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Abstract

Glass fibers reinforcing composites (GFRC) are the most common industrial materials due to their
low weight and superior strength. Microstructure modeling provides a practical approach for pre-
dicting the behavior of the composite based on the constituent's property. The weight and mechanical
properties of composite materials play a significant role in various applications such as aviation,
marines, and vehicles industries. In this study, a microstructure model of (GFRC) is developed for a
multi-objective optimization problem involving trade-offs between weight minimizing and material
stiffness-enhancing. A finite element model of a representative volume element (RVE) of a material's
microstructure is used to predict the elastic properties of the fiber and the matrix composites. Compo-
site properties such as elasticity and density can be obtained directly from the RVE and extrapolated
to a larger scale. The representative volume element (RVE) is generated by using commercial soft-
ware (Abaqus); then, the non-GUI mode is called by Isight Software to solve multi-objective optimiza-
tion by using Archive based Micro Genetic (AMGA) Algorithm to obtain optimum design of composite
RVE.

Keywords: Optimization, RVE, composite materials, AMGA Algorithm

1. Introduction

Due to the high stiffness-to-density ratio, the Fiber Reinforced Composites (FRC) are getting rapidly
interesting for a wide variety of industries compared to non-reinforced polymers. In addition, a poly-
meric matrix and continuous fibers have great relevance and significance due to their excellent
mechanical properties, good thermal stability and low density (Kammoun et al., 2011; Li et al., 2019).
To obtain efficient and optimized designs, the ability to quantitatively predict the behavior of FRCs is
crucial. To do this, and in particular to capture the influence of various microstructural parameters of
FRCs that affect their macro-mechanical behavior, it is essential to use micromechanical-based mo-
dels. Therefore, many studies have been conducted on this topic (Eksi and Genel, 2017; Tian et al.,
2015; Wang et al., 2011; Cai and Jin, 2018). The finite element method can directly reflect the
structural characteristics of composite materials and construct the relationship between micromecha-
nics and macroscopic mechanics when subjected to actual force or complex surfaces (Qi et al., 2019).
S. Z. H. Shah et al. developed a two-step methodology to predict the elastic constants of 3D fiber-
reinforced composites, and they used analytical and numerical methods to ascertain the accuracy of
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predicted elastic constants (Mentges et al., 2021). Elsayed Fathallah et al. Investigated optimization of
minimizing the buoyancy factor submersible pressure hull by changing the angle of fiber orientation
and ply thickness (Fathallah et al., 2015). Lars Bittrich et al. introduced the local optimization
approach of both fiber angle and intrinsic thickness build-up of curvilinear fiber-reinforced composites
(Bittrich et al., 2019). Mehdi Kalantari et al. produced a multi-objective analysis for unidirectional S-2
glass and T700S carbon fiber reinforced epoxy hybrid composites to maximize the flexural strength
and minimize the weight and cost (Kalantari et al., 2016).

D. A. Saravanos and C. C. Chamist have developed a multi-objective optimal design methodology
for lightweight, low-cost composite structures to improve dynamic performance and minimize dam-
ping resonance amplitudes (Saravanos and Chamis, 1992).

This paper aims to achieve multi-objective optimization involving density(weight) reduction and
maximize longitudinal modulus elasticity (E11). The AMGA algorithm under the isight software
environment has been used.

2. Finite Element modeling

2.1. Modelling Representative Volume Element

The RVE term was first used by Hill (Hill, 1963) and it can be defined as the smallest material volume
element for which the macroscopic constitutive representation is a sufficiently accurate model to rep-
resent mean constitutive response (Omairey et al., 2019). Therefore, The RVE method cuts off a RVE
from the whole periodic structure, applies specific unit displacement or force boundary conditions,
and finds effective properties by making its strain energy equivalent with homogeneous material
(Drugan and Willis, 1996).

A finite element model is established at the microscopic level to predict the macroscopic mechani-
cal properties using a representative volume element (RVE). The pricipal of obtianing homgnouse
propeties are illsutrated in figure (1). The RVE has been considered a unit cell under periodic boun-
dary conditions, as shown in figure (1 left). Materials like fiber-reinforced composites are generally
represented as a repeated array of periodic structures, as shown in figure (1 middle). Periodic Boun-
dary Condition implies that each RVE has the same deformation and there is no separation between
the neighboring RVE's. For a cubical RVE, the displacement on the pair of opposite surfaces is given
by equations (1) and (2) (Siddharth and Ramesh, 2019).
i+ _

L,

T = g x!T +u (1)

W= g% (2)

where i and j are the coordinate of the unit cell (i,j= 1,2,3), the indices (7~ ) and (/™ ) identify the

pair of two opposite parallel boundary surfaces of a RVE. The Ui js same at two parallel boundaries
due to periodicity; therefore, the difference between the above two equations is

”J:+ - “}e._ = gl 3)

where (I,) is the length of the unit cell.
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Component

Figure 1. lllustration of periodical RVEs and large scale maertial build-up.

The homogenization based on periodic boundary condition is done using the micromechanics
plugin in Abaqus. The RVE is subject to six different strains, including three normal tractions to obta-
in E11, E22 and E33, whereas the other three are shear deformations to obtain G12, G13 and G23. The
strains were applied individually using periodic boundary conditions equation (3) (Garoz et al., 2019);
The fibers are unidirectional and aligned along the (1) axis of the geometry of RVE. Figure (2) is the
modeling geometry and associated meshing in commercial finite element solver ABAQUS.

Figure 2. Finite element RVE.

2.2.  Materials

The materials used for the homogenization are glass fiber reinforced polymers composite. The matrix

and reinforcements' material properties are considered isotropic materials. The elastic constants and

densities have been taken in range cover common types of glass fibers and matrices (Zmindak and

Dudinsky, 2012; Srivastava and Lal, 1991; Pal and Riyazuddin Haseebuddin, 2012; Mirkhalaf et al.,
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2020; Sorini et al., 2016; Kimura et al., 2006). The properties of the constituent's material are listed in
the table (1).

Table 1. Design variables of composite RVE

# Parameter Description Value Unit
1 Em Matrix Modulus of elasticity | 1600-5350 MPa
% 2 Vi Matrix Poisson's ratio 0.34-0.4 -
= 3 Pm matrix density 0.9-1260 g/cc
1 = Fiber Modulus of elasticity 68900-86900 | MPa
g 2 Vi Fiber Poisson's ratio 0.14-0.276 -
~ 3 Pf Fiber density 2.44-2.7 g/cc
3. Multi-objective optimization

Optimization methodology is applied in most engineering and science branches. The Optimization
process is concerned with selecting the best solution from a wide range of possible solutions so that
the chosen solution is better than the rest in certain aspects. In recent years, multi-objective optimiza-
tion has become popular, and many algorithms for solving multi-objective optimization problems have
been proposed. Multi-objective optimization algorithms have gained wide acceptance because the
quick computation of approximate solutions is often desirable for most engineering problems (Velden,
2010).

In this study, Isight software is used to drive the optimization process through call Software
Abaqus using the no GUI mode. Archive-based Micro Genetic Algorithm (AMGA) has been specified
to find optimum elastic properties and lighter weight of finite element RVE. AMGA is an evolutionary
optimization algorithm and relies on genetic variation operators for creating new solutions. The gene-
ration scheme used in this algorithm is generational because only solutions created before that iteration
(generation) are considered in the selection process during that iteration (generation). However, the
algorithm generates a small number of new solutions at each iteration and can therefore also be clas-
sified as an almost steady-state genetic algorithm. The algorithm works with a small population size
and keeps an external archive of obtained good solutions. A small number of solutions are generated
using genetic variation operators at each iteration. The algorithm is referred to as an Archive-based
Micro Genetic Algorithm (AMGA) because it works with a very small population size and uses an
archive to maintain its search history. The best results are obtained if the size of the Archive is the
same as the number of function evaluations allowed (i.e., the algorithm stores its complete search his-
tory) (Tiwari et al., 2008). The technique for solving the algorithm and the programming code is
beyond this paper's scope, and we recommend reading reference (Sorini et al., 2016) for more details.

In this work, longitudinal elastic modulus (E11) is considered as a maximization optimization prob-
lem; however, the density of overall RVE (i.e., weight) is a minimization optimization problem. The
design variables for optimization problems have been listed in the table(1). The longitudinal modules
are calculated with updated design variables by the Abagus micromechanics plugin and feed simul-
taneously to the optimization tool in isight as objective. Also, the overall density of RVE (composite)
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can be calculated under isight environment and specify as an objective function during the optimizati-
on process. So that, the density objective function and constraints can be formulated as below:
Density objective function (Tam et al., 2012).

P :pff-l_[:j-_f:]pm (4)

The both objectives are Subjected to
6=d=9um (5)
f=<06 (6)

(d) and (f) are fiber diameter and fiber volume fraction, respectively.

4. Results and discussion

The objective optimization involves weight reduction and increasing the longitudinal stiffness (Ei1) of
composite materials at the microstructure level. The AMGA optimization algorithm has driven a nu-
merical RVE model with a range of design variables (as detailed in table 1).

Table 2. Best possible result for the constrained problem

Parameter | Value Unit g Parameter | Value Unit

Er 86314.83 | MPa | & | Ell 3712090 | MPa
§ |Enm 171056 | MPa | < |p. 1590 kg/m®
% or 2610 |kgm®| £ | E22 5358.84 | MPa
§ om 920 | kg/m?® Z?:; G12/13 | 1450.07 | MPa
2 |w 027 |- {G23 113261 | MPa
° Vm 0.40 -

d 7.12 um

f 040 |-

The optimization process results in this study are listed in Table 2, which includes the design para-
meters that give the best-required objectives. The minimum density of composite RVE is 1.593 g/cc.
However, the longitudinal stiffness is 37120.88 MPa. Figure (3) showed the feasible design points ob-
tained by the optimization algorithm, also the optimum point which offers a trade-off between compo-
site density and longitudinal stiffhess is recognized (pink point) and it is corresponding to fiber diame-
ter(d) value = 7 um. Figure (4) showed that the longitudinal stiffness (Ei1) strongly correlates with
fiber stiffness, Whereas; the matrix stiffness has a small contribution due to the fiber aligned in the
longitudinal direction.

210



Mortda, M. S. A.-H., Szdvai, Sz. Optimization of weight and elastic properties

Ess, MPa 2,700 E11, MPa
4 416E-D4

2,600
4.27GE+D4

34866404 2,500 413TE+04
3997E+D4
33756404 2400
3.85TE+D4
s g 2,300 3AT18E+D4
3.578E+04
s
3.042E+04 é 2200 3433E+04
203tee0s W o4gp 3.209E-04
2821E+04 JA159E+04
2,000
J019E+04
2T1E+D¢
1,400 2 8BE+04
S1-2.599E+04
2T4E+D4
2488E+04 1,800 2 B01E-04
2377404 1700 2AG1E-04
2.266E+04 2321E+D4
75,000 80,000 85,000
2155E+04
2044E+04 Ef, MPa
Figure 3. Feasible points surface. Figure 4. E11 vs. matrix and fiber modulus.

Figures (5), (6), and (7) depicted transverse modulus of elasticity (E22/Ess), in plan (G12/G13), and
out plane shear modulus's (G2s) with matrix stiffness and fiber stiffness, as it can be seen that transver-
se elastic properties have been increased rapidly with matrices modulus. It can be concluded that the
Em has the most influence on them in contrast to Ef. The values of E2»/Ess, Gi2, Gis, and Gz at opti-
mum design point were 5358.84 MPa, 1450.07 MPa, and 1132.61MPa respectively.
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Figure 5. E11/E2 vs. matrix and fiber modulus. Figure 6. G12/G13 vs. matrix and fiber modulus.

Figure (8) showed the overall composite material density distribution over specified ranges of
matrix and fiber densities. The constituent's densities have the same influence approximately, and they
are correlated with composite density in the same manner. The optimization algorithm pointed out the
best density (pink point) in considering the longitudinal elastic modulus (E11).
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igure 7. G12/Gi3 vs. matrix and fiber modulus. Figure 8. Composite density distribution.

5. Conclusions

In this study, an approach for optimizing short glass fiber reinforced composite is proposed based on
micromechanical structure. The optimization process involved a multi-objective problem that minimi-
zed the density of RVE and improving the longitudinal modulus (E11). The AMGA optimization algo-
rithm has been used along with a wide range of design variables. The optimization algorithm captured
the optimum design parameters and reached a fair point between density (weight) and mechanical pro-
perties. The obtained results can be extrapolated to large-scale composite materials toward developing
ultra-lightweight with reasonable computational cost.
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