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Abstract

Bulk moulding compound (BMC) composites have been cured in heated moulds, follow-
ing an irreversible reaction which transforms the polymer into a three-dimensional network.
The process is very complex because conduction heat transfer is associated with the heat
evolved from the cure reaction. Modelling of this process is necessary, enabling simulation of
the process and thus providing more information than experiments. The deconvolution of the
two phenomena, heat transfer and chemical reaction, allows one to understand better the
evolution of the process and to optimize the operational conditions. The contributions to the
rise in temperature from heat conduction and chemical reaction have different histories in
different parts of the composite, and can explain the temperature—, state-of-cure—, or
heat-flux—time histories. The reaction-rate-time history is very sensitive in the earlier stages
of curing, and supplements information obtained from the state-of-cure histories. The study
was made on a thin sheet of composite in a metallic mould heated by oil, with one-dimen-
sional heat transfer. The analysis was made using a numerical method that has been
previously described and tested.

LIST OF SYMBOLS

C, specific heat capacity for the composite at position n
C. constant specific heat capacity for the mould

E activation energy

ko pre-exponential factor

p order of the overall reaction

R universal gas constant

M

Rn7 Mm’
A, BN dimensionless numbers defined in eqns. (4), (6), (8) and
(10), respectively
D, F numbers defined in eqn. (8)
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n integer indicating the position

N, N, number of intervals in the half-sample and in one slab of
the mould, respectively

Ny N.+ N,

0, O heat evolved from reaction up to time ¢ = Az, enthalpy
of reaction per unit mass

S; function defined in eqn. (11)

SOC state of cure

HF heat flux

T, TN, temperature at position n, at times ¢ and ¢ + At, respec-
tively

Toa temperature of heating oil

At finite time increment

Ax,,, Ax, finite increments of space in the mould and the sample

h coefficient of surface heat transfer

Aens Ar thermal conductivity of the mould and the sample

Pms Pr density of the mould and the sample

(DTT),, (DTR), increase in temperature due to heat transfer and to the
heat of cure respectively, at position n over the interval
of time [iAt, (i + 1)Ar]

(DCR), specific reaction heat flow at the position n and time
iAt

INTRODUCTION

Bulk moulding compounds (BMC) are cured in a heated mould at a
temperature sufficiently high for the cure reaction to start. At this tempera-
ture, the polymerization process transforms the highly viscous composite
into a solid three-dimensional network [1].

Various factors add to the complexity of the process.

(i) The chemical reactions involved in the cure (co-polymerization of
unsaturated polyester with styrene and other secondary reactions) are very
complex and it is difficult to obtain an actual phenomenological model.

(i1) A numerical model is of practical use, the parameters of which can
be determined by differential scanning calorimetry (DSC) [1].

(iii) The high sensitivity of the cure reaction to temperature creates the
conditions for auto-acceleration.

(iv) A complex mechanism of heat transfer, involving conduction
through the mould and composite, and convection at the mould—oil inter-
face, coupled with the highly exothermic reactions makes an experimental
investigation difficult.

(v) The relatively low thermal conductivity of the composite hinders
elimination of the reaction heat, allowing a high increase in temperature and
the development of steep temperature gradients within the composite.
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(vi) Industrial operations have to be realized in optimal conditions
[2-4].

A good knowledge of the process and proper control of these difficulties
can be made possible by combining modelling and experiments [1], as a
numerical model allows a quantitative evaluation of the process. In earlier
papers, analysis was made using the temperature—time and state-of-cure—
time histories in the middle of a long cylinder or at the mid-plane of a thin
sheet [5-8], or using the heat-flux—time history and heat-flux profiles
developed through a thin sheet [9, 10]. In this respect, the influence of
various operational conditions [8], and of the thermal [10, 11] or kinetic
[12, 13] parameters may be stated. It has also been possible to develop
various techniques for optimizing the best industrial operations [8, 14].

The purpose of this paper is to show new possibilities for invstigating the
cure of BMC composites by deconvolution, distinguishing between the
effects of conduction heat transfer and curing heat. To this end, the shapes
of the different temperature—time, state of cure (SOC)-time and heat-flux—
time histories at various sites in a plane sheet are determined and studied.
The BMC composite is cured in a metallic mould, heated by stirred oil kept
at a constant temperature. The slightly modified numerical model enables
one to obtain histories of the contributions of heat transfer and of chemical
reaction to the rise in temperature at different places in the sheet. The
reaction-rate—time histories are compared with the SOC-time and heat-
flux—time histories, providing a good explanation of their shape.

THEORETICAL
Assumptions

In order to build up the model for the cure process in a composite sheet,
the following assumptions are made.

(1) One-dimensional heat transfer is considered. This is valid for a thin
sheet, where edge effects are negligible.

(ii) Heat is transferred by conduction within the composite and mould,
and by forced convection at the mould-oil interface.

(iii) The rate of heat generation from the exothermic cure reaction is
expressed by p-order kinetics with respect to the ratio of the heat not yet
evolved at time ¢ and the total heat of reaction. The rate constant is
temperature dependent following an Arrhenius equation. The kinetic and
thermal parameters are assumed to be constant, except for the specific heat
and thermal conductivity.

(iv) At the mould-composite interface, the thermal contact is assumed
to be perfect, so that no thermal resistance is introduced by this interface.

(v) The temperature of the heated oil is kept constant over the whole
process, but different from that of the mould.
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(vi) The dimensions of the mould and composite are constant during the
process.

Mathematical treatment

The basic equation for a uni-directional heat conduction in an isotropic
solid, with internal heat generated by the cure reaction, is [1]

or _ 0 ia_T oQ
Po% Tox\"ax) " P
The right-hand side indicates the contributions from heat conduction and

heat of reaction to the process. The rate of heat evolution by the exothermic
chemical reaction is expressed by the classical equation [1]

2\ (1 2V ool E
o) =l -5 ool - 77) @

Numerical analysis

(D

The cure reaction term in eqn. (1) which also depends on temperature,
does not allow one to obtain an analytical solution. In order to resolve the
problem, an explicit numerical method with finite differences is used.

The principle of the method, shown in earlier studies [1-6], consists of
dividing the composite and the mould into intervals of constant thicknesses
(2N, intervals of Ax, width in the composite and N,, intervals of Ax,, width
in each mould slab). Each limit of these intervals is a grid-point associated
with an integer. The heat balance during the incremental time At in each
slice surrounding a grid-point is evaluated by considering the heat conduc-
tion through the mould and resin, and the heat evolved from the cure
reaction in the composite.

Temperature profiles

The new temperature after a time interval At is expressed in terms of the
previous temperature at the same and adjacent places.

Within the composite 0 <n <N,
1 AQ,
Term;[Tn+1+(MRn—2)Tn+Tn—1]+ Cn

where MR, is a dimensionless number

MR, = &%) (ES) (4)

(3)

At A
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and AQ, is the amount of heat generated by the cure reaction per unit mass,
during the increment of time At at position 7.

Within the mould (N, +1) <n< (N;—1)

1
TNn:_M—[Tn+l+(Mm_2)Tn+Tn—l] (5)
where M,, is a constant dimensionless number
(Axw)? (pC
M, = — 6

Composite —mould interface, with n =N,

Half-slices in the composite of thickness Ax,/2 and in the mould of
thickness Ax,,/2 are considered. Using the same method, the new tempera-
ture TN, _1is thus given by

D
TNNr =ATN,.+1 + (1 —4 _B)TN,+BTN,—1 +Z(3AQNr+AQNr—I) (7)

where the coefficients 4, B, D are expressed

At A A _(pAx),
A_F<Ax>m B—F(Ax>, b= 2F

Ax Ax
P=(oc )+ (o),

Mould -oil interface, with n = Ny
A half-slice of thickness Ax,,/2 is considered. The new temperature of the
external mould surface TN, is given by

(&)

1
TNNTZV[ZTNNT_I + My —2N —2)Ty, + 2NTy] (9)

where T, is the constant oil temperature, sufficiently different from the
mould surface. The dimensionless number N is expressed as a local Nusselt
number

Ax
N= h(—) (10)
A Jm
h being the heat transfer coefficient at the oil-mould interface.
State of cure in the composite
In order to calculate the heat evolved by the exothermic cure reaction up

to time iA¢ and hence the state of cure, the following integral function is
considered



72 V. Plesu et al.[Thermochim. Acta 241 (1994) 67-85

iAt ( E >
S, =k expl — — |do 11
OL p RT, (11)

For a small time increment A¢, eqn. (11) can be approximated as

E
Sio1=38; + koAt exp(— RT,-A,> (12)
with
Integration of eqn. (2) gives
it (p-nsI" 7 prl (14)
At each position n and time iAt, at the state of cure is expressed as
SOC,, = 100 %_ (15)

Conditions of stability

In order to maintain the stability of the calculations, the coefficients of
the temperature 7, in the different equations (3), (5), (7) and (9) have to be
positive, leading to

MR, >?2 M,>2N+2 1-4A—-B>0 (16)
Heat flux profile

As shown in an earlier paper [9], it is interesting to analyse the heat flux
in various places.

Within the composite 0 <n <N, and within the mould

(N, +D<n<(Ny—-1)

The heat flux by conduction is calculated by a linear approximation with
a second-order error

oT T,..—T,
= )2 ) = 2l Tn-l 1
HE, <5x>,, 2Ax an

At the composite —mould interface, n = N,
A parabolic approximation for the temperature profile is considered, and
the heat flux becomes

3Ty — 4Ty 1+ Ty, »

HFNr = —2.,- 2Axr

(18)
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At the mould—oil interface, n = N,
A Newton-type formulation for the heat transfer flux is considered

HFy, =Ty, — Ton) (19)

the heat flux being positive when heat leaves the mould and enters the oil.
Separation of the effects

From the relationships (3), (5), (7) and (9), it is possible to distinguish
the effect of heat transfer by both conduction and heat of cure, on the
change in temperature during each incremental time A¢. Additional relation-
ships demonstrate the origin of each contribution.

Within the composite 0 <n <N,
Expression (3) becomes

TN, =T, + (DTT), + (DTR), (20)
where
Tn _2Tn + TnAl (HFn—O.S_HFn OS)At
DTT — +1 — + 0.
e MR, (CAx, D
is the increase in temperature due to conduction heat transfer and
A »(80C, ., —SOC,;
(DTR)n — Qn — Q ( d+ 1 ,) (22)

Cn Cn
is the increase in temperature due to the heat of cure over the inverval of
time [iAz, (i + 1)At1].

Composite —mould interface, n = N,
The contribution of the heat conduction can be expressed as

At
(DTT)N, = ATNr+1 - (A + B)TN, + BTN,~1 = (HFN,—O.s - HFN,+0.5) ?.‘

(23)

In this case the contribution of the exothermal cure reaction is limited to the
composite half-slice, being thus always smaller than in other sites in the
composite

_3AQN . +AQN,

(DTR)y, = 7 D (24)

where 4, B, D and F are given in eqn. (8), with D < 1.
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Within the mould (N, +1) <n< (N, — 1)
The heat conduction contribution has a similar form as in the composite

(eqns. (20), (21))

TN, =T, + (DTT), (25)
T,.,—2T,+T,_, (HF,_os—HF,,,s)At
TT — +1 n 1 — 0.5 n+0.5
(DTT), 7 0O Br. (26)

At the mould—oil interface, with n = N
The heat conduction contribution has the form

1
(DTT)y.,. = YA 2Ty = (2+2N)Ty, +2NT ]
_ (HFy,_os—HFy.)

Ax
(7PC),.,

where N is expressed in eqn. (10)
The specific reaction flow at each site in the composite is

_(Qn,i+1 - Qn,i—l)

At (27)

(DCR),, = 21 (28)
with

- (Qn,l B Qn,O)
(DCR), = (29)
EXPERIMENTAL
Materials

The BMC composite (Menzolite, France) used had the composition:
maleic polyester resin, 16.0%; polyvinyl acetate, 10.7%; styrene, 4.1%;
catalyst, 0.5%; hydrated alumina, 66.7%; magnesia, 0.1%; zinc stearate, 1.9%.
100 parts by weight of this mixture were mixed with 20 parts by weight of
fibre glass.

Kinetic and thermal parameters

The values are given in Table 1. The kinetic parameters were calculated
using the heat-flux—temperature curves obtained by differential scanning
calorimetry (DSC 111, Setaram, France) at low heating rates (0.5°C min~")
using rather large samples ( > 150 mg) because of the sample heterogeneity
[15-19]. The heat transfer coefficient by forced convection is determined by
superimposing experimental and calculated curves for the temperature—time
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TABLE 1

Kinetic and thermal parameters

Composite Duralumin mouid

ko=11 x 10*' 57! p=2700kgm3

E =181.2kJ mol™! C=092kJ]'K™!

P =230 A=1237]s 'm 'K~}
Q,.=752kIkg™! Coefficient of heat transfer by
p=1770kgm™3 forced convection
C=113+4.18 x 10*T/°CklJ kg ' K~! h=334Im2s" 1 K"!

4=1.00Ts 'm "K' for SOC < SOCpax
A=138Ts'm ' K~ for SOC > SOCyax

histories in the centre of a composite that had been cured, under the same
conditions as those selected for the cure of the resin. The specific heat varies
linearily with temperature. The thermal conductivity is assumed to change
at a given value of the state of cure.

Moulding and heating system

A thin thermocouple of K types was embedded in the middle of a 7.0-mm
thick, 34-mm diameter sheet of composite. The composite was pressed by
the slabs of the mould, 57 mm in diameter and 3.8 mm in thickness. The
system, previously at room temperature, was immersed in a silicone oil bath
(146 + 0.5°C and a controlled stirring speed of 500 rpm). The temperature
in the middle of the composite was recorded [6].

RESULTS

Because the process is highly complex for thermosets, involving heat
transfer and internal heat generated by the cure reaction, it is necessary to
have good information for the various stages of the process. Experiments
are of help in providing the temperature—time histories at various places in
the composite, especially along the mid-plane where better accuracy is
obtained [5-7]. However, exhaustive investigation is possible only by using
numerical models and calculations [8, 9]. Three kinds of information are
considered in particular.

(i) The rate of heat generated by the cure reaction at various places
within the thickness of the sample, as well as the rate of cure, both these
pieces of information being expressed as a function of time.

(ii)) The temperature—time histories at various places throughout the
thickness of the sample, as well the contribution to the heat change due to
heat transfer and reaction heat.
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(i) The heat-flux—time histories at various places throughout the com-
posite.

Cure reaction within the sample
The cure reaction developed within the sample is studied by considering

either the rate of heat generated by the reaction as a function of time or the
state-of-cure—time history. Three places within the sample are selected: the
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Fig. 1. Rate of heat evolved from the cure reaction (1) and state of cure (2) as a function
of time, at the mid-plane of the composite.
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Fig. 2. Rate of heat evolved from the cure reaction (1) and state of cure (2) as a function
of time, at the composite—mould interface.

mid-plane of the sample (Fig. 1), or the surface of the sample in contact
with the mould (Fig. 2), and the plane parallel to the composite—mould
interface located between the middle of the mid-plane and the interface
(Fig. 3).

The curves drawn in each of these three figures are of interest, and
comparison between the shapes of these curves lead to the following
conclusions.
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Fig. 3. Rate of heat evolved from the cure reaction (1) and state of cure (2) as a function
of time in the plane located between the midplane and the composite surface.

(i) The rate of heat evolved from the cure reaction in various places
within the sample varies with time, following a typical pattern: the rate
increases up to a maximum and then decreases down to zero.

(ii) The state of cure increases continuously up to a high value. The rate
of increase in the state of cure is given by the rate of heat evolved from the
cure reaction.

(iii) The shape of these two curves shown in (i) and (ii) varies consider-
ably with position in the sample.
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(iv) The rate—time history for the heat evolved from the reaction reaches
a higher value at the mid-plane of the composite and a lower value at the
composite—mould interface.

(v) The shape of the curves in (iv) depends on the position within the
sample, ie.. sharp at the mid-plane, less so at the interface.

(vi) The time at which the reaction starts may also be of interest. The
reaction starts on the surface of the composite, and progresses towards the
mid-plane of the sample.
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Fig. 4. Temperature—time history (1), and contribution due to conduction heat transfer (2)
and internal heat generated by the cure reaction (3), at the mid-plane of the composite.
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Temperature —time histories at various places

Temperature—time histories are complementary to the state-of-cure—time
histories. These temperature—time histories are drawn (curve 1) for various
places within the composite: at the mid-plane in Fig. 4, on the surface of the
resin in Fig. 5, and at the plane located between the mid-plane and the
interface, in Fig. 6.
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Fig. 5. Temperature—time history (1), and contribution due to conduction heat transfer (2)
and internal heat generated by the cure reaction (3), at the composite—mould interface.
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Fig. 6. Temperature—time history (1), and contribution due to conduction heat transfer (2)
and internal heat generated by the cure reaction (3), in the plane between the mid-plane and
the composite surface.

In addition, the contribution of the change in temperature resulting from
the conduction heat transfer (curve 2) and from the heat generated by the
cure reaction (curve 3) are plotted.

Comparisons made between these curves in Figs. 4-6 leads to the
following interesting conclusions.

(i) The temperature—time histories vary slightly with position. These
curves pass through a maximum which is very clear within the composite
and very slight on its surface, maximum being higher at the mid-plane.
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(i1) It takes some time for heat to be transferred by conduction through
the composite, resulting in a time delay for the increase in temperature
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within the composite, this delay being greater at the mid-plane.

(iii) The contribution of the conduction heat transfer to the increase in
temperature is apparent in curves 2 of each figure. It is very high at the

beginning of the process on the surface of the composite.

(iv) The contribution of the internal heat generated by the cure reaction
is more simple to understand. These curves (curve 3 in each figure) are

o
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Fig. 7. Heat-flux—time history (1) and rate of heat evolved from the cure reaction (2) at the

composite—-mould interface.
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nearly homothetic with the curves expressing the rate of reaction heat

shown in Figs. 1-3.

(v) The shapes of the curves expressing the contribution of the conduc-
tion heat transfer are significantly modified when the cure reaction starts,
becoming negative. This is due to the fact that heat generated by the cure

reaction is evacuated by conduction heat transfer.
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Fig. 8. Heat-flux—time history (1) and rate of heat evolved from the cure reaction (2) in the

plane located between the mid-plane and the composite surface.
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Heat-flux —time histories

As already indicated in a previous study [9], the heat-flux—time histories
developed at various places within the composite are of great interest. These
heat-flux—time histories (curve 1) are drawn in two piaces: at the surface of the
composite in contact with the mould (Fig. 7), and in the plane located between
this interface and the mid-plane of the composite (Fig. 8). Because the
mid-plane is a plane of symmetry, the heat flux is constantly zero there. The
rate of heat evolved from the cure reaction is also drawn in Figs. 7 and 8 (curve
2). The heat-flux—time histories developed within the sample are important
pieces of information, from both a theoretical and a practical point of view.

(1) The shape of the heat-flux—time histories varies with position. Com-
pletely flat at the mid-plane of the sample, greater amplitude is exhibited at
the composite—mould interface.

(i) The heat-flux—time history displays a rather complex pattern, de-
pending on the effect of conduction heat transfer and heat evolved from the
cure reaction.

(i) The heat flux is firstly endothermic, i.e. heat is transferred from the
mould to the inside of the composite, and then becomes exothermic, i.e.
heat is transferred within the composite towards the mould.

(iv) The heat-flux—time history at the composite—mould interface is very
useful from a practical point of view. It can easily be measured with a
heat-flux meter on the surface of the mould. Moreover, this measurement
does not destroy the sample.

CONCLUSIONS

This method of combining experiments and modelling is attractive in
research, as it enables one to obtain a fuller insight into the nature of the
process. Moreover, when the process is complex, analysis of the pieces of
information obtained by calculation is fruitful.

By considering the reaction-cure—time temperature—time and heat-flux—
time histories developed within the sample, a more extensive knowledge of
the process can be obtained. The effect of the conduction heat transfer
through the composite and of the internal heat generated by the cure
reaction is clearly shown, despite the complexity of the process.

Finally, from an essentially practical point of view, the heat-flux—time
history at various places, especially at the composite—mould interface,
provides an improved way of following the reaction and also of controlling
the process using various means [5, 7, 14].
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