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ABSTRACT: Semi-adiabatic temperature measurements werrdet and used to

define semi-empirical equations for the simulatdrthe anionic PA-6 reaction kinetics.

The reaction could be described by autocatalytityrperisation and isothermal

crystallisation models. The resin mixture used hrs tresearch has a long infusion
window, before the reaction starts. Therefore,agsewas done on the prediction of the
infusion window, defined as the induction time. elar relationship was found

between the induction time and the product of thi&al resin temperature and the
temperature difference between the mould and thie.ré is expected that the infusion
window will be reduced when long pot life times anidh initial temperatures of the

reactive mixture/buffer vessel are used. Hence,dffiect of the pot life (time and

temperature) on the reaction kinetics was invewt@dt was seen that for a longer pot
life time and higher initial pot life temperaturihe reactivity of the resin during the
exothermal reaction decreased while the inductioe slightly increased.

KEYWORDS: Cure behaviour, rheological properties, semi-egicgi modelling,
thermoplastic resin.

INTRODUCTION
In order to produce thicker and bigger thermoptastimposite parts for use in offshore
wind turbine blades the traditional melt processteghnique, which requires high
temperatures and pressures, has been substitutiech wacuum infusion process. To
overcome the high resin viscosity of thermoplasggins, a reactive resin system is used
for the vacuum infusion of glass fibre reinforcediomic polyamide-6 (APA-6)
composites. The high molecular weight APA-6 is olsd, after a high temperature
infusion process, through ring-opening polymer@atiThe infusion of thick-walled,
large wind turbine blades requires long residemced for the reactive resin in the
buffer vessel prior to infusion.

Previous work showed that the processing temperasuthe most important parameter
in the infusion of APA-6 composites. The processmmperature results from the sum
of the external heat (heating device) and the matleheat (exothermic reaction of the
resin). The effect of the temperature is thoughbecsignificant for every stage in the
infusion process. In this paper, the effect of fié#, buffer vessel and mould
temperature will be investigated in order to prediee infusion window and the
temperature rise during reaction. It is expected the infusion window will be reduced
when long pot life times and high initial temperatiof the reactive mixtures are used.
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Testing and modelling the reaction kinetics of té®in is the first step to understand the
reaction itself. For this purpose, adiabatic reactiests were performed in which the
temperature of the reaction was recorded and wed tes define the semi-empirical

equations for the simulation of the APA-6 reactionetics. In this paper, the reaction
kinetics of the resin system will be described #mel effect of the pot life (time and

temperature) on the reaction of the resin willteestigated.

EXPERIMENTAL
Materials
A reactive resin mixture is used, which consiststluiee components: the anionic
polymerisation grade-caprolactam monomer, the activator and the iwitiathich were
all supplied by Briiggemann Chemicals, Germany.

Adiabatic Polymerisation

Reaction kinetics tests were performed to investitfae adiabatic temperature build-up.
To simulate the adiabatic conditions of the polyizegion in thick laminates, a wide
600 ml beaker with a diameter of 8 cm, was used @®uld. A cover lid was designed
to ensure the correct and consistent placemenhefstraight thermocouple in the
middle of the beaker and to ensure a nitrogen gtiote environment during the whole
polymerization. The polymerization mixture was @egg in the mini-mixing unit
(MMU), which was set to 85, 100 or 115°C. The glasaker with the reactive mixture
was then transferred into an oil bath at polyménsatemperature, which was set to
140, 150 or 160°C, after which the temperature mreasents were started. To verify
the repeatability of the reactions, all the testsenduplicated.

Effect of Pot Life

To simulate the effect of the pot life on the reatt the beaker which was filled with
the reactive mixture, was placed in an oil bathaktwas set to the same temperature as
the MMU (85 or 115°C). After 5 or 20 minutes, theaker was placed into the second
oil bath set to a higher temperature (140, 15068°Q) for the polymerization reaction
to take place, simulating the heating phase ofkth@ninates by contact heating.
Temperature measurements were done as describe® abpd repeated twice. The
temperature measurements were compared with thmsesponding to the reaction
kinetics of the resin without any residence timéhia buffer vessel.

RESULTS AND DISCUSSION

Semi-empirical Approach to Reaction Kinetics
From the experimental data, the temperature rige ttme was recorded. The fractional
degree of conversiofi can be obtained from the adiabatic temperaturesarements
[1-2]:
p=t1"l M

T =T,
Where T is temperature at time § 8nd T are the initial and maximum temperature of
the reaction respectively. To obtain the heat @fctien (both polymerization and
crystallisation) from the start of reaction, thldwing data analysis was done; for each
set of data, temperature measurements were dongufer caprolactam monomer as
well. This data was subtracted from the temperadate of the reaction. The time where
the temperature rise of the monomer and the reactixture started to deviate was
taken as the induction time of the reactiah {Ihe start of the temperature deviation
between the two curves was chosen to be at 30%eahtiximum slope of the reaction,
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giving the most consistent results for all dates.sdhe temperature of the reactive
mixture corresponding to this induction time wassidered to be o[

The adiabatic temperature rise can be described thee energy balance as the heat

build-up due to polymerisation and crystallisati@n) and the heat loss due to thermal
conduction [2]:

dT _dq
Cp dt dt U(T Tamb) (2)
Where U is the overall heat transfer coefficieniyplis the ambient temperature, &
the heat capacity, which is a function of the degoé conversion of the resin and
temperature.

According to Lee [2] and Bolgov [3], the heat fldsom both polymerisation and
crystallisation can be described as follows:

a(t)= QB(Y)+Qa(95(Y) @3)
In which a is the degree of crystallinity at time t, Q1 theahof polymerization, Q2 is
the heat of crystallization.

It is known that isothermal crystallisation can #éescribed by an adapted Avrami
equation [3], although it only considers singlagstarystallisation, and is insufficient in
describing secondary crystallisation within thegass. The data recording for this paper
was stopped once the polymerisation plateau washegla hence excluding the
secondary crystallisation from the measurements.

a(t)=1- epo %H (@)

This equation (eq. 4) showed good accuracy withotitained measurements. It can be
concluded that the system used allows to be fitidith isothermal crystallization
kinetics. The characteristic crystallization tipean be described as follows [3]:

_ W,
tO =C eX{WJ (5)

Whereby n, ¢ ang are constants and,Tthe melting point of the polymer = 214°C.
In order to find the adiabatic polymerisation kingtof anionic PA6, an autocatalytic
model has been suggested by several research2fs [1-

dg _ _E o0
9= n,en0| - (1) (1+ 85) ©)

In which, Ay and n are constants, E the activation energy arttleBautocatalytic factor.
The experimental data obtained were used to fiedréfaction kinetics by a nonlinear
least squares method fit with eq. 1-6. Togethehwhe reaction kinetics constants, the
correlation coefficient Rwas calculated.

Adiabatic Reaction Kinetics

A typical example of the adiabatic temperature ettoh and the fitted curve is shown
in Fig. 1. It could be seen that the fitting moasl described above gives repeatable
results and good correlation coefficients (97% aghér). The average Kkinetic
parameters describing the material system usedhemen in Table 1. It was seen that
the values for E, n and BO comply well with valdesnd in literature [1-2]. However,
the autocatalytic factor BO for mould temperatu&460°C is significantly higher. The
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activator used in this study shows a different pwyisation reaction from temperatures
above 160°C which results into higher BO valuesalt also be seen that the A0 values
for a MMU temperature of 85°C are lower than coregawith the higher MMU
temperatures. Due to the low initial temperaturd hance longer heating time before
reaction starts, fewer interactions between thiemift molecules are present, resulting
in the lower AO value.

Table 1 Kinetic parameters for polymerisation farigsus MMU temperatures and pot life times

Temp MMU [°C] 85 100 115

Mould temp [C] 140 150 160 1400 150 16p 140 150 160
AO x10° [1/s] 2.52 325 | 362 | 5.75| 542 484 571 533 482
E x10' [J/mol] 6.82 6.81 | 6.75| 6.96| 6.88] 7.09 7.1 6.94 47D
n[ 1.01 099 | 1.09 | 099 0.93] 1.08] 1.2/ 144 1.04
BO [] 7 9 11 7 9 21 14 | 11 | 16

R [%] 97.7 99.4 | 99.1 | 99.2| 99.9] 99.8 984 997 997

In order to describe the temperature behaviouhefresin during the heating phase in
composites, further insight in the prediction o€ timduction time;tand the initial
temperature J is needed. As can be seen in Fig. 2, the indudiioe is linearly
dependent on the product of the MMU temperature #uedtemperature difference
between the MMU and the mould temperature (oil bafhe slopes of the curves for
different MMU temperature, as shown in Fig. 2 amgpraximately the same, -
0.228+0.027 on average, while the interceptiorhefdurves with the y-axis seems to be
linearly dependent on MMU temperaturéep=-12,3* Tumu+3200,7). The proposed
equation for prediction of the induction time issdebed in eq. 7. Further work is
needed on establishing the relation betweand T.

t = A ErMMU [GTmould _TMMU )+ (B ErMMU +C) (7)
With A = -0,228 [1/(°C¥], B=-12,3[1/°C] and C=3200,7 [sec].
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Fig. 1 Typical graph of adiabatic temperature Fig. 2 Induction time; versus MMU temperature

measurements and kinetic model. Temperature times the difference between mould and MMU

MMU-mould: 85-140°C temperature for different initial reactive mixture
temperatures (85-100-115°C)

Effect of Pot Life

It is expected that the infusion window will be vegd when long pot life times and
high initial temperatures of the reactive mixtutdfer vessel are used. After 5 min of
pot life, both the time of maximum slope of the attan and the reaction itself,
represented by the activation energy E are com[gavath the baseline, as can be seen
in Fig. 3 and Fig. 4 respectively. However, foroader pot life time, the resin already
starts reacting while in the buffer vessel, thaefiocreasing the viscosity of the resin,
especially for the higher pot life temperatures.ties heat transfer to the middle of the
beaker is mainly driven by convection, the heaththe resin is inhibited by the higher
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viscosity and the reaction of the resin is depehdaronly the internal heat available in
the reactive system. This effect is visible in Bgwvhen the heating up of the curve for
85-160°C and 115-160°C for 20 min are compared \eilch other. For a pot life
temperature of 85°C, the resin still heats up duié applied external heat, which is in
contrast with the results for 115°C. The effectazfction of the resin in the buffer vessel
with the longer pot life times is also visible imetreduction in activation energy E, see
Fig. 4. It can therefore be concluded that lessg@nis needed for the reaction to take
place as part of the energy is already suppliethduhe pot life, resulting in a lower
activation energy.
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Fig. 3 Adiabatic temperature rise for different pi@ Fig. 4 Average activation energy for different
times (0-5-20 min) and initial pot life temperatsire pot life times and pot life temperatures.
(85-115°C) for a mould temperature of 160°C.

Since the induction time is calculated at 30% ef taximum slope of the reaction and
the slopes for the longer pot life times are ldsgs when compared to the 5 min pot
life, the induction time only shows a small incredsr the higher pot life temperature;

1.2 min for 140°C and 1.9 min for 160°C, while ihduction time for 150°C remained

approximately the same. For the lower pot life temafures, the induction times were
almost stable for 5 and 20 min for high mould terapges, while even a decrease of
1.8 min was observed for 140°C. It could be conetudhat the induction time as

calculated in this paper is not predictable yetnvpet life is taken into account while it

could be seen that the induction time with pot id not change more than +3 min

compared with the baseline for all pot life coratis tested.

CONCLUSIONS

By means of a semi-empirical approach, the readtiastics of anionic PA-6 could

successfully be described. It was found that thebedic polymerisation could be
predicted with the autocatalytic model and the taflisation by means of the isothermal
crystallisation model. When investigating the effefcpot life on the reaction kinetics, it
was seen that for a longer pot life time and higimgial pot life temperature, the

reactivity of the resin during the exothermal reatiecreased while the induction time
slightly increased.
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