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Zusammenfassung

Diese Masterarbeit beschäftigt sich mit der Entwicklung einer Simulation-
methode des themomechanischen Verhaltens von kurzfaserverstärkten Kun-
ststoffen. In dieser Arbeit wurde eine Multiskalensimulation zur Vorhersage
orthotroper thermischer Ausdehnungen in kurzfaserverstärkten Polymeren
unter Verwendung der ersten Ordnung Mori-Tanaka-Homogenisierungsschema
durchgeführt. Um die Simulation zu evaluieren, wurden mehrere kurzfaservers-
tärkte Kunststoffe ausgewählt (PP-GF35, PP-GF40, PP-GF50, PA6-GF50,
PPA-GF50, PEEK-CF30, PEEK-GF30). Die spezifische Wärmekapazität
der ausgewählten kurzfaserverstärkte Kunststoffe sowie ihre Wärmeleitfähigk-
eit wurden durch verschiedene Tests mittels dynamische Differenzkalorime-
trie und Blitzthermographie gemessen. Die thermischen Ausdehnungen der
ausgewählten kurzfaserverstärkte Kunststoffe wurden in zwei Richtungen im
höchstmöglichen Betriebstemperaturbereich mit einer digitalen Bildkorrela-
tioneinrichtung (DBK) gemessen.

Die höchste beobachtete Abweichung zwischen der Simulation und den
Messungen der thermischen Ausdehnungen für PP-basierte Materialien, gehört
zu PP-GF35 mit etwa 35% bei 100°C in Querrichtung. Bei PA6-GF50 liegt
die maximale Abweichung zwischen Simulation und Messung der thermischen
Dehnungen bei 150°C und beträgt etwa 20%. Die höchste Abweichung zwis-
chen simulierten und gemessenen thermischen Ausdehnungen für PPA-GF50
beträgt etwa 29% und tritt bei 120°C auf (bei der Glasübergangstemperatur
von PPA). Bei PEEK-GF30 und PEEK-CF30 beträgt die maximale Abwe-
ichung zwischen Simulation und Messung der thermischen Ausdehnungen
29% bzw. 40% bei 200°C. Bei beiden PEEK-basierte Materialien wurden
jedoch bis zur Glasübergangstemperatur von PEEK keine merkbare Abwe-
ichungen festgestellt.
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Abstract

This thesis deals with the performing a simulation model for predicting ther-
momechanical behaviour of short fibre reinforced composites. For this thesis
a multi scale simulation has been performed to predict orthotropic thermal
expansions in short fibre reinforced polymers, employing Mori-Tanaka first
order homogenization scheme. For evaluating the simulation, several short
fibre reinforced polymers have been chosen (PP-GF35, PP-GF40, PP-GF50,
PA6-GF50, PPA-GF50, PEEK-CF30, PEEK-GF30). The specific heat ca-
pacity of the chosen composites as well as their thermal conductivity was
measured by performing several differential scanning calorimetry (DSC) and
light flash analysis (LFA) test. Thermal strains of the chosen composites
have been measured in two directions in the highest possible operating tem-
perature range with an optical digital image correlation (DIC) setup.

The highest observed deviation between the simulation and measurements
of thermal strains for PP-Based material, belongs to PP-GF35 with about
35% in at 100°C in transversal direction. For PA6-GF50 the maximum devia-
tion between simulation and measurements of thermal strains occurs at 150°C
and is about 20%. The highest deviation between simulated and measured
thermal strains for PPA-GF50 is about 29% and occurs at 120°C (around
the PPA glass transition temperature). For PEEK-GF30 and PEEK-CF30
the maximum deviation between simulation and measurements of thermal
strains are 29% and respectively 40% at 200°C. However for both of the
PEEK-Based materials there were no remarkable deviation observed up to
the glass transition temperature of PEEK.
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Introduction

Fabricating parts from various polymeric materials is becoming increasingly
common due to their advantages in compare with the usual materials, like
lower processing costs, lightweight etc. Thermoplastics are one of the most
favorite polymers for industries and they have use in a wide range of prod-
ucts from buttes, and medical devices to automobile and aerospace compo-
nents. Since thermoplastics have a lower mechanical property in compare
with other materials like metals, fiber reinforced thermoplastics were devel-
oped to enhance mechanical properties of the thermoplastics. Research shows
that long fiber reinforced composites are more disposed to segregation com-
paring with short fiber reinforced composites. Incorporation of discontinuous
fibers into thermoplastics generally yields improvements in mechanical and
thermal properties, for instance, stiffness, strength, dimensional stability, ser-
vice temperature, resistance to creep and fatigue. These improvements are,
however, connected with reduced strain (ductility) characteristics and pro-
nounced anisotropy as a result of the structuring of the reinforcement in the
molded parts [1].
Nowadays there are several production technologies for short fiber reinforced
polymers like, rapid prototyping methods, extrusion etc. in common produc-
tion methods the distribution of the fibers is highly oriented which causes
a significant direction dependency (anisotropy) in thermomechanical proper-
ties, as a side effect of enhancing the mechanical properties. Since composite
polymers are often used in structures that are operating in a wide temper-
ature range, having an understanding from their behavior under changing
temperature is important. In this master thesis a multi scale modeling has
been performed, using several software packages, to predict the thermal elon-
gations of short fiber reinforced polymers components.

1



Chapter 1

Background

This chapter deals with the background of the thesis, firstly polymers and
the different types of polymers are introduced. Then the polymers are in-
troduced which are used for the tests. After that the methods, equipment
and techniques are explained which are employed for the experiments and
the chapter ends up with an overview on the theories which are utilized in
the thesis.

1.1 Materials

Thermoplastics, thermosets, elasomers and liquid crystal polymers are the
four major form of polymers. The difference between thermosets and ther-
moplastics is their behavior when they are subjected to heat. Thermosets
strengthen when they are heated but they can not be remolded or reheated
after initial forming whereas thermoplastics can be reheated or reformed after
initial forming without having any chemical changes. In compare with ther-
moplastics, thermosets can withstand higher operating temperatures, while
thermosets are favorite for common usages because of their easier production
process, recyclability etc. Nowadays more than 70% of plastic consumption
all around the world are thermoplastics [2]. Elastomers are polymers with
flexible nature, very high toughness and some other superior properties like
abrasion resistance and impermeability [3]. Liquid crystal polymers are a
class of polymers which can retain highly ordered structure in a melt or liq-
uid state, which leads to unique mechanical properties, high temperature
resistance and excellent thermal stability [4, 5].
At the following are these four polymer types briefly introduced:

Thermoplastics: Thermoplastics have the simplest molecular structure
with chemically independent macromolecules, they are softened or melted
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Background

by heating, then shaped or formed and solidified by cooling. They could be
processed several times and the processing time is short, because it is just a
physical reaction. The processing does not release any gases and it is easy
to monitor since it is just a physical transformation. From the view point of
microstructure, thermoplastics are divided into two categories, amorphous
and semi-crystalline [6].

Amorphous microstructure: In amorphous microstructure, macro-
molecules are distributed randomly in the polymer, or they are oriented
because of the production process, without any relationship with adjacent
molecules, see Figure 1.1.1. Amorphous materials do not show a distinct
melting point, instead, the material moves from a glassy state to a rubbery
state, this transition from glassy state to rubbery state occurs for each poly-
mer in a certain temperature, defined as glass transition temperature (Tg).
Below the glass transition temperature, molecules are coiled, entangled and
motionless, but above the glass transition temperature the short-range molec-
ular interactions between molecules vanish and they can slip easier, which
causes a sudden reduction in E-Modulus, Figure 1.1.3 [6, 7].

Figure 1.1.1: Microstructure of an amorphous polymer [6]

Semi-crystalline microstructure: In semi-crystalline microstructure,
macromolecules are arranged in semi regular small rigid lamellae and the rigid
areas are connected to each other with flexible amorphous macromolecules,
Figure 1.1.2 shows the schematic microstructure of a semi-crystalli-ne poly-
mer. In semi-crystalline polymers, the modulus drops down by increasing
temperature in glass transition range, but in contrast to amorphous poly-
mers, the reduction in modulus is not that much, because in glass transition
range just the amorphous part is influenced. Figure 1.1.3, shows the differ-
ent behaviour of E-Modulus with increasing temperature for amorphous and
semi-crystalline polymers [6–9].
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Figure 1.1.2: Microstructure of a semi-crystalline polymer [6]

Figure 1.1.3: Schematized E-Module changes vs. temperature for amorphous
materials and semi-crystalline materials [9]

Considering the glass transition temperature or the melting temperature,
thermoplastic polymers can be classified into three groups: standard, techni-
cal and high performance thermoplastics, Figure 1.1.4 shows the maximum
allowed operating temperature as well as some examples for each category,
considering the microstructure of the polymer [8].
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Figure 1.1.4: Classification of the thermoplastics regarding to the maximum
allowed operating temperature [8]

Thermosets: A convectional way to distinguish thermoplastics and ther-
mosets is their behaviour when they are heated. Thermoplastics flow when
the temperature increases, while thermosets remain solid until degradation
temperature [10]. Thermosets are cross-linked polymers and the process of
cross-link formation is in thermosets irreversible, curing can occur either by
adding curing agent or by heating the material [10,11].

Elasomers: Elasomers are polymers with flexible nature. Due to their
low intermolecular forces they show high degree of elongation and a low
E-Module, Figure 1.1.5. Elasomers have amorphous structure with a glass
transition temperature lower than the room temperature. The cross-links in
the microstructure of elastomers make them possible to regain the original
form after deformation [3].
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Figure 1.1.5: Typical stress-strain diagram for the elastomers [3]

Liquid crystal polymers: Liquid crystal polymers (LCPs) possess some
degree of order in the liquid state. This is achieved by incorporating rigid
structural segments into the polymer. These segments will form some order
in the liquid state and maintain that order in the solid state. This results
in their properties being in between those of liquids and crystalline solids.
For example they can have liquid-like flow properties and solid-like tensile
strengths and stiffness. Due to the low viscosity in the melt state they are
very attractive for thin-wall application and components and due to the high
level of order in solid state they provide very high dimensional stability, high
strength and rigidity. In general there are two types of LCPs: Lytropic
LCPs, which can be produced from solutions, for example dissolving a poly-
mer in a solvent and thermotropic LCPs, which can be produced via heat-
ing the polymer up to the molten state, Figure 1.1.6 show the schematic
microstructure of a thermotropic LCP [4].

Figure 1.1.6: Schematic of the microstructure of a thermotropic LCP in solid
and molten state [6]

The area of interest of this thesis is engineering and high performance
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thermoplastics, see Figure 1.1.4. At the following, the investigated thermo-
plastics in this thesis are introduced in more detail:

Polypropylene (PP) Polypropylene is a thermoplastic polymer with a
relatively low melting point (∼ 170°C) and a glass transition temperature of
(∼ -25°C). PP is created through polymerization of propylene gas and has
many excellent chemical and mechanical properties, such as high softening
point, good processability and economic advantages which make it industri-
ally important. The PP market is the second largest polymer business in the
world [12–16].

Polyamide 6 (PA6) Polyamide 6 is an important thermoplastic from
polyamides family with a melting point around (220°C) and a glass tran-
sition temperature of 53°C. PA6 and PA66 are the most popular polyamides
since more than 50% of polyamide consumption in industry are PA6 and
PA66. PA6 is a product of hexamethylenediamine (6-carbon diamine). PA66
is a product of hexamethylenediamine and adipic acid (6-carbon diacid).The
main reasons of choosing PA6 in industry are high temperature and chemical
resistance, excellent wear and friction behavior, good heat aging resistance,
surface appearance and toughness [17–21].

Polyphthalamide (PPA) Polyphthalamide or High-Performance Polyami-
de is semi crystalline thermoplastic from PA6 family(PA6T/PA6I). In com-
pare with PA6, PPA has a higher melting point and heat resistance (Tm =
250 ◦C), higher glass transition temperature (135 ◦C), better chemical resis-
tance and higher stiffness [22,23].

Polyetheretherketone (PEEK) Polyetheretherketone is a semi-crystalli-
ne thermoplastic with extraordinary mechanical properties. The Young’s
Modulus of PEEK is around 3.6 GPa and it’s melting point is around 350°C
and it’s glass transition temperature around 143°C, PEEK has also excel-
lent chemical resistance as well as excellent wear resistance which makes it a
great choice for many commercial applications, from machinery industry to
electrical industry and medical devices and dental usages [24–26].

In many cases fillers and reinforcements are mixed with polymer to either
enhance the mechanical or thermomechanical properties of the polymer or
to reduce the costs.
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Fillers and Reinforcements: Filler are particulate materials, like min-
erals, diatamaceous earths, talc and etc. The aim of adding fillers to the
polymer is just to reduce the costs. The aim of adding reinforcements to the
polymers is to enhance the stiffness and strength. Fillers and reinforcements
can be in the form of particulates, Platelets or fibres and they can be oriented
randomly or aligned in the composite, see Figure 1.1.7. Glass and carbon
fibres are the most common reinforcements, they could be added to poly-
mers in large amounts to improve creep resistance, stiffness and geometrical
stability, however they can also cause a reduction in impact strength [27,28].

Figure 1.1.7: Several types of composite materials [28]

Short fibre reinforced polymers: Short fibre reinforced composites, are
composites containing discontinuous and shorter than a few millimeters lang
fibres. Often fibre materials are glass or carbon fibre, added to the polymers
to enhance the properties of the matrix. Short fibre reinforced composites
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have extensively usage in automobile industry, electrical industry, sporting
goods, business machines, etc. As a consequence of partial allegement of
the fibres, the mechanical and physical properties of short fibre reinforced
polymers shows some level of anisotropy, depending on the fibre orientation
distribution [28,29]. Typically short reinforcement fibres have a length about
0.22mm and a diameter about 10µm.

Injection moulding and extrusion are the most common methods for pro-
duction components from short fibre reinforced polymers. In the components
made using this production methods, the distribution of fibers in the cross
section of components is highly nonuniform, due to different flow and tem-
perature condition and can be characterized in two typical forms [30,31].

� Skin-core-skin formation, in this model the thickness of plate will be
identified in three regions in terms of fiber orientation, the two outer
skin layers with fibers mainly oriented in the mold flow direction and
the core layer with mostly oriented fibers in transverse direction of the
mold flow, Figure 1.1.8.

� Quasi uniform formation characterizes the fiber orientation in parts
with thin cross section, whereby the fibers are mostly in the mold flow
direction oriented.

Figure 1.1.8: Fiber distribution in OA1: flow direction, OA2: transverse to
flow direction, OA3: thickness [30]

1.2 Methods

To characterize the thermal properties of the chosen materials as well as to
measure thermal strains in the prepared specimens, several methods have
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been employed. Using differential scanning calorimetry (DSC) method, the
specific heat of each composite was measured. To determine the thermal
conductivity of each polymer two different devices have been used but with
the same principle of working, both methods use namely a light flash test
method based on Parker law. Thermal strains have been measured by a Dig-
ital Image Correlation (DIC) device at different temperatures. The following
section deals with the methods and theories used in the thesis for measuring
specific heat, measuring thermal conductivity, measuring thermal strains as
well as homogenization computation methods for composites.

1.2.1 Differential scanning calorimetry (DSC)

Principles: Thermal analyses are a family of measurement techniques with
a same principle. They measure materials response to being heated or cooled
under controlled condition, the aim is to develop a model which can describe
the relationship between temperature and a specific physical property of
material. There are several methods for thermal analysis, like, DSC, ther-
mogravimetric analysis (TGA), thermomechanical analysis (TMA), dynamic
mechanical analysis (DMA), dielectric analysis (DEA), and micro/nano -
thermal analysis ( µ /n - TA) [32].

Differential scanning calorimetry is the most popular method of ther-
mal analysis. DSC refers to a method which gives quantitative calorimetric
information of a sample that is subjected to a simple temperature ramp.
According to ASTM E473, DSC is a technique in which the heat flow rate
difference into a substance and into a reference is measured as a function of
temperature [33]. Figure 1.2.1 shows schematically the internal structure of
a DSC device. As it is illustrated in Figure 1.2.1, the temperature of sample
and reference crystal are measured by an accurate sensor and two heating
elements maintain the sample and reference crystal in the same temperature.
The difference in energy needed to bring sample and reference crystal in the
same temperature used for calculating thermal capacity of the sample [33].

DSC test provides information about the heat capacity, glass transition
temperature, heat capacity jump at the glass transition, melting and crys-
tallization temperatures, heat of fusion as well as thermal history of the
material. Figure 1.2.2 indicates exemplary the changes in heat flow recorded
by a DSC device during cooling a sample. It shows that for defining the
glass transition five temperatures are required. Tb, which is the beginning
of the deviation of the DSC curve from linearity, T1 , the extrapolated on-
set temperature of the glass transition, Tg, the glass transition temperature,
which is the temperature at half - height of the heat capacity decrease, T2,
the extrapolated end temperature of the glass transition, and Te, the end
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Figure 1.2.1: Working principle of DSC [33]

temperature of the glass transition, where the heat capacity dependence be-
comes linear again. Heating rate has a pivotal rule in DSC tests and it can
vary in a relative wide spectrum, but the most frequently used heating rate
is 10°C/min [32].

Figure 1.2.2: Characterization of glass transition in DSC test [32]

Specific heat capacity can be calculated using the first law of thermo-
dynamics. Regarding to the first law of thermodynamics, energy cannot be
created or destroyed, thus, the changes in internal energy of the system can
be written as following [32]:

∆U = Q+W. (1.1)

With: ∆U , the change in internal energy, Q, the heat and W , the work.
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For an infinitesimal process Equation 1.1 can be written as following:

dU = δQ+ δW. (1.2)

Since in the DSC process the only work is volume work Equation 1.2
could be written in the following form:

dU = δQ+ δW = δQ− pdV. (1.3)

then:

∆U = Q+W = Q−
∫ b

a

pdV. (1.4)

Equation 1.4 can be derived to:

δQ = dU + pdV = (
∂U

∂V
)T dV + (

∂U

∂T
)V dT + pdV. (1.5)

Which can be rewritten as:

δQ = (
∂U

∂T
)V dT + [(

∂U

∂V
)T + p] dV. (1.6)

Since DSC test are performed at constant pressure and volume changes
are negligible and there is no external work Equation 1.6 can be written as:

dU = δQ. (1.7)

Then heat capacity at constant pressure can be calculated, using DSC curves
(Figure 1.2.2) and Equation 1.8:

Cp = (
δQ

δT
)V . (1.8)

To achieve the specific heat capacity, the heat capacity (Cp) should be divided
by the mass of the sample.

1.2.2 Thermal conductivity measurement

Heat transfer takes place through three different mechanisms, convection,
conduction and irradiation.

For solids the most pivotal mechanism for heat transfer is conduction
and the other heat transfer mechanisms in compare with conduction are
insignificant [34]. Thermal conductivity is a temperature dependent property
of material, which shows the ability of material for transferring heat [35].

In general, there are two major techniques for measuring thermal con-
ductivity, steady-state technique and non-steady-state or transient technique
[36]:
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� Non-steady-state technique: in this method the data will be recorded
during heating up the sample by using transient sensors, comparing
with steady-state technique, this method is much faster but less ac-
curate. Flash light thermography, laser flash and hot wire are known
non-steady state techniques for measuring thermal conductivity [36].

� Steady-state technique: thermal conductivity of the material will be
recorded when temperature difference in whole area used for driving
thermal conductivity is constant. This technique provides the most
accurate data but it is more time demanding in compare with the non-
steady-state method. Some of the most common steady-state tech-
niques are heat flow meter, comparative, pipe method and direct heat-
ing [36].

The suitable technique could be chosen regarding to desired temperature
interval for measuring thermal conductivity and desired accuracy as well as
the investigated material [36].

Flash light thermography: Flash light thermography is a non-steady-
state technique for measuring thermal conductivity of the material.

In this method the flash lamp flashes once, the light will be absorbed by
the front face of the specimen and it will cause a thermal gradient between
front face and rear face, thus heat flows in the thickness direction and simul-
taneously an IR-camera/sensor is recording the temperature of the rear face
of the specimen. Figure 1.2.3 illustrates the schematic of flash light thermog-
raphy setup. Figure 1.2.4 shows a schematic of recorded data from IR-camera

Figure 1.2.3: Flash light thermography setup

in flash light thermography, this graph shows how thermal diffusivity, κ, can
be calculated according to Parker law [37], Equation 1.9.
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Figure 1.2.4: Exemplary recorded data by IR-camera

κ =
λ

ρ · c
=

1.38 · d2

π2 · t1
2

. (1.9)

With:
κ : thermal diffusivity
λ : thermal conductivity
ρ : density
c : specific heat
d : specimen thickness
t 1
2
: time to achieve half of the maximum temperature on the rear surface

1.3 Digital Image Correlation (DIC)

DIC is an innovative non-contact optical technique for measuring strain and
displacement. DIC works by comparing photos of the component or the
specimen at different stages of deformation. By tracking blocks of pixels,
the system can measure surface displacements and build up a full field 2D
or 3D deformation vector fields and strain maps. For DIC, it is important
that pixels are randomly and unique and have a certain level of contrast and
intensity [38].
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1.4 Mechanical properties-Homogenization

The aim of homogenization for heterogenous materials is to find an equiva-
lent material, which has an equivalent effective macro stiffness as the primary
heterogenous material. Figure 1.4.1 illustrates the linear elastic homogeniza-
tion idea for a material with two different phase having different stiffness
(C0 and C1). The goal is to calculate an equivalent stiffness C̄, which fulfils
Hook’s law [39].

Figure 1.4.1: The idea of homogenization in linear elasticity [39]

For short fibre reinforced polymers, mechanical and thermomechanical
properties are affected by the following parameters, which should be take
into account for homogenization [29]:

� properties of components,

� fibre-matrix interfacial adhesion strength,

� fibre volume fraction,

� fibre orientation distribution and

� fibre length distribution.

There are several approaches for homogenization of nonhomogeneous ma-
terials like Halpin–Tsai model [40], Mori-Tanaka model [41] and etc. [42]. The
Mori-Tanaka model is very successful in predicting the effective properties of
two phase composites. In theory, Mori-Tanaka model can predict the prop-
erties of composites up to a moderate volume fraction of fibres (about 25%
volume fraction) but in practice it predicts the properties even beyond this
range reasonably [39]. The Mori-Tanaka model is an approximate use of
Eshelby’s solution [43] for single inclusion problem. Unlike single inclusion
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problem, multi-inclusion does not have an analytical solution and whole of
the homogenization models for multi-inclusion composites are based on single
inclusion problem with different assumptions [39].

1.4.1 Mori Tanaka Theory

Mori-Tanaka model expresses the mechanical behaviour of the composite in
terms of the average strain and average stress, Equation 1.10 [42]:

< σ >= C < ϵ > (1.10)

Where the effective average elastic modulus [C] is given by Equation 1.11:

C = (VmCm + VfCfA)(VmI + Vf⟨A⟩)−1 (1.11)

With:
Vm and Vf : volume fractions of the fiber and the matrix

Cm and Cf : fourth order elasticity tensor of the fibers and the matrix

A: relates average strain ϵf and ϵm through the Equation 1.12,

ϵf = Aϵm (1.12)

Where: ϵf and ϵm are the average strain in fiber consequently in the matrix.

1.4.2 Coefficient of thermal expansion

The coefficient of thermal expansion (CTE) is defined as the change in the
linear dimension of the body per unit change of temperature. CTE of short
fibre reinforced composites can be calculated for three cases regarding to
the fibre orientations, unidirectional fibre orientation, partially misaligned
fibre orientation and randomly fibre distribution [44]. In practice most of
the components from short fibre reinforced polymers are produced by a mold
injection or an extrusion method with a partially misaligned fibre orientation
[44]. In [44] is explained that, the coefficient of thermal expansion of short
fibre reinforced polymers with a partially misaligned fibre orientation can
be calculated as a function of fibre length distribution f(l), fibre orientation
distribution g(θ), fibre volume fraction and the elastic properties of the fibre
and matrix based on theory of Schapery. Equation 1.13 and Equation 1.14
show the analytical method for calculation of coefficient of thermal expansion
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in short fibre reinforced polymers in the main direction and transverse to the
main direction [44]:

α1 =

∫ ϕ/2

θ=0

∫ ∞

l=0

(α0
1 cos

2(θ) + α0
2 sin

2(θ))f(l)g(θ) dl dθ (1.13)

α2 =

∫ ϕ/2

θ=0

∫ ∞

l=0

(α0
1 sin

2(θ) + α0
2 cos

2(θ))f(l)g(θ) dl dθ (1.14)

α0
1 and α0

2 are defined in Equation 1.15 and 1.16:

α0
1 =

EfαfVf + EmαmVm

EfVf + EmVm

(1.15)

α0
2 = (1− νf )αfVf + (1 + νm)αmVm − α0

1(νfVf + νmVm) (1.16)

Where:
Ef and Em: Young’s modulus of the fibres and the matrix
αf and αm: the CTE of the fibres and the matrix
Vf and Vm: volume fraction of the fibres respectively volume fraction of the
matrix
νf and νm: poisson ratio of the fibres respectively poisson ratio of the matrix.

1.5 Finite Element Method (FEM)

Finite element method is specially eligible for complex geometries. When
using the finite element method, the problem domain will be discretized into a
set of small numbered elements, connected together through numbered nodes,
using a so called meshing procedure [45]. To calculate the displacements
in each element, the displacements in each node of the element should be
calculated and then the displacement in the whole element can be driven
from the calculated nodal displacements [45].

The elements can be either linear or non-linear. In a linear element, dis-
placements between nodes change linearly with the distance between nodes.
In higher order elements displacements between the nodes are interpolated
with a higher order polynomial. In general a non-linear element type is
suggested , when the geometry experiences large deformation, material is
non-linear or when there is a contact between components which can cause
local deformation, because non-linear elements need significantly more solu-
tion effort in compare with linear elements [45,46].
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For three dimensional geometries there are two types of elements, hex-
ahedral and tetrahedral. In comparison with hexahedral, tetrahedral has
several advantages: great flexibility in fitting complex geometries, unique
linear interpolation form vertices to interior and ease of refinement [47].

If the material properties defined in the simulation is temperature de-
pendent, a coupled thermomechanical simulations is necessary for predicting
the behaviour of material. In coupled thermomechanical simulation elements
have one more degree of freedom than normal, which is dedicated to temper-
ature [48].
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Chapter 2

Experiments

2.1 Introduction

This chapter deals with the materials and testing strategies, which have been
used for this thesis. In this master thesis seven different short fibre reinforced
polymers have been investigated. Table 2.1.1 indicates the composite content
regarding to the supplier announcement. The delivered materials from the
suppliers was in the form of the injection moulded plates with a dimension of
120× 80× 2 mm (L×W ×H). According to the size requirements for each
test, specimens were processed and prepared from the primary plates, Figure
2.1.1 illustrates the geometry of plates as well as the location and dimension
of the specimens for each test.

Table 2.1.1: List of the chosen composites for this thesis

Plate Nr. Matrix Fiber Fiber Weight fraction (%) Notation
1,2 Polypropylene Glass 40 PP-GF40
3,4 Polyphthalamide Glass 50 PPA-GF50
5,6 Polyamide 6 Glass 50 PA6-GF50
7,8 Polypropylene Glass 50 PP-GF50
9,10 Polyetheretherketone Carbon 30 PEEK-CF30
11,12 Polypropylene Glass 35 PP-GF35
13,14 Polyetheretherketone Glass 30 PEEK-GF30

2.2 Materials

Table 2.1.1 listed, seven different composites in this thesis have been inves-
tigated. Three of the materials are Polypropylene with different amount of
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(a) Injection moulded plates with the
sketch of test specimens

(b) Dimensions and position of the sam-
ples for DSC, heat flow meter and light
flash thermography test as well as the
samples for measuring thermal strains

Figure 2.1.1: Schematic of the test samples location
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glass fibre, two of them are Polyethertherketone once with glass and once
with carbon fibre and finally from Polyamide 6 and Polyphthalamide just
one representative with 50 wt.% was chosen. At the following each of the
composites and their most common usage in industry are introduced:

� PP-GF35, PP-GF40 and PP-GF50: Are chemically coupled high
performance short glass fibre reinforced polypropylene compound in-
tended for injection moulding, they are especially demanded by auto-
mobile industry for producing front end carriers, structural parts, un-
der the bonnent components, tank hinges as well as pedal carries [49].
The PP-base materials used in this for the thesis was provided by
Borealis®GmbH.

� PA6-GF50: PA-GF50 has widely application in automobile, electrical
and industry as well as in consumption goods [50]. The investigated
material was provided by EMS Grilon®.

� PPA-GF50: The material was provided by EMS Grivory®. PPA-
GF50 is widely used in automobile industry( in fuel system, internal and
external parts etc.), in electrical industry and in household appliance
[51].

� PEEK-CF30: Short carbon fibre reinforced PEEK shows very high
mechanical properties and tends to be less abrasive than glass fibres,
which results in improving wear and friction properties. PEEK-CF30
has application in many industries like automotive, marine, nuclear,
down hole oil, electronics and aerospace [52]. The PEEK-CF30 material
for this study was provided by Evonik®GmbH.

� PEEK-GF30: This type of composite is ideal for conditions, which
require to withstand long-term static loads at high temperature and for
components which work in an extreme environment. Some of typical
components made from PEEK-GF30 are: Rollers, Gears, insulators
etc. [53]. The investigated material was provided by Evonik®GmbH.

2.3 Differential Scanning Calorimetry (DSC)

As mentioned in Section 1.1, plates produced by injection moulding method
shows a level of inhomogeneity in fibre orientation distribution, therefore to
minimize the effect of the sample position in the test and achieving result,
which are representative for the whole plate, for each material, DSC test was
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(a) Weighting the prepared sam-
ples for DSC tests

(b) Used Mettler Toledo DSC 1 for DSC mea-
surements

Figure 2.3.1: Used equipment for (a) weighting DSC samples and (b) for
performing DSC tests

performed for two different samples from two different positions on the initial
plates, once on the side and once in the middle of the plate (position 1 and
position 2, see Figure 2.1.1), and further, for the simulation, the mean value
of these two measurements is considered. After extracting DSC samples with
a diameter of 6mm from the moulded plates, their weight should be modified
to nominal value of 25mg, since the reference crystal of the DSC device has
a weight of 25mg. Because the primary weight of the stamped DSC samples
was several times higher than what it should be, the samples were sanded
from one side to achieve the desired weight. The weight of the samples after
modification is varying from 19.12mg to 25.05mg, Figure 2.3.1a. The DSC
device used for the measurements was DSC1 from Mettler Toledo®, see
Figure2.3.1b, and the heating and cooling rate was set on 10 °Cmin−1. For
each material was a temperature interval chosen, similar to the maximum
nominal operating temperature interval of the polymer. Specific heat mea-
surements were carried out during both heating and cooling process. Chosen
temperature interval for Polypropylene base composites was from −25 ◦C up
to 150 ◦C and for other materials from −40 ◦C up to 200 ◦C.

Moreover for verifying the measured specific heat capacity, the specific
heat of the fibre and matrix materials for room temperature have been ex-
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Table 2.3.1: Literature value of heat capacity for Matrix and Carbon/Glass
Fiber

Material Specific heat Cp (J.g−1.K−1)
PP 1.58 [55]
PA6 1.44 [54]
PPA 1.4 [56]
PEEK 1.05 [57]
Glass fiber 0.8 [58]
Carbin fiber 0.75 [59]

tracted from the literature and from internet sources, see Table 2.3.1. The
specific heat of each composite have been calculated regarding to it‘s content,
using the equation 2.1 [54]:

CP = Cp1X1 + Cp2X2 + ...+ CpiXi (2.1)

Where:

Cpi is the specific heat capacity of the pure component i in the mixture
and Xi is the mass fraction of the component i.

The literature value of specific heat capacity in room temperature for the
matrix materials as well as for glass and carbon fiber are illustrated in table
2.3.1.

2.4 Flash Light Thermography

Flash light thermography for this thesis have been performed, employing
two different devices, once with the light flash thermography, available at
the chair of Automation of Montanuniversity Leoben at room temperature,
and once using the LFA 467 Hyperflash® - Light Flash Apparatus
provided by Polymer Competence Center Leoben GmbH (PCCL) which
can provide thermal conductivity as a function of temperature in an temper-
ature interval from −100 ◦C to 500 ◦C.

Thermal conductivity measurements at room temperature: As men-
tioned earlier, for measuring the thermal conductivity at room temperature,
the setup at the chair of Automation have been used. The setup is equipped
with a flash light providing 6000 J energy in a duration of (1/1150)s and a
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VELOX 1310k SM IR-camera, Figure 2.4.1 shows the setup of the equip-
ment. The procedure of measurement starts when the user pushes the flash
light button and then the thermocamera records the temperature changes
on the rear face of the specimen. The recorded data by the thermocamera
should be processed at the next step in Matlab® in an arbitrary area of
the specimen, defined by the user (see green square on Figure 2.4.2), in order
to determine the thermal diffusivity of the specimen. Thermal conductivity
could be derived from thermal diffusivity (see section 1.2.2 Equation 1.9).

Figure 2.4.1: Flash light thermography setup

Figure 2.4.2: Flash light thermography specimen and the chosen area for
calculating thermal diffusivity (green square)

Flash Light Thermography was performed four times for each material,
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on the other word, sample 1 and sample 2 (see Figure 2.1.1)from two different
plates of the same material were investigated. The aim of repeating the tests
on more samples and from different places is to investigate the homogeneity
in different plates and in different places. For the samples with bright color
(PEEK-GF30) it was necessary to cover the sample with a thin layer of
graphite to prevent light transmission through the sample which could cause
significant errors in the measurements. It should also be considered that
the thermal conductivity of the covering layer is included in measurements,
but it could be neglected since the thickness of the color layer it too small.
For samples with dark primary colors spraying graphite had no effect on the
measurement and coating the sample with a layer of graphite is not necessary.

Thermal conductivity measurements as a function of temperature:
The temperature depending thermal conductivity measurements have been
performed using the LFA 467 Hyperflash apparatus at PCCL. In each round
the device can measure thermal diffusivity of 16 specimens and the principle
of work is the same like flash light thermography method, but an IR-detector,
rather than thermocamera, records the temperature changes on the rear face
of specimen, see Figure 2.4.3. Based on the experiences for achieving reason-
able results the samples should be covered with a very thin layer of carbon ,
for this aim whole of the samples have been painted, using a graphite paint
spray.

(a) The LFA 467 Hyperflash de-
vice used for thermal conductiv-
ity measurements [60]

(b) LFA 467 Hyperflash principle
of working [60]

Figure 2.4.3: Flash light thermography (a) setup and (b) principle of working

Temperature depending thermal diffusivity measurements have been per-
formed for four different samples from two different places on the plates.
Sample 1 and sample 3, Figure 2.1.1, from two different plates of the same
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material have been investigated. The tests have been performed in a tem-
perature rage from −40 ◦C up to 200 ◦C with temperature steps of 40 ◦C for
all of the materials except PP. For PP the investigated temperature interval
was from −25 ◦C up to 150 ◦C with temperature steps of 25 ◦C. The aim of
choosing different samples for light flash thermography is to compare if the
results from both methods are similar and to investigate if the plates from
the aspect of thermal conductivity are homogenous.

2.5 Thermal strains

Thermal strains have been measured by DanTec®Solid Mechanics DIC
available at PCCL,Figure 2.5.1a, which measures thermal strains based on
Digital Image Correlation (DIC) method. The apparatus measures thermal
strains in two directions (thermal strains in the thickness direction are not
taken into account), utilizing an optical setup with two cameras. Since the
device uses an optical method for measuring thermal strains, it is necessary to
crate a reference pattern on the specimens before starting the measurement.
Due to the time consuming nature of these tests, the test have been performed
for each material just once on the sample number 2, Figure 2.1.1. The
starting temperature of the tests for all materials, except PP, was −40 ◦C
and temperature was increased step-by-step up to 200 ◦C with an increase of
10 ◦C in each step. The investigated temperature interval for PP was from
−25 ◦C to 150 ◦C with the same temperature increase in each step. The
changes in the pattern have been recorded with the cameras and afterwards
user can calculate the thermal strains in an arbitrary area on the specimen,
Figure 2.5.1b. Regarding to the device producer the chosen area should be as
wide as possible to optimize the statistical calculations of the measurements.
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(a) Used DanTec - Solid Mechanics DIC device
for measuring thermal expansions [61]

(b) An example for the samples
used for thermal expansion in-
vestigation and user defined rep-
resentative area for calculating
thermal strains(colored square)

Figure 2.5.1: Thermal expansion measurements (a) the device used for the
measurements and (b) an specimen subjected to the investigations
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Chapter 3

Simulation

3.1 Introduction

The aim of this chapter is to develop a multi-scale model, which can pre-
dict the thermal expansions of short fibre reinforced polymers, considering
the microstructure properties, like fibre orientation and fibre length etc. For
this thesis two software packages have been used, firstly Digimat® was
employed for micro-mechanical modelling of the investigated composites,
considering Pre-phase material properties and microstructure information
(Digimat-MF). Digimat-MAP transferred mesh data from injection molding
simulation (Process mesh) to the developed Abaqus® model (Structural
mesh) to obtain an optimal mesh. In the last step, Digimat-CAE combined
calculated material properties from Digimat-MF with the mapped mesh ori-
entation data from Digimat-MAP to create required mesh and material data
in an appropriate format for Abaqus, the working flow in this software is
illustrated in the Figure 3.1.1.
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Figure 3.1.1: Working flow in Digimat

Utilizing calculated material properties of the polymers and the results
from light flash analysis as well as the results from differential scanning
calorimetry, an Abaqus Simulation have been performed for predicting the
thermal expansions in each one of the polymers.

Following are the simulation process in Digimat and respectively in Abaqus
explained:

3.2 Digimat

As mentioned in section 1.4, simulating material behaviour in the scale of
microstructure will be computationally prohibitive. To reduce the compu-
tational efforts of simulation, using the so called homogenization methods
could be helpful. The task of homogenization is to calculate a stiffness ma-
trix for the heterogenous material, based on the pre-phase material properties
and the microstructure information, which behaves most likely to the het-
erogenous material. For calculating the homogenized stiffness matrix of the
investigated material, as well as transfering fibre orientation data from pro-
cessing mesh to the structural mesh three different modules of the software
package Digimat have been used. Following is the simulation procedure in
Digimat explained.
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Digimat-MF: In this module physical and mechanical properties of the
pre-phase materials as well as microstructure information of the composite
are to define, there are several types of analysis but in this study thermo-
mechanical analysis is desired, since changes in mechanical properties of the
materials with temperature are not negligible. By definition, all of the inves-
tigated materials in this thesis are heterogenous, since they are consisting of a
matrix material and a conclusion phase, which in this case are the short fiber
reinforcements. A mean field homogenization with first order Mori-Tanaka
scheme, see section 1.4.1 is applied for homogenization of the composites,
which is very successful method for predicting equivalent stiffness of two-
phase composites with less than 25− 30% volume fraction of inclusions [39],
see Figure 3.2.1.

Figure 3.2.1: Digimat-MF general parameters

At the next step, thermomechanical properties of the pre-phase materials
should be defined. Table 3.2.1 illustrates the thermomechanical properties
of the matrix and fiber materials. In the investigated temperature interval,

Table 3.2.1: Thermomechanical properties of the matrix and fibre materials

Material Density (g/mm3) Young’s modulus (MPa) Poisson ratio Coefficient of thermal expansion (x10−5)
PP 0.0009 2000 0.43 9.7
PA6 0.00118 3000 0.39 6
PPA 0.0011 3317 0.4 5.4
PEEK 0.00128 3800 0.38 5
Glass Fibre 0.0025 76000 0.22 1
Carbon Fibre 0.00175 300000 0.27 0.23

Young’s modulus of the matrix materials is changing significantly, especially
around glass transmission temperature (Tg), as mentioned in section 1.1,
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which must be considered for the simulation, for this purpose a piecewise
linear function has been defined for each matrix material in Digimat, Figure
3.2.2. It should be noted that the changes in Young’s modulus for the carbon
and glass fibers in the intended temperature interval are negligible [62, 63].
For PP-base composites, the temperature dependent coefficient of thermal
expansion was provided by the supplier and it has been taken into account
by defining a piecewise linear function over the investigated temperature
interval.

Figure 3.2.2: Piecewise linear function for describing PEEK Young’s modulus
temperature dependency

Material definition should be followed by characterization microstructure
of the composite. In this step the fibre mass fraction, aspect ratio, fibre
radios as well as fibre orientation are identified, Figure 3.2.3. Aspect ratio
for the investigated composites except PP-base composites is 30 regarding to
the earlier studies [31], respectively regarding to the producer announcement,
for PP the aspect ratio is 40 defined.
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Figure 3.2.3: Inclusion parameters for PEEK-30GF

Due to the single layer structure of the polymers the representative vol-
ume element (RVE) module can be skipped, and it is not necessary to define
damage for the case of this thesis. Just in loadings module the operation
temperature is defined from −40 ◦C to 200 ◦C respectively for Polypropylene
from −25 ◦C to 150 ◦C.

Digimat-MAP Due to the complex shape of the moulds and also due to
the numerical advantages the mesh type in moulding simulation composed
to be triangles for 2D simulation and tetrahedrons for 3D simulation [64,65].
Whereas, for structural simulation for example hexahedral mesh provides
better results. Mesh mapping allows to profit having different mesh types
for processing and structural simulation by transferring the processing data
to the structural mesh. Processing data can include fibre orientation, residual
stresses, porosity etc [39]. In this study just the fibre orientation data should
transferred to the structural mesh. For this aim Digimat-MAP needs the two
following meshes:

� Donor mesh, which carry the orientation tensor field

� Receiving mesh, which will receive the information from Donor mesh

In this study Donor mesh is an injection molding simulation performed in
Moldflow® based on Fogar-Tucker orientation equation, which is already
provided from the last projects. The Donor mesh contains only the fibre
orientation data in form of a 3× 3 symmetric tensor and the information is
stored at the integration points of the mesh, after transferring orientation
information from donor mesh to receiving mesh, the element’s orientation
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is constant and is defined at the center of the element [39, 64]. Receiving
mesh is a 20 × 20 mm square with 2mm thickness, discretized with cubic
structural elements, developed in Abaqus. The part with processing mesh
should be translated to the desired positions, as shown in Figure 2.1.1, and
mapping process should be executed for each positions once, to transfer fiber
orientation data to the structural mesh. Figure 3.2.4 shows the simulated
primary plate in Moldflow (donor mesh) and the black spot in the middle of
the plate shows the structural mesh created in Abaqus.

Figure 3.2.4: Digimat-MAP, Donor mesh and the structural mesh placed on
it (red spot)

Since for PP-base materials the fibre orientation matrix is provided by
the producer, mesh mapping step could be skipped for these composites. For
PP-base composites material simulation in Digimat-MF has been performed
three times with three different fibre orientation matrix and further in Abaqus
for these composites a three-layer model is implemented and for each layer a
different material is defined.

Digimat-CAE Digimat-CAE is a tool to bridge the gap between process-
ing simulations and structural finite element analysis. This tool transfers
data from processing simulation to the structural analysis per element, con-
sidering all of the effects from processing simulation e.g. fiber orientation,
residual stresses, temperature field etc. which makes an accurate material
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and structural multi-scale modelling possible. In Digimat-CAE the following
three main solutions are provided for performing a multi-scale simulation:

� Micro solution

� Hybrid solution

� Macro solution

following these three solutions are briefly discussed.
Micro solution, uses strong multi-scale coupling techniques. in this method,
Digimat interactively computes material properties and communicates with
the structural code at each iteration of the overall computation. Micro solu-
tion is suitable for different kind of anisotropic, temperature/strain depen-
dent material behavior [39].
Hybrid solution, uses weak multi-scale coupling techniques for calculating
the material properties. For this solution, Digimat pre-computes macroscopic
material properties to communicate with the structural code at each itera-
tion of the computation. Hybrid solution is based on the reduction of the
material model to the computation of the macroscopic material properties.
The most important advantage of the hybrid simulation in compare with
Micro simulation is lower computation load on the CPU and therefore less
time demanding simulations [39].
Macro solution, uses weak multi-scale coupling techniques for linear ma-
terial properties. For Macro solution, Digimat pre-computes macroscopic
material properties which are then used in structural code for each iteration
during whole computation process [39].
In this thesis hybrid solution is employed to which provides a reasonable
compromise between accuracy and efficiency. In this module, the material
properties are imported form Digimat-MF and mesh data is imported from
Digimat-MAP, other parameters remain unchanged in this module. The
output of this step is 4 files with .aba, 2×.log and .mat format, which are
required later for the simulation in Abaqus.

3.3 Abaqus

After generating a 20 × 20 × 2 mm 3D deformable sample in part module
in Abaqus, in property module, material and mesh data should be imported
from Digimat. For importing material properties from Digimat, there are
two possible ways, the material properties and orientation data could be
called by Abaqus, using the Digimat Plug-in, as shown in Figure 3.3.1, or it
could be done manually by creating a new material and defining the material
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properties according to the .aba file, created by Digimat-CAE in the previous
step, see Figure 3.3.2.

Figure 3.3.1: importing material properties to Abaqus using Digimat Plug-in

Figure 3.3.2: required data from .aba file, for defining the material properties
in Abaqus
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Additionally thermal conductivity and specific heat of each material as
a function of temperature from the LFA and DSC measurements should be
added to the material properties.
For PP-base composites, as mentioned earlier, a three-layer model (skin-core-
skin model) was implemented in Abaqus by making three partitions in the
direction of thickness. Each of the skin layers has a thickness of 0.2mm and
the core has a thickness of 1.6mm. In the property module, for each layer
one different material has been created, regarding to the simulations which
have been already performed for each layer in Digimat, and each material was
assigned to the corresponding layer. Figure 3.3.3a shows the skin-core-skin
model created for PP-base and Figure 3.3.3b shows the model with quasi
uniform fibre distribution in the direction of thickness for the other compos-
ites.

(a) Developed skin-core-skin
model for PP-base composites

(b) Developed model for all ma-
terials except PP-base materials

Figure 3.3.3: The developed models considering the fibre distribution in the
direction of thickness

In module Step, seven coupled Temperature-Displacement steps with
transient response has been defined. Later at the load module each of the
steps will imply one environmental temperature. In field output manager
by editing the field output total strain components and element temperature
have been ticked.
In load module, boundary conditions have been implemented to position the
specimen same as in the experimental test, Figure 3.3.4 shows the schematic
of the implemented boundary condition. For each of the steps, which was
created in the step module, a boundary condition from the type temperature
was created. For all of the materials except PP-base materials, the simula-
tion starting temperature is −40 ◦C and it increases up to 200 ◦C with an
increase of 40 ◦C in each step, for PP-base materials the simulation starting
temperature is −25 ◦C and it increases up to 150 ◦C with an increase of 25 ◦C
in each step.
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Figure 3.3.4: Schematic of the boundary condition implemented in Abaqus

The model is discretized with hexahedral coupled Temperature-Displacement
elements with a global size of 0.4mm.
Figure 3.3.5 illustrates the simulation result performed for PEEK-GF30 at
200 ◦C.

Figure 3.3.5: Thermal strains for PEEK-GF30 sample at 200 ◦C
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Results and discussion

This chapter presents the experiment results and the evaluation of the simu-
lations. The chapter begins with a comparison between the measured specific
heat capacity of the investigated composites and the theoretical calculated
one. The second part of the chapter discusses the measured heat conductiv-
ities by the two methods, introduced in second chapter. This chapter ends
up with a comparison between the measured and simulated thermal strains
and the evaluation of the simulation.

4.1 Specific heat capacity

Specific heat capacity has been measured for each material during heating
and cooling with a heating/cooling rate of 10 °C/min. Figure 4.1.1 illustrates
the measured specific heat capacity of each material in a temperature interval
from −25 ◦C up to 150 ◦C for PP-base materials and for the other materials
from −40 ◦C up to 200 ◦C.
The glass transition for PP-base composites is not clearly in the performed
DSC tests visible but for PEEK-CF30, PEEK-GF30 and PPA-GF50 the
small jump in specific heat capacity curves around 140 ◦C shows the glass
transition. Respectively, for PA6-GF50, a smooth jump in the specific heat
capacity curve was observed around 70 ◦C, which shows the glass transition
in the PA6. It is necessary to mention that the glass transition temperature
of the matrix could be slightly affected by the reinforcements or additive
materials, as it mentioned in several studies [66,67].

To evaluate the measured specific heat capacities, specific heat capacity
of each of the composites has been theoretically calculated for room temper-
ature, using Equation 2.1, see section 2.3. Figure 4.1.2 shows the measured
and calculated specific heat capacity of the investigated materials at room
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(d) PA6-GF50
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Figure 4.1.1: Measured specific heat capacity with DSC

39



Results and discussion

temperature. As it could be recognized from Figure 4.1.2, the measurement
results fit quite well with the calculated ones. The highest deviation be-
tween measured and calculated specific heat capacity belongs to PPA-GF50
with about 10%. The reason of this variation can be the inhomogeneity
of the composites or the possible additives which are not considered in the
calculations.
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Figure 4.1.2: Comparison between measured and calculated specific heat
capacity at room temperature

4.2 Thermal conductivity

Thermal diffusivity of each material have been measured with the same
method but with two different devices. The LFA device available at PCCL
can provide thermal diffusivity as a function of temperature but the setup
available at the chair of Automation can just measure thermal diffusivity
at room temperature. Figure 4.2.1 shows the driven thermal conductivity
from the measured thermal diffusivities by LFA device for the two different
positions, position 1 and position 3 in Figure 2.1.1, and the mean thermal
conductivity of the two chosen positions. As it could be observed in Figure
4.2.1, there is no significant different between the driven thermal conduc-
tivities of the different positions for all of the investigated materials and
thermal conductivity could be considered homogeneous. From PP-GF35 to
PP-GF50, thermal conductivity increases slightly, which is due to the higher
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thermal conductivity of glass fibre (0.6Wm−1 °C−1 [68]) in compare to PP
(0.11Wm−1 °C−1 - 0.22Wm−1 °C−1 [34]).
It should also be mentioned that the driven thermal conductivities are valid
for the direction of thickness and thermal conductivity in the other directions
will be different due to the orthotropic thermal conductivity of glass and car-
bon fibres. The thermal conductivity of glass fibre in longitudinal direction
is about 1.2Wm−1 °C−1 while thermal conductivity in transversal direction
is about 50% smaller [68]. For carbon fibre, thermal conductivity in longitu-
dinal direction is about 8.5Wm−1 °C−1 and for transversal direction about
2Wm−1 °C−1 [69].
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Figure 4.2.1: Driven thermal conductivity as a function of temperature

In Figure 4.2.2, the average of the driven thermal conductivity of each
material from LFA and from the setup at chair of Automation at room tem-
perature is illustrated. For all of the materials a deviation between the mea-
sured thermal conductivity by LFA and the measured thermal conductivity
by the provided setup at the chair of Automation have been observed. After
investigation the possible reasons for this deviation, it was concluded that
the possible reason of the deviation could be the setup which have been used
for placing the specimen. LFA device used a metallic cavity for placing the
specimen. However, at the chair of Automation a paper made setup has been
used for placing the specimen, which has clearly a lower thermal conductivity
comparing with the sample holder of LFA device. Figure 4.2.3 shows the ex-
emplary temperature change curves of the rear face of the specimen recorded
by the two methods. As it shown in Figure 4.2.3 in the LFA measurements
temperature falls down faster than in the other measurement method. Also,
this difference in the temperature change was considered to be one reason of
the systematic deviation in the measurements.
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(a) Recorded temperature changes on the
rear face of the specimen by the setup at
the chair of Automation
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(b) Recorded temperature changes (blue
line) and fitted temperature changes (red
line) on the rear face of the specimen by
the LFA device

Figure 4.2.3: Comparison of recorded temperature changes on the rear face
of the specimen by LFA and by the setup at the chair of Automation

4.3 Thermal strain measurements and simu-

lation validation

The method utilized for thermal strain measurements and the simulation
steps have been already discussed in the second and third chapter. In this
part, the results from the simulation and the results from the thermal strain
measurements are presented. In all the following figures the thermal strains
in the direction transversal to the mould flow direction are noticed with ’xx’
and the thermal strains in the direction of mould flow are noticed with ’yy’.
Figure 4.3.1 shows the comparison between the measured and simulated ther-
mal strains for PP-base composites investigated in this thesis. As mentioned
in the third chapter, since the semi-uniform fibre distribution model did not
provide enough accurate estimation for the thermal strains, a skin-core-skin
model for this composites has been developed and the results of this model
are presented here. In the temperatures lower than zero there is a remark-
able deviation between the simulation and the measured thermal strains. The
possible reason for this deviation is the glass transition in PP and it seems
that the simulation could not predict material behaviour around the glass
transition temperature. The other point to mention is that glass transition
temperature is in the optical measurements not clearly visible and measured
thermal strains around glass transition temperature are changing smoothly
without any sudden changes.
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Figure 4.3.1: Measured and simulated thermal strains for PP-base composites

Figure 4.3.2 shows the simulated as well as the measured thermal strains
for PA6-GF50 and PPA-GF50. The simulation model could predict the ther-
mal strains for both PA6-GF50 and PPA-GF50 reasonably. However, for
PPA-GF50 there is a certain amount of deviation between simulation and
experiment around glass transition temperature.
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Figure 4.3.2: Measured and simulated thermal strains for PA6-GF50 and
PPA-GF50

Figure 4.3.3 illustrates the measured and simulated thermal strains for
PEEK-GF30 and PEEK-CF30. The thermal strains in both longitudinal and
transversal directions for PEEK-CF30 are significantly less than the thermal
strains of PEEK-GF30. This difference in the thermal strains is a conse-
quence of smaller coefficient of thermal expansion of carbon fibre in compare
with glass fibre. The simulation could predict thermal strains up to the glass
transition temperature of PEEK (143 ◦C) perfectly but afterward a small
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amount of deviation between simulation and experimental measurements was
observed. On the other word, the glass transition of PEEK is in the simula-
tion clearly remarkable. However, in the experimental measurements there
is no sudden change in the measured thermal strains.
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Figure 4.3.3: Measured and simulated thermal strains for PEEK-CF30 and
PEEK-GF30
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Chapter 5

Summary and conclusion

Polymers have in general a higher thermal expansion coefficient in compare
with metals. Moreover, in short fibre reinforced polymers, the thermal ex-
pansions are direction dependent due to the nonuniform fibre orientation dis-
tribution. In many cases polymers have joints with metals and the operating
temperature varies in a wide range. To avoid undesired thermal stresses, it
is necessary to have an understanding from the thermomechanical behavior
of the composite.
In this study Mori-Tanaka first order scheme has been utilized for mate-
rial homogenization. Seven different composites have been chosen for the
study. A thermomechanical simulation has been performed to predict the
thermal expansions and the thermal expansions have been measured also ex-
perimentally in two directions, the expansion in the direction of thickness
were neglected.
To achieve specific heat capacity of the composites as a function of tem-
perature for the thermomechanical simulation, several DSC tests have been
performed in a wide temperature range. Coefficient of thermal conductivity
has been measured four times for each material by two different devices, once
as a function of temperature and once in room temperature. The average
value of both specific heat and thermal conductivity measurements were used
for the simulation. It should also be mentioned, that no remarkable differ-
ence in the measured specific heat and measured thermal conductivity for
different samples was observed.
Comparing the results from the measurements and from the simulation, it
was observed that the semi-uniform fibre distribution could not predict the
thermal expansions of the PP-based composites and it was necessary to de-
velop a skin-core-skin model for predicting thermal expansions in this com-
posites. The skin-core-skin model was also not able to predict the thermal
expansions accurately around the glass transition temperature of PP.

47



Summary and conclusion

For PA6-GF50, PPA-GF50, PEEK-CF30 and PEEK-GF30 the quasi-
uniform fibre distribution model with the mapped fibre orientation from the
processing simulation has been performed. The simulation provides an accu-
rate estimation for the thermal strains of PA6-GF50 in the whole investigated
temperature interval. Nevertheless, for PPA-GF50 there is a certain devi-
ation between simulation results and measured thermal strains around the
glass transition of PPA. For PEEK-CF30 and PEEK-GF30, the simulation
predicts thermal expansions perfectly up to the glass transition temperature
of PEEK but after the glass transition temperature the simulation underes-
timates thermal expansion in both directions.
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Outlook

In this thesis a first order Mori-Tanaka scheme has been used for material
homogenization. The E-Modulus of the matrixes are temperature dependent
defined, whereas the coefficient of thermal expansion for the fibres and for all
of the matrixes except PP are temperature independent defined. For future
studies, the following suggestions are made:

� Using other homogenization methods to compare the efficiency of dif-
ferent methods

� Using the temperature dependent coefficient of thermal expansion for
the both fibres and matrixes

� Validating the simulation on a real component
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