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1. REVIEW OF THESIS

1.1. Topicality of the Theme

Pultrusion is a continuous and cost-effective process for a production of fibre-reinforced
polymer composite structural components with a constant cross-sectional profile (Fig. 1.1). It
is an automated process requiring little labour and produces minimal waste material.
Conventional pultrusion process that uses electric heaters for heating of the pultrusion die is
known since 1951, then in was patented [8]. In 2012, the volume of composites used in
pultrusion processes sums up to 47 000 t, covering near 20 % of the total volume of currently
used thermoset composites produced in Europe [23]. During the last 5 years, the pultrusion
market has experienced significant growth especially in transportation sector and construction
applications and is expected to reach $ 1.7 billion in 2017. According to a new market report
[9], the future of the global pultrusion market looks bright with the growth at a CAGR of 4.6 %
from 2016 to 2021. The major growth drivers for this market are the rise in demand for
lightweight materials and increasing demand for durable products for corrosive environments,
such as in rebar and grating applications. These drivers make pultrusion one of the fastest
growing manufacturing processes within the composites market.

To improve the effectiveness of conventional pultrusion processes (Fig. 1.2) and quality of
pultruded coated profiles, development of microwave assisted pultrusion process with in-line
coating technology (Figs 1.3 and 1.4) considerably reducing the number of manufacturing
steps is proposed.
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Fig. 1.1. Conventional pultrusion tool.
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Fig. 1.2. Conventional manufacturing of coated pultruded profile.
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Fig. 1.3. Advanced manufacturing of coated pultruded profile.
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Fig. 1.4. Scheme of advanced multifunctional pultrusion die.

1.2. Aims of the Thesis

The main aim of the present Thesis is the development of new methodology and tools for
simulation, design and optimisation of the advanced microwave assisted pultrusion process
with in-line coating technology. This methodology is based on the joint use of different finite
element codes, planning of experiments and response surface technique and allows to obtain
the parameters of technological process with minimal energy consumption.

1.3. Research Objectives of the Thesis

e Development of holistic numerical procedure for a simulation of pultrusion processes.

e Development of curing kinetic models for the resins with high microwave absorption
properties.

o Experimental validation of the numerical simulation procedures developed in the Thesis.

o Development of reliable numerical procedure for a simulation of microwave assisted
pultrusion processes.

e Design of microwave assisted pultrusion process for a multifunctional pultrusion die.

e Optimisation of microwave assisted pultrusion process with in-line coating technology.

1.4. Research Tools and Methods

Research methods used in the present Thesis include the following:

o finite element software ANSYS Mechanical, ANSYS CFX, COMSOL Multiphysics;

e APDL programming;

o methods of experimental design and response surface technique;

o EDAORpt software for experimental design, research and optimisation;

e solver tool of Microsoft Excel program for a solution of optimisation problems;
 graphical tools of Microsoft Excel program for presentation and analysis of the results.

1.5. Scientific Novelty of the Thesis

In the present Thesis, new simulation and optimal design methodology of advanced
microwave assisted pultrusion process with in-line coating technology is proposed. The
developed methodology is based on the join use of different finite element codes for solution
of coupled thermochemical and electromagnetic problems, and optimisation software for
process optimisation. As a result of numerical study, recommendations for designers of



advanced pultrusion processes and multifunctional dies are formulated. Based on results of
optimisation, a Microsoft Excel tool is developed for an effective design of the technological
process. Using this tool, technologists can find parameters of the pultrusion process for the
manufacturing of qualitative coated profile using minimal energy amount.

1.6. Practical Value of the Thesis

The results of this Thesis are a part of the collaborative European project “Development of
an Innovative Manufacturing Process for the In-Line Coating of Pultruded Composites”
(COALINE) under FR7 program. The main aim of the project is to develop an innovative
manufacturing process for the in-line coating of pultruded composites. The data obtained from
investigations are intended for the most experienced European companies, research institutes
and academic institutions working in the field of pultrusion. The development of new
simulation and optimisation methodologies for the design of advanced pultrusion processes will
allow further expansion of investigations in this field.

1.7. Approbation of Thesis Results and Publications

The results of the present Thesis have been presented at seven international conferences and
eight working meetings within the COALINE project. The Doctoral Thesis has been presented
and discussed at scientific meeting in the Institute of Mechanics, Riga Technical University.
Main results of the Thesis have been reflected in six papers published in international journals
and conference proceedings.



2. STRUCTURE OF THE THESIS

The present Thesis consists of eight chapters, which are organized as follows:

Chapter 1 presents general overview on the pultrusion processes, their simulation and
optimisation;

Chapter 2 presents general formulation and numerical implementation of the
thermochemical analysis of pultrusion processes. Two numerical procedures based on different
finite element codes (ANSYS Mechanical and ANSYS CFX) are developed for a solution of
thermochemical problem. The validation of these procedures by experimental and numerical
results published in scientific literature is also presented;

Chapter 3 presents the development and validation of methodology for building of curing
kinetic models for thermoset resins with high microwave absorption properties. The developed
methodology has been implemented in a Microsoft Excel tool;

Chapter 4 presents experimental validation of the developed procedures for numerical
simulation of pultrusion processes. The influence of different process parameters and die
material properties on temperature and degree of cure in composite material is shown.
Correction of initial data using experimental and simulation results is performed with the aim
to obtain reliable results;

Chapter 5 is devoted to the numerical simulation and study of advanced microwave
assisted pultrusion process. The influence of capacity of the absorption energy field, application
of thermal insulation on the die, preheating of steel die, heating of resin bath and reduction of
the steel die length on the parameters of pultrusion process is studied with the purpose to
increase its effectiveness;

Chapter 6 is devoted to the design of multifunctional pultrusion die used in the advanced
pultrusion process with microwave assisted heating and in-line coating technologys;

Chapter 7 describes the optimisation methodology, based on the planning of experiments
and response surface technique for optimisation of advanced microwave assisted pultrusion
process with in-line coating technology.

Finally, the research achievements of the present Thesis are summarized in Chapter 8.
Recommendations for the future work are also discussed.

2.1. Literature Review

This chapter presents a comprehensive literature review on the investigation of pultrusion
processes. Two main topics are covered in the review. The presents literature overview on
simulation of conventional and microwave assisted pultrusion processes. Brief review of
methods used in the experimental investigation of pultrusion processes is also given. The review
also provides literature review about optimisation of pultrusion processes. The existing
literature is classified into three following sections: experimental testing, numerical simulation,
and optimisation of manufacturing process.

Conventional pultrusion processes, their simulation and optimisation are widely considered
in the scientific literature. Advanced microwave assisted pultrusion processes are studied
considerably less, no optimisation problems have been solved for this new technological process.
The design of pultrusion dies with in-line coating technology is not mentioned in scientific literature.



2.2. Modelling of Conventional Pultrusion Processes

To numerically study pultrusion processes, the following thermochemical problem
consisting of three governing equations should be solved:

o, L 2[4 T2, ) O, aT) g
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__f(oT oT\ o(-0oT\) o(—-0T) O+ oT
se | L Y)Y LY g=0; @
Ploe ox) ax\U"oax) oyl "oy ) oz\ T oz

where
T temperature, °C;
Yo density of the tooling material, kg/m?;

c specific heat of the tooling material, J/(kg °C);

p
kx, ky, k- thermal conductivities of the tooling material in x, y, z directions, J/(m °C s);
qv rate of energy exchange at the boundary, J/(m® s);
u the pull speed, m/s;
o) the lumped density for the composite material, kg/m?;
EP

the lumped and specific heat for the composite material, J/(kg °C);

k., Ey , k. the lumped thermal conductivities of the composite material in x, y, z directions,
J/(m °C s);

q the generative term related to the internal heat generation due to the exothermic resin
reaction, J/(m® s);

oa=H(t)/H, the degree of cure;

H(#) the amount of heat evolved during the curing up to time 7, J/kg;

H the total heat of reaction, J/kg.

tr

It is necessary to note that the first equation in the system presents the energy equation for
the tool, the second — the energy equation for the composite moving in the pull direction and
the third — the species equation (transport equation) for the resin.

Heat transfer in the composite occurs as a result of conduction and the generation of heat
resulting from the exothermic chemical reaction initiated by the die temperature. The generative
term related to the internal heat generation due to the exothermic resin reaction could be written as:

q=VpH,.R, 2.2)



where 7 is the resin volume fraction; pr is the resin density, kg/m?;
R: 1s the rate of resin reaction, 1/s, determined as:

do__1 dH@

ReD=5 =1 "

=K(T)- f (o), (2.3)

where f(@) depends on the resin properties and varies with the applied resin reaction model;
and K(7) is defined by the Arrhenius relationship:

E
K(T)=K, exp(—ﬁj, (2.4)

where R =8.314 is the universal gas constant, (J/(mol °C); E is the activation energy, J/mol;

and K is the frequency factor, 1/s.

Two numerical procedures for the simulation of the pultrusion process were developed. The
first procedure was developed in ANSY'S Mechanical environment and was based on the mixed
time integration scheme and nodal control volume method to solve simultaneously the coupled
temperature state and degree of cure by using an iteration technique. A uniform finite element
discretization of the pultruded composite profile is applied in the pull direction. The nodal
control volumes are constructed based on the finite element mesh as presented in Fig. 2.1. The
centres of the control volumes coincide with the nodal points of the finite element. In the control
volume the distribution of a field variable is assumed constant and its value is defined by the
field variable calculated at the representative finite element node.

At the beginning it is assumed that the degree of cure has the same value o’ in each nodal
control volume of the composite. In most cases it equals zero. Then the transient thermal finite
element analysis is performed to obtain an initial state of temperatures for each element. From
the temperature field, the rate of cure for the nodal control volume j at any type step i is
calculated outside the finite element software by the user developed program.

Nodal
control volume

|
I Pull direction >

Composite

J

Die _

-———- Finite element boundary

Nodal control volume boundary

Fig. 2.1. Finite element and nodal control volume meshes.
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For ¢ > 0 s, the degree of cure can be obtained continuously by using the following relation:

i

i -l j
o =o'+ — - A (2.6)

where At is the time step, s, determined as:

/
At=—-—, _
» @7

1
p
where [ is the length of nodal control volume in the pull direction, m; u is the pull speed, m/s;
and p is the number of sub-steps. If the procedure of sub-stepping is not applied, p = 1.

The exothermic effects of cure reaction are evaluated as the equivalent nodal heat power
for a nodal control volume or node j by the following relation:

i

Aat
q:I/rertrRr :I/rertr At * (28)

Run FE package to o ..
FEP ‘g ) ‘—‘ Update initial conditions
obtain temperatures ‘

.

Read in temperatures

from FE solution
¢ ¢ If temperature control is applied

Evaluate degree of cure |

Compute equivalent
nodal heat powers Temperature
higher than

admissible

Y
Compute convergence
norms

Heaters
turn OFF

Heaters
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Converged? Create input data for next FE run

Environment: ANSYS

User program

Fig. 2.2. Flowchart of the numerical procedure based on ANSYS Mechanical.
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These values will be applied to calculate the temperature field for a new step of iteration.
Thereby, a movement of the resin-saturated composite is simulated by shifting the temperature
and degree of cure fields after each calculation step. It is necessary to note that at the entrance
of the die, the degree of cure remains unchanged and equals to a.° at any step of iterations. In
general, the algorithm can be summarized as a flowchart presented in Fig. 2.2.

The second procedure has been developed by using ANSYS CFX software. The composite
is modelled as a heterogenecous mixture of two components with the same physical
characteristics which represent the reacted and unreacted material. The degree of cure a is
modelled as a mass fraction of the reacted substance. During the reaction, a phase transition
occurs between two components. The speed of the phase transition can be specified in the
dimension of kg/(m? s) and is calculated as follows:

Mass Transfer = %—?p. (2.9)

Unfortunately, at this point a latent heat release during the phase transition is not
implemented in ANSYS CFX, so it is necessary to imitate this effect in the form of additionally
distributed heat source in the volume of the composite according to the law corresponding to
the speed of the phase transition W/m?:

Heat Source = 2—(: pHV

tr'r*

(2.10)

The model of the phase transition in CFX has an additional technical limitation — it cannot
be used when a contact is modelled between liquid and solid volumes. Therefore, for the
problems where a calculation of the temperature field for the surrounding shapes is also
required, the composite is modelled in another way — by introducing of additional scalar
parameter equal to o with the intensity of the distributed source of this scalar corresponded to
the heatSource . In this case the composite can also be modelled not as a uniform flow in the
liquid volume but as a solid volume with a predetermined constant speed and including an
advection at the input section.

The main advantage of the calculation in ANSYS CFX is that regardless of the method of
implementation, the calculation changes of the degree of cure are done with a built-in method
coupled with the calculation of thermodynamics and thus higher speed, accuracy and stability
of the design scheme is achieved which is especially important when the degree of cure is very
fast at some stage of the process. In addition, there is no need for a connection of the calculation
time step with the size of the finite element in a pull direction. The main disadvantage of the
procedure based on ANSYS CFX is the impossibility to use anisotropic thermal conductivities.

The developed procedures have been successfully validated by the temperature and degree
of cure fields described in the literature studying the pultrusion of cylindrical rod [15], [21],
[22], flat plate [5], [15] and I-beam profiles [16].

12



2.3. Curing Kinetic Modelling

For a simulation of the pultrusion process, the curing kinetic model for the matrix material
should be developed. The resin curing process is an exothermic reaction. Heat generation
depends on the resin absolute temperature and the degree of cure, which can be measured by a
DSC (Differential Scanning Calorimetry) apparatus. There are two types of DSC test: dynamic
and isothermal. In the isothermal DSC, the resin is kept in a constant temperature until the
curing process completes. In the dynamic DSC, resin is heated with a constant rate (1 °C/min
to 15 °C/min) [14]. In the pultrusion process, except near the wall of the die region, resin
temperature rises almost at a constant rate [19]. So, in the present work the dynamic DSC test
method has been applied to obtain the heat generation of the resin, which has been used for
building of the curing kinetic model. A Microsoft Excel engineering tool for characterisation
of the parameters of curing kinetic models has been developed.

In kinetic analysis, it is generally assumed that the rate of resin reaction can be described

by Equation (2.3) consisting of two separable functions, the Arrhenius relationship K(7'),
(Equation (2.4)) and the reaction function f (&) , depending on the resin properties and varying

with the applied resin reaction model. For the thermoset resins, traditional forms of the reaction
function are
f (o) =(1—a)— first order kinetic model, (2.11)
f (o) =(1-a)" — n-th order kinetic model, (2.12)
f(o)=(1-a)"(1+ K,o)— n-th order kinetic model with autocatalysis,  (2.13)

fo)=a"(1-a)", m+n =2 — Prout-Tompkins autocatalytic model,  (2.14)
where m,n and K, are empirical reaction constants.

In some cases two or even more sets of equations are used to describe the reaction. As a
modified approximation for the rate of curing of thermoset resins, Kamal-Sourour autocatalytic
model is more widely used

oo E E m n
EZ(KIGXP(_R_}}FKZGXP(_R_;)OL J(l—oc) . (2.15)

Coefficients of the Arrhenius relationship, activation energy £ and frequency factor Ko, are
physical values and they could be determined by the Kissinger method [12] or ASTM E 698
standard methodology [2] from the DSC dynamic tests. For a proper accuracy at least three
DSC tests at different heating rates (usually 1 °C/min to 10 °C/min) are required.

In the case of the Kissinger method, the following equation is used:

ol & )-uf 5= 219

where f is the heating rate, °C/s; and 7; is the peak temperature, °C.

13



By plotting In (B / 7;2) versus 1/T, the values of activation energy E and frequency factor

K, can be estimated by calculating the slope of the linear fit a, and the y-intercept b, . In this

case the value of activation energy is determined as

E=—-aR (2.17)

S

and the value of frequency factor is determined as

Eebmt
Ky==—. (2.18)

In the case of application of ASTM E 698 standard methodology, the plot of 1g(f) versus

1/ T, is examined. Now the value of activation energy is determined as
E=-219%.R, (2.19)

and the value of frequency factor is determined as

E

RT.

Ee ™
K = _ (2.20)
0 =P RT’

The coefficients of function f(«) are obtained by fitting of the experimental heat flow

curves applying the least squares method:

A:ii(a;‘p —a,;)* —min, (2.21)

i=1 j=1

where n is the number of DSC tests at different heating rates; and m is the number of
sampling points.

The developed Microsoft Excel tool for building of the curing kinetic models has been
successfully validated by using DSC data obtained with Netzsch DSC-204 Phenix analyser for
an epoxy resin in paper [1].

The parameters of Arrhenius relationship are obtained by the Kissinger method and ASTM
E 698 procedure. The n-th order, Prout-Tompkins and Kamal-Sourour models have been
chosen to fit the experimental heat flow curves.

The results of experimental curves’ fitting are presented in Fig. 2.3 for the heating rate of
7.5 °C/min. It is necessary to note that the coefficients of Arrhenius relationship obtained by
the Kissinger method have been used in the developed curing kinetic models.

14
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Fig. 2.3. Dependence of the degree of cure on time for the heating rate of 7.5 °C/min.

Fig. 2.3 clearly demonstrates that the best precision has been obtained with the Kamal-
Sourour model but the n-th order model gave the worst result.

Finally the developed methodology has been successfully applied for building of the curing
kinetic models of resin and coating with high microwave absorption properties to be used in
advanced pultrusion processes. The following materials have been chosen for an application:

o coating: RESOLTECH RESOLCOAT 2010 FGCS (epoxy);
e resin: POLRES 305BV (polyester).

To define the curing kinetic parameters, results of DSC scans performed in AIMPLAS
(Spain) by Perkin Elmer Diamond HeperDCS machine heating samples from 20 °C to 250 °C
at heating rates of 2 °C/min, 5 °C/min, 10 °C/min are used. The parameters of Arrhenius
relationship, activation energy and frequency factor, are determined by using the Kissinger
method and, as the reaction function, the Kamal-Sourour model (Equation (2.15)) is used.
Determined kinetic parameters (Tables 2.2 and 2.1) and experimental and modelled
dependences of the degree of cure on temperature at different heating rates (Fig. 2.4) are given
below for the coating and resin used in the investigation.

Table 2.1.

The determined parameters of curing kinetic model
of RESOLTECH RESOLCOAT 2010 FGCS

Hy, J/kg  Ki, s K, s7! E\, J/mol  E>, J/mol) n m
152907 2416288 186 069 445 590 610 609 443 192 271 1.700 0.190

Table 2.2.
The determined parameters of curing kinetic model of POLRES 305BV

Hy, J/kg Ki,s™! K2, 5! Ei, J/mol E>, J/mol) n m
323074 14289310986 285.870 85573 33 141 2.342  0.519

15
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Fig. 2.4. Dependences of the degree of cure on temperature for RESOLTECH RESOLCOAT
2010 FGCS at different heating rates.

2.4. Experimental Validation of Simulation Algorithms

Conventional pultrusion experiment has been done in AIMPLAS (Spain). Experimental set-
up and simplified model of the pultrusion tool is presented in Fig. 2.5. Heating of the die is
realized by 12 electrical heaters split into three groups controlled by the proportional-integral
derivative (PID) controller and thermocouples located between each group of heaters. Electrical
power of each heater is 315 W. The controller turns off the heater groups when the temperature
on the corresponding thermocouples reaches 100 °C, 120 °C or 140 °C (Table 2.3). Parameters
of the pultrusion process, temperature and electrical resistance on the surface of the running
pultruded profile, have been measured by three specifically designed sensors located on the die
top and newly developed by Synthesites Innovative Technologies (Greece). The sensors are
connected to the Optimold system [10] for data processing.

Pultrusion die has been made of steel 40Cr. The materials used for the production of the
cylindrical rod are glass fibres Unifilo 4800 tex and polyester resin POLRES 305BV. The fibre
volume content in the pultruded material is 55 %. The rate of resin reaction is described by
using the Kamal-Sourour curing kinetic model (Equation (2.15)) developed in Chapter 3. The
experimental pultrusion process is realized at pull speed of 18 cm/min. Room temperature is
17 °C, resin temperature is equal to the room temperature since no resin preheating is used.

Table 2.3
Control temperatures
Thermocouple Initial, Corrected 1, Corrected 2, °C
°C °C First Main
switch- off  control
1 100 85 65 85
2 120 105 85 105
3 140 125 105 125

16
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Fig. 2.5. Set-up of conventional pultrusion.

The first finite element model for a simulation of the cylindrical rod pultrusion has been
created in ANSYS Mechanical by using 3-D thermal solid finite elements Solid 70. In this case
symmetry of the simulated domain is used and only a quarter of the die is modelled. To analyse
the heat transfer and curing processes in the post-die region, the modelling of the profile is
continued at the distance of 250 mm from the die exit. A fragment of the finite element model
is presented in Fig. 2.6a.

The results of simulation, temperature and degree of cure obtained on Sensor 3, together
with experimental measurements are presented in Fig. 2.7. It demonstrates that close agreement
between experimental and simulation results has not been obtained. If to suppose that
experimental results are correct, a disagreement should be identified.

The following corrections have been done to minimize the difference between numerical
and experimental results:

e correction of control temperatures for heater groups (Table 2.3, Corrected 1);

e correction of temperature control algorithm (Table 2.3, Corrected 2 );

« correction of die material thermal properties.

Thermocouple

Composite Heaters

Heaters

Composite

Fig. 2.6. Fragment of the finite element models: a — ANSYS Mechanical, b — ANSYS CFX.
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Fig. 2.7. Temperature and degree of cure on Sensor 3.

Good agreement between experimental and simulation results has been obtained after these
corrections (Fig. 2.8).

To validate and evaluate the ANSYS CFX based calculation algorithm, the problem in the
final formulation has been solved in ANSYS CFX. The fragment of the FE model is presented
in Fig. 2.6b. Due to CFX software limitations, an isotropic thermal conductivity as lumped
composite material property had to be considered with the average value of kx and k. The
results of this simulation together with experiment results and results obtained by ANSYS
Mechanical can be seen in Fig. 2.8. Slight difference is observed in temperature and degree of
cure curves obtained by ANSYS Mechanical and ANSYS CFX.

To ensure that this difference is caused by different pultruded material thermal conductivity
used in the simulation and is not connected with the simulation algorithm, additional simulation
has been performed in ANSYS Mechanical using averaged lumped thermal conductivity of
profile material used in ANSYS CFX. The results of this simulation are shown in Fig. 2.9. Now
it is clear that the difference obtained previously is connected only with the different material
properties used in the simulations.

160 1.6 === Temperature
140 1.4 (Experiment)
o 120 1.2 —— Temperature (ANSYS
S S Mechanical)
N ]
& 100 1 1.0 &
g /,,/\ A /\,: P "A/K:’,\\Q S & ——Temperature (ANSYS
r - . 08 © CFX)
< ~ /
g / " L W, o) 0.6 g
S 7 R 02— — Degree of cure
& " 04 A (Experiment)
0.2 ——Degree of cure (ANSYS
Mechanical)
0 = T T T T T T T 0.0
0 500 1000 1500 2000 2500 3000 3500 Degree of cure (ANSYS
Time ¢, s CFX)

Fig. 2.8. Temperature and degree of cure on Sensor 3 obtained by ANSYS Mechanical
and ANSYS CFX.
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Fig. 2.9. Temperature and degree of cure on Sensor 3 obtained by ANSYS Mechanical
and ANSYS CFX.

2.5. Modelling of Microwave Assisted Pultrusion Processes

New simulation methodology consisting of two sub-models is developed for simulation of
the microwave assisted pultrusion processes. Each of the sub-models is constructed by using
the general-purpose FE software. In the first step the electromagnetic sub-model is used to
evaluate the electric field distribution by using the COMSOL Multiphysics software. In the
second step an absorption energy field obtained in the composite material is applied as a heating
source in the thermochemical sub-model developed in ANSYS Mechanical environment to
determine the temperature and degree of cure fields in the pultruded composite. To demonstrate
the application of the developed methodology for the design of technological process, the
microwave assisted pultrusion of the cylindrical rod is investigated.

The electromagnetic problem is solved with the purpose to determine the electric field
distribution and as the result to obtain the absorbed energy field in the composite material.

Using the common approach of a harmonic oscillating electric field E ,

—

E(7,t)=E(F)e™, (2.22)
where 7 is the location vector; ¢ is a time, s; and f  is the microwave frequency, Hz.

Maxwell’s equations could be written as follows:
VxVxE(7)-gom, (2nf) &,E(7) =0, (2.23)

where ¢, is the vacuum permittivity, F/m; and g, is the magnetic constant, H/m.
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This complex valued equation is solved numerically for the amplitudes of the electric field
E (17 ) with respect to the relative permittivity €, , which for loss dielectric materials like mixtures

of fibers and resin is a complex function of frequency f , temperature 7 and degree of cure a:

Sr(f,T,OL)=8'(f,T,(X)—i8"(f,T,OL). (2.24)

It can be obtained by the cavity perturbation method [20] at fixed frequencies or Corbino
probe measurements [6]], [7] with variable frequency. After numerical solution of Equation
(2.23), the absorbed microwave energy generated by dielectric losses could be obtained as
described in [18]:

O(F)=2nfe,e"|E(7)) - (2.25)

Knowing the absorbed energy field O in the composite material, the thermochemical

problem described and numerically solved in Chapter 2 can be used.

To demonstrate the application of the developed methodology for the design of
technological process, the microwave assisted pultrusion of the cylindrical rod with the
diameter of 16 mm and made of glass fibers Unifilo 4800 tex and polyester resin POLRES
305BV has been investigated.

In the present case, the base model has to provide a symmetric cylindrical field distribution
with an extended maximum of electrical field covering the product diameter. The centrepiece
of the microwave system consists of a ceramic part (ZrOz) with a 16 mm hole, which has been
inserted as a section into the metal pultrusion die. The objective was to achieve that the
microwave field inside the hole and therefore inside the rod running through that hole is as
homogenous as possible. A magnetron of frequency 915 MHz and a waveguide WR 975 have
been used.

Fig. 2.10 shows the scheme of the electromagnetic sub-model for microwave pultrusion
with the ceramic inlet and coupling of the microwave to the ceramic part with a waveguide.

Fig. 2.11 shows the distribution of the resulting heating rate Q in different 3D- and cross-

sectional views for the optimized geometry of the ceramic inlay. In Figs. 2.11(a) and. 2.11(b)
it is obvious, that only the rod inside the ceramic inlet is heated. The microwave coupling and
the pultrusion die are not heated by the microwave. Outside of the ceramic inlet the microwave
field is close to zero. Fig. 2.11(c) shows the cross-section of the heating rate in the die and the
waveguide. The heating rate is homogeneously concentrated in the rod. Additionally a small
heating effect inside the ceramic material itself gets visible.

The advanced pultrusion die consists of microwave block with the ceramic inlet located at
the entrance of the steel die (Fig. 2.12). The fragment of corresponding finite element model
created in ANSYS Mechanical is presented in Fig. 2.13. Heating of the composite profile is
realized by using an absorption energy field obtained by COMSOL Multiphysics. It is simulated
only in the composite material within the boundaries of the ceramic inlet. The simulated
absorption energy field is shown in Fig. 2.14. It is necessary to note that temperature control is
not applied in this case and energy source is working continuously. Parameters of the pultrusion
process are presented in Table 2.4.
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Ceramic inlet

Steel die

Composite profile

457 direction

Waveguide WR975 with air inside,
boundary condition: port

Fig. 2.10. Scheme of the electromagnetic model.

a
Fig. 2.11. Distribution of the heating rate O : a — top-view, a — side-view and ¢ — cross-section.

Microwave block
Steel die
ya

(" Steel Ceramic Steel
X

4 K e |
v
A Pull direction
50 mm 85 mm 50 mm 920 mm
Heating zone Composite profile

|19 mm

8§ mm |

Fig. 2.12. Scheme of the advanced pultrusion die.

Ceramic

Composite
profile
Fig. 2.13. Fragment of the finite element Fig. 2.14. Simulation of the absorption energy
model. in the pultruded profile.
Table 2.4.

Parameters of pultrusion process
Value

17 or 27 or 37
0.18 or 0.12 or 0.06

Name, unit
Room and resin temperature in the bath, °C

Pulling speed, m/min
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The rate of resin reaction is described by using the Kamal-Sourour curing kinetic model
(Equation (2.15)) with the parameters presented in Table 2.2. To increase the microwave energy
absorption properties of the resin a filler Martinal of mass content of 20 % is added to the resin.

Results of simulation, temperature and degree of cure at the profile centreline and surface,
are given for the time 50 min from starting of the pultrusion process in Fig. 2.15 at room
temperature 27 °C and pull speed 12 cmm/min. It can be seen that, as opposed to conventional
pultrusion process, the curing now comes considerably faster in the profile centreline than on
the surface. Thus high degree of cure in the profile centreline is reached at the beginning of
steel die already for the pultrusion process with pull speed equal to 18 cm/min and room
temperature equal to 37 °C. Moreover, full curing in the profile centreline happens already in
the ceramic inlet for the pultrusion processes with pull speed equal to 6 cm/min and at all
examined room temperatures while the degree of cure at the profile surface has not reached
high values.

To obtain the high value of the degree of cure at the profile surface in the advanced
pultrusion die and to increase the pull speed of the process, thus improving the effectiveness of
the pultrusion process, an influence of the following parameters of pultrusion process has been
investigated:

o reduction in twice of steel die length;

o application of thermal insulation at all external surfaces of advanced pultrusion die (both

steel die and microwave block);

o preheating of steel die, excluding microwave block, at the uniform temperature of 60 °C

before the beginning of pultrusion process;

e heating of resin bath (composite) at the temperature of 50 °C for full duration of

pultrusion process.

The influence of the examined factors has been studied for the pultrusion process with the
room temperature of 27 °C and pulling speed of 12 cm/min. It was shown that the reduction of
steel die length has no effect on the degree of cure at the profile surface. However, any reduction
of all important parameters has not been observed either. It demonstrated that an application of
thermal insulation at all external surfaces of advanced pultrusion die has by 36 % increased the
value of the degree of cure at the profile surface. Also, it has been shown that only by preheating
of steel die with the temperature of 60 °C before the beginning of pultrusion process, it is
possible to increase the value of the degree of cure at the profile surface by 29 %. It was
demonstrated that heating of resin bath had by 44 % increased the value of the degree of cure
at the profile surface that could be used also in the design of advanced pultrusion die. However,
it is necessary to note that the effectiveness of the pultrusion process could not be so high since
the heating of resin bath was realized for the full duration of pultrusion process.

Additionally, joint influence of two factors having large effect on the degree of cure at the
profile surface and on the process effectiveness, namely an application of thermal insulation
and preheating of steel die, has been investigated. It was shown that by preheating of steel die
at the temperature of 60 °C before the beginning of pultrusion process and applying the thermal
insulation, it is possible to increase the value of the degree of cure at the profile surface by
79 %. It is necessary to note that joint influence of the two examined factors (79 %) is higher
than their separate influence summarized together (65 %).
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Fig. 2.15. Temperature and degree of cure at the profile centerline and surface at room
temperature 27 °C and pull speed 12 cm/min.

To obtain the highest values of the degree of cure at the profile surface in the advanced

pultrusion die, an influence of the capacity of the absorption energy field on the parameters of

pultrusion process has been investigated. It is necessary to note that the distribution of the

absorbed energy in the composite profile is not changed while its intensity has been increased
proportionally with the coefficients 1.5, 2.0 and 2.5. Fig. 2.16 shows that the high value of the
degree of cure at the profile surface could be reached already in the ceramic inlet of the

microwave block. However, it is necessary to note that the material temperature in this case

could be higher than allowable resin temperature. To avoid overheating of the resin, the pulling

speed should be increased at the same time contributing to the considerable increase of

effectiveness of the microwave assisted pultrusion process.
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Fig. 2.16. Temperature and degree of cure at the profile centreline and surface with the
intensity coefficient of the absorption energy field equal to 2.5 (pull speed: 12 cm/min).
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2.6. Design of Multifunctional Pultrusion Die

The main idea of multifunctional die is to combine profile curing and application of the
coating in one pultrusion die. This advanced process allows reducing the number of
manufacturing steps (Figs. 1.2 and. 1.3). This process is free of VOCs and small particle
emission. Also, the proposed process reduces labour and process costs. One more benefit is the
extraordinary interaction between coating and profile achieved by the cure of the coating over
a non-fully cured profile. Profile resin degree of cure in the range from 0.75 to 0.85 is required
for the best interaction between profile and coating. The scheme of multifunctional pultrusion
die is given in Fig. 1.4. After the application of coating, the profile resin must be fully cured
together with coating.

Since the profile resin is cured by microwaves, the profile is heated from centre to surface
and curing reaction also starts from the centre. Curing reaction is exothermic, therefore
theoretically it is possible to cure the profile surface and coating by exothermic heat
accumulated in profile. The coating injection chamber should be placed as close as possible to
the microwave block, because the temperature of profile material rises precipitously after the
heating zone.

The possibility to cure the coating by the heat generated by microwaves and exothermic
profile resin reaction is estimated for the pull speed of 18 cm/min, room temperature of 27 °C
and applied microwave energy of 2.35 kW. The coating is applied at the distance of 100 mm
after the microwave block (Fig. 2.17). Coating material is epoxy RESOLTECH RESOLCOAT
2010 FGCS coat. Coating layer thickness is 0.5 mm. Before the injection the coating is
preheated to the temperature of 50 °C.

The results of this simulation, temperature and degree of cure at the profile centreline and
surface and at the coating inner, middle and outer surfaces are given for the time of 50 min from
starting the pultrusion process in Fig. 2.18.

High degree of cure (a > 0.95) in the profile centreline is reached already at the beginning
of steel die right after the microwave block. The degree of cure at the profile surface after the
microwave block is equal to the desired value 0.8 (for a good adhesion with coating). It is shown
in Fig. 2.18 that the applied coating is not completely cured. The degree of cure of the coating
on the profile surface is equal to 0.31 but the degree of cure of the coating on its outer surface
is 0.24.

Microwave block

E A\

g / .

N Steel Ceramic Steel '1 00 miy Steel die Coating §

i pa
K I’ | I'¢ K / Sy
B - 4 ] A
Pull direction
é 50mm | 85mm | 50mm | 920 mm N
S Heating zone Composite profile

Fig. 2.17. Simulation domain.
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Fig. 2.18. Temperature and degree of cure in the profile and coating.

To increase the degree of cure of coating, the influence of the following parameters of
pultrusion process has been investigated:
« application of thermal insulation at all external surfaces of advanced pultrusion tool (both
steel die and microwave block);
o preheating of steel die with the uniform temperature of 60 °C before the beginning of
pultrusion process;
« joint application of thermal insulation and preheating of the die;

It has been shown that thermal insulation and preheating of the pultrusion tool increases the
degree of cure in the coating, but does not contribute to its complete curing (Fig. 2.19). Also, it
is important to note that when the thermal insulation is applied, the degree of cure of the profile
surface increases from 0.85 to 0.90 therefore the applied energy could be a little bit decreased.
The decrease of the applied microwave energy also is required because of the profile resin
overheat (the maximal temperature is about 210 °C and the allowable is 190 °C).

All these results show that it is impossible to obtain the complete curing of the applied
coating only by the microwave heating therefore some electrical heaters should be applied in
the pultrusion process.

Two electrical heaters with power of 315 W placed at the distance of 100 mm from the
coating injection point and controlled at the temperature of 160 °C have been introduced to the
multifunctional pultrusion die to evaluate the effectiveness of electric heaters for secondary
heating of the pultruded profile. The pull speed and room temperature is the same as in the
previous simulations (¥ = 18 cm/min, Treom = 27 °C), but the applied microwave energy is
decreased to 1.9 kW to avoid the resin overheat. The scheme of the simulation domain is shown
in Fig. 2.20. The results of this simulation for the time of 50 min after starting the process are
shown in Fig. 2.21.
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Fig. 2.21. Temperature and degree of cure in the profile and coating. Heating: MW
and 2 electric heaters. Control temperature: 160 °C.

The profile and coating resins are not overheated now. The resin at profile centerline is
almost completely cured already in the microwave block. The degree of cure at profile surface
at the coating injection point is 0.78 that is required for good adhesion between the profile and
coating. Electric heaters produce enough energy to cure the profile resin at the surface
(a.=0.96) and the coating (oo = 0.93). The results of simulation clearly show that it is possible
to obtain completely cured coated profile.
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2.7. Optimisation of Microwave Assisted Pultrusion Process
for Multifunctional Die

Due to the large dimension of numerical problems to be solved, an optimisation
methodology is developed employing the method of experimental design [24] and response
surface technique [17]. This methodology is a collection of mathematical and statistical
techniques that are useful for the modelling and analysis of problems in which a response of
interest is influenced by several variables and the objective is to optimise this response. An
engineering approach of optimisation based on experimental design and response surface
technique is presented in Fig. 2.22.

The optimisation of pultrusion process parameters is executed for the rod profile with the
diameter of 16 mm made of fiberglass Unfilo 4800 tex (mass content of 70 %) and polyester
resin POLRES 305BV. To increase the microwave energy absorption properties for the resin,
filler Martinal with mass content of 20 % is added to the resin. The profile is coated by epoxy
coating RESOLTECH RESOLCOAT 2010 FGCS in the same pultrusion die. The thickness of
coating layer is 0.5 mm.

Fig. 2.23 presents CAD drawing of the pultrusion tool. The die is made of steel 40 Cr. Dry
glass fibers come into the die and are saturated with the resin in the resin chamber making the
composite profile. The resin is partly cured by the microwave energy to obtain the degree of
cure o= 0.75 to 0.85 on the profile surface required for a good adhesion between the profile
and coating. Then it is coming through the coating chamber where the coating material is
applied. Then the coating and profile are heated by 8 electrical heaters split into 2 groups and
controlled by PID controller and thermocouples located near heaters. The electrical power of
each heater is 315 W. Three holes are provided in the die for an installation of Optimold
monitoring system [10] sensors, which monitor the temperature and the degree of cure on the
surface of running profile in real time.

The scheme of the simulation domain is given in Fig. 2.24. Corresponding finite element
model presented in Fig. 2.25 has been created in ANSYS Mechanical by using 3-D thermal
solid finite elements Solid 70. Using the symmetry of the simulated domain, only a quarter of
advanced pultrusion die is modelled.

Approximation of
process conditions
(Response surfaces)

Experimental
design

Design
optimisation

A 4

FEM simulations

Fig. 2.22. Optimisation process.
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Fig. 2.24. Scheme of the simulation domain.

Ceramic

Composite
profile

Heater
Thermocouple

Coating

Sensor

Fig. 2.25. FE model of the simulation domain.

The purpose of optimisation is to use minimum of energy (kWh) per meter of coated

pultruded profile:
me +n I/Vheatci:rkt M
— min, (2.26)
Vo
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where W__is applied microwave power, kW; W, . is power of electrical heater, kW; n is

eater

number of electrical heaters; V., is pull speed, m/h; and £, is relative time of heaters work

during the simulation time:

k, = , (2.27)

where T, is time of heaters work, h; and T, is total simulation time, h.

work

Some parameters of the process, namely, the number and power of electrical heaters and
coating preheating temperature are fixed. Their values are given in Table 2.5. Upper and lower
bounds (domain of interest) for the variable parameters of the technological process are also
listed in Table 2.5.

Constrains are introduced into optimisation procedure with the aim to provide qualitative
profile production when profile and coating resins should be completely cured at die exit and
the materials should not be overheated during the pultrusion process. Constrains of the process
are summarized in Table 2.6.

Table 2.5.

Constant and variable parameters of pultrusion process

constant min value max value

Coating preheating temperature, °C 50 — -
Power of electrical heater, W 315 - -
Number of electrical heaters 8 — —
Pull speed, cm/min - 30 100
Room and resin temperature, °C — 12 40
Applied microwave energy, kW - 2 6
Control temperature of electrical heater, °C — 70 150

Table 2.6.

Constrains of pultrusion process

min value max value

Temperature in profile, °C - 190
Temperature in coating, °C — 250
Degree of cure at die exit 0.93 —

Degree of cure at coating injection point 0.75 0.85
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Table 2.7.

Standard deviations and relative errors of approximations

Symbol, Approximation  Number of Approximation

unit with all sampling eliminated after elimination
points points of some points

oo A, % or AL %

Tcent, °C 8.898 15.8 2 5.5160 6.2
Olcent 0.0929  479.7 6 0.0349 8.2
Tsurt, °C 5.446 8.7 0 - —
Osurf 0.0372 16.2 6 0.0317 10.1
Ocoatinject ~ 0.0826  1955.9 8 0.0164 10.1
Tcoat, °C 1.822 24 0 — -
Olcoat 0.0230 34.2 7 0.0128 4.9
ke 0.00301 10.0 0 — -

It is well known that, if for global approximations it is planned to use the second order
polynomial functions, the D-Optimal experimental design is the most suitable [4]. The minimal
number of design experiments in the optimisation problem is determined in this case as

n=(k+D&+2)/2 \yhere k is the number of design parameters. It is common practice to use

two times greater number of points, therefore 30 sampling points have been used. D-Optimal
plan of experiments has been generated by EDAOpt software [3].

After finite element calculations in each of 30 sampling points, the second order polynomial
functions are obtained for simulation results using the conventional unweighted least square
method. As stated in [17], there is a considerable practical experience indicating that second-
order models work well in solving real response surface problems.

The following behaviour functions have been obtained: the maximal temperature of coating
(ZTcoat), profile surface (7suy) and centreline (7cens), the degree of cure at die exit for coating
(acoar), profile surface (asu) and centreline (ocenr), and on the profile surface for coating injection
point (dcoar inject), and the relative time of heaters work (k7). It is necessary to note that only
approximation of 4: directly enters into the objective function (Equation (2.26)). Approximation
of temperatures and degrees of cure are used as constrains during the optimisation procedure.

The standard deviations o), and maximal relative errors A of approximation functions

obtained using all sampling points are presented in Table 2.7. It is seen from Table 2.7 that
relative errors of approximations are quite large (column A) especially for the points with low
temperature and degree of cure for a composite material. Since these points are out of interest,
it is possible to exclude them from approximations thus increasing their accuracy and narrowing
the boundaries of the design space. It is necessary to note that no more than 8 points have been
excluded from the examined design space. There are points with values lower than 0.25 for the
degree of cure and points with values lower than 60 °C for the maximal temperature in
composite material. The relative errors of new approximation functions are given in column A
of Table 2.7. It is shown that elimination of some points located out of interest have given the
possibility to significantly improve the accuracy of approximations. The maximal relative error
of approximations does not exceed 10 % now.
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Taking into account the constrains presented by approximation functions, the minimum of
the objective function (Equation (2.26)) has been found by two methods: new version of the
random search (RS) method [11] using EDAOpt optimisation software [3] and the generalized
reduced gradient (GRG) algorithm [13] utilized in Microsoft Excel.

The results of minimisation of energy consumption by the GRG method are presented in
Fig. 2.26. Appropriate results obtained by RS method are presented in Fig. 2.27. No visible
difference is observed in the results obtained by different methods. Since the response surfaces
are used instead of the original functions, the optimal result is checked using ANSYS
Mechanical finite element solution. Good coincidence of results is observed (Table 2.8).

As it is seen from Figs 2.26 and 2.27, the profile material is fully cured (degree of cure
more than 0.98), but the coating material is not fully cured (degree of cure 0.93). At the same
time the heaters control temperature comes to the upper border of the domain of interest
(150 °C), but the pull speed — to the lower one (30 cm/min). Since the degree of cure of coating
depends on the pull speed and temperature on the heaters, practically it is not possible to obtain
its higher value without changing the corresponding domains of interest in optimisation
problem. Taking into account that the maximal coating temperature (158.4 °C) is much less
than the allowed temperature (250 °C) and the maximal temperature on profile surface
(163.2 °C) is also less than the allowed temperature (190 °C), it is necessary to increase the
heater control temperature that is technologically possible to be done.

This way the maximal control temperature of heaters work has been increased from 150 °C
to 170 °C. To exclude the development of a new plan of experiments and time-consuming finite
element calculations in each point of the plan, an extrapolation of approximations has been
done as presented in Fig. 2.28. It is necessary to note that the values of the degree of cure are
limited by 1.0. The results of optimisation with modified design space are shown in Fig. 2.29.

. Heaters Maximal Maximal Degree of | Degree of cure . Relative
pull  |[Roomandresin| MW Degree of - Maximal | Degree of | . Energy
control temperature temperature | cureat |on profile surface . time of .
speed, | temperature, | Power, . cure at ) ) . temperature | cure in consumption,
N temperature, | | at centerline, 3 at profile profile at coating . . R heaters
cm/min °C kw centerline R . in coating, °C| coating kWh/m
°C °C surface, °C surface injection point work k;
Optimal 310 213 3.42 150.0 185.68 0.99 163.15 0.98 0.75 158.43 0.93 0.139 0.203
min 30 12 2 70 0.93 0.93 0.75 0.93
max 100 40 6 150 190 190 0.85 250

Fig. 2.26. Optimal results obtained by the GRG method.

f @ Optimization: COALINE_elimination.prj
Eriterion: [ 16667 043+0. 31 50 B)Ac] - [0.202743393509009
Indices Na Min |Type |Max Citerion= 0.202?4999| | | |
1]:41: a0 0 100 [1x1= [306s6118
2) %2 12 0 40 [2xe=  |22015749
353 2 06 |axa-  |33sve24
4] 24 70 o 150 [4x4=  [1s0
5] 1: ] 2 190 [sv1= |1eE1eg49
BRES 0.43 1z [eves |osgssasnz
7)Y ] 1 190 [7vas |1e364049
B4 0.43 12 |avas |ogmeiera
9)': 0.75 1085 [9vs=  |o7sooo132
10) ¥ ] 1m0 [1o)ve=  |158.5089
1) v7: 0.93 12 [1ve= |ogaoooozd
12]'ve: 0 01 [12ve- |otavas

Fig. 2.27. Optimal results obtained by the RS method.
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Fig. 2.28. Approximated and extrapolated dependences of temperature and degree
of cure on heaters control temperature.

. Heaters Maximal Maximal | Degree of | Degree of cure . Relative
Pull |Roomandresin| MW Degree of ¥ Maximal | Degree of | .. Energy
control temperature temperature | cure at | on profile surface ] time of X
speed, temperature, Power, . cure at ) . . temperature | cure in consumption,
A temperature, | | at centerline, . at profile profile at coating . . ) heaters
cm/min °C kW centerline L I in coating, °C| coating kWh/m
°C °C surface, °C surface injection point work k¢
Optimal 63.9 40.0 4.98 169.2 165.33 0.93 166.38 1.00 0.75 176.24 1.00 0.153 0.140
min 30 12 2 70 0.93 0.93 0.75 0.93
max 100 40 3 170 190 190 0.85 250

Fig. 2.29. Optimal results obtained by GRG method for the modified design space.

The optimal values of design parameters together with corresponding values of constrains
and objective function obtained by approximations and validated by ANSYS Mechanical
simulation in the optimal points are listed in Table 2.8, where the relative errors of all constrains
and objective function demonstrate high accuracy of the performed optimisation.

Table 2.8.
Optimal results
Svmbol. unit Initial domain Modified domain
yrbod, Approx. ANSYS  A4,%  Approx. ANSYS 4, %
o < Vpull, cm/min 31.0 64.0
22 Troom°C 21.3 40.0
a £ Puw, kW 3.42 4.98
= Tcont, OC 1500 1693
Teent, °C 18570 17580 5.63 16530 180.90 -8.62
Olcent 0.99 097  2.06 0.93 098  -5.10
2 T, °C 16320 155.10 522 16640 177.00 -5.99
g o 0.98 094 426 1.00 095 526
£ Ocontinjeat 0.75 0.69  8.70 0.75 0.77  -2.60
O Teom, °C 15840 15720 076 17620 18130 -2.81
Olcoat 0.93 0.89  4.49 1.00 090 11.11
ki 0.139  0.141 -1.420 0.153  0.143  6.990
Objective function, 203 203 000 140 140 0.00

Wh/m
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. Heaters Maximal Maximal Degree of | Degree of cure . Relative
Pull |Room andresin| MW Degree of ¥ Maximal | Degree of | .. Energy
control temperature temperature | cureat |on profile surface ] time of .

speed, temperature, Power, . cure at . ) . temperature | cure in consumption,

K temperature, | | at centerline, . at profile profile at coating . . . heaters

cm/min °C kw centerline . : in coating, °C| coating kWh/m

°C °C surface, °C surface injection point work k;

Optimal

36.9 20.0 3.87 150.6 181.56 093 161.77 1.00 0.75 158.10 0.93 0.141 0.191

min

30 20 2 70 093 093 0.75 0.93

max

100 20 [ 170 190 190 0.85 250

Fig. 2.30. Optimal results obtained by GRG method for the room temperature of 20 °C.

Based on the results of optimisation, Microsoft Excel tool has been developed for the

effective design of microwave assisted pultrusion processes with in-line coating technology. As

an example of its application, optimal values of design parameters and corresponding constrains

for the room temperature of 20 °C are presented in Fig. 2.30.

1.

2.8. Conclusion

The developed and successfully validated numerical approaches for the simulation of
pultrusion processes are reliable and can be used for investigation of pultrusion
processes. The first procedure has been developed in ANSYS Mechanical environment
and is based on the mixed time integration scheme and nodal control volumes method to
decouple the coupled energy and species equations. The second procedure has been
performed by using ANSYS CFX software. The cure reaction in this case has been
introduced as an additional variable. The developed procedures have been successfully
validated by the results from literature and physical experiment that gave the possibility
to compare the developed algorithms in their applicability for an accurate
thermochemical simulation of pultrusion processes without and with temperature control
thus defining their advantages and limitations. Good agreement between the present
finite element results and published results as well as the results of trial has been
observed for the temperature and degree of cure fields in all test problems studying the
pultrusion of flat plate, I-beam and two different cylindrical rod profiles. Some
difference between experimentally measured and simulated degrees of cure has been
observed for the resin at the gelation stage. However, this disagreement practically
disappears for the resin which is almost fully cured.

The proposed methodology for building of the curing kinetic models has been
successfully validated for an epoxy resin described in the available literature. The best
precision has been obtained with the Kamal-Sourour model. An engineering tool based
on Microsoft Excel code has been developed by using the proposed methodology. This
tool has been successfully applied for building of the curing kinetic models of polyester
resin and epoxy coating with high microwave absorption properties used in the advanced
pultrusion processes.

. During the experimental validation of the developed algorithms for the simulation of

pultrusion processes, it has been shown that the conditions of transient process are very
sensitive to the variation of initial data (process parameters). An appropriate
methodology for the correction and obtaining of the correct set of initial data using
experimental results has been demonstrated.
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4. New simulation methodology based on COMSOL Multiphysics and ANSYS
Mechanical has been developed for simulation and investigation of advanced microwave
assisted pultrusion process. Parameters of the microwave assisted pultrusion process, and
the temperature and degree of cure fields in the composite material have been determined
for the design of advanced pultrusion die. Simulation results show that the developed
technology gives the possibility to ensure a homogeneous curing of the composite profile
and to obtain high values of the degree of cure in the cured composite. To improve the
effectiveness of the microwave assisted pultrusion process, the influence of different
process parameters has been additionally investigated.

5. It has been shown that it is impossible to obtain the complete curing of the profile and
applied coating only with the microwave heating taking into account all process
conditions and constrains in the case of in-line coating technology. Some electrical
heaters should be applied in the pultrusion process to cure coating.

6. It has been shown that process conditions (temperature and degree of cure) are very
sensitive to the variation of process parameters (pull speed, applied energy, controlled
and room temperatures). Determination of appropriate process conditions is possible
only by formulation and solution of optimisation problem. This task has been
successfully solved with the purpose to define the minimum of energy consumption. As
a result of optimisation, Microsoft Excel tool for determination of optimal process
conditions depending on the taken design parameters has been created.

For the future research and design studies, the pultrusion of thin-walled profiles should be

studied. Additionally, the thermomechanical problem of the pultrusion taking into account pull
forces and friction between the pultruded product and pultrusion die should be considered.
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