /i are the objective functions, the equality and
the inequality constraints; respectively. Nis the number of
objective functions and x is an n — dimensional vector.

Genetic Algorithm (GA), a category of stochastic search
methods, can be defined as search algorithms, based on the
mechanics of natural selection and genetics. Genes and chro-
mosomes are the paramount elements in GAs. A chromosome
is a strand of genes. In a real-case problem, genes are the vari-
ables that should be optimized, and a chromosome is a solu-
tion to the problem. Genetic algorithms search for the
optimal solution from populations of chromosomes. They
have several advantages over other optimization techniques
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as follows: They can simultaneously handle several designs and
can temporarily accept worse solutions since they use proba-
bilistic selection. Therefore, it is possible to escape from the
trap of a local minima design area.

Genetic algorithms are useful tools for solving discrete
problems due to easy space mapping of the design variables
into genetic strings to form chromosomes. They perform a
multiple directional search by maintaining a population of
potential solutions. Therefore, they provide alternative solu-
tions by performing crossover and mutation even if the best
solution is not acceptable based on the considerations that
have been omitted from the optimization formulation. There-
fore, it is obvious that GAs is well suited for the design and
optimization of laminated composite structures which possess
non-linear functions of the number of plies, ply thicknesses,
and orientation angles.

A Genetic Algorithm that has capabilities for multi-
objective optimization is termed as Multi-Objective Genetic
Algorithms (MOGAs). MOGA is a variant of the popular
Nondominated Sorted Genetic Algorithm-I1 (NSGA-II) based
on controlled elitism concepts. The processing steps of multi-
objective genetic algorithm (MOGA) are shown in Fig. 5.
The initial population is randomly created, and then fitness
function evaluation, selection, crossover and mutation are per-
formed. The elitism concept is introduced in order to obtain
the best parents for children reproduction. When the criteria

Processing steps of MOGA.

are not satisfied, the algorithm returns to initial population.
And finally, the Pareto solutions are obtained.

5.2. Mathematical formulation of the optimization problem

The mathematical formulation of the optimization problem,
two input-five-output problem, may be described as it follows;

Objective function

Minimize (cost, weight)

Maximize (stiffness)

Design variables

Ply angles: =90 < 0, <90;n = 1, 2,.....4

Ply material: CF-EP or EG-EP

Constraints

Tsai-Wu failure index FI < 0.34

First mode natural frequency > 500 Hz

The MOGA method (Multi-Objective Genetic Algorithm)
was utilized to minimize cost and weight and the total defor-
mation value of the hybrid composite laminate. The minimum
factor of safety was considered as 3.0. In other words, the max-
imum Tsai-Wu failure index calculated for each ply should be
lower than 0.333 (or equal). Two design variables were consid-
ered; ply angle and ply material. Once the static structural
analysis was done, the parameters were defined using ACP
module. Then, Response Surface Optimization was initiated.
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Table 6 MOGA parameters used in this study.

Crossover rate Mutation rate

Pareto percentage (%)

Number of iterations Stability percentage

0.98 0.01 55 10 1.5195
v A v B v C v D
2 | @ Engineering Data v ., 2 @& engi Data Y 2 & Engineering Data v ., 2 & Engineering Data v .
3 i@ Geometry v o4 3 () Geometry v /.3 ) Geometry Z 5 3 () Geometry v 4
4 |@ Model v, ——m 4 | §@ Model v £:4©Mode1 v, 4§ Model 2
5 |y Setup v |—® 5 | g Section Data v o 5 qu Section Data 4 5 | Jy Results v
6 |(p2 s  — 6 @ setup v 6 @ setwp v ., 6 [pd Parameters —
ACP (Pre) 7 | @ souton v 7 |§) solton v 4 ACP (Post)
8 @ Results v 8 | @ Results v o,
9 (52 Parameters 9 |[pd Parameters
Modal Static Structural
v E

:

2 | & Engineering Data
3 () Geometry

4 @ Model

5 | {Jp Results

6 |(pd Parameters

i
v 4
v 4
v

ACP (Post)

(pd Parameter Set

v F
jll @ Response Surface Optimization

2 [ Design of Experiments 7 g
3 [;] Response Surface v 4
4 @ Optimization v 4

Response Surface Optimization

Fig. 6 Optimization flow-chart in ANSYS.

The first step was to create a design of experiments (DOE). A
Central Composite Design (CCD) based DOE was setup,
which created 400 Design Points for the eight input design
parameters. These 400 Design Points were then run automati-
cally to generate output data at these points.

A Mathematical formula was fitted to the data, which is
called a “response surface”. The parameters with significant
influence on the outputs were determined from this formula,
with which new response surfaces were created. Genetic aggre-
gation metamodel was used to generate the response surface
that is the most appropriate approach for each output com-
pared to other metamodels. Table 6 shows the MOGA param-
eters used in this study. The MOGA was done with an initial
sampling size of 10,000 samples, and with 100 samples per iter-
ation. The maximum allowable pareto percentage which repre-
sents the ratio of the number of desired pareto points to the
number of samples per iteration was 55%. When this percent-
age is reached, the optimization is converged. This value is gen-
erally selected between 0.55 and 0.75 for the most optimization

problems. High crossover rate of 98 percent was considered to
minimize premature convergence problems and low mutation
rate of 1 percent was selected to prevent genetic algorithms
from falling into local maxima or minima. The optimization
step was converged after 10,868 evaluations and three possible
candidates matching the given objectives were found. These
points were verified by DOE analysis. The optimization flow-
chart is shown in Fig. 6.

6. Results and discussion

6.1. Effect of fiber orientations on the stress distribution, natural
frequencies and Tsai-Wu failure index

Fig. 7(a) shows the effect of fiber orientations on the equiva-
lent stress values of CF-EP composite laminates. The fiber ori-
entation of each ply was changed from —90 to 90 degrees with
an increment of 10 degrees. The equivalent stress was almost
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independent of the fiber orientation of the second and third
plies. The stress level was in the range of 140-150 MPa. A
small increase in the stress values for the second and third plies
was observed from —90 to 0 degree and 0 to 90 degree. For the
second and third plies, the effect of fiber orientations was
almost negligible in terms of equivalent stress. The minimum
and maximum equivalent stress values were obtained for 50
and —60 degrees, respectively. Fig. 7(b) shows the effect of
fiber orientations on the natural frequency values of CF-EP
composite laminates. The maximum frequency values were
obtained for —90 and 90 degrees as expected. The fiber orien-
tations of the second and third plies seemed to have no signif-
icant effect on the natural frequency values. The natural
frequency values were in the range of 340-370 Hz. On the
other hand, the fiber orientation alteration in the first and
fourth plies significantly affected the natural frequency values.
In terms of the equivalent stress and natural frequency values,
the first and fourth plies seemed to be more critical than the
other plies of the composite laminates. It is obvious that the
fiber orientation and fiber material of the top and bottom plies
would be more influential on the required mechanical perfor-
mance of composite laminates.

Fig. 8 show the variation of Tsai-Wu failure index values
(FI) of the CF-EP composite laminate with the fiber orienta-
tions. For the first ply of the composite laminate, the minimum
Tsai-Wu failure index values were obtained for the composite
laminates having 45° fiber orientation. The maximum Tsai-Wu
failure index were obtained when the fibers of the first ply ori-
ented at —30 degrees. The Tsai-Wu failure index values started
to increase from —90° to —30°, then the FI values decreased
after passing —30 turning points. This behavior was also
observed for the second ply. However, the effect of fiber orien-
tation of second ply on the failure index was negligible as com-
pared to other plies. For the third and fourth plies, the Tsai-
W failure index values showed increase from —90 to 0 degree.
The maximum failure index of the third ply was obtained when
the fibers oriented at —45 degree whereas the minimum value
was observed +90 degree. The Tsai-Wu failure indices of the
first and the fourth plies were shown to be the most affected
by the fiber orientations.

Fig. 9 shows the local sensitivities among input and output
parameters. The local sensitivity chart provides significant
information about the impact of each input parameter on
specific outputs. The output parameters-total deformation,
Tsai-Wu index and first mode natural frequency values- were
influenced by fiber angles.

The natural frequency values increased with the increase of
the fiber orientations. The increase in fiber angle of the com-
posite plies, except for the second ply, causes reduction in
the total deformation and Tsai-Wu failure index values. It
can be also noticed that the effects of fiber angle on the
Tsai-Wu failure index and total deformation values were more
pronounced than the natural frequency values.

6.2. Optimization results

Fig. 10 and Fig. 11 show the predicted Tsai-Wu failure index
values (P16) of the composite laminate for different fiber orien-
tations. For the first ply of the composite laminate, the mini-
mum Tsai-Wu failure index values were obtained for the
composite laminates having +45° fiber orientation whereas
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the maximum Tsai-Wu failure index were obtained for 0° fiber ing —45/+ 45 turning points. This behavior was observed also
orientation. The failure index values decrease with the increase for the second ply. On the other hand, in the third and fourth
from —90° to —45°, the FI values started to increase after pass- plies, the Tsai-Wu failure index value took its maximum value
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for 0° orientation whereas the minimum values were obtained
for 90° orientation.

Fig. 12 shows goodness of fit for predicted vs. observed val-
ues. The quality of the approximations is directly related to the
metamodel used to generate the response surface. Although
some scattering was observed, the overall quality of the
approximations was found to be satisfactory.

Table 7 shows the material, weight and cost values of the
initial and three optimum design candidates produced by the
MOGA optimization. The weight of the initial CF-EP plate
and hybrid plate was determined as 21.85 and 25.33 x 1076
t; respectively. The weight of the three optimum hybrid com-
posite plates (CP-1, CP-2, CP-3) was determined as 27.06,
21.85 and 25.33 x 107° t; respectively. The cost of the three
optimum hybrid composite plates (CP-1, CP-2, CP-3) was
determined as 0.90, 1.11 and 0.97 £; respectively. As expected,
the surface optimization predicts the variation of the weight
and cost accurately. When the total number of CF-EP plies
in the laminate increases, the overall weight decreases whereas
the cost of the plate increases as compared to the composite
laminate composed of only EG-EP plies.

The comparison of initial and optimum lamination config-
urations was shown in Table 8. As can be seen, the initial
design configurations cannot satisfy the design constraints of
the optimization problem. All configurations considered as
an initial design provided lower natural frequency values than

Local Sensitivity of output parameters with respect to fiber orientation.

500 Hz and higher Tsai-Wu failure index values than 0.34
except the CF-EP laminate with [90]4 orientation. As expected,
the highest natural frequency was obtained for the carbon fiber
orientation with and orientation of [90]4. The frequency values
were in the range of 347-826 Hz and the stiffness of the plates
with the initial design configurations was in the range of 7.7
and 46.5 N/mm. The lowest value of safety factor of the plates
having initial design parameters was determined as 0.97.
Table 8 shows the three optimum points obtained by MOGA.
It can be noticed that all candidate points satisfied the design
constraints of the optimization problem. The obtained fiber
angle and material configurations provided the Tsai-Wu index
lower than 0.34 and the natural frequency values higher than
500 Hz. The highest stiffness (minimum deflection) and the
first mode natural frequency values for the CP-3 were obtained
as 49.29 N/mm and 733.91 Hz; respectively. Among the three
candidate points, the lowest Tsai-Wu failure index was deter-
mined as 0.08043. The approximate factor of safety was deter-
mined as 1/0.08043 = 12.43. Although the natural frequency
value was the highest for the CF-EP laminate with [90], orien-
tation, the stiffness and safety factor values were less than the
CP-3 laminate configuration. The stiffness and safety factor of
CP-3 were higher than that of CF-EP plate with a fiber orien-
tation of [90]4 by about 7 and 12%, respectively.

Fig. 13 shows the first mode natural frequency and the
Tsai-Wu failure index contour of the verified CP-3. As com-
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Table 7 Weight and cost values of the initial and optimum
composite laminate configurations.

Laminate Material Weight Cost
Configurations *) (t, 107 (€3]
Initial design-CF-EP 4/4/4/4 21.85 1.11
Initial design-hybrid 4/4/5/5 25.33 0.97
configuration**

Candidate Points Material Weight Cost
(CP) *) (t,107°) ®

1 5/5/5/4 27.06 0.90
2 4/4/4/4 21.85 1.11
3 4/5/5/4 25.33 0.97

*CF-EP: 4, EG-EP:5, **[0cr.gp/90cF-£p/90&G-Ep/OEG-EP]-

Table 8
frequency and total deflection of the composite plate.

pared to the results for the CF-EP composite laminate with a
fiber orientation of [0/90];, the first mode natural frequency
was increased from 440.34 Hz to 733.91 Hz that corresponds
to 66.6% increase. The stiffness of the composite plate was
increased about 3 times (the total deformation decreases from
4.0996 to 1.0144) by selecting the optimum fiber angles
reported in CP-3. For the optimum fiber angles, the Tsai-Wu
failure index value was decreased from 0.5497 to 0.08 signifi-
cantly. The factor of safety was increased from 1.82 to 12.5.
The cost of the composite plate was decreased from 1.11 £
to 0.97 £ (12.63%) with the hybridization. A small increase in
the overall weight of the composite plate was observed. The
weight increase due to hybridization was 16% as compared
to the CF-EP composite plate with a fiber orientation of
[0/90]s. The first mode natural frequency and the total defor-
mation of the steel plate with a thickness of 2 mm were also

Initial and optimum fiber orientations and the corresponding maximum Tsai-Wu failure index, the first mode natural

Initial design Ply angles FI Deflection (mm) 1st mode natural frequency (Hz)
CF-EP 0/0/0/0 1.0300 6.465 347.89
CF-EP 0/90/90/0 0.5497 4.096 440.34
CF-EP 90/90/90/90 0.0894 1.0732 825.51
Hybrid-case 1 0cr-ep/90cE-Ep/90EG-EP/OEG-EP 0.9233 5.10 361.83
Hybrid—case 2 OCF-EP/9OEG-EP/9OEG-EP/OCF-EP 0.8066 5.54 350.19
Candidate Points (CP) Ply angles FI Deflection (mm) 1st mode natural frequency (Hz)
1 73.29/43.56/—72.69/80.62 0.1463 1.6732 553.04
2 53.56/71.00/—19.03/—83.23 0.25713 1.8565 600.73
3 78.65/17.68/—84.27/82.96 0.08043 1.0144 733.91
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Fig. 13

determined for comparison purposes. The first mode natural
frequency and the total deformation values were obtained as
576.16 Hz and 0.41225 mm; respectively. The first mode natu-
ral frequency of the CP-3 plate was 28% higher than that of
steel plate. The reduction in overall weight was calculated as
78% (Weight of the steel plate: 113.04 x 107° t). The optimiza-
tion results showed that it was possible to obtain safer compos-
ite plate with lower cost by selecting the proper fiber material
and fiber orientations obtained by MOGA.

7. Concluding remarks

In this study, the design optimization of a hybrid composite
laminate made of carbon and E glass fiber/epoxy plies sub-
jected to eccentric loading was carried out by MOGA. The
ply material (carbon fiber or E glass fiber) and fiber orienta-
tions (=90 < 6 < 90) were considered as design variables.
The objective function was to minimize cost and weight with
the maximization of the stiffness. The design constraints were
the maximum Tsai-Wu failure index, first mode natural
frequency of the composite laminate. The numerical analyses
were carried out by using ANSYS Workbench with ACP
module. After the verification of finite model against
experimental and theoretical results available in the literature,

(b)

(a) The first mode natural frequency and (b) Tsai-Wu failure contour of the CP-3.

the optimization tool in ANSYS was used to determine the
optimal fiber orientations and materials. Through this opti-
mization, the best combination of the fiber angles/materials
was obtained to provide the desired structural performance
for the hybrid composite plate under eccentric loading. It
was shown that the hybridization of carbon fiber and E glass
fiber provided the optimal designs offers lower cost and higher
mechanical performance. MOGA method was shown to be
effective to optimize the structural performance of the hybrid
composite plates under eccentric loading.
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