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Optimisation of location and dimension of SMC precharge in compression

moulding process

Moo-Sun Kim®", Woo Il Lee ?, Woo-Suck Han™*, Alain Vautrin®

2School of Mechanical and Aerospace Engineering, Seoul National University, Seoul 151-742, South Korea
b Division SMS, LTDS/CNRS UMR 5513, Ecole Nationale Supérieure des Mines de Saint-Etienne, 42023 Saint-Etienne, France

The main goal of the present study is to optimise the precharge conditions such as the precharge location and dimensions that give significant effects on
the mechanical performance of composite structures man-ufactured by the compression moulding process. As preliminary step of optimisation, we
developed a manufacturing simulation program to predict the fibre volume fraction and fibre orientation. And cou-pled with this simulation program and
a structural analysis program, a genetic algorithm (GA) is imple-mented to optimise the precharge conditions. The penalty function method and the repair
algorithm are modified for handling constraints. The repair algorithm is applied to a symmetric structure and an arbi-trary shape structure to find optimal

precharge conditions.

1. Introduction

The compression moulding process is a manufacturing process
in which precharges containing chopped fibres are compressed in
a mould. In many cases, SMC (Sheet Moulding Compound) in the
form of a thin sheet is used. At the design step, the fibre state of
the structure to produce is assumed to have a homogeneous fibre
volume fraction and an isotropic fibre orientation at anywhere
on the structure. This fibre’s state changes due to the flow charac-
teristics produced during the filling process. The mechanical prop-
erties of the final product are determined dominantly by this fibre
state. Consequently, this non-uniform distribution of the fibre state
induced by the fibre separation or the change of fibre orientation
during the compression moulding process generates non-uniform
mechanical properties of the final product.

Some principal process parameters, such as the cure time, the
mould closing speed, the moulding pressure and the precharge
specification (geometry, placement and size of precharge) affect
the quality of the final product. Among them, the precharge spec-
ification is considered as direct parameter because it induces vari-
ous flow patterns during the process. In the case of arbitrary
loading conditions, the fibre state with a homogeneous fibre vol-
ume fraction and an isotropic fibre orientation may be optimal
for the mechanical performance. To realise a homogeneous and
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isotropic fibre state, a precharge covering the entire mould surface
must be placed in the mould. If the mould has a complex shape,
making the precharge shape becomes complicated. Generally, in
the compression moulding process, the shape of the precharge is
supposed as simple as possible and a rectangular one is preferred.

In this study, both manufacturing process simulation and struc-
tural analysis were coupled to perform multi-objective optimisa-
tion. And the location and dimensions of a rectangular-shaped
precharge are considered as design variables to maximise the
structural performance.

The first part of the study was dedicated to the understanding of
the compression moulding process and the mechanical properties
of the produced materials. The generalised Hele-Shaw (GHS) model
proposed by Folgar and Tucker [1] is taken for the flow analysis of
the compression moulding process. Regarding the change of fibre
volume fraction during the manufacturing process, the fibre sepa-
ration due to matrix-matrix and fibre-fibre interactions was pro-
posed by Yoo [2] and Hojo et al. [3,4]. They modelled the fibre
separation from the equilibrium between the drag force and the
network force on fibres so as to predict fibre fraction. Moreover,
the non-uniform fibre orientation distribution is one of the main
causes for non-uniform mechanical properties in the product. As
for the method to determine the state of fibre orientation, Jackson
et al. [5] suggested the fibre orientation distribution function and
Advani and Tucker [6-8] predicted fibre orientation by using orien-
tation tensors. Also, Park et al. [9] suggested a fibre orientation
model considering the fibre separation effect. In order to predict
the mechanical properties of a short-fibre composite based on



the fibre state, the properties of a unidirectional composite should
be estimated first. Halpin-Tsai equation is the most popular model
for predicting the properties of short-fibre composites and is used
to estimate the mechanical properties of unidirectional composites
[10]. And the final fibre orientation tensors obtained from the sim-
ulation of compression moulding processing are used for obtaining
the average orientation on any point in the product [6]. For the
structural analysis of plate, a DST (Discrete Shear Triangle) element
[11] and a DRM (Discrete Reissner-Mindlin) element [12] are used
for thin and thick plate based on Reissner-Mindlin assumptions.

Till now, the most of research works for compression moulding
process are separately dealt with the flow simulation, the predic-
tion of fibre state or the structural properties induced by the fibre
state. There are some works on other manufacturing processes for
the optimisation of processing conditions or the structural design
to obtain optimal structural properties. The structural optimisation
considering manufacturing process for autoclave moulding was
studied [13-15]. Park et al. performed a simultaneous optimisation
considering structural and process constraints for RTM process
[16-18]. Some studies suggested the optimal processing conditions
as melt temperature and filling time for injection moulding process
to improve mechanical properties [19,20]. For compression mould-
ing process, some works were done on the optimisation of mould
heating design or precharge shape in order to minimise surface
temperature variation and keep uniform flow to prevent weld-line
without considering fibre states or structural properties [21-23].
Kim et al. [24] performed the optimal thickness design considering
compression moulding process effects coupled with the structural
design.

In this work, to maximise structural properties of the final prod-
uct manufactured by compression moulding process, the process-
ing conditions such as the location and dimension of precharge
are considered as design variables in optimisation problem.

This paper presents at first a numerical simulation approach of
the compression moulding process using SMC precharge linked
with the structural analysis. After that, an optimisation process
to find optimal precharge conditions such as its location and
dimension is presented. As optimisation method, a genetic algo-
rithm (GA) is implemented. Furthermore, the method to define
the precharge location and dimension using a GA is presented. As
technique for handling the constraints, a penalty function method
and a repair algorithm, modified for optimisation problems, are
proposed.

2. Analytical and numerical modelling of flow and structure
2.1. Flow modelling

For the GHS model used to analyse the compression moulding
process, it is assumed that the material is incompressible and the
inertia is negligible because the flow in the thickness direction is
negligible. The flow of filling process is assumed to be two-dimen-
sional. Due to the small thickness, only the variation of the shear
stress in the thickness direction is taken into account in the
momentum equation. The flow velocity is defined as the average
in-plane velocity in the thickness direction of the material. From
the continuity and momentum equations with the above assump-
tions, the governing equation can be obtained as follows:

0 (SOPY 0 (SOPY _h a0
ox\hox) oy\hoy) h’

where P, h, h are the pressure, the thickness, and the compression
speed, respectively and S is defined as the flow conductance. For

the numerical analysis of fluid flow in this study, the fixed grid
method is applied. To define the calculation domain, and thus to

obtain the flow front location, the volume-of-fluid (VOF) method
is used [25]. To calculate a more exact pressure distribution in flow
front elements, the FINE method is applied [26].

2.2. Fibre separation modelling

To explain non-uniform distribution of fibre volume fraction in
the final product, the fibre separation should be considered. In a
concentrated suspension such as SMC precharge with a high fibre
volume fraction, the fibre motion in flow is interfered by neigh-
bouring fibres due to the interaction between fibres. Thus, the rein-
forcing fibres may move at different speeds from the surrounding
matrix. Due to the relative velocity between the fibres and the
main flow, the initial homogeneous fibre volume fraction in pre-
charge may become heterogeneous and thus make the final
mechanical properties non-uniform. The network force, Fy,,, which
is defined as resultant of the frictional forces (Fig. 1) acting on the
fibre at different contact points with the neighbouring fibres, acts
as a resisting force and thus gives rise to the relative motion of fi-
bres. The relative velocity of matrix to fibre, us, is defined as:

Us = U — U, (2)

where u, is the matrix velocity and uyis the fibre velocity. It can be
assumed that the drag force on the fibre by the resin flow is bal-
anced by the frictional force on the fibre. Therefore, the relative
velocity can be determined by using the equivalence between the
drag force and network force. And, the network force can be defined
as the difference in the frictional force caused by the pressure var-
iation acting on the fibre [2].

With uy from Eq. (2), the fibre volume fraction (¢) can be esti-
mated by integrating the mass conservation of fibre for a control
volume (V,,) as in Eq. (3) assuming that the fibre content and
the rate of fibre content change are constant

dp ~ h
Ve + / b mdl =~ pgVe, 3)

2.3. Fibre orientation modelling

A compact and general description of the fibre orientation state
is provided by the tensors defined as follows:

a; = f pipy(p)dp. (4)

Qijkt = fpipjpkpl‘ﬁ(p)dpv (5)

where the unit vector p; for two-dimensional orientation is defined
as p; = cos 0, p, = sin 0 [6]. Note that a; is symmetric and its trace is
equal to the unity. The advantage of tensor representation is that

H u H
Friction force «=—— —2%» ———» Friction force

—»UC (matrix velocity)

Network force

Fig. 1. Friction forces acting on fibres.



only a few numbers are required to describe the orientation state at
any point in the space. For planar orientations, there are four com-
ponents of ay, but only two are independent. An equation of single
fibre motion that Folgar and Tucker suggested for a concentrated
suspension [27], can be combined with the equation of continuity
to produce an equation of change for the probability distribution
function and/or the orientation tensor. The result for second-order
orientation tensors is:

Da,‘j . 1

1,,. . .
Dt~ 2 (Wi — awwy) + 3 (Vi + Qg — 2V )

+ 2C1'))(5u — ocai,-), (6)

where §; is Kronecker delta and « is equal to 2 for planar orienta-
tion. w;; and 7; are the vorticity and the rate of deformation tensors,
respectively. C; is an empirical constant called the interaction coef-
ficient, and / is a parameter related to the geometry of the fibre. To
replace the fourth-order tensors with second-order tensors, hybrid
closure approximation [6] is applied.

2.4. Structural analysis

By using the fibre volume fraction and fibre orientation tensors
calculated from the processing simulation, the mechanical proper-
ties of a composite structure can be estimated. Firstly, the proper-
ties of unidirectional material are estimated using the Halpin-Tsai
equation [10]. Next, the mechanical properties of the final product
are calculated by considering the fibre volume fraction and taking
an average of the unidirectional properties over all directions. For
structural analysis, flat elements were employed. A typical flat ele-
ment is subject to plane stress and plate bending action. Therefore,
the stiffness matrix is formed by assembling the plane stress and
plate bending stiffness matrices. Also, the plate bending stiffness
matrix is composed of two different stiffness matrices, which are
obtained from bending moments and transverse shear forces. In
this investigation, a triangular three-node DRM element is used
for a plate bending problem [12].

3. Optimisation of location and dimension of precharge

As previously mentioned, the precharge location and dimension
can give significant effects directly on the fibre state according to
various flow patterns. Therefore, the precharge location and
dimension can be considered as design variables of optimisation
problem to maximise the structural properties. It is assumed that
the precharge has a simple shape, e.g. rectangular shape, and that
the precharge size is given so as to keep a constant weight after fill-
ing. GA is implemented as optimisation method. And, to handle the
constraints, the penalty function method and repair algorithm are
modified.

3.1. Optimisation procedure

To predict quantitatively the fibre state to find optimal mechan-
ical properties of the structure, a numerical filling simulation is
performed. For this type of optimisation problems, it is not possible
to calculate the gradient of the actual objective functions but to ob-
tain an approximate gradient by finite differentiation. When the
function fis continuously differentiable but the information about
the gradient of f is either unavailable or unreliable, direct search
method is useful because this method is derivative-free [28,29].
In this optimisation problem, GA is chosen as optimisation method.
Precharge dimension and location are chosen as design variables,
and it is necessary to generate a new mesh at every filling time
step. Mesh regeneration has an advantage: the resolution of design
variables can be modulated freely. For structural analysis, the

initially generated mesh is used successively. To allocate the fibre
states information from flow analysis to the nodes of the mesh for
structural analysis, linear interpolation is implemented. Fig. 2 pre-
sents the flow chart of the optimisation.

31.1.GA

GA is based on the natural phenomena in which every individ-
ual of population tries to progress or survive in his natural environ-
ment. The natural phenomena simulated by GA are implemented
as genetic operators, which process a set of design population dur-
ing consecutive generations. The main operators are reproduction,
crossover and mutation [30]. The reproduction phase involves the
creation of a mating pool where superior design vectors are se-
lected based on their fitness values. The crossover process is per-
formed on the mating parent pool to produce new design
vectors. The mutation operator alters the design vectors by substi-
tuting randomly some of the variables in them and provides a
mechanism that not only explores the design space but also inher-
its some of the information of the previous design vector.

3.1.2. Definition of design variables

The first step in the development of GA is to generate the initial
population. In the case of a multi-variable problem, to represent an
individual of population, n variables are represented in binary form
and attached in series as 101111 101101 010100...111001. In the
optimisation problem, the design variables to represent the pre-
charge location and dimension are expressed by a grid number in
the x-y coordinate system and they were converted into binary
form.

3.1.2.1. Precharge location. To define the precharge location, an x-y
coordinate expression is implemented. As shown in Fig. 3(a), first,
the development of the mould shape is projected on the x-y coor-
dinate system. The domain for the centre of precharge is limited to
the inside area of the mould, as in Fig. 3(b). In the example shown
in Fig. 3, the possible range of the domain is from I./2 to Ly — lx/2
in the x-axis and from l./2 to lgy — I,/2 in the y-axis, where g, lgy,
I 1oy are mould domain length in x-axis, in y-axis, precharge

Generate initial design
variable groups

v

Convert design variables to
real value

Remeshing by
“ANSYS”

v
Processing
analysis
v

Interpolation of fiber
states information

Structural analysis

\4

Evaluation of objective
function

!

Optimisation operation for
new design variables
[

No Yes
Converged? End

Fig. 2. Flow chart of precharge location and dimension optimisation.
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Fig. 3. Definition of domain for precharge centre and grids: (a) mould and
precharge, (b) domain of precharge centre and (c) grids for precharge centre.

length in x-axis and in y-axis, respectively. Then, grids are
generated in the domain of precharge centre on the x-y coordinate
system, as in Fig. 3(c). The number of grids along the x-axis is
2! — 1, and 2™ — 1 along the y-axis, where [ and m are the integers
for determining the resolution of the grids. One of the nodes in the
grids is defined as the precharge centre. Applying this definition to
GA, the grid numbers in x- and y-directions are implemented as
design variables. With more grids, higher resolution of design
vectors and more precise location become possible. Design vector,
x, for precharge location is defined as follows:

X = (X] 7Xz)7
X1 : Grid number of centre in x-axis, x; € {integer x;|0 < x; < 2'},
X, : Grid number of centre in y-axis, x, ¢ {integer x,|0 < x, < 2™}.

()

3.1.2.2. Precharge dimension. To define the precharge dimension as
design vector, the precharge centre is considered to be located in
the middle of mould in Fig. 4(a). Then, the development of mould
shape is projected on the x-y coordinate system. Any applicable
precharge dimension is possible in the range within the mould
size. In the figure, the maximum possible precharge size is the
same as the mould size. Then, within the maximum size,
2(2™ — 1) number of grids in the x-direction and 2(2P — 1) number
of grids in y-direction are generated on the x-y coordinate system,
as in Fig. 4(b). Because the precharge has a symmetric shape, the
actual number of grids to determine is 2" — 1 in the x-direction
and 2P — 1 in the y-direction. The grid numbers in the x- and

2 22-1)

O 2 (2"— I)

Fig. 4. Definition of domain for precharge dimension and grids: (a) mould and
precharge and (b) grids for precharge dimension.

y-directions are expressed as a design vector to define optimal pre-
charge dimension. Design vector for the precharge dimension is
defined as follows:

X= (X],Xz),
x1 : Grid number of dimension in x-axis, x; € {integer x;|0 < x; < 2"},
X, : Grid number of dimension in y-axis, x, € {integerx,|0 < x, < 2°}.

(8)

3.1.2.3. Precharge location and dimension. Both precharge location
and dimension can be considered simultaneously as design vec-
tors, as shown in Fig. 5. In this case, because the precharge dimen-
sion is not determined in advance, the range of the centre of
precharge location cannot be confined. Then, the entire mould area
is defined as the possible region for the location of the precharge
centre. The grids for the location are shown in Fig. 5(b). After set-
ting one point of the grids as the precharge centre, other grids for
precharge dimension are laid on the point, as shown in Fig. 5(c).
Then, on the precharge dimension grids, precharge is placed with
the dimension generated by dimension design vector. Design vec-
tor is defined as follows:

X = (X],Xz,X;,X4),

x; : Grid number of centre in x-axis, x; € {integer x,|0 < x; < 2'},

X, : Grid number of centre in y-axis, x, € {integer x,|0 < x, < 2™}

x5 : Grid number of dimension in x-axis, x; € {integer x3|0 < x3 < 2"},
X4 : Grid number of dimension in y-axis, x4 € {integer x4|0 < x4 < 27}.

9)

As shown in Fig. 5(d), if the precharge falls beyond the mould area,
the process analysis cannot be carried out because the precharge
must be completely located within the mould to keep the initial size
for process simulation. To treat infeasible solutions (i.e. precharge
partially or fully outside the mould), some techniques to handle
constraints are needed.

3.2. Constraint handling techniques

A non-linear inequality constrained optimisation problem is
formulated as
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Fig. 5. (a) Mould shape and size. (b) Grids for precharge centre. (c) Grids for precharge dimension. (d) Location and dimension of infeasible design variable.

Minimise f(x), 10
subjectto x €S, g(x)<D0. (10)
S is defined as n-dimensional rectangle in R", i.e. S = {x|l < x < u},
where [ and u are the lower bound and upper bound of x, respec-
tively. In general, the search space S consists of feasible and infeasi-
ble search spaces, F and I, respectively. There are several methods
for handling feasible and infeasible solutions [31-34]. The general
method penalizes infeasible points and other methods reject and
repair infeasible individuals. The rejection methods may work well
when the feasible search space has a convex form and it constitutes
a reasonable part of the whole search space. However, these

infeasible and the ratio between the sizes of F and S is small [34].
In GA, even an infeasible solution gives and transfers its partial
information through operations. Therefore, the infeasible solutions
should be allowed to provide information and not just be thrown
away. Excluding the rejection methods, this study applies the pen-
alty method and the modified repair algorithm to handle infeasible
solutions.

3.2.1. Penalty method
Penalty method is one of the most popular approaches in GA.
The approach assumes that

methods have drawbacks in cases where all initial individuals are eval(x) = f(x) - p(x), (11)
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ra 'l s
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Fig. 6. Repair procedure for renewing the precharge centre.



where p(X) represents a penalty function for infeasible individual in
maximisation problem. The key point of this method is how to de-
fine the penalty function. The relationship between an infeasible
individual and the feasible part of the search space plays a signifi-
cant role in penalizing such infeasible individuals. In this study,
the ratio between the precharge size overlapping the mould and
the initial size is considered to present the penalty term as the
distance from the feasible solution domain [35]. Therefore, the

. . — A
penalty function is defined as p(x) = 1 — Zoovertaped.
Areagesigned

The optimisation problem at hand is considered to be a stiffness
maximisation problem. To maximise the stiffness, the maximum
displacement of the structure under the given loading conditions
should be minimised. For convenience, this displacement minimi-
sation problem is converted into a maximisation problem by
taking the inverse of the displacement

fx) = %, d : displacement. (12)

It is impossible to evaluate the objective function f when an
individual is in the infeasible solution domain, because the process
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Fig. 7. Flow chart of repair algorithm for precharge location and dimension
optimisation.

200mm

X

(0]

) g

400mm

Fig. 8. Mould dimension for test function.

analysis with an infeasible precharge condition cannot be per-
formed. In this case, fis set as 0. In order to prevent the evaluation
function from having a negative value, an additional value, 1, equal

Table 1
Conditions for GA.
Population size 20
Maximum generation number 30
Crossover probability 0.8
Mutation probability 0.05
(@) oe] ... .
A
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Fig. 9. Convergence test of repair algorithm and penalty method for (a) test
function 1, (b) test function 2 and (c) test function 3.



to the maximum penalty value, was added to f. Consequently, the

evaluation function is redefined as given as

eval(x) = Const + f(X), if x is feasible,

Areao verlapped

eval(x) = Const -
Areadesigned

,otherwise.
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function 2 and (c) test function 3.
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Table 2

Precharge material properties and processing conditions.
Initial fibre volume 30% Fibre tensile modulus 72.5 GPa

fraction

Fibre length 25mm  Fibre shear modulus 30GPa
Fibre bundle diameter 2.5mm Fibre Poisson ratio 0.2
Compression speed 1mm/s Resin tensile modulus 2.62 GPa
Viscosity 500 Pas Resin shear modulus 0.984 GPa
Initial fibre orientation Random Resin Poisson ratio 0.32
Proportionality constant k 0.5 Interaction coefficient 0.04

G

The closer the precharge size falls within the feasible solution
domain, the higher becomes the evaluation function value. For
penalty method, a scaling scheme is used to redefine the objective
function, f. The values of the original function are converted by
adding the quantity C=0.1f, — 1.1f; to each function value, where
fn and f; are the highest and lowest values, respectively. Each
new value is then divided by D = f, + C and the scaled function f,
is defined as follows:

fi=tte (14

3.2.2. Repair algorithm

Repair algorithms are popular for many combinatorial optimi-
sation problems. A repaired individual can be used for evaluation
only, and the original individual can be succeeded or be replaced
by the repaired one in the next generation. Various types of repair
algorithm can be applied depending on the type of optimisation
problem. Therefore, a specifically designed repair algorithm should

13
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a] 05
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be used for each particular optimisation problem [32-34,36,37].
For the optimisation of precharge location and dimension in this
study, a repair algorithm is applied to handle the infeasible solu-
tion domain, in which the precharge falls beyond the mould area.
Basically, the precharge dimension was repaired to maintain the
initial shape as similarly as possible and the precharge location
to be close to the feasible reference point [32]. The algorithm to re-
pair the infeasible precharge location and dimension is composed
of the following steps.

First, it checks whether the precharge size overlapping with the
mould is the same as the original one. If they are the same, the
evaluation function can be calculated for the original individual.
If not, the following procedure is performed.

1. It checks to see if the precharge centre is inside the mould. If
yes, the dimension design vector is repaired by decreasing the
grid number in the x and y coordinate system by unit value,
1. Then, the feasibility constraint is checked. If the repaired
design vector is within the feasible solution domain, the evalu-
ation function is calculated. If not, the dimension design vector
is repeatedly repaired until it falls beyond the dimension
constraints.

2. If the design vector is not within the feasible solution domain,
as shown by step 1, the location repairing procedure is per-
formed in the next step.

3. The reference point R is set at the nearest node to the centre of
grids for location optimisation, as shown in Fig. 6(a).

4. The point is found where the straight line from the reference
point to the design vector in the infeasible area meets the grid
boundary. Then, the ratio of the length I, over the length [, is
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Fig. 12. Geometry and loading conditions of car-hood shaped structure.



calculated, where I, is the length between the reference point
and the repaired location design vector and [, between the ref-
erence point and the infeasible point, as shown in Fig. 6(b).

5. The point where this straight line meets the mould boundary is
found. Then, the node that is nearest to the point dividing the
line by the previously obtained ratio is set as the repaired loca-
tion design vector, S, as shown in Fig. 6(c). Then, the feasibility
is checked.

6. If feasibility is allowed, the evaluation is performed. If not, step
1 is repeated with the original precharge dimension.

7. If the repaired design vector is still not within the feasible
domain, the nearest node point to the repaired location design
vector, Z, is renewed to approach to the reference point as
Z =daS + (1 — a)R, where a is a constant between 1 and 0.

8. At the new repaired location design vector, step 1 is repeated
with the original precharge dimension. Until a feasible individ-
ual is found by repairing, step 7 and step 1 are repeated by
reducing a by 0.1 as shown in Fig. 6(d).

Through the above repair procedure, the initial infeasible design
vector can be repaired to make it feasible. In the present study, the
repaired individual replaces the old infeasible one for GA opera-
tions. The overall procedure of the repair algorithm is illustrated
in Fig. 7.

3.2.3. Verification of penalty method and repair algorithm

Test function is applied to verify and compare the efficiency of
the two present methods: penalty method and repair algorithm.
For example, the plate shown in Fig. 8 is considered. Instead of per-
forming the process and structural analysis, three test functions
are defined with four variables, X = (X1, X3, X3,X4), as follows.
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Fig. 13. (a) Optimal location and dimension of precharge. (b) Convergence of three
design variables for precharge location and dimension optimisation.

Test function 1: f(X) = X; + Xo + X3 + Xa.
Test function 2:

1 1 1
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Test function 3:
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Fig. 14. (a) Distribution of fibre volume fraction. (b) Distribution of fibre orientation
tensor a;;. (¢) Displacement in z-direction.



where

1 1
X1 =%x(%1), Xa=Yy.(x), X3 :Elcx(Xa), X4 = jlcy(x4)7

Xe Yo lex and I, are the centre of precharge and precharge length
in x-axis and in y-axis, respectively.

The numbers of grids for the design variables are set as 2° — 1,
2% -1,2%-1,2% -1, respectively. In this case, 2'® solutions
exist in the search space. Among them, there are 5804 feasible
solutions.

The evaluation function for the penalty method is defined as

Maximise eval(X) = Const +f(X), if X is feasible design vector

eval(X) = Const . ArCoveramped

Aredgery  Otherwise

where f(X) is scaled function.

For the repair algorithm, the evaluation function is defined as
the test function, f(X). Conditions for optimisation are given in
Table 1.

Fig. 9 shows the convergence of test function value obtained
by repair algorithm and penalty method (Const = 1) respectively.
Fig. 10 shows the evolution of number of infeasible individuals.
In both cases, most of the initially generated individuals are in
the infeasible search space, but its number decreases through
evolution. From Fig. 9, we can say that the repair algorithm con-
verges to optimal solutions faster than the penalty method, be-
cause much more real numbers are evaluated by the repair

algorithm than by the penalty method. It shows that the repair
algorithm is more adapted to GA. Therefore, the repair algorithm
has greater chances to find optimal solutions than the penalty
methods. In Fig. 11, it depicts the distribution of values and the
averaged numbers of infeasible individuals per generation with
20 trials of test function 1. As shown in Fig. 11, the repair algo-
rithm does not miss finding an optimum solution during 20 tests
with the variation of number of infeasible individuals. On the
contrary, the penalty method has less chance to find optimal
solutions. In the penalty method, there are many infeasible indi-
viduals according to Const value in the penalty function. It is
clearly shown that the less becomes the Const value, the less
the infeasible individual number becomes. However, the chance
of finding an optimal solution with the penalty method does
not increase with the Const value as efficiently as with the repair
algorithm.

4. Example and results

The optimisation of precharge conditions is applied to a
symmetric structure and an arbitrary and unsymmetrical shaped
structure in 3D. In fact, as well as precharge conditions, other
constraints should be also considered such as air-void or weld-line
formation during the manufacturing process. However, in these
examples, it is assumed that air-void can be removed through
the vent and the fibre orientation represents the weld-line
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Fig. 15. Geometry and loading conditions of an arbitrary shaped structure.
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characteristics. The material properties of the precharge and pro-
cessing conditions are listed in Table 2.

The first example is the car-hood shaped structure. This
structure has a symmetric shape, and two dimension and only
one location (in y-axis) variables are considered. The geometry of
the structure and loading conditions are shown in Fig. 12. The
objective function and constraints are defined as follows:

X = (X2,X3,X4),

1 . .
=0 d : maximum displacement
Subject to design constraints 0 < xc(X2) < lgy,

1 1 1 1

Elcx(x3) gildm Ogjlcy()@t) gjldya

03 < AreaDesigned < 0.7 and AreaOverlapped 1.
Areastructure AreaDesigned

Maximise f(X)

0

N

The optimised precharge conditions for this problem and the
searching procedure are shown in Fig. 13. The distribution of fibre
volume fraction and fibre orientation tensors calculated by flow
analysis and structural analysis with the optimised precharge con-
ditions is shown in Fig. 14.

The structure considered as the second example has an arbi-
trary shape as shown in Fig. 15 and 4 variables are needed to be
optimised.
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Fig. 16. (a) Optimal location and dimension of precharge. (b) Convergence of four
design variables for precharge location and dimension optimisation.
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The objective function and constraints are defined as follows.

X = ()(1,)(2,)(37)(4)7

1
d
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Maximise f(x) = - d : maximum displacement
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Fig. 17. (a) Distribution of fibre volume fraction. (b) Distribution of fibre orientation
tensor a;;. (¢) Displacement in z-direction.



The obtained optimised precharge conditions for this problem and
the searching procedure are shown in Fig. 16. Also, the distribution
of fibre volume fraction and fibre orientation tensors calculated
with the optimised precharge conditions is shown in Fig. 17.

From the results of examples, the repair algorithm is found to be
as effective as the penalty function method for handling con-
straints because the repair algorithm deals with the population
in which every individual is feasible and no individual is thrown
away. The modified repair algorithm in this study was effective
for a structure with simple geometry. But it needs still other mod-
ifications for structures with a complex geometry, e.g. a structure
with holes.

5. Conclusions

The optimisation of precharge conditions in compression
moulding process was studied. To define the location and
dimension of the precharge as a design vector, the grids were
implemented to determine its location and size. To treat this opti-
misation, the whole search field of the design vector was divided
into two spaces, the feasible and infeasible search spaces, because
of the correlations of the design variables and constraints. To
handle these constraints, penalty function method and repair
algorithm were implemented. In the penalty function method,
the penalty term was defined as the ratio between the precharge
size overlapped on the mould and the original mould size.
Concerning the repair algorithm, a modified repair algorithm was
suggested. The optimisation results of both methods applied to test
functions were compared and it was verified that the modified
repair algorithm showed better performance. The repair algorithm
is problem-dependent and it is necessary to be modified due to the
problem characteristics. In this study, only structures with simple
geometry were considered. However, for a structure with complex
geometry, the repair algorithm would need to be modified. In addi-
tion to complex shaped structure, multi-precharge conditions can
be another problem to consider. These conditions need the use of
more than two precharges with different locations and dimensions.
And further investigation of this case can be suggested based on
the methodology proposed in this study.
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