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Abstract

The objective of this study is to determine the optimal cooling scheme to minimise the processing time during the cooling stage in press
moulding. The optimisation is subject to the quality constraints concerning maximum allowable residual stress and recommended levels of
crystallinity. Since they depend on temperature state, a one-dimensional transient heat transfer analysis was carried out using a finite
difference method so as to obtain the transient temperature profile through the thickness of the laminate. The heat transfer analysis was
then coupled with a crystallisation-kinetics model. Using a plane-strain viscoelastic model, residual stress distribution was obtained
corresponding to a given cooling scheme. These models were then integrated into an optimisation algorithm called sequential simplex, to
minimise the cooling time without compromising quality requirements. Significant reduction in processing time was obtained for APC-2

laminates. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Press moulding is a widely used technique to fabri-
cate thermoplastic—matrix—composite laminates. This is
achieved by placing the plies with proper sequence into a
mould cavity having the desired shape, and heating up. By
keeping the material under pressure at temperatures higher
than the melting point of the thermoplastic, intimate contact
is achieved and molecular diffusion between individual
plies is allowed to take place. Consequently, bulk properties
are restored at their interfaces. Finally, the composite is
cooled down to the room temperature. An illustration of
the press moulding process can be seen in Fig. 1.

Many thermoplastic composite laminates, such as those
made of APC-2, undergo a considerable temperature drop
during their post-manufacturing cool-down because of their
high melting points. This thermal excursion induces signifi-
cant residual thermal stresses in laminated composite struc-
tures as an unavoidable consequence of the large difference
in thermal expansion coefficients of fibre and polymeric
matrix. For a typical carbon-reinforced thermoplastic
composite, while temperature increase induces significant
expansion of the laminate in the transverse direction but
almost none along the fibre direction. Besides, fibres being
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themselves anisotropic contribute to this effect. Anisotropy
is especially effective in cross lay-ups, where fibres run in
different directions in different layers. Existence of tempera-
ture gradients through the thickness of the laminate during
cooling is also a factor in residual stress development. This
is because of the dependence of the mechanical properties
on temperature. When different parts of the laminate experi-
ence different temperature histories, their deformation
behaviour will also be different. Discrepancy in the defor-
mation response naturally results in the development of
residual stresses.

Residual stresses can have significant detrimental effects
on the performance of composite structures by causing fibre
buckling or void formation during solidification, reducing
strength and initiating transverse cracks or delaminations
[1,2]. These stresses can be as high as the ultimate trans-
verse strength of the composite. Therefore, residual thermal
stresses should be within tolerable limits to ensure the
desired performance and reliability of the composite struc-
tures during service.

Productivity of a manufacturing process decides its feasi-
bility. Higher productivity can be achieved by reducing the
process time. However, the quality of the final product must
be satisfactory as well. One of the indications of quality is
the residual stress level. Another is the crystallinity of the
matrix. During processing of semicrystalline thermoplastic—
matrix composites, crystallisation occurs above the glass
transition temperature as the laminate cools down from
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Fig. 1. Illustration of the press moulding process.

the melted state. Mechanical properties such as strength,
fatigue and impact resistance are influenced by crystallisa-
tion [3—11]. Slow cooling results in high crystallinity, which
leads to a brittle and higher modulus polymer. In contrast,
fast-cooled polymers have lower modulus, lower strength,
but higher toughness due to low crystallinity. Therefore, one
should ensure a crystallinity level that will yield desired
properties in the final product.

The aim of this study is to develop an optimisation
scheme to determine the optimal cooling path so that a
thermoplastic composite laminate can be produced by
press moulding in a minimum time without leading to
excessive residual stresses and non-optimal crystallinity
levels.

A number of researches studied different aspects of the
problem through experimental, analytical or numerical
methods. Unger and Hansen [12] investigated the effect of
cooling rate on residual stress development in APC-2 while
cooling from the molten state by measuring the radius of
curvature developed in unsymmetrical laminates. They also
studied the effect of annealing temperature by heating from
the amorphous state. They concluded that control of the
matrix properties and stress state through cooling rate or
annealing allows the material response of APC-2 to be opti-
mised. A process of quench cooling followed by an anneal
cycle to a specified temperature was identified as one such
method effective in minimising residual stresses. Gurtin and
Murphy [13] attempted to obtain optimal cooling paths to
minimise residual stresses by employing a linear thermo-
viscoelastic approach. They considered a thin, isotropic,
thermorheologically simple, linearly viscoelastic plate
reinforced by a random system of fibres lying in the plane
of the plate. For a Maxwell material, they solved the Euler’s
equation in closed form and they used this equation to
compute the optimal temperature path for polymethyl
methacrylate cooling from 90 to 80°C. The cooling time
was 5 h. They used a constant thermal expansion coefficient
in their analysis. Weitsman [14] presented an analytical
scheme to find the optimal temperature path that minimises
residual thermal stresses in thermorheologically simple
linear viscoelastic thin plates. The optimal temperature

paths were smooth and continuous during all intermediate
temperatures, but discontinuous at initial and final times.
Later, Weitsman and Harper [15] obtained results for the
optimal cooling of symmetric and balanced cross-ply lami-
nates and adhesive joints using an optimisation scheme
based on the one developed in Ref. [14] and recent data
on viscoelastic response of graphite/epoxy composites. As
in Ref. [14], cooling paths possessed discontinuities at the
initial and final times. In all the cases investigated, cooling
paths undershot the final temperature and required an
upward jump at the final time. Harper [16] used an analy-
tical method similar to those developed in Refs. [13,14]
for predicting optimal cooling paths minimising residual
stresses. In this case, thermoviscoelastic behaviour of the
plate material was modelled by employing both horizontal
and vertical shift factors. Lee and Weitsman [17] obtained
optimal cool-down paths to minimise residual stresses in
APC-2 laminates where the response of APC-2 laminates
was formulated by CLT (Classical Laminate Theory). The
non-linear viscoelastic behaviour of the laminate was
accounted for by means of a quasi-elastic/viscoelastic
approximation. The optimal cool-down paths were found
numerically by solving an integrodifferential equation
iteratively. Weitsman and Zhu [18] demonstrated that it
was possible to obtain an optimal temperature—time cooling
path in the case of rate-dependent plastic response.

In all these studies, however, temperature was assumed to
be uniform across the thickness of the plate at a given time;
therefore the effect of temperature gradients induced during
cooling was not taken into account. As another shortcoming
regarding the previous studies, optimal cooling paths con-
tained sudden drops and sharp decreases in temperature so
that it is impossible to deliver the prescribed cooling by an
instrument. They also did not include crystallisation in their
optimisation scheme. For this reason, it was not possible by
the previous methods to ensure that the final crystallinity
was within the recommended range. Our goal in this study is
to develop an optimisation scheme that also considers the
above-mentioned points that were left out in previous
studies. Also instead of minimising residual stresses, we
chose the cooling time as our objective function to be mini-
mised. Maximum allowable residual stress and recom-
mended crystallinity levels, on the other hand, serve as
quality constraints during the optimisation process.

2. Heat transfer analysis

A transient analysis is needed to determine the variation
of temperature through the thickness of the laminate during
cooling.

2.1. Assumptions and boundary conditions

The in-plane dimensions of the plate were assumed to be
much greater than the thickness, 4. Consequently, heat
transfer through the edges can be neglected in comparison
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Fig. 2. The thermal boundary conditions.

to the top and bottom surfaces of the composite. A one-
dimensional thermal analysis may then be assumed to
yield accurate results.

The surface of the thermoplastic laminate is cooled by
conduction heat transfer through the walls of the mould,
which in turn are convectively cooled by a cooling fluid
flowing through the press platens. We assume that the
mould temperature can be reduced in a controlled manner.
Considering that the mould is large and made of a highly
conductive material, it acts like a heat sink having almost
uniform temperature. Accordingly, the control volume to be
analysed can be taken to be limited to the composite, and the
temperature of the laminate at its top and bottom can be
assumed to be equal to the mould temperature. Therefore,

T(t.0)=Tnoa Tt h) = Tnou )]

where T4 is the temperature of the mould. The boundary
conditions of the problem and the coordinate system are
shown on a schematic of press mould in Fig. 2.

2.2. Initial condition

We assume that the consolidation time during which the
material is kept in the molten state is sufficiently long so that
steady state is reached. Therefore, at the onset of cooling,
the temperature is assumed to be uniform within the mould
and equal to the consolidation temperature. So,

I0,y)=T, 2

where T, is the consolidation temperature.

2.3. Governing equation

For one-dimensional heat transfer, the heat conduction
equation reduces to:

ar  d[, dT
C— = —|k— |+ pg 3
pC— ay[ ay] pq (3)

where p is the density, C is the specific heat, k is the thermal
conductivity of the composite in the transverse direction,
and ¢ is the heat generation per unit mass resulting from
crystallisation. Since the effect of crystallisation on
temperature is small as some previous studies [12,19]
have shown, the ¢ term in Eq. (3) is dropped in our study.

2.4. Finite difference formulation

The governing differential equation and the boundary

conditions can be approximated by expressing derivatives
in time and space by difference formulas. The analysed
region is divided into a mesh of nodes separated by distance
Ay and finite difference equations are formed at each node at
finite time increments At to obtain temperature distribution
at each time step. Two nodes are used in each ply. There-
fore, Ay is equal to the half of ply thickness. Derivation of
the finite difference equation for transient heat transfer
through a plate, governed by Eq. (3), at node j, y + y;, and
time step n + 1, t = 1,4, reveals [20]

Tjn+l _ T;q B gI: rI}n_+ll _ 27—.-](1-*—1 + 7}(1++11

At 2 (Ay)?
Th ., — 2T + T
J—1 J Jjtl
(4a)
(Ay)? ]
where
k" e s
a = —— = thermal diffusivity (4b)
pncn

Because high performance engineering thermoplastics have
very high melting points (340°C for APC-2), temperature
drop during cooling is drastic. Therefore, temperature
dependence of the material properties may not be neglected
through using average values for the material properties in
the above equation. Accordingly, the values of k, p and C in
Eq. (4b), are updated at each time step. In order to obtain
accurate results, the time step Az was set to a sufficiently low
value. The Crank—Nicolson method was used for solving
the above-stated one-dimensional transient conduction
problem.

3. Crystallisation model

The general Avrami theory of phase change [21], when
applied to isothermal crystallisation of semi-crystalline
polymers, yields the following equation:

cy(0) ”
- 1 — exp[—kr"] (5)
where c,(?) is the volume fraction of crystallinity at time ¢,
¢y is the volume fraction of crystallinity at infinite time.
The Avrami equation can be extended to nonisothermal
crystallisation kinetics. An expression for nonisothermal
crystallisation kinetics was proposed by Kamal and Chu
[22]:

oy exp[ —(f k(z)m’“dz)] 6)
cy 0

Eq. (6) was applied to bimodal nonisothermal crystallisation
of PEEK polymer and its carbon-fibre-reinforced compo-
sites by Velisaris and Seferis [23,24] and later by Cebe
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[25,26]:

o _ Wl(l - exp[_( J ’ klnltnrldt)])
cy 0
+ w2(1 - exp[—(ﬁ) kznzt”z_ldt>]) )

Cv(t)/czo = Wvacl + WZFVC2 (8)

or

where w; are the weight factors for the dual mechanism
with w; + w, =1 and F,; is the normalised volume fraction
of crystallinity corresponding to the i-th mechanism defined
for non-isothermal crystallisation as:

1

Foi=1~- exp[_J Ki(f)nit(n'il)dt] i=12 ®
0

where

K{(T) = =Cy;-T-exp| — Cu - Ca 3
(1-T1,+516) T(Twi=T)

(10)

Here K;(T) are the crystallisation rate constants, 7,,; are the
crystal melt temperatures, n; are the Avrami exponents, Cy;,
Gy, Cy; are the model constants, T, is the glass transition
temperature. Values of these constants are given in Ref. [23].

In this study, the annealing equation of Ref. [27] is
modified to calculate the instantaneous value of crystallinity
for a given instance, which can then be used as the initial
value of crystallinity for the next time step. The normalised
volume fraction of crystallinity for the i-th mechanism in the
next time step p + 1, F'.; " is found from the following
expression:

1 1/n; 1 1/n; fi1
In—— =|In——— + KA(T(t))]""ds
[“I—F"*-l] [“1—#30,»] J, o)

i=1,2 (11)

Therefore, the volume fraction of crystallinity at the next
time step p + 1 can be obtained from:

ve2

= e (i P+ Rl (12)

4. Residual stress model

A number of studies by several researchers were carried
out to characterise development of residual thermal stresses
during the post-manufacturing cool-down of composite
laminates. Chapman et al. [1] developed a model to pre-
dict the macroscopic in-plane residual stresses induced in
semi-crystalline thermoplastic composite laminates during
cooling. They showed that the residual stress state was
strongly influenced by the temperature gradients that

occurred during processing, but weakly dependent on the
level of crystallinity after processing. Eduljee et al. [28]
developed a model to show the effect of crystallisation on
the residual stress level. They found out that crystallisation
resulted in an increase in residual stress levels through an
increase in the resin modulus, and through modulus build-up
at higher temperatures. On the other hand, the shrinkage due
to crystallisation was found to have no effect on the residual
stress development in neat PEEK, since the resin modulus at
temperatures where the shrinkage occurs was very low.
However, this model did not consider the effect of visco-
elastic stress relaxation. Wang et al. [29] developed a
numerical procedure to determine residual stresses and
warpage for thermosets that could be applied to evaluate
the effects of cool-down paths on the residual stresses and,
thus, to optimise the curing cycle. The irreversible polymer
shrinkage during curing was taken into consideration in this
model. They also used a linear thermoviscoelastic lamina-
tion theory to analytically determine residual stresses and
warpage in laminates. The numerical and analytical results
came out to be in good agreement. Jeronimidis and Parkyn
[30] determined the residual stresses in unbalanced cross-
ply APC-2 laminates of various thicknesses manufactured
with a cooling rate of 3°C/s by measuring the curvatures
attained after processing. They also developed a model
based on the CLT and measured thermoelastic properties
of the APC-2 composite. They did not take into account
the effect of crystallisation shrinkage. A ‘stress free
temperature’ was defined as the temperature at which the
curvature of the unbalanced cross-ply strips approached
zero during heat up in the oven. This temperature was
used in their model as the starting point of residual stress
development. Kim et al. [31] studied the effect of cooling
rate on residual stress development in a thermoplastic—
matrix composite reinforced by graphite through monitoring
warping of a cross-ply laminate. They showed that residual
stresses in a cross-ply laminate were high enough to cause
ply cracking. In another paper, Davies et al. [5] also exam-
ined the influence of cooling rate on short- and long-term
properties of continuous fibre reinforced PEEK. They
showed that slow cooling increased the degree of crystal-
linity of the matrix and reduced the level of internal stresses
in multidirectional carbon fibre/PEEK laminates. On the
other hand, unidirectional laminates showed little influence
of cooling rate. Li et al. [32] developed a finite element
residual stress model for thermoplastic composites. This
model was based on a plane-strain elastic analysis with
temperature-dependent matrix properties. The model was
applied to [04]1 unidirectional laminates to predict thermal
residual stresses at surface cooling rates of 35°C/s and
10°C/s. Residual stress was found to decrease with reduced
cooling rates. The same procedure was applied to [01¢/90¢] 1
non-symmetrical laminates with different surface cool-
ing rates. This time the residual stresses increased as the
cooling rate decreased. The results obtained showed that
cooling rate differently affected these two types of laminates
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due to the differences in the lay-up sequence and the crystal-
linity distribution. They stated that an appropriate proces-
sing cycle must be chosen for each specific lay-up in order
to minimise the residual stresses and to optimise the
mechanical performance of the composite laminates.

In this study, a 2D-plane-strain thermoviscoelastic finite
element model was developed to predict residual stresses
induced during cooling stage.

4.1. Formulation of the problem

4.1.1. Assumptions and constitutive relations

Although press moulding may accommodate fabrication
of laminates having a curved shape with any preferred lay-
up sequence, in this study a more basic geometry is chosen
to simplify the analysis and interpret the results more easily.
In our particular case, the plate is assumed to be flat with a
unidirectional or a cross-ply lay-up. The width of the lami-
nate is typically large enough to assume plane-strain state.
Fig. 3 shows the laminate to be analysed and the coordinate
system to be used.

The effect of crystallisation on residual stress develop-
ment was assumed to be negligible as some previous studies
[19,33] found it to be. It should also be noted that in order to
incorporate crystallisation-shrinkage strain into the process-
induced strain, a micromechanic model is needed, which
predicts the behaviour of the composite from its cons-
tituents. As Barnes [34] indicated, reliability of these
models is questionable. Therefore, consideration of this
effect harbours an inherent risk of incurring a greater error.

In the analysis, linear constitutive relations are used.
Displacement gradients u; ; are in absolute value much smal-
ler than unity. Namely, the displacement changes slowly
within the control volume. Material nonlinearity was also
assumed to be negligible. In several studies [1,12,29,30,35],
curvature of unbalanced APC-2 laminates was used as a
measure of residual stresses induced during thermal proces-
sing. From these studies, it may be concluded that a signifi-
cant portion of the residual stress builds up between just
above the glass transition temperature (1) and the room
temperature. Time dependent response of the material was
reported to be dominated by the viscoelastic process close
to T, [36]. Nonlinear and viscoplastic effects can, therefore,
be neglected without much compromising the accuracy of
the results.

Fig. 3. The laminate in question and the coordinate system.

For a continuous unidirectional fibre-reinforced compo-
site having a viscoelastic matrix, the creep compliances Sy,
and S, can be taken to be independent of time and tempera-
ture [36,37], where ‘1’ denotes the fibre direction and ‘2’
denotes the transverse direction. Bearing in mind that the
plane of the transverse isotropy is ‘2—3’ plane, if the fibre
direction of a ply coincides with the x direction, constitutive
relations for the transversely isotropic viscoelastic ply are
expressed as [38—40]

&) = €(1) = $1,0,(1) + S1p0(1) + S1,0.(1)

. o0,
eya)—ey(r)—suax(rwj Vo (S — &) 700
+j Vas$nte = ) *0 4
~ o0,
2%(0—[ Ve (e é — £) 270 (13)

where €,(r) and €,(r) are the thermal strains. Since the
thermal expansion coefficients are temperature dependent,
they are given by

Ty
GT(I) = J o;(THdT (14)

Ty
¢ is the pseudo time, which explains the dependence of the
creep compliance on temperature. It is given by

£= jo a[T(m)ldn and &= [O a[T(m)ldn (15)

a(T) is the shift factor, which is related to the amount of
horizontal shift required to make the modulus—time curve
for temperature T coincide with the one corresponding to the
base temperature Ty,. When 7 is less than Ty, then a(T)
takes a value smaller than 1. When T is greater than T,
a(T) takes a value greater than 1. This means that acceler-
ated viscoelastic processes within the material due to
increased temperature are reflected in a faster elapse of
time. V(T) is the vertical shift factor introduced to account
for the decrease in the value of the long-term creep compli-
ance S(o0) with an increase in temperature.

When the fibre direction of a ply, ‘1°, is transverse to the
xdirection, the constitutive relations become

. d
exm—e;(z):j Via(Se - &) 77 P ar

o et S1,0.(1)
-

t J
+ Jo Va3 (DSx(€— &)

eyu)—e:(r):j V(e — &) 7P ar

)

+j VoSt — £) 22D dr + $1000)

(?(rxy ( T)

2e, (1) = J [S2(6— &) — Sny(t — )] (16)
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Fig. 4. Transformed solution domain.

The usual procedure of determining the final residual
stress levels is to calculate the stresses at different time
steps of the cooling process through a viscoelastic analysis
and add the incremental stresses obtained in each step.
However, this procedure results in excessive computational
times for the optimisation process, in which convergence to
minimum requires hundreds of residual stress computations.
Instead, we follow a different approach. First, we assume the
plate to be so large that edge effects are negligible. Accord-
ingly, our problem is the determination of residual stresses
in an symmetric infinite laminate where the temperature is
varying only in the thickness direction. Let us consider a
strip of the laminate with length AL at discrete times (= 0,
Ar, 2A1, ..., (n — DAt nAt, (n + A1, ..., f). Then, we
compose a new laminate by joining together the strips as
shown in Fig. 4. The larger value we choose for AL and the
smaller for At, the closer will be the values of the stresses
obtained through the viscoelastic analysis of the trans-
formed laminate to the exact value. The stress state of the
laminate at a given time ¢ is then taken to be equivalent to
the stress state of the transformed laminate at the location of
x=1t'AL/At. Since at the end of cooling there will be no
change in stress levels with time, the stress state at the right
hand of the transformed laminate represents the residual
stresses.

4.1.2. Boundary conditions

In the press moulding process of thermoplastic compo-
sites, when the temperature is above the glass transition
point, pressure should be applied in order to suppress void
formation within the matrix. Since we neglect material
nonlinearity, which means material properties are indepen-
dent of stress level, an external pressure does not alter the
values of residual stresses in our stress analysis. Therefore,
mould pressure is not included as a boundary condition.
Only vertical displacement was set to zero at the centre
due to the symmetry of the laminate.

u, = 0 at the centre, y = h/2 17
Because at the beginning of cooling the matrix is in the melt
state, stresses may not develop. Therefore, stresses at the left
end of the transformed solution domain are zero:

g,=0

(18)

4.2. Finite element solution of the problem

The transformed laminate to be analysed is divided into
eight-degrees-of-freedom rectangular elements as shown in
Fig. 5. The temperature of a node i in the transformed
domain is taken as the temperature of the laminate at posi-
tion y; and at time ¢ = x;/(AL/At), where x; is the abscissa of
the node in the transformed domain.

The strain in a finite element is a linear function of

the eight nodal displacements [41] as in the elastic
analysis:
{e}, = [A], {6}, 19)
where [A], is a 3 X 8 matrix whose elements depend
only on the nodal displacements of the element r,
{6},

The viscoelastic memory of the material is reflected by
the stress state in a given element being influenced by the
strains in all the elements through which the material
previously passed [42,43]. Considering the quasi-steady
state assumption, in which stress and strain states in the
control volume do not change with time, the strain history
of a material occupying a particular element can be esti-
mated from the current configuration. For example, the
material occupying the element n (Fig. 5) was in the
elements 1, 2, 3, ..., n — 1 at times, ¢, t,, t3, ..., t,—; and
had the same stress and strain state as the materials occupy-
ing these elements at the present time. Thus, the stress
components in the finite element n (Fig. 5) are found by
adding the contributions by all the elements through
which the material has previously passed. This can be
done by converting the convolution integrals in Eq. (13)
(or Eqg. (16)) into a summation of series and reducing the

Fig. 5. Mesh structure used in the stress analysis. Horizontal and vertical
dimensions are not on scale.
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relation to the following form (Appendix A):

n nr nr r *r
Oy cin ¢ 0 & T &
n
n — nr nr ro__ o %r
oy = Z cp ¢»n 0 € — € (20)
r=1
Ty 0 0 cgg 2€,

or more concisely
{0}, =D [Cl,{e}, = D [Cly, i€, 1)
r=1 r=1

where {€"} is the thermal strain vector [44] whose elements
depend only on the nodal temperatures of the element r.
Combining Egs. (19) and (21), we obtain

{0}, =D [C1,[A1{8}, = D [Cl, (€'}, (22)

r=1 r=1
The virtual work principle is written as
(O (F), = [ tellt8),av 23)
v
where {F}, is the vector of forces acting at the nodal points

of the element n, and V is its volume. Substituting Egs. (19)
and (22) into Eq. (23), we have

CHIGEE {S}Z{A}Z[ Y [C1,,141,{5),
r=1

- i [C]nr{ex}r]dv (24)
r=1

By equating the terms in front of the nodal displacement
vector {6}, we obtain

(P, = [, S 1arICL L)y — [ 1l
r=1 r=1

X[Cl,,{€},dV (25)
or,
{(F}, =D [KL, {8}, + > (H}, (26)
r=1 r=1

Here [K],, is the effective element stiffness matrix given by
(K, = | [ATTC, 1AL 0V @)
{H},, is the effective thermal force vector.

(H)or = = [ JATICI () 0V (8)

Components of the element stiffness matrix and the thermal
force vector are given in Ref. [45]. Assembling all the
element stiffness matrices and the thermal force vectors
for the entire control volume, we obtain

{F} = [K]{8} + {H} (29)

where [K] is the 2m X 2m global stiffness matrix, m being
the number of nodes, {F} is the force vector, {8} is the
displacement vector, and {H} is the thermal force vector.
The factor 2 indicates the two degrees of freedom at each
node. The global stiffness matrix [K] is unsymmetric and
banded.

Eq. (29) is the equilibrium equation to be solved together
with the boundary conditions. First, Eq. (29) is rearranged as

F, Ky K, (8 H
-l Jo 1
F, Ky K, (5 H,

where the subscript r represents the restrained degrees of
freedom, while f denotes the free ones. Since

{6,} = {0} G

the final system of equations to be solved becomes

e = [ ]fo} 1) o

After determining the unknown nodal displacements {5},
strains in each finite element are obtained by using Eq. (19).
From Eq. (22), the stress field within the control volume is
determined. Residual stresses are the stresses at the right end
of the control volume, which corresponds to the stress state
at the end of cooling.

5. Optimisation

The optimisation methods may be classified as zero order
methods, that need only evaluations of the objective and
constraint functions and high order methods that also
require derivative evaluations of these functions. It should
be noted that we adopted a numerical approach and conse-
quently cannot predict temperature profiles and residual
stresses in closed form. In order to avoid the difficulty of
obtaining their numerical derivatives, we preferred a zero
order method called the sequential simplex (Nelder—Mead)
method [46]. In addition, in order to handle the constraint
violations, penalty functions were used. The constrained
optimisation problem was, thus, transformed into an uncon-
strained one for which the algorithm was suitable.

In order for the optimisation algorithm to generate a new
cooling curve in every iteration, the cooling curves need to
be described by a finite number of design variables so that
by altering these variables, a new cooling curve can be
obtained. Furthermore, for a press moulding equipment to
deliver the specified cooling scheme its time derivatives
should be continuous, i.e. the curve should be smooth. In
this respect, it is suitable to describe a cooling scheme by
spline curves passing through keypoints that serve as design
variables. A typical cooling curve described by keypoints is
shown in Fig. 6. Time interval between any two adjacent
keypoints, A, is the same. Keypoints formed by 7, (k= 1,
2,...,N—1) and Az, make up a set of N design variables.
Since the consolidation temperature, 7. ( = T), and the final
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Fig. 6. A typical cooling curve for the surface of the laminate.

temperature, 7y (= Ty), at which the laminate is taken out
from the mould, are known, they are taken to be constants.
By repositioning these keypoints, i.e. assigning a different
temperature, T}, or time interval, Atkp, and fitting spline
curves through these keypoints, a different and at the
same time smooth cooling curve for the surface of the lami-
nate is obtained. This will constitute the boundary condition
for the heat transfer analysis that is to be carried out to find
the temperature distribution within the laminate.

5.1. The quality constraints

A thermoplastic composite basically should satisfy four
quality criteria in order to exhibit the desired performance.
Firstly, it should be fully consolidated; i.e. void free.
Secondly, thermal degradation should be avoided. Thirdly,
residual stresses should not be excessive and, lastly, crystal-
linity should be within the recommended range. Since the
composite is to be kept in the molten state sufficiently long,
we may assume that the first criterion is already satisfied
before the onset of cooling. It can also be assumed that the
moulding time is short enough not to cause any thermal
degradation. For example, maximum processing time for
APC-2 thermoplastic composites at 400°C is 2h [47],
while the moulding time is 25 min [48]. On the other
hand, satisfaction of the other two criteria depends on the
cooling scheme and, therefore, imposes constraints on the
optimisation process.

5.1.1. The constraint on maximum residual stress

Maximum residual stress, o, should be less than the
maximum allowable stress, o-ﬁ”. Accordingly, the constraint
equation is

og < of (33)

For APC-2, Uﬁu was chosen based on the standard cooling
rate (0.25°C/s) recommended by ICI [48]. Using the residual
stress analysis, maximum allowable residual stress corre-
sponding to the standard cooling scheme was determined
as 74 MPa.

5.1.2. The constraint on crystallinity

Crystallinity of a semi-crystalline polymer is known to
affect its mechanical properties. In order to avoid post-
processing, the crystallinity of the final product should be
within the recommended levels. Then,

cn" < em < cp (34)

where c,, is the mass fraction of crystallinity As for APC-2,
recommended levels of crystallinity are between 25 and
35% [47].

5.2. Constraints regarding the cooling curve

If our cooling scheme is not to contain annealing,
temperatures of the keypoints should be in decreasing
order. This means

Tk<Tk—1 k= I,N (35)

It should be noted that although the temperatures of the
keypoints are decreasing, 7(¢) is not necessarily so. Spline
curves may allow occasional increases in the curve.

Since press-moulding equipment may not deliver very
high cooling rates, sudden temperature drops should be
avoided. The constraint equation may then be expressed as

T(t,,0) — T(t,+,0)
At

= CRax n=0,1,... (36)
where T(t,,0) and T(t,4,0) are the values of temperature
at the surface of the laminate (y=0) for the n-th and
(n + 1)-th time steps, respectively. Maximum cooling
rate (CR,,,x) depends on the capacity of the press moulding
equipment.

Another constraint was used to prevent the value of Az,
from getting negative values during the optimisation
process. So, the constraint equation is

Sty > 0 37)

5.3. Objective function

The objective function to be minimised is actually the
cooling time. However, violations of the constraints in
Egs. (33)- (36) are expressed as penalty functions to
constitute part of the objective function. By penalising
any excursion into the infeasible region, the algorithm is
forced to search the minimum within the feasible region
and thus convergence into a minimum point within the
infeasible region is avoided. The objective function is
constructed as

f=t(l+ Py +Py+P;y+Py+Ps) (38)

where P; are the penalty functions corresponding to the
aforementioned constraints and ¢, is the cooling time given
by

. = NAr, (39)
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Fig. 7. The procedure for the calculation of the objective function.

where N is the number of time intervals. The procedure to
calculate the objective function is described in Fig. 7.

5.4. Optimisation procedure

The goal of the optimisation procedure is to find the set of
design variables that will result in the minimum cooling
time in press moulding while satisfying all the aforemen-
tioned constraints. The design variables are the temperatures
at the keypoints and the time interval between them. A
flowchart of the optimisation procedure is presented in
Fig. 8.

The optimisation algorithm, sequential simplex, requires
N + 1 initial sets of these variables to construct N + 1
cooling paths. After specifying N + 1 sets of keypoints
randomly, cooling paths are formed by spline curves passing
through the keypoints. Corresponding to each cooling path,
temperature profiles through the thickness of the laminate
are obtained by using the transient heat transfer model.
Next, maximum residual stress and mass fraction crystal-
linity values for these initial cooling schemes are deter-
mined by plain-strain-viscoelastic-finite element and
crystallisation kinetics analyses, respectively. Then, an
objective function, f, is calculated for each cooling path,
as explained in Section 5.3. and Fig. 7. All these steps
provide us with the information needed to initiate the
sequential simplex algorithm. The algorithm replaces the
worst of these sets at every iteration by another set having

Specify N+1 initial keypoints for the initial cooling paths:
(T kAY,)  k=12.N-1 i=12. N+l

!

_’| Describe cooling curve of the surface through natural cubic splines

Determine temperature field through the thickness of the laminate by
transient heat transfer analysis (Crank-Nicolson)

IViscoclastic FE Analysis: og l

Objective Function, f

| Crystallization Analysis: ¢,, |

no Stopping
Criterion

Satisfied?

L Sequential Simplex Algorithm |

L Keypoints of the new cooling curve |

no yes —
] X\ L

tip <0

N : Number of variables Og : Residual stress

T, :Variable temperature values Aty : Variable time interval values

¢, :Mass fraction crystallinity C, : Penalty value cqual to 5¥10° sec.

Fig. 8. A flowchart presentation of the cooling time minimisation scheme.

a better objective function value. These steps are repeated
until the following stopping criterion is met:

[ N 12
712
{Nﬂg[ﬁ—f]} <e (40)

f=

1 N
v () @

where N is the number of variables, € is a sufficiently small
number, i.e. the tolerance, and f is the average of objective
function values of N + 1 cooling paths for the current itera-
tion. In case the simplex algorithm produces a negative
value for the time interval between the keypoints, a penalty
value, C,, is assigned to the objective function without
constructing the cooling path and carrying out the analyses.
In order to guarantee convergence to the global mini-
mum, optimisation process should be repeated many
times, starting from different points within the design
space. Then, the cooling path having the minimum objective
function value is chosen as the global optimum path.

Table 1
Vertical shift factors for APC-2

Temperature (°C) Vertical shift factor (log V)

40 —0.025
129.4 +0.0031
200 +0.21
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Fig. 9. Transverse normal residual stress distribution within a 40 ply APC-2
unidirectional laminate, [04]1, processed by press moulding at a 35°C/s
surface cooling rate. Experimental data were obtained by a layer removal
technique [53].

6. Results and discussions
6.1. Inputs

Computer codes were developed to determine tempera-
ture and residual stress distributions following the afore-
mentioned solution procedure. The processed material was
chosen to be APC-2, which has prepreg thickness of
0.125 mm [47]. The data provided by Grove [49] were
used for the thermal conductivity and specific heat. Density
of the material for a range of temperatures was measured by
Blundell and Willmouth [50].

Most of the inputs for APC-2 used in the stress analysis
were given in Ref. [44]. Xiao [36] provided the data regard-
ing the creep compliances and the shift factors. Vertical
shift factors reported by Xiao [36] were extrapolated as
done in Refs. [17,51] (Table 1).

Barnes [34,52] characterised the anisotropic thermal
expansion behaviour of APC-2. Jeronimidis and Parkyn
[30] determined the stress free temperature by heating up

100
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2
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Z oo 0.25 0.50 ofrs 1.p0
3
7 40
PS *
% 60 ¢
o * * A
-80
-100

y/H

Fig. 10. Normal stress distribution within a cross-ply laminate, [0;¢/90,¢]s,
processes by press moulding at a 0.25°C/s surface cooling rate. Experimen-
tal data were obtained by a layer removal technique [54].
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Fig. 11. Optimal cooling curve for APC-2 [90,0/00]s laminate for
CRyax = 5°CIs.

unbalanced laminates and observing the temperature at
which they became flat. They found it to be 310°C. In
another study [12], the stress free temperature was found
to be 280°C. However, the residual stress model was
observed to be not very sensitive to the value of stress
free temperature. The results did not show appreciable
difference for the two values of stress free temperature. In
this study, base temperature, T},., Was taken to be 280°C
and the effect of thermal expansion on residual stress devel-
opment was neglected above this temperature by taking
thermal expansion coefficients as zero.

After an extensive convergence test on the residual stress
model, 86 X 20 mesh, totalling 1827 nodes, was observed to
yield accurate results, and the length of the transformed
solution domain was set to 1.4 m. AL/At is then equal to
the ratio of this length to the total time, which is longer than
the cooling time. Times that elapse before the onset of cool-
ing and after the end of cooling are also accounted for in the
transformed domain to minimise the edge effects.

6.2. Verification

In order to verify our models, the numerical results were
compared with experimental results for two different cases.

¢J..0

& 250
2
g 200
v
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g i
2
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T, ,10A¢t,
50 1 10 kp
T/ 1141,
0 T T T T T
0 20 40 60 80 100
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Fig. 12. Optimal cooling curve for APC-2 [90,y/00]s laminate for
CRyax = 10°C/s.



F.O. Sonmez, E. Eyol / Composites: Part A 33 (2002) 301-314 311

1400

1200 -

1000 +

800

600

Cooling Time (sec.)

400

200

0 T T T T T
0 10 20 30 40 50 60

Iteration

Fig. 13. Variation of the cooling time during optimisation for CR,,,,x = 10°C/s.

One is for a unidirectional laminate, [0,4], processed at
35°C/s surface cooling rate, the other is for a cross-ply
laminate, [0,,/90,0]s processed at 0.25°C/s surface cooling
rate. As seen in Figs. 9 and 10, predictions of the residual
stress model agree quite well with the experimental data,
although the model slightly overestimates. This may be due
to nonlinear viscoelastic effects, which are neglected in the
model, or due to some transverse cracks developed in the
specimen during processing which locally relieve residual
stresses.

6.3. Optimum cooling curves

The aforementioned optimisation procedure was used to
obtain the optimum process parameters that lead to the mini-
misation of cooling time for APC-2 [0,¢/90,0]s laminates.
The resulting optimal cooling curves for two different maxi-
mum cooling rates are illustrated in Figs. 11 and 12. The
markers on the curves represent the keypoints through
which the natural cubic spline curve is plotted. The initial
and final temperatures T, and T; on the curve are 380 and
40°C, respectively. 380°C is the consolidation temperature
recommended by ICI for APC-2 [48]. The surface tempera-
ture at which the laminate can safely be taken out from the
mould was considered to be 40°C. Cooling process is, there-
fore, terminated at this temperature. Inner temperature, on

x
(=}

2E R RS 2

Residual Stress (MPa)

g
S

the other hand, was observed to be 127°C for the fastest
cooled laminate. Considering that this is below the glass
transition temperature, delaminations or void formation
due to removal of pressure are not expected.

Total cooling times, z., for the two cases were 100.3 and
230.7 s. They are quite low compared to the cooling
time in the standard scheme [48], which is about 25 min.
Further decrease in cooling time was not possible,
because higher cooling rates resulted in either high
residual stresses or crystallinity levels that are not
recommended.

The variation of the cooling time during the optimisation
process for a cooling rate of 10°C/s is given in Fig. 13. The
infeasible design points where the penalty function was
employed are not included in this figure. The total number
of iterations was 344. Total CPU time was about 15 h for
Pentium III.

6.4. Residual stress distribution

Fig. 14 illustrates the final distribution of residual stresses
through the thickness of the APC-2 [90,0/0,o]s laminate
corresponding to the optimal cooling curve for two different
cooling rates. The distribution is symmetric as expected.
Residual stresses at the top and bottom ten 90° plies are
tensile whereas they are compressive for the middle 20
plies oriented in 0° direction. Maximum residual stress is
less than the residual stress developed during standard cool-
ing. For example, for a maximum cooling rate of 10°C/s, the
maximum residual stress value is 73.69 MPa and it occurs
twice at y/h values of 0.225 and 0.775. These points corre-
spond to the ninth and 31st plies, respectively.

6.5. Crystallinity

Fig. 15 illustrates development of crystallinity at the
surface of the APC-2 [90,¢/0;9]s laminate for the corre-
sponding optimal cooling curve. As seen from the figure,
crystallinity approaches to the minimum allowed mass frac-
tion crystallinity, 0.25 in both cases.
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Fig. 14. Final residual stress distributions corresponding to the optimal cooling curve for CR., = 5 and 10°C/s, respectively.
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Fig. 15. Mass fraction crystallinity values corresponding to the optimal cooling curve for CR,x =5 and 10°C/s.

7. Conclusions

In the present study, optimisation of the cooling stage of
the press moulding process was carried out in order to mini-
mise the cooling time. Heat transfer, crystallisation and
residual stress models were integrated into an optimisation
algorithm to accomplish this task. The optimisation algo-
rithm, called sequential simplex, was employed in order to
determine the cooling paths that result in the minimum cool-
ing time with desired quality of the moulded part. It was
noticed that the quality constraints, i.e. crystallisation and
residual stress, were very influential on the final results. We
achieved significant reduction in the cooling time without
compromising the quality in comparison to the standard
cooling scheme for APC-2. Results were obtained for two
different values of maximum cooling rates. The minimum
cooling times were 100.3 and 230.7 s for maximum cooling
rates of 10 and 5°C/s, respectively, as opposed to the 25 min
of standard cooling time. Since, with larger number of
keypoints, the number of possible configurations for cooling
paths within which the algorithm searches the minimum
increases, better results can be obtained. However, the
computational burden also increases due to the increased
number of design variables. Our choice of 10 keypoints
seems to be a good compromise.

The optimisation procedure developed in this study can
be adapted to residual stress minimisation problem by modi-
fying the objective function accordingly.
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Appendix A. Numerical integration of the constitutive
equations

Rewriting constitutive equation for shear strain given in

0.3
0.25
0.2 1
0.15
014 CR,,.. = 10°C/s
0.05
0 T T T T T
0 20 40 60 80 100 120
Time (sec.)
Eq. (13), we have
! / &ny(T)
26,(1) = [ Ves(TDSsetn) — €00 722 ar (A

where pseudo-time, &, is related to the real time by

&= ,[0 a[T(x;, m)]dn (A2)

where a(T) is the horizontal shift factor. The above integral
can easily be calculated numerically. Applying integration
by parts to Eq. (A.1), one obtains

2€,(1) = 0, (Vs (T(1)Se6(&1) — € (1)o

[ I[Ves(T(1)Ses (&) — £ (1))]
(Txy(T)
0 aT

dr (A.3)

then,
2€,,(1) = 0 (1) Ves(T(1))S66(0) — 0, (0)V(T(0))S66(£(1))

_ J ! o (7) I[Vies(T(1)Se6(&(t) — £(1))] dr
0o or

(A4)

where the second term explains the initial stress. Since
stresses are zero at the beginning of cooling, this term
does not contribute to strains.

Eq. (A.4) can be integrated by finite differences in time
increments #; or £(t;) (i=1,2,...r,...n), where t. is the
time at which the material was in finite element r (Fig. 5),
(ty = 0 and ¢, = r). Then, by utilising the second mean value
theorem, one obtains the strain in finite element n:

n—1

> [o(t1) + (1) ]

1
2¢€,, = (1,)Veo(T,)S66(0) — 3

X [Ves(Tr+1)Se6(én — €141) — Voo (T)Ses(én — &,)]
(A5)

By following the above procedure for €, Eq. (13) can be
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reduced to the following form:

) [ aE 0[a)) (<6
&) t=>1ds d 0 oy(t;) t+q &)
26,)) T Lo o ardle,) 0

(A.6)

or

{e}y =D [Dl, (o}, + {€),
r=1

where

- 0 r#n

1= (A7)
Sll r—=—n

- 0 r#n

2= (A.8)
S12 r=n
1

_E{V22(T1)522(§rl) + Voo (To)Sna(é — &)} r=1n#1

%{sz(Tr—l)Szz(fn = &) = VAT )Sn(é — &)} 1<r<n

dy =
Vao(T1)S2(é1) r=n=1
1
E{VZZ(Tn—l)Szz(fl) + Vu(T)S0(é0 — €0-1)} r=n#1l
(A9)
- %{Vﬁﬁ(Tl)Sﬁ(»(gn) + Veo(T2)Se6(én — &)} r=1ln#1
A — %{V%(Tr—l)sﬁ(fn —&1) — Ves(Tri1)Ses(€n — Ev1)} 1 <r<n
66 =
Voo (T1)Ses(€1) r=n=1
%{Vss(Tn—l)Sﬁs(fl) + Ves(T0)Se6(n — &n-1)} r=n#1
(A.10)

Strain—stress relations given by Eq. (A.6)) in numerical
form are valid for plane stress. However, in our model, we
assumed plane-strain state. For plane strain, when the x
direction and the fibre direction, ‘1°, coincide, (Eq. (A.6))
becomes

€.(1)
€,(1)
2€,,(t)
12 — dixdysldy 0

s — (@)1 0

11— (di5)/dss

n

— nr _ nr gnr nr
>\ d - apdssidss
r=1

0 0 de6
o(t,) €.(1)
x{ o) t +1 €0 (A.11)
(1) 0

where, d3; is the same as d35 in Eq. (A.9) except that S,; is
used instead of Sy. Assuming that Poisson’s ratio in the
isotropic plane v,; is independent of time and temperature,
S,3(¢) is given by

Sp3(t) = —v3S55(0)

Also, in plane strain state, the following values should be
used for thermal expansion coefficients:

(A.12)

Q= ap T v3as3 ayy, = ap T Vnaz3 (A.13)

where, ‘1’ shows the fibre direction and 2’ and ‘3’ show the
transverse directions. For transversely isotropic laminates
Q33 = ap, V3= V3 and v3; = vy

When the x direction is transverse to the fibre direction
for a given ply, strain—stress relations for plane strain
become

€
0
2e,,(n)
[ @) —vds = (@) 0
= 2| v — (i) s — () 0
0 0 2(1 + vy3)d5;
O'x(tr) €(1)
X1 oy(t) 160 (A.14)
(1) 0
and thermal expansion coefficients are
a,, and a,, = ay, + vpap (A.15)

The form of Eq. (A11) or Eq. (A.14) can be converted to that
of Eq. (20), in which stress is the dependent variable, by
following the procedure described in Ref. [44].
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