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Abstract

Manufacturing of polymer composites using a curing process requires the specification of the temperature as a function of time,
i.e., the temperature profile. It is of utmost importance that the selected profile satisfies a number of criteria which include the
minimum residual stresses, minimum cure cycle time and full degree of cure. The development of residual stresses during the cure
cycle is one of the most important problems as they affect the strength and the mechanical properties of the final product adversely.
The object of the present study is to determine the optimal temperature profiles used during curing in order to minimise these
stresses. Numerical simulation is used to study the development of stresses during curing based on a process model which includes
the effects of chemical and thermal strains and the viscoelastic material behaviour. The process model is implemented to conduct a
parametric study to observe the trends and characteristics of the residual stress history varying engineer controllable input pa-
rameters. The gradients of the applied temperatures at different dwell times are identified as essential process parameters. An op-
timised curing cycle based on this observation is developed using the results of the parametric study. The optimal cycle achieves
substantial reduction in the residual stresses and curing time for fully cured composites as compared to manufacturer recommended

cycles. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the important processes which are used to
produce high-performance laminated composites out of
thermosetting-matrix composites is the autoclave curing
of the prepreg lay-ups. This process, in general, involves
exposing a multi-layered fibre-resin mixture to elevated
temperatures and pressures for prescribed periods of
time. The high temperatures initiate and promote cross-
linking of polymer while the applied pressure helps re-
move any gases and voids from the mixture and leads to
the compaction of the specimen.

The constituent materials of the composite react dif-
ferently to the temperature changes during the process-
ing. Chemically, the reinforcing fibres are affected very
little during the process cycle. However, the polymer
matrix contracts during cross-linking by as much as 6%.
Also the thermal deformation of fibres is quite small
during the cooldown period. The polymer matrix on the
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other hand has a higher coefficient of thermal expansion
resulting in higher deformation. These deformations are
balanced internally within the composite by the in-
ducement of residual stresses. In fact residual stresses
can be high enough to cause cracking within the matrix
even before the mechanical loading is applied as noted
by White and Hahn [1]. This microcracking adversely
affects the strength of the material and exposes the fibres
to chemical degradation [2]. Even though these stresses
may not reach this level, strength is still adversely af-
fected by the presence of residual stresses since the
component has been preloaded during the curing pro-
cess [2].

Consequently, the magnitude and the duration of the
applied temperature during the curing cycle is a signifi-
cant process parameter affecting the strength and in-
tegrity of the product since the extent of the thermally
induced stresses depend on the temperature profile.
However, cure cycles can be optimised by a judicious
choice of the temperature profiles to produce a fully
cured material with minimum residual stress.

Selection of cure cycles in practice is mostly based on
a trial-and-error procedure where either numerical
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simulations or experimental trials are conducted on
several candidate cycles. However, a trial-and-error
approach is inefficient, expensive and does not even
ensure the selection of the best temperature profile for a
particular application. This is because there are many
interrelated factors to be considered when choosing a
cure cycle. For example processing at low temperatures
would reduce thermally induced stresses, however, a
minimum temperature has to be attained before cross-
linking can start and the degree of the cure affects the
mechanical properties of the material as shown by Lee
and Springer [3]. Besides, the cure cycle takes longer
at low temperatures adding to the cost of manufactur-
ing. Higher temperatures may speed up the curing pro-
cess but they will increase thermally induced residual
stresses.

Several studies were directed to the numerical simu-
lation of the curing process with a view towards eluci-
dating various aspects of the cure process. A review of
various physical models is given by Thomas et al. [4]
who provide an extensive set of experimental results on
cure cycle effects.

Recently, there have been a number of studies di-
rected to the optimization of the cure cycle with the
objective of reducing the process-induced residual
stresses (see Refs. [5-8]). In these studies, experimental
techniques and numerical simulations were used to op-
timise the cure cycle. In other optimization studies,
different objectives were considered such as cure cycle
times by Rai and Pitchumani [9] and consolidation for
thick laminates by Chang et al. [10].

In the present study, the cure cycle optimization is
based on the effect of the temperature gradient on the
development of residual stresses. The numerical simu-
lation results identify the gradient of the temperature
profile as an effective process parameter which has been
neglected in the previous optimization studies. In fact
the parametric study gives valuable insight into the un-
derstanding of the stress responses to variations in
temperature profile. The results of this study are used to
develop an optimised cure cycle with reduced residual
stresses which can be in the order of 30% as compared to
recommended cure cycles. Moreover the optimal tem-
perature profile also improves the cycle time.

2. Basic equations

The mathematical model of the reaction kinetics can
be of phenomenological or mechanistic. In the present
study a phenomenological model is adopted which de-
scribes the reaction process in sufficient detail without
considering reaction of the individual species with each
other as noted by White and Hahn [11]. In particular, an
expression of the general form [11,12]

do
= Kf (), ()
will be used to model the reaction rate. In Eq. (1) « is the
degree of cure, ¢ is the reaction time, K is a reaction rate
constant, and f(«) represents some function of o.
Various specific forms of Eq. (1) can be used to model
the cure kinetics of thermosetting resins. This form de-
pends on the required level of sophistication needed to
study a given problem with sufficient accuracy. For the
present problem the model developed by Bogetti and
Gillespie [13] to describe the response of unsaturated
polyester resins will be used which is given by

do —AE aom
E:Aexp<ﬁ>(l — o) o™, (2)

where A is the frequency factor, AE the activation en-
ergy, R the universal gas constant, T the temperature
and m and n are cure kinetics exponents. The cure ki-
netic parameters K, m, and n can be determined by
thermal analysis techniques such as Differential Scan-
ning Calorimetry (DSC).

The mechanical properties of the composite material
change as the curing progresses. In particular, the
transverse compliance, S»(f), undergoes a substantial
change with time during cure (see Weitsman [14]). This
behaviour can be modeled by a power law of the form

q(2)
So (2, 1) = Spoi(2) (1) + D(@) (W’T)> , (3)

where S» is the transverse compliance, S, the initial
transverse compliance, f a material dependent function
chosen to agree with the results of White and Hahn [11],
D the transverse creep coefficient, a7 the shift factor and
q is the transverse creep exponent. The creep parameters
D and ¢ can be obtained through transverse creep ex-
periments. The initial compliance S,,; corresponds to the
elastic response of the material. The creep parameters D,
¢, and ar depend on the degree of cure and can be
represented as linear functions of «, viz.

D(a) = D; + (Dy — Di)a, (4)

q(0) = q: + (qr — q:)2, (5)

where D; is the uncured transverse creep coeflicient, D
the fully cured transverse creep coefficient, ¢g; the un-
cured transverse creep exponent and g, is the fully cured
transverse creep exponent [11].

The initial transverse modulus of elasticity £» can be
expressed as

Epni(a) =E*, 0<a<a, (6a)

Ezzi(OC) =aqay+ a0+ 020(2, o < o, (6b)

where Eyy; is the initial transverse modulus, E* the un-
cured transverse modulus, o* the degree of cure at initial
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transverse modulus development, and ay, a; and a, are
the transverse modulus modelling parameters.

The longitudinal modulus of elasticity £;; and major
Poisson’s ratio o), can be expressed as linear functions of
o, Viz.

E_”(cx) =Eni + (Enf—E_lli)OC, (7)

U12(a) = Dios + (Drzp — D124) s (8)

where E)y; is the uncured longitudinal modulus, Ej;, the
fully cured longitudinal modulus, #j; is the uncured
major Poisson’s ratio and v5, is the fully cured major
Poisson’s ratio.

The elastic compliances are given by

Szzi(a) = Ezzj(a)’ (9)
~ 1

Sll(OC) :Ell(a), (10)
slz(a)z%z(fg), (11)

where Sy, is the compliance, and Sy, is the longitudinal
shear compliance. The in-plane stiffness constants O
are related to compliances by the following expressions:

Szz(ot, t)

Oy (1) = Sy1(2)Sn (2, 8) — Sy () "
B B Su(«)

O (o, 1) = S (2)Sn (2, 1) — S5 (a) .
O (a0, 0) = 3 ) e

St (OC)SZQ(O(, [) — SIZZ(O() .

3. Residual stresses and moments

A residual stress—strain analysis for unsymmetric
cross-ply laminates are given next based on computing
chemical and thermal strains in the first step. The lon-
gitudinal chemical strain can be taken to be zero since
the fibres do not experience chemical strains during the
process cycle. Experimental results obtained by White
and Hahn [15] indicate that an accurate representation
of the transverse chemical strains is given by expressions
of the form

& =B+ 100 o< o, (15a)

c _ cf
€ =6,

o> of, (15b)

where ¢ the laminate chemical strains, f5;, f,, and 5 are
empirical transverse chemical strain coefficients and ex-
ponent, respectively, a° the degree of cure when chemical

shrinkage is complete and ¢§ is the final transverse
chemical shrinkage strain.
The thermal strains e/ can be obtained from

el =o(T —Tp), (16)

where o; is the thermal expansion coefficient and 7 is
the initial stress free temperature. Experimental results
of White and Hahn [15] shows that «;’s do not depend
on the degree of cure.

Once the strains are known, the residual stresses can
be computed from

0 = Qij(g,i —e), (17)
where ¢,’s are the laminate stresses and ¢;’s are the
mechanical strains. In Eq. (17) the strains ¢; are given by

ej=¢+ef (18)

where ej’s are the chemical strains, and ejT ’s the thermal
strains. The total strains s? at a distance z from the mid-
plane can be obtained from the mid-plane strains s? and

curvatures k; using the relation
g :8?+zk/. (19)

For a cross-ply laminate with a stacking sequence
[0,/90,], the longitudinal and transverse stresses in the
individual plies are given by (see Ref. [16])

o} = 0161 + Oner — (0161 + Open),
03 = 011 + Onér — (Opper + Oper),
01" = Osé1 + Ope2 — (Ones + Open),
03’ = Oper + 01,6 — (Opex + 0)12),

where the superscripts 0 and 90 refer to the respective
plies, and the subscripts to the 1 (longitudinal) and 2
(transverse) directions.

During the curing process of composite materials, the
laminate is usually kept flat until the completion of the
cure cycle. By using the laminated plate theory subject
to the constraints that the stress resultants N; = 0 and
the curvatures k; =0, the mid-plane strains can be
computed as
Q= (Qn ‘|'_le)@1_+ (lej‘ sz)@z. (21)
! On+0»n+20,

Similarly the moment resultants are given by (see Ref.

[11])

(20)

_ hz(Qiz + Ql_l sz)(e_] —e) (22)
Oy +0» +20), 7

where M;’s are the bending moments and / is the lam-
inate half thickness.

Polymer materials are known to exhibit time-depen-
dent mechanical behaviour especially at high tempera-
ture. For linear thermorheologically simple materials a
single temperature dependent shift factor, ar(7), can be
used to predict the transient thermal response [17]. For

My = —M,
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viscoelastic materials, mechanical response is history
dependent and involves the use of reduced times, &(¢)
and &(t). These reduced times can be found from the
shift factors as

; o ds

0= |, o
t ds

<) :/0 PRIGIA

The shift factor is modeled considering a temperature
dependence only according to the general equation (see
Ref. [11])

(23)

ar(T) = exp(B—]}Bz>, (24)

where B; and B, are empirical shift factor modeling
parameters.

Furthermore, the quasi-elastic method as developed
by Schapery [18] is used in the development of the vis-
coelastic residual stress model. When the quasi-elastic
method is used, the viscoelastic resultant moment can be
approximated by substituting the time-dependent stiff-
nesses for elastic stiffnesses in Eq. (22) and making use
of the convolution integral. The results are given by

M, (l) = 7M2(l‘)

e /OIF{am, [E(0) — €@ (D) — ex(0)d,
(25)

where a dot denotes differentiation and F is given by

{Q%z(o% 1) + Oy (o, 1) O (24, t)}
[Qn(“v 1) + O (2, 1) + 2045 (2, f)} .

Flot) = (26)

Since Eq. (25) is a history dependent integral, the degree
of cure, a(7), is represented as a function of T and not the
current time, ¢. Eq. (25) is solved by discretising the time
domain into n equal portions Az with the initial time
t;=0 and the current time ¢, =1¢:

M) % 1S (Flatien)s ) — €l

+ Flo(tir1), E(tar1) — E(t)]HAe(tis1) — Ae(t)]),
(27)

F is calculated using the time-dependent stiffnesses ob-
tained from Egs. (12)—(14) while Ae is calculated from
Eq. (23) (Strain history modeling), thus facilitating the
calculation of the residual moments.

4. Numerical results and discussion

The model input parameters and values based on the
experimental study conducted by White and Hahn [15]

are given below.
Length of cure

First dwell temperature

Second dwell temperature
Cure kinetics constant, K1
Cure kinetics constant, m1
Cure kinetics constant, nl
Cure kinetics constant, K2
Cure kinetics constant, m?2
Cure kinetics constant, n2
Cure kinetics constant, K3
Cure kinetics constant, m3
Cure kinetics constant, n3

First break point as a
function of dwell
temperature 7¢2
Second break point

Longitudinal thermal
expansion coefficient, o,
Transverse thermal
expansion coefficient, o,
Initial stress-free
temperature, 7
Chemical strain coeffi-
cients, fi, B, f3

Degree of cure when
chemical shrinkage is
complete, of

Final transverse chemical
shrinkage strain, e/
Uncured and fully cured
transverse creep coeffi-
cients, D;, Dy

Uncured and fully cured
transverse creep expo-
nents, ¢q;, qr

Shift factor constants, By,
B,

Initial transverse modulus
modelling coefficients, ay,
ap, dy

Uncured transverse mod-
ulus, E*

Cure at initial transverse
modulus development, o*
Uncured and fully cured
longitudinal modulus,
Ey, Eny

Variable, dependent on
temperature gradients
131°C

181°C

(1.98) exp(—2770/T) s~!
1.17 — (1.74e-3)(T)

199 — (0.415)(T)

6550 exp(—7040/T) s
0

13.2 —(0.025)(T)

81.9 exp(—5340/T) s~!
0

131 —(0.558)(T) +

(6e —4)(T*)

(3.44e — 12)(10(0022)(T<2))

—25.7+(0.11)(Tc2) —
(1.15e — 4)(Tc2)?

—0.3e — 6 m/°C
30e — 6 m/°C

290 K

0.005, —525¢ — 5, 1
respectively

0.81

—0.029

2.72¢ -9, —2.72¢ -9,
respectively

0.123, 0.24, respectively

6190, 20.3, respectively

—214 GPa, 451 GPa,
—228 GPa, respectively

2 GPa
0.82

114 GPa, 183 GPa,
respectively
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Uncured and fully cured 0.4, 0.31, respectively
major Poisson’s ratio, vy2;,
Vias

Half thickness of
laminate, A

Minor Poisson’s ratio, vy;  0.35
Final shear modulus, G 15 GPa

0.765 mm

4.1. Residual stress vs. temperature gradient

When considering the input requirements of the
chosen process model, it is observed that the only pa-
rameters that the engineer has control over are the initial
stress free temperature and the applied temperature
profile. The rest of the inputs involve empirically de-
termined material constants. Next the effect of these
controllable variables on the residual stress is studied.

The results of White and Hahn [7,15] indicate that the
residual moment and hence residual stress profiles fol-
low closely the applied temperature profile. Further, the
greatest increase in residual moment occurs during the
cooldown phase of the cure cycle. Thus the temperature
gradient of cooldown from the second dwell tempera-
ture to room temperature is the major contributing
factor to the resulting residual stresses. Thus a decrease
in residual stress could be expected with increasing
gradient at the cooldown phase (i.e., decreasing negative
gradient).

However, the validity and the range of applicability
of this observation should be checked. For this purpose,
the residual stress on the upper surface of the composite
is plotted against the cooldown gradient in Fig. 1. It is
observed that the residual stress decreases initially with
increasing gradient up to a point of optimum gradient
where the stress is the lowest and thereafter begins in-
creasing with further increase in the gradient. The op-
timum gradient for the cooldown phase in this case is
found to be —0.0523. The change in stress observed is
substantial as it decreases from a maximum of 183 MPa

-65 [T T T 1
70 Gradient = -2.62
= Stress = 183.24 MPa A \
o 4/
S -75 >
= L~ |
(7] /
8 -80 S
n L~
99 4 12 -0 -08 -06 -04 -02 0

Gradient

Fig. 1. Graph of residual upper surface stress vs. gradient of cool-
down.

to a minimum of 68 MPa, i.e., a 63% decrease. Such a
dramatic decrease in residual stress will definitely in-
crease the ultimate strength of the composite quite sig-
nificantly.

It is clear that the determination of this optimum
gradient point is essential in order to reduce the residual
stresses that develop during curing process.

Next the effect of the first to second dwell tempera-
ture rise on the residual stress is investigated. The results
of White and Hahn [7,15] indicate that there is also an
increase in residual moment (stress) in the period of
temperature rise from the first to second dwell temper-
atures. However, it is necessary to determine the de-
pendence of the residual stresses on the gradient of the
temperature rise in this phase to establish the optimum
temperature profile. The results of this investigation are
shown in Fig. 2 which indicates that the residual stress
decreases with increasing gradient. The lowest stress
achieved is 63 MPa at a gradient that constitutes an
almost instantancous jump from the first dwell temper-
ature to the second dwell temperature.

The minimum gradient investigated, 0.0104, produces
a stress of 89.5 MPa. This results in a possible decrease
of 30% in the residual stress from the maximum value
investigated. Such a decrease is quite significant con-
sidering that the temperature gradient that yields it is
relatively small.

The results obtained so far has a double advantage;
the steep gradient firstly reduces the residual stresses and
secondly shortens the processing time of the cure cycle.
The latter advantage obviously impacts on the produc-
tion rate of the manufacturing concern and hence on the
manufacturing cost of the product.

Next the effect of the rate of increase of temperature
to the first dwell on the residual stress is considered.
During this phase the stress remains fairly flat. However,
the fact that the residual stress response is history de-
pendent (viscoelastic) indicates that every change in the
applied temperature can have an effect on the final

Stress (MPa)

[ Stress vs gradient to second dwell

0 0.2 0.4 0.6 0.8 1.0
Gradient

Fig. 2. Residual upper surface stress vs. gradient of temperature rise
between first and second dwell temperatures.
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residual stress value, even if there might be no effect at
the time of change.

This point is investigated in Fig. 3 by plotting the
final value of the residual stress against the temperature
gradient to the first dwell temperature. Fig. 3 is similar
to Fig. 2 in that the residual stress decreases with in-
creasing gradient. Thus, the best gradient for the initial
temperature rise would be an instantaneous jump from
room temperature to the first dwell temperature. How-
ever, as this would not be a practical solution to im-
plement, the recommended one is a gradient which is as
high as practically possible. The minimum stress
achieved is 57 MPa at a gradient of 1.783 and the
maximum stress is 91 MPa resulting from a gradient of
0.0209. This amounts to a possible decrease in residual
stress of 37% from the maximum value investigated. The
result observed in Fig. 3 also has the second advantage
of reducing the processing time as well as the residual
stresses.

4.2. Pre-heating response

Normally, in most industrial cure cycles, the initial
stress free temperature is the room temperature. How-
ever, the materials can be pre-heated separately before
being combined to form the composite and allowing
curing to commence. This is possible because curing
only takes place significantly above a specific temper-
ature. Temperatures below this critical temperature do
not facilitate the cross-linking reaction associated with
curing and hence the cure is not substantial. Investi-
gation of the effect of pre-heating for the present
problem, however, yielded only a 1.3% decrease in
stress for a pre-heating temperature difference of 104°C.
The additional expenses incurred in pre-heating the
individual materials cannot be justified by the small
decrease in residual stresses. Hence, pre-heating the

4
o
[ ——t—

Stress (MPa)

-75 Stress vs temperature gradient
-80
-85
-90
-95
0.5 1.0 1.5 2.0
Gradient

Fig. 3. Residual upper surface stress vs. gradient of temperature rise to
first dwell temperature.

composite component materials is not considered to be
a practical option to decrease the processing induced
residual stresses.

It is noted that the trends observed in Sections 4.1
and 4.2 are evident in both plies of the laminate. The
figures referred to, however, apply to the upper surface
of the 0° orientated ply.

4.3. Optimising the cure cycle

Having obtained the required tools, it now becomes
possible to develop an optimised curing cycle. Com-
bining the results of Figs. 1-3 and disregarding any pre-
heating of component materials yields Fig. 4(a). The
increase in temperature from the initial stress free tem-
perature to the first dwell temperature is virtually in-
stantaneous and so is the transition from the first dwell
temperature to the second dwell temperature. The rate
of temperature decrease from the second dwell back to
room temperature is at the optimum gradient of -0.0523
found in Fig. 1.

An important process parameter is obviously the
degree of cure which directly affects the quality of the
final product by virtue of determining the stiffness and
strength constants. This aspect is investigated in Fig.

460
440 \\
420
£ 400
e \
5 880 \
©
g 360 Optimum cure cycle - \
E 340 temperature vs time \
320 —
300 —
280
0 50 100 150 200 250 300 350
(a) Time (min)
1.0

0.9
08 ydain

N /'
=
= 0.7 /
S 06 -
3 o /
) .
o 0.5 I Degree of cure (for optimum cure
<1o).() 0.4 cycle) vs time
A 0.3

0.2

0.1 /

0
0 50 100 150 200 250 300 350
(b) Time (min)

Fig. 4. (a) Optimum cure cycle and (b) degree of cure.
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Fig. 5. Residual upper surface stress vs. time with the optimum cure
cycle.

4(b) by plotting the degree of cure against time for the
temperature profile shown in Fig. 4(a). It is observed
that the degree of cure is higher than 99% which is the
recommended minimum value in practice.

The resulting stress history is shown in Fig. 5 When
this is compared to the resultant stresses resulting from
the manufacture’s recommended cure cycle (MRC) the
significance in the decrease becomes evident. The MRC
implemented cure cycle is simulated using data from
White and Hahn [15] and yields a final residual stress of
71.2 MPa while the optimised cure cycle results in a final
stress of 48 MPa, i.e., a 32.5% decrease. The other im-
portant reduction is in the processing time which de-
creases from 425 min for the implemented cycle to 339
min for the optimised cure cycle. This difference of al-
most a hour and a half and corresponds to a 20% in-
crease in productivity.

The optimised cycle may, however, be difficult to
implement due to the almost instantaneous temperature
changes as mentioned before. In these cases, the most
rapid practical temperature change should be applied.

5. Conclusion

A numerical simulation study was given for polymer
matrix composites with the aim of studying and mini-
mizing thermally-induced residual stresses during the
curing process using a viscoelastic model. The analysis
conducted enabled a better understanding of the be-
haviour of the resulting residual stresses to changes in
the cure cycle. This understanding was used to observe
that the temperature gradients of first and second dwell
times and the cooldown period have strong influence on
the residual stresses. It was concluded that by choosing

these gradients in an optimum manner, the residual
stresses can be reduced substantially.

The optimum temperature profile determined by the
above procedure yielded not only reduced residual
stresses, but also shorter curing times for fully cured
components. Optimisation of the cure cycle has brought
an important realisation: Possibly most industrial cycles
are not achieving the lowest possible residual stresses.
Hence the materials produced are not able to perform at
their maximum obtainable strength. Implementation of
an optimised cycle can result in higher strength materials
by virtue of reduced residual stresses as well as reduced
composites manufacturing costs due to higher temper-
ature gradients. In the present example, the residual
stress was reduced by more than 30% and the cure cycle
by about 20%. Both these reductions are significant
from a practical point of view for the curing processes of
composite materials.
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