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Abstract

The cure of unsaturated polyester was studied by using an experiment and a mathematical model of the process. The temperature—tin
profiles were recorded in the centre of the resin and also at the outside wall of the cylindrical mould, and in the bulk of the heated air thermostat

A numerical model was constructed by taking into account the heat transferred by convection from the air to the mould surface and the hea
transferred by conduction through the resin, as well as the heat generated by cure reaction. Introduction of the carbon base filler reduced tt
amount of heat generated in the composite. As a result, it lowered the temperature of the resin. The convection heat transfer coefficient we
determined from independent experiments with glycerol inside the mould.

Recording the temperature—time and conversion—time profiles developed within the sample, more extensive knowledge of the process ce
be obtained. The effects of the convection heat transfer to the mould, and the conduction heat transfer through the mould as well as the intern
heat generated by the cure reaction is clearly shown, despite the complexity of the process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The process of thermoset curing inside the mould consists
of two main stages: the external heating of the polyester resin
In many areas of chemical engineering applications, we (with or without filler) and the cure reaction in the mould.
have to deal with thermosetting polymer structures. One of Since the thermosetting polymerization is highly exothermic
the major industrial processing techniques for producing such and the resin has a low thermal conductivity and a moderate
structures is the curing procelds. The curing behaviour of ~ heat capacity, the temperature may rise up to°ID@bove
unsaturated polyester resins is characterized by a complexhe mould wall temperatufd]. Such temperature differences
mechanism involving copolymerization of the polyester and produce thermal gradients through the resin, which are more
styrene molecules induced by the decomposition of an initia- pronounced in the wider samples. On this account, the final
tor. The interaction of chemical kinetics with certain physical product can exhibit mechanical and thermal properties below
processes that take place during curing, such as the phenomits specifications. In addition, thickening agents, inert and
ena of gelation and vitrification and the possibility of form- reinforcing fillers, initiators, inhibitors, and other additives
ing different morphological or chemical structures increases can also be added to the compound in order to modify the
the complexity of the curing stud®]. Polyester resin-based performance of the produfs].
composites may be used in many areas, such as medicine Moreover, the increase in production following the reduc-
(bone cement—filling the gap between bone end metal pros-tion in time of the cure cycle necessitates the use of a higher
thesis), architecture (artificial marble) and small ship building mould temperature. The rate of heat evolved from the cure re-
[3]. action varies with temperature according to Arrhenius equa-
tion. A higher temperature in the mould is responsible for
* Corresponding author. Tel.: +385 1 4597146; fax: +385 14597133, higher temperature gradients and a higher increase in tem-
E-mail addressvkosar@marie.fkit.hr (V. Kosar). perature, which in turn increases the rate of cure reaféion
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Table 1
Nomenclature Resin properties

Components Weight (%) Mole ratios (mol)
Symbols (a) Propylene glycol 3.3 04
A Arrhenius number (s1) (b) Ethylene glycol 7.0 06
Co Specific heat capacity (JkgK 1) (c) Diethylene glycol 144 11
Ea Activation energy (kJ mO‘Il) (d) Phthall'c an_hydnde 24.8 13
dH/dt  Heat flow (3 glgfl) Efe))SFtumanc acid 14.3 10

A yrene 36.3 28

AHy Heat of reaction (kJ kgl) (g) Hydroguinone 0.012 _
k Rate constant (51) (h) Fragments cca.l -

h Convection heat transfer coefficient
(@stm1ikY
Mould diameter (0.01 m)
Number of experimental data
Radial position (m)

R profiles of temperature and conversion developed within the
N

r

Ry Gas constant (8.314 JmdiK 1)
ra

t

T

sample. Also, the effect of the convection heat transfer coeffi-
cientonthe processis very important, because it characterises
the rate of the heat transferred by convection to the external
surface of the mould@8]. This information is necessary not

Rate of reaction (s') only to enhance understanding of the process but also to de-

Time (s) termine the best operational condition.
Temperature (K)

To Initial temperature (298 K)

Tm Mould wall temperature (K)

. 2. Experimental
Tair Air temperature (K) Xper

Tgly Glycerol temperature (K)

X Dimensionless radial position (-)
Xa Fractional conversion (-)

Yiexp. Experimental data(-)

Viteor. Evaluated data(-)

2.1. Materials

2.1.1. Thermoset
General-purpose polyester resin was supplied by Chromos
d.d., Zagreb, Croatia. The base polyester resin was prepared

\,'\IV Mass fraction () nd using phthalic anhydride, diethylene glycol, fumaric acid and
u Nusselt number (Nw= 57, -) styrene in different molar ratios (s&able 1).
Re Reynolds number (Re= 24, -)
Pr Prandtl number (Pe= <%, - 2.1.2. Filler
Carbonate-based OmyaCarb 5-GU, supplied by Omya

Greek Symbols GmbH, Austria.
Om Dimensionless mould wall temperature (-)
m Dynamic viscosity (s 1) 2.1.3. Initiator
0 Density (kg n3) A 50% solution of methyl ethyl ketone peroxide (MEKP)
A Heat conductivity (Jm!s 1K~1) in dimethyl phthalate, supplied by Chromos d.d., Zagreb,
o Thermal diffusivity (nf s~1) Croatia.

2.1.4. Glycerol

P.a., supplied by Kemika d.d., Zagreb, Croatia.

The main structure of the mathematical model is formed
by the energy balance, which takes into account several fac-
tors: the heat transfer through the air by convection, heat

o e e oo e PG 1  (ermosia heted by he i eptat 3 consian
i g 'temperature. A stirrer was placed inside the heated cham-

and the heat qllss!patlon at th(_e comp_osne skin. 'I_'he CNeT9Yher (thermostat) to ensure a continuous air flow across the
balance equation is coupled with a suitable material balancernould (Fig. 1). Heat transfer was mainly by convection. The

expressing kinetic behaviour of the chemical reaction. The . i

. ) ; temperature was recorded at various places:
solution of the complete mathematical system gives both the
temperature and the conversion as functions of time and po-(1) In the centre of the resin sample (Fig. 1, thermocouple
sition [7]. ay.

The main purpose of this study is precisely to determine (2) In the exterior air (Fig. 1, thermocouple (3)).

the effect of a change in the mould temperature externally (3) On the external surface of the mould (Fig. 1, thermocou-
heated by stirred air on the process, and especially on the  ple (2)).

2.2. Moulding and heating system

A cylindrical copper mould with the resin sample was
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5 1.) Mould with resin
2.) Thermocouple (1)
2 3.) Thermostat (heated air)

4.) Thermocouple (2)
5.) Thermocouple (3) 7
6.) Isothermal terminal block
\ | 7.) Data acquisition
773 3 -

| |

Fig. 1. Schematic representation of the measurement system.

Throughout all experiments, a cylindrical copper mould temperature is attained during the stage of cure reaction.
with 10 mm diameter and 1 mm wall thickness was used The highest amplitude of temperature is observed at this
(Fig. 2). The mould was placed in the thermostat and heated  place.

by stirred hot air. Because we used a long cylinder, heat trans- . . .
y gcy National Instruments supplied the accessories for data ac-

fer was assumed to occur only radially, and the circular Cross_quisition. The NI4351 card has 16 different analogue inputs.,

section of the sample was considered separately. The air tem- ) . : . .
perature was set within the 100—1ZDrange. Each instrument has a 24-bit ADC and six possible reading

These temperature measurements are necessaryfortestin?tes._. .10’ 50, d60 reéagmgs ber S((ajcond n Ithe s(jlpgle—channel
the validity of the model. The centre of the resin along the cqq|3|t|on mode an 8,88, an 97 total readings per sec-
longitudinal axis was chosen for measuring the temperatureOnd in the multiple-channel acquisition mode.

for two reasons:

(1) Because of symmetry, the gradient of temperature is 3. Results and discussion
equalto zero, so abetter accuracy is obtained at this place.
Thus, a slight change in the position of the thermocouple  Characteristics of temperature—time curves for all experi-
does not significantly alter the temperature measurement.ments can be qualitatively displayed with three characteristic
(2) The lowest temperature is obtained at the centre of theareas (Fig. 3):

resin during the stage of pre-heating, and the highest (1) Heating period (induction): resin was heated from room

temperature (d) to the temperature of hot air £j).

i\ %b ;; gopper ptwould (2) Curing period (reaction): due to the heat generated in
o .) Composite

7 T ; hold the composite, the temperature increased filyp to
; -) Temperature sensor holder maximal temperature of the reaction,{l), and
2 4.) Silicone stopper
]
; / 180
ﬁ___ - —
’ 160
v ] |
v 140
%
v _
9 1204
% N
é 3 © 100
’ . ~ 804
]
g
% 60
; 4 ]
2 40
’ i 100°C.exp‘
v 20 —-—- 105 °C, exp.
4 v 110°C, exp.
G 7 0 , — . .
: 0 5 10 15 20 25
10 Time / min

Fig. 2. Schematic representation of the copper mould. Fig. 3. Temperature vs. time plot with three characteristic areas.



V. Kosar et al. / Thermochimica Acta 433 (2005) 134-141 137

(38) Cooling period: after reaction, the sample was cooled to Table 2
the temperature of the heated aiai()[ Boundary and initial condition without curing reaction
Mould in air Mould in glycerol

In order to clarify the problem and to establish the math- —
. . . Boundary condition
ematical model of the curing process in the mould, a few ~ 57

h

assumptions were made: o = 3 Um = Tai), forr =R T(r, ) =Tm=Tgy forr=R
. . . ar aT

(1) Onlyradial heattransfer by conductionthroughthecylin- - =0.forr=0 5 =0 forr=0

der cross-section was considered. Initial condition
(2) Heat was transferred by convection through the air- T1(, 0)=T, T(,0)=To
mould interface. T(R,0)=Tm=To T(R, 0)=Tm=Tgy
(3) Due to the large difference in heat conductivity between

cooper and resin, heat transfer through the mould wall (air)-mould interface is by convection, and an appropriate
was disregarded (sé@ble 5). temperature gradient is present.
(4) The cure reaction is expressed by a single kinetic equa- | a situation without chemical reaction, i.e. when we want
tion, as obtained from calorimetric determination. to predictthe heattransfer coefficiemtall terms in the model
(5) Within the given temperature interval, thermal parame- tnat relate to the reaction kinetics were rejected (B).last

terscp, 4, andp are predicted as constants. boundary and initial conditiorifable 3).
(6) Homogenous and pre-mixed reaction system.

(7) Negligible temperature change during mixing of reaction 3 1. Kinetics

components.
The equation describing the rate of heat transferred by ASSuming thatthe exothermic heat generated by curing re-
radial conduction through the circular cross-sectioj9]s action is proportional to the number of double bonds that have

reacted in the system, the maximum conversion is reached
when all the bonds that can react have dong1€d. The
reaction rate is directly proportional to the rate of heat gener-
ation dH/dt. It is possible to evaluate the reaction ratg/dX

and fractional conversioKp reached in time using the fol-
lowing expressionfl1,12]:

oT 82T+ 19T
Cp— = —_— 4 ——
Pep ot a2 ror

]mpAHr )

where the contribution due to the exothermic reaction can
be seen in the right-hand term and whegeand A are the
thermal parameters, apds the density.

The mass balance for a resin in the cylindrical mould 9dXa _ 1 (d_H> 3)
(batch reactor) is given by dr AHy\ dt /,
XA t
Xp = — | dr 4
ot A= 3 ar ). (4)
wherera is defined as the rate of cross-linking with kinetic 0
model, Eq(5). The following kinetic equation was used to fit the experi-

These two partial differential equations (E¢E) and(2)) mental datd13,14]:
with boundary and initial conditions form a mathematical
model of the polyes_ter resin curing process in the cyImdnca] ra = A; €xp (_E) X4 (1— Xp)" (5)
mould. Some experiments were done by heating the mould in
the glycerol thermostat. These experiments were performed  inetic parameters calculated from the DSC experiments
to show the differences in the time—temperature curves andgyre: g, = 41,000 J/mol A, =5,0005 2, n=0.7 andm=1.3.
between the maximum temperatures attained in the [8gin
By comparing experimental results of curing reaction con- Table 3
ducted in air and oil thermostat, important conclusions can Boundary and initial condition with curing reaction

be made. Since the product quality depends on the heat transmould in air Mould in glycerol
fer, itis importapt tp know and define the regime of temper- goundary condition
ature changes_ |_n_5|de the_ _mouITthes 2 and 3eprese_nt o _ﬁ(Tm 7). forr = R T (1= Tm=Tgy, for r=R
boundary and initial conditions for a system heated with air o A ‘
or glycerol, as well as a situation with or without the curing ar _ 0. forr=0 T _ 0, forr =0
; or or

reaction. 3Xa BXa

The main difference between a system heated with air or — = =0.forr=0 0 forr=0
glycerolisinthe boundary condition for the mould wak R. Initial condition
In the case of glycerol, thermostat temperature of the mould T (r,0)=To T(r,0)=To
immediately exceeds the temperature of the surrounding fluid T (R, 0)=Tm=To T(R,0)=Tm =Ty

(glyceral). On the contrary, a heat transfer through the gas X(r.0)=0 Xa (. 0)=0




138 V. Kosar et al. / Thermochimica Acta 433 (2005) 134-141

110 Table 5
. Thermal parameters quantities selected from the literature
1003 s
W(quv wo T ¥ AN Material o (kgm3) cp (J (kg K)™1) A (W (mK)™h
i g Resin 1100 1830 0.17
801 % Glycerol at 105 zc exp., heating Copper (mould) 8900 390 393
Glycerol at 150 °C mod., heating :
70 1 v Glycerol at 105 % exp., cooling FI_”er (CaCQ) 4658 550 0.93
::o ———Gilycerol at 105 9C mod., cooling Air 1 1014 0.034
: 0 A& Precured resinat 100 °C exp. Glycerol 1206 2800 0.30
] o Precured resinat 100 °C mod.
50
o) £ e, 3.3. Cure modelling
803 The suggested mathematical model, Eyand(2), was
20 ; ‘ . . ; verified by temperature measurements during the cure reac-
& 5 10 13 A0 25 20 tion in the centre of the cylindrically shaped mould at various

Time / min heated air temperatures.

i o ) By introducing dimensionless variables, we get:
Fig. 4. Curves for estimatinigin the air thermostat.

(1) Dimensionless temperatuie= Tl
(2) Dimensionless timer =

o _ A
Detailed kinetic analysis of this system (polyester resin with (R/2)2t - pc‘p(R/Z)zt

carbon filler) can be found elsewhd)]. (3) Dimensionless length: = 775, and
_ A (R/2P. p_ Ea . _ AH
@) A== B= g C= 01,

3.2. Estimation of the heat transfer coefficient, h Thermal parameters were taken from the literafass].

They were assumed to be constant throughout the entire tem-
perature rangelable 5.

The number of variables in the solution of heat-conduction
problems may be reduced as follows:

Heat balance from Eq1):

The heat transfer coefficiehtwas obtained either by cal-
culation with the dimensionless numbers ([16], Eg)), or
by estimating it as a parameter in the curing model without
reaction and fitting it with experimental results. The experi-
ments were performed on the same mould containing either
glycerol or procured resin. The mould with glycerolinitwas g9 320 1960 9Xa
previously heated from room temperature in heated air un- - [ ] +C—— (7
der conditions identical to the cure, or it was allowed to cool

9x2  xox

down to room temperature in the air thermostat. All experi-  Material balance, from Eq$2) and(5):

ments were conducted at the same hydrodynamic conditions

(stirrer position, air flow). The temperature at the centre of the XA — Aexp (_ B ) XL (1= Xp)" (8)
A A

mould with the glycerol or precured resin was recorded dur- o 0

ing these processes, and the valukwhs obtained by fitting
the experimental temperature—time curves with the calculated
ones/Fig. 4.

Egs.(7) and(8) were solved simultaneously, subjected to
the boundary and initial conditions previously defined (also
in dimensionless form), by numerical techniques. Since the
two partial differential equations were coupled, an iterative
procedure was applied. The basic numerical scheme involved
utilization of the method of lines for the solution of parabolic
partial differential equations (PDE)}7].

The Nelder—Mead (modified Simplex) method was used
for model parameters (AtAndA;) estimation together with
Sthe normalised least squares as error crifgi@, Eq.(9).

Nu = CRe" Pr1/3 (6)

C andn are constants dependent on the flow regime. In
this case, laminar flow was observed &R2000).

Values ofh shown inTable 4demonstrate that the con-
vection heat transfer between the air and the copper mould is,
rather small. In the further calculation, the constant value of
h=55W/n? K will be used.

Z (ylexp ylteor (9)

Table 4

Calculated values of the convection heat coefficibrifis T m—2 K1) Estimated parameters are presente@ible 6. Introduc-

Experiment tion of inert filler in the composite mixture decreased the
With glycerol 55-60 ti heat. but del t ined tant. i
With precured resin 5060 eaction heat, but model parameters remained constant, in-

) dependent of the filler content or of the operation (mould

From literature (Eq(6)) 60-90

wall) temperature.
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Table 6 180
Estimated model parameters for system with or without the filler
Air temperature{C) AH,(Jg!) A (sl S.D. w (filler), (%) o8

90 —130.87 443067 01234 0 1403

95 —144.91 5400.07 0.0895 1204
100 —165.18 5143.03 0.1421
105 —172.01 5433.71 0.1145 O 1004
110 —177.41 4618.86 0.2155 g . %%

90 —90.18 4537.10 0.0895 20 90 (€, mod,

60 & 95 "G, exp.

95 —105.55 4367.33  0.0472 Barra ggogém&c;
100 —115.86 419438 0.1518 40 ceevnees 100 °C mod.,
105 -123.88 420552 0.1955 T e
110 -139.42 4904.67  0.0987 204 ¢ 110% exp

————— 110 "C, mod.

90 —79.34 4567.99 0.0944 40 0 . r . : .

95 -86.11 3779.14 0.1160 0 5 10 15 20 25 30
100 —99.60 4762.05 0.0551 Time / min
105 —109.26 4056.68 0.2020
110 —119.42 3510.70 0.4111 Fig. 7. Comparison between simulation and experimental data for curing of

resin with 40% of filler.

Good agreements between experimental and estimated

180 data were observed for temperature versus time plots in the
1601 -3 centre of the composite (Fig. 5). The presence of the filler in
all cases (Figs. 6 and)Aowered the maximum temperature
1404 . . .
g reached during the cure cycle. Increasing the filler content
1204 - has reduced the total quantity of the resin, thereby decreas-
o 1007 ing the amount of heat generated per gram of the reaction
i e mixture[5], Table 6.
e B L aem High enthalpy of the cure associated with the rather low
60 _E Eoee thermal conductivity can give rise to an excessively high tem-
401 s perature, which may cause discoloration and degradation of
- T Bt the material, and also lead to substantial temperature gradi-
20 ot ;1533; b, ents. Thus, the material is heterogeneous during the curing
0 : : : : r process, and these temperature gradients in the resin may
0 5 10 15 20 25 30

have significant effects on the properties of the final material
Time / min [8].

Generally, the cure reaction starts on the surface of the
resin where the highest temperatures persist. However, be-
cause of the internal heat generated by the cure reaction as-

Fig. 5. Comparison between simulation and experimental data for curing of
resin without filler.

180 160
140
1204
o 100
(=]
= 80
60
" 404/ —— T,(exp.) with air at 100°C
20 ° 110°C. exp. ) ——- T (exp.) with glycerol Py
,,,,, 110 °C. mod. . (exp.) with glycerol at 100
0 T T T T - 20 : . . -
0 5 10 15 20 25 30 0 5 10 15 20 25
Time / min Time / min

Fig. 6. Comparison between simulation and experimental data for curing of Fig. 8. Comparison between measured temperature in the mould centre for
resin with 20% of filler. system heat with the air or glycerol.
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160 4. Conclusions

=0 AN The main characteristic of the mould heated by the air is
! o, ™ convection heat transfer from the air to the mould surface.
- This fact is responsible for the low rate of heat transfer be-
tween the resin and the surrounding atmosphere, which is

120

1004
C(if ] evident both during the heating period of the mould when it
= 80 o Tojexp)ate0C is put in contact with the heated air or during the period of
12 & T,{mod.) at 90 %G reaction when the resin is hotter than the air in surrounding
L 4 Tfexp)at110°%C atmosphere.
. - :m“;";’jé o°e Because of the simultaneous occurrence of two processes
¥ R e (heating and cure reaction), this process is very complex. The
20 ] , , , —— use of a numerical model that takes into account all the known
0 5 10 15 20 25 30 facts is thus of great importance for a number of reasons:

Time / min ) o ) ) )
(1) Itcangive afullerinsightinto the process, with profiles of

Fig. 9. Comparison between measured temperature near the mouldwalland ~ temperature and conversion developed through the sam-

calculated temperature of the mould wall. ple that contribute to the heterogeneity of the sample and
to poor properties of the final material.

(2) Itis necessary for determining the best operational condi-
tions for a given size of the mould, whenitis desirable to
reduce the time of cure, and to improve the productivity.

g3) It is the most powerful technique for evaluating the new

operational conditions, which should be used for large
samples. Increasing dimensions of samples is always dif-
ficult, but it is even more difficult and more sensitive in
the case of cure reaction with high enthalpy. By simu-
lating the process, the model can predict difficulties that
may arise with a change in dimensions of the sample.

sociated with the low thermal conductivity, gradients of tem-
perature develop within the resin with the highesttemperature
in the centre of the resin. The temperature—time history at the
centre passes through the maximum, and normally decrease
down to the mould wall temperature (Figs. 5, 6 and 7).
According toFig. 8, heat transfer by convection from the
airto the mould surface is slower then the heating of the mould
at the same glycerol temperature as the air. Slow heat transfer
governs higher temperature gradients in the composites. As
a result, a higher temperature is obtained in the centre of the
resin (almost 30C higher temperature when heated withthe  According to the results presented in this paper, several

air). facts were important for the successful cure process control:
Besides the temperature measurement in the centre of the ) L

resin, temperature is measured in the bulk of a hoffajy, = (1) Rate of the cure reaction governed by the initiator con-

and near the mould wallTm(exp.). It was shown that the centration, o _ _

Tm(exp.) describes temperature on the air-mould interface (2) Execution (type) of heating, with the air or with glycerol

better than the temperature in bulk of a hot Big. From the (oil), which governs the mechanism of heat transfer from

Fig. 9 which shows temperature measured near the mould _ the heating media to the mouid, .
wall, Tm(exp.) and the temperature of the mould wall cal- (3) The amount of filler, which is responsible for the lower

culated from the modelTm(mod.), some remarks may be maximum temperature of composite in the mould, and
drawn out: (4) Operating temperature (air temperature, mould wall)
should be sufficient for an initiator decomposition but
(1) During the heating period, whef,(mod.) <Tm(exp.) < should not allow high-temperature gradients in the com-
Tair, heat is transferred by convection from the air to the posite.

air-mould interface.

(2) When reaction starts (near the inner surface of the mould
wall) reaction heat is transferred by conduction both to References
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