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Summary

Nowadays we are witnessing the emergence of many new advanced materials
such as the composite materials used in aerospace and off shore industries. One
of the trends in this area is the exploration of the possibility of manufacturing
large composite structures that aims to replace the traditional metallic structural
materials. However, with the increase of the size of the composite products, also
the difficulty of manufacturing increases. Moreover, for thick thermoset
composites, the size not only influences the mechanical properties in the
completed products, but also the core temperature overshoot generated during
the manufacturing has to be well-controlled.

For glassfiber reinforced epoxy composites, it is known that the curing reaction
heat is a main factor that causes a significant temperature overshoot during cure.
Therefore, a thermo-chemical model consisting of the heat transfer equation
coupled with cure kinetics was then established to evaluate the temperature
distributions in the composites.

In order to model the heat transfer process, material properties such as the
density, thermal conductivity, heat capacity and cure kinetic parameters of the
resin and composite have to be studied and determined. A global fitting method
was introduced to find the solution of the cure kinetic parameters in the full
experimental temperature range. As a low thermal conductive material, this
composite cannot dissipate the reaction heat in time and is heated up inside-out
quickly. This part of the work can give us a clear view of the thermal behavior in
thick composites and helps us to understand the magnitude of the temperature
overshoot created in the core.

In this thesis, the research work can be divided into three parts: analytical
modeling, numerical modeling and experimental validation. First of all, an
analytical model of the core temperature rise was derived based on a thermo-
chemical model. An 1D transient heat transfer equation was then established to
evaluate the temperature distributions through the thickness of the composite.
Here the study only focused on the moment when it reached the maximum



temperature in the core. By using a non-dimensionalization process, the governing
equation was finally transferred in a second order differential equation with a
single dimensionless number. This dimensionless number revealed the
relationship between the core temperature, and the curing temperature applied
to the mold, the thickness of the composite and the cure kinetics of the resin. This
resulted in a critical dimensionless number as well as a critical thickness above
which the processing is impossible without an uncontrolled temperature
overshoot in the thick thermoset composites during manufacturing.

Secondly, a numerical study was performed to predict the temperature
distributions as well as the degree of cure. Here a 3D heat transfer model was built
up that can provide more accurate predictions. In order to simulate the cure
kinetics, a coefficient form partial differential equation (PDE) was added into the
heat transfer model. The results showed that the temperature in the core first
increased to the maximum value and then decreased to its initial value which had
the same trend as its reaction heat. Furthermore, because of the temperature
gradient through the thickness, it also created a large gradient in the degree of
cure which may result in undesired residual stresses.

Finally, experimental validation was carried out to verify the thermo-chemical
model. The vacuum infusion process (VIP) was used for manufacturing the
composites. The experiments mainly focused on composites whose thickness
excesses the critical values mentioned above. It was found that the infusion time
has to be taken into consideration for these thick composites to improve the
accuracy of the numerical solutions. Both of the numerical and experimental
results showed that the maximum temperature in the thick composites will
increase with the curing temperature as well as the thickness.



Samenvatting

Tegenwoordig zien we veel nieuwe geavanceerde materialen hun weg vinden naar
de luchtvaart-, ruimtevaart- en offshore-industrie. Een van de trends op dat
gebied is de verkenning van de mogelijkheid om grote composieten onderdelen te
produceren met als doel de vervanging van traditionele metalen
constructiematerialen. Maar met toenemende grootte van de composieten
onderdelen, wordt ook de productie lastiger. Bovendien beinvioedt de grootte
voor dikke thermoharder composieten niet alleen de mechanische eigenschappen
van het eindproduct, maar moet ook de temperatuurpiek in de kern worden
gecontroleerd.

Van glasvezel versterkte epoxy composieten is het bekend dat de reactiewarmte
ten gevolgde van de uitharding een van de hoofdoorzaken is van de lokale
temperatuurpiek gedurende uitharding. Daarom is er een thermisch-chemisch
model ontwikkeld dat bestaat uit de warmteoverdrachtsvergelijking gekoppeld
aan de uithardingskinetica om de temperatuurverdeling te evalueren.

Om het warmteoverdrachtsproces te modeleren dienen materiaaleigenschappen
zoals dichtheid, thermische geleiding, warmtecapaciteit en de parameters van de
uithardingskinetica te worden bestudeerd en bepaald. Een globale
passingsmethode is geintroduceerd om de oplossing van de parameters van de
uithardingskinetica over het gehele experimentbereik te vinden. Als laag
thermisch geleidend materiaal , kan dit composiet de reactiewarmte niet binnen
afzienbare tijd dissiperen en warmt het intern snel op. Dit deel van het werk kan
ons een duidelijk beeld geven van het thermisch gedrag in dikke composieten en
helpt ons om de grootte van de kerntemperatuurpiek te begrijpen.

Het onderzoekswerk in deze thesis kan in drie delen worden gesplitst: analytisch
modelleren, numeriek modelleren en experimentele validatie. Ten eerste, een
analytisch model van de kerntemperatuurtoename was afgeleid op basis van een
thermisch-chemisch model. Een eendimensionale dynamische
warmteoverdrachtsvergelijking was toen ontwikkeld om de temperatuurverdeling



over de dikte van het composiet te bepalen. Hierbij heeft de studie zich alleen
gericht op het moment waarop de maximumtemperatuur van de kern bereikt
werd. Door een proces van dimensieloos maken te gebruiken is de bepalende
vergelijking uiteindelijk omgezet naar een tweede-orde differentiaalvergelijking
met een enkel dimensieloos getal. Het dimensieloos getal toont de relatie tussen
de kerntemperatuur, de uithardingstemperatuur van de mal, de dikte van het
composiet en de uithardingskinetica van de hars. Dit resulteerde in zowel een
kritiek dimensieloos getal als een kritieke dikte waarboven het verwerking
onmogelijk is zonder een ongecontroleerde temperatuurpiek in de dikke
thermoharder composieten gedurende de productie.

Ten tweede is er een numerieke studie uitgevoerd om de temperatuurverdeling
als wel de uithardingsgraad te voorspellen. Een driedimensionaal
warmteoverdrachtsmodel was opgebouwd dat accuratere voorspellingen kan
leveren. Om de uithardingskinetica te simuleren is er een partiele
differentiaalvergelijking in coéfficiéntvorm toegevoegd aan het
warmteoverdrachtsmodel. De resultaten tonen een temperatuur in de kern die
eerst toeneemt tot de maximumwaarde en dan afneemt tot de beginwaarde en
dit is een zelfde trend als de reactiewarmte. Bovendien creéert de
temperatuurgradiént door de dikte een grote gradiént in de uithardingsgraad
welke kan zorgen voor ongewenste interne spanningen.

Ten slotte is er experimentele validatie uitgevoerd om het thermisch-chemisch
model te verifiéren. Het vaculiminfusieproces werd gebruikt om de composieten
te produceren. De experimenten waren vooral gericht op composieten met een
dikte groter dan de eerder genoemde kritische dikte. Het bleek nodig te zijn om de
infusietijd onderdeel te maken van het model om de nauwkeurigheid van de
numerieke simulatie te verbeteren. Zowel de numerieke als de experimentele
resultaten laten zien dat de maximumtemperatuur in dikke composieten
toeneemt met zowel de uithardingstemperatuur als met de dikte.
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1

Introduction

1.1  Applications of thick composites

In the past decades, composite materials and technologies have been extensively
used in the aerospace, wind energy industry and offshore works. Compared to
traditional materials, composite materials offer significant advantages not only in
the term of weight saving, but also in the mechanical performance, durability and
cost. Typically, common composite products are thin layer laminated structures
with a typical thickness of 2-20 mm. The products include airplane components
(fuselage, wing sets and tails), ship bodies and bicycle frames, etc. As limited by
the manufacturing technologies, these products are usually moulded in small
pieces and then assembled which generally involve a number of spars and shells.
These kinds of structures need additional gluing or mechanical joints that can
become the potential weak points resulting in defects and cracks. However, thick
walled composites can avoid the above mentioned manufacturing of many
smaller, thin walled components as well as the necessary joining process. It is
therefore not only more efficient to make thick walled components, but also
reduces the number of potential weak spots and therefore is expected to increase
the reliability.

Another important reason of manufacturing thick composite is driven by the
increase of the product size. Currently the industry starts to explore the possibility
of making large composite structures which can be found in the latest generation
of aircraft structures. These large and thick components were used to replace the
traditional metallic materials and meet the requirements under the most extreme
conditions. With the increase of the size of the aircrafts, the dimension of the
structural parts also becomes very large. The commercial aircraft Airbus 380 made
extensive use of composite materials, for example, the centre wing box, the wing



ribs, and the rear fuselage section (see Figure 1.1). The thickness of the composite
material at the major force loading positions was approximately 45 mm and even
more than 160 mm at the joints [1].

Figure 1.1 Composite center wing box of A380 airplane.

Also for wind turbine blades, nowadays thick walled composites are widely used.
In early times, wood was used as the basic structure material in windmill blades.
As the blades get larger, glass fiber reinforced composite materials start to
dominate this field due to its high strength and low price. For wood windmills, the
size of the blade is about 10 m in diameter. Whereas the largest wind power
product, the Siemens SWT-6.0-154 wind turbine, has a rotor diameter of 154

meters. The blades were made of glassfiber reinforced epoxy composites (GFRE)
as 75 mlong [2].

Figure 1.2 Manufacturing of a wind turbine blade.



As shown in Figure 1.2, the root of this blade was up to 2 m in diameter with an
extremely thick wall about 100 mm. The whole blade was manufactured in one
piece using a closed mould process. The epoxy resin was injected under a vacuum
and cured at a high temperature in the mould.

The challenge for manufacturing thick thermoset composite is, however, to
control the heat generated during the manufacturing. The thicker the part, the
more difficult it is to prevent the core from overheating. In fact, this interaction
between laminate thickness, processing conditions and material properties forms
the main topic of this thesis.

1.2  Manufacturing of thick thermoset composites

Thick thermoset composites can in principle be fabricated using a wide variety of
manufacturing processes. For a particular part the process depends on the part
size, material type, production volume, tool costs, quality requirements, and of
course, the mechanical, electronic as well as chemical performances. The type of
process should be selected well before the manufacturing in order to accomplish
a high-quality production.

Different to metal processes, most of the composite products were built up using
an incremental material manufacturing process. It means that the materials were
laid up into a mold with the shape of the final structure in the form of fiber tows,
tapes or fabric sheets. Generally, the minimum thickness of carbon-fiber fabrics is
about 0.1 mm [3]. Considering that the thickness of composite products usually
ranged from several millimeters up to hundreds of millimeters. Thus, a practical
part may consist of a large number of layers which are oriented in different
directions to achieve the desired structural performances.

The most common techniques used for thick composites manufacturing include
Autoclave Molding, Prepreg Compression Molding (PCM), Resin Transfer Molding
(RTM), Vacuum Infusion Process (VIP) [4-6]. Filament winding is also a widely
practiced technique for large-scale components. However, it is currently more
used for ‘thin’ vessel products like high-pressure containers [7, 8].
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Figure 1.3 (a) Autoclave; (b) Flat hot plate press for PCM process; (c) RTM mold; (d)

VIP set-up.

Most autoclaves are temperature and pressure controlled ovens that allow
programmed heating and pressurization cycles. They are widely used for curing
high-quality aircraft components under controlled conditions not only for single
parts but also for assemblies. The assemblies can be bonded together during the
heat curing cycle. Appling pressure is to ensure the bonding and curing of the
parts occur properly. It is obvious that the dimension of the parts determines if it
can be cured in the autoclave oven. A large composite part like an airplane
fuselage needs a huge chamber to contain it. In 2010 a new autoclave was applied
to cure the fuselage shell of the Airbus A350 XWB which was up to 17.8 m long
and 5.6 m wide. It has a usable length of 21 m and a usable diameter of over 7 m

[9].

In the PCM process, a prepreg is commonly used which is a composite sheet in

which the reinforcement has been pre-impregnated with resins and is ready to be
placed in a mold without requiring additional resin. According to the resin system,
there are two types of prepregs: thermoset prepregs and thermoplastic prepregs.



In practice, the thermoset prepregs such as carbon/epoxy or glass/epoxy prepregs,
are the most popular in industry. Since the resin is partially cured with the
reinforcement, the prepreg must be stored in a freezer prior to use. When the
composite structure is built up in a mold, it usually requires temperature and
compression load to finish the complete polymerization. As opposite to
thermoplastic prepregs, cured thermoset composites have a fixed shape and
cannot be remolded or reshaped.

Compared with the PCM process, RTM uses dry fiber preforms without resin. By
placing the dry reinforcement material inside a mold, any combination of
material and orientation can be used including three-dimensional fabrics [10].
When the mold is closed and resin is injected into the mold, the dry fibers are
wetted by the resin. Finally the product is extracted after the resin is cured. This
process is also known as the name of Liquid Molding (LM). As well as the VIP
process, they all belong to the class of Resin Infusion Technologies (RIT). An
important advantage of the RTM process is that the fiber preform can be placed
into the mold in any shape with complex structures. Due to the support of the
cavity, the geometry of the product can be controlled very precisely [11].

The VIP process uses an open mold system which is different from RTM [4]. The
fiber preform is sealed in a vacuum bag assisted by a mold. The liquid resin fills
the mold and wets the fibers because of the pressure difference between the
inside and outside of the vacuum bag. Since the applied pressure is relatively low,
other materials such as polymers or composites can be used to replace the metal
mold. However, a metal mold is often used because of its excellent surface finish.
In the VIP process, because of the flexible surface of vacuum bag, the extra resin
infused into the laminate will be pressed out which can greatly improve the fiber-
resin ratio to obtain a fiber volume fraction about 45-55% [6, 12]. In this thesis,
the VIP process is used for manufacturing the thick thermoset composites.

1.3  Defects in thick composites

For the thick composites, it is difficult to reach the same quality as the thin
composites. In many instances, the defects are found such as laminate
deformation, cracks in the matrix, delamination between the layers, etc. Though it



could also occur in mechanical processes, but most of these defects happen at the
stage of manufacturing the laminates.

1.3.1 Deformation

In industry, dimensional accuracy is always required to meet the shape tolerances.
However, all manufacturing processes have their own defects, such as fiber
wrinkling, thickness variation, spring-forward and warpage [5, 13-15]. For the
composite parts, dimensional inaccuracy usually comes from the induced residual
stress during cure. Sometimes warpage deformation occurs when a cured
composite part is removed from the mold. The main sources of the residual stress
and deformation are inherited from the resin cure shrinkage, non-uniform fiber
distribution and anisotropic thermal expansion. The spring-forward and warpage
of a composite product is shown in Figure 1.4.

‘warpage

spring—forward
o

Figure 1.4 Spring-forward and warpage phenomenon in a C-shape composite [15].

As Wijskamp presented that the warpage is mainly caused by a non-balanced
stress distribution through the thickness of the composite. However, spring-
forward always happens at the corners which is because of the anisotropic
material properties [15]. Fernlund also studied on the spring-in phenomenon
using the C-shaped and L-shaped hollow composite parts and he found that the
spring-in phenomenon is affected by many factors, including the cure cycle, tool
surface, part geometry as well as lay-up directions of the fibers. He introduced a
numerical model to calculate the stress transferred between the part and tool
based on a large deformation solution technique [5]. In order to reduce the
spring-in angles, Teoh used a multi-stage curing technique (MSC) to improve the
dimensional accuracy for the curve-shaped composites [14].



1.3.2 Microcracks

The first form of damage in a laminate is probably the matrix microcracks [16].
Moreover, most of these microcracks happen at the interlaminar interface or in
[0/90] plies which is caused by the non-uniform strain distribution between the
fiber-fiber or fiber-matrix. For a thick laminate, multiple cracking processes have
been observed in the experiments. For a conventional manufacturing process,
heat energy is usually transferred to the laminate through conduction from the
surfaces to the center. Because of the low thermal conductivity of the glassfiber
reinforced composites, a temperature gradient is always created which finally
leads to an outside-in curing of the laminate. As a result, the outer layers shrink
and stiffen first. If the core then cures and shrinks, the outer layers are put in
compression whereas the core itself is in tension. It is this tension stress in the
core which may eventually result in the observed matrix cracking. Thostenson
presented that the microcracks were found in a 24.5 min thick glass/epoxy
laminate manufactured by an autoclave process [17], as shown in Figure 1.5. A
practical solution for reducing the temperature gradient is to apply a lower curing
temperature and heating rate although this results in an excessive curing time.

(@ (b)

Figure 1.5 Cross-section view of a composite part. (a) Matrix cracks in the
conventional autoclave-processed laminate [17]; (b) no visible crack in a
microwave-processed laminate.



Compared to the conventional heating systems, microwave heating transits
energy volumetrically by an electromagnetic field which is more moderate. The
penetration depths of microwave radiation for glassfiber composites can be over
30 cm [18, 19]. It can be used to heat and cure most of the thermoset resin
systems without special requirements. The most important thing is that
microwave heating results in an inside-out curing process which can greatly
reduce the internal residual stress and curing time.

For an inside-out curing process, Bogetti and Pillai mentioned that the surface
temperature initiates the cure reaction first and then exothermic reaction
accelerates the cure and creates a cure-front that sweeps the laminate from
inside towards to the outside [20, 21]. Consequently, the core reaches gelation
before the surface. Though the surface is heated up before the core, the reaction
heat in the center may become dominant such that the resin cure front moves
from inside to outside. As a result, it will avoid creating the microcracks during
cure and reduce the process-induced residual stresses. However, the problem of
temperature overheating in the core for an inside-out curing process is larger than
that for a conventional outside-in curing process.

1.3.3 Temperature overshoot

For the manufacturing process, the most important phase change is the
polymerization or curing of the resin system. During the curing process, molecules
are crosslinked to form a large 3D network [22]. For all thermosets, heat is
generated during the curing reaction. This exothermic behavior is a large problem
for the manufacturing of thick composite products, since it can lead to undesired
delamination or even degradation of the core.

Generally, thermoset resins need a minimum temperature to activate the
polymerization. Therefore, the resin has to be heated up to a certain temperature.
At the same time, the reaction exotherm creates additional heat in the laminate.

If this additional heat is concentrated but cannot be conducted fast enough to the
mold, then it may lead to an overheating of the core. This overheating risk
therefore limits the reliable manufacturing of the thick thermoset composites.



Figure 1.6 shows a temperature overshoot in a GF/Epoxy composite during the
curing process.
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Figure 1.6 Temperature overshoot in the core of a 32 mm thick GF/Epoxy
composite curing at 70 °C.

Figure 1.6 shows that a temperature overshoot is created in a 32 mm thick
GF/Epoxy composite part which is cured at 70 °C using the VIP process. The
temperature in the core is approx. 30.4 °C higher than the surface. For a thicker
composite or at a higher curing temperature, the temperature overshoot can
become higher. As a result, this temperature overshoot in the core will create a
extreme temperature gradient in the composite and cause a different curing rate
through the thickness. It is also a main reason that enlarges the no-uniform
shrinkage in an anisotropic material and induces the residual stresses and
microcracks during cure.

1.4  Basic heat transfer equations

In order to estimate the temperature profiles in the composites, thermal analysis
of the curing reaction has to be studied. Based on the theory of energy balance,



many researchers studied on this exothermic curing reaction and presented
different heat transfer equations to determine the temperature distribution in the
composite [23-35]. As a thermo-chemical model, the mathematical equations are
described as a heat transfer model coupled with cure kinetics. By ignoring the
influence of resin flow during cure, the energy equation can be written as:

T
PeCo, 57 = V(K VT) +Q (1.1)

where p., CPC’ and k are the density, heat capacity, and thermal conductivity of

the composite. T is the absolute temperature in Kelvin. t is the time in the system

and Q is the internal heat source per volume in W /m3 which can be expressed as:
da

Q= prerrE (1.2)
where p,. is the density of the resin, v, is the resin volume fraction in the
composite, H,. is the total heat generated by the resin during cure in //g. Z—‘: is the

reaction rate in 1/s, depending on the cure kinetics of the resin system. For
different resin systems, the mechanisms of the curing reaction are different
because of the various types of functional groups in the molecules. For the epoxy
resins, the n-th order cure kinetic model and autocatalytic model or their
combination model is commonly used (see Table 2.1) [23, 34, 36, 37].

Based on the Equation 1.1 and 1.2, it gives a complete expression of the thermo-
chemical energy balance equation as shown below:

oT da
pccpca =V(kVT)+ prerTE (1.3)

Lim and Lee used a 1D heat transfer model to evaluate the temperature
distribution in the composite through the thickness [24, 25, 35]. Other researchers
also used 2D and 3D models for solving the differential equation according to the
required solutions and boundary conditions [20, 28, 38, 39].

However, because of the complex relations between the differential terms, such
. . d L
as the conduction heat term and the parameter of reaction rate d—‘: whichis a

function of degree of cure a versus temperature and time, it is difficult to solve
this nonlinear higher-order partial differential equation. Therefore, there is still no
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efficient commercial software to solve this problem directly. In this thesis, the
focus is on the through-thickness temperature profile as well as on the prediction
of the temperature overshoot and the thermo-chemical model will be solved in
the analytical and numerical methods, respectively.

1.5 Thesis outline

The main work of this thesis is to study the thermal behaviors in the thick epoxy-
based composites and to predict the temperature profiles and temperature
overshoot through the thickness of the composites by using the analytical and
numerical methods. Finally, the results are validated experimentally. The outline
below shows how these topics are addressed into the different chapters.

Chapter 1: a brief introduction is given about the applications of the thick
composites as well as their manufacturing processes. The purpose of this thesis is
to study the temperature overshoot problems.

Chapter 2: an overview about the thick thermoset composites is presented. It
includes the descriptions about the manufacturing defects during the curing
processes and the temperature overshoot phenomenon. In order to study this
thermal behaviors, a brief background of the thermo-chemical model and cure
kinetics is introduces in this chapter.

Chapter 3: material properties, such as the density, heat capacity, thermal
conductivity and cure kinetic parameters are determined by experimental
methods. A global fitting method is created to find the reaction rate parameters in
the entire temperature range.

Chapter 4: analytical solutions are presented to estimate the core temperature in
a curing composite. The dimensionless numbers are used to solve the differential
equations which give a great view of the relations between the conduction heat
and reaction heat during cure. Moreover, the critical thickness for the
manufacturing is defined for ‘thin’ or ‘thick’ composites.

11



Chapter 5: numerical solutions are carried out in 1D and 3D heat transfer models
and both the temperature profiles and degree of cure distributions are obtained
to validate the analytical predictions.

Chapter 6: using a vacuum infusion set-up, experimental measurements are
carried out for glassfiber/epoxy composites. Temperature profiles are measured
and used to validate both the analytical and numerical solutions.

Chapter 7: conclusions including practical guide lines for the manufacturing of
thick thermoset composites. A short overview of standard processing conditions is
also discussed as well as the expected work to do in the future.
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2

Literature Review on Thick Thermoset
Composites

2.1 Introduction

During the manufacturing of a thermoset composite, polymerization of the resin
system is the most important phenomenon in which the molecules are bonded to
each other forming a 3D network [1]. As this is an exothermic reaction, it
generates a large amount of heat. It is also accompanied with physical changes
such as the volumetric cure shrinkage which generates residual stresses in the
composites. This may result in potential defects such as dimensional inaccuracy,
delamination and failures of the composite structures. Consequently, this curing
reaction is a combination of thermal and chemical processes which requires a
thermo-chemical model study. In order to handle this work, a fully understanding
of the background is required. A general introduction about the theories of cure
kinetics and heat transfer is presented first in this chapter.

2.2  Theory of cure Kinetics

According to the theory of Lim and Lee (2000), the thermo-chemical model can be
described as a heat transfer model coupled with cure kinetics (see Equation 1.3).
It is known that the term of internal heat source generates the heat and causes
the temperature overshoot in the composites. Since the parameters p,, v,- and H,.
are constants, only the term of Z—‘: is a variable which is a function of degree of

cure and temperature. As the most important parameter in this thermal-chemical
model, it is determined by the cure kinetic models.
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2.2.1 Cure Kkinetic models

For different resin systems, the reaction mechanisms are different. Researchers
such as Kissinger, Springer, Yousefi, Dave and Loos have studied on this topic
using different resins [2-5]. In the family of thermoset resins, several specialty
resins are widely used for composite applications, such as unsaturated polyesters,
epoxies, vinyl esters, phenolics, polyimides and related polymers [6]. Among these
thermosets, epoxy products have relatively good thermal stability and mechanical
properties used as high-performance composites. Some of the resins can cure at
room temperature, while generally it needs to be heated up to activate the curing
reaction. For example, usually polyester thermosets are cured at 82 °C and some
epoxy resins are cured at 120 °C [6]. In this thesis, an epoxy-amine resin system is
used as a matrix for the glassfiber reinforced composites.

In the Kissinger’s research, the cure kinetic was expressed as ‘ n™® order reaction’
where the reaction rate started from the peak value [5]. However, some other
epoxy mixed with the initiator component can start the reaction from zero or a
very low rate even at the room temperature which are called as the ‘autocatalytic
reaction’ or ‘n™ order + autocatalytic reaction’, respectively. A conclusion of the
epoxy-based cure kinetic models is presented in Table 2.1.

Table 2.1 Cure kinetic models for epoxy resin systems [3]

Models Equations
d
1. n*" order reaction d_‘; =k(1-a)"
] ] da
2. Autocatalytic reaction i ka™(1 —a)”
3. n'" order + autocatalytic reaction i by +ky ™1 —a)"
Eq;
Arrhenius dependent rate constant k;(T) = A, e—R—Tl
L L

In Table 2.1, the parameters of k, k;, and k, are the reaction rate constants which
are defined by Arrhenius equation. 4; and E; are the pre-exponential factor and

activation energy of the i*"order; R is the universal gas constant, R ~ 8.314 ]/
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(mol - K); m and n are the reaction orders. Figure 2.1 shows the different features
of these three cure kinetic models.

5 Model 1 5 Model 2 s Model 3
3 3 3 r
S S S
g _ g g
c L c <l el
c c = c
i} 0 0 L
i3] S I s
3 0 3
o o ! o
0 0.5 1 0 0.5 1 0 1
Degree of cure, a (-) Degree of cure, a (-) Degree of cure, a (-)

Figure 2.1 Sketch of cure kinetic models for epoxy resins.

As shown in Figure 2.1, the reaction rate in Model 1 starts from its peak value and
decreases with the degree of cure. In Model 2, the reaction rate begins from zero,
then increasing to its peak value. While in Model 3 it has an initial rate k; where
kq > 0. Model 3 is an extension of Model 2 which has two additional fitting
parameters. For the epoxy-amine resin system, it is an autocatalytic reaction and
its initial reaction rate k; > 0. Thus, Model 3 known as the Kamal-Sourour
equation can be used as its cure kinetic model.

The cure kinetic parameters can be determined from the experimental results by
differential thermal analysis technologies such as Differential Scanning
Calorimetry measurements (DSC) [5, 7]. It can be used to measure the
characteristic properties of polymers, liquid crystals and drugs, etc. With the DSC
curves of the heat flux, the degree of cure and reaction rate can be calculated
versus temperature and time. Note that the cure data obtained from isothermal
and dynamic measurements are different in most cases [2, 8]. This difference is
caused by the existing cure kinetic models rather than the experimental
techniques. In this thesis, the isothermal measurement procedure is chosen and
the data result is used for the estimation of the cure kinetic parameters. More
details will be discussed in the Chapter 3.
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2.2.2 Diffusion limitation effects

With increasing the degree of cure, the glass transition temperature in the resin
increases and the movement of the reactants slows down. Especially at the end of
the reaction, the curing process is controlled by the reactants movement rather
than the chemical reaction. This diffusion phenomenon is shown in Figure 2.2.

0.0002
0.00018 + + Experimental data
0 0.00016 Predicted result
= 0.00014
% 0.00012
S 0.0001 §
[} 3
© 0.00008 Diffusion region
= 0.00006 f
2 000004
@ 0.00002 | i \
0 1 < /1 )
0 0.5 1
Degree of cure, a (-)

Figure 2.2 Diffusion limitation effect in the curing reaction.

As shown in Figure 2.2 that at the end of the reaction the predicted curve shows
the reaction is still going on. However, the experimental result shows that the
reaction has stopped at a certain conversion because of the diffusion limitation.
These maximum cure values can be measured by curing a sample at a constant
temperature until the degree of cure stopped changing and then determine the
conversion level by measuring the remaining heat of reaction with a standard
dynamic DSC scan [3, 8].

Several modifications of the cure kinetic models are proposed in the literatures to
incorporate these maximum cure effects. Lam and Kenny proposed to introduce
an a4, as the final degree of cure instead of the value of 1 [9, 10]. Refer to the
Model 3 in Table 2.1, the cure kinetic equation can be written as:

20



da
E = (kl + k2 am)(amax - a)n (2'1)

where a4, is the maximum degree of cure according to the experimental results.
Note that this parameter depends on the curing temperature.

Based on the Model 3, Khanna and Chanda developed a diffusion factor which is
multiplied with normal reaction rate equations [11]. The diffusion factor is written
as:

1

Ja(®) = T e [CCa = aman)]

(2.2)

where C is a constant. For @ < @4y, the effect of f; (@) can be neglected. As
approaches @, 4y, this diffusion factor will decrease the predicted values to
approach the experimental results.

2.3 Theory of heat transfer

The basic thermo-chemical model (see Equation 1.3) is based on the heat transfer
theory. Heat transfer is defined as a movement of energy due to a temperature
difference. It is characterized by the mechanisms of heat conduction, convection
and radiation [12, 13].

2.3.1 Conduction heat

During the manufacturing of the composites, the heat conduction takes place
during the whole curing process and the heat flux is proportional to the
temperature gradient in the composite. The heat conduction equation is known as
Fourier’s law. A 1D heat conduction model with internal heat source is shown in
Figure 2.3.
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Figure 2.3 Schematic of a 1D heat conduction model with internal heat
source.

In Figure 2.3, L is the thickness of the composite, g, is the heat flux which is the
heat transfer rate in the z-direction per unit area perpendicular to the
temperature gradient direction. The definition of the heat flux is:

@ oT

qzzz_ —_ ZZE (23)
where @ is the heat transfer rate, A is the conductive area and k,, is the thermal

conductivity in the z-direction.

According to Equation 1.3, it is known that the changes in the total energy of the
system during a curing process is equal to the total energy difference between the
entering and leaving the system and pluses the energy generated by the internal
heat source. The energy balance can be expressed as AE = Ey;, — Egye + O,
where in the rate form (in the unit of W /m3) that the total energy changes

AE = p.C, conduction heat E, = E;;;, — E, it = 9 (k, Z—Z) and internal heat

ar
cat’ oz

d . . . .
source Q = p,v,AH, d—':. Thus, for a 1D transient heat conduction equation with
internal heat source in a plane wall, the equation becomes:

0%T Q 10T
kzz_ t——— ===
0z  p.C D ot

CpC

(2.4)

Ky .

is the thermal diffusivity of the composite.

where D =

Pclp,
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For a unit element of the composite where the size is Az = 1 mm, we assume
that the temperature gradient AT = 1 °C, thermal conductivity of a GF/Epoxy
composite k,, = 0.54 W /(mK) (see Chapter 3), then we can calculate the
conduction heat in this unit element that £, = 5.4 x 10°> W /m3.

In many thermal engineering problems, there is no internal heat source or this
term is assumed constant, but here it is a function of reaction rate and varies in a
complex way with time and position. Thus, it needs to be studied in this thesis.

2.3.2 Convection and radiation boundary conditions

Heat convection here refers to the heat transfer from the composite surfaces to
the external. The heat convection equation is known as Newton’s law of cooling.
For example, at the right surface of the wall (z = L) in Figure 2.3, the convection
boundary condition can be expressed as [14, 15]:

Qeconv = hclToo - T2| (2.5)

where q.ony is the rate of convection in W /m?, h, is the heat transfer coefficient
in W/(m? - K), T, is the external temperature of surroundings. For example, if
the right surface has a nature convection, h, = 45 W /(m?K), at room
temperature T, = 20 °C, wall temperature T, = 70 °C, then the rate of
convection is 2250 W /m?.

The composite also emits the heat by the radiation though this effect is at a
relatively low level at our curing temperature range. The heat radiation equation
is known as Stefan-Boltzmann law. The radiation boundary conditions can be
expressed as:

qr = e0|Ty* — To,*| (2.6)

where g, is the rate of radiation in W /m?, ¢ is the surface emissivity in the range
0 < &£ < 1and o is the Stefan-Boltzmann constant, 0 = 5.67 X 1078W/(m? - K*).
For a composite surface, the value of € can choose 0.8, the temperatures are the
same as mentioned above in K, then the rate of radiation is about 294 W /m?2.

23



Commercial software also offers a package called Generalized Boundary Condition
(GBC) which is a generalized formulation of the above boundary conditions [16,
17].

2.4 Heat transfer studies in thick thermoset composites

Recently researchers did a lot of studies on the manufacturing of thick thermoset
composites and estimated the temperature distribution during cure. For example,
Twardowski made a 5 cm thick graphite/epoxy laminate using a hot press mold
[18]. The experimental results show that the initial degree of cure did not play an
important role in the entire curing process; however a temperature overshoot
about 20 °C in the center of the laminate was created even for high thermal
conductivity graphite reinforced composites. In order to produce high quality
thick composites, Michaud found that the curing temperature must be much
lower than the recommended temperature for a thin product through an
experimental method [19]. He found that the maximum temperature overshoot
can be up to 60 °C for a certain cure cycle in a 2.54 cm thick glassfiber epoxy-
based composite [20]. Olofsson studied the wet filament winding process for
glass/epoxy composite cylinder mandrels [21]. Temperature profiles were
calculated and measured for different pipes thicknesses. The experimental results
show that at the same cure temperature of 80 °C for both a 14.6 mm and a 50.4
mm thick pipes, the measured peak temperatures are 86 °C and 111 °C,
respectively. These results indicate that the recommended curing temperature
previously for a thin pipe is too high for a thick pipe because of the large
exothermic peak temperature is created. Kim also studied the temperature
overshoot problem in thick graphite/epoxy laminates using a continuous curing
method [16, 22]. In this method the fresh prepreg layers were continuously laid
down on a heating mold at a steady speed. The inner surface was heated up to an
initial curing temperature to build-up a cure-front propagated through the
thickness. The experimental results show that the continuous curing method can
greatly prevent the inherent temperature overshoot and reduce the curing time
by controlling the material accretion rate, temperature boundary conditions and
cure-front speed.
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Several researchers studied epoxy-based composites cured in an autoclave.
Ciriscioli studied graphite/epoxy laminates with thicknesses about 35 mm [23]. In
order to test and verify the Loos-Springer cure model, they created their own cure
model and it indicates that a temperature overshoot of more than 200 °C in a 200
plies laminate may occur if using the cure cycle recommended by the
manufacturer. The results show that the maximum temperature inside the
composite depends on not only the curing temperature and heating rate, but also
its thickness.

2.4.1 Analytical solutions and scaling analysis

Based on the heat transfer equations, analytical solutions for the temperature
distribution in thick thermoset composites were proposed by Broyer (1976, 1978),
Li (2001), Tucker (1996), Gebart (1994) and Second (2011) and others. In the heat
transfer systems, dimensionless numbers are created to get a brief view of the
thermal performance in the composites. For example, Damkohler number Da can
be used to describe as a ratio between the heat conduction and reaction.
Whereas Biot number Bi represents as a ratio of convection heat on the surface
and conduction heat inside. It can be expressed as:

_hel
Tk

where [ is the characteristic length of the material and k is the thermal

Bi (2.7)

conductivity. This ratio also identifies the response speed of the temperature
changes on the surface and inside.

The Fourier number is another dimensionless number that used to present the
transient heat conduction problems. The expression can be written as:

Dt
where T is the characteristic time in second. This number shows the ratio of heat
diffusive rate and the storage rate in the material.

By using a dimensionless equation, Broyer studied a 1D transient heat transfer
calculations to predict the curing performance in a reaction injection molding [24].
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The cure kinetics are represented by an nt" order equation. In this molding, a
constant temperature boundary condition is applied at the both sides of the
laminate and it may represent the maximum temperature rise possible during
cure through the thickness as many actual molding. Moreover, he introduced a
dimensionless reaction rate k which changes with the cure kinetics and the
laminate thickness. At the critical reaction rate of k = 1 that 75% of the laminate
reaches the gel point, then the critical thickness for a curing composite is given as:

(2.9)

where T is the applied curing temperature.

Second defined a theoretical critical thickness to distinct between the thin and
thick composites using a similar scaling analysis [25]. The cure reaction is
represented by an autocatalytic equation. In this 1D heat equation, a surface
temperature at the both sides of the composite follows a ramp and hold
temperature profile. A modified Damkohler number Da*, where Da* = Da -

f (@) max is introduced to evaluate if the heat generated during cure is significant
or not. At Da* = 1, it is used to define the critical thickness L. and it is given as:

D

A exp (_ RE_’;C) f(a)max

Le= (2.10)

where f (@) max = (%)m(ﬁ)" is a maximum of the autocatalytic cure kinetic
equationata = %

For a woven glass fiber prepreg composite, Second calculated the critical
thickness and it is about 14.4 mm. Compared with the Equation 2.9, Equation 2.10
has an added factor f(@);,4x Which means this heat transfer equation is
evaluated at the time when the reaction rate reaches its maximum.
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2.4.2 Numerical studies of the thermos-chemical model

In certain cases, analytical methods enable to solve the problems which have
steady-state, simple geometries and/or boundary conditions. However, in many
cases such problems are transient, multidimensional and with complex boundary
conditions such that exact solutions cannot be found and numerical methods are
then carried out to find approximate solutions [24, 26, 27]. Furthermore, in
contrast to an analytical solution which provides the temperatures at any point in
a medium, a numerical solution only evaluates the temperatures at discrete
points. Thus, the first step in a numerical analysis is to mesh the geometry to build
up a nodal network. The results obtained for a fine grid normally provide a more
accurate solution than a coarse grid but is also more time-consuming.

A numerical approach to obtain a solution for the curing of a thick thermoset
composite may appear simple at first sight, but is far from standard and cannot be
solved directly with the usual commercial finite element software like ANSYS or
Abaqus not even in the 1D model. The reason is that the internal heat source term
Q (in Equation 1.3) is not a constant but is position and time dependent and is
largely affected by the temperature itself which can be expressed as a function of
Q = f(z,t,T). Moreover, in order to capture the acceleration effect correctly,
special precaution is needed.

As the dominant approach to numerical solutions of partial differential equations
(PDEs), Finite Difference method (FDM) or Finite Element method (FEM) are
widely used to evaluate the heat transfer problems [12]. FDM is a method based
on the application of a Taylor’s expansion to approximate the differential
equations. FEM is established on the subdivision of a whole domain into finite
non-overlapping and continuous elements and uses its simplest form of the linear
functions to approximate the exact solution in each element.

Based on the governing equation of the thermo-chemical model, it has to build up
its discretization equation by using the Taylor series expansion method [15, 28].

The first order term % can be expanded by a forward difference, backward

. . 2T
difference and central difference method and for the second order term 357 the
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central difference expansion is commonly used. In addition, the heat balance
method is also used to establish the discretization based on the energy balance.

As mentioned before, White and Kim focused on a continuous curing process for
thick thermoset composites [16, 22, 29]. They proposed a numerical 1D transient
heat transfer model which was solved by an Alternating Direction Explicit (ADE)
FDM method with generalized boundary conditions. ADE method is used to solve
the heat transfer equations where the temperature distribution is obtained by
taking an average of both the forward and backward temperature approximation
[17,30].

In the ADE method, at the grid point z = z;, and time t = t;, fori = 1,2, ...,1,
j=1,2,..,], the temperature is written as Tij. For the forward temperature
approximation, ul] = Tij. Similarly, for the backward temperature approximation,

vij = Tij. The ADE temperature Tl-j+1 attimet =t is given as

j+1 j+1
T/t = W tv (2.11)

2
The degree of cure at time t = t;,4 can be integrated as

. . da
/' =al + (E){HM (2.12)

L

In Equation 2.12, the time step size need to be selected properly. Yi mentioned
that the numerical results shows that degree of cure is very sensitive to the time
step size [31].

Furthermore, in order to support the stability of the FDM method, several
constrains need to be established to reach the convergence state. For the stability
of the internal nodes in a 1D heat transfer equation, it is required that it satisfies

—([A)j)tz < %which gives the limitation of the time step At for a given Az. For the

where Bi is the

. e . . DAt 1
convection boundary conditions, the requirement is — < -
AzZ — 2(1+Bi)

Biot number (see Equation 2.7) [14, 28].

28



2.5 Cure cycle optimization

As mentioned in Section 1.3, there are many kinds of defects, such as shape
deformation, delamination, microcracks and residual stresses during
manufacturing the composites. All of these defects may be caused by a too high
curing temperature during the manufacturing. Thus, an optimized cure cycle for
manufacturing the composites has to be designed to complete the curing without
a high temperature overshoot.

Several strategies are used for cure cycle optimization. One is called the online-
control system, in which it constructs a processing plan according to the
information of temperature sensors. However, noisy or missing signals could
result in poor control ability. Pillai developed a modified online-control system to
optimize the curing process with model-based optimization technique [32]. It is
coupled with a simulation tool of TGCURE (Bogetti 1991) for solving the heat
transfer equation. According to Bogetti, for a thick laminate, a cure gradient is
unavoidable and it is desired that the laminate is cured inside-out to minimize the
residual stress. In this case, the degree of cure throughout the composite (at the
surface and center) must be less than its value at the gel point as @ < @, It

means that the resin at the center is still able to move outwards.

The other cure cycle optimization strategy is called the simulation-based method
which is very popular recently [32-36]. In this strategy, temperature controlling is
the most useful tool. Loos (1982) used a parametric study to determine the cure
cycle by controlling the maximum temperature inside the composite within the
shortest curing time. Oh (2002) introduced a cooling and reheating cure cycle to
prevent the temperature overshoot in a glassfiber/epoxy composite. With this
technique, a temperature overshoot that is more than 35 °C is presented in a 20
mm thick composite as shown by both of the numerical and experimental results.

Using Multi-Stage Curing technique(MSC), Teoh improved the dimensional
accuracy of the composites during the manufacturing [37]. In the MSC process,
the first preform is placed on the mold and cured. After that, a new set of
preforms are placed above the previous laminate until the desired total number
of the plies is achieved. A 16 mm thick hollow C-shaped composite was made for
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the measuring of its spring-in angles. The experimental results show that the
spring-in angles decrease from 2.5 degree to 0.5 degree. However, the curing time
increases from 1 to 4 units.

Artificial Intelligence algorithms (Al) such as the Genetic Algorithm (GA), Evolution
Strategy (ES) and Meta-Heuristic Method (MHM) are also used to optimize the
cure cycles [38-41]. Chang used the GA method for reducing the curing time and
temperature overshoot for a autoclave process [38]. As it mimics the process of
the natural selection, the GA method is designed to find the best cure cycle
solutions based on the coded objective function and its constraints. The objective
function is defined by the total curing time and the temperature with the
constraints of the maximum temperature and the heating rate during the cure.
For a 10 cm thick composite, this method can obtain an optimized cure cycle
within 300 generations with a uniform temperature distribution between the
surface and the center.
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3

Determination of Material Properties
3.1 Introduction

The purpose of this chapter is to determine the parameters in the governing
equations of heat transfer and cure kinetics. In these governing equations, the
material properties of the GF/Epoxy composite and the resin system, such as
density, heat capacity, thermal conductivity and cure kinetic parameters, are
required for the evaluation of the thermal analysis during cure.

During the curing process, the temperature of the composite varies from room
temperature to the curing temperature, and then climbs up to the peak
temperature. It is known that the material properties changes with temperature
as well as the degree of cure. Thus, it is important to find that how large these
effects are. For instance, the density of the epoxy resin changes during cure which
was measured by Saraswat using a PVT (Pressure-Volume-Temperature)
apparatus [1]. The results show that for an epoxy resin, the total volumetric
shrinkage during cure is about 3.5%. In general, the cure shrinkage of epoxy resins
are approximately 3~5% [2].

Thermal conductivity of the composites also changes with temperature.
Furthermore, most of the composites are anisotropic, resulting in unequal
thermal conductivities along the in-plane and through-thickness directions.
Sweeting found that for a cured carbon/epoxy plain weave composite, in the
temperature range from 20 to 180 °C, the in-plane thermal conductivity increases
from 2 to 3 W /(m - K), while the through-thickness thermal conductivity changes
from 0.5 to 0.7 W /(m - K) [3]. Mutnuri studied an E-glass/vinyl ester composite
and his results show that the thermal conductivity through the thickness is 0.32
W/(m-K)at60°Cand0.35W /(m-K) at 80 °C [4]. In addition to the
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temperature, the degree of cure of the resin also affects the thermal conductivity.
For the RTM 6 epoxy resin, Skordos and Partridge found that the thermal
conductivity changes from 0.051 to 0.075 W /(m - K) during cure at the curing
temperature 70 °C [5].

Undoubtedly, as a thermal property, the heat capacity also varies as a function of
degree of cure and temperature. Turi studied the heat capacity for polystyrene
and the results show that the heat capacity increases with the temperature and
has a jump at the T [6]. Balvers (2007) studied the changes in heat capacity
curves during cure for an RTM epoxy resin (see Figure 3.1). The results show that
for epoxy resins, the heat capacity increases stepwise during the glass transition
and the main effect of cure is that this glass transition is shifted to higher
temperatures. Before and after the T, the heat capacity increases linearly with

temperature.
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Figure 3.1 Measured heat capacity curves for an RTM epoxy resin (Balvers 2007)
3.2  Material properties of the selected epoxy resin system and
GF/Epoxy composite
In this study, the Airstone™ infusion resin system (DOW®) — 780E epoxy resin and
785H hardener is used. This resin system is recommended for large-scale,

continuous fiber-reinforced composites which need long infusion times. It has
been widely applied for the manufacture of structural composites in the wind
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energy industry such as wind turbine blades, turbine nose cones, generator

nacelles and fairings.

Due to the low prices and high performance, E-glass fibers are widely utilized in
the industry as the reinforcement in combination with epoxy resin matrix. The E-
glass we used here is the E-glass Fabric 1200 g/m? (0°/+45°/-45°). Itis a
longitudinal tri-axial (nonwoven) layered fabric that contains rovings in
longitudinal direction (0°) and in the double bias direction (+45°) (see Figure 3.2).
The aerial weight of this fabric is 1200 g /m?2.

450

Figure 3.2 Sketch of the E-glass Fabric 1200 g/m? (0°%/+45 %/-45°).

In general, the density of E-glass fiber is about 2.58 g/cm3, the thermal
conductivity is 1.3 W /(m - K) at room temperature and the heat capacity values
canbe 810 /(kg - K) at 23 °Cand 1030/ /(kg - K) at 200 °C [7].

According to the heat transfer equation (Equation 1.3), the parameters needed
for the modeling and calculations are listed in Table 3.1.

Table 3.1 Parameters used in the heat transfer equation

Parameters | Description

DOrr Pe Density of the resin and composite, respectively.
Thermal conductivities of the composite in the x, y and z
kyx, kyy, kzz | directions, where xy is defined as in-plane and z is the direction

through the thickness.
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Cpc Heat capacity of the composite.

vy Resin volume fraction in the composite.

H, Total heat generation by the resin during cure.

A E;,mn Cure kinetic parameters

3.2.1 Determination of Density

3.2.1.1 Density Calculations of epoxy resin system and GF/Epoxy

composite

The density is a very fundamental property of a material. From the experiments,
we already know that the density of polymers is close to that of water. A lot of
studies were carried out on different polymers. For the aromatic amine-epoxy
resin system, it changes between 1.15 to 1.21 g/cm? from uncured to cured state
[2]. The densities of E-glass and S-glass are 2.58 and 2.46 g/cm3, respectively. For
an S-glass fiber unidirectional epoxy composite, its density is between 1.96-2.02
g/cm3 with fiber volume 57-63% [7].

In the Airstone™ Infusion resin system, the epoxy and hardener components are
mixed at a certain ratio (see Table 3.2). Note that these density values of uncured
epoxy and hardener components are measured at 25 °C (ASTM D-4052). Table 3.2
shows these material properties.

Table 3.2 Material properties of uncured epoxy and hardener components
(Airstone™ infusion resin system (DOW®) — 780E epoxy resin and 785H hardener)

Property Epoxy Hardener
Density (g/cm3) 1.15 0.95
Parts by weight 100 31

In this epoxy/hardener resin system, the rule of mixtures can be applied for the
calculation of the density and it is given as:

Pr = VePe + VnpPn (3.1

38



where v,, vy are the epoxy resin volume fraction and hardener volume fraction,
respectively. Here v, = 0.72, v, = 0.28. The subscripts e and h represent epoxy
resin and hardener, respectively. According to the Equation 3.1, the density of the

mixed uncured resin is p4™c¥ed = 1.1 g/cm?3.

For GF/Epoxy composites, the density also can be calculated using the rule of
mixtures if the resin volume fraction is known. The expression is written as:

Pc = Vrpr + Vrpy (3.2)
where v, is the resin volume fraction, v,, = 0.444 (see Table 3.7), p,- is the density
of uncured epoxy resin determined by Equation 3.1. Whereas py is the density of
E-glass fiber, pr = 2.58 g/cm3 as mentioned above. Thus, the density of the

uncured GF/Epoxy composite can be calculated and itis p¥™%¢d = 1,92 g/cm3.

In the next section, the density values of the fully cured epoxy resin system and
GF/Epoxy composites are determined and compared with the above predictions
in order to find the cure shrinkage of the epoxy resin and GF/Epoxy composite.

3.2.1.2 Density measurements of epoxy resin and GF/Epoxy composite

The density of the fully cured epoxy resin and GF/Epoxy composite can be
determined by using the density determination kit (Mettler Toledo® Balance)
which is suitable for solids and liquids as shown in Figure 3.3.

Figure 3.3 Density determination kit (Mettler Toledo® Balance).

The density determination kit is based on the Archimedes’ principle. Hereby the
sample is immersed in deionized water and the weights before and after the
immersion are recorded as my, and mg, respectively. Before the measurements,
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the sample needs to be dried in a vacuum drying oven for more than 8 hours. In
addition, at least 6 samples are required to obtain reliable results.

The density can be calculated by Equation 3.3:

my
P o (Pwater = Pair) + Pair (3.3)
where p is the density of the sample, p,,4ter is the density of the deionized water,
Pair 1S the air density. my is the mass in the air before immersion, mg is the mass

in the water after immerse.

The density of deionized water at 22.2 °C is 0.99775 g/cm3 and the air density is
0.0012 g/cm3. Here both the fully cured epoxy resin and GF/Epoxy composite are
measured at room temperature by this set-up. The experimental results are
presented in Table 3.3.

Table 3.3 Experimental values of the density of the fully cured epoxy resin and

GF/Epoxy composite
. Experimental values
Densit
Y (g/cm?)
pgured 1.1600 + 0.0004
pgured 1.98+0.01

Here the density was an average value obtained from six samples for the resin and
composite, respectively. During the measurements, the systematic deviations can
occur, for example, the sample contains voids or if small air bubbles attach to the
samples. Note that the density of the cured composite is 1.98 g/cm3 which is
very close to the density of S-glass/epoxy composite which is between 1.96-2.02
g/cm3. Here the density of the E-glass is a slightly higher than the S-glass, though
its fiber volume vy = 0.556 which is lower than the value 57-63% in the S-glass

fiber unidirectional epoxy composite as mentioned above.
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3.2.1.3 Volumetric cure shrinkage

By comparing the results for both of the material properties before and after
curing, the cure shrinkage can be determined from the increases of the density.
Khoun (2010) measured the volumetric cure shrinkage of an epoxy resin for a
RTM process by using the modified rheology and gravimetric methods. The results
show that the volumetric cure shrinkage at gelation (age; = 0.7) is about 5.39%
which is not influenced by the curing temperature [8]. Nawab found that the cure
shrinkage of an epoxy vinylester resin is approximately 7.1% by using PVT-a
measurements [9].

According to the definition of cure shrinkage [1], the volumetric cure shrinkage
can be calculated as:

1— Puncured

gcure

3.4
Pcured ( )

As mentioned above, the predicted density for both the uncured epoxy resin and
uncured GF/Epoxy composite are 1.10 g/cm?> and 1.92 g/cm3, respectively. Thus,
the volumetric cure shrinkages for the neat epoxy resin and GF/Epoxy composite
are approximately 5.2% and 3.0 %, respectively. Note that the 5.2% shrinkage of
the neat resin is relatively large compared to the above mentioned typical cure
shrinkage of 3-5%.

Normally the volumetric cure shrinkage of resin carrying fibers can be calculated
by using . = &. — vyH, where H is a hindrance factor which can be found
experimentally and is found equal to 0.03 [9]. From this equation, it indicates that
the fibers can hinder the shrinkage of the resin in the composite during cure. In
our case, the above equation predicts a composite shrinkage of ¢, = 3.5% which
is slightly larger than the measured 3.0%. This difference could be caused by the
fact that for different epoxy systems, a different hindrance factor is needed.

3.2.2 Thermal conductivity

Thermal conductivity is a transport property of a material for the conduction of
heat which is evaluated primarily in terms of Fourier’s law. Materials of high
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thermal conductivity can transfer the heat at a higher rate than those of low
thermal conductivity. In general, polymers have lower thermal conductivity than
metals. Table 3.4 shows the thermal conductivity ranges of different material
groups (C-THERM TECHNOLOGIES™).

Table 3.4 Literature values of thermal conductivities of different material groups®

. k Range
Material groups (W /(m - K))
Liquids & powders 0-0.6
Foams 0.04-0.09
Polymers 0.25-1.1
Ceramics 1.1-29
Metals 6-110

For continuous glass fibers, such as the high strength C-glass, E-glass and S-2 glass,
the thermal conductivities are 1.1, 1.3 and 1.45 W /(m - K) near room
temperature, respectively [7]. For cured epoxy resins, the thermal conductivity is
in a range of 0.17 to 0.35 W /(m - K) [10]. In a fiber reinforced composite, due to
the anisotropic properties of the material, the thermal conductivity parallel and
transverse directions to the fiber are different. This parameter can be measured
experimentally or calculated using the rule of mixtures (See the details in Table

3.5 and Section 3.2.2.3).

3.2.2.1 Thermal conductivity modeling

Thermal conductivity is a temperature-dependent property but only varies slightly
in a limited temperature range. In addition, the character of inhomogeneous
materials is another notable influence that may result in anisotropic property
along the different fiber orientations. As mentioned before, tri-axial E-glass fabric
is used for manufacturing the composites in this thesis. The composite made by

! http://www.axelproducts.com/downloads/TCi_Principles_of_Operation.pdf
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this kind of reinforcement definitely will have the anisotropic thermal conductivity.
A simple structural model of a composite shows the anisotropy of thermal

conductivity in Figure 3.4.

s Matrix
+
Heat Flow ‘f ————— n // Fiber
— | Ly
e [ _‘u
—_—

[T

Figure 3.4 Anisotropy of thermal conductivity of a composite.

Theoretically, the thermal conductivity of a composite relates to its geometrical
disposition of fibers and matrix. Using the heat transfer model of Fourier’s law of
heat conductivity, the thermal conductivity of a composite can be simulated for
various kinds of geometries. For an evenly distributed homogeneous fiber-resin
composite, the thermal conductivity model can be simulated as shown in Figure

3.5.

Heat Flow Heat Flow
e kg —_
— — | K ke
_— k, _—
_— _—

(a) (b)
Figure 3.5 (a) thermal conductivity model for heat flow parallel to the fiber
orientation k; (b) thermal conductivity model for heat flow perpendicular or
transverse to the fiber orientation k| .

Here k; and k,. are the thermal conductivities of the fiber and resin, respectively.

Considering the heat flows through this composite along different fiber directions,
it will result in different thermal gradients due to the anisotropy of the composite.
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The thermal conductivity models for the parallel and perpendicular (or transverse)
directions can be expressed as

K = 1
oy 1oy (3.4b)
kTR

Many other thermal conductivity models have been developed for different
composite materials. For unidirectional fibers (UD) composites, the thermal
conductivity model was studied by Springer and Tsai by using the thermal
modelling [11]. Afterwards, many other researchers studied this topic and found
the expressions for different types of composites. Some parts of these work are
listed in Table 3.5 as shown below.

The thermal conductivity of the E-glass fiber used here is 1.3 W /(m - K) (AGY®)
and the cured epoxy resin is 0.27 W /(m - K) as measured experimentally (see
Table 3.6). The fiber volume fraction for GF/Epoxy composites is approximately
0.556 (v, = 0.444). With these values, the thermal conductivities of the materials
can be evaluated by using the models presented in Table 3.5 [12, 13].

Table 3.5 Thermal conductivity models and their predicted values of GF/Epoxy

composite
Parallel direction (along the fibers) ki
(W/(m - K))
Filament-matrix
composite model
ky = vrk 1—ve)k
by Springer and 1= vrky + (1= vp)kr 0.84
Tsai [11]
Perpendicular direction (transverse to the fibers) ko
(W/(m-K))
Filament-matrix 1
composite model | k, = ——
Pes oy 1-vy 0.48
by Springer and k_+ T
f r
Tsai [11]
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k, \/17f 1
—=(1-2|=]+=
k, ( s * B (m

Square array B2y,

filaments by _ 4 tan-1 1 s ) 0.40

Springer and Tsai B2y, B2y,
1- 1+
[11] T b4

B=2 r 1
k, _1-BB,vy
kT - 1 - Blvf

Sanford [14] ]li_f - 1 0.39
B, =L ,B, =

k _ _
-
k, 3ve(ky — ky)
Tsai[15 —=1+ 0.64
WS e T T A=) — k) + 3k,

Cylindrical

asZembly by k—l = f + Ky (hy = k)~ vy) 0.49
k ki+k,—(kr—k,)Q—v '

Christensen [16] " ! r( y r)( f)

Table 3.5 shows that the values of k| is in the range 0f 0.39t0 0.64 W /(m - K). It
agrees with the results for the polymer matrix fabric (carbon, glass) composites in
the range of 0.2 to 4 W /(m - K) [6]. However, k, is much lower compared to k;
which means the heat is dispersed faster along the fibers than in the resin matrix
due to the relatively high thermal conductivity of the fibers.

Note that in the above models, k and k are always considered as the in-plane
thermal conductivities as ky, and k., in a 3D geometry. However, the thermal
conductivity through the thickness k,, is more interesting because it is related to
the temperature gradients through the thickness and thus, has a direct effect on
the magnitude of the temperature overshoot during cure, which is the main focus
of the present work. As a first estimation, the thermal conductivity model for the
perpendicular direction (Springer and Tsai model) can be used to evaluate k,, and
itis0.48 W /(m-K).
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3.2.2.2 Thermal conductivity measurements

For the measurement of thermal conductivity, there are two classes of methods:
steady-state methods and non-steady-state (or transient) methods. The most
famous steady-state method is based on Fourier's law of heat conduction where
the sample is placed between a hot and cold plate with a constant heat flux to
maintain this steady state. However, in this method it would take a long time even
for a thin composite to reach the steady state. For the transient methods, one is
called Laser Flash Analysis Method (LFA) which is developed by Parker [17]. The
process is that an energy pulse heats a plane-parallel sample on the bottom side,
while a detector on top detects the time-dependent temperature rise which is
used to calculate the thermal conductivity. Another method is known as the
Transient Plane Source Method (TPS) that a flat-thin film type sensor is placed
between two halves of the sample. During the measurement, the heat is
generated and dissipated into the sample from both sides of the sensor and the
temperature versus time signal is recorded by a detector.

In this thesis, a TCi Thermal Conductivity Analyzer instrument (C-THERM TCi™) is
used for the determination of the thermal conductivity. The TCi system and set-up
are shown in Figure 3.6.

Sensor

(a) (b)
Figure 3.6 (a) Thermal Conductivity Analyzer instrument (C-THERM TCi™); (b)

Schematic diagram of TCi set-up.
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It is based on the Modified Transient Plane Source Method (MTPS). It uses a one-
sided interfacial heat reflectance sensor which is designed to supply a momentary,
constant heat source to the sample. During the measurement, a known current is
applied to the sensor’s heating element and providing a small amount of heat
which results in a temperature rise at the interface between the sensor and
sample. Meanwhile an induced voltage change is created in the sensor due to the
temperature rise. Eventually thermal conductivity as well as other thermal
properties can be calculated in this system.

In this measurement, samples should be loaded upon the sensor with distilled
water as thermal conductive medium. A flat smooth surface of the sample is
recommended which is not only to improve the condition of the contact surfaces,
but also to avoid damaging the soft and sensitive element of the sensor. The
minimum size of the sample should be at least 17 mm diameter in order to cover
the whole surface. Moreover, a minimum of 0.5 mm thickness is required
depending on thermal conductivity of the materials. The system has broad testing
capabilities from 0 to 220 W /(m - K) and with an heating/cooling oven it is
possible to measure in a temperature range from -50 to 200 °C.

The thermal diffusivity is a property that indicates the ability of heat to diffuse
through a material. The higher the thermal diffusivity of a material, the higher the
rate of temperature propagation. The thermal diffusivity is defined as:

D=2 (3.5
PCp ®)

and has the unit of m?/s.

3.2.2.3 Experimental results of thermal conductivity

In this part, the cured neat epoxy resin and cured GF/Epoxy composite samples
are prepared for the measurements. The dimension of the composite sample is
90 X 70 X 40 mm and the epoxy resin sample is 60 X 60 X 15 mm. Considering
the anisotropic properties of GF/Epoxy composite, all of the three directions are
measured. Here the length direction of the composite is along the 0° fiber
orientation and the through-thickness direction is considered as the height.
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However, the cured epoxy sample can be considered as an isotropic material and
is measured only in one direction. All of the measurements are operated at room
temperature using fully cured samples. The results are shown in Table 3.6.

Table 3.6 Experimental values of thermal properties of cured epoxy resin and
GF/Epoxy composite measured by C-THERM TCi

GF/Epoxy composite
Propert Epoxy
perty resin
x — direction | y — direction | z — direction
Diffusivity
(x 10-7m?/s) 4.59 4.31 3.52 2.00
Thermal
conductivity 0.75 0.69 0.54 0.27
(W/(m - K)

Table 3.6 shows that the thermal conductivity k.., is higher than y and z directions
which agrees with the trend as presented in Table 3.5. Because the continuous
fibers can transfer heat much faster than the epoxy resin matrix due to its high
thermal conductivity. Furthermore, the heat flow needs to pass through more
resin matrix in the z direction in this multi-layered unidirectional fiber reinforced
laminate which also makes the heat propagate at a relatively slow speed. Because
the thermal conductivity predictions in Table 3.5 are based on the filament-matrix
model, or square/cylindrical array filaments models, none of their fiber-matrix
structure is strictly the same as our longitudinal tri-axial (nonwoven) layered
fabric. Thus, these experimental results can be considered more reliable.

3.2.3 Heat capacity

The heat capacity is defined as the quantity of heat required to raise the
temperature of a unit of mass of a substance by a single degree. Generally a DSC
apparatus can be used to measure the heat capacity. It is normally used for
homogeneous materials, like liquids or powders as well as the selected epoxy
resin. However, for glassfiber reinforced composites, it is difficult to cut a proper
small sample because of the fiber layers. Other factors, such as rough surface and
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uneven portions taken from the matrix and fiber could result in significant
deviation of a DSC measurement.

To determine the heat capacity of a composite, usually the rule of mixtures can be
used and the expression is written as:

Cp, = myCp, +myCp (3.6)

where Cpc' Cpr and Cpf represent the heat capacity of composite, resin and fiber,

respectively. m,., m are the mass fraction of resin and fiber, m,, = 0.26 and
my = 0.74 (see Table 3.7).

For the E-glass fiber, the heat capacity Cpf = 810]/(kg - K) (High Strength Glass

Fibers, AGY®). The heat capacity of the epoxy resin can be calculated by using
Equation 3.7. With the experimental data from Table 3.6, we get Cpr =

1164 J/(kg - K). Using Equation 3.6, it results in a heat capacity for the GF/epoxy
composite, ¢, = 902]/(kg - K).

By using the data of the TCi measurements, we also can calculate the specific heat
capacity. In Table 3.6 the thermal conductivity and diffusivity are determined.
Thus, if the density is known, the heat capacity can be calculated as:

k
Gy = p_D (3.7)
According to the previous experimental results, the density of cured epoxy resin is
1.16 g/cm? and cured GF/Epoxy composite is 1.98 g/cm3. From the data in Table
3.6 we see that the heat capacity of the composite at three directions are
different. This would result in three different values for the heat capacity of the
composite and they are 825, 809 and 775 ] /(kg - K) in the x, y and z directions,
respectively. But the heat capacity has to be a scalar quantity, so it is processed by

taking the average value, resulting in Cpc =803 J/(kg - K). This is about 11%

lower than that from the rule of mixtures approach above. For the epoxy resin, it
gets Cpr = 1164 ]/(kg - K) as mentioned above. It is still in the range of 1046 to

1256 ] /(kg - K) for the cured epoxy resin (Application Guide, Watlow®).

49



3.2.4 Resin and fiber volume fractions

For the fiber reinforced composites, the resin volume fraction is a very important
factor for the determination of thermal properties. In this thesis, the vacuum
infusion process is used for manufacturing the GF/Epoxy composites. During the
process, the resin volume fraction changes slightly because of different vacuum
pressures. Here a vacuum pressure at 200 mbar is applied in the vacuum bag. It
makes the resin flow smoothly along the fibers and ensures that it can reach the
high fiber volume fraction needed to improve the mechanical properties of the
composite.

According to the Standard Test Methods for constituent content of composite
materials (ASTM D3171-06), the method is to physically remove the matrix by
dissolving or burning off, leaving the reinforcement material essentially
unaffected and thus allowing calculation of reinforcement and matrix content (by
weight or volume). Before the testing, all of the six samples are dried in a dry oven
for six hours at 80 °C. Here, a furnace at 400 °C is used to remove the epoxy resin
matrix from the glass fiber reinforcement. The final mass of the samples after
combustion is obtained by taking the mass of the crucibles with fibers minus the
crucible mass as My = M.,y — M. Before the testing, the crucible should be
cleaned by heating to 500 °C or more in the furnace and cooled in a desiccator to
room temperature before weighing. The resin of the samples is removed by
heating at 400 °C for 4 hours. After that it is cooled down to the room
temperature within the furnace before taking it out.

The weight fraction of resin can be calculated by Equation 3.8 as:

M; — Mg 38
my = M; (3.8)
And the resin volume fraction can be calculated by Equation 3.9 as:
M; — M
y, = L1 Pe (3.9)
Mi Pr

where M; is the initial mass of the samples, My is the final mass of the samples

after combustion. It is already known that p, = 1.98 g/cm3, p, = 1.16 g/cm3
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(see Table 3.3). With the measurements of M; and M, we can calculate the resin
weight and volume fraction. The results are shown in Table 3.7.

Table 3.7 Experimental values of resin weight and volume fraction of GF/Epoxy

composites

Samples M; (g) M (g) vy m,

S1 4.67 3.47 0.439 0.257

S2 4.53 3.35 0.445 0.260

S3 4.52 3.34 0.444 0.260

sS4 4.92 3.65 0.442 0.259

S5 4.81 3.55 0.445 0.261

S6 4.47 3.30 0.447 0.262
Average 0.444 £ 0.003 | 0.260 = 0.002

According to the results from Table 3.7, the average value of resin volume fraction
is

v, = 0.444 and the resin weight fraction is m,, = 0.260. For the S-2 glassfiber
unidirectional epoxy composite (AGY®), its resin volume fraction is about
0.37~0.43 which is close to our result.

3.3  Cure Kinetics of epoxy resin system
3.3.1 Introduction to cure Kinetic models

As described in Chapter 2, cure kinetic models are applied to predict the curing
behavior of thermoset resins. In general, curing reaction of epoxy-amine systems
show complex kinetics and have been considered as autocatalytic reactions.
Furthermore, since according to the experimental results the initial reaction rate
of this resin is slightly above zero, it is more proper to use the nt" order +
autocatalytic reaction model (see Table 2.1).

In general , both isothermal and dynamic scanning method can be used for the
thermoset resin systems [18]. However, because the Airstone Infusion Resin is a
slow reaction resin, it requires to cure at 70 °C for at least four hours and an extra
four hours for the post-cure process at the same temperature. Considering the
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long isothermal curing process, isothermal scanning of DSC measurement is more
suitable to characteristic this resin system.

Various fitting methods have been developed to determine the kinetic
parameters. The most common method is using a multi-linear regression such as
the Kissinger and Ozawa methods [18-21]. However, these methods only can
figure out the parameters at one single temperature point at each time, but not
the full temperature range during cure. It can be called a local fitting method. In
the work of this thesis, a global fitting method is created to determine the kinetic
parameters at a group of different curing temperatures simultaneously.

3.3.2 Experimental preparation

To perform the DSC measurements properly, the following procedure was applied:

e All samples were prepared in the same manner. This includes that all samples
are taken from the same mixture, and using samples of roughly the same
weight. A sample weight of 10~15 mg is preferred.

¢ The recommended curing temperature for the Airstone Infusion Resin is 70 °C.
In order to cover the whole temperature profile in a curing composite, a more
broad temperature range from 60 to 110 °C is chosen with an interval of 10 °C.

® For anisothermal cure, the sample is heated from the initial temperature to
the curing temperature at a constant heating rate. The heating rate is chosen
depending on the thermal sensitivity of the resin system [22]. The heating
rate of 20 °C/min is implemented here.

e After reaching the curing temperature, it needs to hold on for enough time
that makes sure the sample is fully cured. Furthermore, due to the long curing
time for each DSC measurement, the untested samples in the waiting line
were stored in the fridge to avoid curing in advance.

3.3.3 Results and discussions

During the measurements, the DSC instrument records the change of heat flow
passing through a pan with resin and another empty pan as a reference for
calibrating the furnace. Totally seven experiments were performed at the
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temperatures of 60, 70, 80, 90 100 and 110 °C. Because all of the samples were
stored in the fridge below 0 °C, they firstly were equilibrated at 0 °C for 1 minute
and then heated up to the curing temperature at the heating rate of 20 °C/min.
The DSC results of heat flow versus time at different isothermal cure
temperatures are shown in Figure 3.7.
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Figure 3.7 DSC results of heat flows of isothermal cure reaction at 60, 70, 80, 90,
100 and 110 °C, respectively. The time scale here is only shown until 3000 seconds,
although the actual recordings continued until 21000 seconds.

Figure 3.7 shows that the reaction peaks increased with the curing temperatures
and the cure reaction at high temperatures are completed sooner than those at
the low temperatures. By integrating the heat flow with time, the total heat of
reaction can be calculated for each isothermal cure. However, for the isothermal
cure reactions at lower temperatures, it is difficult to reach the fully cured state
even for a very long curing time. Therefore, a dynamic curing process at heating
rate of 10~20 °C/min were carried out to measure the total heat of reaction
when a = 1. The results are shown in Table 3.8.

Table 3.8 Determination of total heat of reaction by dynamic curing process at
different heating rates
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Heating rate Total heat of reaction
(°C/min) U/9)
10 435.4
14 442.4
20 440.9
Average 4404

As a result, the total reaction heat is H, = 440 J/g. Because the total heat of
reaction is a constant for a particular resin, the final degree of cure of the
isothermal cure can be calculated as:

H*

Omax = H. (3.10)
T

where a4, is the maximum or final degree of cure of the isothermal cure. H* is
the heat generated by the reaction per unit mass of the resin. The resin is
considered to be uncured at @ = 0 and fully cured at @« = 1. Table 3.9 shows the

final degree of cure at different curing temperatures.

Total Final — 1
Isocure degree =
heat of 5 /
temp. . of 5
reaction S 09
cure o
() U/g) [ 3
60 340 0.77 o 08
70 348 0.79 go =—®—DSC measurements
80 372 0.85 5 ——Fitting curve
90 384 0.87 TEU > 60 70 80 90 100 110
100 415 0.94 -
110 424 0.96 Temperature, T, (°C)

Figure 3.8 Left: Table of the total heat generation at different isothermal cure
temperatures and the final degree of cure; Right: Curve of the final degree of cure
at different isothermal cure temperatures with its fitting curve.

A linear fitting curve of ;4 Was found and it is expressed as
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{0.0041TC +0.5185  60°C<T, < 117°C
Umax = 1, T.>117°C

(3.11)

In Equation 3.11, @,y 4, is @ function of the curing temperature in unit of °C. When
T, exceeds 117°C, it can be considered as fully cured.

For the isothermal cure process, the final degree of cure at 60 °C is only 0.77 and
increases to 0.96 at 110 °C. It shows that the final degree of cure is increasing with
the curing temperature. However, it is not significant to reach the fully cured state
by an isothermal curing process. Thus, the post-cure temperature is better to be
above 117 °C.

Since the measured heat flow curves are proportional to the reaction rate, we can
use the total heat of reaction to obtain the reaction rate. The expression is written
as:

da 1 dH, 312
dt  H, dt (3.12)

where dH,; is the heat at a specific time.

As mentioned above, the reaction rate can be calculated directly from the
measured heat flow data according to Equation 3.12. For the modeling of the cure
kinetics, it is useful to make a plot of the reaction rate versus degree of cure. The
results are shown in Figure 3.9.
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Figure 3.9 Reaction rate versus degree of cure at different isothermal cure
temperatures.

Subsequently integrate Equation 3.12 to obtain the curve of desired degree of
cure versus time. The results are shown in Figure 3.10.
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Figure 3.10 Degree of cure at different isothermal cure temperatures versus time.
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Figure 3.10 shows that at curing temperature 60 °C, it takes about 6 hours to
reach the final conversion. However, at curing temperature 110 °C, it is shortened
to 5000 seconds. Note that in Figure 3.10 the 100 and 110 °C curves overlap
because of experimental scatter. It shows that the curing time becomes shorter
when increasing the curing temperature. When the temperature rises to a certain
level, such as 100 or 110 °C, this time change could be very small.

3.3.3.1 Normalized degree of cure

It is found above that the maximum experimental degree of cure at different
temperatures does not always reach a = 1 which is caused by the diffusion
limitation effect [13]. A simple method to improve the expression of cure kinetic
models is to normalize the degree of cure. It can be modified in the form of:

a

a= (3.13)

amax
where @ is the normalized degree of cure. In this way, the maximum degree of
cure is automatically normalized to 1. Note that there are many other methods
which can incorporate the diffusion limitation effect (see Chapter 2).

According to the data of the reaction rate versus degree of cure, the results of
normalized degree of cure curves are shown in Figure 3.11.
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Figure 3.11 Reaction rate versus normalized degree of cure at different isothermal
cure temperatures.

3.3.3.2 Global fitting method for the estimation of cure kinetic

parameters

Here the intention is to determine the cure kinetic parameters. For the epoxy-
amine resin system, the nt"* order + autocatalytic cure kinetic model is chosen to

represent the reaction rate (cure kinetic Model 3 in Table 2.1). In this model, the
reaction rate Z—? is a function of the degree of cure @ and temperature T, with six
cure kinetic parameters Ay, E; |, A3, Eq,, m and n. Here the software
Mathematica 8 with the Quasi-Newton fitting strategy is used to find a globally
optimal fit based on the experimental data. The fitting results are shown in Table
3.9.

Table 3.9 Global optimal fitting values of cure kinetic parameters

Ay Eq, A, Eq,
Parameter m n

(1/s)  (J/mol)  (1/s)  (J/mol)
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Value 0.0010 13000 32000 50000

0.19

1.8

The fitting curves compared with the experimental data are shown in Figure 3.12.
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Figure 3.12 Global optimal fitting of the cure kinetic model (Model 3) at different
isothermal cure temperatures. The solid lines are the fitting curves and the

markers are the experimental data.

Figure 3.12 shows that it has a good agreement between the fitting curves and

the experiments. Only at the curing temperature 100°C, it has a notable deviation.

It may be cause by experimental scatter as mentioned before. At the end of the

cure, the experimental results are slightly higher than the fitting curves which

indicates that the diffusion limitation effect still exists but becomes very weak.

In Figure 3.12 the fitting curve is based on the nt" order + autocatalytic cure
kinetic model (Model 3). In addition, the fitting based on Model 2 as the first
reaction rate k; = 0, are also carried out the see the influence of the first reaction

rate. The results are shown in Figure 3.13 below.
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Figure 3.13 Global optimal fitting of the cure kinetic model (Model 2) at different
isothermal cure temperatures. The solid lines are the fitting curves and the
markers are the experimental data.

From the Figure 3.13 we see that the fitting curves for the cure kinetic Model 2
and 3 are almost the same though the reaction rate of Model 2 should be a little
bit lower than the value of Model 3 theoretically. This is because that the values
of k, is much smaller than k, as shown in Figure 3.14. The ratio of k, /k, varies
from 51 to 289 when the temperature is increasing from 60 °C to 110 °C. Thus, in
the actual modeling, the difference between Model 2 and Model 3 are very small.
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Figure 3.14 Reaction rate k, and k, versus temperature.

3.4 Conclusions

For the determination of the density, the rule of mixtures is used to predict the
uncured epoxy resin and GF/Epoxy composite and density determination kit
(Mettler) measurements are carried out for the cured ones. For the uncured
epoxy resin, the density is calculated as 1.10 g/cm? and for the uncured
composite, it is 1.92 g/cm3. The experimental results of cured epoxy resin and
GF/Epoxy composite are 1.16 g/cm3 and 1.98 g/cm3, respectively. Because of
the cure shrinkage, the cured materials are slightly heavier than the uncured. The
volumetric cure shrinkage of epoxy resin is 5.2% and it is only 3% in the GF/Epoxy
composite due to the fibers hindering.

Based on the previous thermal conductivity models, the thermal conductivity of
GF/Epoxy composite is evaluated at both parallel and perpendicular directions. In
Table 3.5 we can see that ky = 0.84 W /(m - K) and k, is in a range from 0.39 to
0.64 W /(m - K). Using the thermal conductivity analyzer instrument TCi, the
thermal conductivities of epoxy resin and GF/Epoxy composite are measured at
room temperature. For the epoxy resin, the thermal conductivity is 0.27

W /(m - K). As an anisotropic material, the thermal conductivities of GF/Epoxy
composite are different at x, y and z directions which are 0.75, 0.69 and 0.54

W /(m - K), respectively. These experimental results agree well with the
predicted values.
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Using the rule of mixtures, we calculated the heat capacity of GF/Epoxy composite
to be 902 J/(kg - K). Using the diffusivity, the heat capacity was estimated as
803 J/(kg - K) which is somewhat lower. For the epoxy resin, itis 1164 J/(kg -
K).

When using the rule of mixtures, the volume fraction and weight fraction of resin
or fiber are always needed which can be determined by a burning test. For the
GF/Epoxy composite, the resin volume fraction and weight fraction are 0.444 and
0.260, respectively. This result agrees with the typical resin volume fraction of 0.5
for a composite manufactured by the vacuum infusion process.

For this epoxy-amine resin, the nt" order + autocatalytic cure kinetic model is
used and DSC measurements are carried out to determine the kinetic parameters.
Here isothermal DSC method was used to determine the heat flow during cure at
60, 70, 80, 90, 100 and 110 °C. It is found that it is hard to reach the fully cure at
the isothermal curing temperatures. It is measured that the degree of cure is 0.77
when it is cured at 60 °C and it increases to 0.96 when it is cure at 110 °C. The
dynamic DSC method is used to determine the total heat of reaction during cure
which is 440 J /g measured at different heating rates. In order to count the
diffusion limitation effect, a normalized degree of cure is used for the
experimental data process. With the normalized degree of cure, reaction rate at
different curing temperatures, the global fitting method is built up to find a
solution of the kinetic parameters. Compared to the normal fitting methods, this
global fitting method can search for the solution in the whole temperature range
instead of finding the fitting curves at each specific temperature, so it can give a
more comprehensive and robust result.
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4

Analytical Approximation of Core
Temperature

4.1 Introduction

In the past decades several studies on analytical solutions have been published for
thermo-chemical behavior in composites during cure. Because the parameters
such as curing temperature, cure kinetics, are so important for the curing process,
dimensionless groups correlating to these parameters were introduced for the
evaluation of these thermo-chemical models. Also because the temperature
profile during cure is not constant, it rises when the curing reaction goes on until
reaching its peak value, then it goes down while the reactants are finished, so this
nonlinear profile needs to be evaluated by a tool like dimensionless groups.

In addition, researchers also show interests in providing a definition for a thick
composite. Previously the definition of a thin or thick composite mainly depended
on its geometry. However, in a thermo-chemical model, it has to include the
thermal effect. For a thin laminate, the heat generated during cure can be
conducted to the surroundings in a short time. Even for a low thermal
conductivity composite material, the core temperature will not increase too much
in thin laminates [1]. However, the situation in a thick laminate is quite different.
Because of the low thermal conductivity, the reaction heat generated in the core
is trapped inside the laminate. As a result, the core temperature will rise. Since
the reaction rate increases with temperature, even more heat is produced,
leading to a large temperature overshoot in the core. Some unexpected defects,
such as deformation, overheating or thermal residual stresses may occur by this
temperature overshoot.
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One way to deal with this problem is to determine a critical thickness for the
curing composites. This critical thickness was first mentioned by Broyer who
developed a critical half thickness for adiabatic curing systems [2]. Balvers
introduced a numerical method to predict the maximum achievable thickness
according to the material degradation temperature for thick-wall composites [3].
Also Second introduced dimensionless groups including a modified Damkohler
number and finally defined a critical thickness to distinct the composite parts
between thin and thick [4]. In this thesis, we will develop analytical solutions to
predict the core temperature as well as temperature distribution through the
thickness, and use it to define a new critical thickness which includes cure kinetic
parameters as well as thermal and processing parameters.

4.2 Governing equations

In this chapter, a scaling analysis using dimensionless numbers is proposed to
evaluate the curing process of the epoxy-based composites. Before introducing
the thermo-chemical model, some assumptions have to be made for simplifying
the modeling processes and calculations.

During this composite manufacturing process, epoxy resin flows through fibers
following with curing reaction. The thermal equilibrium between the resin and
fibers can be expressed by Equation 4.1 (see also Chapter 1).

— da
pcCo =+ Py (V-VT) = V(e VD) +  puvH— (4D
c ot dt
Heat
Transient Convection Conduction
generation

where p, C,, k, are the density, heat capacity and thermal conductivity,
respectively; V is the velocity of the resin flow; v,. is the resin volume fraction, and
H,. is the total heat generated during cure. The subscripts ¢ and r denote
composite and resin, respectively. Equation 4.1 shows that the overall energy
equation consists of a transient, a convection, a conduction and a heat generation
term. The convection term is due to the motion of the epoxy resin. Because this
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model is focusing on the curing stage, the resin flow velocity is considered as zero,
thus the convection heat term is neglected.

The following assumptions are made:

1. The resin filling phase is neglected and at time t = 0, the mold is occupied
by uncured resin at temperature Tg;

2. One dimensional heat transfer model through the thickness;
3. Constant thermal-physical properties;
4. Autocatalytic cure kinetic model;
5. Wall temperatures are constant as 7.
: L
:|: 2
y [T 0
L
2

Figure 4.1 1D heat transfer model of a cross-section view. z-direction is through
the thickness of the composite (thickness is L).

Note that the wall temperature of the composite is kept at T, for both sides, so

the temperature curve is symmetrical in the thickness direction. In Figure 4.1 the
boundary conditionsare T(t =0) =T,, T (Z = i%, t) =T,.

After applying the above assumptions, the thermo-chemical model can be written
as:

aT 92T da
'DCCPCE = kzzﬁ"'prerrE (4.2)
where the second term on the left side of this equation is the internal heat source
generated by the curing reaction. The thermal-physical properties, such as p,, Cpc'
k.., pr, U and H,. are all constant (see Chapter 3). The reaction rate is considered
to be an autocatalytic cure kinetic model (Model 2 in Table 2.1) which can be

written as:
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C;—f =A-exp(— %) a™(1—a)” (4.3)
Note that this is a simplification of the more general nt" order + autocatalytic
model that was used for the material characterization in Chapter 3. However,
Equation 4.3 produces a kinetic fit which does not deviate much from the cure
kinetic Model 3 according to the corresponding graphs in Figure 3.12 and 3.13.
Thus, it is assumed to be able to model the cure kinetics in a sufficiently accurate

way.

In this study one of the aims is to determine the maximum temperature during
cure. The core temperatures starts at T, and then rises due to the curing reaction
until it reaches its maximum. When the maximum temperature is approached, the
heat generation term is balanced by the heat conduction to the mold walls and
the transient term on the left side of the equation can also be neglected. Then
Equation 4.3 becomes:

0°T da

Kzz 922 + prvr-H, dt =0 (4.4)

By this assumption the core temperature will be slightly over estimated.
. . . . da . .
Furthermore, by analyzing Equation 4.3, we find the reaction rate d—': is at its peak

value at:

m
& = —— (4.5)

Combining Equation 4.3 - 4.5, the thermo-chemical model in this steady state can
be expressed as:

0°T 1 E,
ﬁ + k_zzprerrA €Xp (_ ﬁ) 'f(a)max =0 (4-6)

where f (@) max 1S @ constant (see Equation 2.10).

Since we assume the reaction rate is at its peak value, it again overestimates the
peak temperature. This equation is a second-order partial differential equation for
the temperature with an exponential temperature term and it is difficult to solve
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it analytically in this way. The following paragraphs will introduce how to find
approximate solutions for this problem.

4.3 Non-dimensionalization process

To solve Equation 4.6, dimensionless numbers of characteristic temperature and
characteristic thickness were introduced in the definition of:

T—T ;=2 47

where T is the dimensionless temperature, T is the curing temperature in Kelvin
which is applied by the wall of the heating mold; Z is the dimensionless thickness,
L is the total thickness of the composite.

After inserting this into Equation 4.6, we obtain:

9T —c . 1
—A+N ' ex (T)=0, T(ZA=i—)=1 4.8
02% o XP 7 2 (%8)
where N, is a dimensionless number and c is a constant. Their expressions are:

2

Ng = PrvrHr Af (@) max (49a)
kzzTc
E
c=— (4.9b)
RT, :

The dimensionless number N, depends on the parameters of the material
properties k,,, p,, vy, cure kinetic parameters H,., A, m, n, and process
parameters L, T,.

In Equation 4.8, the term of T is a part of an exponential function, which makes it

difficult to solve. Therefore, we write T = T, + AT, such that T becomes

& _ Tc+AT

T = 14 AT, where AT is the temperature difference. Note that since T,

c

is in Kelvin, the temperature difference AT is always relatively small such that AT
1 1

o 1+AT 1=
AT + O(ATZ). Here the error in this approximation is no more than AT?2. Finally,

is typically 0.1 or less. Thus, the term of%can be expanded as
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the exponential function in Equation 4.8 can be expressed as exp (%C) =

exp [—c(l - AT‘)].
Taking the above approximations into Equation 4.8, it becomes:

o°T ] P (5 =+ 4.10
557 + Vo - exp(c AT) =0, AT(z=i§)=0 (4.10)

where N, is expressed as N, = N - exp (—c).

Let @ = c - AT, and rewriting the Equation 4.10 then it gives

9% . .
N =0, 9(z=i—)=0 (4.11)

where N, is expressedas N, = c-N, =c-e - N,.

2

C
N, =——— H.A 4.12
c eckzzTc PrVrily f(a)max ( )

As shown in Equation 4.12, in a curing composite, the dimensionless number N, is
related to the composite thickness, curing temperature, cure kinetic parameters
and material properties.

Equation 4.11 is a nonlinear differential equation which is known as the Bratu’s
equation. In 1914 Bratu solved a second order Ordinary Differential Equation
(ODE) which was used to analyze the temperature distribution in a 1D combustion
model. Now this equation has been applied in solid fuel thermal combustion
problems, chemical reaction theory, radiative heat transfer and nanotechnology,
as well as the expansion of universe [5]. According to Bratu’s theory [6], once it

1

2) = 0, the exact

satisfies the two-point boundary condition as 8 (— %) =0 (

solution is given as:

/N

P
cosh 4

cosh(

?)
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where ¢ satisfies:

@ = J2ZN,cosh (%) (4.14)

Equation 4.14 is a transcendental function. Unlike algebraic equations, such
equations often do not have closed form solutions. Many researchers studied and
found different types of solutions, such as Boyd who used Chebyshev polynomials
method to solve the 1D Bratu’s equation, and Karkowski introduced four kinds of
numerical methods in one, two and three dimensions [7-13].

This transcendental equation has two roots ¢4 and @, (@1 < @,) of which ¢, is
discarded because that means that for increasing N, the dimensionless
temperature 6(2) would decrease which is not realistic in our situation. Thus, we
only consider the first root ¢;.

In order to find an approximate expression for @ (N,), we first evaluated Equation
4.14 numerically and plotted the results as the triangle markers in Figure 4.2. The
solution thus appeared to be a monotonically increasing function of N, with an
asymptote near 3.5. From the study of Bratu’s equation, we find that this
asymptote is given as N, = 3.5138 [8, 14-19].

VA

PN = arl

2
+ arcsin (a— N, —1)] (4.15)
2

With the boundary condition ¢(0) = 0 and ¢(N,.) = ¢, then we can get

Pc

a1=?

, A, = N... Here @, is the critical value of ¢ being ¢, = 4.7987. The error
between the exact solution and this approximation was evaluated by R-squared
method, R? = 0.9952. Using this closed form approximation, it reduces the
computation of Bratu’s equation to an algebraic equation which is more efficient

for solving the problem.
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Figure 4.2 Exact and closed form approximation of the transcendental equation
P(Ne).

Figure 4.2 shows that the closed form approximation is slightly higher than the
exact values but they are strictly equivalent at the start and end points.

With these results, the dimensionless temperature 8(Z) can be calculated by
using Equation 4.13 and 4.15, and the results are shown in Figure 4.3.
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Figure 4.3 Predicted dimensionless temperature distribution 6(Z) at N, =
1,2,3,Ng.

As shown in Figure 4.3 the predicted dimensionless temperature 8(Z2) increases
with the dimensionless number N.. For the different values of N, this means that
different curing temperatures or laminate thicknesses are used for the
manufacturing and results in different temperature distributions through the
thickness.

Furthermore, the maximum dimensionless temperature for a thick curing
composite has also been studied. Inserting Z = 0 into Equation 4.13, the
expression of 6,,,, is given as:

Omax = 2In|cosh (%)] (4.16)

Since @ (N,) depends on the dimensionless number N, the maximum
dimensionless temperature only varies with N, as shown in Figure 4.4.
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Figure 4.4 Analytical solution of maximum dimensionless temperature 0,4, Vs.
dimensionless number N_.

As shown in Figure 4.4 that the maximum dimensionless temperature 6,4,
increases with the dimensionless number N.. When it is close to the critical value
of N,, the value of 0,,,, increases asymptotically. It indicates that if the boundary
conditions like curing temperature or laminate thickness increase, the curing
reaction speed will accelerate and generate much more heat, leading to a very
high temperature overshoot in the core of a curing composite.

Note that Figure 4.3 and 4.4 are dimensionless graphs and were calculated
without using specific material or process data. It means that the cosh shape of
the temperature profile and the asymptote behavior near the critical limit will also
be observed in all practical situations.

4.4 Determination of critical thickness

According to the Equation 4.12 the dimensionless number N, depends
quadratically on the thickness L. Since the critical dimensionless number N, has
been found, the critical thickness L. can be calculated as:
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— eCNCC kZZTC (4 17)
CprerrAf(a)max

c

Equation 4.17 shows that the critical thickness L. is related to the curing
temperature T,.. Moreover, it is inversely proportional to the cure kinetic terms
H,Af (@) max, Which means that if the cure reaction speed accelerates, the value
of the critical thickness has to decrease.

We can compare this with the expression of Second (2011) mentioned earlier in

Chapter2, L3¢cond = /chpCez:f%' These two equations differ by the factors of

the dimensionless number N.., the curing temperature T, the resin’s material
properties of p,, v, and the total heat generation H,.

If we use the material properties of a typical epoxy resin mentioned in Chapter 3,
we can find the relation between the critical thickness L. and curing temperature
T, as shown in Figure 4.5.
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Critical thickness, L. (mm)

0 1 1 1 1 1 J
50 60 70 80 90 100 110

Curing temperature, T.(°C)

Figure 4.5 Analytical critical thickness L. vs. curing temperature T, from 50 to 110
°C.

As shown in Figure 4.5 the critical thickness is decreasing with the curing
temperatures. It means when the applied curing temperature increases, the
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acceptable critical thickness of the laminate has to decrease to avoid extreme
temperature overshoot in the composite. For example, if a laminate is cured at 50
°C, the maximum thickness is allowed up to 31 mm. However, if it cured at 110 °C,
then the maximum thickness reduces to 8.6 mm.

Besides the critical thickness, 8,y also can be expressed in the form of 6,,,,, (L)
based on Equation 4.16. The results are shown in Figure 4.6.
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Figure 4.6 Analytical maximum dimensionless temperature 0, ,, vs. thickness L at
curing temperature 70, 80 and 90 °C, respectively.

Note that at different curing temperatures, the maximum dimensionless
temperature 8,,,, has its own critical thickness. It also shows that the values of
the critical thickness is inversely proportional to the curing temperature. For
example, if set the upper limitation as 6,,,, = 1, the critical thicknesses at curing
temperature 70, 80 and 90 °C are 19.1 mm, 15.3 mm, 12.5 mm, respectively. It
means at the same 8,,,,, level, the allowable thickness for a curing composite has
to be thinner while increasing the curing temperature. More practical examples of
the use of these equations are presented in Chapter 6.
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4.5 Core temperature

The main purpose of this study is to predict the maximum temperature in the core
of a curing composite. According to the definition of the maximum temperature
difference AT, 4., the expression can be written as:

T,
ATmax = ?C Omax (4.18)
In the Equation 4.18, since % is the scale factor for 8,,,,,, the figures of AT,,,, and

Omax are similar. With this equation, we can predict the maximum temperature
overshoot in a curing composite for a certain thickness and curing temperature.

In Section 4.3, we made an assumption for%with an error O(AT?). Now we can
calculate the maximum value of AT that is about 0.0677, so that 0(AT?) ~

0.0046. Thus, the approximation for % is quite acceptable.

Here the analytical solutions are verified by the numerical method that the
laminate thickness is within its critical thickness as shows in Figure 4.7. The details
about the numerical process will be described in chapter 5.
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® Numerical results (70 degC)
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Figure 4.7 Analytical and numerical results of AT, versus thickness at curing
temperature 70, 80 and 90 °C, respectively.

As shows in Figure 4.7 that the analytical results agree well with the numerical
values. Only when approaching the critical thickness, the analytical solutions
become slightly higher than the numerical results which is caused by the
approximation process in the analytical model. At 70 °C, the analytical AT, is
15.1 °C and the numerical result is 12.1 °C, the deviation between them is 3 °C. At
80 °C and 90 °C, the deviations are 3.3 °C and 4.1 °C, respectively. But it is still
acceptable compared to their curing temperatures.

4.6 Conclusions

For the thermo-chemical phenomenon in a curing composite, a 1D heat transfer
model was established to calculate and simulate the temperature profiles through
the thickness. In this study it was focusing on the case of the maximum
temperature during the curing reaction. Some assumptions and simplifications
were made for the calculations of a dimensionless number N, which depends on
the curing temperature T, thickness L, cure kinetic parameters and its material
properties. It is an important factor as a ratio of conduction heat and reaction
heat. A critical dimensionless number N, was found which indicates that a
steady-state thermo-chemical model can be accomplished only below this value.
Using the critical dimensionless number N.. we can calculate the critical thickness
L. at different curing temperatures. The results show that it is decreasing with the
curing temperature T, which means if the laminate is cured at a higher
temperature, the thickness has to be thinner to avoid the temperature overshoot.
Moreover, based on the well-known Bratu’s equation, a new analytical
approximation was found which matches its exact values well.

Furthermore, a direct closed form expression for the dimensionless temperature
6(2) was obtained which can be used to evaluate the temperature profiles
through the thickness. Similarly, the maximum dimensionless temperature 6,
and the maximum temperature difference AT, ,, can be calculated to predict the
temperature overshoot in the core of a curing composite.
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In order to find out how appropriate our series of simplifications is, numerical
simulation was studied to compare with these analytical solutions. The results
show that the predicted maximum temperature difference agrees well with its
numerical results within the critical thickness. Only when approaching the critical
thickness, the analytical values are slightly higher than the numerical ones which
is caused by the approximation process. The deviations between them are less
than 4.1 °C. This part of work will be the topic of the Chapter 5.
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5

Numerical Study of Temperature
Distributions in Thick Thermoset
Composites

51 Introduction

In this chapter, a numerical method is developed to simulate the thermo-chemical
behavior in a curing GF/Epoxy composite. In Chapter 4, we found an analytical
solution for predicting the temperatures through the thickness of a composite
during cure. Here a numerical solution is used to verify the analytical solution
numerically. Furthermore, the degree of cure in the composites during cure also
can be obtained which could be very important for the mechanical properties of
the composites.

Generally an analytical study can solve a physical or chemical problem which has a
simple geometry or boundary conditions. However, most of the practical
engineering processes are multi-physical problems which may have a complex
geometry and/or boundary conditions. In the last decades, with the development
of computer science, the numerical methods, such as Finite Difference Method
(FDM), Finite Element Method (FEM) were developed for 1D, 2D and 3D heat
transfer problems [1-8]. For example, Kim and White studied an 1D transient heat
transfer problem for a continuous curing process in a thick thermoset composite
[9]. Bogetti and Gillespie built a 2D model to predict the temperature and degree
of cure in thick glass/polyester and Graphite/epoxy composites [5]. The results
show that the 2D model is efficient to work at arbitrary cross-section of a
composite, while the 1D model is significantly influenced by the part geometry
and the anisotropic material properties. Using a 3D transient heat transfer FEM
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analysis, Oh simulated the curing process in thick glass/epoxy composites [10].
The results show that the laminate thickness has a dominant influence on the
temperature distribution in the core compared with the laminate size (length and
width). Moreover, a 3D model provides more accurate predictions than a 1D
model.

The general process of the numerical analysis of a heat transfer problem is to find
an approximate solutions of the algebraic equations of the temperature field
based on a finite amount of discrete points on the physical body in the time and
space coordinates. The workflow of this process is represented in Figure 5.1.

Establish governing equations and
boundary conditions

v

Determine the nodes
(Discretization)

\

Build algebraic equations for the nodes

Set the initial conditions for the temperature field <—

Solve the algebraic equations Modify the initial
\L conditions
No
Convergence?

\L Yes

Output results

Figure 5.1 Workflow of numerical solution process.
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5.2 Numerical processes

According to the workflow of the numerical solution, the first step is to establish
the governing equation for the thermo-chemical model. This governing equation
is based on the heat transfer equation which has an internal heat source. It is used
to evaluate the temperature distribution as well as the degree of cure. As
mentioned before, the size of the composite almost has no influence on the
temperature in the thickness direction in the center of a composite during cure.
Here we build a 3D heat transfer model for the simulation instead of 1D model.

5.2.1 Governing Equation

For a 3D transient heat transfer problem, the geometry of the part is subdivided
into a number of small regions which can be solved by numerical techniques such
as FEM later. For an arbitrary finite element in the part, the heat flux passes
through it and separates into x, y and z directions as shown in Figure 5.2.

Qz+dz
Qy+dy

Qx — E Q T Qx+dx

Figure 5.2 3D heat transfer analysis in a finite element of a part.

In order to get the mathematical formulation of this thermo-chemical model, it
has to obey the law of conservation of energy and the Fourier’s law of heat
conduction, then this governing equation becomes the partial differential
equation (PDE) of heat conduction. According to Equation 1.1, the governing
equation can be written as:
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or_, 62T+62T+62T , 0
ot (axz dy? 0z PcCp, GD

where D is the thermal diffusivity. In a 3D model, the temperature variation is
expressed as T(x, y, z, t). Q is the internal heat per unit volume W /m?3 generated
by the curing reaction.

5.2.2 Initial values and boundary conditions

In a 3D model, the dimension of geometry is defined by length x width x height.
Here the height is treated as its thickness. As mentioned before, Oh found that
the temperature in the middle is not influenced by the size of the composites
when the length varies from 200 mm to 1000 mm. Thus, here we choose a
200mm X 200 mm square laminate with a 40 mm thickness as the geometry of
the composite.

Refer to the analytical solution in Chapter 4, the initial temperature of the
composite is the same as the curing temperature. Thus, at time t = 0, the initial
temperature of the composite is:

T(x,y,2,0) =T, (5.2)

The experimental set-up is designed such that the laminate is placed between a
heating mold which has a constant surface temperature T;, where Tg = T.,..
Practically, because of the thermal resistance, the initial temperature cannot
distribute evenly through the thickness if it is heated from the outside surfaces.
However, the experimental measurements show that the initial temperature
gradient in a 40 mm thick glassfiber laminate is less than 1°C in the steady state.
Therefore, we assume that the initial temperature in the laminate is even.

Here the temperature T is applied to the top and bottom surfaces of the laminate
and the vertical walls are all thermal insulated as shown in Figure 5.3.
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Figure 5.3 Geometry of a laminate and its boundary conditions.

On a thermal insulate wall, there is no heat flux passing through from one side to
another side. This boundary condition is also suitable for the situation where the
laminate has an infinite size of length and width.

The boundary conditions can be written as

T(x,y,0) =T(x,y,L) =T (5.3)

For the thermal insulation walls, it has

oT
—k—

0x =0

x=0
x=Ww

aT

B @| =0
y=W

(5.4)

In this case, because of the thermal insulation and heating mold, there is neither
convection nor radiation on the side surfaces of the laminate. This heat transfer
model then becomes a heat conduction problem with constant surface
temperature and an internal heat source generated by the curing reaction.

In Chapter 3, all required material properties were determined by a set of
dedicated experiments. In addition, proper material values have to been chosen
for the modeling process. The results are shown in Table 5.1.
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Table 5.1 Material properties and initial values for the heat transfer modeling

Name Value Unit Description

w 200 mm Length and the width of the laminate.

L 40 mm Thickness of the laminate.

T, 70 °C Curing temperature.
Tini T, °C Initial temperature for the laminate.
Pe 1.98 g/cm3 Density of the composite
Cpc 902 J/(kg - K) Heat capacity of the composite

W /(m Thermal conductivity of the composite
k. {0.75,0.69, 0.54} K in the x, y and z directions,
respectively.
Or 1.16 g/cm®  Density of the resin.
Uy 0.444 [—] Resin volume fraction.

The cure kinetic parameters for this modeling are taken from Table 3.9. Here the
experimentally determined densities of the cured resin and composite are chosen.
For the heat capacity of the composite, the value determined by the rule of
mixtures is used as described in Chapter 3. The thermal conductivity of the
composite is determined by the TCi measurements in the x, y and z directions,
respectively. Although the material properties are varying with the temperature
and degree of cure, constant room temperature values are used in this model.

5.2.3 Coefficient form PDE for the heat transfer model

Here the Heat Transfer Module of COMSOL Multiphysics 4.4 with MATLAB is used
to evaluate the temperature distribution and degree of cure. In this heat transfer
module, the temperature T is the only default global variable. However, in order
to calculate the internal heat source, the degree of cure should be also a global
variable which is coupled with the temperature during the entire simulation.
Therefore, a heat transfer model with two dependent variables (T, &) has to be
built up.

According to Equation 1.2, the internal heat source term can be defined as:
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Q = pyvpHyd(a, t) (5.5)
where d(a, t) is the reaction rate %. It is a differential operator that is a

differentiation of the degree of cure a with respect to time t.

According to the cure kinetic model 3 in Table 2.1, the reaction rate can be
written as:

d(a,t) = [k (T) + kp(T) - a™]- (1 = )" (5.6)

where k; and k, are the Arrhenius dependent rate constant as a function of the
temperature. Thus, the internal heat source Q becomes a function of temperature
and degree of cure.

Using the coefficient form PDE, the second dependent variable a can be added to
the heat transfer model. To solve the degree of cure, a general form of the
coefficient form PDE is used and expressed as:

0%a da
eaﬁ+daa+v-(—cVoc—ua+y)+ﬁ-Va .7)

+faa=f
According to Equation 5.6, the second derivative of the degree of cure is not used
here, thus we sete, = 0and d, = 1and f = d(a, t). Other parameters on the
left side of the equation are all set as zero. In this operation, the reaction rate
d(a,t) is calculated in both time and space and the degree of cure is also
obtained simultaneously.

53 Results and discussions

In practice, it needs time to preheat the dry fibers to the required initial
temperature as well as the resin infusion process. In this simulation, we assume
that the fiber preheating and resin infusion are both prepared at time t = 0. Then
the curing reaction starts and generates heat as an internal heat source. The total
curing time is more than 4 hours, here we only study the specific time sections
which may contain the most important information during these periods.
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As shown in Figure 5.3, the temperature Ty is applied on the whole top and
bottom surfaces with thermally insulated vertical walls. As a result, the
temperature gradient only exists in the z-direction and the temperature on the
xy-plane is uniform even if it is an anisotropic material. Thus, the study is focused
on the temperature distribution, degree of cure and reaction heat through the
thickness.
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Figure 5.4 Temperature distribution during cure through the thickness of the
composite at time 0, 200, 300, 400 and 700 s (Here it only shows the temperature
increase stage, T, = 70 °C).

Figure 5.4 shows that because of the curing reaction heat, the temperature of the
composite is rising quickly. The temperature reaches its maximum value at 700 s.
After that it decreases to its initial temperature again until the material is fully
cured. In the middle point of the thickness, it is the highest position of the
temperature during cure. The temperature evaluation at this middle point is
shown below.
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Figure 5.5 Temperature vs. time at the middle point and the surface through the
thickness of the composite during cure (T, = 70 °C, L = 40 mm).

From Figure 5.5 we can see that the temperature increases from 70 °C to its peak
temperature 137.1 °C at time t = 700 s. After that the temperature decreases
until it returns back to the initial temperature. During this period, the heat
generated by the curing reaction provides the power of the temperature changes

in the composite.
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Figure 5.6 Reaction heat in the middle and surface of the composite during cure
(T. =70°C, L =40mm).

The reaction heat curves are different and vary from the middle to the surface in
the composite during cure. Figure 5.6 shows that the middle and surface points
reach their peak values at time t = 490 s and t = 240 s, respectively. For the
middle point, the peak values of the reaction heat is 4.21 X 105W/m3 and at the
surface, it is 9.65 x 10*W /m3. As known from Figure 5.5 at time t = 700 s, it
reaches the peak temperature in the middle and the reaction heat at this moment
is 1.76 X 105W/m3. It means that before time t = 700 s, the heat generated by
the curing reaction is higher than the heat conducted from the middle point to its
surroundings. In this situation, the middle point is heated up continuously until it
reaches its peak temperature. However, after time t = 700 s, the reaction heat is
not enough to balance the heat conducted to its surroundings and then the
temperature goes down. For the points at the surface, because of the constant
temperature load, the reaction rate is limited at a lower level compared to the
middle point. In this situation, its reaction heat is lower and stopped earlier
compared to the middle point.
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Because of the temperature gradient, it also creates a degree of cure gradient in
the composite through the thickness. Here we only study the first 6000 s of the
curing reaction though the total curing time is 4 hours. Figure 5.6 shows the
degree of cure distribution in a composite during cure.
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Figure 5.6 Degree of cure distribution through the thickness at time 0, 300, 700,
3000 and 6000 s during cure (T, = 70 °C, L = 40 mm).

From Figure 5.6 we can see that the degree of cure increases to approach the fully
cured state. In the first 700 s, the degree of cure increases from 0 to 0.79 in the
middle of the composite. Because the temperature at the edge is lower than the
middle, the degree of cure there is only about 0.27. Thus, the degree of cure
gradient between these two point is 0.52 which is extremely high. Furthermore, in
the first 3000 s, the degree of cure increases to 0.94 and the remaining
approximate 0.01 takes a similar time 3000 s. The degree of cure changes with
time are shown in Figure 5.7.
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Figure 5.7 Degree of cure in the middle and surface through the thickness during
cure (T, = 70°C, L = 40 mm).

Figure 5.7 shows that the degrees of cure distributions are different in the middle
and surface of the composite during cure. In the first 1000 s, the resin is cured
quickly and it reaches @ = 0.9 in the middle point. After that it takes a long time
to approach the fully cured state. At time t = 6000 s, the degree of cure in the
middle reaches 0.95, but at the surface it is only 0.84. For the isothermal curing at
70 °C in Table 3.9, the final degree of cure of a pure resin is 0.79 in the DSC
measurements. Compared these two groups of results we found that the reaction
heat in a thick composite can increase its degree of cure.

5.4 Conclusions

In this chapter, a 3D heat transfer model is established to simulate the
temperature and degree of cure distribution in the composite. As a thermo-
chemical model, the governing equation is based on the heat transfer equation
with an internal heat source. Here a laminate with dimensions of 200 x 200 X
40 mm is simulated with the material properties determined in Chapter 3. The
top and bottom surfaces are heated at a constant temperature 70 °C and the
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other surfaces are thermally insulated. In this situation, the temperature gradient
only exists in the z-direction. Thus, the study is focusing on the temperature
distribution through the thickness in the middle of the central section. Once the
curing reaction starts, the temperature in the composite increases quickly. It
reaches its peak temperature 137.1 °C within 700s at the middle point. After that,
because the reaction heat is less than the heat conducted from the middle to the
surfaces, the temperature at the middle point starts to decrease. In this 40 mm
thick composite, the degree of cure at the middle point reaches approximately 0.9
at 1000 s, but it is only 0.37 at the surface. Because of the temperature gradient
through the thickness, the final degrees of cure at 6000 s at the middle and
surface points are 0.95 and 0.84, respectively. It means that the gradient of the
degree of cure distribution through the thickness can be significantly large at the
end of the cure that may occur the residual stresses.
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6

Experimental Validation
6.1 Introduction

In the previous chapters, the analytical and numerical solutions have been
introduced to predict the temperature distribution in the curing composites. In
this chapter experiments are carried out to validate the results of those solutions.
According to the thermo-chemical model, the key parameters for manufacturing a
thick composite are the thickness and curing temperatures. Thus, these two
parameters are considered as the variables used for the design of the experiments.

6.2  Setstandard curing temperature and standard thickness

In order to have a comprehensive view of the temperature changes in a curing
composite, different thickness composites are selected for the experiments which
also be cured at selected different temperatures. Before determining the test
range of the thickness and the curing temperature, the standard thickness and
standard curing temperature have to be set.

Here the standard thickness is selected to be close to the critical thickness, so that
it can generate significant heat to be measured during the experiments. According
to Equation 4.17, the critical thickness L. is 19.4 mm when the laminate is cured
at 70 °C. Besides, the thickness of one lay of the Glass Fabric 1200 is 0.8 mm when
it is placed in the vacuum bag under the pressure. Finally, the laminates with 20,
30, 40 and 50 layers are used for the experiments and their final thicknesses are
16, 24, 32 and 40 mm, respectively. Here the 40 layers laminate is chosen as the
standard thickness.
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For the Airstone epoxy resin system, the recommended curing temperature is 70
°C. At this temperature, the resin can be cured within 4 hours. From the
experimental measurements, the temperature overshoot already becomes
significant high when the composite is cured at 90 °C (see the results in Section
6.4). Thus, the temperatures of 70, 80 and 90 °C are selected as the curing
temperatures for the experiments and 70 °C is set as the standard curing
temperature.

In addition, other factors such as boundary conditions, the properties of heating
mold and experimental procedure, will be discussed in this chapter.

6.3 Experimental set-up

The GF/Epoxy composites were manufactured for these experiments as
mentioned in Chapter 3. Airstone® infusion Epoxy resin system and AGY® Tri-axial
Glass Fabric 1200 were used as the resin matrix and the reinforced material,
respectively.

6.3.1 Vacuum infusion process

The vacuum infusion process (VIP) is applied here for manufacturing the
composites. VIP is a technique that uses vacuum pressure to introduce the resin
into the laminate in a mold. The pressure is applied by the atmosphere against an
evacuated system (vacuum pump). Normally vacuum pump is placed at the
location where the resin is to fill last [1]. Compared with resin transfer molding
(RTM), VIP is a single-sided open mold or termed vacuum-assisted resin transfer
molding (VARTM). It only has an excellent surface finish on the mold side.
However, it can improve the fiber-resin ratio to obtain a fiber volume fraction
about 45-55% [2]. The vacuum infusion set-up is shown in Figure 6.1.
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Figure 6.1 Vacuum infusion process set-up.

During the infusion and curing process, the vacuum pressure is set at 200 mbar
and it is keeping constant during the whole process. As shown in Figure 6.1, a
solid half mold (here it is a flat aluminum plate) is used for placing the glass fiber
laminate, vacuum bag, inlet and outlet tubes and tacky tape, etc. Note that, as
described in Chapter 4, the heat source is applied from both sides of the laminate.
Thus, in order to heat it up symmetrically, another half mold is placed on the top
of it inside the vacuum bag as shown in Figure 6.2. In addition, three
thermocouples are placed inside the laminate through the thickness as shown in
Figure 6.4. The experimental VIP set-up is shown in Figure 6.2.
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Figure 6.2 Experimental VIP set-up. (a) The laminate with VIP set-up; (b) Schematic
cross-section view of VIP set-up.

The heating system is a temperature-controlled water heating mold. The mold is
made by an aluminum plate and the thermal conductivity is about 237 W /(m - K).
The inlet and outlet tubes are on the bottom and top of the mold, respectively.
When the heating water passing through the tunnels that distributed evenly

inside the mold, the temperature difference on the mold surface is very small (less
than 1 °C in these experiments). The structure of this heating system and the
vacuum infusion set-up are shown in Figure 6.3.

(a) (b)
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Figure 6.3 Structure of the heating system. (a) 3D model of the heating system; (b)
Experimental heating system with VIP set-up.

As shown in Figure 6.3 that the VIP set-up is fixed between the mold. The whole
set-up is placed vertically which will let the resin flow from the bottom of the
laminate to the top. This set-up helps the resin impregnating the dry fibers in one
direction to avoid creating the voids. Moreover, this heating mold is opened at
the edge of the part. However, these experiments only investigate the
temperatures in the center of the laminate through the thickness, a proper size
(big length-to-thickness ratio) of the laminate can significantly weaken the heat
dispersion by the edge. A glass fiber mat is also used as the thermal isolation
material to prevent the heat loss. The dimension of the laminate is 200 mm X 200
mm, the solid half mold used in the VIP set-up is 300 mm X 300 mm (2 mm thick),
the heating mold is 250 mm X 250 mm. The heating mold is fixed on a mold
framework and the VIP set-up is clipped between the heating molds.

6.3.2 Thermocouples

For the temperature measurement, the K-type thermocouples are used to
measure the temperature values. Keithley® (Tektronix Company), a multi-channel
measurement system, is used for the data collection and process. Here three
thermocouples are placed at the bottom, middle and top positions of the
laminate, respectively. The scheme of the thermocouples placement in the glass
fiber laminate is shown in Figure 6.4.

Resin flow direction TP top
I TP middle
TP bottom

( 7 YV

Solid half mold #

Glass fiber laminate

Figure 6.4 Scheme of the thermocouples (TP) placement in the glassfiber laminate.
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Note that the thermocouples on the top and bottom are placed between glass
fibers and release films referred to Figure 6.2. They are placed in the same
direction with the resin flow to avoid creating voids during the infusion.

6.4 Experimental procedure

6.4.1 Resin mixture and degas

Airstone® infusion Epoxy resin system consists of two components: epoxy resin
and hardener. They need to be mixed evenly by the ratio 100 : 31 by weight at
room temperature. After that the mixture will be degassed in a vacuum vessel to
remove the air bubbles which is created during the mixture. Normally the resin
mixture and degas will totally take more than 10 minutes depending on the
amount of resin. Here we assume that at room temperature this procedure does
not influence the exothermic behavior in the following curing reaction.

6.4.2 Preheating process

Before the infusion, the glass fiber laminate and resin need to be preheated.
Because the curing temperature is at less 70 °C, if the glass fiber laminate is
heated up from the room temperature, it will take a long time due to its low
thermal conductivity. The curing reaction may be finished before the whole
laminate reaches the curing temperature. Thus, in these experiments, all of the
glass fiber laminates are firstly heated up to the curing temperature. For the
epoxy resin, it is heated up to 40 °C to decrease the viscosity which makes it flow
smoothly. At the beginning of the infusion, the resin can be heated up quickly
when it passes through the hot glass fibers and before the resin front reaches the
places where the thermocouples are placed, the resin has already been heated up
to the same temperature as the glass fibers. Thus, it is considered that the glass
fiber laminate and resin have the same temperature after infusion.
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6.4.3 Resin infusion process

The vacuum pressure in the vacuum bag is 200 mbar during the whole process.
Once the thermocouples are connected to the Keithley, then turn on the inlet and
let the resin flow into the glass fiber laminate. Because the whole set-up is placed
vertically, so the resin front rises up continually until it reaches the outlet on the
top. The resin infusion time can be different for different thick laminates which is
also influenced by the curing temperature. In this study totally six GF/Epoxy
composite are manufactured for the experiments. The detailed information about
the infusion time at different thickness and different curing temperatures is
shown in Figure 6.5.
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Figure 6.5 Experimental results of the resin infusion time at curing temperature 70,
80 and 90 °C using different thick laminates (16, 24, 32 and 40 mm,).

As shown in Figure 6.5 that when increasing the thickness, it takes more time for
the infusion process. However, at a higher curing temperature, the viscosity of the
resin is decreased and it takes less time for the infusion. Many other factors such
as the diameter of the inlet tube, the fiber orientations, whether or not including
the flow mesh, may influence the infusion time. For the typical reaction injection
molding, the infusion time generally lasts for several seconds to minutes which is
significant short compared to the curing time [3]. However, for a 40 mm thick
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composite, the infusion time as 11 minutes is significant long and the heat
generated during this time cannot be ignored anymore.

6.4.4 Experimental measurements

The measurement is started when the resin is infused into the laminate and
ended when the resin is fully cured. Figure 6.6 shows the temperature
distributions in a 32 mm thick laminate cured at 70 °C. The temperature profiles
are recorded during cure at the bottom, middle and top positions of the laminate.
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Figure 6.6 Temperature distributions in a 32 mm thick GF/Epoxy composite cured
at 70 °C.

As shown in Figure 6.6 that the temperature in the middle of the composite rises
rapidly and creates a temperature peak at 100.4 °C which has a 30.4 °C
temperature overshoot compared to the curing temperature. The main
exothermic reaction lasts about one hour before it cools down. It also shows that
at the bottom and top surfaces, the temperatures increase slightly under the peak
region. This is because during the curing process, the temperature in the core
becomes higher than the surfaces, then the heat is transferred from the core to
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the surfaces during this period and this feedback heat is too much to be removed
by the heating mold immediately.

6.5 Results and discussions

6.5.1 Experimental results

In this experiment, two groups of measurements were carried out as mentioned
in Figure 6.5. The first group is based on the standard curing temperature which is
using 16, 24, 32 and 40 mm thick laminates cured at 70 °C, respectively. The
second group is based on the standard thickness which is cured at 70, 80 and 90
°C using the 32 mm thick laminates, respectively. The results are shown in Figure
6.7.
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Figure 6.7 Experimental results of the temperature profiles in the middle of the
GF/Epoxy composites during cure. (a) 16, 24, 32 and 40 mm thick laminates cured
at 70 °C, respectively; (b) 32 mm thick laminates cured at 70, 80 and 90 °C,
respectively.

Figure 6.7(a) shows that at the curing temperature 70 °C, the peak temperatures
are 80.7, 85.8, 100.4 and 117.1 °C measured in the 16, 24, 32 and 40 mm thick
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laminates, respectively. It shows that the peak temperatures are getting higher
when increasing the thickness. In Figure 6.7(b), using the 32 mm thick laminates,
the peak temperatures are 100.4, 128.3 and 145.8 °C cured at 70, 80 and 90 °C,
respectively. It is clear that the peak temperature also increases with the curing
temperature.

Here the peak temperature is defined as the maximum temperatures T, 4, and
the maximum temperature differences AT, ., is defined as the temperature
different between the maximum temperature Ty, and its related curing
temperature T,. The results of the maximum temperature differences AT, are
shown in Figure 6.8.
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Figure 6.8 Experimental results of AT, ., at curing temperatures 70, 80 and 90 °C
and thicknesses 16, 24, 32 and 40 mm.

Figure 6.8 shows that the maximum temperature difference AT,,,, also increases
with the thickness and curing temperature. At the standard curing temperature
70 °C, the maximum temperature difference AT, 4, in a 40 mm thick composite is
47.1 °C which is 67% higher than its curing temperature. Meanwhile at the
standard thickness 32 mm, when the composite is cured at 90 °C, ATy, ., becomes
55.8 °C which is 62% higher than its curing temperature. More details about
AT, are shown in Figure 6.9.
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Figure 6.9 Experimental results of the maximum temperature different AT, 4. (a)
ATy in the 16, 24, 32 and 40 mm thick GF/Epoxy composites cured at 70 °C; (b)
AT, 0y in a 32 mm thick GF/Epoxy composite cured at70, 80 and 90 °C,
respectively.

6.5.2 Comparison with the numerical simulation

6.5.2.1 Numerical solutions

As mentioned in the Chapter 5, numerical studies were used to simulate the
temperature distributions. Here COMSOL Multiphysics® Modeling Software 4.4 is
used to model and simulate this heat transfer and cure kinetic system. In order to
obtain the proper results, a set of predefinitions are required. For the entire
experimental process, it mainly consists of three steps:

® Preheat dry fibers and resin.
® Resin infusion.
e Curing reaction.

This preheating step is to heat up the materials to a certain temperature, as the
curing temperature for the glassfiber laminate and 40 °C for the epoxy resin.
Normally the glassfiber will be heated first, because it needs a long time to heat
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up this thick and low thermal conductivity laminate. Once they reach the setting
temperatures, and then infuse the resin. In this thesis, the main purpose is to
simulate the curing reaction but not the stage of preheating the dry fibers and
resin. Thus the preheating process was not included in this numerical analysis.

For the resin infusion step, the resin is infused into the glassfiber laminate,
flowing from the inlet to the outlet. The infusion process is finished when the
resin reached the outlet. During this period, it is not only a physical phenomenon
of the liquid flow but also includes cure kinetic activities which generates a certain
amount of heat. Here the mass transfer is not included in our study. Instead, a
term called infusion time factor is used to calculate the heat generated during the

infusion process.

6.5.2.2 Infusion time factor

For a thick laminate, the process of the resin infusion takes a period time until it is
fully infused. For the different thick laminates, the infusion times are different as
shown in Figure 6.5. Once considering about the infusion time, the infusion
process can be described as shown in Figure 6.10.
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Figure 6.10 Resin volume fraction changes with the infusion time factor.

The resin infusion starts from opening the inlet and ends when the laminate is
fully infused, in the time scale from zero to t;;, as shown in Figure 6.10. The
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parameter t;, is defined as the infusion time. Within the infusion time, the
volume of the resin in the laminate is increasing from zero to v, . . After time

tin, it keeps constant. Thus, it can be written by a linear piecewise function as

Equation 6.1:
Urmax
—t, 0<t<tpy; 6.1
Uy = tin n ( )
Urmax, t=> tin'

When using the infusion time factor for the calculation, note that the resin
volume changes in a different mode in the COMSOL modeling compared to the
situation in a realistic experiment. In the Comsol model, v, changes evenly
throughout the whole laminate. However, in the experiment, the resin front is
moving from the bottom to the top (see also Figure 6.3). This difference may
cause the deviation during the numerical simulation.
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Figure 6.11 Schematic diagram of the resin infusion process for the realistic and
simulation situations (cross-section view). Here it presents four stages at time t,
tz,t3andt4(171 <v, <vj <U4,0<< 1 <t <t3 <ty K tin).
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6.5.2.3 Comparison between numerical and experimental results

For the numerical study, it also follows the standard thickness and standard curing
temperature. The experimental and numerical results are shown below.
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Figure 6.12 Temperature curves during cure simulated by COMSOL models and
experimental results cured at 70 °C using 16, 24, 32 and 40 mm thick GF/Epoxy
composites.
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Figure 6.13 Temperature curves during cure simulated by COMSOL models and
experimental results using 32 mm thick GF/Epoxy composites cured at 70, 80 and
90 °C, respectively.

From the Figure 6.12 and 6.13, it shows that the temperature peak positions are
slightly shifted to the left in numerical solutions compared to the experimental
results. It means in the numerical simulation, the heat is generated more
concentrated in the beginning than in the experiment. It also shows that the peak
temperature always happen after the infusion (see Figure 6.14).
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(a) (b)

Figure 6.14 Results of the infusion time t;, (exp) and the time reaching AT, ,, in
the experiments t,,(exp) and numerical solutions t,,(num). (a) Time for the 16,
24, 32 and 40 mm thick GF/Epoxy composites cured at 70 °C; (b) Time for a 32
mm thick GF/Epoxy composite cured at70, 80 and 90 °C, respectively.

The maximum temperature values compared between the numerical and
experimental results are shown in Figure 6.15 and 6.16.
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Figure 6.15 Maximum temperature difference compared between numerical and
experimental results in the GF/Epoxy composites with the thickness of 16, 24, 32
and 40 mm at the curing temperature70 °C.
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Figure 6.16 Maximum temperature difference compared between numerical and
experimental results in the 32 mm thick GF/Epoxy composites at the curing
temperature70, 80 and 90 °C, respectively.

As shown in Figure 6.15 and 6.16 that the biggest deviation of the maximum
difference happens at the curing temperature 80 °C in a 32 mm thick laminate
that has 10.7 °C difference. The average of the absolute deviations of AT, 4,
between the experimental and numerical results are about 1.9 °C and 5.2 °C in
Figure 6.15 and 6.16, respectively.

6.6 Conclusions

In this chapter, experiments are carried out to verify the numerical solutions. By
introducing the standard curing temperature and standard thickness, two groups
of the experiments were chosen: at the standard curing temperature 70 °C, 16, 24,
32 and 40 mm thick laminates are selected for the experiments; for a standard 32
mm thick laminate, 70, 80 and 90 °C are selected as the curing temperature.
Vacuum infusion process was used for manufacturing the composites. The results
show that the infusion time increases with the laminate thickness but decreases
with the curing temperature which may last from 4 to 11 minutes in our cases.

In addition, comparisons were made between the numerical and experimental
results. In the numerical modeling, the infusion time factor was added into the
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thermo-chemical model in order to simulate the heat generation during the
infusion process. The results show that the numerical solution of AT,,,, agrees
well with the experimental results and the average of the absolute deviation is
less than 5.2 °C. The experimental results show that the temperature overshoot
increases both with the curing temperature and laminate thickness. The
temperature overshoot in the core can be 30.4 °C in a 32 mm thickness cured at
70 °C, however if cured at 90 °C, then it will increases to 55.8 °C. As mentioned in
previous references, in another experiment a 31 °C temperature overshoot was
found in a 50.4 mm thick pipes cured at 80 °C and a temperature overshoot up to
60 °C can be created in a 25.4 mm thick glassfiber epoxy-based composite and [4,
5]. These values agree well with our experimental results.
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7

Conclusions and Recommendations

The purpose of this thesis was to study the thermal behavior in thick thermoset
composites during manufacturing. Based on the heat transfer theory, a thermo-
chemical model was proposed for the simulations of the curing reaction. Both

analytical and numerical solutions were obtained and validated by experiments.

7.1 Conclusions

Firstly, based on the energy balance principle, a governing equation was
established for the heat transfer coupled with cure kinetics in a thick composite.
The heat generated by the curing reaction was defined as an internal heat source.
During the manufacturing of glassfiber reinforced epoxy composites, the heat
generated during the curing process cannot be conducted to outside immediately
because of the low thermal conductivity, which leads to a serious temperature
overshoot in the core. The topic of work is therefore to study this temperature
overshoot and find analytical and numerical solutions.

In this research, we used an Airstone® infusion resin system as the matrix of the
composite, and an AGY® triaxle E-glass fabric as the reinforcement. In order to
solve the thermo-chemical model, the material properties such as the density,
thermal conductivity and heat capacity of the epoxy resin and composite, as well
as the cure kinetic parameters were determined by a series of dedicated
experiments and calculations.

For the uncured epoxy resin, the density was determined as 1.10 g/cm3 and for
the uncured composite, it turned out to be 1.92 g/cm3. The experimental
densities of the cured epoxy resin and composite were found to be 1.16 g/cm?3
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and 1.98 g/cm3, respectively. Furthermore, the volumetric cure shrinkage of the
epoxy resin and composite were calculated as 5.2% and 3%, respectively.

Both of an analytical model and the experimental measurements were carried out
to determine the thermal conductivity. As an anisotropic material property, the
thermal conductivity of the composite at parallel and perpendicular (to the fiber
orientation) directions are different. The predicted results showed that
ky=0.84W/(m-K)andk, wasinarange from0.39to 0.64 W /(m - K). The
experimental results showed that the values of the thermal conductivity were
0.75,0.69 and 0.54 W /(m - K) at x, y and z directions, respectively. For the
epoxy resin, the measured thermal conductivity was 0.27 W /(m - K).

Similarly, we found that the heat capacity of the cured epoxy resin was
1164 J/(kg - K), where the value for the composite was 803 J/(kg - K)
experimentally and 902 J /(kg - K) from the rule of mixtures.

Moreover, the resin volume fraction and weight fraction were determined as
0.444 and 0.260 for the composite, respectively.

An nt" order autocatalytic cure kinetic model was applied for the epoxy resin.
Isothermal DSC measurements were carried out to determine the heat flow at 60,
70, 80, 90, 100 and 110 °C. The results showed that the final degree of cure was
0.77 when it was cured at 60 °C and it increased to 0.96 when cured at 110 °C.
Dynamic DSC measurements were used to determine the total heat of reaction
during cure which is 440 J /g. By using a global fitting method, the cure kinetic
parameter were found to be: 4; = 0.001 571, Eq, = 13000/ /mol, A, =

32000 s71, Eq, = 50000 j/mol, m = 0.19 andn = 1.8.

In order to find a simple relation between the maximum temperature and the
processing and material parameters, an approximate analytical solution of the
coupled heat transfer and cure kinetic equation was derived. We therefore first
rewrote the equation in a dimensionless expression and assumed that it reached
the maximum temperature in the core when the reaction rate was at its peak
value. Finally, this resulted in a direct relation between the dimensionless
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maximum temperature difference AT}, 4, and the dimensionless number N,.. The
expression of N, showed that it was related to the composite thickness, curing
temperature and cure kinetic parameters. When N, increased, AT}, also
increased.

A critical thickness for thick thermoset composites was defined as the thickness
above which it will create an incontrollable temperature overshoot in the core.

Finally, the analytical solutions of the maximum temperature in the core were
verified by a numerical model at different curing temperatures and different
thicknesses. The analytical predictions were always about 4 °C higher than the
numerical solutions, which was attributed to the approximations made in the
analytical model.

Here are the conclusions of the analytical solutions:

¢ The dimensionless number is (Equation 4.12):
2c
N = mprerrAf(a)max

¢ The critical thickness is (Equation 4.17):

e Nec bz, Te
cprvrHr Af (@) max

c

e The relation between the dimensionless number and dimensionless maximum
temperature in the core is (Figure 4.4):
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Figure of the analytical solution of maximum dimensionless temperature 6,,,, vs.
dimensionless number N_.

A 3D transient heat transfer model was established for the simulation of the
temperature and degree of cure distributions in the thick composites. Though it
was a 3D model, the study still focused on the thickness direction. In order to
couple the cure kinetics with the heat transfer model, a coefficient form partial
differential equation (PDE) was used to add the parameter of the degree of cure
as a global variable, similar to the temperature variable. The results showed that
the temperature in the composite was increasing until it reached the maximum
temperature, and the core always had the maximum temperature values. The
temperature curves showed that the core of the composite can be heated up
quickly by the curing heat. It also showed that it always reached the maximum
temperature just a little bit after the maximum reaction heat appeared.

Due to the temperature gradient, it also created a degree of cure gradient
through the thickness resulting in a difference from the core to the surface of
about 11%. The results also showed that the degree of cure in the core increased
much faster than at the surface. This large gradient through the thickness may
result in residual stresses in the cured composites.
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The numerical and analytical models for the maximum core temperatures were
then compared with a series of dedicated measurements. By using the vacuum
infusion set-up, the GF/Epoxy composites were manufactured at curing
temperature 70, 80 and 90 °C, and with thicknesses of 16, 24, 32 and 40 mm,
respectively. The experimental results showed that AT,,,, in the composites
cured at 70 °C with the thicknesses of 16, 24, 32 and 40 mm were 10.7, 15.8, 30.4
and 47.1 °C, respectively. Also, AT, ., in the composites cured at 70, 80 and 90 °C
with a thickness of 32 mm were 30.4, 48.3 and 55.8 °C, respectively. The results
indicated that the maximum temperatures in the core increased both with the
thicknesses and curing temperatures. Furthermore, it was found that the infusion
time was related to the thickness of the laminate and the temperature of the
resin. In order to improve the accuracy of the numerical solutions, a modified
numerical model was built up by adding an infusion time factor for the
simulations of the resin volume change during the infusion. Thus, the
approximated convection heat during the infusion was taken into account. The
results showed that the temperature curves simulated by the modified model fit
well with the experimental results and their average deviation was less than 5.2
°C.

7.2 Recommendations for the future work

In this thesis, the infusion process was not modeled directly, but approximated by
an infusion time factor. In that way, the heat generated during infusion deviated
from the real situation. Though this convection heat effect is small, it can be
useful to include this effect in a more rigorous way and improve the model to
obtain more accuracy results.

In this work, constant material properties such as the density, the thermal
conductivity and the heat capacity were used for the heat transfer modeling.
However, these thermal material properties in reality are all temperature and
degree of cure dependent. Thus, in order to improve the accuracy of the
simulation, the temperature and degree of cure dependent material properties
could be taken into account.
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Using the numerical solutions of the degree of cure, it is possible to optimize the
cure cycle by setting the peak temperature during cure at a value below the
critical temperature and then changing the curing process in an optimized loop.
For example, it can be done by changing the curing temperature stepwise from a
low pre-cure temperature to a higher value, or by programming a temperature
ramp for the cure cycle to achieve a more uniform temperature and degree of
cure distributions in the composites.
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